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4.6.7. Modelo 10: filtrado mediante comparación del fingerprint de 
MACCS. 

4.6.7.1. Introducción. 

Los fingerprints representan un conjunto de características derivadas de la estructura 

de una molécula. Las características particulares derivadas de la estructura pueden ser 

arbitrarias y dependen de la topología del grafo o incluso de la conformación 3D de la molécula. 

Diferentes fingerprints enfatizan diferentes atributos moleculares de acuerdo con el diseño 

particular de aquel fingerprint. 

En el presente trabajo se ha utilizado el fingerprint de MACCS de 166 bits,[48] donde 

cada punto del vector indica la presencia (1) o ausencia (0) de cada uno de los 166 fragmentos 

estructurales o keys contenidos en MACCS, y se calcula a partir del grafo molecular. A su vez, 

cada fragmento estructural describe una pequeña subestructura que contiene de 1 a 10 átomos 

(sin incluir átomos de hidrógeno). El resultado es un vector de índices donde la presencia de un 

índice indica la presencia del correspondiente fragmento estructural en la molécula.  

La comparación entre moléculas se reduce a comparar grupos de características 

(vectores de índices) y medir su grado de solapamiento. Dicha comparación se puede realizar 

con diferentes métricas, la más común, y utilizada en este trabajo, es la métrica de Tanimoto. El 

valor del coeficientes de Tanimoto, Tc, se calcula mediante la Ecuación 4.8, donde a indica el 

número de fragmentos estructurales presentes en el fingerprint de la molécula A, b indica el 

número de fragmentos estructurales presentes en la molécula B, y c es el número de 

fragmentos estructurales en común. Por lo tanto, el valor del coeficiente de Tanimoto oscila 

entre 0 y 1, donde 0 representa máxima disimilitud y 1 representa máxima similitud.[49,50] 

cba
cTc −+

=                                                                                                                              [4.8] 

 

4.6.7.2. Resultados. 

 Se lleva a cabo el cribado virtual de la base de datos de activos e inactivos compilada 

con el fingerprint de MACCS de 166 bits. Se utiliza como referencia el compuesto más activo 

de la base de datos (Figura 4.24) y se compara la similitud de cada compuesto de la base de 

datos frente al compuesto de referencia 105 mediante el coeficiente de Tanimoto. 

N
N

HN

N HN NH

NNH
105

 

Figura 4.24. Estructura de la molécula más activa de la base de datos. 
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 La curva de enriquecimiento del cribado virtual realizado por comparación del 

fingerprint de MACCS del compuesto más activo de la base de datos 105 frente al resto de 

moléculas de la base de datos con el índice de Tanimoto se representa en la Figura 4.25. Se 

observa que la selección de compuestos activos mediante esta técnica es superior a una 

selección al azar. 
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Figura 4.25. Curva de enriquecimiento obtenida al cribar la base de datos con el modelo 10. 

  

Tabla 4.14. Factor de enriquecimiento obtenido distintos porcentajes de base de datos cribada con el 

modelo 10. 

 

% base de de datos cribada ef 

1 10.68 

2 10.68 

5 10.56 

10 8.23 

 

 El análisis del factor de enriquecimiento en el 1 y 2% de base de datos cribada 

presenta el valor máximo, y decae hasta un valor de 8.23 al llegar al 10% (Tabla 4.14).  

El análisis de las familias seleccionadas a diferentes porcentajes de base de datos 

cribada mediante esta técnica muestra que el modelo selecciona preferentemente 

azamacrociclos seguido de la familia de las poliaminas (Figura 4.26). El primer compuesto del 

tipo KRH se selecciona en el 9% de base de datos cribada, y el primer compuesto del tipo Dpa 

en el 12%, aunque esta familia de compuestos en general presenta menor actividad antiviral 

que los azamacrociclos y los compuestos de tipo KRH. El resultado es el esperado ya que se 

utiliza como compuesto de referencia un azamacrociclo (105), y por lo tanto los compuestos 
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más similares son los de la misma familia, es decir, los azamacrociclos, seguidos de las 

moléculas de la familia de las poliaminas. 
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Figura 4.26. Análisis de diversidad de los scaffolds seleccionados al cribar la base de datos con el 

modelo 10. 

 

 Este modelo selecciona en primer lugar los activos de la base de datos, pero no 

quedan correctamente ordenados según su actividad anti-VIH. Este resultado no es 

sorprendente ya que se realiza una comparación estructural de los compuestos de la base de 

datos de activos e inactivos frente al más activo, un azamacrociclo, y por lo tanto se espera una 

selección preferente de los compuestos de la misma familia. Sin embargo, dentro de esta 

familia no se distinguen los compuestos más activos de los menos activos. En el cribado virtual 

realizado con este modelo sobre la base de datos inactivos reales se observa que no se 

selecciona ninguno de ellos en el 1 y 2% de base de datos de activos e inactivos cribada. En el 

5% de base de datos cribada solamente se seleccionan 3 de los 16 inactivos reales, mientras 

que la gran mayoría quedan seleccionados por el modelo al cribar un 10% de la base de datos 

de activos e inactivos. Solamente 2 compuestos de la base de datos de inactivos reales 

quedan excluidos de la selección al 10% del cribado de la base de datos de activos e inactivos. 

La principal aplicación de este modelo es en las primeras etapas del cribado virtual de una 

quimioteca de posibles inhibidores del correceptor CXCR4, pero no en la selección de 

compuestos más refinada, según su actividad anti-VIH aproximada a la posición en el hit list 

respecto a la base de datos de activos conocidos. 
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4.7. Modelos farmacofóricos: análisis prospectivo. 

Se realiza un análisis prospectivo sobre los compuestos no sintetizados de la familia de 

las poliaminas diseñadas en el Capítulo 1 y de los monociclamos diseñados en el Capítulo 2. 

Dado que el análisis retrospectivo de los farmacóforos modelados no permite determinar el uso 

preferente de uno de los modelos, se utilizan los 9 farmacóforos en este análisis. Todos estos 

compuestos se protonan a pH fisiológico, se les asignan las cargas parciales de Gasteiger, se 

optimiza su geometría y se calculan  50 conformaciones utilizando el force field MMFF94. Esta 

base de datos multiconformacional se utiliza en el análisis prospectivo. El resultado se expresa 

como RMSD (root mean square deviation) entre las features del modelo y la molécula en 

estudio (Tabla 4.15). Se resaltan en negrita las moléculas que presentan el menor RMSD para 

cada modelo. 

En el análisis prospectivo, se utiliza un consenso de los resultados obtenidos con cada 

uno de los farmacóforos modelados. Se observa que el compuesto que en general presenta el 

menor RMSD es 70{11}, seguido de los monociclamos 70{8} y 70{9}. En cuanto a las 

poliaminas, aquellas que presentan los menores valores de RMSD son 32{4,8}, 32{7,8} y 

32{7,10} (Figura 4.27). Cabe destacar la dihidrazona 33{1,2} que se clasifica como inactiva con 

todos los modelos farmacofóricos. 
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Figura 4.27. Estructura de los compuestos con menor RMDS en los farmacóforos. 
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Tabla 4.15. Análisis prospectivo con los modelos farmacofóricos. Se indica el RMSD (Å) entre cada 

compuesto y el farmacóforo. Los guiones indican compuestos clasificados como inactivos por el modelo.  

 

Compuesto Modelo1 Modelo2 Modelo3 Modelo4 Modelo5 Modelo6 Modelo7 Modelo8 Modelo9 

33{1,2} − − − − − − − − − 

33{1,3} − − 1.1741 0.9086 0.9086 0.9870 − − 0.9169 

37{1,4} 0.5712 0.9605 0.8368 0.5261 0.5261 0.7153 1.4686 1.4465 0.7352 

37{1,7} 0.6307 0.9839 0.8310 0.5190 0.5191 0.7327 − 1.3353 − 

37{1,8} 0.6284 0.9786 0.9101 0.4723 0.4723 0.9790 − 1.4332 0.6071 

37{1,10} 0.6307 0.8890 0.8310 0.5110 0.5110 0.7305 1.2161 1.0779 − 

33{2,3} − − 1.1755 0.9129 0.9129 0.8400 − 1.4695 0.7664 

37{2,7} 0.6338 0.9905 0.8320 0.8506 0.8881 0.6678 1.3628 1.1823 − 

37{2,8} 0.6199 0.9909 0.9807 0.4742 0.5346 0.6860 − 1.2824 0.4375 

37{2,10} 0.6339 0.9230 0.8323 0.7040 0.9009 0.6660 0.8185 0.7995 − 

37{3,7} 0.6306 0.8033 0.6165 0.4368 0.4368 0.6317 0.8388 0.8575 0.5551 

37{3,10} 0.6306 0.7667 0.6165 0.4289 0.4289 0.6291 0.8327 0.8513 0.5551 

32{4,7} 0.5227 1.1105 0.8836 0.3962 0.3962 0.4716 0.8880 0.8962 0.7565 

32{4,8} 0.4166 0.8914 0.7349 0.3923 0.3923 0.4902 0.8354 0.8512 0.4157 

32{4,10} 0.5119 0.9484 0.8688 0.3284 0.3284 0.5366 0.7563 0.7670 0.7308 

32{7,8} 0.4166 0.8914 0.7044 0.3625 0.3625 0.5070 0.8043 0.8118 0.4157 

32{7,10} 0.5119 0.9617 0.8473 0.3284 0.3284 0.4728 0.7508 0.7766 0.7308 

70{1} 0.4803 0.9030 0.8054 0.4014 0.4014 0.5879 1.1812 1.2167 0.4288 

70{2} 0.4742 0.9415 0.8831 0.3832 0.4551 0.5254 0.8217 0.8293 0.3235 

70{3} 0.4805 0.7953 0.6841 0.4012 0.4012 0.5449 0.5568 0.5779 0.4747 

70{4} 0.4640 0.8499 0.7535 0.4270 0.4270 0.4845 0.6615 0.6580 0.3409 

70{5} 0.4250 0.8393 0.5836 0.3329 0.4012 0.4800 0.7907 0.8216 0.3671 

70{6} 0.4250 0.9069 0.6070 0.4079 0.4079 0.4800 1.1394 1.1536 0.3925 

70{7} 0.4512 0.8064 0.7365 0.3789 0.3954 0.3839 0.5394 0.5433 0.2826 

70{8} 0.4248 0.8252 0.4611 0.4755 0.4755 0.3568 0.5311 0.5436 0.3321 

70{9} 0.4248 0.8156 0.4579 0.3462 0.3462 0.3320 0.5408 0.5525 0.2655 

70{10} 0.4512 0.8064 0.7365 0.3786 0.3954 0.3727 0.5405 0.5446 0.2809 

70{11} 0.4248 0.8154 0.4604 0.2856 0.2856 0.3483 0.5304 0.5429 0.3755 
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La síntesis de los compuestos seleccionados 32{7,8} (Capítulo 1), 70{8} y 70{11} 

(Capítulo 2) permite determinar experimentalmente su actividad anti-VIH, cuyos valores son de 

0.443, 0.022 y 0.058 μg/mL respectivamente, demostrando así la utilidad de los farmacóforos 

modelados.  

Además, la síntesis (Capítulo 1) posterior de otros compuestos seleccionados mediante 

técnicas de docking[8] incluidos en las predicciones, 33{1,3}, 37{1,8} y 37{2,8} permite comparar 

el resultado obtenido con el valor experimental de la actividad anti-VIH de estas moléculas 

(Tabla 4.16). Por una parte, se observa que la dihidrazona 33{1,3}, cuyas conformaciones no 

se superponen sobre cuatro de los modelos farmacofóricos desarrollados y sobre los que sí se 

superpone presenta valores del RMSD bastante elevados, ha resultado inactiva en el ensayo 

de actividad antiviral. Por otra parte, 37{1,8} ha resultado citotóxica a una concentración de 

4.1 μg/mL y no ha resultado activa a concentraciones inferiores, por lo tanto no se ha podido 

determinar el valor del EC50, y es detectado como inactivo por el modelo 7. Por último, 37{2,8} 

ha presentado un valor experimental de EC50 de 0.6 μg/mL, aunque el modelo 7 lo clasificaba 

erróneamente como inactivo. 

 

Tabla 4.16. Actividad antiviral (EC50) y citotoxicidad (CC50). 

 

          Compuesto EC50 / μg·mL-1 CC50 / μg·mL-1 

33{1,3} 
N

N
N

N
N

 

>25 >25 

37{1,8} 
N
HN

N

N

 

>4.1 4.1 

37{2,8} 
N
HN

N

N

 

0.6 14.6 

32{7,8} 
N
HH

N
N

N

 

0.5 >25 

70{8} 
NNH

NH HN
N
H

N

 

0.022 >25 
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          Compuesto EC50 / μg·mL-1 CC50 / μg·mL-1 

70{11} 
NNH

NH HN
N
H

N
O

 

0.058 >25 

 

 

 

 En resumen, la selección de compuestos por cribado virtual mediante un consenso del 

resultado obtenido a partir de los farmacóforos modelados ha resultado en compuestos con 

actividad anti-VIH. Este resultado demuestra la utilidad de las técnicas utilizadas, aunque no se 

haya logrado obtener un compuesto de actividad mayor que la mejor poliamina, 32{8,8}, sin 

embargo, puede que en la quimioteca diseñada en el Capítulo 1 no haya ningún compuesto 

con mayor actividad antiviral. 
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5.0. Instrumentación. 

Los espectros de infrarrojo (IR) han sido regristrados en un espectrofotómetro Nicolet 

Magna 560 en el departamento de Química Orgánica del IQS por la Sra. M. C. Meca, bajo la 

dirección del Dr. X. Batllori. El número de onda se expresa en cm-1. La notación empleada es: t 

(tensión), f (flexión), p. KBr (pastilla de bromuro potásico), film (film evaporado de cloroformo). 

Los espectros de resonancia magnética nuclear (1H-RMN y 13C-RMN) se han 

registrado en el aparato Varian Gemini 300HC (1H-RMN de 300 MHz y 13C-RMN de 75.5 MHz) 

y Varian 400-MR (1H-RMN de 400 MHz y 13C-RMN de 100.6 MHz) por el Dr. X. Batllori y la Sra. 

N. Ruiz en el departamento de Química Orgánica del IQS, bajo la dirección del Dr. X. Batllori. 

El desplazamiento químico se expresa en escala δ en ppm. Para los espectros de 1H-RMN se 

ha tomado como referencia la señal de tretrametilsilano (TMS) o 2,2,3,3-tetradeutero-3-

(trimetilsilil)-propionato sódico (TSPNa). Para los espectros de 13C-RMN se ha tomado como 

referencia la señal del disolvente: CDCl3 a 77.0 ppm, d-TFA a 163.8 ppm, CD3OD a 49.0 ppm. 

La notación empleada es: s (singlete), d (doblete), t (triplete), q (cuarteto), quint (quinteto), m 

(multiplete), sa (singlete ancho), sc (señal compleja). Se indican con * las señales de 

asignación intercambiable. 

Los análisis elementales orgánicos  (AEO) se han realizado en un instrumento Carlo-

Erba CHNS-O/EA1108 y EuroVector EuroEA3000 en el departamento de Química Orgánica del 

IQS por la Sra. N. Ruiz, bajo la dirección del Dr. X. Batllori. 

Los espectros de masas de baja y alta resolución (MS y HRMS) han sido realizados 

bajo la dirección del Dr. E. Gutián en el Servicio de Espectrometría de Masas de la Universidad 

de Santiago de Compostela. Los MS realizados mediante la técnica de impacto electrónico (70 

eV) de baja resolución han sido registrados en un espectrómetro de masas Hewlett.Packard-

5988-A de tipo cuadrupolar, los de alta resolución y los FAB han sido realizados en un 

espectrómetro de masas VG AutoSpec (Micromass Instruments) Trisector EBE de alta 

resolución. Los MS de ionización por electrospray (ESI) con analizador tipo TOF de baja y de 

alta resolución se han realizado en un espectrómetro de masas modelo Biotof II de la casa 

Bruker. 

A todos ellos, mi más sincero agradecimiento. 
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5.1. Síntesis de aminas simétricas. 

5.1.1. Síntesis de N-(4-((2-(pirrolidin-1-il)etilamino)metil)bencil)-2-
(pirrolidin-1-il)etanamina (32{4,4}). 

 

 

H
N

N
H

N

N

1

21a

2a α

1b

2b

NH2N

OHC

CHO
+

2) NaBH4

31{4} 29 32{4,4}  

 

 

Se disuelven 0.61 g (4.5 mmol) de tereftalaldehído (29) y 1.04 g (9.0 mmol) de amina 
31{4} en 30 mL de MeOH anhidro. Se añade tamiz molecular de 4 Å y se agita a temperatura 

de reflujo bajo atmósfera de nitrógeno durante 24 h. Se filtra el tamiz molecular y se adicionan 

0.34 g (9.0 mmol) de NaBH4. Se deja reaccionar a temperatura ambiente durante 16 h. 

Transcurrido este tiempo se añade agua y se extrae con CH2Cl2. La fase orgánica se lava con 

salmuera y se seca sobre MgSO4 anhidro. Se elimina el disolvente a presión reducida y se 

obtienen 1.32 g (4.0 mmol, 89% rendimiento) de un aceite amarillo 32{4,4}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3310 (t N-H), 2962, 2928, 2874, 2794 (t Csp3-H), 1485, 1444 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79 (s, 4H, H-Cα), 2.73 (t, 
3JH,H=6.0 Hz, 4H, H-C1), 2.59 (t, 3JH,H=6.0 Hz, 4H, H-C2), 2.47 (m, 8H, H-C1a), 2.20 (sa, 2H, 

deuterable, NH), 1.75 (quint, 3JH,H=3.3 Hz, 8H, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.8 (C1b), 128.0 (C2b), 55.9 (Cα), 54.2 (C1a), 

53.8 (C2), 47.8 (C1), 23.5 (C2a). 

MS (FAB): m/z 331.3 (100) [M+H]+, 330.3 (18), 329.3 (77). 

HRMS (FAB): (C20H35N4) [M+H]+ Calculado: 331.2862. Obtenido: 331.2867. 
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5.1.2. Síntesis de N-(4-((3-(pirrolidin-1-il)propilamino)metil)bencil)-3-
(pirrolidin-1-il)propan-1-amina (32{5,5}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.75 g (5.5 mmol) de 

tereftalaldehído (29), 1.47 g (11.1 mmol) de amina 31{5} y 0.43 g (11.1 mmol) de NaBH4. Se 

obtienen 1.98 g (5.5 mmol, 99% rendimiento) de un aceite amarillo 32{5,5}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3282 (t N-H), 2936, 2789 (t Csp3-H), 1458 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.26 (s, 4H, Ph), 3.77 (s, 4H, H-Cα), 2.69 (t, 
3JH,H=7.0 Hz, 4H, H-C1), 2.49 (m, 12H, H-C3, H-C1a), 2.08 (sa, 2H, deuterable, NH), 1.75 (m, 

12H, H-C2, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.5 (C1b), 128.0 (C2b), 54.6 (Cα), 54.1 (C1a), 

53.5 (C3), 47.9 (C1), 28.8 (C2), 23.4 (C2a). 

MS (IE): m/z 359.2 (1) [M+H]+, 232.0 (55), 231.0 (11), 230.0 (59), 161.0 (27), 127.0 

(11), 98.0 (18), 84.0 (100). 

HRMS (ESI): (C22H39N4) [M+H]+ Calculado: 359.3169. Obtenido: 359.3158. 
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5.1.3. Síntesis de N-(4-((3-(1H-imidazol-1-il)propilamino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (32{6,6}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.54 g (3.9 mmol) de 

tereftalaldehído (29), 1.00 g (7.8 mmol) de amina 31{6} y 0.30 g (7.8 mmol) de NaBH4. Se 

obtienen 1.38 g (3.9 mmol, rendimiento cuantitativo) de un aceite amarillo 32{6,6}. 

 

Datos espectroscópicos: 

IR (CHCl3): ν (cm-1) 3277(t N-H), 3103 (t Csp2-H), 2935, 2815 (t Csp3-H), 1508 

(t esqueleto heteroaromático), 1453 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.41 (s, 2H, H-C1a), 7.26 (s, 4H, Ph), 7.02 (s, 2H, 

H-C2a), 6.88 (s, 2H, H-C3a), 4.04 (t, 3JH,H=6.9 Hz, 4H, H-C3), 3.74 (s, 4H, H-Cα), 2.60 (t, 
3JH,H=6.9 Hz, 4H, H-C1), 2.05 (s, 2H, deuterable, NH), 1.92 (quint, 3JH,H=6.9 Hz, 4H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.8 (C1a), 137.1 (C1b), 129.2 (C3a), 128.2 

(C2b), 118.7 (C2a), 53.6 (Cα), 45.6 (C3), 44.6 (C1), 31.3 (C2).  

MS (IE): m/z 353.0 (1) [M+H]+, 257.0 (26), 228.9 (100), 188.9 (29), 138.0 (22), 124.0 

(42), 104.0 (94), 81.0 (52). 

HRMS (ESI): (C20H28N6) [M+H]+ Calculado: 353.2448. Obtenido: 353.2456.  
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5.1.4. Síntesis de N-(4-((2-(piperidin-1-il)etilamino)metil)bencil)-2-
(piperidin-1-il)etanamina (32{7,7}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.29 g (2.1 mmol) de 

tereftalaldehído (29), 0.56 g (4.3 mmol) amina 31{7}  y 0.16 g (4.3 mmol) de NaBH4. Se 

obtienen 0.76 g (2.1mmol, rendimiento cuantitativo) de un aceite amarillo 32{7,7}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3310 (t N-H). 

1H-RMN (300MHz, CDCl3): δ (ppm) 7.32 (s, 4H, Ph), 3.75 (s, 4H, H-Cα), 2.69 (t, 
3JH,H=7.0 Hz, 4H, H-C1), 2.47 (t, 3JH,H=7.0 Hz, 4H, H-C2), 2.39 (m, 8H, H-C1a), 1.62-1.39 (m, 

12H, H-C2a, H-C3a). 

13C-RMN (75.5MHz, CDCl3): δ (ppm) 139.4 (C1b), 129.6 (C2b), 59.0 (Cα), 55.7 (C1a), 

54.1 (C2), 46.1 (C1), 26.7 (C2a), 25.2 (C3a). 

AEO: Calculado (C22H38N4): C 73.69%, H 10.68%, N 15.63%. Obtenido: C 73.78%, 

H 10.56%, N 15.45%. 
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5.1.5. Síntesis de N-(4-((3-(2-metilpiperidin-1-il)propilamino)metil)bencil)-3-
(2-metilpiperidin-1-il)propan-1-amina (32{8,8}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.43 g (3.2 mmol) de 

tereftalaldehído (29), 1.04 g (6.4 mmol) de amina 31{8} y 0.25 g (6.4 mmol) de NaBH4. Se 

obtienen 1.33 g (3.2 mmol, rendimiento cuantitativo) de un aceite marrón pálido 32{8,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3282 (t N-H), 2929, 2854, 2793 (t Csp3-H), 1449, 1372 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.77 (s, 4H, H-Cα), 2.87 (m, 2H, 

Heq-C5a), 2.73 (m, 2H, Heq-C3), 2.63 (t, 3JH,H=6.9 Hz, 4H, H-C1), 2.36 (m, 2H, Hax-C3), 2.26 (m, 

2H, H-C1a), 2.14 (sa, 2H, deuterable, NH), 2.11 (m, 2H, Hax-C5a),1.68 (quint, 3JH,H=6.9 Hz, 4H, 

H-C2), 1.61 (m, 2H, Heq-C4a), 1.58* (m, 2H, Heq-C2a), 1.52* (m, 2H, Heq-C3a), 1.44 (m, 2H, 

Hax-C4a), 1.28 (m, 4H, Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.3 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.8 (C1b), 128.0 (C2b), 55.9 (C1a), 53.7 (Cα), 

52.3 (C3), 52.1 (C5a), 48.3 (C1), 34.7* (C2a), 26.2 (C4a), 25.7 (C2), 24.0* (C3a), 19.1 (CH3). 

AEO: Calculado (C26H46N4): C 75.31%, H 11.18%, N 13.51%. Obtenido: C 75.20%, 

H 10.93%, N 13.60%. 

MS (IE): m/z 415.4 (0.4) [M+H]+, 112.1 (100). 
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5.1.6. Síntesis de N-(4-((3-(4-metilpiperazin-1-il)propilamino)metil)bencil)-3-
(4-metilpiperazin-1-il)propan-1-amina (32{9,9}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.48 g (3.5 mmol) de 

tereftalaldehído (29), 1.14 g (7.0 mmol) de amina 31{9} y 0.27 g (7.0 mmol) de NaBH4. Se 

obtienen 1.28 g (3.1 mmol, 87% rendimiento) de un aceite marrón 32{9,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3281 (t N-H), 2935, 2793 (t Csp3-H), 1458 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.26 (s, 4H, Ph), 3.76 (s, 4H, H-Cα), 2.66 (t, 
3JH,H=6.9 Hz, 4H, H-C1), 2.42 (m, 22H, H-C3, H-C1a, H-C2a, NH), 2.27 (s, 6H, CH3), 1.70 

(quint, 3JH,H=6.9 Hz, 4H, H-C2).  

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.8 (C1b), 128.0 (C2b), 57.0 (Cα), 55.1 (C2a), 

53.7 (C3), 53.2 (C1a), 48.1 (C1), 46.0 (CH3), 26.9 (C2). 

MS (IE): m/z 417.1 (9) [M+H]+, 416.1 (28) [M]+, 289.0 (6), 260.0 (14), 259.0 (58), 156.0 

(8), 155.0 (30), 141.0 (14), 127.0 (39), 113.0 (100), 70 (29) . 

HRMS (ESI): (C24H44N6) [M+H]+ Calculado: 417.3700. Obtenido: 417.3702. 
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5.1.7. Síntesis de N-(4-((2-morfolinoetilamino)metil)bencil)-2-
morfolinoetilamina (32{10,10}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.54 g (4.0 mmol) de 

tereftalaldehído (29), 1.05 g (8.0 mmol) de amina 31{10} y 0.31 g (8.0 mmol) de NaBH4. Se 

obtienen 0.93 g (2.6 mmol, 64% rendimiento) de un sólido blanquecino 32{10,10}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3341 (t N-H), 2968, 2930, 2817 (t Csp3-H), 1446 (f Csp3-H), 1117 (t as 

C-O-C), 830 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79 (s, 4H, H-Cα), 3.69 (t, 
3JH,H=4.6 Hz, 8H, H-C2a), 2.70 (t, 3JH,H=6.0 Hz, 4H, H-C1), 2.50 (t, 3JH,H=6.0 Hz, 4H, H-C2), 

2.403 (t, 3JH,H=4.6 Hz, 8H, H-C1a), 1.82 (s, 2H, deuterable, NH). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0 (C1b), 128.0 (C2b), 67.0 (C2a), 58.3 (Cα), 

53.7 (C2, C1a), 45.3 (C1).  

AEO: Calculado (C20H34N4O2): C 66.26%, H 9.45%, N 15.46%, O 8.83%. Obtenido: 

C 66.38%, H 9.67%, N 15.42%. 

MS (IE): m/z 363.4 (5) [M+H]+, 362.4 (6) [M]+, 262.3 (38), 233.2 (20), 232.2 (45), 100.0 

(100). 
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5.1.8. Síntesis de N-(4-((3-morfolinopropilamino)metil)bencil)-3-
morfolinopropan-1-amina (32{11,11}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.47 g (3.5 mmol) de 

tereftalaldehído (29), 1.00 g (7.0 mmol) de amina 31{11} y 0.27 g (7.0 mmol) de NaBH4. Se 

obtienen 1.16 g (3.0 mmol, 85% rendimiento) de un aceite amarillo 32{11,11}. 

 

Datos espectroscópicos: 

IR (film): ν(cm-1) 3301 (t N-H), 2948, 2852, 2806 (t Csp3-H), 1456 (f Csp3-H), 1118 (t as 

C-O-C), 862 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79 (s, 4H, H-Cα), 3.70 (t, 
3JH,H=4.6 Hz, 8H, H-C2a), 2.68 (t, 3JH,H=7.0 Hz, 4H, H-C1), 2.41 (m, 12H, H-C3, H-C1a), 1.81 (s, 

2H, deuterable, NH), 1.70 (quint, 3JH,H=7.0 Hz, 4H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9 (C1b), 128.0 (C2b), 67.0 (C2a), 57.4 (Cα), 

53.8 (C1a, C3), 48.0 (C1), 26.8 (C2). 

MS (IE): m/z 390.3 (2) [M]+, 247.2 (2), 100.0 (100). 

HRMS (IE): (C22H38N4O2) Calculado: 390.2995. Obtenido: 390.3007. 
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5.1.9. Síntesis de N-(4-((4-(piperidin-1-il)fenillimino)metil)benciliden)-4-
(piperidin-1-il)bencenamina (32{16,16}). 
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Se disuelven 0.50 g (3.0 mmol) de amina 31{16} y 0.20 g (1.5 mmol) de tereftaldeído 

(29) en 30 mL de MeOH anhidro. Se calienta a reflujo durante 9 h bajo atmósfera de nitrógeno. 

Se deja enfriar a temperatura ambiente y se añaden 0.11 g (3.0 mmol) de NaBH4. Se deja 

reaccionar a temperatura ambiente durante 6 h. Se añade agua, se filtra el sólido formado, se 

lava con agua y se seca sobre P2O5. Se obtienen 0.30 g (0.7 mmol, 46% rendimiento) de un 

sólido blanquecino 32{16,16}. 

 

Datos espectroscópicos: 

1H-RMN (300 MHz, d-TFA): δ (ppm) 7.59 (s, 4H, Ph), 4.44 (s, 4H, CH2-Ph), 3.86 (m, 

4H, CH2), 3.66 (m, 6H, CH2, CH), 3.28 (m, 4H, CH2), 3.05 (m, 4H, CH2), 2.52 (m, 4H, CH2), 2.30 

(m, 4H, CH2), 2.07 (m, 4H, CH2), 1.89 (m, 6H, CH2), 1.52 (m, 2H, CH2). 
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5.1.10. Síntesis de N-(4-((3-(piperidin-1-il)propilamino)metil)bencil)-3-
(piperidin-1-il)propan-1-amina (32{19,19}). 
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Se disuelven 0.47 g (3.5 mmol) de tereftaldeído (29) y 1.01 g (6.9 mmol) de amina 
31{19} en 10 mL de MeOH anhidro. Se añade Na2SO4 anhidro y se calienta en el microondas a 

100 ºC durante 2 h. Se filtra y se adicionan 20 mL de MeOH anhidro y 0.26 g (6.9 mmol) de 

NaBH4. Se deja reaccionar a temperatura ambiente durante 12 h. Se añade agua y se extrae 

con CH2Cl2. La fase orgánica se lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina 

el disolvente a presión reducida y se obtienen 1.21 g (3.1 mmol, 91% rendimiento) de un aceite 

amarillo pálido 32{19,19}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3285 (t N-H), 2933, 2852, 2802 (t Csp3-H), 1445 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.26 (s, 4H, Ph), 3.76 (s, 4H, H-Cα), 2.66 (t, 
3JH,H=6.9 Hz, 4H, H-C1), 2.37-2.32 (m, 12H, H-C3, H-C1a), 2.22 (sa, 2H, deuterable, NH), 1.71 

(quint, 3JH,H=6.9 Hz, 4H, H-C2), 1.56 (quint, 3JH,H=5.7 Hz, 8H, H-C2a), 1.42 (m, 4H, H-C3a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.8 (C1b), 128.0 (C2b), 57.8* (Cα), 54.7 (C1a), 

53.6* (C3), 48.3 (C1), 26.0 (C2a), 24.5 (C3c). 

AEO: Calculado (C24H42N4): C 74.56%, H 10.95%, N 14.49%. Obtenido: C 74.77%, 

H 10.98%, N 14.30%. 

MS (FAB): m/z 387.4 (100) [M+H]+, 385.3 (23), 126.1 (19), 112.1 (39). 

HRMS (FAB): (C24H43N4) [M+H]+ Calculado: 387.3488. Obtenido: 387.3487. 
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5.1.11. Síntesis de N-(3-((3-(2-metilpiperidin-1-il)propilamino)metil)bencil)-
3-(2-metilpiperidin-1-il)propan-1-amina (50{8,8}). 
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Se sigue el mismo procedimiento que para 32{4,4} pero utilizando 0.40 g (2.9 mmol) de 

isoftaldehído (49), 0.95 g (5.8 mmol) de amina 31{8} y 0.22 g (5.8 mmol) de NaBH4. Se 

obtienen 1.04 g (2.5 mmol, 81% rendimiento) de un aceite amarillo 50{8,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3277 (t N-H), 2929, 2854, 2793 (t Csp3-H), 1448, 1372 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.25 (m, 4H, Ph), 3.77 (s, 4H, H-Cα), 2.86 (m, 2H, 

Heq-C5a), 2.73 (m, 2H, Heq-C3), 2.64  (t, 3JH,H=6.9 Hz, 4H, H-C1), 2.36 (m, 2H, Hax-C3), 2.25 (m, 

2H, H-C1a), 2.11 (m, 2H, Hax-C5a), 2.00 (sa, 2H, deuterable, NH), 1.68 (quint, 3JH,H=6.9 Hz, 4H, 

H-C2), 1.60 (m, 8H, Heq-C2a, Heq-C3a, H-C4a), 1.28 (m, 4H, Hax-C2a, Hax-C3a), 1.05 (d, 
3JH,H=6.3 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.4 (C2b), 128.3* (C1b), 127.8* (C4b), 126.6 

(C3b), 55.9 (C1a), 54.1 (Cα), 52.3 (C3), 52.1 (C5a), 48.4 (C1), 34.7** (C2a), 26.2 (C4a), 25.8 

(C2), 24.0** (C3a), 19.2 (CH3). 

AEO: Calculado (C26H46N4): C 75.31%, H 11.18%, N 13.51%. Obtenido: C 75.10%, 

H 11.18%, N 13.62% 

MS (IE): m/z 415.5 (2) [M+1]+, 414.5 (6) [M]+, 260.3 (22), 161.2 (15), 112.2 (100). 

HRMS (IE): (C26H46N4) Calculado: 414.3722. Obtenido: 414.3718.  
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5.1.12. Síntesis de N-(1-(4-(1-(3-morfolinopropilamino)etil)fenil)etil)-3-
morfolinopropan-1-amina (56{11,11}). 
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Se disuelven 0.41 g (2.5 mmol) de 1,4-diacetilbenceno (54), 0.72 g (5.0 mmol) de 

amina 31{11} y 2.84 g (10.0 mmol) de Ti(OiPr)4 en 15 mL de MeOH anhidro. Se calienta la 

disolución a 60 ºC y bajo atmósfera de nitrógeno durante 6 h 30 min. A continuación se deja 

enfriar a temperatura ambiente y se añaden 0.19 g (5.0 mmol) de NaBH4 y se deja reaccionar a 

temperatura ambiente durante 12 h. A la mezcla se le añaden 15 mL de H2O y se filtra. El 

filtrado se extrae con CH2Cl2 (2×50 mL). La fase orgánica se lava con salmuera y se seca sobre 

MgSO4 anhidro. Se elimina el disolvente a presión reducida y el crudo obtenido se purifica por 

cromatografía de columna (fase estacionaria alúmina y gradiente de eluyente de CH2Cl2 a 

CH2Cl2/MeOH 50:1). Se obtienen 0.61 g (1.5 mmol, 58% rendimiento) de 56{11,11} como 

semisólido amarillento. 

 

Datos espectroscópicos: 

IR (film): ν(cm-1) 3293 (t N-H), 2956, 2853, 2807 (t Csp3-H), 1456, 1368 (f Csp3-H), 

1118 (t as C-O-C), 863 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (m, 4H, Ph), 3.73 (q, 3JH,H=6.6 Hz, 2H, H-Cα), 

3.68 (t, 3JH,H=4.6 Hz, 8H, H-C2a), 2.68-2.33 (sc, 16H, H-C1, H-C3, H-C1a), 1.65 (quint, 
3JH,H=7.0 Hz, 4H, H-C2), 1.34 (d, 3JH,H=6.6 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 144.1 (C1b), 126.4 (C2b), 67.0 (C2a), 58.1 (Cα), 

57.4 (C3), 53.8 (C1a), 46.5 (C1), 26.8 (C2), 24.3 (CH3). 

MS (ESI): m/z 419.3 [M+H]+, 247.2 (2), 100.0 (100). 

HRMS (ESI): (C24H43N4O2) [M+H]+ Calculado: 419.3381. Obtenido: 419.3382. 
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5.2. Síntesis de hidrazonas simétricas. 

5.2.1. Síntesis de ((4-(N-(piperidin-1-il)imino)metil)fenil)-N-(piperidin-1-
il)metanimina (33{1,1}). 

 

 

N N

N N1a2a

3a

1b
2b

N NH2 OHC CHO+

30{1} 29 33{1,1}  

 

 

Se disuelven 1.51 g (14.7 mmol) de hidrazina 30{1} en 30 mL de MeOH anhidro. Acto 

seguido se adicionan 0.992 g (7.33mmol) de tereftalaldehído (29). La solución restante se 

calienta a reflujo durante 16 h bajo atmósfera de nitrógeno y en presencia de tamiz molecular 

de 4 Å. A continuación se filtra en caliente el tamiz molecular. Se recoge el filtrado y se elimina 

parcialmente el disolvente hasta casi sequedad y se introduce en la nevera. Se filtra el sólido y 

se lava con de MeOH frío. El sólido obtenido se seca sobre pentóxido de fósforo. Se obtienen 

1.42 g (4.8 mmol, rendimiento 65%) de un sólido fino amarillo 33{1,1}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 1576 (t C=N). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (s, 4H, Ph), 7.53 (s, 2H, CH=N), 3.16 (m, 8H, 

H-C1a), 1.79-1.71 (m, 8H, H-C2a), 1.58-1.50 (m, 4H, H-C3a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 136.0 (C1b), 134.3 (C=N), 125.9 (C2b), 52.1 

(C1a), 25.3 (C2a), 24.2 (C3a). 

AEO: Calculado (C18H26N4): C 72.44%, H 8.78%, N 18.77%. Obtenido: C 72.40%, 

H 8.81%, N 18.83%. 
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5.2.2. Síntesis de ((4-(N-(2,6-dimetilpiperidin-1-il)imino)metil)fenil)-N-(2,6-
dimetilpiperidin-1-il)metanimina (33{2,2}). 

 

 

N N

N N1a2a

3a

1b
2b

N NH2 OHC CHO+

30{2} 29 33{2,2}  

 

 

Se sigue el mismo procedimiento que para 33{1,1} pero utilizando 1.20 g (8.4 mmol) de 

amina 30{2} y 0.57 g (4.2 mmol) de tereftalaldehído (29). Se obtienen 1.05 g (3.0 mmol, 

rendimiento 65%) de un sólido amarillo 33{2,2}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 1684 (t C=N).  

1H-RMN (300MHz, CDCl3): δ (ppm) 7.87 (s, 2H, CH=N), 7.64 (s, 4H, Ph), 3.31-3.27 (m, 

4H, H-C1a), 1.83-1.51 (m, 12H, H-C2a, H-C3a), 1.03 (d, 3JH,H=6.0 Hz, 12H, CH3). 

13C-RMN (75.5MHz, CDCl3): δ (ppm) 146.6 (C=N), 136.0 (C1b), 126.8 (C2b), 56.1 

(C1a), 32.4 (C2a), 20.0 (CH3), 19.9 (C3a). 

AEO: Calculado (C22H34N4): C 74.53%, H 9.67%, N 15.80%. Obtenido: C 74.30%, 

H 9.35%, N 15.84%. 
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5.2.3. Síntesis de ((4-(N-(4-metilpiperazin-1-il)imino)metil)fenil)-N-(4-
metilpiperazin-1-il)metanimina (33{3,3}). 

 

 

N N N

N N N1a2a 1b
2b

N N NH2 OHC CHO+

30{3} 29 33{3,3}  

 

 

Se sigue el mismo procedimiento que para 33{1,1} pero utilizando 0.64 g (5.4 mmol) de 

amina 30{3} y 0.37 g (2.7 mmol) de tereftalaldehído (29). Se obtienen 0.67 g (2.0 mmol, 

rendimiento 75%) de sólido amarillento 33{3,3}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 1579 (t C=N).  

1H-RMN (300MHz, CDCl3): δ (ppm) 7.57 (s, 4H, Ph), 7.53 (s, 2H, CH=N), 3.23 (m, 8H, 

H-C1a), 2.62 (m, 8H, H-C2a), 2.36 (s, 6H, CH3). 

13C-RMN (75.5MHz, CDCl3): δ (ppm) 135.8 (C1b), 135.4 (C=N), 126.2 (C2b), 54.5 

(C1a), 51.0 (C2a), 46.0 (CH3). 

AEO: Calculado (C18H28N6): C 65.82%, H 8.59%, N 25.59%. Obtenido: C 65.51%, 

H 8.72%, N 25.17%. 



Parte experimental 

256 

5.2.4. Síntesis de N,N’-(1,4-fenilendimetilidin)bis-morfolino-4-amina 
(33{12,12}). 

 

 

O N N

N N O1b
2b

1a2a
O N NH2 OHC CHO+

30{12} 29 33{12,12}  

 

 

Se sigue el mismo procedimiento que para 33{1,1} pero utilizando 1.00 g (9.8 mmol) de 

amina 30{12} y 0.66 g (4.9 mmol) de tereftalaldehído (29). Se obtienen 1.16 g (3.8 mmol, 

rendimiento 78%) de sólido amarillento 33{12,12}. 

 

Datos espectroscópicos: 

IR (p. KBr): ν (cm-1) 1574 (t C=N).  

1H-RMN (300MHz, d-TFA): δ (ppm) 8.98 (s, 2H, CH=N), 7.99 (s, 4H, H-C2b), 4.34 (sa, 

8H, H-C1a), 3.87 (as, 8H, H-C2a). 

13C-RMN (75.5MHz, d-TFA): δ (ppm) 169.3 (CH=N), 136.4 (C1b), 132.1 (C2b), 64.6 

(C2a), 57.8 (C1a). 

AEO: Calculado (C16H22N4O2): C 63.55%, H 7.33%, N 18.53%, O 10.58%. Obtenido: 

C 63.54%, H 7.23%, N 18.23%. 

MS (IE): m/z 303.0 (20) [M+1]+, 302.0 (100) [M]+, 245.0 (27), 216.0 (7). 
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5.2.5. Síntesis de N,N’-(1,4-fenilendimetilidin)bis-4H-1,2,4-triazol-4-amina 
(33{17,17}). 

 

 

N

N

N

N

N
N

N
N1b

2b
1a

NH2N
N
N

OHC CHO+

30{17} 29 33{17,17}  

 

 

Se disuelven 1.00 g (11.8 mmol) de amina 30{17} y 0.79 g (5.9 mmol) de 

tereftalaldehído (29) en 30 mL de MeOH anhidro. La mezcla se calienta a reflujo durante 8 h 

bajo atmósfera de nitrógeno. Se deja enfriar a temperatura ambiente, se filtra y se lava el sólido 

obtenido con MeOH frío. Se obtienen 1.17 g (4.4 mmol, rendimiento 75%) de sólido blanco 

33{17,17}. 

 

Datos espectroscópicos: 

IR (p. KBr): ν (cm-1) 1608 (t C=N).  

1H-RMN (300MHz, d-TFA): δ (ppm) 9.61 (s, 4H, H-C1a), 9.16 (s, 2H, CH=N), 8.14 (s, 

4H, H-C2b). 

13C-RMN (75.5MHz, d-TFA): δ (ppm) 166.8 (CH=N), 140.9 (C1a), 136.9 (C1b), 132.4 

(C2b). 

MS (IE): m/z 266.1 (7) [M]+, 68.1 (12), 54.1 (14), 43.1 (100). 

HRMS (IE): (C12H10N8) Calculado: 266.1028. Obtenido: 266.1032. 
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5.3. Síntesis de intermedios amino-aldehído. 

5.3.1. Síntesis de 4-((2-(pirrolidin-1-il)etilamino)metil)benzaldehído (35{4}). 

N
H
N

CHO

1

21a

2a α

1b

2b
3b
4b

N
NH2

OHC

OEt

OEt

+
2) NaBH4 N

H
N

OEt

OEt

HCl

35{4}

46{4}3431{4}

 

 

Se disuelven 2.01 g (9.3 mmol) de monoacetal dietílico del tereftalaldehído (34) y 

1.09 g (9.3 mmol) de 2-(pirrolidin-1-il)etilamina 31{4} en 30 mL de MeOH anhidro. Se añade 

tamiz molecular de 4 Å y se agita a temperatura de reflujo y bajo atmósfera de nitrógeno 

durante 36 h. Se filtra el tamiz molecular y se adicionan 0.36 g (9.3 mmol) de NaBH4. Se deja 

reaccionar a temperatura ambiente durante 5 h. Se añade agua y se extrae con CH2Cl2. La 

fase orgánica se lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina el disolvente a 

presión reducida y se obtienen 2.66 g (8.7 mmol, 93%) de un aceite amarillo del 

correspondiente acetal 46{4}. A 2.64 g (8.6 mmol) de este acetal 46{4} se le añaden 20 mL de 

HCl 2M y se agita a temperatura ambiente 2 h. Se basifica con NaOH y se extrae con CH2Cl2. 

La fase orgánica se lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina el 

disolvente a presión reducida y se obtienen 1.79 g (7.7 mmol, 89% rendimiento) de un aceite 

marronoso 35{4}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3309 (t N-H), 2961, 2930, 2875, 2799 (t Csp3-H, Csp2-H), 1700 

(t C=O), 1606 (t Csp2-Csp2), 1459, 1446 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.84 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.51 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.90 (s, 2H, H-Cα), 2.75 (t, 3JH,H=6.0 Hz, 2H, H-C1), 

2.64 (t, 3JH,H=6.0 Hz, 2H, H-C2), 2.51 (m, 4H, H-C1a), 2.01 (sa, 1H, deuterable, NH), 1.77 (m, 

4H, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.8 (CHO), 147.6 (C4b), 135.1 (C1b), 129.7 

(C2b), 128.4 (C3b), 55.8 (Cα), 54.2 (C1a), 53.7 (C2), 47.8 (C1), 23.5 (C2a). 

MS (IE): m/z 233.2 (1) [M+1]+, 232.2 (22) [M]+, 148.1 (2), 119.0 (12), 84.1 (100). 

HRMS (IE): (C14H20N2O) Calculado: 232.1576. Obtenido: 232.1572. 
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5.3.2. Síntesis de 4-((3-(pirrolidin-1-il)propilamino)metil)benzaldehído 
(35{5}). 

 

CHO
H
NN

1

2

31a

2a

α

1b
2b

3b

4b

H
N

OEt
N

NH2N
OHC

OEt

+
2) NaBH4

HCl

OEt

OEt

31{5} 34 46{5}

35{5}  

 

Se sigue el mismo procedimiento que para 35{4} pero utilizando 6.01 g (28.0 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 3.70 g (28.0 mmol) de amina 31{5} y 1.07 g 

(28.0 mmol) de NaBH4. Se obtienen 8.01 g (25.0 mmol, 89% rendimiento) de un aceite 

amarillento del correspondiente acetal 46{5}. 

7.98 g (24.9 mmol) de este acetal 46{5} se hidrolizan y se obtienen 4.59 g (18.6 mmol, 

75% rendimiento) de un aceite rojizo 35{5}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3276 (t N-H), 2934, 2874, 2790 (t Csp3-H, Csp2-H), 1700 (t C=O), 

1606 (t Csp2-Csp2), 1458 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.84 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.50 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.88 (s, 2H, H-Cα), 2.70 (t, 3JH,H=7.0 Hz, 2H, H-C1), 

2.51 (m, 6H, H-C3, H-C1a), 1.87 (sa, 1H, deuterable, NH), 1.75 (m, 6H, H-C2, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.8 (CHO), 147.7 (C4b), 135.2 (C1b), 129.8 

(C2b), 128.3 (C3b), 54.7 (Cα), 54.3 (C1a), 53.7 (C3), 48.2 (C1), 29.2 (C2), 23.5 (C2a). 

AEO: Calculado (C15H22N2O): C 73.13%, H 9.00%, N 11.37%, O 6.49%. Obtenido: 

C 72.77%, H 9.64%, N 11.32%. 

MS (IE): m/z 247.2 (2) [M+1]+, 246.2 (21) [M]+, 127.2 (10), 119.0 (22), 84.1 (100). 
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5.3.3. Síntesis de 4-((3-(1H-imidazol-1-il)propilamino)metil)benzaldehído 
(35{6}). 

 

CHO
H
NN

N

1

2

3

1a
2a

3a α

1b
2b

3b

4b

H
N

OEt
N

N
NH2N

N

OHC

OEt

+
2) NaBH4

HCl

OEt

OEt

31{6} 34 46{6}

35{6}  

 

Se sigue el mismo procedimiento que para 35{4} pero utilizando 2.01 g (9.3 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 1.20 g (9.3 mmol) de amina 31{6} y 0.36 g 

(9.3 mmol) de NaBH4. Se obtienen 2.68 g (8.4 mmol, 90% rendimiento) de un aceite amarillento 

del correspondiente acetal 46{6}. 

2.68 g (8.4 mmol) de este acetal 46{6} se hidrolizan y se obtienen 1.76 g (7.2 mmol, 

86% rendimiento) de un aceite amarillento 35{6}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3268 (t N-H), 3108 (t Csp2-H), 2936, 2831, 2738 (t Csp3-H, Csp2-H), 

1696 (t C=O), 1606 (t Csp2-Csp2), 1508 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.85 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.48 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.46 (s, 1H, H-C1a), 7.05 (s, 1H, H-C2a), 6.90 (s, 

1H, H-C3a), 4.07 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.85 (s, 2H, H-Cα), 2.62 (t, 3JH,H=6.9 Hz, 2H, 

H-C1), 1.95 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.75 (sa, 1H, deuterable, NH). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.7 (CHO), 147.2 (C4b), 137.0 (C1a), 135.3 

(C1b), 129.8 (C2b), 129.3 (C3a), 128.4 (C3b), 118.7 (C2a), 53.6 (Cα), 45.8 (C3), 44.6 (C1), 

31.3 (C2). 

MS (IE): m/z 244.1 (17) [M+1]+, 243.1 (65) [M]+, 174.1 (28), 148.1 (43), 134.0 (72), 

119.0 (100). 

HRMS (IE): (C14H17N3O) Calculado: 243.1372. Obtenido: 243.1366. 
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5.3.4. Síntesis de 4-((2-(piperidin-1-il)etilamino)metil)benzaldehído (35{7}). 

 

N
H
N

CHO

1

21a
2a
3a

α

2b
3b
4b 1b

N
H
N

OEtN
NH2

OHC

OEt

OEt

OEt

+
2) NaBH4

HCl

31{7} 34 46{7}

35{7}  

 

Método A: 

Se sigue el mismo procedimiento que para 35{4} pero utilizando 2.01 g (9.4 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 1.23 g (9.4 mmol) de amina 31{7} y 0.36 g 

(9.4 mmol) de NaBH4. Se obtienen 2.79 g (8.7 mmol, 93% rendimiento) de un aceite amarillento 

del correspondiente acetal 46{7}. 

2.75 g (8.6 mmol) de este acetal 46{7} se hidrolizan y se obtienen 2.11 g (8.6 mmol, 

rendimiento cuantitativo) de un sólido aceitoso amarillo 35{7}. 

 

Método B: 

Se disuelven 0.91 g (4.2 mmol) de monoacetal dietílico del tereftalaldehído (34) y 

0.55 g (4.2 mmol) de amina 31{7} en 3 mL de MeOH anhidro. Se añade Na2SO4 anhidro y se 

calienta en el microondas a 100 ºC durante 2 h. Se filtra y se elimina el disolvente a presión 

reducida. Se obtienen 1.35 g (4.2 mmol, rendimiento cuantitativo) de un aceite rojizo 

correspondiente a la imina 45{7}.  

1.32 g (4.1 mmol) de este aceite rojizo 45{7} se disuelven en 30 mL de MeOH anhidro. 

Se añaden 0.16 g (4.1 mmol) de NaBH4 en pequeñas porciones y se deja reaccionar a 

temperatura ambiente durante 5 h. Se añade agua y se extrae con CH2Cl2. La fase orgánica se 

lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina el disolvente a presión reducida 

y se obtienen 1.23 g (3.8 mmol, 92 % rendimiento) de un aceite amarillento del correspondiente 

acetal 46{7}. 

A 1.21 g (3.8 mmol) de este acetal 46{7} se le añaden 20 mL de HCl 2M y se agita a 

temperatura ambiente 2 h. Se basifica con NaOH y se extrae con CH2Cl2. La fase orgánica se 

lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina el disolvente a presión reducida 

y se obtienen 0.87 g (3.5 mmol, 94% rendimiento) de un sólido aceitoso amarillo 35{7}. 
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Datos espectroscópicos: 

IR (film): ν (cm-1) 3308 (t N-H), 3050 (t Csp2-H), 2934, 2851, 2809 (t Csp3-H, Csp2-H), 

1701 (t C=O), 1606 (t Csp2-Csp2), 1453 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.84 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.50 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.89 (s, 2H, H-Cα), 2.70 (t, 3JH,H=6.2 Hz, 2H, H-C1), 

2.47 (t, 3JH,H=6.2 Hz, 2H, H-C2), 2.36 (sa, 4H, H-C1a), 2.18 (sa, 1H, deuterable, NH), 1.57 

(quint, 3JH,H=5.7 Hz, 4H, H-C2a), 1.43 (m, 2H, H-C3a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.8 (CHO), 147.7 (C4b), 135.2 (C1b), 129.8 

(C2b), 128.4 (C3b), 58.4 (Cα), 54.7 (C1a), 53.7 (C2), 45.9 (C1), 25.9 (C2a), 24.4 (C3a). 

AEO: Calculado (C15H22N2O): C 73.13%, H 9.00%, N 11.37%, O 6.49%. Obtenido: 

C 73.11%, H 9.15%, N 11.22%.  

MS (IE): m/z 246.2 (8) [M]+, 119.1 (5), 98.1 (100). 

HRMS (IE): (C15H22N2O) Calculado: 246.1732. Obtenido: 246.1731. 
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5.3.5. Síntesis de 4-((3-(2-metilpiperidin-1-
il)propilamino)metil)benzaldehído (35{8}). 

 

CHO
H
NN

1

2

3

1a2a
3a

4a

5a α

1b

2b
3b

4b

H
NN

NH2N
OHC

OEt

OEt

OEt

OEt

+
2) NaBH4

HCl

31{8} 34 46{8}

35{8}  

 

Se sigue el mismo procedimiento que para 35{4} pero utilizando 2.01 g (9.3 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 1.52 g (9.3 mmol) de amina 31{8} y 0.36 g 

(9.3 mmol) de NaBH4. Se obtienen 3.18 g (9.1 mmol, 98% rendimiento) de un aceite amarillento 

del correspondiente acetal 46{8}. 

3.18 g (9.1 mmol) de este acetal 46{8} se hidrolizan y se obtienen 2.45 g (8.9 mmol, 

98% rendimiento) de un aceite amarillento 35{8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3271 (t N-H), 2930, 2852, 2793, 2732 (t Csp3-H, Csp2-H), 1702 

(t C=O), 1606 (t Csp2-Csp2), 1449, 1372 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.85 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.50 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.87 (s, 2H, H-Cα), 2.87 (m, 1H, Heq-C5a), 2.77 (m, 

1H, Heq-C3), 2.65 (t, 3JH,H=6.8 Hz, 2H, H-C1), 2.36 (m, 1H, Hax-C3), 2.27 (m, 1H, H-C1a), 2.11 

(m, 1H, Hax-C5a), 2.00 (sa, 1H, deuterable, NH), 1.75-1.48 (m, 6H, H-C2, H-C4a, Heq-C2a, 

Heq-C3a), 1.29 (m, 2H, Hax-C2a, Hax-C3a), 1.06 (d, 3JH,H=6.0 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.8 (CHO), 147.7 (C4b), 135.2 (C1b), 129.8 

(2b), 128.4 (C3b), 56.1 (C1a), 53.8 (Cα), 52.3 (C3), 52.0 (C5a), 48.5 (C1), 34.6* (C2a), 26.1 

(C4a), 25.9 (C2), 23.9* (C3a), 19.0 (CH3). 

MS (IE): m/z 275.2 (9) [M+1]+, 274.2 (37) [M]+, 119.0 (18), 112.1 (100). 

HRMS (IE): (C17H26N2O) Calculado: 274.2045. Obtenido: 274.2046 
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5.3.6. Síntesis de 4-((3-(4-metilpiperazin-1-
il)propilamino)metil)benzaldehído (35{9}). 
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Se sigue el mismo procedimiento que para 35{4} pero utilizando 2.00 g (9.3 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 1.49 g (9.3 mmol) de amina 31{9} y 0.36 g 

(9.3 mmol) de NaBH4. Se obtienen 2.94 g (8.4 mmol, 90% rendimiento) de un aceite amarillento 

del correspondiente acetal 46{9}. 

2.93 g (8.4 mmol) de acetal este acetal 46{9} se hidrolizan y se obtienen 2.31 g 

(8.4 mmol, rendimiento cuantitativo) de un aceite marrón 35{9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3276 (t N-H), 2936, 2875, 2794, 2769, 2740 (t Csp3-H, Csp2-H), 1700 

(t C=O), 1606 (t Csp2-Csp2), 1458 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.85 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.50 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.87 (s, 2H, H-Cα), 2.69 (t, 3JH,H=6.9 Hz, 2H, H-C1), 

2.45 (sa, 8H, H-C1a, H-C2a), 2.42 (t, 3JH,H=6.9 Hz, 2H, H-C3), 2.27 (s, 3H, CH3), 2.08 (sa, 1H, 

deuterable, NH), 1.72 (quint, 3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.8 (CHO), 147.7 (C4b), 135.2 (C1b), 129.8 

(C2b), 128.3 (C3b), 57.0 (Cα), 55.1 (C2a), 53.7 (C3), 53.2 (C1a), 48.3 (C1), 46.0 (CH3), 27.0 

(C2). 

MS (IE): m/z 276.2 (4) [M+1]+, 275.2 (26) [M]+, 231.2 (100), 205.1 (38), 174.1 (23), 

119.0 (24), 113.1 (33). 

HRMS (IE): (C16H25N3O) Calculado: 275.1998. Obtenido: 275.2001. 
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5.3.7. Síntesis de 4-((2-morfolinoetilamino)metil)benzaldehído (35{10}). 
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Se sigue el mismo procedimiento que para 35{4} pero utilizando 2.00 g (9.3 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 1.23 g (9.3 mmol) de amina 31{10} y 0.36 g 

(9.3 mmol) de NaBH4. Se obtienen 2.55 g (7.9 mmol, 85% rendimiento) de un aceite amarillo 

del correspondiente acetal 46{10}. 

2.52 g (7.8 mmol) de este acetal 46{10} se hidrolizan y se obtienen 1.94 g (7.8 mmol, 

rendimiento cuantitativo) de un aceite amarillento 35{10}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3309 (t N_H), 2954, 2917, 2894, 2852, 2818 (t Csp3-H, Csp2-H), 1698 

(t C=O), 1607 (t Csp2-Csp2), 1455 (f Csp3-H), 1117 (t as C-O-C), 852 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.86 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.50 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.90 (s, 2H, H-Cα), 3.70 (t, 3JH,H=4.5 Hz, 4H, 

H-C2a), 2.71 (t, 3JH,H=6.0 Hz, 2H, H-C1), 2.51 (t, 3JH,H=6.0 Hz, 2H, H-C2), 2.42 (t, 3JH,H=4.5 Hz, 

4H, H-C1a), 1.93 (sa, 1H, deuterable, NH). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.7 (CHO), 147.5 (C4b), 135.2 (C1b), 129.8 

(C2b), 128.4 (C3b), 66.9 (C2a), 58.2 (Cα), 53.7 (C1a, C2), 45.4 (C1). 

MS (IE): m/z 248.2 (8) [M]+, 133.0 (28), 119.0 (10), 100.0 (100), 83.9 (71). 

HRMS (IE): (C14H20N2O2) Calculado: 248.1525. Obtenido: 248.1531. 
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5.3.8. Síntesis de 4-((3-morfolinopropilamino)metil)benzaldehído (35{11}). 

 

CHO
H
NN

O

1

2

31a
2a

α

1b
2b

3b

4b

H
NN

ONH2N
O

OHC

OEt

OEt

OEt

OEt

+
2) NaBH4

HCl

31{11} 34 46{11}

35{11}  

 

Se sigue el mismo procedimiento que para 35{4} pero utilizando 2.01 g (9.3 mmol) de 

monoacetal dietílico del tereftalaldehído (34), 1.35 g (9.3 mmol) de amina 31{11} y 0.36 g 

(9.3 mmol) de NaBH4. Se obtienen 2.91 g (8.6 mmol, 92% rendimiento) de un aceite amarillo 

del correspondiente acetal 46{11}. 

2.86 g (8.5 mmol) de este acetal 46{11} se hidrolizan y se obtienen 1.60 g (6.1 mmol, 

72% rendimiento) de un aceite amarillo 35{11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3307 (t N-H), 2950, 2892, 2853, 2814 (t Csp3-H, Csp2-H), 1698 

(t C=O), 1607 (t Csp2-Csp2), 1457 (f Csp3-H), 1117 (t as C-O-C), 861 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.00 (s, 1H, CHO), 7.85 (d, 3JH,H=8.1 Hz, 2H, 

H-C2b), 7.50 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 3.88 (s, 2H, H-Cα), 3.70 (t, 3JH,H=4.7 Hz, 4H, 

H-C2a), 2.70 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.45-2.39 (m, 6H, H-C3, H-C1a), 1.81 (sa, 1H, 

deuterable, NH), 1.72 (quint, 3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.2 (CHO), 147.6 (C4b), 135.2 (C1b), 129.8 

(C2b), 128.3 (C3b), 66.9 (C2a), 57.3 (Cα), 53.8 (C1a), 53.7 (C3), 48.1 (C1), 26.7 (C2). 

MS (IE): m/z 262.2 (3) [M]+, 85.9 (71), 84.0 (100). 

HRMS (IE): (C15H22N2O2) Calculado: 262.1681. Obtenido: 262.1682. 
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5.4. Síntesis de intermedios hidrazono-aldehído. 

5.4.1. Síntesis de 4-((piperidin-1-ilimino)metil)benzaldehído (36{1}). 

 

 

N N
CHO1a2a

3a

1b
2b3b

4b
N NH2 OHC CHO+

36{1}30{1} 29  

 

 

Se disuelven 1.00 g (7.4 mmol) de tereftalaldehído (29) en 30 mL de MeOH anhidro y 

se añade tamiz molecular de 4 Å. Se adiciona gota a gota y bajo atmósfera de nitrógeno una 

disolución de 0.38 g (3.7 mmol) de 1-aminopiperidina 30{1} en 5 mL de MeOH anhidro. La 

mezcla se agita a temperatura de reflujo durante 36 h. Se elimina el disolvente a presión 

reducida y el sólido obtenido se purifica por cromatografía de columna (hexano/AcOEt 5:1). La 

fracción más pura se vuelve a cromatografiar utilizando como eluyente un gradiente de 

CH2Cl2/AcOEt 25:1 hasta CH2Cl2 1:1). Se obtienen 0.48 g (2.2 mmol, 60% rendimiento) de un 

aceite amarillo 36{1}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2938, 2854, 2818, 2731 (t Csp3-H, Csp2-H), 1694 (t C=O), 1605 

(t Csp2-Csp2), 1579 (t C=N), 1549 (t Csp2-Csp2), 1448 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 9.96 (s, 1H, CHO), 7.83* (d, 3JH,H=8.4 Hz, 2H, 

H-C2b), 7.71* (d, 3JH,H=8.4 Hz, 2H, H-C3b), 7.48 (s, 1H, CH=N), 3.25 (t, 3JH,H=5.7 Hz, 4H, 

H-C1a), 1.76 (quint, 3JH,H=5.7 Hz, 4H, H-C2a), 1.61-1.54 (m, 2H, H-C3a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.6 (CHO), 142.8 (C4b), 135.0 (C1b), 131.0 

(C=N), 130.0 (C2b), 125.8 (C3b), 51.7 (C1a), 25.1 (C2a), 24.0 (C3a). 

AEO: Calculado (C13H16N2O): C 72.19%, H 7.46%, N 12.95%, O 7.40%. Obtenido: 

C 72.21%, H 7.55%, N 12.92%. 

MS (IE): m/z 217.0 (17) [M+1]+, 216.0 (100) [M]+, 187.0 (3), 159.0 (38), 132.0 (19), 

104.0 (23), 84.0 (34), 55 (58). 
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5.4.2. Síntesis de 4-((2,6-dimetilpiperidin-1-ilimino)metil)benzaldehído 
(36{2}). 

 

 

N N
CHO

1a2a

3a 1b
2b3b

4bN NH2 OHC CHO+

30{2} 29 36{2}  

 

 

Se sigue el mismo procedimiento que para 36{1} pero utilizando 3.82 g (28.2 mmol) de 

tereftalaldehído (29) y 2.01 g (14.1 mmol) de amina 30{2} Se purifica por cromatografía de 

columna sobre gel de sílice (hexano/AcOEt 3:1) y se obtienen 2.71 g (11.1 mmol, 78% 

rendimiento) de un aceite amarillo 36{2}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2967, 2935, 2869, 2820, 2728 (t Csp3-H, Csp2-H), 1693 (t C=O), 1604 

(t Csp2-Csp2), 1572 (t C=N), 1539 (t Csp2-Csp2), 1468, 1372 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 9.95 (s, 1H, CHO), 7.81* (d, 3JH,H=8.3 Hz, 2H, 

H-C2b), 7.69* (d, 3JH,H=8.3 Hz, 2H, H-C3b), 7.35 (s, 1H, CH=N), 3.92 (m, 2H, H-C1a), 1.87-1.56 

(m, 6H, H-C2a, H-C3a), 1.15 (d, 3JH,H=6.6 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.5 (CHO), 143.5 (C1b), 134.4 (C4b), 130.0 

(C2b), 129.5 (C=N), 125.3 (C3b), 53.1 (C1a), 30.8 (C2a), 18.3 (CH3), 15.6 (C3a). 

AEO: Calculado (C15H20N2O): C 73.74%, H 8.25%, N 11.47%, O 6.55%. Obtenido: 

C 73.37%, H 8.25%, N 11.41%. 

MS (IE): m/z 245.2 (5) [M+1]+, 244.2 (16) [M]+, 229.2 (100), 89.0 (38), 55.0 (75). 
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5.4.3. Síntesis de 4-((4-metilpiperazin-1-ilimino)metil)benzaldehído (36{3}). 

 

 

N N N
CHO1a2a 1b

2b3b
4b

N N NH2 OHC CHO+

30{3} 29 36{3}  

 

 

Se sigue el mismo procedimiento que para 36{1} pero utilizando 1.14 g (8.4 mmol) de 

tereftalaldehído (29) y 0.50 g (4.2 mmol) de amina 30{3}. Se purifica por cromatografía de 

columna sobre gel de sílice (gradiente de CH2Cl2 a CH2Cl2/MeOH 9:1). Se obtienen 0.80 g 

(3.5 mmol, 82% rendimiento) de un sólido amarillo 36{3}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2941, 2843, 2799, 2728 (t Csp3-H, Csp2-H), 1692 (t C=O), 1605 

(t Csp2-Csp2), 1581 (t C=N), 1551 (t Csp2-Csp2), 1451, 1364 (f Csp3-H). 

1H-RMN (300MHz, CDCl3): δ (ppm) 9.98 (s, 1H, CHO), 7.84 (d, 3JH,H=7.7 Hz, 2H, 

H-C2b), 7.72 (d, 3JH,H=7.7 Hz, 2H, H-C3b), 7.50 (s, 1H, CH=N), 3.30 (t, 3JH,H=5.1 Hz, 4H, 

H-C1a), 2.62 (t, 3JH,H=5.1 Hz, 4H, H-C2a), 2.37 (s, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.6 (CHO), 142.1 (C1b), 135.3 (C4b), 132.6 

(C=N), 130.0 (C2b), 126.1 (C3b), 54.3 (C1a), 50.6 (C2a), 46.0 (CH3). 

MS (IE): m/z 232.1 (2) [M+1]+, 231.1 (12) [M]+, 132.0 (2), 99.0 (100), 98.0 (66), 56.0 

(53). 

HRMS (IE): (C13H17N3O) Calculado: 231.1372. Obtenido: 231.1376.  
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5.5. Síntesis de hidrazono/amino-aminas. 

5.5.1. Síntesis de N-(4-((2,6-dimetilpiperidin-1-ilimino)metil)bencil)-2-
(pirrolidin-1-il)etilamina (37{2,4}). 
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Se disuelven 0.52 g (2.1 mmol) de 36{2} y 0.25 g (2.1 mmol) de amina 31{4} en 30 mL 

de MeOH anhidro. Se añade tamiz molecular de 4 Å y se agita a temperatura de reflujo y bajo 

atmósfera de nitrógeno durante 36 h. Se filtra el tamiz molecular y se adicionan 0.08 g 

(2.1 mmol) de NaBH4. Se deja reaccionar a temperatura ambiente durante 16 h. Se añade agua 

y se extrae con CH2Cl2. La fase orgánica se lava con salmuera y se seca sobre MgSO4 anhidro. 

Se elimina el disolvente a presión reducida y se obtienen 0.61 g (1.8 mmol, 85%) de un aceite 

amarillo 37{2,4}.  

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3311 (t N-N), 2962, 2931, 2872, 2794 (t Csp3-H), 1624 (t Csp2-Csp2), 

1584 (t C=N), 1556 (t Csp2-Csp2), 1459, 1447, 1369 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 8.07 (s, 1H, CH=N), 7.64 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.34 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.83 (s, 2H, H-Cα), 3.06 (m, 2H, H-C1c), 2.77 (t, 
3JH,H=6.0 Hz, 2H, H-C1), 2.63 (t, 3JH,H=6.0 Hz, 2H, H-C2), 2.50 (m, 4H, H-C1a), 2.34 (sa, 1H, 

deuterable, NH), 1.77 (m, 8H, H-C2a, H-C2c), 1.50 (m, 2H, H-C3c), 1.00 (d, 3JH,H=6.3 Hz, 6H, 

CH3). 

MS (IE): m/z 342.3 (0.5) [M]+, 84.0 (100). 

HRMS (IE): (C21H34N4) Calculado: 342.2783. Obtenido: 342.2786. 
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5.5.2. Síntesis de N-(4-((2,6-dimetilpiperidin-1-ilimino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (37{2,6}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.49 g (2.0 mmol) de 

36{2}, 0.26 g (2.0 mmol) de amina 31{6} y 0.08 g (2.0 mmol) de NaBH4. Se obtienen 0.70 g 

(2.0 mmol, rendimiento cuantitativo) de un aceite amarillo 35{2,6}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3284 (t N-H), 3106 (t Csp2-H), 2961, 2931, 2867, 2856, 2824 

(t Csp3-H, Csp2-H), 1624 (t Csp2-Csp2), 1582 (t C=N), 1552(t Csp2-Csp2), 1508 (t esqueleto 

heteroaromático), 1449, 1369 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 8.04 (s, 1H, CH=N), 7.65 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.46 (s, 1H, H-C1a), 7.31 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 7.04 (s, 1H, H-C2a), 6.89 (s, 

1H, H-C3a), 4.05 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.77 (s, 2H, H-Cα), 3.10 (m, 2H, H-C1c), 2.61 (t, 
3JH,H=6.9 Hz, 2H, H-C1), 1.93 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.85 (sa, 1H, deuterable, NH), 

1.77 (m, 4H, H-C2c), 1.51 (m, 2H, H-C3c), 1.00 (d, 3JH,H=6.6 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 151.7 (C=N), 141.4 (C1b), 137.0 (C1a), 134.0 

(C4b), 129.2 (C3a), 128.2* (C3b), 127.3* (C2b), 118.7 (C2a), 57.2 (C1c), 53.7 (Cα), 45.7 (C3), 

44.7 (C1), 32.8 (C2c), 31.4 (C2), 21.2 (C3c), 20.5 (CH3). 

MS (IE): m/z 354.2 (5) [M+H]+, 243.1 (35), 242.1 (31), 241.0 (30), 215.0 (47), 112.1 

(100), 81.0 (39), 55.0 (66). 

HRMS (IE): (C21H32N5) [M+H]+ Calculado: 354.2658. Obtenido: 354.2666. 
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5.5.3. Síntesis de N-(4-((2,6-dimetilpiperidin-1-ilimino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (37{2,8}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.52 g (2.1 mmol) de 

36{2}, 0.35 g (2.1 mmol) de amina 31{8} y 0.08 g (2.1 mmol) de NaBH4. Se obtienen 0.77 g 

(2.0 mmol, 93% rendimiento) de un aceite amarillo 37{2,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3281 (t N-H), 2961, 2930, 2855, 2808 (t Csp3-H), 1625 (t Csp2-Csp2), 

1584 (t C=N), 1554(t Csp2-Csp2), 1449, 1370 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 8.06 (s, 1H, CH=N), 7.64 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.34 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.81 (s, 2H, H-Cα), 3.08 (m, 2H, H-C1c), 2.88 (m, 

1H, Heq-C5a), 2.76 (m, 1H, Heq-C3), 2.65 (t, 3JH,H=6.8 Hz, 4H, H-C1), 2.35 (sa, 1H, deuterable, 

NH), 2.34 (m, 1H, Hax-C3), 2.25 (m, 1H, H-C1a), 2.10 (m, 1H, Hax-C5a), 1.79-1.32 (sc, 12H, 

H-C2, Heq-C2a, Heq-C3a, H-C4a, H-C2c, H-C3c), 1.27 (m, 2H, Hax-C2a, Hax-C3a), 1.06 (d, 
3JH,H=6.3 Hz, 3H, H-C6a), 1.00 (d, 3JH,H=6.3 Hz, 6H, H-C4c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 152.3 (C=N), 141.6 (C4b), 133.8 (C1b), 128.2 

(C3b), 127.2 (C2b), 57.3 (C1c), 56.0 (C1a), 53.7 (Cα), 52.3 (C3), 52.0 (C5a), 48.3 (C1), 34.6* 

(C2a), 32.9 (C2c), 26.1 (C4a), 25.6 (C2), 23.9* (C3a), 21.4 (C3c), 20.6 (C4c), 19.0 (C6a). 

MS (IE): m/z 385.4 (1) [M+1]+, 384.4 (5) [M]+, 244.2 (9), 229.2 (17), 126.2 (17), 112.2 

(100), 98.1 (25). 

HRMS (IE): (C24H40N4) Calculado: 384.3253. Obtenido: 384.3250. 
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5.5.4. Síntesis de N-(4-((2,6-dimetilpiperidin-1-ilimino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (37{2,9}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.47 g (1.9 mmol) de 

36{2}, 0.31 g (1.9 mmol) de amina 31{9} y 0.07 g (1.9 mmol) de NaBH4. Se obtienen 0.72 g 

(1.9 mmol, 97% rendimiento) de un aceite amarillo 37{2,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3286 (t N-H), 2932, 2872, 2837, 2794 (t Csp3-H), 1625 (t Csp2-Csp2), 

1584 (t C=N), 1554 (t Csp2-Csp2), 1458, 1370 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 8.05 (s, 1H, CH=N), 7.65* (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.34* (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.81 (s, 2H, H-Cα), 3.08 (m, 2H, H-C1c), 2.69 (t, 
3JH,H=6.9 Hz, 2H, H-C1), 2.44 (sa, 8H, H-C1a, H-C2a), 2.41 (t, 3JH,H=6.9 Hz, 2H, H-C3), 2.30 

(sa, 1H, deuterable, NH), 2.27 (s, 3H, H-C3a), 1.81-1.68 (m, 6H, H-C2c, H-C2), 1.51 (m, 2H, 

H-C3c), 1.00 (d, 3JH,H=6.3 Hz, 6H, H-C4c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 152.1 (C=N), 141.3 (C1b), 133.8 (C4b), 128.2* 

(C3b), 127.3* (C2b), 57.2 (C1c), 57.0 (Cα), 55.1 (C2a), 53.6 (C3), 53.2 (C1a), 48.1 (C1), 46.0 

(C3a), 32.9 (C2c), 26.7 (C2), 21.4 (C3c), 20.6 (C4c). 

MS (IE): m/z 386.3 (1) [M+H]+, 385.3 (1) [M]+, 273.2 (43), 229.1 (77), 113.0 (100), 70.0 

(80). 

HRMS (IE): (C23H39N5) Calculado: 385.3205. Obtenido: 385.3211. 
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5.5.5. Síntesis de N-(4-((2,6-dimetilpiperidin-1-ilimino)metil)bencil)-3-
morfolinopropan-1-amina (37{2,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.46 g (1.9 mmol) de 

36{2}, 0.27 g (1.9 mmol) de amina 31{11} y 0.07 g (1.9 mmol) de NaBH4. Se obtienen 0.63 g 

(1.7 mmol, 91% rendimiento) de un aceite amarillo 37{2,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3293 (t N-H), 2930, 2854, 2808 (t Csp3-H), 1625 (t Csp2-Csp2), 1584 

(t C=N), 1554 (t Csp2-Csp2), 1456, 1369 (f Csp3-H), 1118 (t as C-O-C), 863 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 8.06 (s, 1H, CH=N), 7.65 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.33 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.81 (s, 2H, H-Cα), 3.70 (t, 3JH,H=4.7 Hz, 4H, 

H-C2a), 3.08 (m, 2H, H-C1c), 2.69 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.45-2.38 (m, 6H, H-C3, H-C1a), 

2.06 (sa, 1H, deuterable, NH), 1.81-1.66 (m, 6H, H-C2c, H-C2), 1.51 (m, 2H, H-C3c), 1.00 (d, 
3JH,H=6.3 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 152.2 (C=N), 141.6 (C1b), 133.8 (C4b), 128.1 

(C3b), 127.3 (C2b), 66.9 (C2a), 57.4 (Cα), 57.3 (C1c), 53.8 (C1a), 53.7 (C3), 47.9 (C1), 32.9 

(C2c), 26.6 (C2), 21.4 (C3c), 20.6 (CH3). 

MS (IE): m/z 372.2 (2) [M]+, 244.2 (24), 143.1 (8), 100.0 (100), 56.0 (26), 55.0 (24). 

HRMS (IE): (C22H36N4O) Calculado: 372.2889. Obtenido: 372.2895. 
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5.5.6. Síntesis de N-(4-((4-metilpiperazin-1-ilimino)metil)bencil)-2-
(pirrolidin-1-il)etanamina (37{3,4}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.32 g (1.4 mmol) de 

36{3}, 1.16 g (1.4 mmol) de amina 31{4} y 0.053 g (1.4 mmol) de NaBH4. Se obtienen 0.42 g 

(1.3 mmol, 92% rendimiento) de un aceite amarillo 37{3,4}. 

 

Datos espectroscópicos: 

IR (film evaporado CHCl3): ν(cm-1) 3309 (t N-H), 2935, 2875, 2795 (t Csp3-H), 1592 

(t C=N), 1452 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 2H, 3JH,H=8.0 Hz, H-C3b), 7.55 (s, 1H, 

CH=N), 7.29 (d, 2H, 3JH,H=8.0 Hz, H-C2b), 3.80 (s, 2H, H-Cα), 3.21 (t, 4H, 3JH,H=5.0 Hz, H-C1c), 

2.73 (t, 2H, 3JH,H=6.0 Hz, H-C1), 2.61 (m, 6H, H-C2, H-C2c), 2.48 (m, 4H, H-C1a), 2.36 (s, 3H, 

CH3), 1.87 (s, 1H, deuterable, NH), 1.75 (m, 4H, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.4 (C1b), 135.8 (C=N), 134.8 (C4b), 128.2* 

(C3b), 126.0* (C2b), 55.9 (Cα), 54.5 (C1c), 54.2 (C1a), 53.8 (C2), 51.1 (C2c), 47.8 (C1), 46.0 

(CH3), 23.5 (C2a). 

AEO: Calculado (C19H31N5): C 69.26%, H 9.48%, N 21.26%. Obtenido: C 69.14%, 

H 9.67%, N 20.99%. 

MS (IE): m/z 330.4 (4) [M+1]+, 329.3 (12) [M]+, 245.2 (6), 244.2 (30), 216.2 (29), 99.1 

(57), 98.1 (59), 84.0 (100), 70.1 (18), 56.1 (35). 
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5.5.7. Síntesis de N-(4-((2-(pirrolidin-1-il)etilamino)metil)bencil)-3-
(pirrolidin-1-il)propan-1-amina (32{4,5}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.81 g (3.5 mmol) de 

35{4}, 0.46 g (3.5 mmol) de amina 31{5} y 0.13 g (3.5 mmol) de NaBH4. Se obtienen 1.11 g 

(3.2 mmol, 92% rendimiento) de un aceite amarillento 32{4,5}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3281 (t N-H), 2961, 2930, 2874, 2790 (t Csp3-H), 1458, 1445 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79 (s, 2H, H-Cα’), 3.77 (s, 2H, 

H-Cα), 2.73 (m, 4H, H-C1, H-C1’), 2.61 (t, 3JH,H=6.0 Hz, 2H, H-C2’), 2.49 (m, 10H, H-C3, H-C1a, 

H-C1c), 2.14 (sa, 2H, deuterable, NH), 1.79-1.71 (m, 10H, H-C2, H-C2a, H-C2c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C4b), 138.8* (C1b), 128.1** (C3b), 

128.0** (C2b), 55.9 (Cα’), 54.7 (Cα), 54.2 (C1a, C1c), 53.8*** (C2’), 53.7*** (C3), 48.0 (C1, 

C1’), 29.2 (C2), 23.5 (C2a, C2c). 

MS (IE): m/z 345.3 (0.3) [M+H]+, 260.2 (2), 84.1 (100). 

HRMS (IE): (C21H37N4) [M+H]+ Calculado: 345.3018. Obtenido: 345.3022. 
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5.5.8. Síntesis de N-(4-((2-(pirrolidin-1-il)etilamino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (32{4,6}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.89 g (3.7 mmol) de 

35{6}, 0.43 g (3.7 mmol) de amina 31{4} y 0.14 g (3.7 mmol) de NaBH4. Se obtienen 1.14 g 

(3.3 mmol, 91% rendimiento) de un aceite amarillo 32{4,6}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3279 (t N-H), 3104 (t Csp2-H), 2929, 2875, 2799 (t C-sp3-H), 1508 

(t esqueleto heteroaromático), 1458, 1446 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.44 (s, 1H, H-C1a), 7.27 (s, 4H, Ph), 7.03 (s, 1H, 

H-C2a), 6.88 (s, 1H, H-C3a), 4.04 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.79* (s, 2H, H-Cα), 3.73* (s, 2H, 

H-Cα’), 2.74 (t, 3JH,H=5.9 Hz, 2H, H-C1’), 2.61 (m, 4H, H-C1, H-C2’), 2.48 (m, 4H, H-C1c), 2.18 

(sa, 2H, deuterable, NH), 1.92 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.76 (quint, 3JH,H=3.3 Hz, 4H, 

H-C2c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.1* (C1b), 138.6* (C4b), 137.0 (C1a), 129.2 

(C3a), 128.2** (C2b), 128.0** (C3b), 118.7 (C2a), 55.9 (Cα’), 54.2 (C1c), 53.8*** (C2’), 53.7*** 

(Cα), 47.9 (C1’), 45.6 (C3), 44.7 (C1), 31.4 (C2), 23.5 (C2c). 

MS (IE): m/z 342.2 (4) [M+H]+, 257.2 (100), 84.0 (64). 

HRMS (IE): (C20H32N5) [M+H]+ Calculado: 342.2658. Obtenido: 342.2666. 
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5.5.9. Síntesis de N-(4-((2-(pirrolidin-1-il)etilamino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (32{4,9}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.91 g (3.3 mmol) de 

35{9}, 0.39 g (3.3 mmol) de amina 31{4} y 0.13 g (3.3 mmol) de NaBH4. Se obtienen 0.96 g 

(2.6 mmol, 77% rendimiento) de un aceite amarillo 32{4,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3288 (t N-H), 2934, 2875, 2793 (t Csp3-H), 1458, 1447, 1372, 1354 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79* (s, 2H, H-Cα), 3.76* (s, 2H, 

H-Cα’), 2.74 (t, 3JH,H=6.5 Hz, 2H, H-C1’), 2.67 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.61 (t, 3JH,H=6.5 Hz, 

2H, H-C2’), 2.50-2.38 (m, 14H, H-C3, H-C1a, H-C2a, H-C1c), 2.27 (s, 3H, CH3), 2.11 (sa, 2H, 

deuterable, NH), 1.77-1.66 (m, 6H, H-C2, H-C2c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.8* (C4b), 128.1** (C2b), 

128.0** (C3b), 57.0 (Cα), 55.9 (Cα’), 55.1 (C2a), 54.2 (C1c), 53.8*** (C2’), 53.7*** (C3), 53.2 

(C1a), 48.1 (C1), 47.9 (C1’), 46.0 (CH3), 27.0 (C2), 23.5 (C2c). 

MS (IE): m/z 374.3 (0.4) [M+H]+, 303.2 (1), 289.2 (2), 113.1 (7), 84.0 (100). 

HRMS (IE): (C22H40N5) [M+H]+ Calculado: 374.3284. Obtenido: 374.3276. 
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5.5.10. Síntesis de N-(4-((2-(pirrolidin-1-il)etilamino)metil)bencil)-3-
morfolinopropan-1-amina (32{4,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.84 g (3.2 mmol) de 

35{11}, 0.37 g (3.2 mmol) de amina 31{4} y 0.12 g (3.2 mmol) de NaBH4. Se obtienen 1.05 g 

(2.9 mmol, 91% rendimiento) de un aceite amarillo 32{4,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3305 (t N-H), 2953, 2932, 2872, 2852, 2802 (t Csp3-H), 1457, 1446 

(f Csp3-H), 1118 (t as C-O-C), 862 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79* (s, 2H, H-Cα), 3.77 (s, 2H, 

H-Cα’), 3.69 (t, 3JH,H=4.7 Hz, 4H, H-C2a), 2.74 (t, 3JH,H=5.9 Hz, 2H, H-C1’), 2.68 (t, 3JH,H=6.9 Hz, 

2H, H-C1), 2.61 (t, 3JH,H=5.9 Hz, 2H, H-C2’), 2.50-2.37 (m, 10H, H-C3, H-C1a, H-C1c), 2.04 (sa, 

2H, deuterable, NH), 1.80-1.68 (m, 6H, H-C2, H-C2c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.7* (C4b), 128.1** (C2b), 

128.0** (C3b), 67.0 (C2a), 57.4 (Cα), 55.9 (Cα’), 54.2 (C1c), 53.8 (C1a, C3), 53.7 (C2’), 48.0*** 

(C1’), 47.9*** (C1), 26.7 (C2), 23.5 (C2c). 

MS (IE): m/z 361.2 (0.5) [M+H]+, 276.2 (2), 216.2 (15), 100.0 (13), 84.0 (100). 

HRMS (IE): (C21H37N4O) [M+H]+ Calculado: 361.2967. Obtenido: 361.2965. 
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5.5.11. Síntesis de N-(4-((3-(1H-imidazol-1-il)propilamino)metil)bencil)-3-
(pirrolidin-1-il)propan-1-amina (32{5,6}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.91 g (3.7 mmol) de 

35{6}, 0.49 g (3.7 mmol) de amina 31{5} y 0.14 g (3.7 mmol) de NaBH4. Se obtienen 1.33 g 

(3.7 mmol, rendimiento cuantitativo) de un aceite amarillento 32{5,6}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3281 (t N-H), 3104 (t Csp2-H), 2931, 2875, 2794 (t Csp3-H), 1508 

(t esqueleto heteroaromático), 1458 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.43 (s, 1H, H-C1c), 7.27 (s, 4H, Ph), 7.03 (s, 1H, 

H-C2c), 6.88 (s, 1H, H-C3c), 4.04 (t, 3JH,H=6.9 Hz, 2H, H-C3’), 3.78* (s, 2H, H-Cα), 3.74* (s, 2H, 

H-Cα’), 2.70 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.60 (t, 3JH,H=6.6 Hz, 2H, H-C1’), 2.50 (m, 6H, H-C3, 

H-C1a), 2.05 (sa, 2H, deuterable, NH), 1.92 (quint, 3JH,H=6.6 Hz, 2H, H-C2’), 1.79-1.10 (m, 6H, 

H-C2, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.1* (C1b), 138.6* (C4b), 137.0 (C1c), 129.2 

(C3c), 128.1** (C2b), 128.0** (C3b), 118.7 (C2c), 54.7 (Cα), 54.2 (C1a), 53.7 (Cα’, C3), 48.0 

(C1), 45.6 (C3’), 44.7 (C1’), 31.4 (C2’), 29.2 (C2), 23.4 (C2a). 

MS (IE): m/z 356.4 (1) [M+H]+, 355.5 (0.3) [M]+, 84.2 (100). 

HRMS (IE): (C21H33N5) Calculado: 355.2736. Obtenido: 355.2740. 
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5.5.12. Síntesis de N-(4-((2-(piperidin-1-il)etilamino)metil)bencil)-3-
(pirrolidin-1-il)propan-1-amina (32{5,7}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.85 g (3.5 mmol) de 

35{7}, 0.46 g (3.5 mmol) de amina 31{5} y 0.13 g (3.5 mmol) de NaBH4. Se obtienen 1.13 g 

(3.2 mmol, 92% rendimiento) de un aceite amarillento 32{5,7}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3298 (t N-H), 2933, 2876, 2851, 2792 (t Csp3-H), 1454, 1443 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph),3.78* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 2.69 (t, 3JH,H=6.3 Hz, H-C1, 4H, H-C1’), 2.52 (m, 6H, H-C3, H-C1a), 2.44 (t, 
3JH,H=6.3 Hz, 2H, H-C2’), 2.33 (sa, 4H, H-C1c), 2.08 (sa, 2H, deuterable, NH), 1.79-1.70 (m, 6H, 

H-C2, H-C2a), 1.55 (m, 4H, H-C2c), 1.42 (m, 2H, H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.7* (C4b), 128.0 (C2b, C3b), 

58.5 (Cα’), 54.7 (Cα, C1c), 54.2 (C1a), 53.7** (C3), 53.6** (C2’), 48.0 (C1), 45.9 (C1’), 29.2 

(C2), 26.0 (C2c), 24.5 (C3c), 23.4 (C2a). 

MS (IE): m/z 359.3 (1) [M+H]+, 260.2 (2), 231.2 (2), 98.2 (100), 84.1 (29). 

HRMS (IE): (C22H39N4) [M+H]+ Calculado: 359.3175. Obtenido: 359.3175. 
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5.5.13. Síntesis de N-(4-((3-(pirrolidin-1-il)propilamino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (32{5,8}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.96 g (3.9 mmol) de 

35{5}, 0.63 g (3.9 mmol) de amina 31{8} y 0.15 g (3.9 mmol) de NaBH4. Se obtienen 1.24 g 

(3.2 mmol, 83% rendimiento) de un aceite amarillento 32{5,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3281 (t N-H), 2930, 2874, 2855, 2790 (t Csp3-H), 1448, 1372 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.77* (s, 2H, H-Cα), 3.76* (s, 2H, 

H-Cα’), 2.86 (m, 1H, Heq-C5a), 2.68 (m, 5H, Heq-C3, H-C1, H-C1’), 2.49 (m, 6H, H-C3’, H-C1c), 

2.36 (m, 1H, Hax-C3), 2.26 (m, 1H, H-C1a), 2.11 (m, 1H, Hax-C5a), 2.02 (sa, 2H, deuterable, 

NH), 1.79-1.58 (m, 12H, H-C2, Heq-C2a, Heq-C3a, H-C4a, H-C2’, H-C2c), 1.27 (m, 2H, Hax-C2a, 

Hax-C3a), 1.05 (d, 3JH,H=6.3 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.8* (C4b), 128.1** (C2b), 

128.0** (C3b), 56.0 (C1a), 54.8 (Cα’), 54.3 (C1c), 53.8** (Cα), 53.7** (C3’), 52.3 (C3), 52.1 

(C5a), 48.3*** (C1), 48.0*** (C1’), 34.7**** (C2a), 29.3 (C2’), 26.2 (C4a), 25.8 (C2), 24.0**** 

(C3a), 23.5 (C2c), 19.1 (CH3). 

MS (IE): m/z 387.3 (8) [M+H]+, 386.3 (6) [M]+, 288.2 (12), 260.2 (50), 259.2 (21), 258.2 

(87), 231.2 (13), 230.2 (58), 161.1 (35), 126.1 (38), 112.1 (100). 

HRMS (IE): (C24H42N4) Calculado: 386.3409. Obtenido: 386.3412. 
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5.5.14. Síntesis de N-(4-((3-(4-metilpiperazin-1-il)propilamino)metil)bencil)-
3-(pirrolidin-1-il)propan-1-amina (32{5,9}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.93 g (3.4 mmol) de 

35{9}, 0.45 g (3.4 mmol) de amina 31{5} y 0.13 g (3.4 mmol) de NaBH4. Se obtienen 1.25 g 

(3.2 mmol, 95% rendimiento) de un aceite amarillento 32{5,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3284 (t N-H), 2935, 2875, 2792 (t Csp3-H), 1458, 1372, 1353 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.77* (s, 2H, H-Cα), 3.76* (s, 2H, 

H-Cα’), 2.68 (m, 4H, H-C1, H-C1’), 2.53-2.38 (m, 16H, H-C3, H-C3’, H-C1a, H-C1c, H-C2c), 

2.27 (s, 3H, CH3), 1.91 (sa, 2H, deuterable, NH), 1.79-1.68 (m, 8H, H-C2, H-C2’, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9 (C1b, C4b), 128.0 (C2b, C3b), 56.9 (Cα’), 

55.1 (C2c), 54.7 (Cα), 54.2 (C1a), 53.7 (C3, C3’), 53.2 (C1c), 48.1* (C1), 48.0* (C1’), 46.0 

(CH3), 29.3 (C2), 27.0 (C2’), 23.5 (C2a). 

MS (IE): m/z 387.4 (1) [M]+, 315.2 (95), 303.3 (47), 289.3 (7), 272.3 (2), 260.2 (42), 

259.2 (100), 231.3 (18), 230.2 (83), 113.1 (24), 84.1 (12). 

HRMS (IE): (C23H41N5) Calculado: 387.3362. Obtenido: 387.3347. 
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5.5.15. Síntesis de N-(4-((2-morfolinoetilamino)metil)bencil)-3-(pirrolidin-1-
il)propan-1-amina (32{5,10}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.96 g (3.9 mmol) de 

35{5}, 0.51 g (3.9 mmol) de amina 31{10} y 0.15 g (3.9 mmol) de NaBH4. Se obtienen 1.27 g 

(3.5 mmol, 90% rendimiento) de un aceite amarillento 32{5,10}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3304 (t N-H), 2935, 2872, 2852, 2800 (t Csp3-H), 1454 (f Csp3-H), 

1118 (t as C-O-C), 868 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.28 (s, 4H, Ph), 3.79 (s, 4H, H-Cα, H-Cα’), 3.69 (t, 
3JH,H=4.5 Hz, 4H,H-C2c), 2.71 (m, 4H, H-C1, H-C1’), 2.51 (m, 8H, H-C3, H-C1a, H-C2’), 2.40 (t, 
3JH,H=4.5 Hz, 4H, H-C1c), 2.18 (sa, 2H, deuterable, NH), 1.78 (m, 6H, H-C2, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.6* (C4b), 128.1 (C2b, C3b), 

67.0 (C2c), 58.2 (Cα’), 54.8 (Cα), 54.2 (C1a), 53.7 (C2’, C1c), 53.6 (C3), 48.0 (C1), 45.3 (C1’), 

28.9 (C2), 23.5 (C2a). 

MS (IE): m/z 361.3 (3) [M+H]+, 360.3 (4) [M]+, 260.3 (89), 232.2 (79), 231.2 (22), 230.2 

(100), 100.0 (54). 

HRMS (IE): (C21H36N4O) Calculado: 360.2889. Obtenido: 360.2879. 
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5.5.16. Síntesis de N-(4-((3-(pirrolidin-1-il)propilamino)metil)bencil)-3-
morfolinopropan-1-amina (32{5,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.94 g (3.8 mmol) de 

35{5}, 0.55 g (3.8 mmol) de amina 31{11} y 0.15 g (3.8 mmol) de NaBH4. Se obtienen 1.33 g 

(3.5 mmol, 93% rendimiento) de un aceite amarillo 32{5,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3288 (t N-H), 2935, 2872, 2853, 2802 (t Csp3-H), 1457, 1447 

(f Csp3-H), 1118 (t as C-O-C), 862 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.78* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 3.69 (t, 3JH,H=4.8 Hz, 4H, H-C2a),  2.70 (m, 4H, H-C1, H-C1’), 2.51 (m, 6H, H-C3’, 

H-C1c), 2.41 (m, 6H, H-C3, H-C1a), 2.04 (sa, 2H, deuterable, NH), 1.73 (m, 8H, H-C2, H-C2’, 

H-C2c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9 (C1b, C4b), 128.0 (C2b, C3b), 67.0 (C2a), 

57.4 (Cα), 54.8 (Cα’), 54.3 (C1c), 53.8* (C1a, C3), 53.7* (C3’), 48.1** (C1), 48.0** (C1’), 29.3 

(C2’), 26.8 (C2), 23.5 (C2c). 

MS (IE): m/z 374.3 (18) [M]+, 246.2 (83), 231.2 (34), 230.2 (100), 186.2 (57), 185.2 (74), 

184.2 (36), 100.1 (93). 

HRMS (IE): (C22H38N4O) [M]+ Calculado: 374.3046. Obtenido: 374.3049. 



Parte experimental 

286 

5.5.17. Síntesis de N-(4-((2-(piperidin-1-il)etilamino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (32{6,7}). 

 

 

H
N

N
HN

N N

1

2

3

1a
2a

3a α

1b

2b

α'

4b

1'

2' 1c
2c

3b

3c

H2N
N

CHO
H
NN

N
+

2) NaBH4

35{6} 31{7} 32{6,7}

 

 

 

Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.90 g (3.7 mmol) de 

35{6}, 0.48 g (3.7 mmol) de amina 31{7} y 0.14 g (3.7 mmol) de NaBH4. Se obtienen 1.23 g 

(3.5 mmol, 94% rendimiento) de un aceite amarillo 32{6,7}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3279 (t N-H), 2935, 2850, 2793 (t Csp3-H), 1508 (t esqueleto 

heteroaromático), 1446 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.43 (s, 1H, H-C1a), 7.28 (m, 4H, Ph), 7.03 (s, 1H, 

H-C2a), 6.89 (s, 1H, H-C3a), 4.04 (t, 3JH,H=6.8 Hz, 2H, H-C3), 3.81* (s, 2H, H-Cα), 3.74* (s, 2H, 

H-Cα’), 2.73 (t, 3JH,H=5.9 Hz, 2H, H-C1’), 2.60 (t, 3JH,H=6.8 Hz, 2H, H-C1), 2.48 (t, 3JH,H=5.9 Hz, 

2H, H-C2’), 2.46 (sa, 2H, deuterable, NH), 2.37 (m, 4H, H-C1c), 1.92 (quint, 3JH,H=6.8 Hz, 2H, 

H-C2), 1.56 (m, 4H, H-C2c), 1.43 (m, 2H, H-C3c). 

13C-RMN (75.5 MHz, DMSO-d6): δ (ppm) 137.0 (C1a, C1b, C4b), 128.6* (C2b), 128.3* 

(C3b), 128.1 (C3a), 119.1 (C2a), 55.8* (Cα), 53.7 (C1c), 51.8* (Cα’), 51.3* (C2’), 44.8 (C3), 

43.9 (C1’), 43.7 (C1), 29.9 (C2), 25.0 (C2c), 23.6 (C3c). 

MS (IE): m/z 356.2 (0.05) [M+1]+, 256.9 (50), 98.0 (100), 81.0 (4). 

HRMS (ESI): (C21H34N5) Calculado: 356.2809. Obtenido: 356.2823. 
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5.5.18. Síntesis de N-(4-((3-(1H-imidazol-1-il)propilamino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (32{6,8}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.88 g (3.6 mmol) de 

35{6}, 0.59 g (3.6 mmol) de amina 31{8} y 0.14 g (3.6 mmol) de NaBH4. Se obtienen 1.20 g 

(3.1 mmol, 86% rendimiento) de un aceite amarillo 32{6,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3277 (t N-H), 3104 (t Csp2-H), 2929, 2853, 2802 (t Csp3-H), 1508 

(t esqueleto heteroaromático), 1450, 1373 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.44 (s, 1H, H-C1c), 7.27 (s, 4H, Ph), 7.03 (s, 1H, 

H-C2c), 6.89 (s, 1H, H-C3c), 4.04 (t, 3JH,H=6.9 Hz, 2H, H-C3’), 3.77* (s, 2H, H-Cα), 3.74*(s, 2H, 

H-Cα’), 2.87 (m, 1H, Heq-C5a), 2.74 (m, 1H, Heq-C3), 2.65 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.60 (t, 
3JH,H=6.9 Hz, 2H, H-C1’), 2.37 (m, 1H, Hax-C3), 2.27 (m, 1H, H-C1a), 2.12 (m, 1H, Hax-C5a), 

2.09 (sa, 2H, deuterable, NH), 1.92 (quint, 3JH,H=6.9 Hz, 2H, H-C2’), 1.72-1.53 (m, 6H, H-C2, 

Heq-C2a, Heq-C3a, H-C4a), 1.29 (m, 2H, Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.3 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.7* (C4b), 137.1 (C1c), 129.2 

(C3c), 128.2** (C2b), 128.0** (C3b), 118.7 (C2c), 56.0 (C1a), 53.7 (Cα, Cα’), 52.3 (C3), 52.0 

(C5a), 48.3 (C1), 45.7 (C3’), 44.7 (C1’), 34.6*** (C2a), 31.4 (C2’), 26.1 (C4a), 25.7 (C2), 23.9*** 

(C3a), 19.1 (CH3). 

MS (IE): m/z 383.3 (0.7) [M]+, 243.1 (8), 229.1 (11), 155.2 (14), 124.2 (11), 112.2 (100). 

HRMS (IE): (C23H37N5) Calculado: 383.3049. Obtenido: 383.3048. 
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5.5.19. Síntesis de N-(4-((3-(4-metilpiperazin-1-il)propilamino)metil)bencil)-
3-(1H-imidazol-1-il)propan-1-amina (32{6,9}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.76 g (2.8 mmol) de 

35{9}, 0.35 g (2.8 mmol) de amina 31{6} y 0.11 g (2.8 mmol) de NaBH4. Se obtienen 0.36 g 

(0.9 mmol, 34% rendimiento) de un aceite amarillo 32{6,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3278 (t N-H), 3102 (t Csp2-H), 2934, 2875, 2795 (t Csp3-H), 1508 

(t esqueleto heteroaromático), 1458, 1372, 1356 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.43 (s, 1H, H-C1a), 7.27 (s, 4H, Ph), 7.03 (s, 1H, 

H-C2a), 6.88 (s, 1H, H-C3a), 4.04 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.77* (s, 2H, H-Cα), 3.74* (s, 2H, 

H-Cα’), 2.68 (t, 3JH,H=7.2 Hz, 2H, H-C1’), 2.61 (t, 3JH,H=6.6 Hz, 2H, H-C1), 2.43 (sa, 8H, H-C1c, 

H-C2c), 2.41 (t, 3JH,H=7.2 Hz, 2H,  H-C3’), 2.27 (s, 3H, CH3), 1.93 (sa, 2H, deuterable, NH), 1.92 

(quint, 3JH,H=6.6 Hz, 2H, H-C2), 1.71 (quint, 3JH,H=7.2 Hz, 2H, H-C2’). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.7* (C4b), 137.1 (C1a), 129.2 

(C3a), 128.1** (C2b), 128.0** (C3b), 118.7 (C2a), 56.9 (Cα’), 55.1 (C2c), 53.7 (Cα, C3’), 53.2 

(C1c), 48.1 (C1’), 46.0 (CH3), 45.7 (C3), 44.7 (C1), 31.4 (C2), 26.9 (C2’). 

MS (IE): m/z 385.3 (2) [M+H]+, 271.2 (15), 257.1 (24), 113.1 (76), 70.0 (100). 

HRMS (IE): (C22H36N6) Calculado: 384.3001. Obtenido: 384.3004. 
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5.5.20. Síntesis de N-(4-((2-morfolinoetilamino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (32{6,10}). 

 

 

H
N

N
HN

N N
O

1

2

3

1a
2a

3a α

1b

2b
3b
4b

α' 1'

2' 1c
2c

H2N
N

OCHO
H
NN

N
+

2) NaBH4

35{6} 31{10} 32{6,10}  

 

 

Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.79 g (3.2 mmol) de 

35{6}, 0.43 g (3.2 mmol) de amina 31{10} y 0.12 g (3.2 mmol) de NaBH4. Se obtienen 1.11 g 

(3.1 mmol, 96% rendimiento) de un aceite amarillento 32{6,10}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3299 (t N-H), 3105 (t Csp2-H), 2934, 2890, 2851, 2811 (t Csp3-H), 

1508 (t esqueleto heteroaromático), 1454 (f Csp3-H), 1117 (t as C-O-C), 854 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.43 (s, 1H, H-C1a), 7.28 (s, 4H, Ph), 7.03 (s, 1H, 

H-C2a), 6.88 (s, 1H, H-C3a), 4.05 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.79* (s, 2H, H-Cα), 3.74* (s, 2H, 

H-Cα’), 3.69 (t, 3JH,H=4.7 Hz, 4H, H-C2c), 2.71 (t, 3JH,H=6.0 Hz, 2H, H-C1’), 2.60 (t, 3JH,H=6.9 Hz, 

2H, H-C1), 2.50 (t, 3JH,H=6.0 Hz, 2H, H-C2’), 2.41 (t, 3JH,H=4.7 Hz, 4H, H-C1c), 1.95 (sa, 2H, 

deuterable, NH), 1.93 (quint, 3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.7* (C4b), 137.0 (C1a), 129.2 

(C3a), 128.1** (C2b), 128.0** (C3b), 118.7 (C2a), 67.0 (C2c), 58.2 (Cα’), 53.7 (Cα, C2’, C1c), 

45.6 (C3), 45.3 (C1’), 44.6 (C1), 31.2 (C2). 

MS (IE): m/z 358.2 (1) [M+H]+, 257.0 (30), 100.0 (100), 56.0 (21). 

HRMS (IE): (C20H31N5O) Calculado: 357.2529. Obtenido: 357.2517. 
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5.5.21. Síntesis de N-(4-((3-morfolinopropilamino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (32{6,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 1.15 g (4.4 mmol) de 

35{11}, 0.56 g (4.4 mmol) de amina 31{6} y 0.17 g (4.4 mmol) de NaBH4. Se obtienen 1.36 g 

(3.7 mmol, 85% rendimiento) de un aceite amarillo 32{6,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3282 (t N-H), 3104 (t Csp2-H), 2935, 2852, 2808 (t Csp3-H), 1509 

(t esqueleto heteroaromático), 1456 (f Csp3-H), 1117 (t as C-O-C), 861 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.42 (s, 1H, H-C1a), 7.27 (m, 4H, Ph), 7.03 (s, 1H, 

H-C2a), 6.88 (s, 1H, H-C3a), 4.04 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.79 (s, 2H, H-Cα’), 3.74 (s, 2H, 

H-Cα), 3.69 (t, 3JH,H=4.7 Hz, 4H, H-C2c), 2.71 (t, 3JH,H=6.9 Hz, 2H, H-C1’), 2.60 (t, 3JH,H=6.9 Hz, 

2H, H-C1), 2.42 (m, 6H, H-C3’, H-C1c), 1.92 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.88 (s, 2H, 

deuterable, NH), 1.72 (quint, 3JH,H=6.9 Hz, 2H, H-C2’). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.18* (C4b), 137.0 (C1a), 129.1 

(C3a), 128.2 (C2b, C3b), 118.7 (C2a), 66.9 (C2c), 57.4 (Cα’), 53.7 (C1c), 53.6 (Cα), 53.4 (C3’), 

48.0 (C1’), 45.5 (C3), 44.6 (C1), 31.3 (C2), 26.1 (C2’). 

MS (IE): m/z 372.0 (8) [M+H]+, 114.0 (21), 100.0 (100), 95.0 (8), 81.0 (14), 56.1 (43). 

HRMS (ESI): (C21H34N5O) [M+H]+ Calculado: 372.2758. Obtenido: 372.2772. 
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5.5.22. Síntesis de N-(4-((2-(piperidin-1-il)etilamino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (32{7,8}). 
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Se disuelven 0.66 g (2.7 mmol) de 35{7} y 0.44 g (2.7 mmol) de amina 31{8} en 3 mL 

de MeOH anhidro. Se añade Na2SO4 anhidro y se calienta en el microondas a 100 ºC durante 

2 h. Se filtra y se adicionan 10 mL de MeOH anhidro y 0.10 g (2.7 mmol) de NaBH4. Se deja 

reaccionar a temperatura ambiente durante 4 h. Se añade agua y se extrae con CH2Cl2. La 

fase orgánica se lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina el disolvente a 

presión reducida y se obtienen 0.98 g (2.5 mmol, 95%) de un aceite amarillo 32{7,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3301 (t N-H), 2932, 2852, 2802 (t Csp3-H), 1467, 1443, 1373 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.78* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 2.86 (m, 1H, Heq-C5a), 2.78 (m, 1H, Heq-C3), 2.69 (t, 3JH,H=6.3 Hz, 2H, C1’), 2.63 (t, 
3JH,H=6.9 Hz, 4H, H-C1), 2.44 (t, 3JH,H=6.3 Hz, 2H, C2’), 2.34 (m, 5H, Hax-C3, C1c), 2.25 (m, 1H, 

H-C1a), 2.11 (m, 1H, Hax-C5a), 2.07 (sa, 2H, deuterable, NH), 1.68 (quint, 3JH,H=6.9 Hz, 2H, 

H-C2), 1.55 (m, H, Heq-C2a, Heq-C3a, H-C4a, H-C2c), 1.42 (m, 2H, H-C3c), 1.28 (m, 2H, 

Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.3 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C4b), 138.8* (C1b), 128.0 (C2b, C3b), 

58.6 (Cα’), 55.9 (C1a), 54.7 (C1c), 53.7 (Cα, C2’), 52.3 (C3), 52.1 (C5a), 48.3 (C1), 45.9 (C1’), 

34.7** (C2a), 26.2 (C4a), 26.1 (C2c), 25.7 (C2), 24.5 (C3c), 24.0** (C3a), 19.1 (CH3). 

AEO: Calculado (C24H42N4): C 74.56%, H 10.95%, N 14.49%. Obtenido: C 74.61%, 

H 11.25%, N 14.49%. 

MS (FAB): m/z 387.3 (32) [M+H]+, 386.3 (3) [M]+, 126.1 (13), 112.1 (100). 

HRMS (FAB): (C24H43N4) [M+H]+ Calculado: 387.3488. Obtenido: 387.3492. 
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5.5.23. Síntesis de N-(4-((2-(piperidin-1-il)etilamino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (32{7,9}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.73 g (2.6 mmol) de 

35{9}, 0.34 g (2.6 mmol) de amina 31{7} y 0.10 g (2.6 mmol) de NaBH4. Se obtienen 0.48 g 

(1.2 mmol, 47% rendimiento) de un aceite amarillento 32{7,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3285 (t N-H), 2934, 2878, 2849, 2794 (t Csp3-H), 1457, 1446, 1372, 

1349 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.78* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 2.69 (m, 4H, H-C1’, H-C1), 2.47-2.34 (m, 16H, H-C3, H-C1a, H-C2a, H-C2’, H-C1c), 

2.27 (s, 3H, CH3), 2.22 (sa, 2H, deuterable, NH), 1.72 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.55 (m, 

4H, H-C2c), 1.42 (m, 2H, H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.5* (C4b), 128.1** (C2b), 

128.0** (C3b), 58.5 (Cα’), 57.0 (Cα), 55.1 (C2a), 54.7 (C1c), 53.7*** (C3), 53.6*** (C2’), 53.2 

(C1a), 48.1 (C1), 46.0 (CH3), 45.9 (C1’), 26.8 (C2), 26.0 (C2c), 24.5 (C3c). 

MS (FAB): m/z 388.2 (100) [M+H]+, 387.2 (17) [M]+, 230.1 (22), 132.9 (86), 127.1 (23), 

113.1 (52), 112.1 (61). 

HRMS (FAB): (C21H34N5O) [M+H]+ Calculado: 388.3440. Obtenido: 388.3454. 
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5.5.24. Síntesis de N-(4-((2-(piperidin-1-il)etilamino)metil)bencil)-3-
morfolinopropan-1-amina (32{7,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.89 g (3.4 mmol) de 

35{11}, 0.44 g (3.4 mmol) de amina 31{7} y 0.13 g (3.4 mmol) de NaBH4. Se obtienen 1.24 g 

(3.3 mmol, 98% rendimiento) de un aceite amarillo 32{7,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3304 (t N-H), 2933, 2852, 2806 (t Csp3-H), 1454, 1444 (f Csp3-H), 

1119 (t as C-O-C), 862 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.78* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 3.69 (t, 3JH,H=4.7 Hz, 4H,  H-C2a), 2.69 (m, 4H, H-C1, H-C1’), 2.47-2-34 (m, 12H, H-C3, 

H-C1a, H-C2’, H-C1c), 2.11 (sa, 2H, deuterable, NH), 1.71 (quint, 3JH,H=7.2 Hz, 2H, H-C2), 1.55 

(m, 4H, H-C2c), 1.42 (m, 2H, H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.6* (C4b), 128.1** (C2b), 

128.0** (C3b), 66.9 (C2a), 58.5 (Cα’), 57.4 (Cα), 54.7 (C1c), 53.8 (C1a), 53.7 (C3, C2’), 48.0 

(C1), 45.9 (C1’), 26.6 (C2), 26.0 (C2c), 24.5 (C3c).  

AEO: Calculado (C22H38N4O): C 70.54%, H 10.23%, N 14.96%, O 4.27%. Obtenido: 

C 70.97%, H 10.06%, N 14.98%. 

MS (IE): m/z 373.3 (1) [M-H]+,  98.0 (100). 
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5.5.25. Síntesis de N-(4-((3-(4-metilpiperazin-1-il)propilamino)metil)bencil)-
3-(2-metilpiperidin-1-il)propan-1-amina (32{8,9}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.75 g (2.7 mmol) de 

35{9}, 0.45 g (2.7 mmol) de amina 31{8} y 0.10 g (2.7 mmol) de NaBH4. Se obtienen 0.45 g 

(1.1 mmol, 39% rendimiento) de un aceite amarillo 32{8,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3280 (t N-H), 2931, 2875, 2852, 2793 (t Csp3-H), 1458, 1448, 1372 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.28 (s, 4H, Ph), 3.77 (s, 4H, H-Cα, H-Cα’), 2.88 

(m, 1H, Heq-C5a), 2.75 (m, 1H, Heq-C3), 2.67 (t, 3JH,H=6.6 Hz, 2H, H-C1’), 2.65 (t, 3JH,H=6.6 Hz, 

2H, H-C1), 2.43 (sa, 12H, H-C3’, H-C1c, H-C2c, Hax-C3, H-C1a), 2.27 (s, 3H, H-C3c), 2.23 (sa, 

2H, deuterable, NH), 2.12 (m, 1H, Hax-C5a), 1.76-1.53 (m, 8H, H-C2, Heq-C2a, Heq-C3a, H-C4a, 

H-C2’), 1.32-1.21 (m, 2H, Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.3 Hz, 3H, H-C6a). 

13C-RMN (75 MHz, CDCl3): δ (ppm) 138.8* (C1b), 138.6* (C4b), 128.1** (C2b), 128.0** 

(C3b), 57.0 (Cα’), 56.0 (C1a), 55.1 (C2c), 53.7 (Cα, C3’), 53.2 (C1c), 52.3 (C3), 52.0 (C5a), 

48.3 (C1), 48.1 (C1’), 46.0 (C3c), 34.5*** (C2a), 26.9 (C2’), 26.0 (C4a), 25.6 (C2), 23.9*** (C3a), 

19.0 (C6a). 

MS (IE): m/z 415.4 (0.3) [M]+,  258.2 (35), 218.2 (4), 112.2 (100), 98.0 (27). 

HRMS (IE): (C25H45N5) Calculado: 415.3675. Obtenido: 415.3660. 
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5.5.26. Síntesis de N-(4-((2-morfolinoetilamino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (32{8,10}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 1.35 g (8.5 mmol) de 

35{8}, 1.12 g (8.5 mmol) de amina 31{10} y 0.33 g (8.5mmol) de NaBH4. Se obtienen 2.46 g 

(6.3 mmol, 74% rendimiento) de un aceite amarillento 32{8,10}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3305 (t N-H), 2930, 2853, 2807 (t Csp3-H), 1453 (f Csp3-H), 1119 (t as 

C-O-C), 868 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 3.69 (t, 3JH,H=4.5 Hz, 4H, H-C2c), 2.86 (m, 1H, Heq-C5a), 2.74 (m, 1H, Heq-C3),  2.70 (t, 
3JH,H=6.0 Hz, 2H, H-C1’), 2.63 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.49 (t, 3JH,H=6.0 Hz, 2H, H-C2’), 2.40 

(m, 4H, H-C1c), 2.34 (m, 1H, Hax-C3), 2.25 (m, 1H, H-C1a), 2.11 (m, 1H, Hax-C5a), 1.91 (sa, 2H, 

deuterable, NH), 1.68 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.63 (m, 4H, Heq-C2a, Heq-C3a, H-C4a), 

1.27 (m, 2H, Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.0 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.0* (C1b), 138.9* (C4b), 128.0 (C2b, C3b), 

67.0 (C2c), 58.3 (Cα’), 55.9 (C1a), 53.8 (Cα), 53.7 (C2’, C1c), 52.3 (C3), 52.1 (C5a), 48.4 (C1), 

45.3 (C1’), 34.7** (C2a), 26.2 (C4a), 25.8 (C2), 24.0** (C3a), 19.2 (CH3). 

MS (IE): m/z 389.3 (1) [M+H]+, 155.2 (6), 126.2 (12), 112.1 (91), 100.0 (100), 98.0 (27). 

HRMS (IE): (C23H40N4O) Calculado: 388.3202. Obtenido: 388.3202. 
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5.5.27. Síntesis de N-(4-((3-morfolinopropilamino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (32{8,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 1.00 g (3.8 mmol) de 

35{11}, 0.62 g (3.8 mmol) de amina 31{8} y 0.15 g (3.8 mmol) de NaBH4. Se obtienen 1.54 g 

(3.8 mmol, rendimiento cuantitativo) de un aceite amarillo 32{8,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3286 (t N-H), 2929, 2853, 2806 (t Csp3-H), 1448, 1372 (f Csp3-H), 

1119 (t as C-O-C), 862 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.77 (s, 4H, H-Cα, H-Cα’), 3.70 (t, 
3JH,H=4.7 Hz, 4H, H-C2c), 2.87 (m, 1H, Heq-C5a), 2.79-2.62 (m, 5H, H-C1, Heq-C3, H-C1’), 

2.43-2.32 (m, 7H, Hax-C3, H-C3’, H-C1c), 2.27 (m, 1H, H-C1a), 2.12 (sa, 2H, deuterable, NH), 

2.11 (m, 1H, Hax-C5a), 1.75-1.52 (m, 8H, H-C2, Heq-C2a, Heq-C3a, H-C4a, H-C2’), 1.30 (m, 2H, 

Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.0 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.7* (C4b), 128.1** (C2b), 

128.0** (C3b), 67.0 (C2c), 57.4 (Cα’), 56.0 (C1a), 53.8 (C1c), 53.7 (C3’, Cα), 52.3 (C3), 52.0 

(C5a), 48.3 (C1), 48.0 (C1’), 34.6*** (C2a), 27.0 (C2’), 26.1 (C4a), 25.7 (C2), 23.9*** (C3a), 19.1 

(CH3). 

MS (IE): m/z 403.4 (0.5) [M+H]+, 112.0 (100), 100.0 (36). 

HRMS (IE): (C24H42N4O) Calculado: 402.3359. Obtenido: 402.3354. 
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5.5.28. Síntesis de N-(4-((2-morfolinoetilamino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (32{9,10}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.68 g (2.7 mmol) de 

35{10}, 0.44 g (2.7 mmol) de amina 31{9} y 0.10 g (2.7 mmol) de NaBH4. Se obtienen 0.92 g 

(2.4 mmol, 86% rendimiento) de un aceite amarillo 32{9,10}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3300 (t N-H), 2935, 2872, 2796 (t Csp3-H), 1456, 1372, 1355 

(f Csp3-H), 1118 (t as C-O-C), 868 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79 (s, 2H, H-Cα’), 3.77 (s, 2H, 

H-Cα), 3.68 (t, 3JH,H=4.7 Hz, 4H,  H-C2c), 2.69 (m, 4H, H-C1’, H-C1), 2.52-2.39 (m, 16H, H-C3, 

H.C1a, H-C2a, H-C2’, H-C1c), 2.27 (s, 3H, CH3), 2.11 (sa, 2H, deuterable, NH), 1.72 (quint, 
3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.7* (C4b), 128.0 (C2b, C3b), 

67.0 (C2c), 58.2 (Cα’), 57.0 (Cα), 55.1 (C2a), 53.7 (C2’, C1c, C3), 53.2 (C1a), 48.1 (C1), 46.0 

(CH3), 45.3 (C1’), 26.9 (C2). 

MS (IE): m/z 389.4 (1) [M]+, 100.1 (100), 70.0 (38), 56.0 (27). 

HRMS (IE): (C22H39N5O) Calculado: 389.3155. Obtenido: 389.3153. 
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5.5.29. Síntesis de N-(4-((3-morfolinopropilamino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (32{9,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.71 g (2.7 mmol) de 

35{11}, 0.43 g (2.7 mmol) de amina 31{9} y 0.10 g (2.7 mmol) de NaBH4. Se obtienen 0.91 g 

(2.3 mmol, 84% rendimiento) de un aceite amarillo 32{9,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3288 (t N-H), 2935, 2872, 2851, 2795 (t Csp3-H), 1476, 1372, 1356 

(f Csp3-H), 1118 (t as C-O-C), 862 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.77 (s, 4H, H-Cα, H-Cα’), 3.69 (t, 
3JH,H=4.8 Hz, 4H, H-C2c), 2.68 (t, 3JH,H=6.9 Hz, 2H, H-C1’), 2.67 (t, 3JH,H=6.9 Hz, 2H, H-C1), 

2.45-2.37 (m, 16H, H-C3, H-C1a, H-C2a, H-C3’, H-C1c), 2.27 (s, 3H, CH3), 2.03 (sa, 2H, 

deuterable, NH), 1.71 (quint, 3JH,H=6.9 Hz, 4H, H-C2, H-C2’). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.8 (C1b, C4b), 128.0* (C2b), 127.9* (C3b), 

66.9 (C2c), 57.3 (Cα’), 56.9 (Cα), 55.1 (C2a), 53.7 (C3’, C1c, C3), 53.2 (C1a), 48.1 (C1’), 47.9 

(C1), 46.0 (CH3), 26.9 (C2), 26.7 (C2’). 

MS (IE): m/z 403.4 (4) [M]+, 113.2 (52), 100.1 (100), 70.0 (97), 56.0 (49). 

HRMS (IE): (C23H41N5O) Calculado: 403.3311. Obtenido: 403.3311. 
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5.5.30. Síntesis de N-(4-((2-morfolinoetilamino)metil)bencil)-3-
morfolinopropan-1-amina (32{10,11}). 
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Se sigue el mismo procedimiento que para 37{2,4} pero utilizando 0.88 g (3.3 mmol) de 

35{11}, 0.44 g (3.3 mmol) de amina 31{10} y 0.13 g (3.3 mmol) de NaBH4. Se obtienen 1.16 g 

(3.1 mmol, 92% rendimiento) de un aceite naranja 32{10,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3307 (t N-H), 2950, 2891, 2852, 2808 (t Csp3-H), 1455 (f Csp3-H), 

1118 (t as C-O-C), 863 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.27 (s, 4H, Ph), 3.79* (s, 2H, H-Cα), 3.77* (s, 2H, 

H-Cα’), 3.69 (m, 8H, H-C2a, H-C2c), 2.69 (m, 4H, H-C1, H-C1’), 2.50 (t, 3JH,H=6.0 Hz, 2H, 

H-C2’), 2.45-2.38 (m, 10H, H-C3, H-C1a, H-C1c), 1.96 (sa, 2H, deuterable, NH), 1.71 (quint, 
3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 138.9* (C1b), 138.8* (C4b), 128.1** (C2b), 

128.0** (C3b), 67.0 (C2a, C2c), 58.2 (Cα’), 57.4 (Cα), 53.8 (C1a), 53.7 (C3, C2’, C1c), 48.0 

(C1), 45.3 (C1’), 26.7 (C2). 

MS (IE): m/z 376.2 [M]+, 276.2 (6), 100.0 (100), 56.0 (14). 

HRMS (IE): (C21H36N4O2) Calculado: 376.2838. Obtenido: 376.2849. 
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5.6. Síntesis de hidrazono/amino-hidrazonas. 

5.6.1. Síntesis de ((4-(N-(4-metilpiperazin-1-il)imino)metil)fenil)-N-
(piperidin-1-il)metanamina (33{1,3}). 

 

 

N N N

N N

1a 2a

3a

α
1b

2b3b

4b
α'1c2c

H2N N
N N N

CHO +

36{3} 30{1} 33{1,3}  

 

 

Se disuelven 0.53 g (2.3 mmol) de 36{3} y 0.24 g (2.3 mmol) de amina 30{1} en 30 mL 

de MeOH anhidro. Se añade tamiz molecular de 4 Å y se agita a temperatura de reflujo y bajo 

atmósfera de nitrógeno durante 36 h. Se filtra el tamiz molecular y se elimina el disolvente a 

presión reducida y se obtienen 0.69 g (2.2 mmol, 95%) de un sólido amarillo 33{1,3}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2934, 2837, 2798 (t Csp3-H), 1577 (t C=N), 1452, 1365 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.56 (s, 4H, Ph), 7.53* (s, 1H, H-Cα), 7.52* (s, 1H, 

H-Cα’), 3.22 (t, 3JH,H=5.1 Hz, 4H, H-C1c), 3.17 (t, 3JH,H=5.6 Hz, 4H, H-C1a), 2.62 (t, 
3JH,H=5.1 Hz, 4H, H-C2c), 2.36 (s, 3H, CH3), 1.75 (m, 4H, H-C2a), 1.54 (m, 2H, H-C3a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 136.4* (C1b), 135.6 (Cα’), 135.5* (C4b), 134.0 

(Cα), 126.2** (C2b), 126.0** (C3b), 54.6 (C1c), 52.1 (C1a), 51.0 (C2c), 46.0 (CH3), 25.3 (C2a), 

24.2 (C3a). 

MS (IE): m/z 314.2 (22) [M+1]+, 313.2 (100) [M]+, 99.2 (33). 

HRMS (IE): (C18H27N5) Calculado: 313.2266. Obtenido: 313.2266. 
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5.6.2. Síntesis de N-(4-((piperidin-1-ilimino)metil)bencil)-3-(pirrolidin-1-
il)propan-1-amina (37{1,5}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 1.04 g (4.2 mmol) de 

35{5} y 0.44 g (4.2 mmol) de amina 30{1}. Se obtienen 1.17 g (3.6 mmol, 84% rendimiento) de 

un aceite amarillo 37{1,5}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3287 (t N-H), 2935, 2874, 2854, 2793 (t Csp3-H), 1591 (t C=N), 1450 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.54 (s, 1H, 

CH=N), 7.27 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.78 (s, 2H, H-Cα), 3.15 (t, 3JH,H=5.7 Hz, 4H, H-C1c), 

2.28 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.50 (m, 6H, H-C3, H-C1a), 2.03 (sa, 1H, deuterable, NH), 

1.79-1.69 (m, 10H, H-C2, H-C2a, H-C2c), 1.55 (m, 2H, H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.7 (C1b), 135.3 (C4b), 134.5 (C=N), 128.1 

(C3b), 125.9 (C2b), 54.8 (Cα), 54.2 (C1a), 53.7 (C3), 52.1 (C1c), 48.0 (C1), 29.1 (C2), 25.2 

(C2c), 24.2 (C3c), 23.5 (C2a). 

MS (IE): m/z 328.3 (0.5) [M]+, 244.2 (2), 201.2 (8), 84.1 (100). 

HRMS (IE): (C20H32N4) Calculado: 328.2627. Obtenido: 328.2624. 
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5.6.3. Síntesis de N-(4-((piperidin-1-ilimino)metil)bencil)-3-(1H-imidazol-1-
il)propan-1-amina (37{1,6}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.98 g (4.0 mmol) de 

35{6} y 0.42 g (4.0 mmol) de amina 30{1}. Se obtienen 1.31 g (4.0 mmol, rendimiento 

cuantitativo) de un aceite rojizo 37{1,6}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3282 (t N-H), 3105 (t Csp2-H), 2935, 2853, 2809 (t Csp3-H), 1590 

(t C=N), 1508 (t esqueleto heteroaromático), 1450 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.56 (s, 1H, CH=N), 7.55 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.45 (s, 1H, H-C1a), 7.26 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 7.03 (s, 1H, H-C2a), 6.88 (s, 

1H, H-C3a), 4.03 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.74 (s, 2H, H-Cα), 3.15 (t, 3JH,H=5.7 Hz, 4H, 

H-C1c), 2.60 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.07 (sa, 1H, deuterable, NH), 1.92 (quint, 
3JH,H=6.9 Hz, 2H, H-C2), 1.75 (quint, 3JH,H=5.7 Hz, 4H, H-C2c), 1.54 (quint, 3JH,H=5.7 Hz, 2H, 

H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.5 (C1b), 137.0 (C1a), 135.5 (C4b), 134.2 

(C=N), 129.2 (C3a), 128.1 (C3b), 125.9 (C2b), 118.7 (C2a), 53.7 (Cα), 52.1 (C1c), 45.6 (C3), 

44.7 (C1), 31.3 (C2), 25.2 (C2c), 24.2 (C3c). 

MS (IE): m/z 326.2 (18) [M+1]+, 243.2 (100), 242.2 (47), 241.1 (42), 215.1 (60), 173.1 

(30), 147.0 (38), 91.0 (63), 55.0 (45). 

HRMS (IE): (C19H27N5) Calculado: 325.2266. Obtenido: 325.2277. 
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5.6.4. Síntesis de N-(4-((piperidin-1-ilimino)metil)bencil)-3-(2-
metilpiperidin-1-il)propan-1-amina (37{1,8}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.51 g (1.9 mmol) de 

35{8} y 0.19 g (1.9 mmol) de amina 30{1}. Se obtienen 0.67 g (1.9 mmol, rendimiento 

cuantitativo) de un aceite rojizo 37{1,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3282 (t N-H), 2932, 2854, 2804 (t Csp3-H), 1591 (t C=N), 1450, 1364 

(f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.54 (s, 1H, 

CH=N), 7.28 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.78 (s, 2H, H-Cα), 3.15 (t, 3JH,H=5.4 Hz, 4H, H-C1c), 

2.87 (m, 1H, Heq-C5a), 2.74 (m, 1H, Heq-C3), 2.65 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.42 (sa, 1H, 

deuterable, NH), 2.37 (m, 1H, Hax-C3), 2.28 (m, 1H, H-C1a), 2.13 (m, 1H, Hax-C5a), 1.79-1.52 

(m, 12H, H-C2, Heq-C2a, Heq-C3a, H-C4a, H-C2c, H-C3c), 1.29 (m, 2H, Hax-C2a, Hax-C3a), 1.05 

(d, 3JH,H=6.3 Hz, 3H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.5 (C1b), 135.4 (C4b), 134.4 (C=N), 128.2 

(C3b), 125.9 (C2b), 56.0 (C1a), 53.7 (Cα), 52.3 (C3), 52.1 (C1c), 52.0 (C5a), 48.3 (C1), 34.6* 

(C2a), 26.1 (C4a), 25.5 (C2), 25.3 (C2c), 24.2 (C3c), 23.9* (C3a), 19.0 (CH3). 

MS (IE): m/z 356.2 (2) [M]+, 216.0 (5), 201.0 (23), 155.1 (6), 112.0 (100), 84.0 (6). 

HRMS (IE): (C22H36N4) Calculado: 356.2940. Obtenido: 356.2942. 
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5.6.5. Síntesis de N-(4-((piperidin-1-ilimino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (37{1,9}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.96 g (3.5 mmol) de 

35{9} y 0.36 g (3.5 mmol) de amina 30{1}. Se obtienen 1.21 g (3.4 mmol, 97% rendimiento) de 

un aceite amarillo 37{1,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3286 (tN-H), 2935, 2875, 2853, 2794 (t Csp3-H), 1591 (t C=N), 1451, 

1357 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.54 (s, 1H, 

CH=N), 7.27 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.77 (s, 2H, H-Cα), 3.15 (t, 3JH,H=5.7 Hz, 4H, H-C1c), 

2.67 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.42 (sa, 8H, H-C1a, H-C2a), 2.40 (t, 3JH,H=6.9 Hz, 2H, H-C3), 

2.27 (s, 3H, CH3), 2.16 (sa, 1H, deuterable, NH), 1.79-1.66 (m, 6H, H-C2, H-C2c), 1.54 (m, 2H, 

H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.7 (C1b), 135.4 (C4b), 134.5 (C=N), 128.1 

(C3b), 125.9 (C2b), 57.0 (Cα), 55.1 (C2a), 53.7 (C3), 53.2 (C1a), 52.1 (C1c), 48.1 (C1), 46.0 

(CH3), 26.9 (C2), 25.3 (C2c), 24.2 (C3c). 

MS (IE): m/z 358.3 (2) [M+H]+, 273.2 (70), 201.1 (100), 113.0 (77), 91.0 (51), 84.0 (18), 

70 (77), 56.0 (37). 

HRMS (IE): (C21H35N5) Calculado: 357.2892. Obtenido: 357.2903.  
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5.6.6. Síntesis de N-(4-((piperidin-1-ilimino)metil)bencil)-3-
morfolinopropan-1-amina (37{1,11}). 
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Se sigue el mismo procedimiento que para 35{1,3} pero utilizando 0.93 g (3.6 mmol) de 

35{11} y 0.37 g (3.6 mmol) de amina 30{1}. Se obtienen 1.21 g (3.5 mmol, 99% rendimiento) de 

un aceite amarillo 37{1,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3298 (t N-H), 2936, 2853, 2807 (t Csp3-H), 1591 (t C=N), 1451 

(f Csp3-H), 1118 (t as C-O-C), 861 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 3JH,H=8.1 Hz, 2H,  H-C3b), 7.54 (s, 1H, 

CH=N), 7.27 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.77 (s, 2H, H-Cα), 3.69 (t, 3JH,H=4.7 Hz, 4H, H-C2a), 

3.15 (t, 3JH,H=5.6 Hz, 4H, H-C1c), 2.67 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.44-2.37 (m, 6H, H-C3, 

H-C1a), 1.99 (sa, 1H, deuterable, NH), 1.79-1.65 (m, 6H, H-C2, H-C2c), 1.54 (quint, 
3JH,H=5.7 Hz, 2H, H-C3c). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 139.8 (C1b), 135.4 (C4b), 134.4 (C=N), 128.1 

(C3b), 125.9 (C2b), 67.0 (C2a), 57.4 (Cα), 53.8 (C3, C1a), 52.1 (C1c), 47.9 (C1), 26.6 (C2), 

25.3 (C2c), 24.2 (C3c). 

MS (IE): m/z 345.2 (2) [M+H]+, 344.2 (3) [M]+, 260.1 (3), 216.0 (29), 201.0 (28), 100.0 

(100), 56.0 (20). 

HRMS (IE): (C20H32N4O) Calculado: 344.2576. Obtenido: 344.2580. 



Parte experimental 

306 

5.6.7. Síntesis de N-(4-((2,6-dimetilpiperidin-1-ilimino)metil)bencil)-3-
(pirrolidin-1-il)propan-1-amina (37{2,5}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 1.00 g (4.1 mmol) de 

35{5} y 0.58 g (4.1 mmol) de amina 30{2}. Se obtienen 1.18 g (3.3 mmol, 81% rendimiento) de 

un aceite amarillo 37{2,5}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3283 (t N-H), 2961, 2931, 2872, 2794 (t Csp3-H), 1625 (t Csp2-Csp2), 

1584 (t C=N), 1554 (t Csp2-Csp2), 1449, 1369 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 8.06 (s, 1H, CH=N), 7.64 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.33 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.81 (s, 2H, H-Cα), 3.07 (sa, 2H, H-C1c), 2.69 (t, 
3JH,H=6.9 Hz, 2H, H-C1), 2.51 (m, 6H, H-C3, H-C1a), 2.08 (sa, 1H, deuterable, NH), 1.79-1.69 

(m, 10H, H-C2, H-C2a, H-C2c), 1.53 (m, 2H, H-C3c), 1.00 (d, 3JH,H=6.3 Hz, 6H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 152.4 (C=N), 141.7 (C1b), 133.7 (C4b), 128.1 

(C3b), 127.3 (C2b), 57.3 (C1c), 54.8 (Cα), 54.2 (C1a), 53.7 (C3), 48.0 (C1), 32.9 (C2c), 29.1 

(C2), 23.5 (C2a), 21.5 (C3c), 20.6 (CH3). 

MS (IE): m/z 356.3 (1) [M]+,  244.2 (11), 98.2 (14), 84.1 (100), 55.0 (23). 

HRMS (IE): (C22H36N4) Calculado: 356.2940. Obtenido: 356.2934. 
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5.6.8. Síntesis de N-(4-((4-metilpiperazin-1-ilimino)metil)bencil)-3-
(pirrolidin-1-il)propan-1-amina (37{3,5}). 

 

 

H
N

N
N

N
N

1

2

31a

2a

α

1b

2b
3b
4b 1c

2c

H2N
N

NCHO
H
NN

+

35{5} 30{3} 37{3,5}  

 

 

Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 1.03 g (4.2 mmol) de 

35{5} y 0.50 g (4.2 mmol) de amina 30{3}. Se obtienen 1.43 g (4.2 mmol, rendimiento 

cuantitativo) de un aceite marrón 37{3,5}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3288 (t N-H), 2937, 2876, 2794 (t Csp3-H), 1592 (t C=N), 1452, 1365, 

1355 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.54 (s, 1H, 

CH=N), 7.28 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.78 (s, 2H, H-Cα), 3.21 (t, 3JH,H=5.1 Hz, 4H, H-C1c), 

2.70 (t, 3JH,H=6.6 Hz, 2H, H-C1), 2.62 (t, 3JH,H=5.1Hz, 4H, H-C2c), 2.49 (m, 6H, H-C3, H-C1a), 

2.35 (s, 3H, CH3), 2.02 (sa, 1H, deuterable, NH), 1.76 (m, 6H, H-C2, H-C2a). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.3 (C1b), 135.8 (C=N), 134.8 (C4b), 128.1 

(C3b), 126.0 (C2b), 54.8 (Cα), 54.5 (C1c), 54.3 (C1a), 53.7 (C3), 51.0 (C2c), 48.0 (C1), 46.0 

(CH3), 29.2 (C2), 23.5 (C2a). 

MS (IE): m/z 343.2 (1) [M]+, 244.2 (3), 216.2 (4), 99.2 (34), 84.2 (100), 56.0 (39). 

HRMS (IE): (C20H33N5) Calculado: 343.2736. Obtenido: 343.2736. 
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5.6.9. Síntesis de N-(4-((4-metilpiperazin-1-ilimino)metil)bencil)-3-(1H-
imidazol-1-il)propan-1-amina (37{3,6}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.92 g (3.8 mmol) de 

35{6} y 0.45 g (3.8 mmol) de amina 30{3}. Se obtienen 1.23 g (3.6 mmol, 96% rendimiento) de 

un aceite amarillo 37{3,6}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3282 (t N-H), 3104 (t Csp2-H), 2937, 2880, 2828, 2797 (t Csp3-H), 

1592 (t C=N), 1508 (t esqueleto heteroaromático), 1452, 1365, 1356 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.56 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.55 (s, 1H, 

CH=N), 7.45 (s, 1H, H-C1a), 7.27 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 7.04 (s, 1H, H-C2a), 6.89 (s, 

1H, H-C3a), 4.04 (t, 3JH,H=6.9 Hz, 2H, H-C3), 3.75 (s, 2H, H-Cα), 3.22 (t, 3JH,H=5.1 Hz, 4H, 

H-C1c), 2.64-2.58 (m, 6H, H-C1, H-C2c), 2.36 (s, 3H, CH3), 1.92 (quint, 3JH,H=6.9 Hz, 2H, 

H-C2), 1.70 (sa, 1H, deuterable, NH). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.0 (C1b), 137.0 (C1a), 135.6 (C=N), 135.1 

(C4b), 129.2 (C3a), 128.1 (C3b), 126.1 (C2b), 118.7 (C2a), 54.5 (C1c), 53.7 (Cα), 51.0 (C2c), 

45.9 (CH3), 45.6 (C3), 44.7 (C1), 31.4 (C2). 

MS (IE): m/z 341.3 (2) [M+H]+, 99.2 (82), 98.2 (100), 56.0 (76). 

HRMS (IE): (C19H28N6) Calculado: 340.2375. Obtenido: 340.2374. 
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5.6.10. Síntesis de N-(4-((4-metilpiperazin-1-ilimino)metil)benzil)-3-(2-
metilpiperidin-1-il)propan-1-amina (37{3,8}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.93 g (3.4 mmol) de 

35{8} y 0.40 g (3.4 mmol) de amina 30{3}. Se obtienen 1.05 g (2.8 mmol, 84% rendimiento) de 

un aceite rojo 37{3,8}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3279 (t N-H), 2932, 2881, 2841, 2795 (t Csp3-H), 1593 (t C=N), 1452, 

1366 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.56 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.55 (s, 1H, 

CH=N), 7.29 (d, 3JH,H=8.1 Hz, 2H,  H-C2b), 3.77 (s, 2H, H-Cα), 3.21 (t, 3JH,H=5.1 Hz, 4H, 

H-C1c), 2.87 (m, 1H, Heq-C5a), 2.73 (m, 1H, Heq-C3), 2.65-2.60 (m, 6H, H-C1, H-C2c), 2.36 (s, 

3H, H-C3c), 2.36 (m, 1H, Hax-C3), 2.29 (m, 1H, H-C1a), 2.11 (m, 1H, Hax-C5a), 1.95 (sa, 1H, 

deuterable, NH), 1.67 (quint, 3JH,H=6.9 Hz, 2H, H-C2), 1.61-1.48 (m, 4H, Heq-C2a, Heq-C3a, 

H-C4a), 1.27 (m, 2H, Hax-C2a, Hax-C3a), 1.04 (d, 3JH,H=6.0 Hz, 3H, H-C6a).  

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.3 (C1b), 135.8 (C=N), 134.8 (C4b), 128.2 

(C3b), 126.1 (C2b), 56.0 (C1a), 54.5 (C1c), 53.8 (Cα), 52.3 (C3), 52.1 (C5a), 51.1 (C2c), 48.3 

(C1), 46.0 (C3c), 34.7* (C2a), 26.2 (C4a), 25.8 (C2), 24.0* (C3a), 19.1 (C6a). 

MS (IE): m/z 372.4 (1) [M+H]+, 371.4 (2) [M]+, 272.3 (2), 216.2 (7), 112.2 (100), 99.2 

(39), 56.0 (56). 

HRMS (IE): (C22H37N5) Calculado: 371.3049. Obtenido: 371.3053. 
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5.6.11. Síntesis de N-(4-((4-metilpiperazin-1-ilimino)metil)bencil)-3-(4-
metilpiperazin-1-il)propan-1-amina (37{3,9}). 

 

 

H
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N
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NN

N +

35{9} 30{3} 37{3,9}  

 

 

Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.93 g (3.4 mmol) de 

35{9} y 0.40 g (3.4 mmol) de amina 30{3}. Se obtienen 1.25 g (3.4 mmol, 99% rendimiento) de 

un aceite amarillento 37{3,9}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3283 (t N-H), 2936, 2877, 2836, 2794, 2768 (t Csp3-H), 1593 (t C=N), 

1453, 1365, 1356 (f Csp3-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.55 (d, 3JH,H=8.1 Hz, 2H, H-C3b), 7.55 (s, 1H, 

CH=N), 7.28 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.77 (s, 2H, H-Cα), 3.21 (t, 3JH,H=5.1 Hz, 4H, H-C1c), 

2.66 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.62 (t, 3JH,H=5.1 Hz, 4H, H-C2c), 2.42 (sa, 8H, H-C1a, H-C2a), 

2.40 (t, 3JH,H=6.9 Hz, 2H, H-C3), 2.36 (s, 3H, H-C3c), 2.27 (s, 3H, H-C3a), 1.82 (sa, 1H, 

deuterable, NH), 1.70 (quint, 3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.2 (C1b), 135.8 (C=N), 134.8 (C4b), 128.1 

(C3b), 126.0 (C2b), 57.0 (Cα), 55.1 (C2a), 54.5 (C1c), 53.7 (C3), 53.2 (C1a), 51.0 (C2c), 48.0 

(C1), 46.0* (C3a), 45.9* (C3c), 26.9 (C2). 

MS (IE): m/z 373.4 (0.6) [M+H]+, 372.3 (0.7) [M]+, 273.3 (21), 216.2 (29), 113.2 (46), 

99.2 (54), 70.0 (79), 56.0 (100). 

HRMS (IE): (C21H36N6) Calculado: 372.3001. Obtenido: 372.2990. 
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5.6.12. Síntesis de N-(4-((4-metilpiperazin-1-ilimino)metil)bencil)-3-
morfolinopropan-1-amina (37{3,11}). 
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Se sigue el mismo procedimiento que para 33{1,3} pero utilizando 0.89 g (3.4 mmol) de 

35{11} y 0.40 g (3.4 mmol) de amina 30{3}. Se obtienen 1.22 g (3.4 mmol, rendimiento 

cuantitativo) de un aceite amarillo 37{3,11}. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3293 (t N-H), 2939, 2888, 2844, 2799 (t Csp3-H), 1592 (t C=N), 1453, 

1364, 1356 (f Csp3-H), 1118 (t as C-O-C), 806 (t sim C-O-C). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.56 (s, 1H, CH=N), 7.56 (d, 3JH,H=8.1 Hz, 2H, 

H-C3b), 7.28 (d, 3JH,H=8.1 Hz, 2H, H-C2b), 3.77 (s, 2H, H-Cα), 3.69 (t, 3JH,H=4.7 Hz, 4H, 

H-C2a), 3.21 (t, 3JH,H=5.1 Hz, 4H, H-C1c), 2.67 (t, 3JH,H=6.9 Hz, 2H, H-C1), 2.62 (t, 3JH,H=5.1 Hz, 

4H, H-C2c), 2.44-2.37 (m, 6H, H-C3, H-C1a), 2.35 (s, 3H, CH3), 2.05 (sa, 1H, deuterable, NH), 

1.70 (quint, 3JH,H=6.9 Hz, 2H, H-C2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 140.2 (C1b), 135.7 (C=N), 134.9 (C4b), 128.1 

(C3b), 126.1 (C2b), 66.9 (C2a), 57.4 (Cα), 54.5 (C1c), 53.8 (C3, C1a), 51.0 (C2c), 47.9 (C1), 

45.9 (CH3), 26.6 (C2). 

MS (IE): m/z 359.2 (2) [M]+, 260.2 (4), 231.2 (16), 100.0 (100), 99.0 (84), 98.0 (57), 56 

(75). 

HRMS (IE): (C20H33N5O) Calculado: 359.2685. Obtenido: 359.2685. 



Parte experimental 

312 

5.7. Síntesis de monociclamos sustituidos y sus intermedios. 

5.7.1. Síntesis de 4-(hidroximetil)-benzaldehído (92).[1]  

 

 

HO

CHO

HO
OEt

OHC

OEt

OEt OEt

NaBH4 HCl

93 9234  
 

 

Se disuelven 3,01 g (14.0 mmol) de monoacetal dietílico del tereftalaldehído (34) en 

50 mL de MeOH anhidro. Se enfría en un baño de agua-hielo y se añade NaBH4 (0.54 g, 14.0 

mmol) y se agita a temperatura ambiente durante 6 h. Se añaden 20 mL de agua y se extrae 

con CH2Cl2  (50 + 25 mL). Las fases orgánicas se combinan y se lavan con salmuera. La fase 

orgánica se seca con MgSO4 anhidro y se elimina el disolvente a presión reducida. Se obtienen 

2.79 g (13.3 mmol, 95%) de (4-(diethoxymethyl)fenil)metanol (93) como un aceite amarillo. 
1H-RMN (300 MHz, CDCl3): δ (ppm) 7.49 (d, 3J (H,H)=8.0 Hz, 2H, H-C3, H-C5), 7.38 (d, 3J 

(H,H)=8.0 Hz, H2H, -C2, H-C6), 5.53 (s, 1H, CH), 4.71 (d, 3J (H,H)=6.0 Hz, 2H, CH2), 3.60 (m, 

4H, OCH2), 1.83 (t, 3J (H,H)=6.0 Hz, 1H, deuterable, OH), 1.26 (t, 3J (H,H)=7.0 Hz, 6H, CH3). 

2.53 g (12.0 mmol) de este acetal 93 se hidrolizan con 25 mL de HCl 2M a temperatura 

ambiente durante 2 h. Se añade K2CO3 hasta pH 8-9. Se extrae con CH2Cl2. La fase orgánica 

se lava con salmuera y se seca sobre MgSO4 anhidro. Se elimina el disolvente a presión 

reducida. El crudo obtenido se purifica por cromatografía de columna (hexano/AcOEt 1:1) y se 

obtienen 1.21 g (8.9 mmol, 74% rendimiento) de 4-(hidroximetil)-benzaldehído (92) como un 

sólido blanco.  

 

Datos espectroscópicos: 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.04 (s, 1H, CHO), 7.91 (d, 3JH,H=8.0 Hz, 2H, 

H-C2, H-C6), 7.57 (d, 3JH,H=8.0 Hz, 2H, H-C3, H-C5), 4.84 (s, 2H, CH2), 1.87 (sa, 1H, 

deuterable, OH). 
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5.7.2. Síntesis de 4-(bromometil)benzaldehído (74).[1] 

 

 

Br

CHO

HO

CHO

NBS / PPh3

92 74  

 

 

Se disuelven 0.50 g (3.7 mmol) de 4-(hidroximetil)-benzaldehído (92) en 40 mL de 

CH2Cl2 anhidro, se añaden 1.93 g (7.3 mmol) de PPh3 y 1.31 g (7.3 mmol) de NBS. Se calienta 

a reflujo durante 2 h. Transcurrido este tiempo se deja enfriar a temperatura ambiente y se 

añaden 40 mL de H2O. Se separan las fases y se extrae la fase acuosa con CH2Cl2 (2×20 mL). 

Se combinan las fases orgánicas y se seca con MgSO4 anhidro. Se elimina el disolvente a 

presión reducida y se obtiene un aceite marrón que cristaliza lentamente. Se purifica por 

cromatografía de columna (hexano/AcOEt con un gradiente de 20:1 a 10:1) y se obtiene 0.54 g 

(2.7 mmol, 73% rendimiento) de 4-(bromometil)benzaldehído (74) como sólido blanco. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2855, 2844, 2753 (t Csp3-H ), 1686 (t C=O), 1605, 1577 (t Csp2-Csp2), 

1441, 1427 (f Csp3-H), 833 (ffp Csp2-H). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 10.04 (s, 1H, CHO), 7.90 (d, 3JH,H=8.0 Hz, 2H, 

H-C2, H-C6), 7.59 (d, 3JH,H=8.0 Hz, 2H, H-C3, H-C5), 4.54 (s, 2H, CH2). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.3 (CHO), 144.1 (C4), 136.0 (C1), 130.1 (C2, 

C6), 129.6 (C3, C5), 32.0 (CH2-Br). 

AEO: Calculado (C8H7BrO): C 48.27%, H 3.54%, Br 40.14%, O 8.04%. Obtenido: 

C 48.34%, H 3.64%. 

MS (IE): m/z 200.1 (57) [M+2]+, 199.2 (7) [M+1]+, 198.2 (58) [M]+, 120.3 (45), 119.3 

(100), 118.3 (56), 91.3 (100), 90.3 (89), 89.3 (88). 
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5.7.3. Síntesis de 1,4,8-tris(tert-butoxicarbonil)-1,4,8,11-
tetraazaciclotetradecano (66).[2] 
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Se disuelven 1.25 g (6.2 mmol) de 1,4,8,11-tetraazaciclotetradecano (57) en 300 mL de 

CH2Cl2 y se añade una disolución de 3.13 g  (14.3 mmol) de bicarbonato de tert-butilo (Boc2O) 

en 75 mL de CH2Cl2. Se agita a temperatura ambiente y bajo atmósfera de nitrógeno durante 

6 h 30 min. Transcurrido este tiempo se elimina el disolvente a presión reducida. Se purifica por 

cromatografía de columna (CH2Cl2/MeOH 20:1) y se obtienen 1.81 g (3.67 mmol, 

58% rendimiento) de 1,4,8-tris(tert-butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (66) como 

un sólido blanco espumoso. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2974, 2931, 2815 (t Csp3-H), 1692 (t C=O), 1479, 1466, 1365 

(f Csp3-H), 1243 (t as N-CO-O), 1169 (t C-N), 897 (t sim N-CO-O). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 3.42 (sa, 4H, H-C2, H-C3), 3.33 (m, 8H, H-C5, 

H-C7, H-C9, H-C14), 2.81 (t, 3JH,H=5.0 Hz, 2H, H-C10), 2.64 (t, 3JH,H=5.5 Hz, 2H, H-C12), 1.95 

(sa, 2H, H-C6), 1.73 (sa, 2H, H-C13), 1.49 (s, 27H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 155.3 (Cq), 79.5 (Cq), 79.2 (Cq), 53.4 (CH2), 50.8 

(CH2), 50.6 (CH2), 50.0 (CH2), 47.7 (CH2), 45.9 (CH2), 44.1 (CH2), 28.6 (CH3). 

AEO: Calculado (C25H48N4O6): C 59.97%, H 9.66%, N 11.19%, O 19.17%. Obtenido: 

C 59.67%, H 9.36%, N 10.93%. 

MS (ESI): m/z 501.4 (100) [M+H]+. 

HRMS (ESI): (C25H49N4O6) [M+H]+ Calculado: 501.3647. Obtenido: 501.3645. 
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5.7.4. Síntesis de 1-[4-(carboxaldehído)fenilmetil]-4,8,11-tris(tert-
butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (90). 
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Se disuelven 0.49 g (2.4 mmol) de 4-(bromometil)-benzaldehído (74) en 25 mL de ACN 

y se añaden 0.67 g (4.8 mmol) de K2CO3 anhidro. A esta suspensión se le añade una 

disolución de 1.22 g (2.4 mmol) de 1,4,8-tris(tert-butoxicarbonil)-1,4,8,11-

tetraazaciclotetradecano (66) en 25 mL de ACN y se calienta a reflujo y bajo atmósfera de 

nitrógeno durante 16 h. Se deja enfriar y se filtran las sales. Se elimina el disolvente del filtrado 

a presión reducida. Se purifica por cromatografía de columna (CH2Cl2/MeOH gradiente de 50:0 

a 50:1). Se obtienen 1.33 g (2.2 mmol, 89% rendimiento) de 1-[4-(carboxaldehído)fenilmetil]-

4,8,11-tris(tert-butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (90) como un sólido blanco 

espumoso.  

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 3004, 2975, 2932, 2870, 2817 (t Csp3-H, Csp2-H), 1695 (t C=O), 1607 

(t Csp2-Csp2), 1478, 1465, 1390, 1366 (f Csp3-H), 1247 (t as N-CO-O), 1165 (t C-N), 859 (t sim 

N-CO-O). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 9.99 (s, 1H, CHO), 7.82 (d, 3JH,H=8.0 Hz, 2H, 

H-C2b), 7.45 (d, 3JH,H=8.0 Hz, 2H, H-C3b), 3.61 (s, 2H, H-Cα), 3.30 (m, 12H, H-C3, H-C5, 

H-C7, H-C9, H-C10, H-C12), 2.63 (sa, 2H, H-C2), 2.39 (sa, 2H, H-C14), 1.90 (sa, 2H, H-C6), 

1.69 (m, 2H, H-C13), 1.47 (s, 18H, CH3), 1.43 (s, 9H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 191.7 (CHO), 155.4 (N-CO-O), 146.4 (C4b), 

135.3 (C1b), 129.6 (C2b), 129.4 (C3b), 79.7 (Cq t-But), 79.6 (Cq t-But), 59.7 (Cα), 53.3 (C14), 

51.9 (C2), 47.8* (C3), 47.2* (C9, C10), 46.2* (C5, C7, C12), 28.6 (CH3), 28.5 (CH3), 27.1 (C6, 

C13). 

AEO: Calculado (C33H54N4O7): C 64.05%, H 8.80%, N 9.05%, O 18.10%. Obtenido: 

C 64.04%, H 8.77%, N 8.93%. 

MS (IE): m/z 619.7 (5) [M+H]+, 618.7 (14) [M]+, 561.5 (6), 517.5 (2), 201.3 (18), 162.2 

(42), 119.2 (27), 57.3 (100). 
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5.7.5. Síntesis de 1-[4-(bromometil)fenilmetil)]-4,8,11-tris(tert-
butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (67).[3] 
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Se disuelven a 60 ºC, 2.81 g (10.6 mmol) de α,α’-dibromo-p-xileno (60) en 50 mL de 

ACN y se añaden 0.27 g (1.0 mmol) de K2CO3 anhidro. A esta suspensión se le añade gota a 

gota y bajo atmósfera de nitrógeno, una disolución de 0.48 g (9.7 mmol) de 1,4,8-tris(tert-

butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (66) en 8 mL de ACN y se calienta a 60 ºC 

durante 5 h.  Se deja enfriar y se filtran las sales. Se elimina parcialmente el disolvente del 

filtrado a presión reducida, hasta que empieza a precipitar el exceso de α,α’-dibromo-p-xileno 

(60). Se filtra otra vez y se elimina el resto del disolvente a presión reducida. Se purifica por 

cromatografía de columna (CH2Cl2/MeOH 50:1). Se obtienen 0.45 g (0.7 mmol, 70% 

rendimiento) de 1-[4-(bromometil)fenilmetil)]-4,8,11-tris(tert-butoxicarbonil)-1,4,8,11-

tetraazaciclotetradecano (67) como un sólido blanco.  

 

Datos espectroscópicos: 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.30 (d, 3JH,H=8.0 Hz, 2H,Ph), 7.22 (d, 3JH,H=8.0 Hz, 

2H, Ph), 4.46 (s, 2H, H-Cα’), 3.51 (s, 2H, H-Cα), 3.29 (m, 12H, H-C3, H-C5, H-C7, H-C9, 

H-C10, H-C12), 2.60 (sa, 2H, H-C2), 2.36 (sa, 2H, H-C14), 1.88 (sa, 2H, H-C6), 1.66 (m, 2H, 

H-C13), 1.46 (s, 18H, CH3), 1.43 (s, 9H, CH3). 
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5.7.6. Síntesis de 1-[4-(3-(2-metilpiperidin-1-il)propil-1-
aminometil)fenilmetil]-4,8,11-tris(tert-butoxicarbonil)-1,4,8,11-
tetraazaciclotetradecano (87{8}). 
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Se disuelven 1.26 g (2.0 mmol) de 90 y 0.33 g (2.0 mmol) de amina 31{8} en 30 mL de 

EtOH absoluto. Se añaden 1.19 g (4.0 mmol) de Ti(OiPr)4 y se deja reaccionar a temperatura 

ambiente y bajo atmósfera de nitrógeno durante 36 h. Se añaden 0.08 g (2.0 mmol) de NaBH4 y 

se deja reaccionar a temperatura ambiente 12 h. Se añaden 20 mL de H2O y se agita durante 

1 h 30 min. Se filtra y se lava con CH2Cl2. Se separan las fases y la fase acuosa se extrae con 

15 mL de CH2Cl2. Las fases orgánicas se combinan y se seca sobre MgSO4 anhidro. El 

disolvente se elimina a presión reducida y el crudo se purifica por cromatografía de columna 

sobre alúmina neutra (CH2Cl2/MeOH 50:1). Se obtienen 1.17 g (1.5 mmol, 76% rendimiento) de 

87{8} como un aceite amarillo.  

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2974, 2931, 2804 (t Csp3-H), 1690 (t C=O), 1477,1465, 1413, 1366 

(f Csp3-H), 1166 (t as N-CO-O), 754 (t sim N-CO-O). 

1H-RMN (400 MHz, CDCl3): δ (ppm) 7.22 (m, 4H, Ph), 3.75 (s, 2H, H-Cα’), 3.52 (s, 2H, 

H-Cα), 3.34-2.23 (sa, 12H, H-C3, H-C5, H-C7, H-C9, H-C10, H-C12), 2.87 (m, 1H, Heq-C5a), 

2.73 (m, 1H, Heq-C3’), 2.64 (t, 3JH,H=6.9 Hz, 2H, H-C1’), 2.62 (sa, 2H, H-C2), 2.37 (m, 3H, 

H-C14, Hax-C3’), 2.26 (m, 2H, H-C1a), 2.11 (m, 1H, Hax-C5a), 1.90 (sa, 2H, H-C6), 1.73-1.59 

(sc, 9H, H-C13, H-C2’, H-C2a, Heq-C3a, H-C4a), 1.67 (sa, 2H, H-C13), 1.47 (s, 18H, CH3), 1.44 

(s, 9H, CH3), 1.28 (m, 2H, Hax-C2a, Hax-C3a), 1.05 (d, 3JH,H=6.3 Hz, 6H, CH3). 

13C-RMN (100.6 MHz, CDCl3): δ (ppm) 155.8 (N-CO-O), 139.3 (C4b), 137.5 (C1b), 

129.4 (C2b), 128.2 (C3b), 79.8 (Cq t-But), 79.6 (Cq t-But), 59.7 (Cα), 56.2 (C1a), 54.0 (Cα'), 

53.2 (C2), 52.5 (C3’), 52.3 (C5a), 51.5 (C14), 48.6 (C1’), 47.6-46.1 (C3, C5, C7, C9, C10, C12), 

34.9 (C2a, C4a), 31.1 (C6), 28.7 (CH3), 26.4 (C2’), 26.0 (C13), 24.2 (C3a), 19.3 (C6a). 

AEO: Calculado (C42H74N6O6): C 66.46%, H 9.83%, N 11.07%, O 12.65%. Obtenido: 

C 66.47%, H 10.26%, N 10.93%. 

MS (ESI): m/z 760.6 (55) [M+H]+, 759.6 (60) [M]+, 296.2 (100). 

HRMS (ESI): (C42H75N6O6) Calculado: 759.5743. Obtenido: 759.5743. 
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5.7.7. Síntesis de 1-[4-(3-(2-metilpiperidin-1-il)propil-1-
aminometil)fenilmetil]-1,4,8,11-tetraazaciclotetradecano·6HCl·7½H2O 
(70{8}). 
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A 1.07 g (1.4 mmol) de 87{8} se le añaden 18 mL de HCl 1M en éter dietílico y se agita 

a temperature ambiente durante 12 h. Se elimina el disolvente a presión reducida  y se 

obtienen 1.03 g (1.3 mmol, 90% rendimiento) de 70{8} como un sólido blanco. 

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2953, 2749, 2678 (t Csp3-H), 1624, 1581 (f NH2
+, NH+), 1455 

(f Csp3-H). 

1H-RMN (400 MHz, D2O): δ (ppm) 7.51 (m, 4H, Ph), 4.38* (s, 2H, H-Cα’), 4.21* (s, 2H, 

H-Cα),  3.51 (sc, 8H, 4CH2), 3.41 (m, 1H, HCH), 3.30 (sc, 9H, 4CH2, HCH), 3.09 (sc, 4H, CH2, 

CH, HCH), 2.91 (m, 1H, HCH), 2.17-1.99 (sc, 6H, 3CH2), 1.86 (m, 2H, 2HCH), 1.71 (m, 1H, 

HCH), 1.59 (m, 1H, HCH), 1.44 (m, 2H, 2HCH), 1.24 (d, 3JH,H=6.4 Hz, 3H, CH3). 

13C-RMN (100.6 MHz, D2O): δ (ppm) 132.9 (Cq), 132.0 (CH), 131.1 (CH), 130.6 (Cq), 

60.3 (CH2), 58.7 (CH2), 56.8 (CH), 52.6 (CH2), 50.9 (CH2), 49.6 (CH2), 48.3 (CH2), 48.0 (CH2), 

44.9 (CH2), 44.5 (CH2), 42.0 (CH2), 41.4 (CH2), 38.1-37.6 (CH2), 31.7 (CH2), 23.2 (CH2), 21.6 

(CH2), 20.3 (CH2), 18.5 (CH2), 17.4 (CH3). 

AEO: Calculado (C25H46N6O·6HCl·7½H2O): C 39.89%, H 8.82%, N 10.33%, O 14.76%, 

Cl 20.20%. Obtenido: C 39.91%, H 8.41%, N 10.00%. 

MS (ESI): m/z 459.4 (100) [M+H]+.  

HRMS (ESI): (C27H51N6) [M+H]+ Calculado: 459.4170. Obtenido: 459.4163. 
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5.7.8. Síntesis de 1-[4-(3-morfolinopropil-1-aminometil)fenilmetil]-4,8,11-
tris(tert-butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (87{11}). 

 

 

N

N

N

N

O O

O

O

O O

N
H

N
O

2
35

6

7

9 10 12
13

14

α

α'

2'

1' 3' 1a
2a

1b
2b

3b

4bH2N N
ON

N

N

N

O O

O

O

O O

CHO
+

2) NaBH4

90

31{11}

87{11}

 

 

 

Se disuelven 1.26 g (2.0 mmol) de 1-[4-(carboxaldehído)fenilmetil]-4,8,11-tris(tert-

butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano (90) y 0.44 g (3.0 mmol) de amina 31{11} en 

15 mL de MeOH anhidro. Se añade Na2SO4 anhidro y se calienta en el microondas a 100 ºC 

durante 3 h. Se filtra, se añaden 0.08 g (2.0 mmol) de NaBH4 y se deja reaccionar a 

temperatura ambiente 12 h. Se añaden 20 mL de H2O y se extrae con CH2Cl2. La fase orgánica 

se lava con salmuera y se seca sobre MgSO4 anhidro. El disolvente se elimina a presión 

reducida y el crudo se purifica por cromatografía de columna (CH2Cl2/MeOH gradiente de 20:1 

a 9:1). Se obtienen 0.48 g (0.6 mmol, 32% rendimiento) de 1-[4-(3-morfolinopropil-1-

aminometil)fenilmetil]-4,8,11-tris(tert-butoxicarbonil)-1,4,8,11-tetraazaciclotetradecano 87{11} 

como un aceite amarillo.  

 

Datos espectroscópicos: 

IR (film): ν (cm-1) 2971, 2927, 2853, 2808 (t Csp3-H), 1693 (t C=O), 1477,1464, 1365 

(f Csp3-H), 1165 (t as N-CO-O). 

1H-RMN (300 MHz, CDCl3): δ (ppm) 7.29 (m, 4H, Ph), 3.86 (s, 2H, H-Cα’), 3.65 (t, 
3JH,H=4.5 Hz, 4H, H-C2a), 3.53 (s, 2H, H-Cα), 3.34-2.25 (sa, 12H, H-C3, H-C5, H-C7, H-C9, 

H-C10, H-C12), 2.84 (t, 3JH,H=6.5 Hz, 2H, H-C1’), 2.62 (sa, 1H, NH), 2.46 (m, 6H, H-C3’, 

H-C1a), 2.37 (sa, 2H, H-C14), 1.89 (sa, 2H, H-C6), 1.83 (t, 3JH,H=6.5 Hz, 2H, H-C2’), 1.67 (sa, 

2H, H-C13), 1.47 (s, 18H, CH3), 1.44 (s, 9H, CH3). 

13C-RMN (75.5 MHz, CDCl3): δ (ppm) 155.4 (N-CO-O), 137.6 (C1b, C4b), 129.1 (C2b), 

127.9 (C3b), 79.6 (Cq t-But), 79.4 (Cq t-But), 66.9 (C2a), 59.4 (Cα), 57.5 (Cα’), 53.7 (C1a), 53.4 

(C3’), 51.3 (C2, C14), 48.0 (C1’), 47.3 (C3, C9, C10, C12), 45.9 (C5, C7), 29.7 (C6), 28.5 (CH3), 

26.0 (C13, C2’). 
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5.7.9. Síntesis de 1-[4-(3-morfolinopropil-1-aminometil)fenilmetil]-1,4,8,11-
tetraazaciclotetradecano·6HCl·3H2O (70{11}). 
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A 0.46 g (0.6 mmol) de (87{11}) se le añaden 8 mL de HCl 1M en éter dietílico y se 

agita a temperature ambiente durante 12 h. Se elimina el disolvente a presión reducida y el 

sólido obtenido se recristaliza de metanol. Se obtienen 0.16 g (0.2 mmol, 37% rendimiento) de 

70{11} como un sólido blanco. 

 

Datos espectroscópicos: 

IR (p. KBr): ν (cm-1) 2958, 2787 (t Csp3-H), 1583 (f NH2
+, NH+), 1472, 1440 (f Csp3-H), 

1107 (t as C-O-C), 772 (t sim C-O-C). 

1H-RMN (400 MHz, D2O): δ (ppm) 7.58 (m, 4H, Ph), 4.32 (s, 2H, CH2), 4.27 (s, 2H, 

CH2), 4.14 (m, 2H, CH2), 3.82 (m, 2H, CH2), 3.58-3.47 (m, 8H, CH2), 3.38-3.28 (m, 10H, CH2), 

3.24-3.20 (m, 6H, CH2), 2.26-2.07 (m, 6H, CH2). 

13C-RMN (75.5 MHz, D2O): δ (ppm) 132.5 (Cq), 132.0 (CH), 131.2 (CH), 64.3 (CH2), 

58.1 (CH2), 56.2 (CH2), 54.3 (CH2), 52.2 (CH2), 51.4 (CH2), 50.3 (CH2), 48.7 (CH2), 46.9 (CH2), 

44.7 (CH2), 43.2 (CH2), 40.0 (CH2), 21.1 (CH2), 20.0 (CH2). 

AEO: Calculado (C25H46N6O·6HCl·3H2O): C 41.71%, H 8.14%, N 11.67%, O 8.89%, 

Cl 29.59%. Obtenido: C 41.57%, H 7.99%, N 11.44%. 

MS (ESI): m/z 447.38 (100) [M+H]+. 

HRMS (ESI): (C27H47N6O) [M+H]+ Calculado: 447.3806. Obtenido: 447.3795. 
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6. Conclusiones. 

- Se ha diseñado una quimioteca de inhibidores potenciales del correceptor CXCR4  que 

mantienen las principales características estructurales del AMD3100, un linker 

p-fenilenbismetilénico disustituido por sistemas heterocíclicos unidos a una cadena 

alquílica lineal de longitud variable. Estas sustituciones han dado lugar a diaminas 32, 

dihidrazonas 33 y aminohidrazonas 37.  
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- Una selección de diversidad de los compuestos de la quimioteca diseñada ha permitido 

identificar diaminas 32, dihidrazonas 33 y aminohidrazonas 37, que han presentado un 

amplio rango de actividad anti-VIH, con valores de EC50 desde 0.008 μg/mL hasta 

valores superiores a 25 μg/mL. En esta selección destaca la diamina 32{8,8}, cuya 

EC50 es 0.008 μg/mL, semejante a la del AMD3100 (0.001 μg/mL). También destacan 

las diaminas 32{6,8} y 32{8,9}, cuyos valores de EC50 son de 0.03 μg/mL en ambos 

casos. El estudio del modo de acción de los compuestos más activos de la quimioteca 

diseñada de análogos no ciclámicos del AMD3100 ha permitido confirmar la hipótesis 

inicial del diseño: los compuestos actúan en el mismo tiempo del ciclo viral en que 

actúa el AMD3100, es decir, inhiben la unión del virus al correceptor CXCR4. Estos 

resultados demuestran que los ocho átomos de nitrógeno presentes en el AMD3100 no 

son necesarios para la interacción con el correceptor CXCR4, ya que compuestos con 

cuatro átomos de nitrógeno han permitido obtener elevada actividad antiviral. 
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- La comparación de los valores de actividad obtenidos para todos los compuestos 

sintetizados de la quimioteca permite concluir que las dihidrazonas 33 no son buenos 

candidatos como potenciales antivirales ya que ninguna de las moléculas sintetizadas 

de este grupo ha resultado activa. Los building blocks que han mostrado mayor 

actividad son las aminas 1-(3-aminopropil)-pirrolidina (31{5}) y 1-(3-aminopropil)-2-

pipecolina (31{8}). También, se ha observado que una cadena alquílica trimetilénica 
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entre el átomo de nitrógeno en posición bencílica y el sistema heterocíclico confiere 

mayor actividad antiviral que una cadena etilénica. Por otra parte, la sustitución del 

linker p-fenilénico de 32{8,8} por un linker m-fenilénico provoca la disminución de un 

orden de magnitud en la actividad, de manera que se concluye que el linker p-fenilénico 

permite una mejor interacción con el correceptor CXCR4. Además, la presencia de 

metilos sobre los átomos de carbono bencílicos del linker p-fenilénico (estructuras 56 

respecto a estructuras 32) varía según el caso estudiado: en uno se mantiene la 

actividad antiviral, en otro disminuye un orden de magnitud y en el último caso se pasa 

de un compuesto inactivo a uno ligeramente activo. 
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- Se ha desarrollado una metodología sintética que permite obtener monociclamos 

sustituidos de estructura general 70 a partir de un intermedio clave, el aldehído 

ciclámico 90, y aminas primarias 31. Este intermedio 90 ha permitido utilizar aminas 

primarias como reactivos en la obtención de los monociclamos sustituidos 70 con 

rendimientos elevados en presencia de isopropóxido de titanio (IV). 
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- Esta metodología se ha utilizado en la síntesis de dos monociclamos sustituidos, 70{8} 

y 70{11}, seleccionados mediante métodos computacionales de docking sobre el 

correceptor CXCR4, modelos QSAR y farmacofóricos, con valores de EC50 de 0.022 y 

0.058 μg/mL respectivamente. Ambos monociclamos presentan mejor actividad 

antiviral que los monociclamos sintetizados en AnorMed, excepto AMD3645. La 

comparación de la actividad de estos dos monociclamos con los compuestos de 

sustitución simétrica respecto al linker p-fenilenbismetilénico AMD3100 y 32{8,8}, 

ambos más activos, muestra que la sustitución no simétrica no es favorable para la 

unión al correceptor CXCR4.  
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- Se han calculado modelos QSAR y modelos de clasificación binarios (activos e 

inactivos) a partir de los valores de EC50 de los compuestos sintetizados de la 

quimioteca de análogos al AMD3100. También se han modelado farmacóforos a partir 

de la estructura de ligandos conocidos de CXCR4, donde se han incluido los 

compuestos activos de la quimioteca diseñada. Estos modelos se han utilizado en un 

cribado virtual por consenso de diaminas 32, dihidrazonas 33, aminohidrazonas 37 y 

monociclamos 70 no sintetizados, donde se han seleccionado 37{2,8}, 32{7,8} y 70{8}. 

Estos tres compuestos han presentado actividad antiviral en los ensayos biológicos. 
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A.1. Descriptores moleculares. 

 

Tabla A.1. Descriptores moleculares disponibles en MOE para la caracterización de moléculas. 

 

Descriptores 2D 

Propiedades físicas 

apol Suma de polarizabilidades atómicas 

bpol Suma del valor absoluto de la diferencia entre polarizabilidades atómicas de 
los átomos enlazados 

density Weight dividido por vdw_vol 

Fcharge Carga total de la molécula (suma de cargas formales) 

mr Refractividad molecular calculada a partir de un modelo lineal desarrollado por 
Labute para compuestos pequeños 

SMR Refractividad molecular calculada a partir de estructuras en estado de 
protonación correcto desarrollado por Crippen[1] 

Weight Peso molecular 

logP(o/w) Log del coeficiente de partición octanol/agua calculado a partir de un modelo 
desarrollado por Labute 

logS Log de la solubilidad acuosa 

reactive Indicador de la presencia de grupos reactivos 

SlogP Logaritmos del coeficiente de partición octanol/agua[1] 

TPSA Área de superficie polar[2]  

vdw_vol Volumen de van der Waals 

vdw_area Área de van der Waals 

Áreas de superficies subdivididas 

Están basados en el área de la superficie de van der Waals para cada átomo, νi, junto con alguna 
propiedad atómica, pi. Estos descriptores se definen como la suma de νi sobre todos los átomos i que 
tienen pi en un rango (a,b]. 

En los siguientes descriptores Li se refiere a la contribución al logaritmo del coeficiente de partición 
octanol/agua del átomo i calculado en el descriptor SlogP. Ri se refiere a la contribución a la 
refractividad molar del átomo i calculada en el descriptor SMR. 

SlogP_VSA0 Suma de νi tal que Li ≤ -0.4 

SlogP_VSA1 Suma de νi tal que Li esté en el intervalo (-0.4, -0.2] 

SlogP_VSA2 Suma de νi tal que Li esté en el intervalo (-0.2, 0] 

SlogP_VSA3 Suma de νi tal que Li esté en el intervalo (0, 0.1] 

SlogP_VSA4 Suma de νi tal que Li esté en el intervalo (0.1, 0.15] 

SlogP_VSA5 Suma de νi tal que Li esté en el intervalo (0.15, 0.20] 

SlogP_VSA6 Suma de νi tal que Li esté en el intervalo (0.20, 0.25] 

SlogP_VSA7 Suma de νi tal que Li esté en el intervalo (0.25, 0.30] 

SlogP_VSA8 Suma de νi tal que Li esté en el intervalo (0.30, 0.40] 
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SlogP_VSA9 Suma de νi tal que Li > 0.4 

SMR_VSA0 Suma de νi tal que Ri esté en el intervalo [0, 0.11] 

SMR_VSA1 Suma de νi tal que Ri esté en el intervalo (0.11, 0.26] 

SMR_VSA2 Suma de νi tal que Ri esté en el intervalo (0.26, 0.35] 

SMR_VSA3 Suma de νi tal que Ri esté en el intervalo (0.35, 0.39] 

SMR_VSA4 Suma de νi tal que Ri esté en el intervalo (0.39, 0.44] 

SMR_VSA5 Suma de νi tal que Ri esté en el intervalo (0.44, 0.485] 

SMR_VSA6 Suma de νi tal que Ri esté en el intervalo (0.485, 0.56] 

SMR_VSA7 Suma de νi tal que Ri > 0.56 

Cuentas de átomos y enlaces 

a_aro Número de átomos aromáticos 

a_count Número de átomos (incluye H implícitos) 

a_heavy Número de átomos pesados 

a_ICM Índice de información o entropía de Shanon (media) 

a_IC Índice de información o entropía de Shanon (total) 

a_nH Número de átomos de H (incluye H implícitos) 

a_nB Número de átomos de B 

a_nC Número de átomos de C 

a_nN Número de átomos de N 

a_nO Número de átomos de O 

a_nF Número de átomos de F 

a_nP Número de átomos de P 

a_nS Número de átomos de S 

a_nCl Número de átomos de Cl 

a_nBr Número de átomos de Br 

a_nI Número de átomos de I 

b_1rotN Número de enlaces simples rotables 

b_1rotR Fracción de enlaces simples rotables 

b_ar Número de enlaces aromáticos 

b_count Número de enlaces (incluye H implícitos) 

b_double Número de enlaces dobles 

b_heavy Número de enlaces entre átomos pesados 

b_rotN Número de enlaces rotables 

b_rotR Fracción de enlaces rotables 

b_single Número de enlaces simples (incluye H implícitos) 

b_triple Número de enlaces triples 

rings Número de anillos 

VAdjMa Índice de contenido medio de información de magnitud de adyacencia 

VAdjEq Índice de contenido medio de información de igualdad de adyacencia 
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Topológicos 

chi0, chi0_C, chi1, chi1_C Índices de conectividad Kier & Hall de órdenes 0 y 1 ([3] 

chi0v, chi0v_C, chi1v, chi1v_C  Índices de conectividad de valencia atómica de Kier & Hall de 
órdenes 0 y 1 [3] 

Kier1, Kier2, Kier3 Índices de Kier & Hall kappa shape de órdenes 1-3[4] 

KierA1, KierA2, KierA3 Índices Kier & Hall atom modified shapede órdenes 1-3 

KierFlex Índice de flexibilidad molecular de Kier 

zagreb Índice de Zagreb 

balabanJ Índice de conectividad topológica de Balaban[5] 

radius Menor excentricidad atómica del grafo de la molécula sin H 

diameter Mayor valor en la matriz de distancias[6] 

petitjeanSC Coeficiente de forma de grafo de Petitjean[6] 

petitjean Valor de (diameter-radius)/diameter 

VDistEq Índice de contenido medio de información de igualdad de distancia 

VDistMa Índice de contenido medio de información de magnitud de distancia 

weinerPol número de polaridad de Wiener[7] 

weinerPath índice de Wiener[7,8] 

Características farmacofóricas 

a_acc Número de átomos aceptores de puente de H 

a_acid Número de átomos ácidos 

a_base Número de átomos básicos 

a_don Número de átomos dadores de puente de H 

a_hyd Número de átomos hidrofóbicos 

vsa_acc Suma de áreas de la superficie de van der Waals de aceptores de puente de H 

vsa_acid Suma de áreas de la superficie de van der Waals de átomos ácidos 

vsa_base Suma de áreas de la superficie de van der Waals de átomos básicos 

vsa_don Suma de áreas de la superficie de van der Waals de dadores de puente de H 

vsa_hyd Suma de áreas de la superficie de van der Waals de átomos hidrofóbicos 

vsa_other Suma de áreas de la superficie de van der Waals de otros átomos 

vsa_pol Suma de áreas de la superficie de van der Waals de átomos polares 

Cargas parciales 

Los descriptores PEOE utilizan las cargas parciales calculadas mediante el método PEOE, mientras 
que los descriptores Q utilizan las cargas parciales guardadas con la estructura generalmente son las 
del forcefield, calculadas al minimizar la energía. 

Sea qi la carga parcial de un átomo i y νi, el área de la superficie de van der Waals para cada átomo, 
se definen los siguientes descriptores. 

Q_PC+, PEOE_PC+ Total de carga parcial positiva 

Q_PC-, PEOE_PC- Total de carga parcial negativa 

Q_RPC+ 
PEOE_RPC+ Carga parcial relativa positiva  

Q_RPC- 
PEOE_RPC- Carga parcial relativa negativa  
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Q_VSA_POS 
PEOE_VSA_POS 

Área positiva total de la superficie de van der Waals.  
Suma de todos los νi cuya qi > 0 

Q_VSA_NEG 
PEOE_VSA_NEG 

Área negativa total de la superficie de van der Waals con qi negativa. 
Suma de todos los νi cuya qi < 0 

Q_VSA_PPOS 
PEOE_VSA_PPOS 

Área positiva polar total de la superficie de van der Waals. 
Suma de todos los νi cuya qi > 0.2 

Q_VSA_PNEG 
PEOE_VSA_PNEG 

Área negativa polar total de la superficie de van der Waals. 
Suma de todos los νi cuya qi < -0.2 

Q_VSA_HYD 
PEOE_VSA_HYD 

Área hidrofóbica total de la superficie de van der Waals.  
Suma de νi cuya |qi| ≤ 0.2 

Q_VSA_POL 
PEOE_VSA_POL 

Área polar total de la superficie de van der Waals.  
Suma de νi cuya |qi| > 0.2 

Q_VSA_FPOS 
PEOE_VSA_FPOS Fraccional del área positiva de la superficie de van der Waals  

Q_VSA_FNEG 
PEOE_VSA_FNEG Fraccional del área negativa de la superficie de van der Waals  

Q_VSA_FPPOS 
PEOE_VSA_FPOS Fraccional del área positiva polar de la superficie de van der Waals con qi > 0.2 

Q_VSA_FPNEG 
PEOE_VSA_FPNEG Fraccional del área negativa polar de superficie de van der Waals con qi < -0.2 

Q_VSA_FHYD 
PEOE_VSA_FHYD 

Fraccional del área de superficie de van der Waals hidrofóbica.  
Suma de νi tal que |qi| ≤ 0.2 

Q_VSA_FPOL 
PEOE_VSA_FPOL 

Fraccional del área polar de la superficie de van der Waals.  
Suma de νi tal que |qi| > 0.2 

PEOE_VSA+6 Suma de νi si qi > 0.3 

PEOE_VSA+5 Suma de νi si qi está en el intervalo [0.25, 0.30) 

PEOE_VSA+4 Suma de νi si qi está en el intervalo [0.20, 0.350) 

PEOE_VSA+3 Suma de νi si qi está en el intervalo [0.15, 0.20) 

PEOE_VSA+2 Suma de νi si qi está en el intervalo [0.10, 0.15) 

PEOE_VSA+1 Suma de νi si qi está en el intervalo [0.05, 0.10) 

PEOE_VSA+0 Suma de νi si qi está en el intervalo [0.00, 0.05) 

PEOE_VSA-0 Suma de νi si qi está en el intervalo [-0.05, 0.00) 

PEOE_VSA-1 Suma de νi si qi está en el intervalo [-0.10, -0.05) 

PEOE_VSA-2 Suma de νi si qi está en el intervalo [-0.15, -0.10) 

PEOE_VSA-3 Suma de νi si qi está en el intervalo [-0.20, -0.15) 

PEOE_VSA-4 Suma de νi si qi está en el intervalo [-0.25, -0.20) 

PEOE_VSA-5 Suma de νi si qi está en el intervalo [-0.30, -0.25) 

PEOE_VSA-6 Suma de νi si qi < -0.30 

Descriptores 3D 

Energía potencial 

E Valor de la energía potencial 

E_ang Energía potencial de flexión del ángulo 

E_ele Componente electrostática de la energía potencial 

E_nb Energía potencial con los términos enlazados inactivos 
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E_oop Energía potencial fuera del plano 

E_sol Energía de solvatación 

E_stb Energía potencial de tensión-flexión de enlace 

E_str Energía potencial de tensión de enlace 

E_strain Energía de tensión local 

E_tor Energía potencial de torsión 

E_vdw Componente de van der Waals de la energía potencial 

E_rele Energía de interacción electrostática 

E_rnb Energía de interacción de ligando y receptor 

E_rsol Energía de solvatación entre ligando y receptor 

E_rvdw Energía d einteracción de van der Waals entre ligando y receptor 

Superficie, forma y volumen 

ASA Área de superficie accesible al agua 

vol Volumen de Van der Waals 

rgyr Radio de giro 
pmi 
pmiX, pmiY, pmiZ Momento de inercia principal y sus componentes x, y y z 

glob Globularidad 

dens Densidad 

VSA Área de superficie de van der Waals 

Carga dependientes de la conformación 

El área de superficie accesible al agua se ha calculado considerando un radio de 1.4 Å para la 
molécula de agua. 

qi  representa la carga parcial del átomo i. 

ASA+ Área de superficie accesible al agua para todos los átomos con carga parcial 
positiva 

ASA- Área de superficie accesible al agua para todos los átomos con carga parcial 
negativa 

ASA_H Área de superficie accesible al agua de los átomo hidrofóbicos, |qi| < 0.2 

ASA_P Área de superficie accesible al agua de los átomos polares |qi| ≥0.2 

DASA Valor absoluto de la diferencia entre el ASA+ y el ASA-  

CASA+ Área de superficie ponderada con carga positiva[9] 

CASA- Área de superficie ponderada con carga negativa[9] 

DCASA Valor absoluto de la diferencia entre CASA+ y CASA-[9] 

FASA+ Fraccional de ASA+  

FASA- Fraccional ASA- 

FCASA+ Fraccional de CASA+  

FCASA- Fraccional de CASA- 

FASA_H Fraccional de ASA_H  

FASA_P Fraccional ASA_P  

dipole Momento dipolar y sus componentes z, y y z 
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A.2. Training set utilizado en los QSAR. 

 

Tabla A.2. Training set utilizado para calcular los modelos QSAR. Se muestra también el valor de la 

actividad de cada uno de los compuestos, pEC50. 

 

# Estructura Nombre pEC50 

1 
N
HN

N

N

 

37{1,11} 4.512 

2 
N
HN

N

N

 

37{2,4} 4.367 

3 
N
HN

N

N

 

37{2,5} 5.251 

4 
N
HN

N

N
N

 

37{2,9} 5.005 

5 
N
HN

N
N

N

 

37{3,5} 5.281 

6 
N
HN

N
N

N

N

 

37{3,6} 4.483 
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# Estructura Nombre pEC50 

7 
N
HN

N
N

N

 

37{3,8} 5.424 

8 
N
HN

N
N

N
N

 

37{3,9} 4.503 

9 O
NN

HN
N

N  

37{3,11} 4.647 

10 N
HH

N
N

N

 

32{4,4} 4.511 

11 
N
HH

N
N

N

 
32{4,5} 5.299 

12 
N
HH

N
N

N

N

 
32{4,6} 4.852 

13 
N
HH

N
N

N
N

 
32{4,9} 4.659 
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# Estructura Nombre pEC50 

14 N
HH

NN
N

 
32{5,5} 5.600 

15 N
HH

NN
N

N  
32{5,6} 6.250 

16 
H
N

N
H

N

N  

32{5,7} 5.327 

17 
O

N
N
HH

NN  

32{5,10} 5.177 

18 
H
N

N
H

N

N

N

 

32{6,7} 5.254 

19 H
N

N
H

N
NN

 
32{6,8} 7.106 

20 O
NN

HH
NN

N

 
32{6,11} 4.305 
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# Estructura Nombre pEC50 

21 
N
HH

N
N

N
N

 

32{7,9} 5.190 

22 O
NN

HH
N

N

 

32{7,11} 5.142 

23 N
HH

NN
N

 

32{8,8} 7.715 

24 

O
N

N
HH

NN

 

32{8,10} 5.987 

25 
N
HH

NN
N

O  
32{8,11} 5.906 

26 
N
HH

NN
N N

N  
32{9,9} 4.642 

27 
O

N
N

 

36{2} 4.432 
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# Estructura Nombre pEC50 

28 
O

N
N

 

36{1} 4.235 

29 OH
NN

N

 
35{9} 4.233 

30 N
N

NH

NH HN
HN

HNNH

 

AMD3100 8.688 
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A.3. Test set utilizado en los QSAR. 

 

Tabla A.3. Test set utilizado para calcular los modelos QSAR. Se muestra también el valor de la actividad 

de cada uno de los compuestos, pEC50. 

 

# Estructura Nombre pEC50 

1 
N
HN

N

N

 

37{1,5} 5.079 

2 O
NN

HN
N

 

37{2,11} 4.375 

3 N
HH

NN
N

 
32{5,8} 6.357 

4 
N
HH

NN

N
N  

32{5,9} 5.889 

5 O
NN

HH
NN  

32{5,11} 5.369 

6 
N
HH

NN
N

N

 
32{8,9} 7.142 
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# Estructura Nombre pEC50 

7 O
NN

HH
NN

N

 
32{9,11} 4.647 

8 OH
NN  

35{5} 4.337 

9 
OH

NN

 
35{8} 5.183 
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A.4. Training set utilizado en los árboles de clasificación. 

 

Tabla A.4. Training set utilizado para construir los árboles de clasificación. Se muestra también el valor de 

la actividad anti-VIH de cada uno de los compuestos, EC50, así como la clase a la que pertenece, 0 para 

los compuestos inactivos y 1 para los compuestos activos. 

 

# Estructura Nombre EC50 / μg·mL-1 Clase 

1 N
N

N

N

 

33{1,1} >25 0 

2 
N
HN

N

N

 

37{1,5} 2.7 1 

3 
N
HN

N

N

N

 

37{1,6} >25 0 

4 
N
HN

N

N

 

37{1,11} 10.6 1 

5 
N
HN

N

N

 

37{2,4} 14.7 1 

6 
N
HN

N

N

 

37{2,5} 2.0 1 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

7 
N
HN

N

N

N

 

37{2,6} >25 0 

8 
N
HN

N

N
N

 

37{2,9} 3.8 1 

9 N
N

N
N

N
N

 

33{3,3} >25 0 

10 
N
HN

N
N

N

N

 

37{3,6} 11.2 1 

11 
N
HN

N
N

N

 

37{3,8} 1.4 1 

12 O
NN

HN
N

N  

37{3,11} 8.1 1 

13 N
HH

N
N

N

 

32{4,4} 10.2 1 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

14 
N
HH

N
N

N

 
32{4,5} 1.7 1 

15 
N
HH

N
N

N

N

 
32{4,6} 4.8 1 

16 
N
HH

N
N

N
N

 
32{4,9} 8.2 1 

17 
N
HH

N
N

N
O

 
32{4,11} >25 0 

18 N
HH

NN
N

 
32{5,5} 0.9 1 

19 N
HH

NN
N

 
32{5,8} 0.2 1 

20 N
HH

NN
N

N  
32{5,9} 0.5 1 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

21 
O

N
N
HH

NN  

32{5,10} 2.4 1 

22 N
HH

NN
N

O  
32{5,11} 1.6 1 

23 
H
N

N
H

N

N

N

 

32{6,7} 2.0 1 

24 H
N

N
H

N
NN

 
32{6,8} 0.03 1 

25 H
N

N
H

N
NNN

 
32{6,9} >25 0 

26 O
NN

HH
NN

N

 
32{6,11} 18.4 1 

27 
N
HH

N
N

N
N

 

32{7,9} 2.5 1 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

28 O
NN

HH
N

N

 

32{7,11} 2.7 1 

29 N
HH

NN
N

 

32{8,8} 0.008 1 

30 
N
HH

NN
N

N

 
32{8,9} 0.03 1 

31 

O
N

N
HH

NN

 

32{8,10} 0.4 1 

32 
N
HH

NN
N N

N  
32{9,9} 9.5 1 

33 
N
HH

NN
N N

O  
32{9,11} 9.1 1 

34 O
NN

HH
N

N
O  

32{10,11} >25 0 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

35 
N
HH

NN
O N

O  
32{11,11} >25 0 

36 
O

N
N

 

36{2} 9.0 1 

37 
O

N
N

 

36{1} 12.6 1 

38 
OH

N
N

 
35{4} >25 0 

39 
OH

N
N

 

35{7} >25 0 

40 OH
NN

N

 
35{9} 16.1 1 

41 
OH

NN

 
35{8} 1.8 1 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

42 OH
NN

O

 
35{11} >25 0 

43 
OH

N
N

O  

35{10} >25 0 

44 N
N

NH

NH HN
HN

HNNH

 

AMD3100 0.001 1 
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A.5. Test set utilizado en los árboles de clasificación. 

 

Tabla A.5. Test set utilizado para construir los árboles de clasificación. Se muestra también el valor de la 

actividad anti-VIH de cada uno de los compuestos, EC50, así como la clase a la que pertenece, 0 para los 

compuestos inactivos y 1 para los compuestos activos. 

 

# Estructura Nombre EC50 / μg·mL-1 Clase 

1 N
N

N

N

 

33{2,2} >25 0 

2 O
NN

HN
N

 

37{2,11} 15.7 1 

3 
N
HN

N
N

N

 

37{3,5} 1.8 1 

4 
N
HN

N
N

N
N

 

37{3,9} 11.7 1 

5 N
HH

NN
N

N  
32{5,6} 0.2 1 

6 N
N
HH

NN  

32{5,7} 1.7 1 
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# Estructura Nombre EC50 / μg·mL-1 Clase 

7 
O

N
N
HH

NN

N

 

32{6,10} >25 0 

8 
N
HH

NN
N

O

 
32{8,11} 0.5 1 

9 
O

N
N
HH

NN
N

 

32{9,10} >25 0 

10 OH
NN  

35{5} 11.3 1 

11 OH
NN

N

 
35{6} >25 0 
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A.6. Base de datos de activos utilizada en los farmacóforos. 

 

Tabla A.6. Base de datos de inhibidores de entrada del correceptor CXCR4 y su actividad expresada 

como EC50 en nM. 

 

# Estructura Familia EC50 / μM 

1 N
N

HN

N HN NH

NNH

 

azamacrociclo 

105 
0.8·10-3 

2 N
N

NH

NH HN
HN

HNNH

 

azamacrociclo 

24 
4.2·10-3 

3 N
N

NH

NH HN
HN

HNNH
Br

 

azamacrociclo 6.0·10-3 

4 

N
H

N

NH O

HN
N

HN O

 

KRH 

106 
6.7·10-3 

5 N
N

NH

NH HN
HN

HNNH

OMe

OMe
 

azamacrociclo 7.1·10-3 

6 N
N

NH

NH HN
HN

HNNH

 

azamacrociclo 7.6·10-3 
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# Estructura Familia EC50 / μM 

7 N NNH

NH HN

HN

HNNHF

FF

F

 

azamacrociclo 7.9·10-3 

8 N
N

NH

NH HN
HN

HN
HN  

azamacrociclo 7.9·10-3 

9 N
N

NH

NH HN
HN

HNNH
Cl

Cl

 

azamacrociclo 0.011 

10 N
N

N

N N
N

NN

Zn+2

Zn+2

 

azamacrociclo 0.011 

11 N
N

N

N N
N

NN

Ni+2

Ni+2

 

azamacrociclo 0.013 

12 

N
H

N

NH O

HN
N

HN O

 

KRH 0.015 

13 

N
H

N

NH O

HN
N

HN O

 

KRH 0.015 
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# Estructura Familia EC50 / μM 

14 

N
H

N

NH O

HN
N

HN O

 

KRH 0.015 

15 N
HH

NN
N

 

poliamina 

32{8,8} 
0.019 

16 

N
H

N

NH O

HN
N

HN O

OH

 

KRH 0.020 

17 

N

HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.025 

18 N

N

HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.026 

19 

N
H

N

NH O

HN
N

HN O

 

KRH 0.029 
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# Estructura Familia EC50 / μM 

20 

N
H

N

NH O

HN

HN O

N
H

 

KRH 0.030 

21 N
HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.032 

22 N
N

NH

NH
NH

HN

HN
HN  

azamacrociclo 0.034 

23 
HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.034 

24 
HN

N

NH

NH HN

HNNH

N

F

 

azamacrociclo 0.035 

25 N
N

NH

NH HN
HN

HNNH

O

O
 

azamacrociclo 0.035 

26 N
N

N

N N
N

NN

Cu+2

Cu+2

 

azamacrociclo 0.037 

27 N
HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.040 



Anexo 6 

359 

# Estructura Familia EC50 / μM 

28 
HN

N

NH

NH HN

HNNH

N

NO2
 

azamacrociclo 0.041 

29 
HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.041 

30 

N
H

N

NH O

HN

HN O

S N

NH2

 

KRH 0.046 

31 
HN

N

NH

NH HN

HNNH

N

NH2
 

azamacrociclo 0.047 

32 NH

NH HN

HN

NH HN

N N

 

azamacrociclo 0.055 

33 

N
H

N

NH O

HN

HN O

N
H N

 

KRH 0.055 

34 
N

N
HNH

NH HN

N

 

azamacrociclo 0.058 
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# Estructura Familia EC50 / μM 

35 

N
H

N

NH O

HN

HN O

N
H

 

KRH 0.058 

36 

N
H O

HN

HN O

N
H

NH2

NH

N

 

KRH 0.060 

37 N
N

NH

NH HN
HN

HNNH
Cl

Cl

 

azamacrociclo 0.063 

38 N
N

NH

NH HN
HN

HNNH

NO2

 

azamacrociclo 0.065 

39 

N
H

N

NH O

HN

HN O

S NH

NH2

 

KRH 0.069 

40 
N
HH

NN
N

N

 

poliamina 

32{8,9} 
0.072 

41 
N

HN

HN H
N

N

 

azamacrociclo 0.075 
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# Estructura Familia EC50 / μM 

42 H
N

N
H

N
NN

 

poliamina 

32{6,8} 
0.078 

43 N
N

NH

NH
NH

HN

HNNH

 

azamacrociclo 0.081 

44 
HN

N

NH

NH HN

HNNH

N

Br
 

azamacrociclo 0.085 

45 
N

H
N

N
NH

N
H
N

N
HN  

azamacrociclo 0.097 

46 

N
H

N

NH O

HN

HN O

N
H

O

 

KRH 0.100 

47 
N

N
NH

NH HN

N

 

azamacrociclo 0.100 

48 
N

N
Zn+2

N
N

Zn+2
N

N

 

Dpa 

107 
0.100 
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# Estructura Familia EC50 / μM 

49 
NN

Zn+2

N
N

Zn+2
N

N
N N

 

Dpa 0.100 

50 
N

Zn+2

N
N

Zn+2
N

N
N

 

Dpa 0.120 

51 
HNNH

NH N

HNNH

N HN

 

azamacrociclo 0.138 

52 
HN

N

NH

NH HN

HNNH

N

Br

 

azamacrociclo 0.138 

53 
HNNH

NH HN NH HN

HNNH
HH

 

azamacrociclo 0.144 

54 

NH HN

HNNH

NH
HN

N
N

 

azamacrociclo 0.158 

55 

HN
NH

NH
N

HN
N

NH
HN

 

azamacrociclo 0.158 

56 

HN

N

NH

NH N HN

HNNHF

FF

F

 

azamacrociclo 0.159 
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# Estructura Familia EC50 / μM 

57 
HNNH

NH
HN

HNNH
N

N

 

azamacrociclo 0.166 

58 
NNH

NH HN

 

azamacrociclo 0.170 

59 N
Zn+2

N
N +2Zn

N
N

N

 

Dpa 0.180 

60 N
N

NH

NH HN
HN

HNNH
NH2

 

azamacrociclo 0.187 

61 

HN HN

NH HN

NHNH

Cl
Cl Cl

ClN N

 

azamacrociclo 0.200 

62 HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.204 

63 N
N

NH

NH HN
HN

HNNH

 

azamacrociclo 0.230 

64 N
Zn+2

N

N
Zn+2

N

NN

 

Dpa 0.240 
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# Estructura Familia EC50 / μM 

65 N
N

HN

HN
HN

H
N

H
N

NH

 

azamacrociclo 0.312 

66 
N HN

HN
HNN

H

N
H

NH

N

 

azamacrociclo 0.324 

67 

NZn+2

N

N

Zn+2

N

N
N

 

Dpa 0.350 

68 
NNH

NH HN
N
H

N
H

H
N NH2

 

azamacrociclo 0.372 

69 
N

NH
NH

NH HN

HN
HN

N

 

azamacrociclo 0.395 

70 NH

NH HN
HN

HNNH
N

N

 

azamacrociclo 0.398 

71 N

H
N

H
N

N
N

N
H

N
H

N

 

azamacrociclo 0.421 

72 N
HH

NN
N

 

poliamina 

32{5,8} 
0.440 
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# Estructura Familia EC50 / μM 

73 
N

NZn+2

N

N

Zn+2

N

N

N

N

 

Dpa 0.460 

74 
N

N
HNH

NH HN

N
N

 

azamacrociclo 0.468 

75 
N

N
HNH

NH HN NH

 

azamacrociclo 0.481 

76 
N

Zn+2

N

N
Zn+2

N

NN

 

Dpa 0.490 

77 

N
H

HN

H
N

NH

H
N

NH

N
H

HN

 

azamacrociclo 0.501 

78 
N
H

N
NH

N
H
N

N
HN

N

 

azamacrociclo 0.524 

79 N
N

NH

N
NH

HN

N
HN  

azamacrociclo 0.534 
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# Estructura Familia EC50 / μM 

80 N
HH

NN
N

N  

poliamina 

32{5,6} 
0.563 

81 
HNNH

NH N

HN

HN

NH

NH

 

azamacrociclo 0.650 

82 N
N

NH

NH HN
HN

HNNH

COOMe

 

azamacrociclo 0.683 

83 

HNNH

NH N
HN

NH HN

N

 

azamacrociclo 0.692 

84 N
Zn+2
N

N
Zn+2

N

NN

 

Dpa 0.750 

85 N
N

NH

N
NH

HN

N
HN

Cl

Cl  

azamacrociclo 0.751 

86 
Zn+2

N

N

N

 

Dpa 0.770 

87 N
N

N

N N
N

NN

Co+2

Co+2

 

azamacrociclo 0.810 
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# Estructura Familia EC50 / μM 

88 N
HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 0.850 

89 NN
N

NH

NH HN
HN

HNNH

 

azamacrociclo 0.908 

90 
N

N
HNH

NH HN

 

azamacrociclo 0.972 

91 

O
N

N
HH

NN

 

poliamina 

32{8,10} 
1.02 

92 N
NNH

NH HN
Cl

Cl
 

azamacrociclo 1.20 

93 
N
HH

NN
N

O

 

poliamina 

32{8,11} 
1.23 

94 N
HH

NN
N

N  

poliamina 

32{5,9} 
1.28 

95 
N

N
HNH

NH HN
SH

 

azamacrociclo 1.31 



Anexo 6 

368 

# Estructura Familia EC50 / μM 

96 HN

HN

NHHN

NH

NH
N N

 

azamacrociclo 1.35 

97 N
N

NH

NH HN
HN

HNNH

COOEt

 

azamacrociclo 1.43 

98 
N

N
HNH

NH HN

N

 

azamacrociclo 1.45 

99 
N

N
HNH

NH HN

NH2
 

azamacrociclo 1.64 

100 
N

N
HNH

NH HN S

 

azamacrociclo 1.68 

101 N
N

NH

N
NH

HN

N
HN

 

azamacrociclo 1.75 

102 
N

N
HNH

NH HN

NH2
 

azamacrociclo 1.88 

103 
N HN

HNNH
NH

NHN

NH
 

azamacrociclo 2.40 
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# Estructura Familia EC50 / μM 

104 N
HH

NN
N

 

poliamina 

32{5,5} 
2.48 

105 N

NH

HN

NH

N

HN

NH

HN

 

azamacrociclo 2.75 

106 N
N

NH

N
NH

HN

N
HN

MeO

OMe  

azamacrociclo 3.10 

107 
N
HN

N
N

N

 

poliamina 

37{3,8} 
3.74 

108 
N

NH HN

HNNH

NH
HN

N
N

 

azamacrociclo 3.77 

109 N
HH

NN
N

O  

poliamina 

32{5,11} 
4.23 

110 
NNH

NH HN

H
N N

 

azamacrociclo 4.24 

111 N
N

NH

O
NH

HN

O
HN  

azamacrociclo 4.49 
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# Estructura Familia EC50 / μM 

112 N
N
HH

NN  

poliamina 

32{5,7} 
4.67 

113 
N
HH

N
N

N

 

poliamina 

32{4,5} 
4.98 

114 
N
HN

N

N

N  

poliamina 

32{3,5} 
5.19 

115 
H
N

N
H

N

N

N

 

poliamina 

32{6,7} 
5.54 

116 
N
HN

N

N

 

poliamina 

37{2,5} 
5.58 

117 
N
HH

N
N

N
N

 

poliamina 

32{7,9} 
6.40 

118 
OH

NN

 

poliamina 

35{8} 
6.51 

119 
O

N
N
HH

NN  

poliamina 

32{5,10} 
6.60 
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120 N
N

S

S HN
S

SNH

 

azamacrociclo 6.84 

121 O
NN

HH
N

N

 

poliamina 

32{7,11} 
7.15 

122 N
N

N

N N
N

NN

 

azamacrociclo 7.76 

123 N
N

NH

NH

HN

HN  

azamacrociclo 7.96 

124 
N
HN

N

N

 

poliamina 

37{1,5} 
8.29 

125 N
N

NH

NHHN

HN

HN NH  

azamacrociclo 9.12 

126 N
N

NH

NH

HN

HN  

azamacrociclo 9.61 

127 
N
HN

N

N
N

 

poliamina 

37{2,9} 
9.83 
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# Estructura Familia EC50 / μM 

128 
HNNH

NH N

NH2

 

azamacrociclo 9.95 

129 HN

HN

HN

NH

NH

N

NH

N

 

azamacrociclo 11.2 

130 
N
HH

N
N

N

N

 

poliamina 

32{4,6} 
14.0 

131 N
HN

N

NH

NH HN

HNNH

N

 

azamacrociclo 16.4 

133 
N

N

N
N

NH

NH HN
HN

HNNH

 

azamacrociclo 20.9 

133 
NH

NH N HN

HNN

 

azamacrociclo 21.1 

134 
N
HH

N
N

N
N

 

poliamina 

32{4,9} 
21.8 

135 
N
HH

NN
N N

O  

poliamina 

32{9,11} 
22.3 
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136 O
NN

HN
N

N  

poliamina 

37{3,11} 
22.4 

137 
N
HH

NN
N N

N  

poliamina 

32{9,9} 
22.6 

138 N
HH

N
N

N

 

poliamina 

32{4,4} 
30.6 

139 
N
HN

N

N

 

poliamina 

37{2,4} 
30.6 

140 N
N

NH

N
NHN

HN

N
HN N  

azamacrociclo 30.9 

141 
N
HN

N
N

N
N

 

poliamina 

37{3,9} 
31.2 

142 
N
HN

N
N

N

N

 

poliamina 

37{3,6} 
32.7 

143 N
N

N

N N
N

NN

Pd+2

Pd+2

 

azamacrociclo 36.2 
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# Estructura Familia EC50 / μM 

144 
O

N
N

 

poliamina 

36{2} 
37.0 

145 O
NN

HN
N

 

poliamina 

37{2,11} 
41.9 

146 
N
HN

N

N

 

poliamina 

37{2,4} 
42.7 

147 OH
NN  

poliamina 

35{5} 
45.5 

148 O
NN

HH
NN

N

 

poliamina 

32{6,11} 
49.1 

149 

HN

NH

NH

NH

HN

HNN

N

 

azamacrociclo 56.8 

150 OH
NN

N

 

poliamina 

35{9} 
58.0 

151 
O

N
N

 

poliamina 

36{1} 
58.3 
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A.7. Base de datos de inactivos reales utilizada en los farmacóforos. 

 

Tabla A.7. Base de datos de compuestos inactivos como inhibidores del VIH-1 a concentraciones 

inferiores a 25 μg/mL. 

 

# Estructura Nombre 

1 N
N

N

N

 

33{1,1} 

2 
N
HN

N

N

N

 

37{1,6} 

3 N
N

N

N

 

33{2,2} 

4 
N
HN

N

N

N

 

37{2,6} 

5 N
N

N
N

N
N

 

33{3,3} 

6 
N
HH

N
N

N
O

 
32{4,11} 
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# Estructura Nombre 

7 H
N

N
H

N
NNN

 
32{6,9} 

8 
O

N
N
HH

NN

N

 

32{6,10} 

9 
O

N
N
HH

NN
N

 

32{9,10} 

10 O
NN

HH
N

N
O  

32{10,11} 

11
N
HH

NN
O N

O  
32{11,11} 

12
OH

N
N

 
35{4} 

13 OH
NN

N

 
35{6} 
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14
OH

N
N

 

35{7} 

15
OH

N
N

O  

35{10} 

16 OH
NN

O

 
35{11} 
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Abstract: A compilation of combinatorial chemistry techniques applied to anti-HIV drug development is
presented in this review. This synthetic strategy together with high throughput screening assays has allowed
the discovery and optimization of novel lead anti-HIV compounds.

Keywords: Combinatorial chemistry, synthesis, anti-HIV drugs, high throughput screening.

INTRODUCTION transcriptase inhibitors (RTI), those actually approved by the
FDA are [29]: in 1996 Nevirapine (NVP) [44-46], in 1997
Delavirdine (DLV) [47,48] and in 1998 Efavirenz (EFV)
[49].

The World Health Organization (WHO) estimates that
about 40 million people were living with the human
immunodeficiency virus (HIV) and AIDS by the end of 2004
[1]. In the other family of compounds used for antiretroviral

therapy, the PI, the drugs approved by the FDA are [29]: in
1995 Saquinavir (SQV) [50-52], in 1996 Ritonavir (RTV)
[53-55] and Indinavir (IDV) [56], in 1997 Nelfinavir (NFV)
[57,58], in 1999 Amprenavir (APV) [59-61], in 2000
Lopinavir (ABT-378/r) [62], in 2003 Atazanavir (BMS-
232632) and Fosamprenavir (GW433908).

Studies in HIV biology have provided deep knowledge
of the molecular events in the HIV life cycle, which consists
of several steps: viral entry [2-8], reverse transcription [9-
15], integration [11,16-22], gene expression [23,24], gene
assembly [25], budding [26] and maturation [27], see Fig.
(1). These stages serve as potential targets for designing anti-
HIV drugs [28]. No integrase inhibitors have been approved yet but there

are already compounds in early human clinical trials [63].This sequential fragmentation of the viral cycle has been
used in this review for the classification of the synthesized
anti-HIV libraries of compounds in accordance with the
original intended target.

The only approved fusion inhibitor is Enfuvirtide
(Fuseon, T-20) [64], in 2003, but there are several
compounds in different clinical trial stages, such as
AMD070, UK,427,857 and TAK-220 [8,29].Current antiretroviral therapy consists of combinations of

three families of compounds: reverse transcriptase inhibitors
(RTI) and protease inhibitors (PI), both directed to enzymes
produced by HIV, and entry inhibitors (ENI) that target the
HIV envelope glycoprotein gp41 and prevent virus-cell
fusion. Reverse transcriptase inhibitors (RTI) are classified
in nucleoside (NRTI) and non-nucleoside (NNRTI) types.
Within the group of the NRTI, the current FDA approved
drugs used for anti-HIV therapy are [29]: in 1987
Zidovudine (AZT) [30,31], in 1991 Didanosine (ddl)
[32,33], in 1992 Zalcitabine (ddC) [33,34], in 1994
Stavudine (d4T) [34-36], in 1995 Lamivudine (3TC) [37], in
1997 Zidovudine/Lamivudine (combines AZT and 3TC)
[38], in 1998 Abacavir [39-41], in 2000
Zidovudine/Lamivudine/Abacavir (combines AZT, 3TC and
Abacavir), in 2001 Tenofovir (bis-poc PMPA) [42,43], in
2003 Emtricitabine (FTC), in 2004 Abacavir/Lamivudine
(combines Abacavir and 3TC) and also in 2004
Emtricitabine/Tenofovir (combines FTC and bis-poc
PMPA). Within the NNRTI, the second group of reverse

Nevertheless, new strategies against HIV infection have
been, and are still, determ inant in controlling the emergence
of HIV resistance, improving the efficacy of antiretroviral
treatment and expanding the arsenal necessary to combat
HIV.

Combinatorial chemistry allows the obtention of a large
population of molecules in a short period of time. Therefore,
it has been a useful tool for the discovery and optimization
of new lead compounds in medicinal chemistry research.

Obviously, the search for new potential anti-HIV drugs
has taken advantage of the benefits of such combinatorial
strategy [65]. Subsequently, the synthesized libraries must
be examined for specific target activity in high throughput
screening (HTS). These systems are designed to identify
molecules with specific properties and allow the screening of
thousands of compounds per day [66-68].

A compilation of the combinatorial techniques applied to
the development of anti-HIV agents is presented in this
review. Some references might be missed because, especially
in patents, it is difficult to discern if the libraries of the
synthesized compounds were really combinatorial due to the
intrinsic combinatorial nature of the general formula depicted
in Markush structures. In these cases the initial virtual

*Address correspondence to this author at the Grup d’Enginyeria
Molecular (GEM), Institut Químic de Sarriá (IQS), Universitat Ramon
Llull, Vía Augusta 390, E-08017 Barcelona, Spain; E-mail:
j.teixido@iqs.url.edu

1389-5575/06 $50.00+.00 © 2006 Bentham Science Publishers Ltd.
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Fig. (1). The different steps of the HIV-1 life cycle. The text in bold refers to targets inhibited by existing agents approved by the FDA
or that are likely to be inhibited in the future by new anti-HIV drugs.

library of compounds could be originally combinatorial, but
a subsequent reduction of its size (i.e. using computational
tools in virtual screening techniques followed by a cherry
picking or sparse array selection) leads to a reduced library to
be synthesized with loss of the combinatorial perception in
the published work [69].

oligonucleotide analogues may represent class of
experimental chemotherapeutic agents against AIDS [71].

With this background, a library of phosphorothioate
oligonucleotides that contained all possible sequences of
eight nucleotides divided into 16 sets, each consisting of
4,096 sequences (4 nucleotides: A, G, C, T; 8 positions; 48

= 65,536 compounds), was synthesized in 1990 in solid-
phase using 3H-1,2-benzodithiol-3-one 1,1-dioxide as sulfur-
transfer reagent. The combinatorial screening of this library
identified the phosphorothioate oligonucleotide T2G4T2 as
inhibitor of HIV envelope-mediated cell fusion [72].
Nevertheless, research on this oligonucleotide family has
been discontinued in early clinical phases.

VIRAL ENTRY
Nucleoside phosphorothioates are isoelectronic analogs of

natural nucleotides in which a non bridging oxygen atom of
the phosphate group is replaced by a sulfur atom [70]. This
kind of compounds have shown to block the cytopathic
effect of HIV-1 in uninfected ATH8 cells. These findings
suggested that nucleoside phosphorothioates and their Another approach was finding small molecule inhibitors

that bind to the coiled-coil core of gp41 subunit of HIV

N
H

O
OHO

N

O

O OH

NNYTSLIHSLIEESQNQQEKNEQELLELKD

O

cyclopentyl
propionic acid

e-glutamic acid p-(N-carboxyethyl)
aminomethyl  benzoic acid

non-peptide moiety isolated from screening
a biased combinatorial  library

gp41 outer helix Asn125 to Lys154

Fig. (2). Chemical structure of the nonpeptide moiety derived from the combinatorial library attached to the HIV-1 peptide, Asn-125
to Lys-154. The individual components from the combinatorial library are labeled in brackets.
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N
N

S
O O

Cl

Ph

Ph
N

N

O

Ph Ph

Ph

N Y
Z

Ph

compound A compound B
general  structure of the
compounds in the library

Fig. (3). Structure of compounds A and B and general structure of the compounds in the library generated from the SAR study around
both the acyclic (A) and cyclic (B) scaffolds.

envelope and block membrane fusion, which has led to the
discovery of a synthetic moiety that binds the coiled-coil
when attached to the N-terminus of a 30-mer outer-layer
peptide. This molecule, Fig. (2), was targeted by
synthesizing a combinatorial library of three building blocks
linked to the N-terminus of an outer-layer peptide lacking
the first two α-helical turns, resulting in 61,275 of the
62,500 potential ligands from all possible combinations of
50 building blocks at the first two positions and 25 different
building blocks at the third [73] (building blocks in Fig. (4)
of the reference [74]).

treatment with TFA and then an acylating agent (39 different
Y subunits from a variety of acid chlorides, sulfonyl
chlorides and isocyanates based on the previously performed
SAR study) [75-80] was added. A portion of resin from each
pool was archived and the remaining resin was mixed and
split into 100 equal portions. Each portion was alkylated
with trimethylsilyl diazomethane followed by displacement
with 2 equivalents of the amine Z subunits (selection also
based on the previously performed SAR study [75-80]).

Such procedure afforded 100 pools with 117
compounds/pool. The excess amine was removed by
scavenging with polystyryl isothiocyanate resin. Then, the
pools were treated with borane-methyl sulfide complex to
reduce the amide bonds. The desired products were obtained
by treating the pools with HCl/MeOH. LC/MS analysis was
performed to evaluate the composition of each pool.

A different strategy was inhibiting the binding of the
virus to the CCR5 chemokine receptor. A combinatorial
library was designed from a classical medicinal chemistry
SAR study around compounds A and B (Fig. 3).

The selected scaffold, see Fig. (4), was treated with 1,3-
diisopropylcarbodimide (DIC) to form the symmetrical
anhydride and then coupled to polystyrene bound
arylsulfonamide in presence of DMAP. A portion of each
resin was archived and the remaining resin was mixed and
split into 39 equal pools. The Boc group was removed by

The 100 mixtures were assayed for CCR5 binding
affinity leading to the discovery of compound in Fig. (5), a
potent receptor binding and with moderate anti-viral activity
[81].
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S
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Z = NR1R2 

m ix and split

mix and split

Fig. (4). Solid-phase synthetic route for the CCR5 antagonist library designed by Willoughby et al. [81] with 39 different Y subunits
and 100 different Z subunits.
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N

N
HO

Ph

Ph
Fmoc deprotection of the pre-swollen Rink amide resin

was followed by coupling of the next amino acid using
TBTU/HOBT methodology. The sequences were constructed
using successive Fmoc deprotection/amino acid coupling
steps. Deprotection of the final Fmoc group followed by
TFA mediated cleavage from the resin and removal of acid
labile side chain protecting groups afforded the desired
peptides as C-terminal protected amides (Fig. 7). The first
peptide library showed a relatively good binding inhibition
but no anti-viral activity. The second library was more active
than the tetrapeptide library, but no clear correlation between
activity and nature of the X substituent was found, and
cellular assays against HIV-infected cells gave no significant
activity. The third library was also not active [84].

Fig. (5). Structure of the most potent compound in the
synthesized library of CCR5 antagonists.

This compound was used for further investigations by
Hale et al., who discovered that the incorporation of
appropriate acid functional groups increased the effect on the
anti HIV-1 properties of these molecules [82].

HNAAFmocH2N

NHFmoc

AnA AA1NH2

FmocAAOH

TFA / DCM
(cleavage)

piperidine / DMF
(Fmoc cl eavage)

TBTU /  HOBt
DIPEA
(coupling)

Fmoc prot ected
amino acid

Fmoc protected resin

: sol id support

AA    : amino acid

The CCR5 chemokine receptor was also used as target
for a thiazolidinone library (Fig. 6) prepared in solution
phase synthesis. The first step of the synthesis was the
preparation of the 4-thiazolidinone reagent pool from the
corresponding arylaldehyde and 3-chloropropylamine
generating an intermediate imine, which was reacted with a
cyclizing agent such as mercaptoacetic acid to afford the
substituted 4-thiazolidinone. These compounds were treated
with NaI to afford the desired 4-thiazolidinone reagent pool,
which was used for the combinatorial synthesis in array
format. Each 4-thiazolidinone was treated with ten amines in
separate wells and after reaction the content of each well was
split into 4 new plates and treated with 4 different aldehydes
[83].

R3

N

S

R2

R1

O

R1 = CF3, F , NO2 , Cl

R2 = 10 different cyclic amines

R3 = F , CF3, H, Cl

Fig. (7). General peptide synthesis scheme for the libraries H-
Phe-X-X-Arg-NH2, H-Glu-X1-Glu-X2-Asp-NH2

 and H-Phe-X-Arg-
NH2 reported by Boussard et al. [84].

REVERSE TRANSCRIPTION
As stated in the introduction, there are two different

classes of reverse transcriptase (RT) inhibitors: the
nucleoside (NRTIs) and the non nucleoside (NNRTIs)
inhibitors.

Fig. (6). General structure for the compounds in the library of 4-
thiazolidinone. The curved lines show the different building
blocks used for these structures.

Peptide libraries have been designed as possible
gp120/cell membrane receptor interaction inhibitors on the
basis of the crystal structure of a gp120/CD4/Fab17b
complex. The synthesized libraries were H-Phe-X-X-Arg-
NH2 (X = Gly, Ser, Val, Phe, Lys), H-Glu-X1-Glu-X2-Asp-
NH2 (where X1 = Gly, Phe, Ala, Ser, Asp, Asn and X2 =
Tyr, Asp, Leu, Gly, Lys, Ser; library of 36 peptides) and H-
Phe-X-Arg-NH2 (X = Arg, Asp, Gln, Gly, Lys, Phe, Pro,
Ser, Trp, Val, None). They were prepared via both large
batch and parallel split synthesis techniques.

1-aryl-1H,3H-thiazolo[3,4-a]benzimidazoles (TBZs) have
shown high activity as HIV-1 NNRTIs [85-87]. Structure-
activity studies on these compounds suggested that the
substitution on the C-1 atom of the thiazolo[3,4-
a]benzimidazole moiety played a crucial role in the
interaction of TBZs with the HIV-1 RT, especially when a
2,6-dihalo-substituted phenyl ring was present.

Therefore 2,3-diaryl-1,3-thiazolidin-4-one derivatives
have been synthesized as new NNRTIs by treatment of a 2,6-

ArNH2

HO

O

SH

R

R'O

H

R

R'

N

S
O

Ar
+ +

toluene

∆, 2h

Fig. (8). General synthesis scheme for 2,3-diaryl-1,3-thiazolidin-4-one derivatives reported by Barreca et al. [88]. Where Ar = phenyl,
pyridin-(2,3 or 4)-yl, 3-Me-pyridin-2-yl, 4-Me-pyridin-2-yl, 5-(Cl, Br or Me)-pyridin-2-yl, 6-(Br or Me)-pyridin-2-yl or 4,6-di-Me-
pyridin-2-yl; and R,R’ = Cl,Cl, F,F or Cl,F.
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dihalo-substituted benzaldehyde with an equimolar amount
of an (hetero)aromatic amine in the presence of an excess of
mercaptoacetic acid in refluxing toluene (Fig. 8).

therapy (HAART) for treating neurological aspects of HIV
infection [91].

A library of analogs of the natural product mappicine
(Fig. 11) has been synthesized and their activity has been
tested in an HIV RNase H (ribonuclease H) assay, one of the
activities of the retroviral enzyme RT.

R2

OH

N

SO3-

OH

N

SO3 -

N
R1

N
R1

The synthesis was performed using parallel techniques
that allowed the combinatorialization of three building
blocks [92].Fig. (9). General structures for the aryl diazo derivatives.

These compounds were up to 10-fold more potent
inhibitors of replication of HIV-1 (IIIB) or HIV-2 (ROD) in
MT-4 cells than the TBZ lead compound [88].

One of the building blocks in the library, the pyridone
D-ring was synthesized from a formyl pyridine where the
aldehyde was reduced to a methyl group, the resulting
compound was treated with iPrMgCl, then a TMS-iodine
exchange was performed and after demethylation the
iodopyridone building block was obtained.

Skillman et al. have used a structure-based design
scheme to identify HIV-1 RT inhibitors and subsequently
designed combinatorial analog libraries. A general procedure
has been used for diazotization reaction and coupling to the
corresponding acid.

This first building block, with associated fluorous tag,
was alkylated with a propargylating agent (the second
building block) and then a cascade radical annulation with
the third building block, an isonitrile bearing the A-ring
substituent, provided the desired mappicine analog.

Different aryl diazo derivatives (Fig. 9) were synthesized
with this methodology and the central urea was also replaced
with a variety of linkers including thiourea, oxalyl, squarate,
chelidonate, chelidamate, 2,6-pyridine dicarboxylate and
terephthalate groups.

This methodology was used for the synthesis of a 560-
member library [93], see Fig. (12).
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Fig. (10). Synthesis scheme for N-(N-acetyl-L-cysteinyl)-S-acetylcystemine analogs reported by Oiry et al. [91], where R and R’ =
CH3, CH(CH3)2, C(CH3)3.

The most active compounds against HIV-1 RT were the
urea-linked with acidic aryl diazo side-chains [89,90].

N

N
O

HO

A B C
DRecently a series of N-(N-acetyl-L-cysteinyl)-S-

acetylcystemine analogs have been synthesized from
commercially available N-acetyl-S-trityl-L-cysteine. The
library was designed with a combinatorial approach although
the synthesis was not performed with this methodology Fig.
(10). Fig. (11). Structure of mappicine.

INTEGRATION
Compounds were tested by quantifying reverse

transcriptase activity and pro-glutathione (GSH) antioxidant
properties. Results showed that none of these compounds
had higher values than the N-(N-acetyl-L-cysteinyl)-S-
acetylcystemine, but they could be used as adjuvant
therapies in conjunction with highly active antiretroviral

A synthetic peptide combinatorial library approach has
been used for the synthesis of hexapeptides with an N-
terminal free amine group and a C-terminal amide group
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consisting of natural L-amino acids. This library was
screened for HIV integrase inhibition in an iterative way. In
the first selection step, the two N-terminal positions of the
hexapeptides were defined; therefore 400 peptide mixtures
were screened. Once an active peptide mixture was
identified, in the second step the third position in the
peptide mixtures was defined. This process continued until
all positions were defined. The sequence of the most
inhibiting hexapeptide was determined, His-Cys-Lys-Phe-
Trp-Trp, which inhibits IN-mediated 3’-processing and
integration with an IC50 of 2 µM [94].

were designed using a combinatorial chemistry approach. An
amino acid amide was coupled with N,N’-disuccinimidyl-
2,2’-dithiosalicylate, prepared from 2,2’-dithiosalicylic acid,
N-hydroxysuccinimide and DIC. The disulfide benzamides
were reduced to thiols using tris-(2-carboxyethyl)phosphine
hydrochloride (TCEP·HCl) and the resulting compounds
were acylated with an acid chloride to yield the desired
thioesters, see Fig. (13).

A repertoire of 40 acyl (RaC=O) groups, 6 RS
substitutions on the mercaptobenzoyl substructure and 19
NHRL groups were used to render compounds with a broad
anti-HIV activity. Generally good anti-HIV activity was
compatible with nearly all of the acyl groups and most of
the halogen substitutions on the benzoyl ring and best
results were obtained with ligands that were simple amino
acid primary amides as those of glycine, β-alanine, and D- or
L-alanine [95].

Structure-based computer modeling and combinatorial
chemistry have been used to identify new inhibitors of HIV-
1 IN, the Carbonyl J derivatives [89]; these compounds were
also studied as HIV-1 RT inhibitors [90] where their
structures and synthesis is detailed.

NUCLEOCAPSID PROTEIN
REV AND TAT-TAR RNA INTERACTIONAnother possible target for the development of new

antiviral agents is the p7 nucleocapsid protein (NCp7) of
HIV-1, which is required for the functioning of the integrase
enzyme as for the reverse transcriptase and protease enzymes.
A series of S-acyl-2-mercaptobenzamide thioester derivatives

A strategy for designing anti-HIV drugs is the inhibition
of RNA Rev responsive element (RRE). In this context,
Park et al. have used a one-pot Ugi-type multiple
component condensation for constructing a library of
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Fig. (12). Synthetic scheme for the 560-membered mappicine analogs library with associated fluorous tags performed by Curran et al.
[93].
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Fig. (13). Synthesis scheme for the 2-mercaptoamide thioesters developed by Srivastava et al. [95]. (a) N-
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RaCOCl/DMA/25ºC.

neomycin B mimetics. The starting materials were a
neamine-derived aldehyde, tert-butyl isocyanide or
isocyanoacetic acid methyl ester, a glycine-conjugated
polyethylene glycol (PEG) methyl ether, and various Cbz-N-
protected amino acids. Products were cleaved from PEG,

hydrolyzed with basic catalysis, de-O-acetylated, and finally
hydrogenated (Fig. 14 and Fig. 15).

The peptidoaminoglycoside with X and R = H, R’ =
tert-butyl and R’’ = HOOC-CH2- was the most active
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Fig. (14). Synthesis of neomycin B mimetics by Park et al. [96] using four-component condensation, where R’ = Gly, Ala, Val, Phe,
Trp, His, Tyr, Thr, Ser, Asp, Gln, Lys and Arg; R = tert-butyl, CH2C(O)OCH3 and n = ca. 113.
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compound in the library and with higher activity than
neomycin B [96].
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(H)

OHO
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O NHX

NHX
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O

X

NH
R'

N

O

O
R' '

XHN OR

O

Fig. (16). General structure of the arylidenediamides in the
library where A, B and C are different substituents (straight or
branched alkyl chain, carbocyclic aryl and substituted or
heterocyclic derivatives).

This strategy has also been used for the combinatorial
synthesis of arylidenediamides in array format with the
general structure shown in Fig. (16). The synthetic strategy
is shown in Fig. (17).Fig. (15). General structure of the peptidoaminoglycosides as

neomycin B mimetics, where X = Cbz and H (after removal of
Cbz by hydrogenation); R = H, CH3; R’ = tert-butyl,
CH2C(O)OCH3; R’’ = corresponds to R’ in the previous figures.

An example was the synthesis of a 10,240 component
array, which were synthesized from 8 oxazolones (A), 32
aldehydes (B) and 40 amines (C) [97].
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Fig. (17).  General synthetic scheme for the compounds in the arylidenediamide library reported by Zambias et al. [97]. Substituents
A, B and C on the molecular core are straight or branched alkyl chains, carbocyclic aryl and substituted or heterocyclic derivatives,
which may also contain functional groups replacing hydrogen atoms, as tertiary amine, amide, ester, ether and halogen.

D-Orn D-Arg D-Lys D-Pro

D-Phe H3 C

NH
H2N

HN

H2N H2N O
N

N N

HO O

NN+

O

O-

O

NH

HN
N

Fig. (18). Structure of the building blocks Hamy et al. [98] used to create the combinatorial peptoid library.
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Fig. (19). Structure of compound CGP64222.

Another target for anti HIV-1 drugs is the inhibition of the
Tat/TAR RNA interaction.

eight different functionalities (Fig. 21) grouped into fourteen
functionality sets A-N.

For this purpose, Hamy et al. synthesized a
combinatorial peptoid library containing 3.2 x 106

compounds divided into 20 sublibraries of 160,000
compounds each.

Set A included functionalities R1-R10; set B
functionalities R11-R16; set C functionalities R14-R19; set D
functionalities R20-R25; set E functionalities R11-R13, R17-
R19; set F functionalities R23, R26-R30; set G functionalities
R2, R8, R16, R31-R33; set H functionalities R11-R15, R32;
set I functionalities R17-R19, R34-R36; set J functionalities
R12, R19, R27, R29, R30, R37; set K functionalities R11-
R13, R15, R32; set L functionalities R9, R17-R19, R33; set
M functionalities R12, R26, R27, R29, R30; and set N
functionalities R12, R19, R28, R29, R38.

To limit the complexity of the library and to maintain
high concentrations of individual components in the
sublibraries, the four C-terminal residues were always a
sequence composed of D-amino acids, D-Lys-D-Lys-D-Arg-
D-Pro-amide. Five positions (residues A to E) were
randomized by introducing a set of 20 building blocks
carrying a wide range of functional groups (Fig. 18). The combinatorial library was obtained by substitution

of the H atoms in the NH groups of the piperazinyl
polyazacyclophane scaffolds by the previously defined sets
of functionalities.

The synthesis was accomplished by a split and mix
process on a 1 % crosslinked polystyrene resin bearing the
fluorenylmethoxycarbonyl-protected acid Rink amide linker.

These libraries were tested in HIV-1 tat/TAR protein-
RNA disrupting assay using high throughput screening.
Guanidine libraries 32 and 34 in the reference (with the
piperazinyl polyazacyclophane scaffold with n = 1 and N
substituted with set K and set M respectively) were potent
inhibitors of HIV-1 tat/TAR protein-RNA interaction [100].

One of the oligomers of the library specifically inhibited
the Tat/TAR RNA interaction, both in vitro and in vivo
(CGP64222, (Fig. 19)) [98].

Neomycin B mimetics, arylidenediamides and the
previous peptoid library have been recently proved to inhibit
viral activity in the step of viral entry by acting as CXCR4
antagonist instead of the original target for which they were
designed, inhibition of Tat/TAR RNA interaction [99].

Recently a combinatorial library of 39,304 unnatural
small molecules has been synthesized in solid phase using a
set of 34 monomers and three consecutive cycles of split and
pool. Monomers were selected to cover a broad range of the
chemical space by varying charge, aromaticity, hydrogen
bonding potential, flexibility, size, length of side chain and
hydrophobicity.

An et al. have synthesized four unsymmetric piperazinyl
polyazacyclophane scaffolds (Fig. 20).

N

N

N
R

NH HN
H
N

R = t-Boc, H

n = 1, 2

n
n

The library had the general structure NH2-M3-M2-M1-
NH(CH2)2-O-TentaGel and was synthesized using standard
Fmoc solid-phase synthetic methods, and encoded using 18
photocleavable tags. TR87 (Fig. 22) was identified as Tat-
TAR inhibitor [101].

PROTEASE INHIBITORS
The first HIV protease inhibitor library was published by

Owens et al. in 1991 and they identified a potent inhibitor
through the screening of tetrapeptide mixtures [102].Fig. (20).  Structure of piperazinyl polyazacyclophane scaffolds.

These scaffolds were utilized for the generation of
twenty-six chemical libraries (total of 16,000 compounds)
using the solution-phase simultaneous addition of
functionalities (SPSAF) combinatorial approach with thirty-

These mixtures were synthesized as acetylated
tetrapeptide amides where only one position was unique and
the remaining positions contained a mixture of different
amino acids; 22 amino acids plus statine (Sta) were used.
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Fig. (21). Functionalities used for the generation of the SPSAF combinatorial library.

In the first step 22 separate Boc-amino acid-MBHA
resins were prepared. The resins were combined to give Boc-
X1-MBHA. Then, 23 unique Boc-amino acid-X1- MBHA
dipeptide resins were prepared using the 22 Boc-amino acids

and Boc-statine. These 23 dipeptide resins were combined to
generate a new mixed resin, Boc-Z2-X1-MBHA, were Z is
equal to X plus statine. The same procedure was used for
preparing a new tripeptide resin, Boc-X3-Z2-X1-MBHA.



Recent Advances in Combinatorial Chemistry Applied Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 1    101

Finally, 22 separate additional couplings were performed to
yield 22tetrapeptide resins, Boc-X4-X3-Z2-X1-MBHA, where
now the fourth X4 position is defined. The peptide mixtures
were cleaved from the resin with HF, and subsequently
lyophilized to give 22 separate mixtures which contained
11,132 different tetrapeptide amides each.

Positional scanning deconvolution was performed
evaluating the ability to inhibit HIV protease. The most
potent identified tetrapeptide was Ac-Phe-Ile-Sta-D-Leu-NH2
with an IC50 of 1.4 µM [102].

Indinavir is a protease inhibitor approved by the U.S.
Federal Drug Administration as therapeutic agent for the
treatment of HIV infection, whose synthesis was described
in 1994 [103].

H
N

NH-Boc
HOOC4ABP:

L-ArgCar-4ABP-D-LysCar

ArgCar and Lys Car: represent Arg and Lys carbamates

TR87

In order to improve potency and physical properties, such
as short half-life and increasing viral resistance, Cheng et al.
designed in 2000 a combinatorial library and for this
purpose a solid phase synthesis route was established.

Fig. (22).  Structure of Tat-TAR inhibitor TR87. These analogues of indinavir were based on the division
of the molecule into three main fragments, the aminoindanol
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Fig. (24). General structure for the compounds in the library and subunits X, Y and Z synthesized by Rano et al. [105].

moiety, the hydroxyethylene unit and the pyridylmethyl
group. The hydroxyl group on the aminoindanol was used
for binding to the resin (Rapp TentaGel S COOH) via an
ester linkage. The hydroxyethylene and pyridylmethyl
fragments were coupled sequentially through amide
formation and reductive amination. The final product was
cleaved from the resin by transesterification with mild base
(Fig. 23) [104].

A mix and split approach was used for the synthesis of
these indinavir analogs diversifying the X, Y and Z subunits
in (Fig. 24). First, the resin bound hydroxyethylene isostere
fragments containing 5 different X subunits were archived
and mixed. The allyl group was removed and this material
was split into 4 separate pools. Then, the Y subunits were
attached and the pools were archived, mixed and the Boc
group was removed. This resin was split into 2 separate
pools followed by reductive amination with the
carboxaldehyde Z subunits. Finally, the protease inhibitors
were released from the resin by gentle warming in 10%
TEA/MeOH. Biological activities for compounds of this
library were lower than indinavir’s [105].

Another ‘indinavir-based’ combinatorial library (Fig. 24)
was designed by Rano et al. in order to improve the
pharmacokinetic properties and in vivo potencies of
indinavir.
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Fig. (25). Solid phase synthesis of the indinavir analogues library reported by Cheng et al. [106].



Recent Advances in Combinatorial Chemistry Applied Mini-Reviews in Medicinal Chemistry, 2006, Vol. 6, No. 1    103

BocN

N O

O

OH

CONHtBu

COOH BocN

N O

O

O

CONHtBu

O

N

N O

O

O

CONHtBu

O

Y 1_22
N

N
H
N

Z 1_48

O

O

CONHtBu

O

Y 1_22

N

N
H
N

Z 1_4 8

O

OH

CONHtBu

Y 1 _22

RCHO (Y1-Y14) or
RSO2Cl2 (Y1 5-Y20 ) or
RCOOH (Y21-Y22)

amine (Z 1-Z48)

Fig. (26). Synthetic scheme of the library of indinavir analogues performed by Rahgavan et al. [107].

The aforementioned studies led to the design of another
combinatorial library of indinavir analogues in 2002.

substrate by the wild-type HIV-1 protease enzyme, to inhibit
the spread of viral infection in MT4 human T-lymphoid
cells infected by the IIIb isolate and also with A-44 mutant
enzyme variant PI-resistant HIV virus. Results showed that
compounds X1-Y1-Z9, X1-Y1-Z10 and X1-Y1-Z15 were
more potent than indinavir against both wild-type and
mutant enzymes [106].

The synthesis was performed using a solid-phase mix
and split protocol. The protected X subunit was anchored to
the resin through the hydroxyl group via an ester linkage.
Five resin bound X fragments were archived and mixed.
Then, the allyl group was removed and the resulting material
was split into four pools. Y subunits were attached and the
four pools were archived and mixed, the Boc group being
removed under acidic conditions. Then the resin was split
into 15 pools and the Z subunits were attached by reductive
amination, amide coupling or sulfonylation. Final products
were released from the resin (Fig. 25). The size of the library
was 5 x 4 x 15 (X1-5, Y1-4 and Z1-15). Their biological
activity was tested as the ability to inhibit cleavage of a

Based on the same approach, Rahgavan et al. synthesized
a 1 x 22 x 48 combinatorial library of indinavir analogs
varying the X, Y and Z subunits. The X-dimension
comprised a single subunit, the hydroxyl ethylene core
structure; the Y-dimension comprised 22 different subunits
where aldehydes, sulfonyl chlorides and acids were included;
and the Z-dimension was selected by molecular modeling
with the criteria of fitting in the S2 binding pocket and
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Fig. (27). Synthesis scheme of the α-keto amide dipeptidyl building blocks and protection of their α-keto functionality as 1,3-
dithiolane with simultaneous cleavage of the tert-butyl ester reported by Papanikos et al. [109].
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making the same kind of interactions with HIV protease
enzyme as aminoindanol, therefore Z included a diverse set
of aliphatic and aromatic amino alcohols and amines, some
sulfones, phenols and basic amines and aminoindanol and 3-
methyl-cyclopentyl amino alcohol were used as control
pools. The structures of subunits X, Y and Z are shown in
the reference [107].

activity. The library, based on this motif, was substituted at
the two end positions by various mono- or polyaminated
substituted chains Fig. (29) [28].

NR N R

O O

X

The library was synthesized on solid support using the
mix and split strategy (Fig. 26). 2,6-dimethyl-4-hydroxy
phenol was discovered to be a good replacement for
aminoindanol [107]. Fig. (29). General structure of the compounds in the library,

where X = O, OH.A different strategy for HIV-1 protease inhibitors is the
synthesis of α-keto amide peptides [108]. A solid-phase
peptide synthetic methodology was used for this purpose.
Dipeptidyl building blocks were accessible with the
acylcyanophosphorane methodology and then converted into
α-keto amides. Then the α-keto functionality was protected
with 1,2-ethanedithiol (Fig. 27), the resulting building
blocks were assembled onto the resin to yield the desired
dithiolane derivatives after Fmoc deprotection. The α-keto
functionality was recovered by 1,3-dithiolane deprotection
(Fig. 28) [109].

A different approach was the use of constrained
macrocyclic templates equivalent to a tripeptide. Such
templates may allow independent regioselective optimization
of protease/enzyme inhibitors via focused combinatorial
libraries.

The first step involved the conversion of the cyclic acid
to an epoxide, which was the precursor of the desired N-
terminal macrocyclic protease inhibitors, Fig (30). Such
epoxide was regioselectively opened by primary amines to
give a library of hydroxyethylamine derivatives, which were
acylated by a range of sulfonyl chlorides to give a
sulfonamide library or by series of isocyanates to give an
urea library, see Fig. (31). These compounds were proved to
be competitive inhibitors of HIV-1 protease [111].

De Michelis et al. have synthesized a focused library of
18 compounds incorporating the 1,3-(N,N’-
dibenzyl)diamino-2-propanol motif based on a previous
work [110] that showed that this motif elicited anti-HIV
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Leroux et al. used a combinatorial liquid-phase strategy
for the synthesis of a library of diPNA-arginine conjugates.
The biological assays have not been performed, therefore
their activity values, targets and modes of action have not
been determined. Their design was based on the anti-HIV
activity some diPNA-arginine conjugates had displayed. In
the synthesis of the library diversification, see Fig. (32), can
be achieved by varying the nature of the nucleobases B1 and
B2 (adenine, cytosine, guanine, thymine, uracil plus the
universal base analog 5-nitroindole), the length of the spacer
(n) linking the arginine residue to the PNA dimer backbone
(spacers composed of 2, 3, 4 and 5 methylene units were
used) and, finally, the nature of C-extremity of arginine
(carboxylic acid and methyl ester forms). Considering these

variations the size of the library was 62 x 4 x 2 = 288
compounds.

To synthesize this library a fully protected backbone
(FPB) strategy was used. The fully protected
di(aminoethylglycinamide) was selectively deprotected on
the P1-protected amino function, which was then
stochiometrically condensed with an equimolar mixture of
the six nucleobase units.

Then, the second P2-amino protecting group was cleaved
and another nucleobase unit was introduced. The library of
diPNA-arginine conjugates was obtained by deprotection of
nucleobases and the guanidinium group of arginine followed
by hydrolysis [112].
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Fig. (32). Structure of the diPNA-arginine conjugates in the
library, where B1 and B2 correspond to the five natural
nucleobases, adenine, cytosine, guanine, thymine, uracil, and
the universal base analog 5-nitroindole, n is a spacer composed
of 2, 3, 4 and 5 methylenes, R is H or Me and Z represents the
benzyloxycarbonyl group.

Gln = Glutamine
Glu = Glutamic acid
Gly = Glycine
His = Histidine
HOBT = 1-hydroxybenzotriazole

CONCLUDING REMARKS Ile = Isoleucine
We have reported several combinatorial synthetic

techniques, which have been applied for the discovery and
generation of potential anti-HIV drugs. These synthetic
techniques are mainly used in the first steps of drug
discovery such as hit and lead finding. Therefore,
combinatorial chemistry has proved to be a powerful tool for
early stages in drug development. However, single
compound syntheses are still preferred in more advanced
steps although we are confident that combinatorial approach
will find its place also for lead optimization purposes [69].

IN = Integrase
iBu = Isobutyl
iPr = Isopropyl
iPrMgCl= Isopropylmagnesium chloride
LC = Liquid chromatography
Leu = Leucine
Lys = Lysine
MBHA = 4-methylbenzhydrylamine

ACKNOWLEDGEMENTS Me = Methyl
MS = Mass spectrometryThis work was supported in part by the Fundació Marató

de TV3 project 020930 and the Spanish Ministerio de
Educación y Ciencia project BFI-2003-00405. I Clotet-
Codina holds a FI scholarship from Generalitat de Catalunya
and S. Pettersson from IQS.

NRTI = Nucleoside reverse transcriptase inhibitors
NNRTI = Non-nucleoside reverse transcriptase inhibitors
Orn = Ornithine

ABBREVIATIONS
PEG = Polyethylene glycol
Ph = Phenyl

A = Adenine Phe = Phenylalanine
Ac = Acetyl PNA = Peptide nucleic acid
Ala = Alanine Pro = Proline
Arg = Arginine RT = Reverse transcriptase
Asn = Asparagine Ser = Serine
Asp = Aspartic acid Sta = Statine
Boc = tert-butoxycarbonyl T = Thymine
C = cytosine TBS = tert-butyldimethylsilyl
Cbz = Carbobenzyloxy TEA = Triethanolamine
Cys = Cysteine TBTU = 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethylur-

onium tetrafluoroborateDCM = Dichloromethane
DIC = 1,3-diisopropylcarbodimide tBu = tert-butyl
DIPEA = N,N-diisopropylethylamine TBZ = 1-aryl-1H,3H-thiazolo[3,4-a]benzimidazole
DMA = Dimethylacetamide TCEP = tris-(2-carboxyethyl)phosphine
DMAP = 4-dimethylaminopyridine TFA = Trifluoroacetic acid
DMBA = N,N-dimethylbenzylamine THF = Tetrahydrofuran
DMF = N,N-dimethylformamide Thr = Threonine
EDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide TMS = Trimethylsilyl
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Introduction

Studies in human immunodeficiency virus (HIV) biology have

provided deep knowledge of the molecular events that are in-

volved in the HIV life cycle, which consist of several steps: viral

entry,[1, 2] reverse transcription,[3–9] integration,[3, 10–16] gene ex-

pression,[17,18] gene assembly,[19] budding[20] and maturation.[21]

There is a need for the development of new drugs that are ca-

pable of suppressing HIV strains that are resistant to the cur-

rently used reverse transcriptase inhibitors (RTI) or protease in-

hibitors (PI), and for new drugs that target different stages in

the virus life cycle.

HIV cell fusion and entry have been validated as targets for

therapeutic intervention against infection.[2] The virus needs a

primary receptor (CD4) and a coreceptor, either the chemokine

receptor CXCR4 or CCR5, to fuse with the cell. Thus, they

became new therapeutic targets for the treatment or preven-

tion of HIV infection.

There are two approved entry and fusion inhibitors: T-20

(Fuzeon or enfuvirtide, developed by Roche–Trimeris), a linear

36 amino acid synthetic peptide with an acetylated N terminus

and a carboxamide C terminus that is composed of naturally

occurring l-amino acid residues, and maraviroc (Selzentry),[22] a

CCR5 inhibitor. The first nonpeptidic CCR5 antagonist was TAK-

779[23] (Figure 1), from Takeda Chemicals, although it could not

be developed as an anti-HIV-1 drug because of its variable ac-

tivity and poor oral bioavailability. Later, SCH-D[24] (vicriviroc,

Figure 1), was developed by Schering–Plough; it had improved

antiviral potency and better pharmacological properties rela-

tive to its predecessor SCH-C,[25] and has continued to phase III

clinical trials. GW873140 (aplaviroc),[26] a spiroketopiperazine-

based agent from Ono Pharmaceutical/GlaxoSmithKline, exhib-

ited potent antiviral activity but has been discontinued for clin-

ical development as an anti-HIV agent. Another class of anti-

HIV agents that targets CCR5 includes PRO 140[27] (Progenics

Pharmaceuticals), a humanized monoclonal antibody that is

designed to block the ability of HIV to enter and infect cells ;

this antibody is in phase Ib clinical studies. In addition, CCR5

antagonists and monoclonal antibodies have shown potent

synergistic antiviral effects by co-binding the receptor.[28]

Bicyclams were the first low-molecular-weight compounds

with a specific interaction with CXCR4.[29–32] The most potent

bicyclam was AMD3100 (Figure 1) in which the two cyclam

moieties are tethered by a 1,4-phenylenebis(methylene)

bridge. It has an IC50 of 1–10 ngmLÿ1, which is at least 100000-

fold lower than the cytotoxic concentration. Samples of virus

that were recovered from patients whom had been treated

with AMD3100 (bicyclam) showed a change in virus pheno-

type, from X4 to R5; this suggests that AMD3100 blocked se-

lectively those viruses that use CXCR4, although it was not ef-

fective in inhibiting CCR5-dependent replication of HIV in vivo.

However, AMD3100 has shown poor oral absorption and toxici-

ty, which is related to its high positive charge at physiological

HIV cell fusion and entry have been validated as targets for ther-

apeutic intervention against infection. Bicyclams were the first

low-molecular-weight compounds to show specific interaction

with CXCR4. The most potent bicyclam was AMD3100, in which

the two cyclam moieties are tethered by a 1,4-phenylenebis-

(methylene) bridge. It was withdrawn from clinical trials owing to

its lack of oral bioavailability and cardiotoxicity. We have de-

signed a combinatorial library of non-cyclam polynitrogenated

compounds by preserving the main features of AMD3100. At

least two nitrogen atoms on each side of the p-phenylene

moiety, one in the benzylic position and the other(s) in the heter-

ocyclic system were maintained, and the distances between them

were similar to the nitrogen atom distances in cyclam. A selec-

tion of diverse compounds from this library were prepared, and

their in vitro activity was tested in cell cultures against HIV

strains. This led to the identification of novel potent CXCR4 core-

ceptor inhibitors without cytotoxicity at the tested concentra-

tions.
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pH, therefore new analogous compounds should improve

these characteristics.[33]

CXCR4 and CCR5 antagonist leads, such as AMD3100 (bicy-

clam), SCH-D or TAK-779 contain aromatic or aliphatic linkers

in polynitrogenated systems. Among all of the compounds

under study, bicyclams in general, and particularly AMD3100,

appear to be the most active. p-Phenylenic compounds with a

single cyclam moiety have also been developed, such as

AMD3465 (Figure 1),[33] which is a CXCR4 antagonist, and

AMD3451,[34] which shows antagonist activity against both

CXCR4 and CCR5 coreceptors in cell culture studies. This led us

to consider the possibility of obtaining symmetrical and non-

symmetrical systems that contain a p-phenylenic spacer and

nitrogenated cyclic subunits in the search for new compounds

that are potentially active against HIV-1. Herein we present the

results of these studies.

Library design and compound selection

We designed a combinatorial library[35] by preserving the main

features of AMD3100: a) at least two nitrogen atoms on each

side of the p-phenylene moiety, one in the benzylic position

and the other(s) in a heterocyclic system and b) similar distan-

ces between these nitrogen atoms as those that are present in

cyclam. Such considerations led us to diamines 1 as target

compounds (Figure 2). Very recently a similar but less restric-

tive approach was used by Liotta and colleagues[36] to propose

a family of compounds whose general structure,

R3R4NCH2C6H4CH2NR
1R2, led to a large scaffold diversity. The

most active compound in their library blocks in vitro CXCR4/

SDF-1-mediated signaling more effectively than AMD3100, but

they found it to be weakly active against HIV propagation in

cell culture tests.

A retrosynthetic analysis for target compounds 1 in which

R1
=R2 and n�1 led to the symmetrical diimines 2 as precur-

sors, which can be further disconnected to terephthalaldehyde

(3) and two equivalents of the corresponding amine 4 (n�1).

When R1
=R2 and n=0, compounds 2 are in fact symmetrical

hydrazones, which can be obtained by condensation of ter-

ephthalaldehyde and the corresponding hydrazine 4 (n=0).

These dihydrazones were also included in our library.

To obtain nonsymmetrical (R1¼6 R2) diamines 1 (n�1) and di-

hydrazones 2 (n=0), it was necessary to slightly modify our

synthetic approach by using 4-(diethoxymethyl)benzaldehyde

(5) as the core precursor (Scheme 1). Thus, intermediate hydra-

zono and aminobenzaldehydes 6 and 7 allowed us to include

such nonsymmetrical compounds and nonsymmetrical amino-

hydrazones 8 as target compounds.

The first selection of nitrogenated building blocks was

based on commercial availability ; the use of synthetic building

blocks is currently under development. A search for available

building blocks resulted in 18 commercially available nitrogen-

ated building blocks that consist of a nitrogen-containing het-

erocyclic system (piperidine, piperazine, morpholine, pyrroli-

dine, imidazole and triazole), a polymethylene spacer, and a

terminal amine group (Figure 3). Consequently, the virtual

combinatorial library was built by using three hydrazines 4ACHTUNGTRENNUNG{1–

3} and eight amines 4 ACHTUNGTRENNUNG{4–11} as building blocks for substituents

R1 and R2 of diamines 1, dihydrazones 2 and aminohydrazones

8, and it was subsequently enumerated with Cerius2.[37]

In an attempt to explore the chemical space that is covered

by the library, we initially decided to select a reduced set of 19

compounds by using PRALINS[38] (Program for Rational Analysis

of Libraries in silico) and by applying a diversity criteria, which

decreases the number of compounds to be synthesized and

Figure 1. Structures of the main CXCR4 and CCR5 antagonist leads; they
have aromatic or aliphatic linkers in polynitrogenated systems.

Figure 2. Retrosynthetic analysis for target diamines 1 (n�1) and dihydra-
zones 2 (n=0).
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evaluated without decreasing the chance of hit/lead finding.

Thus, a series of molecular 2D (physicochemical, topological

and topological based on information theory) and 3D (poten-

tial energy, surface, shape and volume) descriptors (computed

with MOE[39]) were used for the definition of the chemical

space. A subsequent principal component analysis decreased

the initial set of descriptors to five components (explaining

90% of the variance) which were used as input for the diversi-

ty selection with PRALINS; this resulted in the selection of 19

compounds (Table 1).

Chemistry

Combinatorial approaches have been widely used in the iden-

tification of novel anti-HIV drugs;[40] in our case, the synthetic

strategies that were used to obtain diamines 1, dihy-

drazones 2 and aminohydrazones 8 are depicted in

Scheme 1. For the synthesis of symmetrical diamines

1 (R1
=R2), we used a stepwise reductive amina-

tion:[41] a) reflux of a mixture of 3 and the corre-

sponding amine 4ACHTUNGTRENNUNG{4–11} (1:2 molar ratio) in anhy-

drous methanol by using molecular sieves as a dehy-

drating agent, and b) subsequent reduction with

NaBH4.
[35]

Symmetrical dihydrazones 2 (R1
=R2) were ob-

tained by condensation of 3 with the corresponding

hydrazines 4 ACHTUNGTRENNUNG{1–3} in methanol (Scheme 1). Nonsym-

metrical (R1¼6 R2) diamines 1, dihydrazones 2, and

aminohydrazones 8 needed more complex ap-

proaches. Thus, hydrazonobenzaldehydes 6 were syn-

thesized by coupling terephthalaldehyde (3) with hy-

drazines 4 ACHTUNGTRENNUNG{1–3} in a 2:1 molar ratio, followed by chro-

matographic separation from unreacted 3 and the

symmetrical dihydrazone 2 byproduct. The subse-

quent coupling with a second hydrazine 4 ACHTUNGTRENNUNG{1–3}

would afford the nonsymmetrical dihydrazones 2

(R1¼6 R2) (Scheme 1). This procedure has been used to

obtain dihydrazone 2ACHTUNGTRENNUNG{1,3}.

On the other hand, 4-(diethoxymethyl)benzalde-

hyde (5) was selected as building block to obtain

aminobenzaldehydes 7 by reacting equimolar

amounts of 5 and the corresponding amine 4 ACHTUNGTRENNUNG{4–11},

followed by reduction of the intermediate iminoace-

tal and subsequent acetal cleavage with a dilute solu-

tion of aqueous hydrochloric acid.[42–44] Treatment of

these aminobenzaldehydes 7 with a second amine 4-

ACHTUNGTRENNUNG{4–11} in anhydrous MeOH, by using molecular sieves

as dehydrating agent, followed by reduction with

NaBH4, yielded the nonsymmetrical diamines 1 (R1¼6

R2) (Scheme 1). Finally, aminohydrazones 8 were ac-

cessible either by reductive amination of hydrazono-

benzaldehydes 6 with the appropriate amine 4ACHTUNGTRENNUNG{4–11}

or by coupling of the aminobenzaldehydes 7 with

the corresponding hydrazine 4 ACHTUNGTRENNUNG{1–3} (Scheme 1).

Results and Discussion

The first subset of compounds synthesized and tested (anti-

HIV activity and cytotoxicity) included eight compounds: two

dihydrazones (2ACHTUNGTRENNUNG{1,1} and 2 ACHTUNGTRENNUNG{2,2}) and six diamines (1 ACHTUNGTRENNUNG{3,4}, 1ACHTUNGTRENNUNG{5,5},

1 ACHTUNGTRENNUNG{6,6}, 1ACHTUNGTRENNUNG{6,11}, 1 ACHTUNGTRENNUNG{9,9} and 1 ACHTUNGTRENNUNG{11,11}) chosen among the 19 com-

pounds result of the diversity selection. Three of them (1ACHTUNGTRENNUNG{5,5},

1 ACHTUNGTRENNUNG{9,9} and 1 ACHTUNGTRENNUNG{6,11}) showed very promising anti-HIV activities,

EC50 in the range 0.9–18 mgmLÿ1 (Table 1), so we decided to in-

clude structural modifications of them together with the re-

maining initial 19 candidates.

Thus, the second subset of compounds synthesized and

tested was formed by seventeen compounds: one dihydrazone

(2 ACHTUNGTRENNUNG{1,3}), ten diamines (1 ACHTUNGTRENNUNG{6,7}, 1 ACHTUNGTRENNUNG{5,8}, 1 ACHTUNGTRENNUNG{5,10}, 1ACHTUNGTRENNUNG{5,11}, 1ACHTUNGTRENNUNG{4,5}, 1ACHTUNGTRENNUNG{5,6},

1 ACHTUNGTRENNUNG{5,7}, 1ACHTUNGTRENNUNG{5,9}, 1ACHTUNGTRENNUNG{9,10} and 1 ACHTUNGTRENNUNG{9,11}) and six amino hydrazones (8-

ACHTUNGTRENNUNG{3,5}, 8 ACHTUNGTRENNUNG{3,6}, 8 ACHTUNGTRENNUNG{3,8}, 8 ACHTUNGTRENNUNG{3,9}, 8 ACHTUNGTRENNUNG{1,5} and 8 ACHTUNGTRENNUNG{2,5}). Twelve of these

Scheme 1. Synthesis of symmetrical and nonsymmetrical diamines 1, dihydrazones 2,
and aminohydrazones 8.
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compounds presented EC50 in the range 0.2 to 2.7 mgmLÿ1, the

most potent being 1 ACHTUNGTRENNUNG{5,6} and 1 ACHTUNGTRENNUNG{5,8} (0.2 mgmLÿ1) (Table 1).

The third and final subset, which included 28 compounds,

thus covering the total of 53 compounds synthesized and

tested (Table 1), was selected by using computational analysis

tools such as quantitative structure–activity relationships

(QSAR) techniques and ligand- and structure-based drug

design (for CXCR4 and CCR5 modeled HIV-1 entry corecep-

tors).[45,46] Notable compounds of this subset are 1 ACHTUNGTRENNUNG{6,8} (EC50=

0.03 mg mLÿ1), 1ACHTUNGTRENNUNG{8,9} (EC50=0.03 mgmLÿ1), and the most active

compound in the library, 1 ACHTUNGTRENNUNG{8,8}, which has an EC50 value of

0.008 mgmLÿ1 and a CC50>25 mgmLÿ1.

Among the different polynitrogenated building blocks,

RNH2, amines 4{5} and 4{8} gave the most active compounds.

EC50 results suggest that higher activity values could be ob-

tained by using a propylenic spacer between the heterocyclic

ring and the nitrogen that supports the p-phenylenic moiety,

and for heterocyclic systems that contain one nitrogen atom.

To evaluate the results, we determined the EC50 and CC50 of

AMD3100 (EC50=0.001 mgmLÿ1; CC50>5 mgmLÿ1) and DS (dex-

tran sulfate) (EC50=0.011 mgmLÿ1; CC50>125 mgmLÿ1) by fol-

lowing the same methodology as for our compounds. As can

be seen, compound 1ACHTUNGTRENNUNG{8,8} presents nearly the same level of ac-

tivity as the reference compounds, 1 ACHTUNGTRENNUNG{8,8} (EC50=0.019 mm) and

AMD3100 (EC50=0.002 mm), and shows no cell toxicity at the

tested concentrations of up to 25 mgmLÿ1.

Computational blind docking and ligand binding within the

CXCR4 site-directed mutagenesis (SDM)-defined binding

pocket[47] were analyzed in detail by using AutoDock[48,49] to

study the interactions between 1 ACHTUNGTRENNUNG{8,8} and the CXCR4 corecep-

tor. To perform these calculations, CXCR4 was first homology

modeled with MODELLER[50] and CONGEN[51] by using bovine

rhodopsin as a template[52] as described in PØrez-Nueno

et al.[53] The compound 1 ACHTUNGTRENNUNG{8,8} structure was built, assigned Gas-

teiger partial charges,[54] and minimized in MOE with the

MMFF94 force field. For the AutoDock blind docking experi-

ment, a 181�181�181 grid with a grid spacing of 0.375 � was

Figure 3. Amine building blocks used in the construction of the virtual com-
binatorial library.

Table 1. EC50 and CC50 values of diamines 1, dihydrazones 2, and amino-
hydrazones 8.

Subset[a] Compound R1NH2 R2NH2 EC50 [mgmLÿ1][b] CC50 [mgmLÿ1][c]

1 2ACHTUNGTRENNUNG{1,1} 4{1} 4{1} >125 >125
2 2ACHTUNGTRENNUNG{1,3} 4{1} 4{3} >25 >25
2 8ACHTUNGTRENNUNG{1,5} 4{1} 4{5} 2.7 10.1
3 8ACHTUNGTRENNUNG{1,6} 4{1} 4{6} >25 >25
3 8ACHTUNGTRENNUNG{1,8} 4{1} 4{8} >4.1 4.1
3 8ACHTUNGTRENNUNG{1,9} 4{1} 4{9} >9.8 9.8
3 8ACHTUNGTRENNUNG{1,11} 4{1} 4{11} 10.6 >25
1 2ACHTUNGTRENNUNG{2,2} 4{2} 4{2} >125 >125
3 8ACHTUNGTRENNUNG{2,4} 4{2} 4{4} 14.7 >25
2 8ACHTUNGTRENNUNG{2,5} 4{2} 4{5} 2.0 9.8
3 8ACHTUNGTRENNUNG{2,6} 4{2} 4{6} >25 >25
3 8ACHTUNGTRENNUNG{2,8} 4{2} 4{8} 0.6 14.6
3 8ACHTUNGTRENNUNG{2,9} 4{2} 4{9} 3.8 19.2
3 8ACHTUNGTRENNUNG{2,11} 4{2} 4{11} 15.7 >25
3 2ACHTUNGTRENNUNG{3,3} 4{3} 4{3} >125 >125
1 8ACHTUNGTRENNUNG{3,4} 4{3} 4{4} >84.9 84.9
2 8ACHTUNGTRENNUNG{3,5} 4{3} 4{5} 1.8 14.3
2 8ACHTUNGTRENNUNG{3,6} 4{3} 4{6} 11.2 >25
2 8ACHTUNGTRENNUNG{3,8} 4{3} 4{8} 1.4 10.3
2 8ACHTUNGTRENNUNG{3,9} 4{3} 4{9} 11.7 >25
3 8ACHTUNGTRENNUNG{3,11} 4{3} 4{11} 8.1 >25
3 1ACHTUNGTRENNUNG{4,4} 4{4} 4{4} 10.2 >25
2 1ACHTUNGTRENNUNG{4,5} 4{4} 4{5} 1.7 >25
3 1ACHTUNGTRENNUNG{4,6} 4{4} 4{6} 4.8 >25
3 1ACHTUNGTRENNUNG{4,9} 4{4} 4{9} 8.2 >25
3 1ACHTUNGTRENNUNG{4,11} 4{4} 4{11} >25 >25
1 1ACHTUNGTRENNUNG{5,5} 4{5} 4{5} 0.9 32.4
2 1ACHTUNGTRENNUNG{5,6} 4{5} 4{6} 0.2 >25
2 1ACHTUNGTRENNUNG{5,7} 4{5} 4{7} 1.7 >25
2 1ACHTUNGTRENNUNG{5,8} 4{5} 4{8} 0.2 >25
2 1ACHTUNGTRENNUNG{5,9} 4{5} 4{9} 0.5 >25
2 1ACHTUNGTRENNUNG{5,10} 4{5} 4{10} 2.4 >25
2 1ACHTUNGTRENNUNG{5,11} 4{5} 4{11} 1.6 >25
1 1ACHTUNGTRENNUNG{6,6} 4{6} 4{6} >59.5 59.5
2 1ACHTUNGTRENNUNG{6,7} 4{6} 4{7} 2.0 >25
3 1ACHTUNGTRENNUNG{6,8} 4{6} 4{8} 0.03 >25
3 1ACHTUNGTRENNUNG{6,9} 4{6} 4{9} >25 >25
3 1ACHTUNGTRENNUNG{6,10} 4{6} 4{10} >25 >25
1 1ACHTUNGTRENNUNG{6,11} 4{6} 4{11} 18.4 >125
3 1ACHTUNGTRENNUNG{7,7} 4{7} 4{7} >11.7 11.7
3 1ACHTUNGTRENNUNG{7,8} 4{7} 4{8} 0.5 >25
3 1ACHTUNGTRENNUNG{7,9} 4{7} 4{9} 2.5 >25
3 1ACHTUNGTRENNUNG{7,11} 4{7} 4{11} 2.7 >25
3 1ACHTUNGTRENNUNG{8,8} 4{8} 4{8} 0.008 >25
3 1ACHTUNGTRENNUNG{8,9} 4{8} 4{9} 0.03 >25
3 1ACHTUNGTRENNUNG{8,10} 4{8} 4{10} 0.4 >25
3 1ACHTUNGTRENNUNG{8,11} 4{8} 4{11} 0.5 >25
1 1ACHTUNGTRENNUNG{9,9} 4{9} 4{9} 9.5 >125
2 1ACHTUNGTRENNUNG{9,10} 4{9} 4{10} >25 >25
2 1ACHTUNGTRENNUNG{9,11} 4{9} 4{11} 9.1 >25
3 1ACHTUNGTRENNUNG{10,10} 4{10} 4{10} >85.7 85.7
3 1ACHTUNGTRENNUNG{10,11} 4{10} 4{11} >25 >25
1 1ACHTUNGTRENNUNG{11,11} 4{11} 4{11} >125 >125

[a] Subsets of synthesized and tested compounds, in bold for the diversi-
ty selection with PRALINS. [b] Effective concentration 50 or the concentra-
tion required to inhibit HIV-induced cell death by 50% as evaluated with
the MTT method in MT-4 cells. [c] Cytotoxic concentration 50 or the con-
centration required to induce 50% death of non-infected MT-4 cells as
evaluated with the MTT method. Reference compounds: AMD3100:
EC50=0.001 mgmLÿ1, CC50=>5 mgmLÿ1; DS: EC50=0.011 mgmLÿ1, CC50=

>125 mgmLÿ1.
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used, and was centered on the SDM-defined ligand-binding

site. This grid enclosed the whole protein structure, and the

ligand was initially placed far from the protein to include the

possibility of finding other binding sites. A smaller (61�61�

61) grid was used for the subsequent binding mode analysis

calculations. In each case, 100 independent Lamarckian genetic

algorithm (LGA) runs were performed and pseudo-Solis and

Wets minimization methods were applied by using default pa-

rameters. Each docking run was repeated five times. Results

from docking analyses were assessed by using the knowledge

of the SDM data. They showed two main electrostatic interac-

tions between two positively charged nitrogen atoms in com-

pound 1 ACHTUNGTRENNUNG{8,8} and negatively charged Asp262 and Glu288 resi-

dues of the CXCR4 coreceptor (Figure 4). The lowest distances

from the carboxylic oxygen atoms of the three key binding res-

idues Asp171, Asp262, and Glu288, to the four nitrogen atoms

(N27, N21, N8, N13) of 1 ACHTUNGTRENNUNG{8,8} are shown in green: 6.88 � be-

tween N+13 and O ACHTUNGTRENNUNG(sp2) Asp171, 5.24 � between N+8 and

O ACHTUNGTRENNUNG(sp2) Asp262, and 3.06 � between N+21 and O ACHTUNGTRENNUNG(sp2) Glu288.

Our docking results for 1 ACHTUNGTRENNUNG{8,8} agree with those of Gerlach

et al.[55] on the mutagenic substitution of 16 CXCR4 amino

acids, in which the three acidic residues, Asp171, Asp262, and

Glu288, were identified as the main electrostatic interaction

points for positively charged AMD3100 bicyclam rings binding.

Moreover, the same study was performed with the AMD3100

ligand as is described in PØrez-Nueno et al.[53] Results with this

known active ligand, by using only the same docking protocol

as mentioned above, also agree with the 1 ACHTUNGTRENNUNG{8,8} docking results.

It is worth mentioning that by using molecular dynamics (MD)

it is possible to refine the CXCR4 docking poses to obtain

ligand conformations that are closer to the key SDM resi-

dues.[56–58] For example, applying 200 ps of AMBER MD to our

docking poses by using a protocol as described by Orozco and

co-workers[59] gives ligand conformations with an average dis-

tance of 2 � closer to the key binding residues. However, in

this work we were more interested in the possibility of predict-

ing a binding site and a binding mode of our more active syn-

thesized molecules by using a docking tool only.

Finally, we carried out time-of-drug-addition experiments to

identify the time and site of interaction of our anti-HIV com-

pounds. It is known that the time delay before the addition of

a drug is an estimate of its mode of action. Consequently, we

determined the time of drug addition for the four most active

compounds 1 ACHTUNGTRENNUNG{8,8}, 1ACHTUNGTRENNUNG{6,8}, 1 ACHTUNGTRENNUNG{8,9} and 1 ACHTUNGTRENNUNG{8,10} compared with a

CXCR4 antagonist (AMD3100), a reverse transcriptase inhibitor

(AZT; azidothymidine), a fusion inhibitor (C34) and an adhesion

inhibitor (DS; dextran sulfate) to confirm the initial hypothesis

that the designed compounds act as CXCR4 inhibitors. The re-

sults that were obtained (Figure 5) clearly show that these

compounds share a time/site of interaction that is similar to

that of AMD3100 and act as blockers of the CXCR4 coreceptor.

Furthermore, compounds 1ACHTUNGTRENNUNG{8,8}, 1 ACHTUNGTRENNUNG{6,8}, 1 ACHTUNGTRENNUNG{8,9} completely

blocked the binding of the 12G5 monoclonal antibody that tar-

gets CXCR4 at 25 mgmLÿ1 as measured by flow cytometry anal-

ysis in CXCR4+ cells, but failed to block the binding of anti-

bodies that target CD4, CCR5 or CD45 (data not shown); this

Figure 4. Predicted binding conformation between 1ACHTUNGTRENNUNG{8,8} and CXCR4 from
blind docking analysis. a) Compound 1 ACHTUNGTRENNUNG{8,8} docked within the CXCR4
pocket; b) detailed view of the calculated binding conformation.

Figure 5. Time of drug addition in MT-4 cells of 1ACHTUNGTRENNUNG{8,8} (^), 1 ACHTUNGTRENNUNG{6,8} (*), 1 ACHTUNGTRENNUNG{8,9}
(*), and 1 ACHTUNGTRENNUNG{8,10} (^) in comparison with AZT (&), AMD3100 (&), DS (~), and
C34 (~) ; control : (c). Virus production was measured by p24 antigen de-
termination in the cell supernatant 30 h post-infection, and is expressed as
percentage of control values.
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suggests that this class of compounds is very selective for the

CXCR4 receptor.

Conclusions

We have designed a combinatorial library of non-cyclam

AMD3100 analogues that preserves the main features of

AMD3100: a) at least two nitrogen atoms on each side of the

p-phenylene moiety, one in the benzylic position and the

other(s) in a heterocyclic system, and b) similar distances be-

tween these nitrogen atoms as those present in cyclam. A di-

versity-oriented selection has allowed the synthesis of dia-

mines 1, dihydrazones 2 and aminohydrazones 8 ; these com-

pounds cover a broad range of activity values and are useful

for calculating QSAR models. This approach led to the synthe-

sis of compounds 1 ACHTUNGTRENNUNG{6,8}, 1 ACHTUNGTRENNUNG{8,9} and 1 ACHTUNGTRENNUNG{8,8}, which show anti-HIV

activity values below 0.03 mgmLÿ1 but have displayed no cyto-

toxic effects at the tested concentrations. Studies on the mode

of action of these compounds showed that they inhibited the

CXCR4 coreceptor, thus validating the initial target compound

design. A combinatorial optimization of the anti-HIV activity of

this new family of compounds by using noncommercial

amines of general structure 4 is currently on the way.

Experimental Section

Chemistry

IR spectra were recorded in a Nicolet Magna 560 FTIR spectropho-
tometer. 1H and 13C NMR spectra were recorded in a Varian
Gemini 300 spectrometer that was operating at a field strength of
300 and 75.5 MHz, respectively. Chemical shifts were reported in
parts per million (d) and coupling constants (J) were in Hz by
using, in the case of 1H NMR spectroscopy, TMS as an internal stan-
dard, and in the case of 13C NMR spectroscopy the solvent at
77.0 ppm (CDCl3) as an internal reference. Standard and peak mul-
tiplicities are designated as follows: s, singlet; d, doublet; t, triplet ;
q, quartet; quint, quintet; m, multiplet; br, broad signal. MS data
(m/z (%), EI, 70 eV) were obtained by using a Hewlett–Packard
HP5988A spectrometer, and HRMS data were obtained by using a
Micromass Autospec instrument. Elemental microanalyses were ob-
tained on a Carlo–Erba CHNS-O/EA 1108 analyzer. Thin-layer chro-
matography (TLC) was performed on precoated sheets of silica 60
Polygram SIL N-HR/UV254 (Macherey–Nagel, art. 804023). Flash chro-
matography was performed with silica gel 35–70 mm (SDS, art.
2000027).

N-(4-((2-(Pyrrolidin-1-yl)ethylamino)methyl)benzyl)-2-(pyrrolidin-

1-yl)ethanamine (1 ACHTUNGTRENNUNG{4,4}). Terephthalaldehyde (3) (0.61 g,
4.5 mmol), 1-(2-aminoethyl)pyrrolidine 4{4} (1.04 g, 9.0 mmol) and
molecular sieves (4 �) were mixed in anhydrous MeOH (30 mL) and
held at reflux under a N2 atmosphere for 24 h. The molecular
sieves were filtered, and the intermediate imine in MeOH was
cooled to 0 8C and treated with solid NaBH4 (0.34 g, 9.0 mmol). The
mixture was stirred at RT overnight. Then H2O was added and the
product was extracted with CH2Cl2 The organic layers were com-
bined, washed with brine, dried over MgSO4 and the solvent was
removed to give 1ACHTUNGTRENNUNG{4,4} as a yellow oil (1.32 g, 89%). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=7.27 (s, 4H; Ph), 3.79 (s, 4H;
CH2Ph), 2.73 (t, 3JH,H =6.0 Hz, 4H; CH2NH), 2.59 (t, 3JH,H=6.0 Hz, 4H;
CH2N), 2.47 (m, 8H; CH2N), 2.20 (br s, 2H; NH), 1.75 ppm (quint,

33JH,H =3.3 Hz, 8H; CH2) ;
13C NMR (75.5 MHz, CDCl3, 25 8C): d=138.8

(Cq), 128.0 (CH), 55.9 (CH2), 54.2 (CH2), 53.8 (CH2), 47.8 (CH2),
23.5 ppm (CH2) ; IR (film): ñ=3310 (NH), 2962, 2928, 2874, 2794
(CH), 1485, 1444 cmÿ1 (CH); MS (FAB): m/z (%): 331.3 (100) [M+H]+ ,
330.3 (18) [M]+ , 329.3 (77) [MÿH]+ ; HRMS calcd for C20H35N4 :
331.2862 [M+H]+ , found: 331.2867.

N-(4-((3-(2-Methylpiperidin-1-yl)propylamino)methyl)benzyl)-3-

(2-methylpiperidin-1-yl)propan-1-amine (1 ACHTUNGTRENNUNG{8,8}). The procedure
was the same as that stated above for 1ACHTUNGTRENNUNG{4,4}, but was carried out
by using terephthalaldehyde (3) (0.43 g, 3.2 mmol), 1-(3-amino-
propyl)-2-methyl-piperidine 4{8} (1.04 g, 6.4 mmol) and NaBH4

(0.25 g, 6.4 mmol) to give 1ACHTUNGTRENNUNG{8,8} as a pale-brown oil (1.33 g, 100%).
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.27 (s, 4H; Ph), 3.77 (s,
4H; CH2Ph), 2.87 (m, 2H; CHeqN), 2.73 (m, 2H; CHeq), 2.63 (t, 3JH,H=

6.9 Hz, 4H; CH2NH), 2.36 (m, 2H; CHaxN), 2.26 (m, 2H; CHCH3), 2.14
(br s, 2H; NH), 2.11 (m, 2H; CHaxN),1.68 (quint, 3JH,H=6.9 Hz, 4H;
CH2), 1.61 (m, 2H; CHeq), 1.58 (m, 2H; CHeq), 1.52 (m, 2H; CHeq),
1.44 (m, 2H; CHax), 1.28 (m, 4H; CHax), 1.05 ppm (d, 3JH,H=6.3 Hz,
6H; CH3) ;

13C NMR (75.5 MHz, CDCl3, 25 8C): d=138.8 (Cq), 128.0
(CH), 55.9 (CH), 53.7 (CH2), 52.3 (CH2), 52.1 (CH2), 48.3 (CH2), 34.7
(CH2), 26.2 (CH2), 25.7 (CH2), 24.0 (CH2), 19.1 ppm (CH3) ; IR (film):
ñ=3282 (NH), 2929, 2854, 2793 (CH), 1449, 1372 cmÿ1 (CH); MS
(EI): m/z (%): 415.4 (0.4) [M+H]+ , 112.1 (100) [C7H14N]

+ ; Anal.
(C26H46N4) C, H, N.

((4-(N-(Piperidin-1-yl)imino)methyl)phenyl)-N-(piperidin-1-yl)me-

thanamine (2 ACHTUNGTRENNUNG{1,1}). Terephthalaldehyde (3) (0.99 g, 7.3 mmol), 1-
aminopiperidine 4{1} (1.51 g, 14.7 mmol) and 4 � molecular sieves
were mixed in anhyd MeOH (30 mL) and held at reflux under a N2

atmosphere for 16 h. The molecular sieves were filtered, and the
solvent was partially removed. The crude oil was cooled, and the
resulting precipitate was filtered and rinsed with cold MeOH to
give 2 ACHTUNGTRENNUNG{1,1} as a yellow solid (1.42 g, 65%). 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=7.55 (s, 4H; Ph), 7.53 (s, 2H; CH=N), 3.16 (m, 8H;
CHN), 1.79–1.71 (m, 8H; CH2), 1.58–1.50 ppm (m, 4H; CH2) ;
13C NMR (75.5 MHz, CDCl3, 25 8C): d=136.0 (Cq), 134.3 (CH), 125.9
(CH), 52.1 (CH2), 25.3 (CH2), 24.2 ppm (CH2) ; IR (film): ñ=1576 cmÿ1

(C=N); Anal. (C18H26N4) C, H, N.

4-((2-(Pyrrolidin-1-yl)ethylamino)methyl)benzaldehyde (7{4}). 4-
(Diethoxymethyl)benzaldehyde (5) (2.01 g, 9.3 mmol), 1-(2-aminoe-
thyl)pyrrolidine 4{4} (1.09 g, 9.3 mmol) and 4 � molecular sieves
were mixed in anhyd MeOH (30 mL) and held at reflux under a N2

atmosphere for 36 h. The molecular sieves were filtered and the in-
termediate imine in MeOH was cooled to 0 8C and treated with
solid NaBH4 (0.36 g, 9.3 mmol). The mixture was stirred at RT for
5 h. Then H2O was added, and the product was extracted with
CH2Cl2. The organic extracts were combined, washed with brine,
dried over MgSO4, and the solvent was removed to give the corre-
sponding 4-(diethoxymethyl)benzylamine as a yellow oil (2.66 g,
93%). This intermediate aminoacetal (2.64 g, 8.6 mmol) was treated
with 2m HCl (20 mL) at RT for 2 h. The resulting mixture was basi-
fied with NaOH and extracted with CH2Cl2. The CH2Cl2 extracts
were combined, washed with brine, dried over MgSO4, and the sol-
vent was removed to give the product 7{4} as a brownish oil
(1.79 g, 89%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.00 (s,
1H; CHO), 7.84 (d, 3JH,H =8.1 Hz, 2H; Ph), 7.51 (d, 3JH,H =8.1 Hz, 2H;
Ph), 3.90 (s, 2H; CH2Ph), 2.75 (t, 3JH,H =6.0 Hz, 2H; CH2NH), 2.64 (t,
3JH,H =6.0 Hz, 2H; CH2N), 2.51 (m, 4H; CH2N), 2.01 (br s, 1H; NH),
1.77 ppm (m, 4H; CH2) ;

13C NMR (75.5 MHz, CDCl3, 25 8C): d=191.8
(CH), 147.6 (Cq), 135.1 (Cq), 129.7 (CH), 128.4 (CH), 55.8 (CH2), 54.2
(CH2), 53.7 (CH2), 47.8 (CH2), 23.5 ppm (CH2) ; IR (film): ñ=3309
(NH), 2961, 2930, 2875, 2799 (CH), 1700 (C=O), 1606 (CC), 1459,
1446 cmÿ1 (CH); MS (EI): m/z (%): 233.2 (1) [M+H]+ , 232.2 (22) [M]+
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, 84.1 (100) [C5H10N]
+ ; HRMS: m/z calcd for C14H20N2O: 232.1576

[M+H]+ , found: 232.1572.

4-((3-(1H-Imidazol-1-yl)propylamino)methyl)benzaldehyde (7{6}).
The procedure was the same as that stated above for 7{4} but by
using 4-(diethoxymethyl)benzaldehyde (5) (2.01 g, 9.3 mmol), 1-(3-
aminopropyl)imidazole 4{6} (1.20 g, 9.3 mmol) and NaBH4 (0.36 g,
9.3 mmol). The intermediate aminoacetal was obtained as a yellow
oil (2.68 g, 90%). This acetal (2.68 g, 9.3 mmol) was deprotected to
afford 7{6} (1.76 g, 86%) as a yellow oil. 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=10.00 (s, 1H; CHO), 7.85 (d, 3JH,H =8.1 Hz, 2H; Ph),
7.48 (d, 3JH,H =8.1 Hz, 2H; Ph), 7.46 (s, 1H; CHN), 7.05 (s, 1H; CHN),
6.90 (s, 1H; CHN), 4.07 (t, 3JH,H =6.9 Hz, 2H; CH2N), 3.85 (s, 2H;
CH2Ph), 2.62 (t, 3JH,H =6.9 Hz, 2H; CH2NH), 1.95 (quint, 3JH,H =6.9 Hz,
2H; CH2), 1.75 ppm (br s, 1H; NH); 13C NMR (75.5 MHz, CDCl3,
25 8C): d=191.7 (CH), 147.2 (Cq), 137.0 (CH), 135.3 (Cq), 129.8 (CH),
129.3 (CH), 128.4 (CH), 118.7 (CH), 53.6 (CH2), 45.8 (CH2), 44.6 (CH2),
31.3 ppm (CH2). IR (film): ñ=3268 (NH), 3108, 2936, 2831, 2738
(CH), 1696 (C=O), 1606 (C-C), 1508 cmÿ1 (imidazole); MS (EI): m/z
(%): 244.1 (17) [M+H]+ , 243.1 (65) [M]+ , 119.0 (100) [C8H7O]

+ ;
HRMS: m/z calcd for C14H17N3O: 243.1372 [M]+ , found: 243.1366.

4-((3-(2-Methylpiperidin-1-yl)propylamino)methyl)benzaldehyde

(7{8}). The procedure was the same as that stated above for 7{4}
but by using 4-(diethoxymethyl)benzaldehyde (5) (2.01 g,
9.3 mmol), 1-(3-aminopropyl)-2-methylpiperidine 4{8} (1.52 g,
9.3 mmol) and NaBH4 (0.36 g, 9.3 mmol). The intermediate aminoa-
cetal was obtained as a yellow oil (3.18 g, 98%). This acetal (3.18 g,
9.1 mmol) was deprotected to afford 7{8} (2.45 g, 98%) as a yellow
oil. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.00 (s, 1H; CHO),
7.85 (d, 3JH,H =8.1 Hz, 2H; Ph), 7.50 (d, 3JH,H=8.1 Hz, 2H; Ph), 3.87
(s, 2H; CH2NH), 2.87 (m, 1H; CHeqN), 2.77 (m, 1H; CHeqN), 2.65 (t,
3JH,H =6.8 Hz, 2H; CH2NH), 2.36 (m, 1H; CHaxN), 2.27 (m, 1H;
CHCH3), 2.11 (m, 1H; CHaxN), 2.00 (br s, 1H; NH), 1.75–1.48 (m, 6H;
CH2), 1.29 (m, 2H; CHax), 1.06 ppm (d, 3JH,H =6.0 Hz, 3H; CH3) ;
13C NMR (75.5 MHz, CDCl3, 25 8C): d=191.8 (CH), 147.7 (Cq), 135.2
(Cq), 129.8 (CH), 128.4 (CH), 56.1 (CH), 53.8 (CH2), 52.3 (CH2), 52.0
(CH2), 48.5 (CH2), 34.6 (CH2), 26.1 (CH2), 25.9 (CH2), 23.9 (CH2),
19.0 ppm (CH3) ; IR (film): ñ=3271 (NH), 2930, 2852, 2793, 2732
(CH), 1702 (C=O), 1606 (CÿC), 1449, 1372 cmÿ1 (CH); MS (EI): m/z
(%): 275.2 (9) [M+H]+ , 274.2 (37) [M]+ , 112.1 (100) [C7H14N]

+ ;
HRMS: m/z calcd for C17H26N2O: 274.2045 [M]+ , found: 274.2046.

4-((Piperidin-1-ylimino)methyl)benzaldehyde (6{1}). Terephthalal-
dehyde (3) (1.00 g, 7.4 mmol) was dissolved in anhydrous MeOH
(30 mL) with 4 � molecular sieves, followed by the dropwise addi-
tion of a solution of 1-aminopiperidine 4{1} (0.38 g, 3.8 mmol) in
anhydrous MeOH (5 mL) under a N2 atmosphere. The mixture was
held at reflux for 36 h. Upon removal of the solvent, the residue
was separated by chromatography on silica gel by eluting with
hexane/EtOAc (5:1). The resulting product was once again separat-
ed by chromatography on silica gel by eluting with CH2Cl2 /EtOAc
(gradient 25:1 to 1:1) to give 6{1} (0.48 g, 60%) as a yellow oil.
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=9.96 (s, 1H; CHO), 7.83 (d,
3JH,H =8.4 Hz, 2H; Ph), 7.71 (d, 3JH,H =8.4 Hz, 2H; Ph), 7.48 (s, 1H;
CH=N), 3.25 (t, 3JH,H =5.7 Hz, 4H; CH2N), 1.76 (quint, 3JH,H =5.7 Hz,
4H; CH2), 1.61–1.54 ppm (m, 2H; CH2) ;

13C NMR (75.5 MHz, CDCl3,
25 8C): d=191.6 (CH), 142.8 (Cq), 135.0 (Cq), 131.0 (CH), 130.0 (CH),
125.8 (CH), 51.7 (CH2), 25.1 (CH2), 24.0 ppm (CH2) ; IR (film): ñ=
2938, 2854, 2818, 2731 (CH), 1694 (C=O), 1605 (CÿC), 1579 (C=N),
1549 (CÿC), 1448 cmÿ1 (CH); MS (EI): m/z (%): 217.0 (17) [M+H]+ ,
216.0 (100) [M]+ ; Anal. (C13H16N2O) C, H, N.

4-((2,6-Dimethylpiperidin-1-ylimino)methyl)benzaldehyde (6{2}).
The procedure was the same as that stated above for 6{1} but ter-

ephthalaldehyde (3) (3.82 g, 28.2 mmol) and 1-amino-2,6-dimethyl-
piperidine 4{2} (2.01 g, 14.1 mmol) were used. Upon removal of the
solvent, the residue was separated by chromatography on silica
gel by eluting with hexane/EtOAc (3:1) to afford 6{2} (2.71 g, 78%)
as a yellow oil. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=9.95 (s,
1H; CHO), 7.81 (d, 3JH,H =8.3 Hz, 2H; Ph), 7.69 (d, 3JH,H =8.3 Hz, 2H;
Ph), 7.35 (s, 1H; CH=N), 3.92 (m, 2H; CH-CH3), 1.87–1.56 (m, 6H;
CH2), 1.15 ppm (d, 3JH,H =6.6 Hz, 6H; CH3) ;

13C NMR (75.5 MHz,
CDCl3, 25 8C): d=191.5 (CH), 143.5 (Cq), 134.4 (Cq), 130.0 (CH),
129.5 (CH), 125.3 (CH), 53.1 (CH), 30.8 (CH2), 18.3 (CH3), 15.6 ppm
(CH2) ; IR (film): ñ=2967, 2935, 2869, 2820, 2728 (CÿH), 1693 (C=O),
1604 (CÿC), 1572 (C=N), 1539 (CÿC), 1468, 1372 cmÿ1 (C-H); MS
(EI): m/z (%): 245.2 (5) [M+H]+ , 244.2 (16) [M]+ , 229.2 (100)
[C14H17N2O]

+ , Anal. (C15H20N2O) C, H, N.

N-(4-((2,6-Dimethylpiperidin-1-ylimino)methyl)benzyl)-2-(pyrroli-

din-1-yl)ethylamine (8 ACHTUNGTRENNUNG{2,4}). 1-(2-Aminoethyl)pyrrolidine 4{4}
(0.52 g, 2.1 mmol) and 6{2} (0.52 g, 2.1 mmol) were dissolved in
anhyd MeOH (30 mL). 4 � Molecular sieves were added, and the
mixture was held at reflux under a N2 atmosphere for 36 h. The
molecular sieves were filtered, and the intermediate imine in
MeOH was cooled to 0 8C and treated with solid NaBH4 (0.08 g,
2.1 mmol). The reaction was stirred at RT for 16 h. Then H2O was
added, and the product was extracted with CH2Cl2. The organic
layers were combined, washed with brine, dried over MgSO4, and
the solvent was removed to afford 8ACHTUNGTRENNUNG{2,4} as a yellow oil (0.61 g,
85%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=8.07 (s, 1H; CH=N),
7.64 (d, 2H, 3J=8.1 Hz; Ph), 7.34 (d, 2H, 3J=8.1 Hz; Ph), 3.83 (s,
2H; CH2Ph), 3.06 (m, 2H; CHCH3), 2.77 (t, 3JH,H =6.0 Hz, 2H;
CH2NH), 2.63 (t, 3JH,H =6.0 Hz, 2H; CH2N), 2.50 (m, 4H; CH2N), 2.34
(br s, 1H; NH), 1.77 (m, 8H; CH2), 1.50 (m, 2H; CH2), 1.00 ppm (d,
3JH,H =6.3 Hz, 6H; CH3) ; IR (film): ñ=3311 (NH), 2962, 2931, 2872,
2794 (CH), 1624 (CC), 1584 (C=N), 1556 (CÿC), 1459, 1447, 1369
(CH) cmÿ1; MS (EI): m/z (%): 342.3 (0.5) [M]+ , 84.0 (100) [C5H10N]

+ ;
HRMS: m/z calcd for C21H34N4 : 342.2783 [M]+ , found: 342.2786.

N-(4-((3-(1H-Imidazol-1-yl)propylamino)methyl)benzyl)-3-(2-

methylpiperidin-1-yl)propan-1-amine (1 ACHTUNGTRENNUNG{6,8}). The procedure was
the same as that stated above for 8ACHTUNGTRENNUNG{2,4}, but 1-(3-aminopropyl)-2-
methyl-piperidine 4{8} (0.59 g, 3.6 mmol), 7{6} (0.88 g, 3.6 mmol)
and NaBH4 (0.14 g, 3.6 mmol) were used to give 1ACHTUNGTRENNUNG{6,8} (1.20 g,
86%) as a yellow oil. 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=7.44
(s, 1H; CHN), 7.27 (s, 4H; Ph), 7.03 (s, 1H; CHN), 6.89 (s, 1H; CHN),
4.04 (t, 3JH,H =6.9 Hz, 2H; CH2N), 3.77 (s, 2H; CH2Ph), 3.74 (s, 2H;
CH2-Ph), 2.87 (m, 1H; CHeqN), 2.74 (m, 1H; CHeqN), 2.65 (t, 3JH,H
=6.9 Hz, 2H; CH2NH), 2.60 (t, 3JH,H =6.9 Hz, 2H; CH2NH), 2.37 (m,
1H; CHaxN), 2.27 (m, 1H; CHCH3), 2.12 (m, 1H; CHaxN), 2.09 (br s,
2H; NH), 1.92 (quint, 3JH,H =6.9 Hz, 2H; CH2), 1.72–1.53 (m, 6H;
CH2), 1.29 (m, 2H; CHax), 1.05 ppm (d, 3JH,H =6.3 Hz, 3H; CH3) ;
13C NMR (75.5 MHz, CDCl3, 25 8C): d=138.9 (Cq), 138.7 (Cq), 137.1
(CH), 129.2 (CH), 128.2 (CH), 128.0 (CH), 118.7 (CH), 56.0 (CH), 53.7
(CH2), 52.3 (CH2), 52.0 (CH2), 48.3 (CH2), 45.7 (CH2), 44.7 (CH2), 34.6
(CH2), 31.4 (CH2), 26.1 (CH2), 25.7 (CH2), 23.9 (CH2), 19.1 ppm (CH3) ;
IR (film): ñ=3277 (NÿH), 3104, 2929, 2853, 2802 (CÿH), 1508 (imi-
dazole), 1450, 1373 cmÿ1 (CH); MS (EI): m/z (%): 385.3 (2) [M+2H]+ ,
384.3 (26) [M+H]+ , 383.3 (4) [M]+ , 112.0 (100) [C7H14N]

+ ; HRMS: m/
z calcd for C23H37N5 : 383.3049 [M+H]+ , found: 383.3048.

N-(4-((3-(4-Methylpiperazin-1-yl)propylamino)methyl)benzyl)-3-

(2-methylpiperidin-1-yl)propan-1-amine (1 ACHTUNGTRENNUNG{8,9}). The procedure
was the same as that stated above for 8ACHTUNGTRENNUNG{2,4} but 1-(3-aminoprop-
yl)-2-methylpiperidine 4{8} (0.45 g, 2.7 mmol), 7{9} (0.75 g,
2.7 mmol) and NaBH4 (0.10 g, 2.7 mmol) were used to give 1 ACHTUNGTRENNUNG{8,9}
(0.45 g, 39%) as a yellow oil. 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d=7.28 (s, 4H; Ph), 3.77 (s, 4H; CH2Ph), 2.88 (m, 1H; CHeqN), 2.75
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(m, 1H; CHeqN), 2.67 (t, 3JH,H =6.6 Hz, 2H; CH2NH), 2.65 (t, 3JH,H
=6.6 Hz, 2H; CH2NH), 2.43 (br s, 12H; CH2N, CHaxN, CHCH3), 2.27 (s,
3H; CH3N), 2.23 (br s, 2H; NH), 2.12 (m, 1H; CHaxN), 1.76–1.53 (m,
8H; CH2), 1.32–1.21 (m, 2H; CHaxN), 1.05 ppm (d, 3JH,H =6.3 Hz, 3H;
CH3) ;

13C NMR (75.5 MHz, CDCl3, 25 8C): d=138.8 (Cq), 138.6 (Cq),
128.1 (CH), 128.0 (CH), 57.0 (CH2), 56.0 (CH), 55.1 (CH2), 53.7 (CH2),
53.2 (CH2), 52.3 (CH2), 52.0 (CH2), 48.3 (CH2), 48.1 (CH2), 46.0 (CH3),
34.5 (CH2), 26.9 (CH2), 26.0 (CH2), 25.6 (CH2), 23.9 (CH2), 19.0 ppm
(CH3) ; IR (film): ñ=3280 (NÿH), 2931, 2875, 2852, 2793 (CÿH), 1458,
1448, 1372 cmÿ1 (CÿH); MS (EI): m/z (%): 415.4 (0.3) [M]+ , 112.2
(100) [C7H14N]

+ ; HRMS: m/z calcd for C25H45N5 : 415.3675 [M]+ ,
found: 415.3660.

((4-(N-(4-Methylpiperazin-1-yl)imino)methyl)phenyl)-N-(piperi-

din-1-yl)methanamine (2 ACHTUNGTRENNUNG{1,3}). 1-Amino-4-methylpiperazine 4{3}
(0.24 g, 2.3 mmol) and 6{3} (0.53 g, 2.3 mmol) were dissolved in an-
hydrous MeOH (30 mL). Molecular sieves (4 �) were added and the
mixture was held at reflux under a N2 atmosphere for 36 h. The
molecular sieves were filtered, and the solvent was removed to
afford 2ACHTUNGTRENNUNG{1,3} as a yellow solid (0.69 g, 95%). 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d=7.56 (s, 4H; Ph), 7.53 (s, 1H; CH2Ph), 7.52 (s,
1H; CH2-Ph), 3.22 (t, 3JH,H =5.1 Hz, 4H; CH2N), 3.17 (t, 3JH,H =5.6 Hz,
4H; CH2N), 2.62 (t, 3JH,H =5.1 Hz, 4H; CH2N), 2.36 (s, 3H; CH3), 1.75
(m, 4H; CH2), 1.54 ppm (m, 2H; CH2) ;

13C NMR (75.5 MHz, CDCl3,
25 8C): d=136.4 (Cq), 135.6 (CH), 135.5 (Cq), 134.0 (CH), 126.2 (CH),
126.0 (CH), 54.6 (CH2), 52.1 (CH2), 51.0 (CH2), 46.0 (CH3), 25.3 (CH2),
24.2 ppm (CH2) ; IR (film): ñ=2934, 2837, 2798 (CÿH), 1577 (C=N),
1452, 1365 cmÿ1 (CÿH); MS (EI): m/z (%): 315.2 (2) [M+2H]+ , 314.2
(22) [M+H]+ , 313.2 (100) [M]+ ; HRMS: m/z calcd for C18H27N5 :
313.2266 [MÿH]+ , found: 313.2266.

4-((2-(Piperidin-1-yl)ethylamino)methyl)benzaldehyde (7{7}). 4-
(diethoxymethyl)benzaldehyde (5) (0.91 g, 4.2 mmol) and 1-(2-ami-
noethyl)piperidine 4{7} (0.55 g, 4.2 mmol) were dissolved in anhy-
drous MeOH (3 mL) in a 5 mL microwave reaction vessel. Na2SO4

was added and the vessel was sealed. The mixture was heated for
2 h at 100 8C in the microwave. The mixture was filtered and the
solvent removed to yield N-(4-(diethoxymethyl)benzyliden)-2-(pi-
peridin-1-yl)ethanamine as a reddish oil (1.35 g, 100%). 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d=8.31 (s, 1H; CH=N), 7.71 (d, 3JH,H
=8.1 Hz, 2H; Ph), 7.52 (d, 3JH,H =8.1 Hz, 2H; Ph), 5.53 (s, 1H; CH),
3.79 (t, 3JH,H =7.1 Hz, 2H; CH2N), 3.57 (m, 4H; CH2CH3), 2.68 (t, 3JH,H
=7.1 Hz, 2H; CH2N), 2.51 (br s, 4H; CH2N), 1.61 (m, 4H; CH2), 1.45
(m, 2H; CH2), 1.24 ppm (t, 3JH,H =7.1 Hz, 6H; CH3). This imine
(1.32 g, 4.1 mmol) was dissolved in anhyd MeOH (30 mL), cooled to
0 8C, and treated with solid NaBH4 (0.16 g, 4.1 mmol). The mixture
was stirred at RT for 5 h. Then H2O was added, and the product
was extracted with CH2Cl2. The organic extracts were combined,
washed with brine, dried over MgSO4, and the solvent was re-
moved to give N-(4-(diethoxymethyl)benzyl)-2-(piperidin-1-yl)-
ethanamine as a yellow oil (1.23 g, 92%). 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d=7.42 (d, 3JH,H =8.1 Hz, 2H; Ph), 7.31 (d, 3JH,H
=8.1 Hz, 2H; Ph), 5.49 (s, 1H; CH), 3.80 (s, 2H; CH2Ph), 3.57 (m,
4H; CH2CH3), 2.71 (t, 3JH,H =6.3 Hz, 2H; CH2NH), 2.46 (t, 3JH,H
=6.3 Hz, 2H; CH2N), 2.36 (br, 4H; CH2N), 2.24 (br s, 1H; NH), 1.56
(quint, 3JH,H =5.7 Hz, 4H; CH2), 1.43 (m, 2H; CH2), 1.23 ppm (t, 3JH,H
=7.1 Hz, 3H, CH3). This aminoacetal (2.64 g, 8.6 mmol) was treated
with 2m HCl (20 mL) at RT for 2 h. The resulting mixture was basi-
fied with NaOH and extracted with CH2Cl2. The CH2Cl2 extracts
were combined, washed with brine, dried over MgSO4, and the sol-
vent was removed to afford aldehyde 7{7} as a brownish oil
(0.87 g, 94%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=10.00 (s,
1H; CHO), 7.84 (d, 3JH,H =8.1 Hz, 2H; Ph), 7.50 (d, 3JH,H =8.1 Hz, 2H;
Ph), 3.89 (s, 2H; CH2-Ph), 2.70 (t, 3JH,H =6.2 Hz, 2H; CH2NH), 2.47 (t,

3JH,H =6.2 Hz, 2H; CH2N), 2.36 (br, 4H; CH2N), 2.18 (br s, 1H; NH),
1.57 (quint, 3JH,H =5.7 Hz, 4H; CH2), 1.43 ppm (m, 2H; CH2).

N-(4-((2-(Piperidin-1-yl)ethylamino)methyl)benzyl)-3-(2-methylpi-

peridin-1-yl)propan-1-amine (1 ACHTUNGTRENNUNG{7,8}). 1-(3-aminopropyl)-2-methyl-
piperidine 4{8} (0.44 g, 2.7 mmol) and 7{7} (0.66 g, 2.7 mmol) were
dissolved in anhyd MeOH (3 mL) in a 5 mL microwave vessel,
Na2SO4 was added, and the vessel was sealed. The mixture was
heated for 2 h at 100 8C in the microwave. Then it was filtered, di-
luted with MeOH (10 mL), cooled to 0 8C, and treated with solid
NaBH4 (0.10 g, 2.7 mmol). The mixture was stirred at RT for 4 h.
Then H2O was added and the product was extracted with CH2Cl2.
The organic extracts were combined, washed with brine, dried
over MgSO4 and the solvent was removed to give 1 ACHTUNGTRENNUNG{7,8} as a
yellow oil (0.98 g, 95%). 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=
7.27 (s, 4H; Ph), 3.78 (s, 2H; CH2-Ph), 3.77 (s, 2H; CH2-Ph), 2.86 (m,
1H; CHeqN), 2.78 (m, 1H; CHeqN), 2.69 (t, 3JH,H =6.3 Hz, 2H; CH2NH),
2.63 (t, 3JH,H =6.9 Hz, 4H; CH2NH), 2.44 (t, 3JH,H =6.3 Hz, 2H; CH2N),
2.34 (m, 5H; CHaxN, CH2N), 2.25 (m, 1H; CHCH3), 2.11 (m, 1H;
CHaxN), 2.07 (br s, 2H; NH), 1.68 (quint, 3JH,H =6.9 Hz, 2H; CH2), 1.55
(m, 8H; CH2), 1.42 (m, 2H; CH2), 1.28 (m, 2H; CHax), 1.05 ppm (d,
3JH,H =6.3 Hz, 3H; CH3) ;

13C NMR (75.5 MHz, CDCl3, 25 8C): d=139.0
(Cq), 138.8 (Cq), 128.0 (CH), 58.6 (CH2), 55.9 (CH), 54.7 (CH2), 53.7
(CH2), 52.3 (CH2), 52.1 (CH2), 48.3 (CH2), 45.9 (CH2), 34.7 (CH2), 26.2
(CH2), 26.1 (CH2), 25.7 (CH2), 24.5 (CH2), 24.0 (CH2), 19.1 ppm (CH3) ;
IR (film): ñ=3301 (NÿH), 2932, 2852, 2802 (CÿH), 1467, 1443,
1373 cmÿ1 (CÿH); Anal. (C24H42N4) C, H, N.

Biological evaluation

Antiviral activity : HIV-1 strains were titered in MT-4 cells after
acute infection, and infectivity was measured by evaluating the cy-
topathic effect that was induced after 5 day cultures as de-
scribed.[60] Anti-HIV activity (EC50) and cytotoxicity (CC50) measure-
ments in MT-4 cells were based on the viability of cells that had
been infected or not infected with HIV-1, all were exposed to vari-
ous concentrations of the test compound. After the MT-4 cells
were allowed to proliferate for 5 days, the number of viable cells
was quantified by a tetrazolium-based colorimetric method (MTT
method) as described.

Time-of-drug-addition studies : MT-4 cells were infected with HIV-
1 NL4–3 at a multiplicity of infection of 0.5 and incubated for 1 h
at 20 8C in the presence or absence of test compounds. Cells were
then washed twice in cool PBS and seeded in 96-well plates at a
concentration of 2�105 cells per well (final volume 200 mL) at a
temperature of 37 8C. Test compounds, dextran sulfate, AMD3100,
C34 or AZT were added at various times post-infection, or the cells
were cultured in the absence of drug (control). Test compounds
were added at concentrations that completely block HIV replica-
tion (roughly 100-fold higher than the determined EC50) of each
drug in the standard assay performed with MT-4 cells. Virus pro-
duction was measured by p24 antigen determination in the cell su-
pernatant 30 h post-infection with a commercial p24 antigen ELISA
(Innogenetics, Barcelona, Spain).[61]
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The process of HIV entry begins with the binding of the viral envelope glycoprotein gp120 to both the CD4
receptor and one of CXCR4 or CCR5 chemokine coreceptors. There is currently considerable interest in
developing novel ligands which can attach to these coreceptors and hence block virus-cell fusion. This
article compares the application of structure-based (docking) and ligand-based (QSAR analyses, pharma-
cophore modeling, and shape matching) virtual screening tools to find new potential HIV entry inhibitors
for the CXCR4 receptor. The comparison is based on retrospective virtual screening of a library containing
different known CXCR4 inhibitors from the literature, a smaller set of active CXCR4 inhibitors selected
from a large combinatorial virtual library and synthesized by us, and some druglike presumed inactive
molecules as the reference set. The enrichment factors and diversity of the retrieved molecular scaffolds in
the virtual hit lists was determined. Once the different virtual screening approaches had been validated and
the best parameters had been selected, prospective virtual screening of our virtual library was applied to
identify new anti-HIV compounds using the same protocol as in the retrospective virtual screening analysis.
The compounds selected using these computational tools were subsequently synthesized and assayed and
showed activity values ranging from 4 to 0.022 µg/mL.

INTRODUCTION

According to the World Health Organization, about 33
million people live with Acquired Immune Deficiency
Syndrome (AIDS).1 The entry of human immunodeficiency
virus (HIV) into the host cell begins with binding of the viral
envelope glycoprotein gp120 to both the CD4 cell surface
receptor and one of CXCR4 or CCR5 chemokine coreceptors
and leads to fusion of the viral capsid with the cell
membrane. Current antiretroviral therapies (ARTs) against
AIDS are generally based on reverse transcriptase inhibitors
and protease inhibitors. Despite advances in the development
of these potent agents which block HIV transcription and
assembly, there remain problems regarding drug resistance,
latent viral reservoirs, and drug induced toxic effects, which
can all compromise effective control of the virus. Hence there
is a need to develop new classes of anti-HIV drugs with
different modes of action. Several researchers have recog-
nized that knowledge of the mechanism of viral entry into
the host cell provides further therapeutic targets against HIV
infection.2,3 To date, at least three subclasses of HIV viral
entry/fusion inhibitors have emerged, namely the following:
CD4 binding or attachment inhibitors, which target initial
recognition and binding of the viral glycoprotein gp120 to
the cell-surface CD4 antigen;4 chemokine coreceptor binding
inhibitors, which target binding of virus to the CCR5 or

CXCR4 coreceptor;5 and cell fusion inhibitors, which target
the gp41 viral glycoprotein.6 Therefore, there is considerable
interest in developing novel ligands which can modulate
these receptors and block virus-cell fusion.7-11

To make progress toward this goal, we compiled a data
set of CXCR4 antagonists from the literature comprising
several AMD3100 derivatives, macrocycles, KRH1636 de-
rivatives, dipicolil amine zinc(II) complexes, cyclic peptides,
and tetrahydroquinolin-amine derivatives. Several of the
AMD3100 derivatives are novel and have been synthesized
in our group.12 To this set was added some 4700 presumed
inactive druglike compounds from the Maybridge Screening
Collection13 which have several 1D properties similar to
those of the actives. The active molecules synthesized by us
belong to a diverse but restricted set of compounds, selected
using our PRALINS14 program (Program for Rational
Analysis of Libraries in Silico) from a large virtual combi-
natorial library. This library was designed to preserve the
main features of AMD3100, i.e. polynitrogenated systems
separated by a p-phenylene moiety, which is treated as an
ideal reference CXCR4 antagonist. The compounds selected
by PRALINS showed activities ranging from 20 to 0.008
µg/mL, and experimental binding assays confirmed that their
mode of action was indeed to block the CXCR4 receptor.12

In order to find other active compounds without having
to synthesize the whole of the combinatorial virtual library,
ligand-based and structure-based virtual screening tools were
used. For ligand-based virtual screening, QSAR analysis was
performed with MOE,15 and a good quantitative structure-
activity relationship function was obtained. 3D pharmaco-
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phore modeling using MOE and Discovery Studio16 was
applied in order to study the characteristic features of the
actives necessary for interaction with the coreceptor. Shape
matching using the PARAFIT,17 ROCS,18 and HEX19

programs was also carried out to select molecules from the
library with similar shapes to known actives. Because the
3D structure of CXCR4 has not yet been solved, a homology
model of the protein built previously20 using bovine rhodop-
sin21 as the template was used for receptor-based analyses
using AUTODOCK,22 GOLD,23 FRED,24 and HEX.25

In order to validate the different virtual screening ap-
proaches and to set the best parameters for each one, a
retrospective virtual screening analysis was performed on
the compiled active and inactive data sets. Once the best
approaches were selected, prospective analysis of the as yet
unsynthesized compounds in our combinatorial virtual library
was applied to establish a ranked list of new candidate
CXCR4 inhibitors. A final virtual hit list was obtained from
a consensus ranking of the different virtual screening
approaches. Five molecules in the resulting hit list were
synthesized and tested and were found to have activity values
ranging from 4 to 0.022 µg/mL. The most active of these
are monocyclams, as might be expected of AMD3100
derivatives,26-28 and these coincided with the compounds
in the first ranking positions of our hit list.

METHODS

Library Design. In this study, AMD3100, one of the
earliest and still one of the most potent CXCR4 antagonists
to be developed, was used as a reference ligand from which
a combinatorial library was derived.12,29 The compounds in
this library were designed in such a way as to retain the
main physicochemical features of this ligand, i.e. a central
p-phenylene moiety with at least two nitrogen-containing
substituents, one in the benzylic position and the other(s) in
a heterocyclic system, and with similar distances between
such nitrogens as those observed in cyclam. These consid-
erations led us to design target compounds such as the
diamines, 1, as shown in Figure 1. A retrosynthetic analysis
of those cases in which R1 ) R2 and the number, n, of methyl
linkers led to the selection of symmetrical diimines 2 as
precursors, which can be extended with further methyls to
give terephthalaldehyde (3) and two equivalents of the
corresponding amine 4 where n g 1 (see Figure 2). When
R1 ) R2 and n ) 0, compounds 2 are in fact symmetrical
hydrazones which can be obtained by condensation of
terephthalaldehyde and the corresponding hydrazine 4 (n )
0). These dihydrazones were also included in our library. In
order to obtain nonsymmetric (R1 * R2) diamines 1 (n g 1)
and dihydrazones 2 (n ) 0), it was necessary to modify
slightly our synthetic approach by using 4-(diethoxymeth-
yl)benzaldehyde (5) as the core precursor. Thus, the inter-
mediate hydrazono and aminobenzaldehydes 6 and 7 allowed
such nonsymmetric compounds and other nonsymmetric
aminohydrazones 8 to be included as further compounds in
the combinatorial library (see Scheme 1). Overall, the virtual
library consists of 66 amino/hydrazono-amine/hydrazone
compounds (1, 2, and 8), 11 amino/hydrazono-aldehyde
compounds (6 and 7), and 11 cyclam-amine/hydrazone
compounds (9 and 10). Some representative examples of
these structures are shown in Figure 3.

Virtual Screening Data Sets. For the retrospective virtual
screening analysis, a data set of 248 CXCR4 antagonists with
activity values lower than 100 µM against CXCR4 was
assembled from the literature. This set was used for receptor-

Figure 1. The AMD3100 reference antagonist for CXCR4 and
schematic illustration of the target library construction. Top: the
AMD3100 reference antagonist for CXCR4, with a p-phenyl linker
and nitrogen-containing heterocyclic systems on each side of the
linker. Bottom: a schematic illustration of the construction of the
target library which preserves these features.

Figure 2. Amine and hydrazine building blocks used for the
combinatorial virtual library.
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based docking and ligand-based screening analyses. A subset
of the 103 most active compounds plus 48 compounds
representative of other scaffold classes was then used for
pharmacophore modeling. As summarized in Table 1, these
compounds mainly belong to seven representative families,
i.e., AMD3100 derivatives, macrocycles, KRH1636 deriva-
tives, dipicolil amine zinc(II) complexes, tetrahydroquinolin-
amine derivatives, cyclic peptides, and also the most active
CXCR4 inhibitors from our combinatorial virtual library
which had been synthesized by us.12 Figure 4 shows some
representative members of each family. These data sets were
augmented with two further sets of druglike presumed
inactive compounds from the Maybridge Screening Collec-

tion (1462 for pharmacophore modeling and 4696 for the
docking and shape matching approaches), selected in such
a way that several of their 1D properties were similar to those
of the actives (i.e., molecular weight, number of rotatable
single bonds, numbers of hydrogen-bond donor and acceptor
atoms, number of hydrophobic atoms, and octanol-water
partition coefficient), as shown in Table 2.

For the prospective virtual screening analysis, the same
presumed inactive compounds as in the retrospective analysis
were used, and a subset of 34 hitherto unsynthesized
compounds from the amino/hydrazono-amine/hydrazone
(compounds 1, 2, and 8), hydrazono/amino-aldehyde (com-
pounds 6 and 7), and cyclam-hydrazone/amine (9 and 10)
families was selected from the virtual library for synthesis
and testing. The 3D structures of all compounds were
protonated at physiological pH, assigned Gasteiger partial
charges, and geometry-optimized using the MMFF94 force
field. All molecules were aligned with the MOE FlexAlign
module46 using as superposition template the AMD3100
conformation obtained previously from a CXCR4 docking
study20 (see Figure 5).

QSAR Analysis. QSAR analysis applies statistical
methods to describe quantitative relationships between
chemical structures and biological activities of a series
of analogues. The process can be divided into three general
steps: 1) data set selection, 2) data analysis, and 3) model
validation. In the present QSAR study, a data set of 39
compounds with known EC50 activity values consisting
of AMD3100 plus 38 further compounds synthesized by
us (structures 1, 2, 6, 7, and 8) was used. This data set
was divided into a training subset of 30 compounds and
an external test set of 9 compounds, as described in Tables
3 and 4. A total of 194 descriptors were calculated with

Scheme 1. Synthetic Scheme for the Symmetrical and Nonsymmetrical Diamines 1, Dihydrazones 2, and Aminohydrazones 8

Figure 3. Representative examples of compounds in the combi-
natorial virtual library. Compounds 1 are symmetrical (R1 ) R2)
or nonsymmetrical (R1 * R2) diamines, compounds 2 are sym-
metrical (R1 ) R2) or nonsymmetrical (R1 * R2) dihydrazones,
compounds 8 are aminohydrazones, compounds 6 and 7 correspond
to hydrazonobenzaldehydes and aminobenzaldehydes, respectively,
and compounds 9 and 10 are hydrazone or amino substituted
monocyclams.
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MOE, including 2D and 3D descriptors. These descriptors
were then pruned using correlation analysis and forward-
selection and backward-elimination methods.

Partial Least Squares (PLS) regression was used to build
the QSAR models using the above descriptors as independent
variables and using the biological activities as the dependent
variables. Model outliers were detected using the Grubbs test,

as implemented in MOE, by quantifying how far away the
experimental biological activities are from the model by
calculating the Z-SCORE ratio, defined as the difference
between the experimental and model pEC50 values divided
by the RMSE (root mean squared error) of the whole data
set. Molecules with Z-SCOREs of 2.5 or higher were
considered to be possible outliers. The model was then

Table 1. Summary of the CXCR4 Inhibitor Families Used in the Current Study

family no. of compds refs

CXCR4 Inhibitors for Retrospective
Docking and Shape Based Virtual Screening

tetrahydroquinolin-amine
derivatives

123 11, 30-34

KRH1636 derivatives 23 11, 35-38
macrocycles 4 39
AMD3100 derivatives 94 11, 26, 27, 39-42
cyclic peptides 2 43
other 2 44
total 248

CXCR4 Inhibitors for Retrospective Pharmacophore
Model Based Virtual Screening

KRH1636 derivatives 13 11, 35-38
dipicolil amine zinc(II) complexes 10 45
AMD3100 derivatives and macrocycles 90 11, 26, 27, 39-42
active molecules from the combinatorial virtual library
(amino-amine, amino-aldehyde)

38 12

total 151

Figure 4. Representative structures of seven families of CXCR4 inhibitor.
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validated using leave-one-out (LOO) cross-validation and
validation with an external test set (9 compounds). Several
statistical parameters were used to evaluate the performance
of the model:

• Correlation coefficient R2, cross-validated R2, and test
set validation R2 against an external data set, where x is the
experimental pEC50 and y is the model value

• Root mean squared error, RMSE, for the model, the cross-
validation, and the external test set validation, where PRESS
is the prediction error sum of squares and n the number of
compounds

PRESS is an important cross-validation parameter to measure
the accuracy of a model. When PRESS is less than SSY (sum
of the squared deviations for the experimental values from
their mean), it indicates that the model is significant and
predicts better than chance. Furthermore, a PRESS/SSY ratio
of less than 0.4 indicates that the model is a reasonable
QSAR model.47

• Cross-validated R2 has widely been used as a criterion
of model robustness and predictive ability, with a threshold
of 0.5 (0.6 for model R2).48 Nevertheless, a high cross-
validated R2 is considered a necessary condition for a model
to have a high predictive power, but it is not a sufficient
condition. Therefore, models are often evaluated with

external test sets to estimate their true predictive power. For
example, Tropsha et al. consider a QSAR model to be
predictive if the following conditions are satisfied49

where Ro is the correlation coefficient, and k is the value of
the slope for the regression line through the origin (i.e., with
the intercept set to 0).

• The Fisher test, or F-test, reflects the ratio of the variance
explained by the model and the variance due to the error in
the model. High values of the F-test indicate the reliability
of the QSAR equation.

Ligand-Based Pharmacophore Modeling. Pharmacoph-
ore modeling studies were performed using the MOE and
Discovery Studio software suites with four families of known
actives from the above virtual screening data set, namely
the following: AMD3100 derivatives, KRH1636 derivatives,
dipicolil amine zinc(II) complexes, and the most active
CXCR4 inhibitors from the combinatorial virtual library. 50
conformations and a maximum of 255 conformations of each
compound were calculated in MOE (MMFF94 forcefield)
and Discovery Studio (Catalyst Confirm algorithm), respec-
tively. The training set consisted of the most active com-
pound from each family of CXCR4 inhibitors. The pharma-
cophore queries were built on the alignment of these four
structures with the FlexAlign module in MOE and using the
Common Feature Pharmacophore Generation protocol in
Discovery Studio. The pharmacophore scheme of PCH
(polarity-charge-hydrophobicity) was applied throughout the
MOE study. Chemical features and their tolerance radii were
selected between those suggested by MOE to achieve better
balance between sensitivity and specificity. Also, in Discov-
ery Studio, hydrogen bond acceptor, hydrogen bond donor,
hydrophobic, ionizable positive, and charged positive phar-
macophore features were used. The maximum number of
omitted features was set to one.

Ligand-Based Shape Matching Virtual Screening.
Shape based virtual screening was performed using PARAFIT
08 Shape Tanimoto, ROCS 2.2 Combo Score and Shape
Tanimoto, and HEX 4.8 Shape Tanimoto scores by super-
posing each database compound onto the docked AMD3100
query conformation. The PARAFIT and HEX superpositions
were calculated using the conformation of each database

Table 2. Summary of the 1D Physico-Chemical Properties of Active and Inactive Molecules in the Screening Databases Used in
Pharmacophore Modelling, Docking, and Shape Matching Approachesa

comparison of data sets used in
pharmacophore modeling

MW b_1rotN a_acc a_don a_hyd SlogP

151 CXCR4 actives 485.2 (104.9) 6.9 (3.9) 3.5 (1.5) 1.5 (1.5) 26.3 (5.0) -0.8 (2.5)
1462 inactives 381.4 (64.9) 5.1 (2.0) 4.0 (1.1) 1.2 (1.1) 16.6 (2.6) 2.6 (0.9)

comparison of data sets used in docking
and shape matching approaches MW b_1rotN a_acc a_don a_hyd SlogP

248 CXCR4 actives 507.3(74.4) 9.2(4.9) 4.9(1.1) 1.7(1.3) 27.6(4.2) 4.3(3.0)
4696 inactives 497.4(45.6) 6.2(2.4) 3.6(1.6) 0.9(1.0) 21.8(4.1) 5.5(1.9)

a This table shows the average and standard deviation (in parentheses) of the following properties: MW (molecular weight); b_1rotN (number
of rotatable single bonds); a_acc (number of hydrogen-bond acceptor atoms); a_don (number of hydrogen-bond donor atoms); a_hyd (number
of hydrophopic atoms); S_logP (octanol-water partition coefficient).

Figure 5. The MOE alignments of active database compounds with
AMD3100 (shown in brown).

R )
∑ (x - xj) · (y - yj)

√ ∑ (x - xj)2 · ∑ (y - yj)2
(1)

RMSE ) �PRESS
n

(2)

R2 - R0
2

R2
< 0.1 (3)

0.85 e k e 1.15 (4)
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compound that was calculated by MOE FlexAlign. However,
as described previously,20 the ROCS superpositions used ten
further conformations of each molecule calculated by
OMEGA.50 Spherical harmonic consensus shape matching51

was also performed using PARAFIT 08 by superposing each
database compound onto a consensus shape query molecule
calculated from three known CXCR4 actives from different
scaffold families (an AMD derivative, a macrocycle deriva-
tive, and a KRH derivative). Database molecules were ranked
according to their shape Tanimoto scores with respect to the
query shape. The ROCS calculations also used the “color
optimization” mode to maximize both the shape and chemical
property overlays (e.g., proton donor/acceptor, cationic/
anionic, and hydrophobicity/aromaticity).

Receptor-Based Virtual Screening. Receptor-based screen-
ing against CXCR4 was performed using AUTODOCK 3.0,
GOLD 3.0.1, FRED 2.2.1, and HEX 4.8. In AUTODOCK and
GOLD, ten independent LGA and GA runs were carried out,
respectively, using the same protocol as described.20 In GOLD,

the ligands were constrained to form a hydrogen bond with a
carbonyl oxygen of either Glu288, Asp171, or Asp262 which
had been identified previously as key binding residues by site-
directed mutagenesis (SDM).44,52-54 The ligand databases were
ranked by AUTODOCK Docked Energy, Gold GoldScore and
ChemScore, and a consensus score “Rank-by-Rank”55 of these
three scoring functions. In FRED, exhaustive rigid body
optimization was carried out starting from the ligand conforma-
tions aligned to the docked AMD3100 conformation. PLP,
Chemgauss3, Shapegauss, OEChemScore, ScreenScore, Chem-
Score scoring functions, and a consensus combination of these
scores were used to rank the ligand databases. In HEX, docking
and ranking was performed using a six-dimensional shape-only
superposition correlation search with a translational distance
range of 10 Å from the SDM-defined active site center and
Hex Docked energy, respectively.

Analyzing Virtual Screening Hit Lists and Pharma-
cophores. Before virtual screening protocols and pharma-
cophoric models may be used prospectively, it is first

Table 3. Training Set Used for the QSAR Model Building Calculationsa

a pEC50 (derived from EC50 in µM) refers to the experimental activity values. The two last columns show the predicted and residual
pEC50values obtained from QSAR model 1. Compound 19 gave a Z-SCORE > 2.5 and was therefore considered to be an outlier and was
excluded from the training set.
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necessary to validate them by measuring their ability to
retrieve actives from a database of compounds with known
biological activities. Several formulas have been proposed
to score quantitatively the quality of hit lists achieved in this
way.56 For example, for a database of D compounds
containing A actives, and where Ht is the number of

compounds in a hit list, and Ha is the number of actives in
that list, the following terms may be defined:57

Percent yield of actives:

Percent ratio of the actives in the hit list:

Enrichment (enhancement):

Goodness of Hit list:

False Negatives:

False Positives:

For each scoring method, the resulting hit lists were
analyzed using the above terms. Following the pharmacoph-

Table 4. External Test Set Used for QSAR Model Validationa

a The column headings are described in Table 3.

Table 5. Correlation Analysis for the Descriptors Used in the
QSAR Models

pEC50 VAdjEq Q_VSA_
HYD dipoleY SlogP_

VSA8
SMR_
VSA5 FASA+

pEC50 100
VAdjEq -60 100
Q_VSA_HYD 84 -68 100
dipoleY 41 -14 20 100
SlogP_VSA8 56 -26 41 42 100
SMR_VSA5 54 -39 37 49 68 100
FASA+ 38 -16 59 -6 -34 -12 100

Figure 6. Correlation of experimental versus predicted pEC50 for
QSAR model 1.

Y(%) )
Ha

Ht
× 100 (5)

A(%) )
Ha

A
× 100 (6)

EF )
Ha/Ht

A/D
)

Ha × D

Ht × A
(7)

GH ) (Ha(3A + Ht)

4HtA ) × (1 -
Ht × Ha

D - A ) (8)

A - Ha (9)

Ht - Ha (10)
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Table 6. Prediction of Activity Values Using QSAR Model 1
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ore modeling, shape matching, and docking calculations, all
compounds were sorted into ranked lists based upon their
rmsd, shape matching scores, and docking energies, respec-

tively. These lists were then used to plot the percentage of
known actives found versus the percentage of the ranked
database screened and to calculate enrichment factors (EFs)
at 1%, 5%, and 10% of the screened database.

RESULTS

PLS Analysis and Validation of QSAR Models. After
descriptor pruning had been applied, five descriptors were
selected to build the QSAR models, namely the following:
VAdjEq, Q_VSA_HYD, dipoleY, SlogP_VSA8, and FASA+.
Table 5 shows the correlation analysis for these descriptors.
Three QSAR models were calculated as follows:

Model 1 (Figure 6):

pEC50 ) 2.52586 + 0.00940 · (Q_VSA_HYD) + 0.00507

( · SlogP_VSA8) + 0.10611 · (dipoleY)

N ) 29, R2 ) 0.81, RMSE ) 0.42, F ) 36.45, R2
LOO ) 0.75,

RMSELOO ) 0.49, R2
test ) 0.69, RMSEtest ) 0.57, n ) 9,

Ro
2 ) 0.77, (R2-Ro

2)/R2 ) 0.049, k ) 0.99, PRESS ) 5.20,

SSY ) 27.93, PRESS/SSY ) 0.19
Model 2:

pEC50 ) 2.52568 + 0.00940 · (Q_VSA_HYD) + 0.10611 ·

(dipoleY) + 0.00507 · (SlogP_VSA8) + 0.00130 · (FASA+)

N ) 29, R2 ) 0.81, RMSE ) 0.42, F ) 26.24, R2
LOO ) 0.75,

RMSELOO ) 0.49, R2
test ) 0.69, RMSEtest ) 0.57, n ) 9,

Ro
2 ) 0.77, (R2-Ro

2)/R2 ) 0.049, k ) 0.99, PRESS ) 5.20,

SSY ) 27.93, PRESS/SSY ) 0.19

Table 6. Continued

Table 7. Summary of the Results Obtained for the Retrospective
Screening Analysis of the Generated Pharmacophore Modelsa

model Ha Ht false + false - EF Y(%) A(%) GH

1 142 142 0 9 10.68 100 94 0.99
2 139 140 1 12 10.61 99 92 0.97
3 122 157 35 29 8.30 78 81 0.77
4 133 186 53 18 7.64 72 88 0.73
5 123 168 45 28 7.82 73 81 0.73
6 132 132 0 19 10.68 100 87 0.97
7 96 96 0 55 10.68 100 64 0.91
8 106 107 1 45 10.58 99 70 0.92
9 92 92 0 59 10.68 100 61 0.90

a The quantities Ha, Ht, false +, false -, EF, Y(%), A(%), and GH
are defined in eqs 5-10. Overall, QSAR model 1 can be seen to
give the best statistics.

Figure 7. Alignment of the compounds in the training set and the
pharmacophore model 1. Hydrophobic and aromatic features
(Hyd|Aro) are shown in green. Cationic (Cat) features are shown
in purple.
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Model 3:

pEC50 ) 2.52606 + 0.00940 · (Q_VSA_HYD) + 0.00507 ·

(SlogP_VSA8) + 0.10611 · (dipoleY) - 0.00040 · (VAdjEq)

N ) 29, R2 ) 0.81, RMSE ) 0.42, F ) 26.24, R2
LOO ) 0.75,

RMSELOO ) 0.49, R2
test ) 0.69, RMSEtest ) 0.57, n ) 9,

Ro
2 ) 0.77, (R2-Ro

2)/R2 ) 0.049, k ) 0.99, PRESS ) 5.20,

SSY ) 27.93, PRESS/SSY ) 0.19
One compound 1{6,8} was deleted from the training

set because it gave a Z-SCORE > 2.5, which indicated it
is an outlier. This was confirmed by recalculating the
models without it to obtain better overall statistics. All
three resulting models showed R2 values above 0.6 and
R2 for the cross-validation and external test set validation
above 0.5. In all cases, the PRESS/SSY ratio was below
0.4, (R2-Ro

2)/R2 was less than 0.1, and k was between the
above thresholds. Because the statistical results were
broadly similar for all models, model 1 was selected as
the most parsimonious because it used only three descrip-
tors, whereas models 2 and 3 required four descriptors.
The use of dipoleY, an external 3D descriptor, as
independent variable in the three models enhanced the
importance of a correct alignment of the molecules in
order to obtain a reliable predicted activity value. Predic-
tion of activity values for the training set and the external

test set using model 1 are shown in Tables 3 and 4.
Predictions were made for compounds in the virtual library
that had not yet been synthesized (1, 2, and 8) and for
monocyclams 9 and 10. These results are shown in
Table 6.

Pharmacophore Hypothesis Generation and Validation.
Pharmacophore models were generated and retrospective
analyses were performed to select models which achieved a
good balance between sensitivity and specificity. Several
models were proposed (Table 7), five using MOE (Models
1 to 5) and four using Discovery Studio (Models 6 to 9).
Model 1 was built using the MOE Pharmacophore Elucidate
module. Features in models 2 and 3 were selected from the
consensus analysis performed with MOE Pharmacophore
Query module. Models 4 and 5 were manually designed
based on the description of the interactions of AMD3100
and CXCR4.44,54,58-62 Finally, models 6 to 9 were built in
Discovery Studio using the Hypogen and HipHop algorithms
to generate hypotheses and to select the best common
pharmacophore features produced. The retrospective analysis
of the models showed that pharmacophore model 1 (Figure
7) was highly selective with our data set, giving no false
positives and only nine false negatives. This model accurately
classified and ranked all the known actives in the data set,
except for the KRH1636 analogues which were positioned
at the end of the hit list. Visual inspection of the hit lists in
the retrospective analysis showed that the ranking of each
compound depended on the model and type of compound.
More reliable results were obtained using a consensus of the
five MOE models in Table 7.

A prospective analysis using the consensus pharmacophore
model was then applied to select new compounds for
synthesis and testing. These molecules included hitherto
unsynthesised compounds from the virtual combinatorial
library (i.e., amino/hydrazono-amine/hydrazone compounds
1, 2, and 8, amino/hydrazono-aldehyde compounds 6 and 7
and cyclam-amine/hydrazone compounds 9 and 10). All of
these compounds can be seen to match the pharmacophore
model equally well. The screened compounds selected by
the consensus of pharmacophore models and their score
values are shown in Table 8.

Docking Enrichments. In order to analyze the ability of
the receptor model structure to discriminate active com-
pounds from decoys, retrospective analysis of docking
enrichment curves was performed as described previously.20

Next, enrichment curves for the virtual combinatorial library
compounds were calculated using the same protocol. Figure
8 shows the enrichment curves obtained. Inspection of these
results shows that the enrichments obtained with the FRED
consensus, Consensus scoring (AUTODOCK Docked En-
ergy, GOLD GoldScore and ChemScore), and ChemScore
scoring functions are the best, as was observed in the ret-
rospective analysis. Looking at the first percentages of the
ranked hit lists, the compounds selected by these three
scoring functions can be seen to belong to 9, 10, 1, 2, and 8.
The compounds found at the top 10% of the ranked hit list
using these three scoring functions as well as AUTODOCK
Docked Energy, HEX Docked Energy, and FRED Chem-
gauss3 are nearly the same. The screened compounds
selected by these scoring functions and their score value are
shown in Table 9.

Table 8. Pharmacophore-Based Prospective Virtual Screening
Resultsa

compound model 1 model 2 model 3 model 4 model 5

2{1,2} - - - - -
2{1,3} 0.9169 0.9086 - 0.9870 -
8{1,4} 0.7352 0.5261 0.5712 0.7153 1.4686
8{1,7} - 0.5190 0.6307 0.7327 -
8{1,8} 0.6071 0.4723 0.6284 0.9790 -
8{1,9} 0.6714 0.3698 0.5487 0.7998 -
8{1,10} - 0.5110 0.6307 0.7305 1.2161
2{2,3} 0.7664 0.9129 - 0.8400 -
8{2,7} - 0.8506 0.6338 0.6678 1.3628
8{2,8} 0.4375 0.4742 0.6199 0.6860 -
8{2,10} - 0.7040 0.6339 0.6660 0.8185
8{3,4} 0.4417 0.5261 0.5711 0.6690 0.9981
8{3,7} 0.5551 0.4368 0.6306 0.6317 0.8388
8{3,10} 0.5551 0.4289 0.6306 0.6291 0.8327
1{4,7} 0.7565 0.3962 0.5227 0.4716 0.8880
1{4,8} 0.4157 0.3923 0.4166 0.4902 0.8354
1{4,10} 0.7308 0.3284 0.5119 0.5366 0.7563
1{6,6} 0.6027 0.9477 0.4127 - -
1{7,7} 0.6990 0.5077 0.5190 0.6907 1.0076
1{7,8} 0.4157 0.3625 0.4166 0.5070 0.8043
1{7,10} 0.7308 0.3284 0.5119 0.4728 0.7508
1{10,10} 1.1377 0.4894 0.5079 0.4643 0.7041
6{3} - 0.9007 - - -
9{1} 0.4288 0.4014 0.4803 0.5879 1.1812
9{2} 0.3235 0.3832 0.4742 0.5254 0.8217
9{3} 0.4747 0.4012 0.4805 0.5449 0.5568
10{4} 0.3409 0.4270 0.4640 0.4845 0.6615
10{5} 0.3671 0.3329 0.4250 0.4800 0.7907
10{6} 0.3925 0.4079 0.4250 0.4800 1.1394
10{7} 0.2826 0.3789 0.4512 0.3739 0.5394
10{8} 0.3321 0.4755 0.4248 0.3568 0.5311
10{9} 0.2655 0.3462 0.4248 0.3320 0.5408
10{10} 0.2809 0.3786 0.4512 0.3727 0.5405
10{11} 0.3755 0.2856 0.4248 0.3483 0.5304

a This table lists the overall (RMSD) score obtained for each
compound using pharmacophore models 1, 2, 3, 4, and 5. Hyphens
denote compounds that do not match the pharmacophore model.
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Shape Matching Enrichments. Because no crystal-
lographic ligand conformation is available for the current
system, the SDM-compatible conformation of AMD3100
found previously from computational docking was used as
the database query. In order to study the performance of this
query structure and the parameters used in the screening
protocol, a retrospective analysis of shape matching enrich-
ment curves was first performed.20 Next, enrichment curves
for the combinatorial virtual library compounds were cal-
culated using the same protocol. Moreover, a consensus
query was built from three different scaffold CXCR4 known
actives (an AMD derivative, a macrocycle derivative, and a
KRH derivative), and a retrospective analysis was performed.

Enrichment curves for the virtual combinatorial library
compounds were also calculated showing similar results to
the basic PARAFIT AMD3100 query shape Tanimoto score.
Figure 9 shows that the ROCS Combo Score and PARAFIT
Tanimoto Score and Consensus Shape Tanimoto give the
best EFs, as in the retrospective analysis. HEX Shape
Tanimoto and ROCS Shape Tanimoto also perform well.
Overall, the ligand-based shape matching tools perform better
than the docking tools used here. However, looking at the
first percentages of the ranked hit lists obtained, the
compounds selected by these shape matching methods belong
to 9, 10, 1, 2, and 8, as found with the docking tools.
Molecules found at the top 10% hit ranking list are the same

Figure 8. CXCR4 docking-based enrichment plots. On the left, enrichment results for several docking protocols for retrospective (top) and
prospective (bottom) virtual screening analyses. The dotted black line represents the expected values if actives are selected at random. On
the right, enrichment factors for actives found within the top-ranking 1%, 5%, and 10% of the screened inhibitor database (top) and screened
virtual combinatorial library (bottom).

Table 9. Docking Scores of Hits from the Screened Combinatorial Librarya

compound
consensus

score
GOLD

ChemScore
FRED

consensus
AUTODOCK
docked energy

HEX docked
energy

FRED
Chemgauss3

10{8} 512.70 27.20 446 -16.27 -345.80 -16.97
10{9} 455.30 25.88 408 -17.69 -373.90 -30.96
10{11} 1129.30 8.07 388 -15.76 -396.30 -31.67
10{5} 920.30 15.29 464 -16.59 -343.70 -14.77
9{2} 707 26.42 329 -14.78 -409.50 -29.98
8{2,8} 743.70 35.55 119 -14.59 -374.70 -47.45
1{7,8} 738 31.29 427 -15.14 -407.80 -62.70
8{1,8} 904.30 25.06 212 -14.69 -325.70 -49.30
1{4,10} 922.70 28.29 207 -14.03 -421.60 -46.24
8{2,7} 656 30.80 160 -14.46 -421.20 -57.50
1{4,8} 492.70 33.11 422 -14.92 -443.60 -42.65
1{7,10} 738.30 26.30 341 -14.10 -420.50 -40.59
1{4,7} 683 28.39 185 -15.90 -381.3 -69.14

a This table shows compounds found within the top 10% of the ranked hit list using Consensus score (AUTODOCK Docked Energy, GOLD
GoldScore, and ChemScore), GOLD ChemScore, FRED consensus (PLP, Chemgauss3, Shapegauss, OEChemScore, ScreenScore, ChemScore),
AUTODOCK Docked Energy, HEX Docked Energy, and Chemgauss3 scoring functions.
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using these different shape matching approaches. The
screened compounds selected by these shape-based methods
and their score value are shown in Table 10.

Hit Selection. A consensus “Rank-by-Vote”55 of all the
first hit ranking lists compounds found was performed, and
five compounds were selected to be synthesized: 1{7,8},
8{2,8}, 8{1,8}, 10{11}, and 10{8}. Both of the cyclam-
amine compounds (10) were classified in the top of the
ranked list in the virtual screenings, but we selected the two
best ranked and the three best classified amino/hydrazono-
amines. Compound 8{1,8} was toxic at a concentration of
4.1 µg/mL and showed no activity below this concentration
(Table 11). However, compounds 1{7,8} and 8{2,8} showed
anti-HIV activity values of 0.6 and 0.4 µg/mL, respectively,
and the cyclam-amine compounds 10{11} and 10{8} showed
the best anti-HIV activities of 0.058 µg/mL and 0.022 µg/
mL, respectively.

DISCUSSION

A combination of ligand-based and receptor-based screen-
ing tools was used to select molecules from the virtual
combinatorial library. The different approaches used gener-
ally select similar molecules at the first percentages of the
ranked hit lists. Compounds selected by the various ligand-
based virtual screening tools are practically the same, whereas

those selected by the structure-based docking tools also
include some others. All shape-based and pharmacophore
ligand-based approaches, and consensus scoring of AU-
TODOCK and GOLD scoring functions, FRED consensus
and Chemgauss3, and the HEX Docked Energy approaches
select nearly the same molecules at first percentages of
database screened. However, although ligand-based searches

Figure 9. CXCR4 shape matching-based enrichments. On the left, enrichment curves obtained for various shape matching protocols on the
known inhibitor database (top) and compounds from the virtual combinatorial library (bottom). The dotted line represents the expected
enrichment if actives are selected at random. On the right, enrichment values for actives found within the top-ranking 1%, 5%, and 10%
of the screened database (top) and screened virtual combinatorial library (bottom).

Table 10. Shape Matching Scores for Hits from the Screened Combinatorial Librarya

compound PARAFIT Shape Tanimoto PARAFIT Consensus Shape ROCS Shape Tanimoto ROCS Combo Score HEX Shape Tanimoto

10{11} 0.9725 0.9763 0.5970 0.9010 0.9109
10{8} 0.9492 0.9506 0.5070 0.6320 0.8479
10{9} 0.8996 0.9028 0.4820 0.8160 0.8422
10{5} 0.9193 0.9334 0.5280 0.8720 0.8490
9{2} 0.9570 0.9507 0.6330 0.6940 0.9145
8{2,8} 0.9651 0.966 0.5170 0.6840 0.8741
1{7,8} 0.9597 0.9471 0.5420 0.7320 0.8855
8{1,8} 0.9393 0.9416 0.5730 0.6070 0.8948
2{1,2} 0.9230 0.9307 0.5200 0.5580 0.8449
8{2,7} 0.9101 0.9053 0.4950 0.5480 0.8581
1{7,10} 0.9498 0.9547 0.4460 0.6240 0.8457
1{4,7} 0.9015 0.9139 0.4950 0.8100 0.8442

a This table shows compounds found within the top 10% of the ranked database using PARAFIT Shape Tanimoto and Consensus Shape
Tanimoto, ROCS Combo Score and Shape Tanimoto, and HEX Shape Tanimoto scores.

Table 11. Summary of the Five VS-Selected Hitsa

a EC50 denotes anti-HIV activity, and CC50 is the cytotoxicity
value (µg/ml).
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give better results than structure-based docking for both
retrospective and prospective virtual screening analyses, the
pharmacophore models and also AUTODOCK Docked
Energy give the best correlation with experimental data. Of
the five compounds selected by the Rank-by-Vote consensus,
compound 8{1,8} was toxic below 5 µg/mL, but 1{7,8} and
8{2,8} showed activity values below 1 µg/mL, and the
remaining two, 10{11} and 10{8}, both of which are
monocyclams, showed activity values below 0.06 µg/mL.
Our proposed QSAR model agrees well with the experi-
mental results, especially for the nonmonocyclam com-
pounds, with predicted activities of 0.66, 1.58, 7.30, and 0.87
µM for 1{7,8}, 8{2,8}, 10{11}, and 10{8}, which differ by
only 0.37, 0.02, 7.17, and 0.82 µM, respectively, from the
experimental biological values.

Overall, our screening procedure selects the most active
compounds from our combinatorial virtual library (i.e.,
1{8,8} 0.008 µg/mL, 1{8,9} 0.03 µg/mL, 1{5,6} 0.2 µg/
mL, 1{8,10} 0.4 µg/mL) in the first ranking positions of the
final consensus list. Moreover, the first five unsynthesized
compounds which were also predicted to be active were
ranked in order of their known activities. Hence our screening
procedure can be seen to perform rather well.

CONCLUSION

A database of CXCR4 inhibitors and similar presumed
inactive compounds was compiled from the literature in order
to perform retrospective virtual screening. This database was
used to compare docking-based and ligand-based (i.e.,
pharmacophore modeling and shape matching) virtual screen-
ing approaches. Additionally, a large virtual combinatorial
library of candidate CXCR4 antagonists was designed, and
the above screening approaches were used to select five
compounds for synthesis and testing. The actives identified
in this way had activities in the range 20 to 0.008 µg/mL.
Experimental binding assays of those compounds confirmed
that their mode of action was to block the CXCR4 receptor.
Activity values were used for the development of ligand-
based QSAR models in order to use them to predict activity
of hitherto unsynthesised molecules. Prospective virtual
screening, using the same protocol as in retrospective
screening analysis, was then used to guide the selection of
other molecules from the virtual combinatorial library.
Molecules found at the first positions of the consensus ranked
hit list showed activity values in the range from 4 to 0.022
µg/mL.
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