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RESÚMEN 

La revisión bibliográfica que se presenta a continuación trata sobre la llamada click-

chemistry y su aplicación en el descubrimiento de fármacos. 

Para ello se parte de la definición de click-chemistry y sus principales características 

que la hacen adecuada para el descubrimiento de fármacos. 

En segundo lugar, se nombran algunas de sus múltiples aplicaciones además del 

descubrimiento de fármacos, concretamente de su utilidad en el etiquetado de 

biomoléculas, la síntesis y modificación de polímeros o la síntesis de ADN y ARN 

biocompatible. 

Posteriormente pasaremos a la aplicación de la click chemistry en el descubrimiento 

de fármacos, sobre la cual se basa esta revisión bibliográfica. 

Primero pasaremos a describir las tres estrategias principales a seguir en la síntesis 

de nuevos fármacos con click chemistry que son el cribado de alto rendimiento, la 

estrategia basada en fragmentos y la estrategia basada en fragmentos dinámica en 

molde.  

A continuación pasaremos a detallar múltiples ejemplos de inhibidores enzimáticos 

sintetizados con estas reacciones click como inhibidores de reductasas o de proteina 

quinasas entre otros. 

También se nombran algunos agonistas y antagonistas de receptores sintetizados con 

estas reacciones  

Por último se presentan las conclusiones sacadas de la revisión bibliográfica respecto 

a la click chemistry en el descubrimiento de fármacos.  

Las palabras claves de esta revision bibliográfica son: 

Click chemistry, descubrimiento de fármacos e inhibidores enzimáticos. 
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1. INTRODUCCIÓN Y OBJETIVOS 

La click-chemistry se trata de un conjunto de reacciones químicas que ha permitido 

un nuevo enfoque de la química farmacéutica en lo que respecta al descubrimiento 

de nuevos fármacos. 

Con la presente revisión bibliográfica, pretendemos realizar un breve resumen de la 

importantísima aplicación de estas reacciones en el descubrimiento de nuevos 

fármacos, además de considerar las perspectivas de futuro de la misma. 

A continuación describiremos en qué se fundamenta este conjunto y qué tipo de 

reacciones incluye, así como hablaremos de algunas otras aplicaciones de la misma 

además de la investigación sobre nuevos fármacos. 

Por último, expondremos cuáles son las diferentes formas de utilizar esta click-

chemistry para la formación de diferentes fármacos y algunos ejemplos que han 

salido a la luz gracias a la misma. 

Por consiguiente, el objetivo de este trabajo de investigación es dar a conocer el 

presente y futuro de la click-chemistry en el mundo farmacéutico y sus posibles 

aplicaciones en otros campos además de la farmacia. 

 2. METODOLOGÍA 
Para la realización del presente estudio bibliográfico, hemos utilizado principalmente 

la base de datos online SciFinder y la página web de la American Chemical Society, 

sobre todo la segunda en cuestión, donde encontramos multitud de artículos 

relacionados con el contenido a estudiar. 

Hemos seleccionado un total de 37 artículos, 13 sacados de las bases de datos 

anteriormente mencionadas y el resto de las referencias de los primeros. 

Además, a través de la biblioteca virtual del Servicio Andaluz de Salud hemos tenido 

acceso a un libro que también hemos encontrado importante para incluir en la 

revisión. 

La palabras claves utilizadas para la búsqueda de artículos referidos a la aplicación 

de la click chemistry en el descubrimiento de fármacos fueron: 
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Click chemistry, click-chemistry in drug discovery, click-chem applications, click-

chem concept, click-chemistry labeling, click-chemistry inhibitors. 

3. RESULTADOS Y DISCUSIÓN 

3.1. CONCEPTO DE CLICK-CHEMISTRY 
La llamada “click-chemistry” nació como consecuencia de la enorme dificultad para 

sintetizar moléculas análogas a estructuras tremendamente complejas como 

metabólitos secundarios producidos por plantas o por cualquier otro organismo vivo. 

La dificultad en la formación de estas grandes moléculas no solo a escala industrial 

sino también a pequeña escala se debe a la creación de multitud de enlaces C-C lo 

que entrañaba un enorme gasto en tiempo y en recursos y a la larga no era rentable 

para las empresas investigadoras. 

Gracias a K. B. Sharpless se introdujo este concepto de química, la click-chemistry,  

que se basa simplemente en la unión de pequeños bloques moleculares mediante 

enlaces carbono-heteroatomo-carbono de forma sencilla y eficiente para lograr 

formar las macromoléculas deseadas tanto a pequeña escala como a escala industrial. 

(Sharpless y cols, 2001) 

Para ello utilizaremos las llamadas “click reactions” o reacciones click. 

Estas reacciones deben cumplir una serie de condiciones sin las cuales no entrarían 

en esta categoría, entre las cuales destacan: 

- Son reacciones modulares. 

- Alto rendimiento. 

- Producción de subproductos inofensivos o fácilmente eliminables mediante 

técnicas no-cromatográficas. 

- Estereoespecíficas, aunque no necesariamente enantioespecíficas. 

- Condiciones de reacción bastante simples, suelen ser insensibles a agua y 

oxígeno. 

- No necesidad de disolvente o, en el caso de requerirlo, uso de disolventes 

inofensivos y fácilmente eliminables mediante técnicas no-cromatográficas. 
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- Extracción y purificación de productos sencilla, también con técnicas no 

cromatográficas. (Sharpless y cols, 2003) 

Los sustratos de los que parten estas reacciones suelen ser resultado del craqueo del 

petróleo, de donde se obtienen esqueletos carbonados a los que se añaden los grupos 

funcionales necesarios mediante click chemistry 

Para cumplir todas estas condiciones, la reacción debe ser exotérmica. 

Esta serie de características han dado como resultado las múltiples aplicaciones de 

este tipo de reacciones en el ámbito farmacéutico, sobre todo para el descubrimiento 

de nuevos fármacos. 

La principal reacción utilizada en este tipo de química es la cicloadición azida-

alquino, también llamada cicloadición 1,3-dipolar que fue introducida de K. B. 

Sharpless y cols. en el 2001 y posteriormente en  2003, tanto Sharlpless y cols. como 

Medal y cols. demostraron independientemente una dramática mejora en la cinética 

de este reacción gracias al uso de Cu(I) como catalizador. (Sharpless y cols, 2003) 

Algunos ejemplos de tipos de reacciones utilizadas en la click-chemistry son: 

• Cicloadiciones de especies insaturadas, como la ciclioadición 1,3-dipolar descrita 

anteriormente.(Figura 1)  

• Reacciones de sustitución nucleofílica, particularmente aquella de apertura de 

anillo de heterociclos nucleofílicos. (Figura 2) 
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Figura 1: Ciclioadición 1,3-dipolar 

Figura 2: Apertura de anillos nucleofílicos

Nü = Grupo nucleófilo 
X = Grupo alógeno



• Reacciones del grupo carbonilo de tipo no aldolica, tales como la formación de 

ureas, tioureas, hidrazonas, éteres de oximas…(Figura 3) 

 

• Adición a enlaces múltiples C-C, especialmente casos como epoxidación, 

dihidroxilación…(Chatuverdi y cols, 2011) (Figura 4) 

A continuación detallaremos las aplicaciones principales de este tipo de química para 

posteriormente centrarnos en la más utilizada y sobre la que se centra este trabajo: la 

síntesis de nuevos fármacos. 

3.2. APLICACIONES PRINCIPALES DE LA “CLICK-CHEMISTRY” 

3.2.1. CLICK-CHEMISTRY EN EL ETIQUETADO DE MOLÉCULAS 

BIOLÓGICAS 

La naturaleza bioortogonal de los componentes de las reacciones “click” o lo que es 

lo mismo que no reaccionan con otra biomoléculas presentes, convierten este tipo de 

reacciones en una herramienta inestimable para el etiquetado y detección de 
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moléculas biológicas en muestras complejas, tales como muestras celulares e incluso 

in vivo.  

Estas técnicas han sido utilizadas en un amplio rango de biomoléculas, tales como 

DNA, RNA, azúcares, proteínas, lípidos o virus. 

A continuación describiremos brevemente algunos ejemplos de etiquetado de 

biomoléculas con esta técnica: 

• Introducción de aminoácidos sintéticos marcados con reactivos en proteínas. 

Para ello, primero debemos sintetizar una tRNA transferasa por vía biotecnológica 

que acepte los aminoácidos modificados, que se incorporarán a la proteína deseada 

de manera usual conteniendo el resto de azida o alquino, para posteriormente 

añadirle el marcador con un resto de alquino o azida y mediante la cicloadición 1,3-

dipolar unirlo a la proteína de manera que esta quede marcada. (Best, 2009) 

• Marcado de superficies víricas. 

Tal y como se ha demostrado en un estudio de Finn y cols. en el año 2003, se utilizó 

la reacción de ciclioadición-1,3-dipolar para marcar la superficie celular del virus 

CPMV o “cowpea mosaico virus”, introduciendo ligandos como azúcares, péptidos, 

proteínas o polietilenglicoles(PEG). (Finn, 2003) 

• Introducción de moléculas marcadas en proteínas tras su modificación post-

traducional 

Diferentes azúcares modificados con un resto de alquino o azida pueden incorporarse 

a glicoproteínas para posteriormente añadir un marcador mediante la cicloadición ya 

descrita anteriormente y obtener así una glicoproteína marcada.(Best, 2009)  

Además de glicoproteínas,esta técnica también ha resultado útil para el etiquetado de 

lipoproteínas.  

• Etiquetado de nucleótidos para visualización de DNA y RNA. 

El marcado o etiquetado de nuecleótidos usando este tipo de técnica ha sido 

eficazmente realizado y demostrado por numerosos estudios. 

Inicialmente, se introdujo de forma sintética un grupo azida en el extremo 5’ de una 

cadena simple de DNA, que posteriormente se marcó con un resto fluorescente para 

su análisis mediante fragmentación de Sanger. (Ju y cols, 2003). 
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También Salic y cols. en 2008 estudiaron el etiquetado de DNA (Salic y Mitchison, 

2008) y RNA (Salic y Jao, 2008) en vivo. En estos estudios se sintetizaron análogos 

de Desoxiuridina y Uridina conteniendo un grupo propargilo. Estos nucleótidos 

modificados se incorporaban a una cadena de DNA o RNA de manera usual y 

posteriormente se unían con un resto fluorescente mediante la ciclioadición 1,3-

dipolar para su observación. (Figura 5)  

•  Etiquetado de lípidos. 

Un estudio realizado por Schultz y Neef utilizó el etiquetado selectivo para la 

detección del ácido fosfatídico utilizando marcadores fluorescentes. Aunque este 

ácido tiene una estructura relativamente simple, se trata de un fosfolípido de 

señalización muy importante que regula la función de muchas proteínas como la 

Raf-1 quinasa.  
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the function of many proteins, such as Raf-1 kinase (132).
In this study, PA probes including 23 (Figure 8A), containing
a cyclooctyne moiety embedded within a lipid acyl chain for
reaction via copper-free click chemistry, were designed and
synthesized. These compounds also included S-acetyl-2-thioethyl
(SATE) protecting groups on the headgroup that enhance
membrane permeability and are enzymatically cleaved to reveal
the phosphate moiety of 24 following cell entry. Compound 23
was incubated with RAW macrophages and treated with a
fluorogenic coumarin-azide conjugate for optical visualization
of the probe in living cells (Figure 8B).

3.6. Activity-BasedProtein Profiling. A probe-based ap-
proach that has revolutionized the study of biological systems is
that of activity-based protein profiling (ABPP) (133-135).
This technique entails the mechanism-based collective label-
ing, detection, identification, and characterization of enzy-
matic targets based on their activities, providing an extremely
efficient approach to enzymatic profiling. Since the enzymes
are labeled on the basis of activity in this method, ABPP also
overcomes a significant impediment to traditional proteomic
methods, which detect proteins on the basis of abundance
and thus do not account for variations in activity caused

FIGURE 7: In vivo labeling ofDNAandRNA. (A)Alkyne-tagged deoxynucleotide (21) and nucleotide (22) analogues that have been successfully
incorporated into DNA and RNA, respectively. (B) Schematic for selective click chemistry-based postlabeling of DNA containing alkynyl-
nucleotide analogues.

FIGURE 8: Strategies for in vivo imaging of lipid probes. (A) Tagged PAanalogue 23 contains a hydrolyzable headgroup that assists inmembrane
penetration and a cyclooctyne tag for subsequent labeling. (B) Schematic for the selective in vivo labeling of lipid probe 24 through bioorthogonal
chemistry.

Figura 5: Esquema del marcado in vivo de DNA y RNA vía click-chemistry 



En este estudio se une un ciclooctino en el ácido graso mediante una reacción no 

catalizada por cobre, además este ácido posee un grupo protector S-acetil-2-tioetil 

(SATE) que realza la permeabilidad de la membrana plasmática.   

Este compuesto se incuba en macrófagos y se trata con un resto fluorescente con una 

función azida para su observación óptica. ( Figura 6) (Schultz y Neef, 2009) 

3.2.2. SINTESIS DE DNA Y RNA BIOCOMPATIBLE MEDIANTE CLICK-

CHEMISTRY 

En este caso utilizaríamos la click-chemistry para conseguir un enlace biocompatible 

entre moléculas de DNA o RNA. 
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Figura 6: Estrategia de visionado de lípidos en muestras lipídicas.



Concretamente nos serviremos de nuevo de la ciclioadición azido-alquino-1,3-

dipolar catalizada por cobre (I) (Reacción CuAAC), una reacción altamente selectiva 

y eficiente para la unión entre ácidos nucleicos, por motivos como la posibilidad de 

realizarse en medio acuoso, porque los restos de azida o alquilo se pueden añadir a 

los ácidos nucleicos de forma simple y porque el triazol resultante de la reacción se 

trata de un compuesto altamente estable. 

Este proceso se realiza como hemos comentado anteriormente en medio acuoso y 

preferiblemente en presencia de un cebador, ya que así se aumenta la velocidad de la 

reacción y se requiere menor concentración de los diferentes oligonucleótidos, 

además de asegurarnos que el sentido de la cadena sintetizada es el correcto. Se 

utilizan dos oligonucleótidos, uno marcado con un resto azida y otro con un resto 

propargilo.  

Este resto (A) se utiliza de molde en PCR (Reacción en cadena de la polimerasa, o 

Polymerase Chain Reaction) y tras algunas pequeñas modificaciones (B) se 

comprobó como el amplicón era exactamente idéntico al resultante de una cadena de 

DNA natural. ( Figura 7)  

Además se han realizado diversos estudios in vivo en los cuales se han añadido estas 

cadenas al plásmido de una bacteria y los resultados han sido prácticamente idénticos 

a los de un plásmido generado por biotecnología convencional. (Brown y El-Sagheer, 

2012) 

3.2.3 CLICK-CHEMISTRY EN LAFORMACIÓN DE POLÍMEROS 

Esta novedosa técnica se ha encontrado de gran utilidad en diversos procesos de 

formación de polímeros. 

Un ejemplo de ello sería la formación de dendrímeros, así como la síntesis  de 

copolímeros en bloque, pero sobre todo se han encontrado grandes aplicaciones 

utilizando estas novedosas técnicas para la incorporación de grupos funcionales a las 

diferentes cadenas de polímeros, logrando así diferentes propiedades de los mismos. 

(Sumerlin y Vogt, 2010) 

Es por esto que la click chemistry ha demostrado ser una herramienta sencilla con 

muchas posibilidades futuras para la fabricación de polímeros. 
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Figura 7: 1a, Esquema de la síntesis y amplificación vía PCR de la primera generación 
de DNA con union triazólica. (A) Primera generación de dinucleótidos unidos vía click-
chemistry (B) Segunda generación de dinucleótidos unidos vía click-chemistry 

3.3. LA CLICK-CHEMISTRY EN EL DESCUBRIMIENTO DE NUEVOS 

FÁRMACOS. 

Actualmente el descubrimiento de nuevos fármacos radica en cribados masivos sobre 

extensos catálogos frente a moléculas diana intracelulares o extracelulares con el 

objetivo de encontrar nuevos modelos químicos que posean la actividad buscada. 

La disponibilidad de grandes colecciones de compuestos a partir de fuentes 

comerciales ha aumentado considerablemente en tamaño y diversidad de moléculas, 

en algunos casos superiores a un millón de compuestos diferentes por catálogo. 

�12

1260 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1258–1267 ’ 2012 ’ Vol. 45, No. 8

Click Nucleic Acid Ligation El-Sagheer and Brown

generation linker could be rationalized. A possible reason for
the failure of DNA polymerase to correctly read the base
sequence around triazole linkage A is the presence of the
rigid amide bond. This will prefer to adopt the planar trans-
configuration (Figure 1b), and perhaps cause the thymidine
adjacent to the triazole to turn away from the incoming
deoxynucleotide triphosphate (dNTP) during replication
(Figure 1c). The lack of a 30-oxygen atom and the absence
of a 50-methylene group might also have caused poly-
merases to misread the triazole DNA template.

With these considerations in mind, a more flexible sec-
ond generation triazole linkage was synthesized (linkage B,
Figure 1d).20 Importantly the DNA strands required for
multiple click ligation (30-alkyne oligonucleotide, 50-azide
oligonucleotide, and bifunctional 30-alkyne-50-azide oligo-
nucleotide) can be made by the solid-phase phosphorami-
ditemethod. Three81-merDNA templatesweremade to test
the biocompatibility of the new linkage, each containing a
single triazole. In all three cases, the PCR reaction produced
amplicons in which the bases around the triazole were read

FIGURE1. (a) Synthesis and PCR amplification from the first generation triazoleDNAbackbone linkage. (b) cis!trans isomerization of amide bond. (c)
Replicationbypasses oneof the thyminebases around the triazole linkage. (d) First generation triazole linkageA, secondgeneration triazole linkageB,
triazole linkage C in TL‑DNA, and canonical DNA linkage D. The number of chemical bonds between the C30 and C40 atoms of adjacent sugar rings is
written in blue.
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Las principales técnicas para el descubrimiento de nuevos fármacos son: el cribado 

de alto rendimiento, el descubrimiento de fármacos basado en fragmentos y las 

técnicas dinámicas basadas en fragmentos usando moldes. (Dynamic Template-

Assisted Strategies) 

A continuación describiremos brevemente estas tres técnicas y posteriormente 

pasaremos a revisar algunos de los recientes descubrimientos gracias a la click-

chemistry y sus diferentes utilidades. 

3.3.1.ESTRATEGIAS PARA EL DESCUBRIMIENTO DE NUEVOS 

FÁRMACOS. 

3.3.1.1. CRIBADO DE ALTO RENDIMIENTO 

El cribado de alto rendimiento, también conocido como high-trhoughput screening se 

trata de un proceso bien establecido para dirigir el descubrimiento de fármacos en la 

industria farmacéutica. 

Se trata del análisis de grandes bases de datos de compuestos frente a nuestra diana 

terapéutica mediante el uso de pequeños ensayos automatizados y un análisis a gran 

escala de los datos obtenidos. 

Para la elaboración de catálogos de moléculas conteniendo restos de azidas, se han 

utilizado diversas estrategias. Wu y cols en 2009 publicaron un artículo en el que 

propusieron una nueva estrategia en fase sólida utilizando la resina comercial PL-

FML para añadir a diferentes moleculas el resto de azida necesario para su posterior 

unión con un alquino mediante la cicloadición catalizada por cobre. Esta estrategía 

nos permite realizar el cribado de alto rendimiento en un tiempo de una semana 

aproximadamente siguiendo el siguiente esquema.( Figura 8)(Srinivasan et al, 2009) 

Estas unidades moleculares son enlazadas usando click-chemistry, pudiendo dar 

lugar a inhibidores específicos y obteniendo una especie de huella dactilar de 

importantes enzimas. 

Se espera un enorme desarrollo de esta estrategia para la síntesis de nuevos fármacos 

mediante la click-chemistry y nuevas variantes de la misma en combinación con 

nuevas tecnologías como el uso de chips de DNA o microarrays. 
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3.3.1.2. DESCUBRIMIENTO DE NUEVOS FÁRMACOS BASADO EN 

FRAGMENTOS 

La búsqueda de nuevos fármacos basada en fragmentos ha pasado a ser la principal 

alternativa en los últimos años, superando al cribado de alto rendimiento. 

Cada vez son más los fármacos que se han descubierto desde este método y existen 

una gran cantidad de artículos que muestran sus beneficios respecto al cribado 

descrito anteriormente. 

Los fragmentos utilizados son moléculas orgánicas pequeñas de bajo peso molecular 

(<250 Da), que en realidad tienen baja afinidad (100 M-10 mM) para la unión a la 

diana. Estos fragmentos son modificados y probados para crear compuestos finales 

con alta afinidad y selectividad por la molecula diana. (Bienstock, 2010) 

Los motivos principales para elegir este enfoque a la hora de sintetizar un nuevo 

fármaco son los siguientes: 

• Las interacciones de los fragmentos son de alta calidad, a pesar de tener una 

menor potencia. 

• Podemos optimizar el proceso conociendo cuál de los diferentes conjugados de 

fragmentos es más eficiente. 

• Los catálogos de fragmentos para un sitio de acción son mucho menos extensos 

que para buscar los compuestos completos. 
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Figura 8: Estrategia para la síntesis de nuevos inhibidores enzimáticos con cribado de alto 
rendimiento mediante el ejemplo de PTP1B



Además, esta estrategia se basa en la consideración de que la energía libre de un 

ligando es la resultante de sus componentes moleculares, por lo que con la unión de 

pequeñas moléculas podríamos alcanzar una alta afinidad entre proteína y ligando. 

Hoy en día conocemos numerosos enzimas que poseen más de un sitio de unión, y 

antiguamente para sintetizar ligandos la tendencia era centrarse en el sitio de acción; 

sin embargo, en muchos casos el segundo sitio de unión alostérico confiere un gran 

aumento en selectividad y potencia, por lo que actualmente se tiene en cuenta en la 

síntesis de nuevos fármacos. (Thirumurugan y cols, 2013) 

Para  la detección de la unión de estos fragmentos necesitaremos técnicas más 

específicas para medir las interacciones con el sitio de unión ya que estas son mucho 

más débiles como hemos explicado anteriormente.  

Para ello se utilizan, entre otras, las técnicas de  espectometría RMN, cristalografía, 

espectometría de masas, resonancia superficial de plasmones, etc. (Rankovic y 

Morphy, 2010) 

3.3.1.3. DYNAMIC TEMPLATE-ASSISTED STRATEGIES EN LA 

BÚSQUEDA DE NUEVOS FÁRMACOS POR FRAGMENTOS 

El mayor reto para la de búsqueda de fármacos usando fragmentos es el hecho de que 

estos fragmentos deben poseer un enlace débil con la proteína a la vez que una 

actividad biológica elevada y detectarlos es un proceso complejo. 

Estos problemas se solucionan gracias al uso de la proteína diana como molde para la 

selección y/o ensamblaje de los fragmentos adecuados. Todas estas técnicas poseen 

una reacción química común para la detección de la mejor combinación de 

fragmentos que posteriormente se unirán por medio de la cicloadición 1,3-dipolar. 

Este tipo de técnica puede ser utilizada in vivo para la síntesis del ligando final en 

proximidad a su diana biológica. (Thirumurugan y cols, 2013) 

En la Figura 9 se presenta un esquema con las tres principales estrategias para el 

descubrimiento de nuevos fármacos vía click chemistry explicadas anteriormente. 
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3.3.2. SÍNTESIS DE INHIBIDORES ENZIMÁTICOS VÍA CLICK-

CHEMISTRY 

Las enzimas constituyen una parte importante del conjunto de todas las proteínas 

expresadas por el genoma eucariota, llegando a representar hasta un 29% de la 

totalidad de proteínas. 

Están implicadas en diversas enfermedades formando el segundo grupo de moléculas 

diana para los fármacos solo superado por los receptores. A pesar de ello muy pocas 
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high-affinity protein ligand. First, a small molecule fragment
that binds to the protein pocket of interest is identified. The
starting fragment is then chemically modified to generate a
binder of higher affinity, which is subsequently further
optimized to a lead structure. The concept has become very
popular for two main reasons. First, initial screening of
fragment libraries is expected to sample the chemical space
much more efficiently than traditional approaches ever could.24

The second reason is that fragment-derived lead structures have
significantly higher ligand efficiency (free binding energy per
non-hydrogen atom of the ligand) than molecules discovered
by screening of large compound libraries. An investigation of
150 known natural and synthetic ligands revealed that the free
binding energy increased in proportion to ligand size up to a
maximum of 15 atoms. The maximum average free-energy
contribution per heavy atom was −1.5 kcal/mol. For molecules
larger than this, no further increase in ligand efficiency was
observed. These observations confirm how crucial limiting the
molecular size is for the efficiency of protein ligands, thereby

supporting the preference of fragment hits (<12 heavy atoms
per molecule) over typical HTS hits. These results also indicate
easier optimization and hit-to-lead development of fragment
hits relative to that of HTS hits.26,27a

Many enzymes are known to possess multiple binding
pockets; yet conventional inhibitor developments generally
focus more on only the active site. However, in many cases, the
secondary/allosteric binding sites confer selectivity as well as
potency. Within this context, click chemistry, due to its highly
modular and efficient reaction nature, has been identified as
one of the most practical methods toward fragment-based
inhibitor assembly where N + M combinations of inhibitor
fragments lead to the generation of N × M potential bidentate
inhibitors (Figure 2). Because of the efficiency and water
compatible nature of the click reaction, in most cases, the
assembled products could be directly screened for inhibition
without the need for any purification.27b

3.1.3. Dynamic Template-Assisted Strategies in Frag-
ment-Based Drug Discovery. The major challenges of

Figure 2. Concepts in lead discovery. (a) High-throughput screening (HTS). A diverse library of chemical compounds is collected and tested against
the drug target. (b) Fragment-based lead discovery. The binding of small molecular fragments to the protein is detected. Low-affinity fragments can
be linked to provide high-affinity ligands.The binding constant KAB is an exponential function of the binding energy. (c) Dynamic strategies in
fragment-based drug discovery. Reactive fragments are incubated with the protein and form specific combinations of fragments on the protein
template, which facilitates fragment detection and linkage to a new ligand.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794908

Figura 9: Esquemas de los tres tipos de estrategias a seguir para el descubrimiento de 
nuevos fármacos vía click-chemistry (Thirumurugan y cols, 2013)



de ellas están bien caracterizadas por lo que no se conoce del todo bien su papel 

fisiológico, sustratos específicos, ni su diana final. 

Los inhibidores enzimáticos han demostrado ser de gran utilidad en enfermedades 

como cáncer, tuberculosis y muchas otras enfermedades hasta ahora incurables.  

Las reacciones click han demostrado ser de gran utilidad para la síntesis de los 

mismos debido a su alta eficiencia y su naturaleza modular, sobre todo con la 

búsqueda basada en fragmentos. Además, gracias a que estas reacciones son 

compatibles con el agua, no sería necesaria la purificación de los productos en la 

mayoría de los casos (Thirumurugan y cols, 2013) 

• INHIBIDORES DE PROTEIN-TIROSIN FOSFATASAS 

La familia de las protein-tirosin fosfatasas constituyen un conjunto importante de 

enzimas de señalización que canalizan la fosforilación y desfosforilación de residuos 

de tirosina en un sustrato proteico. 

De todas ellas, la llamada PTP1B (protein tyrosine phosphatase 1B) ha sido 

identificada como la mayor reguladora de las hormonas insulina y leptina. Por esto, 

un mal funcionamiento de la misma puede dar lugar a enfermedades como cáncer, 

diabetes, obesidad o inflamación. (Thirumurugan y cols, 2013) 

Hay muchos inhibidores sintetizados vía click-chemistry usando la estrategia de 

cribado de alto rendimiento, algunos de los cuales son: 

- Inhibidores de PTP vía click a través de alquino-aminoacidos como la Serina o 

Treonina junto con azido-azucares como la glucosa, galactosa o manosa; uno de 

los cuales con un resto de glucosa se demostró altamente selectivo con la 

PTP1B(Figura 10) ( He y cols, 2001). 
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fragment-based drug discovery are the identification of low-
affinity fragments and efficient biologically active linkage of the
fragments identified. Weakly binding ligands are difficult to
detect. To address this problem, alternative so-called dynamic
and template-assisted strategies have been proposed for
fragment-based drug discovery by researchers. All of these
methods use a target protein as a template for selection and/or
assembly of optimal fragment combinations. All dynamic
template-assisted approaches covered here have in common a
chemical reaction (reversible or irreversible, enzymatic or
nonenzymatic), which is exploited for detection of the best
fragment combination (Figure 2).28

For example, the azide and alkyne reagents are structurally
selected to partially interact with the enzymatic binding site.
Thus, fragments that interact favorably with the enzyme are
selected, and the 1,3-dipolar cycloaddition “click” reaction

connects the fragments to form the final inhibitor. FBDD and
TGS both have in common the fact that they capitalize on
molecular recognition patterns imprinted on molecular targets
to select suitable molecular fragments “ex vivo”, which are then
tethered through synthetic optimization (FBDD) or in situ self-
assembling to form the final ligands. These ligands can then be
resynthesized and scaled up for subsequent biological
evaluations through the drug development stages (i.e., in vivo
animal models and clinical development). However, when
considering Rideout’s ideas and recent developments in TGS
together, one could shift this paradigm of fragment-based
approaches a step forward toward the use of molecular
fragments for direct clinical use (Figure 2). The approach
would allow for the in vivo−in situ synthesis of the final ligand
already in close proximity to its biological target (protein or
DNA) in the host. This innovative research envisages a gene/

Figure 3. Chemical structures of protein tyrosine phosphatase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794909

Figura 10: Inhibidor de la PTP1B



- Inhibidores de la Mycobacterium tuberculosis tirosin-fosfatasa: descubiertos 

mediante el cribado de alto rendimiento de 67 restos diferentes con azida unidos a 

diferentes alquin-isoxazoles, obteniendo 325 posibles inhibidores, entre los cuales 

dos de ellos demostraron una altísima selectividad y efectividad contra esta 

proteína. (Figura 11) (Yand y cols, 2009) 

- Inhibidores de la YopH ( Yersenia pestis outer protein phosphatase): La 

enterobacteria Gram negativa Yersenia pestis ha jugado un importante papel en la 

historia humana ya que es la responsable de la peste y actualmente también se 

encuentra en el punto de mira debido a que se trata de un arma potencial para el 

bioterrorismo. Esta bacteria necesita de un factor de virulencia externo en la 

proteína H, una importante protein-tirosin fosfatasa, por tanto un inhibidor de esta 

YopH podría suponer una nueva ventana terapéutica frente a esta bacteria. El 

sustrato de esta enzima se trata de un derivado del nitrofenilfosfato y mediante 

modif icac ión de es te sus t i tuyendo e l grupo fosfa to por ác ido 

difluorometilfosfónico y uniendo un  resto con aminóxido para optimizar la 

estructura podemos obtener un potente inhibidor de la YopH. Estos dos restos se 

unen mediante un enlace oxima (reacción click) dando lugar al compuesto que 

mostramos a continuación (Figura 12) (Bahta y cols, 2011). 

• INHIBIDORES DE PROTEIN-QUINASAS (PK ) 

El grupo de las protein quinasas es clave en la regulación de la función celular y se 

trata del grupo más importante y más funcional de las enzimas. Es por ello que son 
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fragment-based drug discovery are the identification of low-
affinity fragments and efficient biologically active linkage of the
fragments identified. Weakly binding ligands are difficult to
detect. To address this problem, alternative so-called dynamic
and template-assisted strategies have been proposed for
fragment-based drug discovery by researchers. All of these
methods use a target protein as a template for selection and/or
assembly of optimal fragment combinations. All dynamic
template-assisted approaches covered here have in common a
chemical reaction (reversible or irreversible, enzymatic or
nonenzymatic), which is exploited for detection of the best
fragment combination (Figure 2).28

For example, the azide and alkyne reagents are structurally
selected to partially interact with the enzymatic binding site.
Thus, fragments that interact favorably with the enzyme are
selected, and the 1,3-dipolar cycloaddition “click” reaction

connects the fragments to form the final inhibitor. FBDD and
TGS both have in common the fact that they capitalize on
molecular recognition patterns imprinted on molecular targets
to select suitable molecular fragments “ex vivo”, which are then
tethered through synthetic optimization (FBDD) or in situ self-
assembling to form the final ligands. These ligands can then be
resynthesized and scaled up for subsequent biological
evaluations through the drug development stages (i.e., in vivo
animal models and clinical development). However, when
considering Rideout’s ideas and recent developments in TGS
together, one could shift this paradigm of fragment-based
approaches a step forward toward the use of molecular
fragments for direct clinical use (Figure 2). The approach
would allow for the in vivo−in situ synthesis of the final ligand
already in close proximity to its biological target (protein or
DNA) in the host. This innovative research envisages a gene/

Figure 3. Chemical structures of protein tyrosine phosphatase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794909

Figura 11: Inhibidores de la Mycobacterium tuberculosis tirosin-fosfatasa



consideradas una de las principales dianas terapéuticas para el tratamiento de 

multitud de enfermedades importantes como pueden ser cáncer o diabetes. 

Esta familia de enzimas juegan un papel clave en la transducción de la señal celular y 

muchas enfermedades están caracterizadas por alteraciones en estas protein-quinasas 

o en sus niveles de expresión. 

Las protein-quinasas se encargan de controlar la función de otras proteinas mediante 

la fosforilación de los grupos hidroxilo en los restos de Serina y Treonina de las 

mismas. Pueden ser activadas por varias señales como un incremento en la 

concentración de iones Ca o de diacilglicerol. 

Por todo esto se han convertido en una de las principales dianas terapéuticas para el 

futuro desarrollo de nuevos fármacos. (Thirumurugan y cols, 2013) 

Estos son algunos ejemplos de inhibidores de las PK obtenidos vía click-chemistry. 

- Liskamp y cols. sintetizaron novedosos inhibidores bi-sustrato para el sitio de 

unión específico del péptido además del sitio de unión de ATP, uniendo los dos 

componentes vía click chemistry. (Figura 13) ( Liskamp y cols, 2009) 

- Kumar y cols. han investigado el uso de dos clases de conjugados con 1,2,3-

triazol-3-fenilpirazolopirimidina sintetizados vía click-chemistry, que fueron 

evaluados para la familia de las Src quinasas en relación al adenocarcinoma de 

ovario, carcinoma mamario y carcinoma de colon. El hexiltriazol-sustituido 3-

fenilpirazolpirimidina demostró ser un potente inhibidor de la Src quinasa. 

(Figura14) ( Kumar y cols, 2011). 
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tyrosine derivatives on the 6-, 2,3-, 2,6-, 3,4-, and 4,6-positions
of the glucosyl scaffolds were efficiently constructed via the
microwave-assisted Cu(I)-catalyzed azide−alkyne cycloaddition
in moderate-to-excellent yields. Successive biological assays
identified these compounds as novel PTP1B inhibitors, with the
4,6-disubstituted tyrosinyl glucoside being the most potent. A
kinetic study established that both mono- and bis-triazole-
linked glycosyl acids act as typical competitive inhibitors,
whereas the bis-triazolyl ester that also exhibited inhibitory
activity on PTP1B displayed a mixed-type inhibition pattern.
Compounds 13 and 14 (Figure 4) showed most potent activity
against PTP1B in the series with Ki = 14.4 μM against PTP1B
and 8.7 μM against PTP1B. Also, compound 14 (Figure 4) was
effective against TCPTP (T cell protein tyrosine phosphatase)
inhibition with IC50 = 31.0 ± 9.6 μM.44

Cell division cycle 25 (CDC25) phosphatases regulate key
transitions between cell cycle phases during normal cell
division, and in the event of DNA damage they are key targets
of the checkpoint machinery that ensures genetic stability.
Duval et al. reported click chemistry for the rapid synthesis of
novel CDC25 phosphatase inhibitors. Triazolobenzylidene-
thiazolopyrimidine (TBTP) azide derivative and various
substituted alkynes were used for the generation of an 87-
member triazole library with good to quantitative yields and
high purities. The biological screening results showed that

compound 15 (Figure 4) was the most potent inhibitor of
CDC25B when compared to other synthesized TBTP trizole
derivatives with IC50 = 3.0 ± 0.1 μM.45

The synthesis of glycoconjugates of the triazolyl α-
ketocarboxylic acids derivatives was achieved via Cu(I)-
catalyzed azide−alkyne cycloaddition from O-propargyl glyco-
conjugate sugars and various diversely substituted azides. The
glycosyl α-ketocarboxylic acid derivatives (compounds 16 and
17, Figure 4) were identified as promising sugar-based PTP1B
inhibitors for several fold selectivities over a panel of
homologous PTPs with IC50 = 3.2 μM for compound 16,
IC50 = 11.1 μM when R = OH, and IC50 = 5.6 μM when R =
CO2H for compound 17.46

Yang et al. employed a microwave-accelerated Cu(I)-
catalyzed azide−alkyne 1,3-dipolar cycloaddition for the
preparation of a series of triazole-linked serinyl, threoninyl,
phenylalaninyl, and tyrosinyl 1-O-gluco- or galactosides with
high yield of products within only 30 min. Successive biological
assay identified these glycopeptidotriazoles as favorable PTP1B
and CDC25B inhibitors with selectivity over TCPTP (T-cell
protein tyrosine phosphatase), LAR (leukocyte antigen-related
PTP receptor), SHP-1 (Src homology region 2 domain
containing phosphatase-1), and SHP-2 (Src homology region
2 containing a ubiquitously expressed tyrosine-specific protein
phosphatase), which upon subsequent screening revealed

Figure 5. Chemical structures of protein tyrosine phosphatase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794912

Figura 12: Inhibidor de la YopH



- Grøtli y cols. emplearon análogos de la purina en reacción click con diferentes 

aromáticos para sintetizar compuestos que demostraron una inhibición 

moderadamente potente contra la Plasmodium falciparum protein-quinasa 

7(PfPK7) (Figura 15) (Grøtli y cols, 2009) 

• INHIBIDORES DE TRANSFERASAS 

Las transferasas forman un amplio grupo de enzimas con un papel clave en muchos 

procesos biológicos, por tanto sus inhibidores son fármacos potenciales para tratar 
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compound 18 (Figure 4) as a selective and potent inhibitor
PTP1B over other PTPs tested with IC50 = 5.1 μM.47

Xie et al. successfully synthesized dimeric acetylated and
benzoylated β-C-D-glucosyl and β-C-D-galactosyl 1,4-dimethoxy
benzenes or naphthalenes by click chemistry. These com-
pounds were further transformed into the corresponding β-
C-D-glycosyl-1,4-quinone derivatives by CAN oxidation. The in
vitro inhibition test of these compounds showed that dimeric
benzoylated β-C-D-glycosyl 1,4-dimethoxybenzenes (com-
pound 19a, Figure 4) or 1,4-benzoquinones (compound 19b,
Figure 4) were good inhibitors of PTP1B (IC50 = 0.62−0.88
μM), with no significant difference between gluco and galacto
derivatives.48

Monomeric and dimeric benzylated glycosyl benzenes were
synthesized via copper-catalyzed [3 + 2] azidealkyne cyclo-

addition. These compounds were then identified as protein
tyrosine phosphatase (PTP) 1B inhibitors, which displayed at
several fold selectivity over other homologous PTP inhibitors.
The triazolyl glycosyl dimers of compounds 20a and 20b
(Figure 4) showed significant inhibition activity against PTP1B
and a panel of homologous PTPs including TCPTP (T-cell
protein tyrosine phosphatase) with IC50 values of 1.5 ± 0.1 and
5.2 ± 0.3 μM, respectively.49

Burke and his co-workers employed oxime-based click
chemistry for the development of 3-isoxazolecarboxylic acid
derivative-based inhibitors of Yersinia pestis protein tyrosine
phosphatase (YopH). The 3-isoxazolecarboxylic acid derivative
of compound 21 (Figure 5) showed good inhibition against
YopH among homologue series using oxime-based library
diversification with IC50 = 3.1 ± 0.2 μM.50

Figure 6. Chemical structures of protein kinases inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794913

Figura 13: Inhibidores de la protein-kinasa vía click-chemistry

Figura 14: Inhibidor de la Src quinasa

compound 18 (Figure 4) as a selective and potent inhibitor
PTP1B over other PTPs tested with IC50 = 5.1 μM.47

Xie et al. successfully synthesized dimeric acetylated and
benzoylated β-C-D-glucosyl and β-C-D-galactosyl 1,4-dimethoxy
benzenes or naphthalenes by click chemistry. These com-
pounds were further transformed into the corresponding β-
C-D-glycosyl-1,4-quinone derivatives by CAN oxidation. The in
vitro inhibition test of these compounds showed that dimeric
benzoylated β-C-D-glycosyl 1,4-dimethoxybenzenes (com-
pound 19a, Figure 4) or 1,4-benzoquinones (compound 19b,
Figure 4) were good inhibitors of PTP1B (IC50 = 0.62−0.88
μM), with no significant difference between gluco and galacto
derivatives.48

Monomeric and dimeric benzylated glycosyl benzenes were
synthesized via copper-catalyzed [3 + 2] azidealkyne cyclo-

addition. These compounds were then identified as protein
tyrosine phosphatase (PTP) 1B inhibitors, which displayed at
several fold selectivity over other homologous PTP inhibitors.
The triazolyl glycosyl dimers of compounds 20a and 20b
(Figure 4) showed significant inhibition activity against PTP1B
and a panel of homologous PTPs including TCPTP (T-cell
protein tyrosine phosphatase) with IC50 values of 1.5 ± 0.1 and
5.2 ± 0.3 μM, respectively.49

Burke and his co-workers employed oxime-based click
chemistry for the development of 3-isoxazolecarboxylic acid
derivative-based inhibitors of Yersinia pestis protein tyrosine
phosphatase (YopH). The 3-isoxazolecarboxylic acid derivative
of compound 21 (Figure 5) showed good inhibition against
YopH among homologue series using oxime-based library
diversification with IC50 = 3.1 ± 0.2 μM.50

Figure 6. Chemical structures of protein kinases inhibitors synthesized via click chemistry.
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enfermedades como el cáncer y muchas patología infecciosas. (Thirumurugan y cols, 

2013) 

- Inhibidores de glicosil-transferasa: El proceso de glicosilación realizado por estas 

enzimas interviene en procesos biológicos importantes en las modificaciones post-

traduccionales de las proteínas y los lípidos, que influencia de manera importante 

procesos de reconocimiento molecular  entre los cuales se encuentran la respuesta 

inmune, procesos inflamatorios, infecciones virales o bacterianas y otras 

importantes comunicaciones intercelulares y transducción de señales.  

Por otra parte, la biosíntesis de carbohidratos catalizada por fucosiltransferasas 

implican el traslado de un resto de L-fucosa desde la GDP-fucosa hasta un grupo 

hidróxilo de la N-acetilglicosamina por lo que inhibidores selectivos de esta 

enzima bloquearían la síntesis de los productos glico/fucosilados y, por tanto, las 

patologías que estos desencadenen. (Thirumurugan y cols, 2013)  

Nishimira y cols, identificaron inhibidores potentes y selectivos a partir de un 

screening de alto rendimiento de compuestos unidos por la cicloadición-1,3-

dipolar, con azido-azucares-nucleótidos y varios alquinos. Esto dió lugar al 
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compound 18 (Figure 4) as a selective and potent inhibitor
PTP1B over other PTPs tested with IC50 = 5.1 μM.47

Xie et al. successfully synthesized dimeric acetylated and
benzoylated β-C-D-glucosyl and β-C-D-galactosyl 1,4-dimethoxy
benzenes or naphthalenes by click chemistry. These com-
pounds were further transformed into the corresponding β-
C-D-glycosyl-1,4-quinone derivatives by CAN oxidation. The in
vitro inhibition test of these compounds showed that dimeric
benzoylated β-C-D-glycosyl 1,4-dimethoxybenzenes (com-
pound 19a, Figure 4) or 1,4-benzoquinones (compound 19b,
Figure 4) were good inhibitors of PTP1B (IC50 = 0.62−0.88
μM), with no significant difference between gluco and galacto
derivatives.48

Monomeric and dimeric benzylated glycosyl benzenes were
synthesized via copper-catalyzed [3 + 2] azidealkyne cyclo-

addition. These compounds were then identified as protein
tyrosine phosphatase (PTP) 1B inhibitors, which displayed at
several fold selectivity over other homologous PTP inhibitors.
The triazolyl glycosyl dimers of compounds 20a and 20b
(Figure 4) showed significant inhibition activity against PTP1B
and a panel of homologous PTPs including TCPTP (T-cell
protein tyrosine phosphatase) with IC50 values of 1.5 ± 0.1 and
5.2 ± 0.3 μM, respectively.49

Burke and his co-workers employed oxime-based click
chemistry for the development of 3-isoxazolecarboxylic acid
derivative-based inhibitors of Yersinia pestis protein tyrosine
phosphatase (YopH). The 3-isoxazolecarboxylic acid derivative
of compound 21 (Figure 5) showed good inhibition against
YopH among homologue series using oxime-based library
diversification with IC50 = 3.1 ± 0.2 μM.50

Figure 6. Chemical structures of protein kinases inhibitors synthesized via click chemistry.

Chemical Reviews Review
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Figura 15: Inhibidor de la PfPK7

entiation, development, regulation, and many other intercellular
communication and signal transductions. Conversely, the
biosynthesis of carbohydrates catalyzed by fucosyltransferases
involves the transfer of an L-fucose moiety from guanosine
diphosphate β-L-fucose (GDP-fucose) to a specific hydroxyl
group of sialyl N-acetyl-lactosamine. Selective inhibitors of
these enzymes might provide drugs by blocking the synthesis of
glycosyl and fucosyl end-products, and the pathology they
trigger.60

Nishimura and co-workers identified potent and selective
inhibitors of glycosyltransferases by high-throughput quantita-

tive MALDI-TOFMS-based screening of focused compound
libraries constructed by 1,3-dipolar cycloaddition from the
desired azidosugar nucleotides with various alkynes.61

A non-natural synthetic sugar nucleotide was identified to be
the first highly specific inhibitor (compound 33, Figure 7) for
rat recombinant α 2,3-(N)-sialyltransferase (α 2,3ST, IC50 = 8.2
μM), while this compound was proved to become a favorable
substrate for rat recombinant α 2,6-(N)-sialyltransferase (α
2,6ST, Km = 125 μM, where Km is the kinetic parameter
(Michaelis−Menten constant)). Versatility of this strategy was
further demonstrated by identification of two selective

Figure 7. Chemical structures of transferase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794915

Figura 16: Inhibidores de la 𝛂-fucosiltransferasa humana 



descubrimiento de dos inhibidores selectivos para la 𝛂-fucosiltransferasa humana 

recombinante V y VIII.(Figura 16) (Hosoguchi y cols, 2010) 

- Inhibidores de la nicotinamida fosforibosiltransferasa: Esta enzima está 

involucrada en el proceso de síntesis del NAD (Nicotinamida Adenina 

Dinucleótido), cuyos altos niveles se han relacionado con células tumorales de alta 

tasa de división. Por tanto, el uso de inhibidores de la Nicotinamida-fosforibosil 

transferasa podría ser bastante útil para modificar diferentes señales celulares 

relacionadas con el cáncer, por lo que se trata de una novedosa diana terapéutica 

para la investigación de fármacos antitumorales. (Thirumurugan y cols, 2013)  

Colombano y cols. estudiaron nuevos análogos usando la cicloadición-1,3-dipolar, 

dando lugar a un potente inhibidor de esta enzima que presenta un grupo 

aromático 2-aminobifenilo.(Figura 17) (Colombano y cols, 2010) 

- Inhibidores de la O-NAcetilglucosaminasa: Esta enzima elimina un grupo N-

acetilglucosamina del oxígeno de los restos de Serina o Treonina de proteínas 

nucleocitoplasmáticas implicadas en varios procesos de regulación del ciclo 

celular, traducción de señal, degradación de proteínas y traducción y transcripción 

de DNA.  

Inhibidores de esta enzima son objeto de investigaciones en el desarrollo de 

fármacos para enfermedades degenerativas. (Thirumurugan y cols, 2013)  

Wang y cols, han reportado la síntesis de glicosil-azido o alquinos para generar 

inhibidores de esta enzima. Estudios de cinética enzimática revelaron el siguiente 
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entiation, development, regulation, and many other intercellular
communication and signal transductions. Conversely, the
biosynthesis of carbohydrates catalyzed by fucosyltransferases
involves the transfer of an L-fucose moiety from guanosine
diphosphate β-L-fucose (GDP-fucose) to a specific hydroxyl
group of sialyl N-acetyl-lactosamine. Selective inhibitors of
these enzymes might provide drugs by blocking the synthesis of
glycosyl and fucosyl end-products, and the pathology they
trigger.60

Nishimura and co-workers identified potent and selective
inhibitors of glycosyltransferases by high-throughput quantita-

tive MALDI-TOFMS-based screening of focused compound
libraries constructed by 1,3-dipolar cycloaddition from the
desired azidosugar nucleotides with various alkynes.61

A non-natural synthetic sugar nucleotide was identified to be
the first highly specific inhibitor (compound 33, Figure 7) for
rat recombinant α 2,3-(N)-sialyltransferase (α 2,3ST, IC50 = 8.2
μM), while this compound was proved to become a favorable
substrate for rat recombinant α 2,6-(N)-sialyltransferase (α
2,6ST, Km = 125 μM, where Km is the kinetic parameter
(Michaelis−Menten constant)). Versatility of this strategy was
further demonstrated by identification of two selective

Figure 7. Chemical structures of transferase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794915

Figura 17: Inhibidor de la nicotinamida fosforibosil-transferasa



compuesto como un potente inhibidor competitivo de la O-NAGasa humana. 

(Figura 18) (Wang y cols, 2011) 

•   INHIBIDORES DE GLUCÓGENO FOSFORILASA. 

Esta enzima, que se encuentra presente en la mayoría de mamíferos, cataliza la 

fosforilación de la cadena principal de glucógeno mediante un enlace glicosídico 

𝛂-1,4, dando lugar a glucosa-1-fosfato que posteriormente pasara a 𝛂-D-glucosa. 

Desde el punto de vista farmacéutico, la síntesis de inhibidores de esta enzima podría 

dar lugar a novedosos avances en la terapia de control de la glucemia en Diabetes 

Mellitus tipo 2. (Thirumurugan y cols, 2013) 

Recientemente se ha descrito al ácido oleanólico como un potente análogo de esta 

enzima y posteriormente Cheng y cols. decidieron utilizar dímeros de éste 

sintetizados vía click chemistry. Estos compuestos fueron probados en la Glucógeno 

Fosforilasa Muscular de conejo dando resultados altamente positivos. (Figura 19) 

(Cheng y cols, 2010) 

• INHIBIDORES DE SERINA-HIDROLASA 

Esta clase de inhibidores es una de las más extensas y diversas en las células 

eucariotas y procariotas, incluyendo lipasas, proteasasas, esterasas, tioesterasas, 

peptidasas y amidasa. Inhibidores de esta clase de enzimas puedes ser utilizados en 

enfermedades como la obesidad, Alzheimer o diabetes entre otras. 

- Cravatt y cols. han desarrollado recientemente derivados de triazolurea vía click-

chemistry, que han demostrado ser inhibidores altamente potentes de diversos 

tipos de Serina Hidrolasas (incluyendo peptidasas, hidrolasas, lipasas, etc) con 

elevada actividad en células de ratón. (Figura 20).  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Figura 18: Inhibidor de O-NAGasa humana.
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Esta inhibición conduce a un aumento de N-acetil-proteinas, que promueven la 

proliferación de células T. ( Cravatt y cols, 2011) 

• INHIBIDORES DE PROTEASAS DE CISTEINA Y SERINA 

Este grupo de enzimas son esenciales en la regulación de diversos procesos 

fisiológicos y propagación de enfermedades y algunas de estas están involucradas en 
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inhibitors (compounds 34 and 35, Figure 7) for human
recombinant α 1,3-fucosyltransferase V (α 1,3-FucT, Ki = 293
nM) and α 1,6-fucosyltransferase VIII (R1,6-FucT, Ki = 13.8
μM).61

Wong et al. reported a nanomolar α-1,3-fucosyltransferase
inhibitor was prepared by linking a GDP-derived acetylene to a
library of azides, using the copper(I)-catalyzed triazole
formation. The excellent yields of the inhibitors and the
absence of protecting groups allowed one to test 85
compounds that were rapidly prepared in water and screened
straight from the reaction mixture. Hit follow-up, conducted on
purified compounds against a panel of fucosyl and galactosyl
transferases and kinases, revealed biphenyl derivative (com-
pound 36, Figure 7) as the most potent inhibitor of human α-
1,3-fucosyltransferase VI, and it was also revealed to be selective
for this enzyme with Ki = 62 nM.62

3.2.3.2. Nicotinamide Phosphoribosyltransferase Inhibi-
tors. Interfering with NAD levels might lead to cell death of
those cells that have a high usage rate of this pyridine
nucleotide, that is, tumoral cells with a high division rate.
Indeed, lowering NAD levels will not only hamper those
enzymatic reactions that require this pyridine nucleotide as a
cofactor but will also alter other cell signaling processes that
have been shown to be involved in cancer. Eukaryotic cells
possess several mechanisms to replenish NAD, including a de
novo synthesis pathway from the amino acid tryptophan and at
least two salvage/recycling pathways. One of these pathways
relies on the enzyme nicotinamide phosphoribosyltransferase

(NMPRTase) that converts nicotinamide into nicotinamide
mononucleotide (NMN) that is subsequently converted to
NAD by NMN adenylyltransferase (NMNAT). NMPRTase is
the target for the small molecule inhibitor FK866 (APO866)
that has been shown to induce apoptosis in tumoral cells and in
the same context to lower significantly NAD levels. Indeed,
inhibition of this enzyme alone appears to have an important
impact on NAD levels in a number of cell types. The inhibition
of NAD synthesis or salvage pathways has been proposed as a
novel target for antitumoral drugs.63

Colombano et al. recently reported copper-catalyzed [3 + 2]
cycloaddition between azides and alkynes to synthesize 185
novel analogues. The most promising compound 37 displayed
an IC50 for cytotoxicity in vitro of 3.8 ± 0.3 nM and an IC50 for
NAD depletion of 3.0 ± 0.4 nM. Compound 37 (Figure 7),
which presents a 2-aminobiphenyl aromatic group, was the
potential inhibitor of nicotinamide phosphoribosyl trans-
ferase.63

Canonico et al. successfully constructed a small library of
triazole analogues of antitumoral drug FK866 using click
chemistry techniques. Among the synthesized triazole ana-
logues, compound 38 (Figure 7) displayed nanomolar potency
against depletion of NAD levels. Th e effect of compound 38
on NAD levels was also consistent with a cytotoxic effect, with
an IC50 value of approximately 5.7 ± 1.3 nM and a reduction
down to the detection limit at concentrations over 100 nm.64

3.2.3.3. O-GlcNAcase Inhibitors. Glycosyl transferases are
ubiquitous enzymes that catalyze the assembly of glycoconju-

Figure 8. Chemical structures of glycogen phosphorylase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794916

Figura 19: Inhibidor de la glucógeno fosforilasa

accumulation and mobilization of storage proteins such as in
seeds. In addition, they are involved in signaling pathways and
in the response to biotic and abiotic stresses. In humans they
are responsible for apoptosis, MHC class II immune responses,
prohormone processing, and extracellular matrix remodeling
important to bone development. The ability of macrophages
and other cells to mobilize elastolytic cysteine proteases to their
surfaces under specialized conditions may also lead to
accelerated collagen and elastin degradation at sites of
inflammation in diseases such as atherosclerosis and
emphysema. Many researchers developed the inhibitors of
cysteine protease for new drug discovery for the above
diseases.73−75

Figure 9. Chemical structures of serine hydrolase inhibitors
synthesized via click chemistry.

Figure 10. Chemical structures of serine and cysteine protease inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794918

Figura 20: Inhibidores de Serina hidrosilasas
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el tratamiento de enfermedades cardiovasculares y oncológicas, osteoporosis y 

artritis. 

En humanos son responsables del proceso de apoptosis, remodelación de la matriz 

extracelular, la respuesta inmune y procesos hormonales, por lo que el desarrollo de 

inhibidores de estas enzimas puede dar lugar al descubrimiento de nuevos fármacos 

para muchas enfermedades. 

Un grupo de aproximadamente 450.000 peptidotriazoles fueron preparados para una 

síntesis en fase sólida de péptidos mediante una cicloadición-1,3-dipolar entre una 

resina con restos alquilo y un aminoazida protegido. 

Posteriormente se realizó un estudio de la actividad enzimática frente a una cistein-

proteasa recombinante, en el que 48 compuestos mostraron actividad.  

A estos compuestos se les realizó una espectometría de masas MALDI, la cual reveló 

la estructura de los mismos y posteriormente se paso a resintetizarlos para evaluarlos 

en solución. (Thirumurugan y cols, 2013) 

- El Tripanosoma cruzi es el parásito responsable de la enfermedad de Chagas. El 

tratamiento de esta enfermedad ha provocado problemas de toxicidad y 

resistencia, por lo que se han desarrollado inhibidores de cistein-proteasa 

mayoritaria en este parásito gracias a la click-chemistry,.  

El inhibidor irreversible formado de 1,2,3-triazoltetrafluorofenilenoximetilcetona 

ha demostrado propiedades prometedoras en el tratamiento de la enfermedad de 

Chagas. (Figura 21) (Thirumurugan y cols, 2013) 
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seeds. In addition, they are involved in signaling pathways and
in the response to biotic and abiotic stresses. In humans they
are responsible for apoptosis, MHC class II immune responses,
prohormone processing, and extracellular matrix remodeling
important to bone development. The ability of macrophages
and other cells to mobilize elastolytic cysteine proteases to their
surfaces under specialized conditions may also lead to
accelerated collagen and elastin degradation at sites of
inflammation in diseases such as atherosclerosis and
emphysema. Many researchers developed the inhibitors of
cysteine protease for new drug discovery for the above
diseases.73−75

Figure 9. Chemical structures of serine hydrolase inhibitors
synthesized via click chemistry.

Figure 10. Chemical structures of serine and cysteine protease inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794918

Figura 21: Inhibidor de la cistein-proteasa en Trypanosoma cruzi



- Las caspasas son un tipo de cistein-proteasas que actúan específicamente sobre 

residuos de ácido aspártico en proteínas. Son responsables de la apoptosis célular, 

por tanto su inhibición podría tener fines terapéuticos para enfermedades 

degenerativas y neurodegenerativas.  

Yao y cols. emplearon la click-chemistry en la búsqueda de inhibidores de 

caspasas a través de screening de alto rendimiento conteniendo funciones aldehido 

y vinil sulfona. (Figura 22) ( Yao y cols, 2008) 

• INHIBIDORES DE METALOPROTEASAS 

Estas metaloproteasas son una clase de enzimas proteolíticas relacionadas con 

multitud de procesos filológicos y patológicos. Su investigación es de gran 

importancia por las implicaciones que tienen en procesos de degradación de tejidos 

lo que afecta a diversas enfermedades como la esclerosis múltiple, el crecimiento 

tumoral, la artritis reumatoide, la osteoartritis, etc. (Thirumurugan y cols, 2013) 

- Ramos y cols. han empleado recientemente click-chemistry en la síntesis de 

inhibidores de metaloproteasas de la matriz 2(MMP2) usando la estrategia basada 

en fragmentos, concretamente uniendo azidas con alquinos lipofílicosselectivos 

para interactuar con la subunidad S1’ de la enzima. (Figura 23) ( Ramos y cols, 

2011) 

- La anhidrasa carbónica es una enzima que cataliza de forma eficiente y reversible 

la hidratación de dióxido de carbono a bicarbonato y que, por tanto, juega un 

papel relevante en numerosos procesos fisiologicos.  

Varias de las 16 isoenzimas presentes en el cuerpo humano son consideradas 
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accumulation and mobilization of storage proteins such as in
seeds. In addition, they are involved in signaling pathways and
in the response to biotic and abiotic stresses. In humans they
are responsible for apoptosis, MHC class II immune responses,
prohormone processing, and extracellular matrix remodeling
important to bone development. The ability of macrophages
and other cells to mobilize elastolytic cysteine proteases to their
surfaces under specialized conditions may also lead to
accelerated collagen and elastin degradation at sites of
inflammation in diseases such as atherosclerosis and
emphysema. Many researchers developed the inhibitors of
cysteine protease for new drug discovery for the above
diseases.73−75

Figure 9. Chemical structures of serine hydrolase inhibitors
synthesized via click chemistry.

Figure 10. Chemical structures of serine and cysteine protease inhibitors synthesized via click chemistry.
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dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794918

Figura 22: Inhibidor de las caspasas



dianas terapéuticas y el diseño de inhibidores de las mismas se trata de un reto a 

largo plazo que ha centrado la atención de numerosos investigadores y ha 

demostrado su utilidad frente a muchas enfermadas como el glaucoma, la 

epilepsia y el cáncer. 

- La membrana mitocondrial es imperrmeable al HCO3- y la anhidrasa carbonica se 

lo proporciona para que la piruvato carboxilasa lo utilice como sustrato. 

Finalmente esta ruta biosintética desemboca en la formación de citrato a partir de 

piruvato. Este citrato es trasladado al citoplasma para producir lipogénesis a través 

de otras rutas biosintéticas.  

Varios compuestos obtenidos mediante click-chemistry a través de 4-

azidobencensulfonamidas y fenilacetilenos demostraron su utilidad como 

inhibidores de dichas enzimas lo que puede conducir, tras futuros estudios, a su 

aplicación en el tratamiento de la obesidad. (Figura 24) (Thirumurugan y cols, 

2013) 
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Figura 23: Inhibidores selectivos de las MMP2

showed good serine protease inhibition activity with IC50 =
108.2 μM.79

Gil-Parrado and his co-worker developed the novel activity-
based probe (ABP) for in-cell selectivity profiling of serine
protease inhibitors. Probe 57 (Figure 10) was cell-permeable
and achieved labeling of enzymes within living cells with
efficiency similar to that observed for the corresponding lysate
fraction with IC50 = 4 nM in cell and IC50 = 14 nM in lysate
against serine protease. Several endogenous serine hydrolases
whose activities were detected upon in-cell labeling were
identified by two-dimensional gel and MS analyses. Cell-
permeable inhibitors of an endogenous serine protease were
assessed for their potency and specificity in competing for the
in situ labeling of the selected enzyme.80

3.2.7. Metalloproteinase Inhibitors. Matrix metallopro-
teinases (MMPs) are proteolytic enzymes that are involved in
many physiological and pathological processes. The field of
MMP research is very important due to the implications of the
distinct paralogues in both human physiology and pathology.
Overactivation of these enzymes results in tissue degradation,
producing a wide array of disease processes such as rheumatoid
arthritis, osteoarthritis, tumor growth and metastasis, multiple
sclerosis, congestive heart failure, and others. Thus, MMP
inhibitors are candidates for therapeutic agents to combat a
number of diseases.81,82

Ramos and his co-workers recently employed click chemistry
for the synthesis of a new series of MMP2 (matrix
metalloproteinase-2) inhibitors using fragment-based drug
design approach. A click chemistry reaction was used to
connect the azide to lipophilic alkynes selected to interact

selectively with the S1′ subunit of MMP2. The most potent
compounds 58 and 59 displayed an IC50 of 1.4 and 0.3 nM
against MMP2, respectively, and showed negligible activity
toward MMP1 (matrix metalloproteinase-1) and MMP7
(matrix metalloproteinase-7), two metalloproteinases that had
a shallow S1′ subsite. Compound 58 (Figure 11) also showed a
promising selectivity profile against some antitarget metal-
loproteinases, such as MMP8 (matrix metalloproteinase-8), and
considerably less activity against MMP14 (matrix metal-
loproteinase-14) (IC50 = 65 nM) and MMP9 (IC50 = 98 nM).81

Yao and co-workers reported a panel of 96 metalloprotease
inhibitors assembled using click chemistry by reacting eight
zinc-binding hydroxamate warheads with 12 azide building
blocks. Screening of the bidentate compounds against
representative metalloproteases provided discerning inhibition
fingerprints, revealing compounds with low micromolar
potency against MMP7. Compound 60 (Figure 11) inhibited
MMP7 and MMP13 (matrix metalloproteinase-13) strongly
with an IC50 value of 24 and 36 μM, respectively.82

Forino and co-workers reported a small molecule MMP-click
inhibitor library equipped with rhodanine as the zinc-binding
scaffold. The inhibition assays revealed moderately potent
inhibitors against MMP7 and MMP13 over other MMPs
(compound 61, Figure 11) (IC50 = 6.5 μM against MMP7).83

VIM-2 is an Ambler class B metallo-β-lactamase (MBL)
capable of hydrolyzing a broad spectrum of β-lactam antibiotics.
Hodder and his co-workers reported a compound library
screening approach used to identify and characterize VIM-2
inhibitors from a library of pharmacologically active compounds
as well as a focused “click” chemistry library. The four most

Figure 12. Chemical structures of carbonic anhydrase inhibitors explored via click chemistry.
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Figura 24: Inhibidores de la anhidrasa carbonica 
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• INHIBIDORES DE PROTEASAS ASPÁRTICAS. 

Estas enzimas juegan un papel fundamental en numerosas enfermedades como el 

SIDA (VIH-proteasas), desórdenes neoplásicos (catepsinas D y E) o en el Alzheimer 

(𝛽 y ɣ secretasas). (Thirumurugan y cols, 2013) 

- Fischer y cols. han publicado recientemente la síntesis y evaluación de 

ariltriazoles como potentes moduladores de la ɣ-secretasa, con excelente 

farmacocinética. (Figura 25) (Fischer y cols, 2011) 

- Brik y cols utilizaron la click-chemistry para la síntesis de inhibidores de la VIH-

proteasa por primera vez. Los siguientes compuestos fueron los más activos. 

(Figura26) ( Brik y cols, 2005) 

•  INHIBIDORES DE LAS OXIDOREDUCTASAS 

- Zhu y Jia desarrollaron una estrategia vía click-chemistry para la síntesis rápida de 

108 compuestos para la inhibición de las monoaminooxidasas A y B.  

Tras el screening cuatro compuestos fueron identificados como inhibidores de la 
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A library consisting of about one-half of the 800 000 possible
peptidotriazoles on 450 000 beads was prepared by solid-phase
peptide synthesis combined with a regiospecific copper(I)-
catalyzed 1,3-dipolar cycloaddition between a resin-bound
alkyne and a protected amino azide. The library was screened
on solid phase for inhibitory effect against a recombinant
cysteine protease, Leishmania mexicana CPB2.8¢CTE, and
sorted by a high-throughput instrument, COPAS beadsorter
(up to 200 000 beads/h). Forty-eight hits were analyzed by
MALDI-TOF MS providing structural information about the
protease specificity, and 49 (Figure 10) peptidotriazoles were
resynthesized and evaluated in solution, with the best inhibitor
displaying a Ki value of 76 nM.73

Trypanosoma cruzi parasite is the etiological agent of Chagas
disease; treatment is still plagued by limited efficacy, toxicity,
and the emergence of drug resistance. The development of
inhibitors of the major T. cruzi cysteine protease, cruzain,
demonstrated to be a promising drug discovery avenue for this
neglected disease.74a,b The 1,2,3-triazole-based tetrafluorophe-
noxymethyl ketone irreversible inhibitor 50 (Figure 10) was
found to completely eradicate the T. cruzi parasite in cell
culture with IC50 = 5.1 μM and Ki = 0.46 ± 0.4 μM. In addition
to the nonpeptidic nature of inhibitor 50, the tetrafluorophe-
noxymethyl ketone functionality represents a very promising
mechanism-based pharmacophore due to its high selectivity for
cysteine protease inhibition, as well as the lack of toxicity in
animal studies, which was established for a tetrafluorophenox-
ymethyl ketone-based caspase inhibitor that has entered phase
II clinical trials.74c

Ellman and his co-workers recently employed click chemistry
for the synthesis of 1,4-disubstituted-1,2,3-triazole cruzain
inhibitor analogues from aryloxymethyl ketone azide and
enantiomerically pure propargyl amine. 1,4-Disubstituted-
1,2,3-triazole analogues were screened against T. cruzi-infected
C3H mice, and tetrafluorophenoxymethyl ketone inhibitor 51
(Figure 10) was found to be the most potent inhibition against
T. cruzi cysteine protease with IC50 = 3.1 μM and Ki = 0.10 ±
0.03 μM.75

Yao et al. successfully developed a click chemistry strategy for
the synthesis of small molecule inhibitor−peptide conjugates,

which were subsequently used for organelle-specific delivery of
inhibitors into cancer cells. Biological testing showed that
compound 52 (Figure 10) was successfully delivered to the
lysosomes of HepG2 cells, where a greater inhibitory profile
against cysteine cathepsins was observed with IC50 = 9.1 ± 1.1
μM.76

Freire and his co-workers recently reported a small library of
25 triazole/tetrazole-based sulfonamides had been synthesized
and further evaluated for their inhibitory activity against
thrombin, trypsin, tryptase, and chymase. The triazole-based
sulfonamides inhibited thrombin more efficiently than the
tetrazole counterparts. Particularly, compound 53 (Figure 10)
showed strong thrombin inhibition (Ki = 880 nM) and
significant selectivity against other human-related serine
proteases class enzymes such as trypsin (Ki = 729 μM).77

Caspases are a class of cysteine proteases, which specifically
cleave after the aspartic acid residue of protein substrates. As
they are the enzymes responsible for apoptotic mode of cell
death, inhibitors of caspases may have the potential to be
developed into therapeutic agents for both acute cellular
degenerative diseases as well as chronic neurodegenerative
diseases.78

Yao and co-workers employed click chemistry for high-
throughput synthesis of caspase inhibitors containing aldehyde
and vinyl sulfone warheads. A total of 198 caspase inhibitors
were assembled by using click chemistry, and subsequent
enzymatic screening with caspases 3 and 7 led to the
identification of a moderately potent reversible inhibitor, 54
(Figure 10) (IC50 = 4.67 and 7.70 μM against caspases 3 and
7), and an irreversible vinyl slufone-based inhibitor, 55 (Figure
10) (IC50 = 5.0 μM against caspase 7), for caspases 3 and 7,
respectively.78

Mohapatra and co-workers reported one-pot synthesis of
novel tetracyclic scaffolds that incorporate a fusion of a proline,
1,2,3-triazole ring with [1,4]-benzodiazepin-8(4H)-one ring
systems following click chemistry. The new triazole fused
benzodiazepine derivatives were screened for thier efficacy as
enzymatic protease inhibitors such as serine protease, cysteine
protease, and aspartase protease. Compound 56 (Figure 10)

Figure 11. Chemical structures of metalloproteinase inhibitors generated via click chemistry.
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potent VIM-2 inhibitors resulting from a VIM-2 screen were
characterized by kinetic studies to determine Ki and the
mechanism of enzyme inhibition. Compound 62 (Figure 11)
was found to be most potent inhibitor for VIM-2 with a
reported Ki = 0.41 ± 0.03 μM.84

The zinc-containing enzymes carbonic anhydrases (CA) are
very efficient catalysts for the reversible hydration of carbon
dioxide to bicarbonate and hence play an important
physiological role. Several of the 16 human isoforms are
druggable targets considered as drug targets, and the design of
selective inhibitors is a long-standing goal that has captured the
attention of researchers for 40 years and has led to clinical
applications against different pathologies such as glaucoma,
epilepsy, and cancer. The clinical use of a highly active
carbohydrate-based CA inhibitor, that is, topiramate, con-
stitutes an interesting demonstration of the validity of this
approach. Carbohydrate-based trizole compounds also demon-
strate promising potential for the treatment of ophthalmologic
diseases.85

Aryl and heteroaryl sulfonamides (ArSO2NH2) are ther-
apeutically used to inhibit the catalytic activity of carbonic
anhydrases. Kolb and his co-workers employed click chemistry
for the synthesis of carbonic anhydrase inhibitors using
sulfonamide derivatives. Novel sulfonamide compounds were
particularly active in inhibiting carbonic anhydrase (CA), and
compound 63 (Figure 12) was identified as the most potent
inhibitor of hCA-II and hCA-IX (h = human) with Ki values of
0.5 and 5.0 nM, respectively. These derivatives were useful for
the development of in vivo positron emission tomography
(PET) imaging agents for the diagnosis of diseases such as
cancer.85

Using a “click-tail” approach, a novel class of glycoconjugate
benzene sulfonamides was synthesized that contains diverse
carbohydrate−triazole tails. These compounds (64−66, Figure
12) were assessed for their ability to inhibit three human CA

isozymes in vitro: cytosolic hCA-I, hCA-II, hCA-XII, hCA-XI,
and transmembrane, tumor-associated hCA-IX with Ki = 4.3
nM against alpha hCA-XII (64), Ki = 7.0 nM against alpha
hCA-I (65), Ki = 5.3 nM against alpha hCA-IIC (66), and Ki =
8.6 nM against alpha hCA-XI (66). This isozyme was a minimal
expression in normal tissue, but it was overexpressed in hypoxic
tumors. The human CA isozymes’ inhibition is a current
approach toward the development of a new drug in cancer
therapies. The qualitative structure−activity for all derivatives
demonstrated that the stereochemical diversity present within
the carbohydrate tails effectively interrogated the CA active site
topology, to generate several inhibitors that were potent and
selective toward hCA-IX, an important outcome in the quest
for potential cancer therapy applications based on CA
inhibition.86−88

A novel series of benzenesulfonamides that contain
ferrocenyl or ruthenocenyl moieties were synthesized and
investigated for their ability to inhibit the enzymatic activity of
physiologically relevant carbonic anhydrase (CA) isozymes:
hCA-I, II (h = human), and tumor-associated IX. These
metallocene derivatives (67,68, Figure 12) were nanomolar
inhibitors against hCA-I, hCA-II, and hCA-IX with inhibition in
the range of 9.0−10.3 nM, respectively. Compound 67 showed
Ki = 9.0 nM against alpha hCA-I, and compound 68 showed Ki
= 10.3 nM against alpha hCA-IX and Ki = 9.7 nM against alpha
hCA-II.89

The mitochondrial membrane is impermeable to HCO3−.
Mitochondrial CAs (isozymes VA and VB) provide HCO3− as
substrate for the mitochondrial enzyme pyruvate carboxylase.
Eventually, this biosynthetic pathway leads to the formation of
citrate from pyruvate. Citrate is translocated from mitochondria
to the cytoplasm, and through another biosynthetic pathway
leads to de novo lipogenesis. A library of 10 novel
benzenesulfonamides containing triazole-tethered phenyl “tail”
moieties was synthesized by CuAAC (copper(I)-catalyzed

Figure 13. Chemical structures of aspartic protease inhibitors generated via click chemistry.
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Figura 25: Inhibidor de la ɣ-secretasa

Figura: 26: Inhibidores de la VIH-proteasa
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actividad de la enzima MAO-A. El compuesto presentado a continuación fue el 

que demostró la inhibición más potente. ( Figura 27) ( Zhu y Jia, 2010) 

- La Lactato desidrogenasa humana 5 ha resultado ser una diana interesante para la 

quimioterapia antiglicolítica de cáncer. Moses y cols. estudiaron la síntesis de un 

pequeño conjunto de compuestos bifuncionales usando la estrategia basada en 

fragmentos de la click-chemistry, especialmente desarrollada para la inhibición de 

esta enzima. La siguiente estructura ha demostrado una impresionante selectividad 

y actividad frente a la lactato deshidrogenasa 5. (Figura 28) ( Moses y cols, 2011) 

- El parásito Cryptosporidium parvum se trata de un importante patógeno humano 

además de un arma potencial para el bioterrorismo.  

Este parásito no tiene reservas de guanina o guanosina por lo que necesita de la 

enzima Inosina-Monofosfato deshidrogenasa para la biosíntesis de nucleótidos de 

guanina y en consecuencia para su supervivencia. Esta enzima es bastante 
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azide−alkyne cycloadditions) reaction between 4-azido benze-
nesulfonamide and variously substituted phenyl acetylenes.
These compounds (69,70, Figure 12) represent some of the
first potent mitochondrial CAIs reported, and their inhibition
profiles should prove valuable lead work in the discovery of
isozyme selective CAIs targeting the mitochondrial CA
isozymes with potential application as antiobesity agents.90

Compound 69 showed Ki = 7.7 nM against alpha hCA-I and Ki
= 9.3 nM against alpha hCA-VA. On the other hand, compound
70 showed Ki = 10.5 nM against alpha hCA-VB.
3.2.8. Aspartic Protease Inhibitors. Aspartic proteases

constitute one of the major protease subclasses that share a
common mechanism of catalysis. Aspartic proteases play
important roles in several diseases such as AIDS (HIV
protease), neoplastic disorders (cathepsin D and E), malaria
(plasmepsins), and Alzheimer disease (β and γ secretase).
Increased expression of human lysosomal cathepsin D is
associated with a number of pathological conditions including
neoplastic disorders and inflammatory diseases.91,92

Carlier and his co-workers recently employed click chemistry
for the preparation of β-site APP-cleaving enzyme 1 (BACE1)
inhibitors from 120 reduced amide isostere inhibitors using a
high-throughput in situ screening protocol. Compound 71
showed most potent inhibition of BACE1 when compared to
the synthesized homologues with IC50 = 2.0 μM.91

Fischer and his co-workers recently reported the synthesis,
SAR, and evaluation of aryl triazoles as novel gamma secretase
modulators (GSMs). 1,2,3-Caryl-triazoles were identified as a
suitable replacement for gamma secretase modulators, which
exhibited good modulation of γ-secretase activity, excellent
pharmacokinetics, and good central lowering of Aβ42 in
Sprague−Dawley rats (Figure 13, compounds 72 and 73) (IC50
= 2.0 μM against Aß42 for compound 72, IC50 = 0.77 μM
against Aß40 for compound 73).92

Yao and co-workers reported a click assembly of azido
precursors of AfBPs of plasmepsins in malarial parasites with a
library of aromatic azides, which led to the discovery of
compound 74 (Figure 13), that showed good inhibition against
all four PMs and parasite growth in infected RBCs with good
membrane permeability and minimum cytotoxicity with EC50 =
1.04 μM against aspartic protease.93

Wong and co-workers employed click chemistry for the first
time to generate inhibitors of HIV-1 protease. The researchers
first synthesized two azides equipped with hydroxyethyl
transition state analogues of aspartic proteases and sub-
sequently click chemistry with a library of alkynes. Subsequent
in situ screening in a microplate format revealed two potent
inhibitors 75 and 76, of HIV-1 protease (Figure 13) with Ki =
1.7 and 4.5 nM, respectively.94,95

Figure 14. Chemical structures of oxidoreductase inhibitors synthesized via click chemistry.
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azide−alkyne cycloadditions) reaction between 4-azido benze-
nesulfonamide and variously substituted phenyl acetylenes.
These compounds (69,70, Figure 12) represent some of the
first potent mitochondrial CAIs reported, and their inhibition
profiles should prove valuable lead work in the discovery of
isozyme selective CAIs targeting the mitochondrial CA
isozymes with potential application as antiobesity agents.90

Compound 69 showed Ki = 7.7 nM against alpha hCA-I and Ki
= 9.3 nM against alpha hCA-VA. On the other hand, compound
70 showed Ki = 10.5 nM against alpha hCA-VB.
3.2.8. Aspartic Protease Inhibitors. Aspartic proteases

constitute one of the major protease subclasses that share a
common mechanism of catalysis. Aspartic proteases play
important roles in several diseases such as AIDS (HIV
protease), neoplastic disorders (cathepsin D and E), malaria
(plasmepsins), and Alzheimer disease (β and γ secretase).
Increased expression of human lysosomal cathepsin D is
associated with a number of pathological conditions including
neoplastic disorders and inflammatory diseases.91,92

Carlier and his co-workers recently employed click chemistry
for the preparation of β-site APP-cleaving enzyme 1 (BACE1)
inhibitors from 120 reduced amide isostere inhibitors using a
high-throughput in situ screening protocol. Compound 71
showed most potent inhibition of BACE1 when compared to
the synthesized homologues with IC50 = 2.0 μM.91

Fischer and his co-workers recently reported the synthesis,
SAR, and evaluation of aryl triazoles as novel gamma secretase
modulators (GSMs). 1,2,3-Caryl-triazoles were identified as a
suitable replacement for gamma secretase modulators, which
exhibited good modulation of γ-secretase activity, excellent
pharmacokinetics, and good central lowering of Aβ42 in
Sprague−Dawley rats (Figure 13, compounds 72 and 73) (IC50
= 2.0 μM against Aß42 for compound 72, IC50 = 0.77 μM
against Aß40 for compound 73).92

Yao and co-workers reported a click assembly of azido
precursors of AfBPs of plasmepsins in malarial parasites with a
library of aromatic azides, which led to the discovery of
compound 74 (Figure 13), that showed good inhibition against
all four PMs and parasite growth in infected RBCs with good
membrane permeability and minimum cytotoxicity with EC50 =
1.04 μM against aspartic protease.93

Wong and co-workers employed click chemistry for the first
time to generate inhibitors of HIV-1 protease. The researchers
first synthesized two azides equipped with hydroxyethyl
transition state analogues of aspartic proteases and sub-
sequently click chemistry with a library of alkynes. Subsequent
in situ screening in a microplate format revealed two potent
inhibitors 75 and 76, of HIV-1 protease (Figure 13) with Ki =
1.7 and 4.5 nM, respectively.94,95

Figure 14. Chemical structures of oxidoreductase inhibitors synthesized via click chemistry.
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Figura 28: Inhibidor de la Lactato-deshidrohenasa 5

Figura 27: Inhibidor de la MAO-A



diferente de la  InosinaMonofosfato deshidrogenasa humana por lo que su 

inhibición resulta una potencial diana para el tratamiento de la criptosporidiosis 

con efectos mínimos sobre el hospedador mamífero.  

Cuny y cols. sintetizaron una serie de inhibidores para esta enzima conteniendo 

1,2,3-triazoles vía click-chemistry, entre los cuales, el siguiente compuesto resultó 

el más potente (Figura 29) (Cuny y cols, 2009) 

- Por otra parte, esta Inosina-Monofosfatodeshidrogenasa humana dependiente de 

NAD convierte la Inosina monofosfato en Xantina monofosfato durante la síntesis 

de novo de nucleótidos de guanina. Su inhibición frenaría el suministro de estos 

nucleótidos, que son necesarios para el crecimiento y proliferación celular, por lo 

que sería de gran utilidad para posibles tratamientos de cáncer, enfermedades 

autoinmunes o infecciones en general.  

Chen y cols. emplearon la click-chemistry en la elaboración de potentes 

inhibidores de esta enzima en humanos y en Mycobacterium tuberculosis, pruebas 

sucesivas probaron los siguientes compuestos como inhibidores potentes frente a 

la IMPDH en Mycobacterium tuberculosis.(Figura 30) ( Chen y cols, 2010) 

3.3.3. SÍNTESIS DE LIGANDOS DE RECEPTORES VÍA CLICK-

CHEMISTRY 
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potent VIM-2 inhibitors resulting from a VIM-2 screen were
characterized by kinetic studies to determine Ki and the
mechanism of enzyme inhibition. Compound 62 (Figure 11)
was found to be most potent inhibitor for VIM-2 with a
reported Ki = 0.41 ± 0.03 μM.84

The zinc-containing enzymes carbonic anhydrases (CA) are
very efficient catalysts for the reversible hydration of carbon
dioxide to bicarbonate and hence play an important
physiological role. Several of the 16 human isoforms are
druggable targets considered as drug targets, and the design of
selective inhibitors is a long-standing goal that has captured the
attention of researchers for 40 years and has led to clinical
applications against different pathologies such as glaucoma,
epilepsy, and cancer. The clinical use of a highly active
carbohydrate-based CA inhibitor, that is, topiramate, con-
stitutes an interesting demonstration of the validity of this
approach. Carbohydrate-based trizole compounds also demon-
strate promising potential for the treatment of ophthalmologic
diseases.85

Aryl and heteroaryl sulfonamides (ArSO2NH2) are ther-
apeutically used to inhibit the catalytic activity of carbonic
anhydrases. Kolb and his co-workers employed click chemistry
for the synthesis of carbonic anhydrase inhibitors using
sulfonamide derivatives. Novel sulfonamide compounds were
particularly active in inhibiting carbonic anhydrase (CA), and
compound 63 (Figure 12) was identified as the most potent
inhibitor of hCA-II and hCA-IX (h = human) with Ki values of
0.5 and 5.0 nM, respectively. These derivatives were useful for
the development of in vivo positron emission tomography
(PET) imaging agents for the diagnosis of diseases such as
cancer.85

Using a “click-tail” approach, a novel class of glycoconjugate
benzene sulfonamides was synthesized that contains diverse
carbohydrate−triazole tails. These compounds (64−66, Figure
12) were assessed for their ability to inhibit three human CA

isozymes in vitro: cytosolic hCA-I, hCA-II, hCA-XII, hCA-XI,
and transmembrane, tumor-associated hCA-IX with Ki = 4.3
nM against alpha hCA-XII (64), Ki = 7.0 nM against alpha
hCA-I (65), Ki = 5.3 nM against alpha hCA-IIC (66), and Ki =
8.6 nM against alpha hCA-XI (66). This isozyme was a minimal
expression in normal tissue, but it was overexpressed in hypoxic
tumors. The human CA isozymes’ inhibition is a current
approach toward the development of a new drug in cancer
therapies. The qualitative structure−activity for all derivatives
demonstrated that the stereochemical diversity present within
the carbohydrate tails effectively interrogated the CA active site
topology, to generate several inhibitors that were potent and
selective toward hCA-IX, an important outcome in the quest
for potential cancer therapy applications based on CA
inhibition.86−88

A novel series of benzenesulfonamides that contain
ferrocenyl or ruthenocenyl moieties were synthesized and
investigated for their ability to inhibit the enzymatic activity of
physiologically relevant carbonic anhydrase (CA) isozymes:
hCA-I, II (h = human), and tumor-associated IX. These
metallocene derivatives (67,68, Figure 12) were nanomolar
inhibitors against hCA-I, hCA-II, and hCA-IX with inhibition in
the range of 9.0−10.3 nM, respectively. Compound 67 showed
Ki = 9.0 nM against alpha hCA-I, and compound 68 showed Ki
= 10.3 nM against alpha hCA-IX and Ki = 9.7 nM against alpha
hCA-II.89

The mitochondrial membrane is impermeable to HCO3−.
Mitochondrial CAs (isozymes VA and VB) provide HCO3− as
substrate for the mitochondrial enzyme pyruvate carboxylase.
Eventually, this biosynthetic pathway leads to the formation of
citrate from pyruvate. Citrate is translocated from mitochondria
to the cytoplasm, and through another biosynthetic pathway
leads to de novo lipogenesis. A library of 10 novel
benzenesulfonamides containing triazole-tethered phenyl “tail”
moieties was synthesized by CuAAC (copper(I)-catalyzed

Figure 13. Chemical structures of aspartic protease inhibitors generated via click chemistry.
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azide−alkyne cycloadditions) reaction between 4-azido benze-
nesulfonamide and variously substituted phenyl acetylenes.
These compounds (69,70, Figure 12) represent some of the
first potent mitochondrial CAIs reported, and their inhibition
profiles should prove valuable lead work in the discovery of
isozyme selective CAIs targeting the mitochondrial CA
isozymes with potential application as antiobesity agents.90

Compound 69 showed Ki = 7.7 nM against alpha hCA-I and Ki
= 9.3 nM against alpha hCA-VA. On the other hand, compound
70 showed Ki = 10.5 nM against alpha hCA-VB.
3.2.8. Aspartic Protease Inhibitors. Aspartic proteases

constitute one of the major protease subclasses that share a
common mechanism of catalysis. Aspartic proteases play
important roles in several diseases such as AIDS (HIV
protease), neoplastic disorders (cathepsin D and E), malaria
(plasmepsins), and Alzheimer disease (β and γ secretase).
Increased expression of human lysosomal cathepsin D is
associated with a number of pathological conditions including
neoplastic disorders and inflammatory diseases.91,92

Carlier and his co-workers recently employed click chemistry
for the preparation of β-site APP-cleaving enzyme 1 (BACE1)
inhibitors from 120 reduced amide isostere inhibitors using a
high-throughput in situ screening protocol. Compound 71
showed most potent inhibition of BACE1 when compared to
the synthesized homologues with IC50 = 2.0 μM.91

Fischer and his co-workers recently reported the synthesis,
SAR, and evaluation of aryl triazoles as novel gamma secretase
modulators (GSMs). 1,2,3-Caryl-triazoles were identified as a
suitable replacement for gamma secretase modulators, which
exhibited good modulation of γ-secretase activity, excellent
pharmacokinetics, and good central lowering of Aβ42 in
Sprague−Dawley rats (Figure 13, compounds 72 and 73) (IC50
= 2.0 μM against Aß42 for compound 72, IC50 = 0.77 μM
against Aß40 for compound 73).92

Yao and co-workers reported a click assembly of azido
precursors of AfBPs of plasmepsins in malarial parasites with a
library of aromatic azides, which led to the discovery of
compound 74 (Figure 13), that showed good inhibition against
all four PMs and parasite growth in infected RBCs with good
membrane permeability and minimum cytotoxicity with EC50 =
1.04 μM against aspartic protease.93

Wong and co-workers employed click chemistry for the first
time to generate inhibitors of HIV-1 protease. The researchers
first synthesized two azides equipped with hydroxyethyl
transition state analogues of aspartic proteases and sub-
sequently click chemistry with a library of alkynes. Subsequent
in situ screening in a microplate format revealed two potent
inhibitors 75 and 76, of HIV-1 protease (Figure 13) with Ki =
1.7 and 4.5 nM, respectively.94,95

Figure 14. Chemical structures of oxidoreductase inhibitors synthesized via click chemistry.

Chemical Reviews Review

dx.doi.org/10.1021/cr200409f | Chem. Rev. 2013, 113, 4905−49794922

Figura 29: Inhibidor de la Cryptosporidium parvum IMPDH

Figura 30: Inhibidor de la IMPDH humana y para Mycobacterium tuberculosis
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Los receptores acoplados a proteina G se encargan de comunicar señales 

provenientes de hormonas, neurotransmisores y diversos factores. Regulan 

importantes componentes celulares como enzimas metabólicas o canales de iones. Su 

función afecta por tanto a importantes procesos celulares como el crecimiento 

embrionario, el aprendizaje, la memoria y la homeostasis del organismo. 

Estos receptores se tratan por tanto de una potencial diana terapéutica para nuevos 

fármacos. 

Diversos grupos de investigación tratan de desarrollar agonistas, antagonistas 

selectivos y ligandos vía click-chemistry que resultan muy útiles para el 

descubrimiento de nuevos fármacos contra enfermedades hasta ahora incurables. 

(Thirumurugan y cols, 2013) 

• AGONISTAS SELECTIVOS 

Un ejemplo serían los agonistas para el receptor de la adenosina, concretamente el 

A3 que podrían ser utilizados en enfermedades como el cáncer o enfermedades 

inflamatorias.  

Jacobson y cols desarrollaron una serie de agonistas selectivos para este receptor 

A3, además del A1, conteniendo  azido poliamidoaminodendrímeros y alquino-2 

octadienil nucleósido. (Figura 31) ( Jacobson y cols, 2011)  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achieved the following outcomes: (i) defined the minimal
sequence motif that is required for full receptor activation, (ii)
identified the critical functional groups and structure−activity
relationships, (iii) developed an optimized, highly modified
peptide probe with high potency (EC50 = 4 nM) that is specific
for the activation domain of the receptor, and (iv) probed the
behavioral role of CRF receptors in living mice.154

5.2. Selective Antagonists

Jacobson and his co-workers prepared GPCR ligand−
dendrimer (GLiDe) conjugates from a potent adenosine
receptor (AR) antagonist for treating Parkinson’s disease,
asthma, and other diseases. Xanthine amine congener (XAC)
was appended with an alkyne group on an extended C8
substituent for coupling by Cu(I)-catalyzed click chemistry with
azide-derivatized G4 (fourth-generation) PAMAM dendrimers
to form triazoles. These conjugates also contained triazole-
linked PEG groups (8 or 22 moieties per 64 terminal positions)
for increasing water-solubility and optional prosthetic groups
for spectroscopic characterization and affinity labeling. Human
AR binding affinity increased progressively with the degree of
xanthine substitution to reach Ki values in the nanomolar range.
The order of affinity of each conjugate was hA2AR > hA3AR >
hA1AR, while the corresponding monomer was ranked hA2AR

> hA1AR ≥ hA3AR. The antagonist activity of the most potent
conjugate 121 (Figure 30) (34 xanthines per dendrimer) was
examined at the Gi-coupled A2AR, and it showed significant
binding affinity toward A2AR at low nanomolar concentration.
Conjugate 122 (Figure 30) showed most potent antagonist
activity toward A2AR with a Ki value of 6.2 ± 0.9 nM.155

“Click chemistry” was explored to synthesize two series of 2-
(1,2,3-triazolyl)adenosine derivatives. Binding affinity at the
human A1, A2, and A3ARs (adenosine receptors) and relative
efficacy at the A3AR were determined. 2-Triazole analogues
with an unmodified ribose moiety 123 (Figure 30) showed
good antagonist activity at the A3AR.

148

Chaiken and his co-workers explored click chemistry for the
synthesis of high-affinity dual antagonist for HIV-1 envelope
glycoprotein gp120. The peptide 124 (Figure 30) of (2S,4S)-4-
(4-phenyl-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxylic acid
(Kd = 12.7 nM) at residue position 6 was binding to gp120
with an affinity 2 orders of magnitude greater than that of the
parent peptide and strongly inhibits the interaction of gp120
with both CD4.156

A series of peptide conjugates was constructed via click
reaction of both aryl and alkyl acetylenes with an internally
incorporated azidoproline derived from the parent peptide.

Figure 29. Chemical structures of agonist effect on various receptors synthesized via click chemistry.

Chemical Reviews Review
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Figura 31: Agonista de receptores de adenosina A1 y A3



La citoquina MIF está relacionada con el proceso de inflamación y proliferación 

celular y su receptor transmembrana es el CD74. Jorgensen y cols. diseñaron y 

sintetizaron agonistas para estos receptores vía click-chemistry con el máximo efecto 

posible. (Figura 32) (Jorgensen y cols, 2010) 

• ANTAGONISTAS SELECTIVOS. 

Jacobson y cols. también sintetizaron antagonistas del receptor de adenosina para el 

tratamiento de la enfermedad de Parkinson, asma y otras enfermedades. Estos 

antagonistas contenían paraamidoamidadendrímeros unidos mediante click chemistry 

a una aminoxantina dando como resultados antagonistas selectivos del receptor A2. 

(Figura 33) ( Jacobson y cols, 2011) 

• LIGANDOS DE UNIÓN SELECTIVOS 

- Los receptores de histamina humana H3 en el sistema nervioso central son auto y 

heteroreceptores que modulan la síntesis y liberación de Histamina y otros 

neurotransmisores, que coordinan funciones como la vigilancia, atención y 

capacidad de aprendizaje. Su modulación vía antagonistas o agonistas inversos 

puede ser de gran utilidad para el tratamiento de enfermedades neuronales como la 

epilepsia, el deficit cognitivo, desórdenes del sueño u obesidad. Sander y cols. 
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achieved the following outcomes: (i) defined the minimal
sequence motif that is required for full receptor activation, (ii)
identified the critical functional groups and structure−activity
relationships, (iii) developed an optimized, highly modified
peptide probe with high potency (EC50 = 4 nM) that is specific
for the activation domain of the receptor, and (iv) probed the
behavioral role of CRF receptors in living mice.154

5.2. Selective Antagonists

Jacobson and his co-workers prepared GPCR ligand−
dendrimer (GLiDe) conjugates from a potent adenosine
receptor (AR) antagonist for treating Parkinson’s disease,
asthma, and other diseases. Xanthine amine congener (XAC)
was appended with an alkyne group on an extended C8
substituent for coupling by Cu(I)-catalyzed click chemistry with
azide-derivatized G4 (fourth-generation) PAMAM dendrimers
to form triazoles. These conjugates also contained triazole-
linked PEG groups (8 or 22 moieties per 64 terminal positions)
for increasing water-solubility and optional prosthetic groups
for spectroscopic characterization and affinity labeling. Human
AR binding affinity increased progressively with the degree of
xanthine substitution to reach Ki values in the nanomolar range.
The order of affinity of each conjugate was hA2AR > hA3AR >
hA1AR, while the corresponding monomer was ranked hA2AR

> hA1AR ≥ hA3AR. The antagonist activity of the most potent
conjugate 121 (Figure 30) (34 xanthines per dendrimer) was
examined at the Gi-coupled A2AR, and it showed significant
binding affinity toward A2AR at low nanomolar concentration.
Conjugate 122 (Figure 30) showed most potent antagonist
activity toward A2AR with a Ki value of 6.2 ± 0.9 nM.155

“Click chemistry” was explored to synthesize two series of 2-
(1,2,3-triazolyl)adenosine derivatives. Binding affinity at the
human A1, A2, and A3ARs (adenosine receptors) and relative
efficacy at the A3AR were determined. 2-Triazole analogues
with an unmodified ribose moiety 123 (Figure 30) showed
good antagonist activity at the A3AR.

148

Chaiken and his co-workers explored click chemistry for the
synthesis of high-affinity dual antagonist for HIV-1 envelope
glycoprotein gp120. The peptide 124 (Figure 30) of (2S,4S)-4-
(4-phenyl-1H-1,2,3-triazol-1-yl)pyrrolidine-2-carboxylic acid
(Kd = 12.7 nM) at residue position 6 was binding to gp120
with an affinity 2 orders of magnitude greater than that of the
parent peptide and strongly inhibits the interaction of gp120
with both CD4.156

A series of peptide conjugates was constructed via click
reaction of both aryl and alkyl acetylenes with an internally
incorporated azidoproline derived from the parent peptide.

Figure 29. Chemical structures of agonist effect on various receptors synthesized via click chemistry.
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Figura 32: Agonistas para el receptor MIF-CD74
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elaboraron ligandos usando la click-chemistry que demostraron alta afinidad en un 

rango de concentración nano-subnanomolar. (Figura 34) ( Sander y cols, 2010) 

- Los receptores dopaminérgicos D3 pertenecen al grupo de receptores D2-like junto 

con los D2 y D4 cuya función es totalmente diferente de aquella de los receptores 

D1-like (D1 y D5). Este receptor está implicado en diversas funciones celulares y 
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These conjugates (compound 125, Figure 30) were found to
exhibit several orders of magnitude increase in both affinity for
HIV-1 gp120 and inhibition potencies at both the CD4 and the
coreceptor binding sites of gp120 with Kd = 9 nM. Structural
factors in the added triazole grouping were responsible for the
increased binding affinity and antiviral activity of the dual
inhibitor conjugates. Peptide conjugate potencies were
measured in both kinetic and cell infection assays. High affinity
was sterically specific, being exhibited by the cis- but not the
trans-triazole. The results demonstrated that aromatic, hydro-
phobic, and steric features in the residue 6 side-chain are
important for increased affinity and inhibition (compound 125,
Figure 30).157

De novo design of small molecules to bind to the MIF
tautomerase active site was carried out using the program
BOMB (biochemical and organic model builder) and aryl-1,2,3-
triazole derivatives were discovered that also showed 1 μM
potency in inhibiting the binding of MIF to its receptor CD74.
Compound 126 (Figure 31) showed antagonist effect with
CD74 receptor with IC50 = 0.9 μM.153

Gmeiner and his co-workers employed click chemistry for
the synthesis of 1,1′-substituted ferrocene trizole derivatives for
the development of novel antagonist for dopamine receptor.
The 1,1′-substituted ferrocene triazole derived appendages
were used for the fine-tuning of biological activity and for the

attachment of linker units generating bivalent GPCR ligands.
Receptor binding was evaluated by radio-ligand displacement
experiments, revealing super affinity with sub- to single-digit
nanomolar Ki values for particular test compounds. As a neutral
antagonist at the dopamine receptors D3 and D4 and a potent
partial agonist at the D2 subtype (intrinsic activity = 57%, EC50
= 2.5 nM), the bifunctional ferrocene 127 (Figure 31) revealed
a novel and unique activity profile.158

Dopamine D2 receptor homo dimers might be of particular
importance in the pathophysiology of schizophrenia and, thus,
serve as promising target proteins for the discovery of typical
antipsychotics. A highly attractive approach to investigate and
control GPCR dimerization may be provided by the exploration
and characterization of bivalent ligands, which can act as
molecular probes simultaneously binding two adjacent binding
sites of a dimer. The synthesis of bivalent dopamine D2
receptor ligands was described, incorporating the privileged
structure of 1,4-disubstituted aromatic piperidines/piperazines
(1,4-DAPs) and triazolyl-linked spacer elements. Radioligand
binding assays revealed that the bivalent ligands exhibited a
distinct binding profile as compared to monovalent analogues
containing capped spacer and asymmetric “dummy ligands”
incorporating one original pharmacophore, while the second
pharmacophore is replaced by a structurally similar nonbinding
motif. Bivalent ligands 128 and 129 (Figure 31) revealed a

Figure 30. Chemical structures of antagonist effect on various receptors synthesized via click chemistry.
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Figura 33: Agonistas selectivos del receptor de adenosina A2

Figura 34: Ligandos de los receptores de la Histamina humana H3

tumor metastasis. Michel and his co-workers explored click
chemistry for the synthesis of new high affinity ETA selective
receptor ligands with c log D values ranging from 1.50 to 3.90,
which allow systematic investigations of pharmacokinetic
properties and metabolic stability. The compound 132 (Figure
31) showed good selectivity toward ETB/ETA with Ki = 37 ±
22 nM for ETB and Ki = 3.5 ± 2.4 nM for ETA.

162

Wang and his co-workers employed click chemistry for the
synthesis of cyclopeptidic Smac (second mitochondria-derived
activator of caspase) mimetics. These two compounds (133, R
= Ph, Bz) bind to XIAP (X-linked inhibitor of apoptosis
protein) and cIAP-1/2 (Cellular Inhibitor of Apoptosis-2) with
low nanomolar affinities, and restore the activities of caspase-9
and caspase-3/-7 inhibited by inhibitors of apoptosis proteins
(XIAP). Compound 133 (Figure 31) (IC50 = 0.43 nM
antagonist effect with XIAP4 (R = phenyl), IC50 = 1.3 nM
antagonist effect with XIAP4 (R = benzyl)) potently inhibits
cancer cell growth and is 5−8 times more potent than the initial
lead compound.163

5.3. Selective Binding Ligands

The histamine H3 (H3R) and H4 (H4R) receptors attract
considerable interest from the medicinal chemistry community.
It is playing an important role in inflammation and immune
responses with possible applications in diseases such as
inflammatory bowel disease, allergic asthma, and pruritis.
Interrogated H4R/H3R selectivities use ligands with a triazole
core. Wijtmans and co-workers employed Cu(I)-assisted “click
chemistry” to assemble diverse triazole compounds containing a
peripheral imidazole group. The imidazole ring posed some
problems in the click chemistry putatively due to Cu(II)
coordination, but Boc protection of the imidazole and removal
of oxygen from the reaction mixture provided effective
strategies. Pharmacological studies of triazole scaffold proved
remarkably sensitive H4R affinities. With subtle changes in the
aliphatic group, 134 and 135 (Figure 32) were obtained, which
boosted high H4R affinity (pKi = 8.08 and 7.12) and a good
H4R/H3R selectivity of 15 and 10 noteworthy for a mono-
substituted imidazole compound. In contrast, a replacement of
both peripheral groups by piperidines led to compound 136

Figure 32. Chemical structures of receptor-selective binding ligands explored via click chemistry.

Chemical Reviews Review
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se trata de una potencial diana terapéutica para el tratamiento de desórdenes 

psiquiátricos como la esquizofrenia, la depresión o la enfermedad de Parkinson. 

Zhang y cols. usaron la click-chemistry en la formación de ligandos a partir de 

arilpiperazinas y ciertos precursores dando lugar a compuestos altamente 

selectivos para el receptor D3(Figura 35) o para los receptores D1 y D2  (Figura 36) 

(Zhang y cols, 2011) 
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tumor metastasis. Michel and his co-workers explored click
chemistry for the synthesis of new high affinity ETA selective
receptor ligands with c log D values ranging from 1.50 to 3.90,
which allow systematic investigations of pharmacokinetic
properties and metabolic stability. The compound 132 (Figure
31) showed good selectivity toward ETB/ETA with Ki = 37 ±
22 nM for ETB and Ki = 3.5 ± 2.4 nM for ETA.
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Wang and his co-workers employed click chemistry for the
synthesis of cyclopeptidic Smac (second mitochondria-derived
activator of caspase) mimetics. These two compounds (133, R
= Ph, Bz) bind to XIAP (X-linked inhibitor of apoptosis
protein) and cIAP-1/2 (Cellular Inhibitor of Apoptosis-2) with
low nanomolar affinities, and restore the activities of caspase-9
and caspase-3/-7 inhibited by inhibitors of apoptosis proteins
(XIAP). Compound 133 (Figure 31) (IC50 = 0.43 nM
antagonist effect with XIAP4 (R = phenyl), IC50 = 1.3 nM
antagonist effect with XIAP4 (R = benzyl)) potently inhibits
cancer cell growth and is 5−8 times more potent than the initial
lead compound.163

5.3. Selective Binding Ligands

The histamine H3 (H3R) and H4 (H4R) receptors attract
considerable interest from the medicinal chemistry community.
It is playing an important role in inflammation and immune
responses with possible applications in diseases such as
inflammatory bowel disease, allergic asthma, and pruritis.
Interrogated H4R/H3R selectivities use ligands with a triazole
core. Wijtmans and co-workers employed Cu(I)-assisted “click
chemistry” to assemble diverse triazole compounds containing a
peripheral imidazole group. The imidazole ring posed some
problems in the click chemistry putatively due to Cu(II)
coordination, but Boc protection of the imidazole and removal
of oxygen from the reaction mixture provided effective
strategies. Pharmacological studies of triazole scaffold proved
remarkably sensitive H4R affinities. With subtle changes in the
aliphatic group, 134 and 135 (Figure 32) were obtained, which
boosted high H4R affinity (pKi = 8.08 and 7.12) and a good
H4R/H3R selectivity of 15 and 10 noteworthy for a mono-
substituted imidazole compound. In contrast, a replacement of
both peripheral groups by piperidines led to compound 136

Figure 32. Chemical structures of receptor-selective binding ligands explored via click chemistry.
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Figura 35: Ligando de los receptores dopaminérgicos D3

Figura 36: Ligando de los receptores dopaminérgicos D1 y D2

tumor metastasis. Michel and his co-workers explored click
chemistry for the synthesis of new high affinity ETA selective
receptor ligands with c log D values ranging from 1.50 to 3.90,
which allow systematic investigations of pharmacokinetic
properties and metabolic stability. The compound 132 (Figure
31) showed good selectivity toward ETB/ETA with Ki = 37 ±
22 nM for ETB and Ki = 3.5 ± 2.4 nM for ETA.
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activator of caspase) mimetics. These two compounds (133, R
= Ph, Bz) bind to XIAP (X-linked inhibitor of apoptosis
protein) and cIAP-1/2 (Cellular Inhibitor of Apoptosis-2) with
low nanomolar affinities, and restore the activities of caspase-9
and caspase-3/-7 inhibited by inhibitors of apoptosis proteins
(XIAP). Compound 133 (Figure 31) (IC50 = 0.43 nM
antagonist effect with XIAP4 (R = phenyl), IC50 = 1.3 nM
antagonist effect with XIAP4 (R = benzyl)) potently inhibits
cancer cell growth and is 5−8 times more potent than the initial
lead compound.163

5.3. Selective Binding Ligands

The histamine H3 (H3R) and H4 (H4R) receptors attract
considerable interest from the medicinal chemistry community.
It is playing an important role in inflammation and immune
responses with possible applications in diseases such as
inflammatory bowel disease, allergic asthma, and pruritis.
Interrogated H4R/H3R selectivities use ligands with a triazole
core. Wijtmans and co-workers employed Cu(I)-assisted “click
chemistry” to assemble diverse triazole compounds containing a
peripheral imidazole group. The imidazole ring posed some
problems in the click chemistry putatively due to Cu(II)
coordination, but Boc protection of the imidazole and removal
of oxygen from the reaction mixture provided effective
strategies. Pharmacological studies of triazole scaffold proved
remarkably sensitive H4R affinities. With subtle changes in the
aliphatic group, 134 and 135 (Figure 32) were obtained, which
boosted high H4R affinity (pKi = 8.08 and 7.12) and a good
H4R/H3R selectivity of 15 and 10 noteworthy for a mono-
substituted imidazole compound. In contrast, a replacement of
both peripheral groups by piperidines led to compound 136

Figure 32. Chemical structures of receptor-selective binding ligands explored via click chemistry.
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4. CONCLUSIÓN 

En conclusión, podríamos afirmar que la click-chemistry ha demostrado ser una 

herramienta enormemente útil para la investigación biomédica y en lo referente a la 

síntesis de nuevos fármacos potenciales. 

Sin duda la reacción click por excelencia sería la ciclación 1,3-dipolar catalizada por 

cobre ya que se trata de la más utilizada debido entre otros motivos a la posibilidad 

de reacción en agua y a la no necesidad de protección de grupos funcionales. 

En definitiva, se trata de un modo de emular la síntesis natural de compuestos, pero 

dejando de lado la gran dificultad de elaboración de enlaces C-C y sustituirlos por 

enlaces C-heteroatomo-C. 

Respecto al desarrollo de inhibidores enzimaticos la click-chemistry ha demostrado 

su enorme utilidad, especialmente en la estrategia basada en fragmentos, 

disminuyendo enormemente las dificultades para los diferentes grupos de 

investigación. A día de hoy, se han realizado con éxito numerosas síntesis de diversos 

inhibidores enzimáticos con rango de concentraciones de inhibición nano-

subnanomolar.  

Además también se ha evidenciado su uso en la síntesis de diferentes agonistas y 

antagonistas de diferentes receptores y de análogos de ligando para el desarrollo de 

fármacos en la industria farmacéutica. 

En general, la investigación usando esta nueva visión de síntesis química se 

encuentra creciendo de forma exponencial en todas sus diferentes aplicaciones. 
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