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Introduccion

“Cuando Robert Furchgott, Louis Ignarro y Ferid Murad descubrieron, de
manera independiente, que un gas de vida muy breve, el 6xido nitrico (NO),
se producia endégenamente y actuaba como molécula sefalizadora entre
células, aquello fue algo inesperado y Unico. Se inici6, asi, un nuevo
capitulo en la investigacion biomédica y se abrieron nuevos horizontes.

Fue Robert Furchgott quién abrié el camino en 1980. Durante los afios 70,
se habia observado que la capa celular interna de los vasos sanguineos, el
endotelio, no soélo tenia propiedades pasivas y protectoras sino que la
contraccién y la relajacion de los vasos sanguineos dependian de la
presencia del endotelio. En un brillante experimento (el llamado experimento
sandwich), Furchgott hizo un descubrimiento crucial que sent6 las bases

para futuras investigaciones cientificas.

En este estudio se observaron las respuestas de distintas secciones de la
aorta. Una seccion tenia la capa endotelial intacta, mientras que en la otra
se habia eliminado. En ausencia de endotelio, Furchgott registr6 una
contraccion que respondia a la estimulacion. La seccion con endotelio se
preparé de tal manera que no se pudieran dar ni la contraccién ni la
relajacion. Cuando junté las dos secciones en un modelo “sandwich”,
observé que esa misma estimulacién ya no producia una contraccion, sino
una relajacion. Furchgott concluyé que en el endotelio se producia una
sustancia desconocida, un factor, que se transportaba hasta la seccién de la
aorta sin endotelio y que eso provocaba la relajacion.

Fue un gran descubrimiento que dio el pistoletazo de salida en la basqueda

de la identidad de este factor endotelial, una busqueda que dur6 seis afios.
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Se lanzaron diferentes hipotesis. Una de ellas sefialaba que debia haber
implicados compuestos nitrogenados. En este campo de la investigacion se
movia Ferid Murad. Sabia que la nitroglicerina activaba una enzima en las
células musculares aodrticas, la guanilato cliclasa (GC), que aumentaba el
cGMP (guanosin monofosfato 3’, 5’-ciclico) y provocaba relajacion. En este
momento Ferid Murad planteé una pregunta importante: ¢Actuaba la
nitroglicerina liberando NO? Prob¢ esta hipotesis burbujeando NO gaseoso
a través de una preparacion de tejido con GC. La produccién de cGMP
aument6. Se acababa de descubrir una nueva forma en la que las drogas
activaban la funcibn de una enzima. El principio de accion de la
nitroglicerina, desconocido hasta ahora a pesar de los mas de 100 afios de
exitosos tratamientos de la angina de pecho, se habia descubierto.

Estos experimentos llevados a cabo por Ferid Murad, unos afios después
del descubrimiento de Furchgott del factor endotelial, crearon un
conocimiento nuevo que, posteriormente, se convertiria en la clave de la

identificacion del factor endotelial.

Fue en este camino en el que el tercer premiado, Louis Ignarro, conducia
sus actividades y experiencias cientificas. Inspirado por los descubrimientos
de Murad, también, observé que el NO relajaba la vasculatura. De manera
simultanea e independiente a Robert Furchgott, afiadio, durante la primera
mitad de los afios 80, nuevos descubrimientos sobre este factor. Su
identidad era cada vez mas clara. La busqueda del desconocido factor
endotelial de Furchgott acab6 en un congreso cientifico en la Clinica Mayo,
en Rochester, Minnesota (EE.UU), en el verano de 1986.

En el congreso, Furchgott concluyd, basandose en varios hallazgos, que el
factor era idéntico al NO. Ignarro apoyé esta teoria en el mismo congreso, y
fue mas alla, con un interesante experimento: utilizé el analisis de espectro,
lo que significa que cada sustancia emite un espectro unico y especifico.
Encontré espectros idénticos cuando la hemoglobina reactiva reaccionaba

con el factor endotelial, y cuando reaccionaba con el NO, y concluy6 que el
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factor era el NO. La busqueda habia acabado, el misterio del factor

endotelial se habia resuelto.

Este gas enddgeno de vida breve, con capacidad para actuar como una
molécula sefializadora entre las células del cuerpo, supuso un fenémeno
nuevo. El descubrimiento explicaba el mecanismo de accion de la
nitroglicerina al tratar la tension arterial y la angina, enfermedad que padeci6
Alfred Nobel... El descubrimiento de que el factor endotelial era el NO
también abri6 la puerta a nuevas terapias en la medicina clinica, mejoré la
capacidad de diagnéstico de enfermedades inflamatorias graves y abri
nuevas posibilidades para el desarrollo de medicamentos. La investigacion
en el campo del NO desde 1986 hasta nuestros dias es enorme.

Profesores Robert Furchgott, Louis Ignarro y Ferid Murad: Sus
descubrimientos sobre el NO como molécula sefializadora en el sistema
cardiovascular, no sélo han explicado los mecanismos de acciéon de un
antiguo e importante grupo de medicamentos, los nitro- vasodilatadores,
sino que ademas han abierto nuevos caminos para el tratamiento y
diagnostico de muchas enfermedades. Sus descubrimientos han elevado la

nla

investigacion médica a una nueva era. (...)

En la actualidad, el Oxido Nitrico (NO) se encuentra relacionado con
infinidad de procesos tanto fisiol6gicos como patolégicos. Su implicacion en
enfermedades neurodegenerativas, inflamatorias, inmunes 0
cardiovasculares suscit6 mucho interés y promovié la blasqueda de
estrategias tanto para luchar contra estas patologias como para entender su

fisiopatologia.

La familia enzimatica de las Oxido Nitrico Sintasas (NOSs) es la
responsable de la biosintesis del NO. Estas isoenzimas tienen distinta
localizacién y estan sujetas a una estricta y compleja regulacion, lo que

hace que cualquier desajuste positivo 0 negativo conlleva la alteracion y el
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desorden de todos los procesos fisioldgicos relacionados. De este modo,
una sobreexpresion de las isoformas neuronal (nNOS) e inducible (iNOS) a
nivel del sistema nervioso (SN) causa un exceso de NO que genera un
estado progresivo de estrés oxidativo y nitrosativo. Esta situacién produce
alteraciones a nivel de las células nerviosas induciendo su apoptosis y la
consiguiente degeneracion neuronal. También el aumento de la expresion
de INOS se ha visto implicado en enfermedades inflamatorias crénicas,
varios tipos de tumores, etc. Igualmente una alteracién en los niveles de la
eNOS contribuye a la patogénesis de ciertas enfermedades vasculares

como la aterosclerosis y la hipertension.

Por todo lo anterior, la regulacion farmacoldgica de la sintesis de NO
representa una importante estrategia en el tratamiento de enfermedades
neurodegenerativas, inflamatorias, cardiovasculares y en la quimio-

prevencion del cancer.

En este sentido se plantea la presente investigacion con el fin de desarrollar
nuevas moléculas que inhiban la nNOS y la INOS sin afectar a la eNOS ya

gue la inhibicién de esta ultima produce efectos adversos a nivel vascular.

En este trabajo se detalla el disefio, sintesis, caracterizacion y analisis de la
actividad biol6gica de 3 familias de inhibidores de las isoformas neuronal e
inducible de la NOS.
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1.1 Oxido Nitrico

El 6xido nitrico (NO) es un gas diatébmico hidrofébico sintetizado en distintas
células del organismo. Es un importante metabolito en el organismo de los
mamiferos™. Su pequefio tamafio y su carga neutra le permiten difundir
rapidamente (50um/s) de su lugar de formacion al de su accion atravesando
las membranas bioldgicas de la mayoria de los tejidos®. Es un radical libre
con un electrén desapareado que tiene una vida media de 0.5-5 segundos®
antes de convertirse en nitrato (NO3") o nitrito (NO,")*. Estas caracteristicas
junto con los diferentes estados de oxidacion del nitrégeno® (forma reducida
como nitrosilo NO™ y forma oxidada como nitrosonio NO®) constituyen la
base de su implicacién en una gran variedad de reacciones. Es capaz de
interaccionar con moléculas inorganicas, grupos prostéticos y proteinas

siendo muchos de éstos receptores y moléculas reguladoras®.

Por todas estas peculiaridades, desde su descubrimiento, en 1980, como el
factor relajador derivado del endotelio (EDRF) por parte de Furchgott y
Zawadzki’, se le fueron atribuyendo numerosas funciones fisioldgicas e

implicando en diversos procesos patolégicos®**.

En el sistema cardiovascular, el NO interviene en la regulacion de la presion
arterial controlando el tono vascular y actuando como agente vasodilatador,
inhibe la agregacion plaquetaria y leucocitaria y mejora la microcirculacion
gastrica. En los rifiones controla la microcirculacién glomerular y la
secrecion de sodio'>. Ademas, esta muy relacionado con el sistema

13,14

inmunitario al estar implicado en procesos inflamatorios como artritis,

miocarditis, colitis, nefritis y, también, con grandes patologias de nuestro

tiempo como la diabetes, el cancer o el sida™™’.

Por otro lado, ademas de actuar como un mensajero biolégico, el NO

interviene a nivel del SN como un neurotransmisor, aunque atipico. A pesar
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de que cumple algunos criterios establecidos para este tipo de moléculas
(difunde de una neurona a otra y tiene un receptor hierro heminico en el
centro activo de la GC), incumple otros (no se almacena en vesiculas
singpticas, no se libera por exocitosis, no se metaboliza por enzimas
especificas y su receptor es la GC y no un receptor de membrana)'®*. En el
sistema nervioso periférico (SNP), el NO controla la secrecion hormonal, la
visién, la respiracion, etc. Mientras, en el sistema nervioso central (SNC),
juega un papel critico en diversas funciones como la memoria y el
aprendizaje, la secrecion de neurotransmisores, la plasticidad siniptica, la
regulacion de la expresion de ciertos genes y la percepcion del dolor entre
otras. Sin embargo, el NO se asocia, también, con la dependencia fisica a
drogas, el dafio neuronal causado por el etanol y con multitud de procesos
neurodegenerativos como las enfermedades de Parkinson, Alzheimer,

Huntington, etc®.

1.2 Biosintesis del NO

Inmediatamente después de la identificacion del NO, el grupo de Moncada
demostré que éste se sintetizaba a partir del amino acido L-arginina® que
se encuentra de forma natural a altas concentraciones (60-80 uM) en la
sangre y en el fluido extracelular, y a concentraciones todavia mas altas
dentro de las células®.

La reaccion de sintesis del NO consiste en una serie de oxidaciones y
reducciones, catalizada por la familia de las 6xido nitrico sintasas (NOSs) y
en la que se encuentran implicados varios cofactores que tienen su sitio de
union especifico en la enzima. El &tomo de nitrogeno del NO proviene del
nitrdgeno guanidinico de la L-arginina y el &tomo de oxigeno del oxigeno

molecular (O,).

La reaccion de sintesis se produce en dos fases que combinan la reduccién

del NADPH (nicotinamida adenin dinucledtido fosfato), uno de los
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cofactores, con la oxidacion del hierro del grupo hemo presente en el sitio
activo. La reaccion resulta en la conversion de la L-arginina en L-citrulina y
NO. En la primera fase, la arginina se transforma en N*-hidroxi-L-arginina
(NHA) consumiendo un mol de O, y un mol de NADPH?**%, En la segunda
fase, se consumen otro mol de O, y 0.5 mol de NADPH con los que el
intermediario NHA se oxida a L-citrulina y el nitrégeno N®-guanidino se

libera en forma de NO*?"%8

. En lineas generales, por cada mol de NO
generado se consumen 2 moles de oxigeno y 1.5 moles de NADPH?*

(Figura 1).

HoN__NH HoN___N-OH HoN._O
NH ©2 MO NH ©2  HO NH
. _ NADPH NADP* N _ 1/2NADPH 1/2NADP* 4 _
HsN~ "COO H3N™ "COO Hs;N™ "COO
L-Arginina N®-Hidroxi-L-arginina L-Citrulina

Figura 1. Biosintesis del NO a partir de L-arginina.

Para la activacion del oxigeno molecular, el NADPH actia como fuente de
electrones. Estos electrones se transportan a través de los cofactores FAD
(flavin adenin dinucleétido) y FMN (flavin monoleétido) hasta el hierro del
grupo hemo que representa el centro catalitico responsable de la union y
reduccion de oxigeno y, en consecuencia, la correspondiente oxidacion del

sustrato L-arginina®.

Hasta hace poco, se pensaba que las NOSs eran las Unicas fuentes de NO
en los mamiferos, pero se ha demostrado que hay una ruta alternativa para
su formacion. Se trata del ciclo de nitrato-nitrito-NO, en el que los iones
inorganicos NOz;~ y NO,~ se reconvierten en NO a nivel de la sangre y los

tejidos. La primera etapa, reduccién de NO3;™ a NO,", la realizan bacterias
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comensales, mientras que el paso de NO, a NO lo llevan a cabo

enzimas®*,

Esta ruta destaca por sus condiciones anaerdbicas al contrario de la ruta de
la NOS ya que las bacterias no necesitan oxigeno para la reaccion de
reduccion. Se ha demostrado que, a muy bajas concentraciones de
oxigeno, se puede generar NO de forma independiente de la NOS y
dependiente de NO," . Esto hizo pensar que esta ruta alternativa se puede
considerar como un sistema de apoyo complementario a la ruta clasica
principalmente en condiciones de hipoxia, cuando las isoformas de la NOS
no son funcionales. Y todo ello para garantizar unos niveles adecuados de

NO cuando el aporte de oxigeno es limitado®.

1.3 Oxido Nitrico Sintasas
1.3.1 Vision general y clasificacion

La sintesis enzimética del NO a partir de L-arginina esté catalizada por una
familia de isoenzimas denominada Oxido Nitrico Sintasas (NOSs). En los
mamiferos se han descubierto, hasta la actualidad, cuatro isoformas: NOS
neuronal (NNOS o NOS-I), NOS inducible (iNOS o NOS-II), NOS endotelial
(eNOS o NOS-III)** y NOS mitocondrial (mtNOS)***". Sobre ésta Ultima

parece que todavia no hay claro consenso®.

El nombre de cada isoforma proviene de las células en las que fue
descubierta por primera vez y el nimero indica el orden en el que fueron
aisladas. Aunque estas isoenzimas convergen en la biosintesis del NO,
presentan varias diferencias a nivel de sus genes de procedencia, su

secuencia de aminoacidos, localizacion subcelular, regulacion y funciones.
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Las tres principales isoformas de la NOS son codificadas por genes con

distinta localizacién cromosémica® (Tabla 1).

Isoforma humana Cromosoma  Tipo Dependencia de Ca
nNOS (NOS-I) 12 Constitutiva Ca-dependiente
eNOS (NOS-II) 7 Constitutiva Ca-dependiente
iINOS (NOS-III) 17 Inducible Ca-independiente

Tabla 1. Caracteristicas y localizacion cromosémica de las NOSs
humanas®**°.

Las isoformas nNOS, descubierta por Bredt y Snyder®, y eNOS,
inicialmente identificada por Lamas y Michel’®, son constitutivas bajo la
mayoria de las condiciones aunque pueden ser inducidas en situaciones de
estrés, dafio y/o diferenciacion celular*. Son calcio-dependientes de
manera que requieren altas concentraciones de calcio para activarse. El
aumento de los niveles de calcio intracelular (=100nM) permite la formacion
del complejo Ca-calmodulina (CaCaM) necesario para la activacion de

ambas isoformas*?.

La isoforma inducible, aunque se detecté de forma constitutiva en pocos
tipos celulares y en muy pequefias concentraciones, su expresion es
inducida transcripcionalmente en todos los tipos celulares en los que se ha
probado® por endoxinas como el lipopolisacéarido (LPS) y mediadores pro-
inflamatorios endodgenos tales como las citoquinas IFN- y y TNF-a e
interleuquina-18 (IL-1B)**. La iNOS, a diferencia de las otras isoformas, no
depende del calcio para su activacibn ya que la CaM se encuentra

permanentemente unida a su estructura®®.
La dltima isoforma descubierta, la mtNOS, ha sido y es un tema

controvertido ya que, tras muchos estudios, se pudo observar que

compartia muchas caracteristicas con la isoforma neuronal y algunos la
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identificaron como un transcrito de la nNOS, miristoilado y fosforilado,

I, Se encuentra en la membrana

asociado a la membrana mitocondria
interna de la mitocondria proxima a la cadena de transporte electronico. Es
constitutiva y Ca-dependiente. Asi, un aumento en la concentraciéon de Ca
intramitocondrial aumenta la actividad de la isoenzima y como consecuencia
disminuye el consumo de oxigeno y el potencial transmembrana y
viceversa. Esto indica que la mtNOS interviene en la modulacion de la
respiracion mitocondrial, la disponibilidad de oxigeno y de energia en las

células y la sefializacion intramitocondrial relacionada con la apoptosis®’.

1.3.2 Estructura

Las NOSs son enzimas voluminosas (Tabla 2) que presentan entre un 50 y
60% de similitud y que se sintetizan como proteinas monomeéricas
constituidas por dos dominios de plegamiento independiente: un dominio
oxigenasa en el extremo N-terminal y un dominio reductasa en el extremo
C-terminal. Los dos dominios estan unidos por un polipéptido con secuencia

de unién a CaM* (Figura 2).

Isoforma NUmero de amino Estructura Cofactores
humana acidos (aa), tamafio

. NADPH, FAD, FMN,
NNOS (NOS-I) 1434 aa, 161 kDa Homodimero hemo, BH,, CaM

. NADPH, FAD, FMN,
eNOS (NOS-Il) 1203 aa, 133 kDa Homodimero hemo, BH,, CaM
iINOS (NOS-Ill) 1153 aa, 131 kDa Homodimero NADPH, FAD, FMN,

hemo, BH,

Tabla 2. Estructura de las NOSs humanas y aspectos relacionados”®.

La forma monomérica de la enzima es inactiva, y tiene que formar una
estructura homodimérica mediante la uniéon de dos monémeros en la region

hemo del dominio oxigenasa®.
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Figura 2. Dominios estructurales de las NOS humanas™.

La nNOS es la isoforma mas voluminosa (Figura 2A). Su mayor tamafo se
debe, principalmente, a una extension N-terminal exclusiva que incluye un
dominio PDZ y una secuencia polipeptidica, que interacciona con la cadena
ligera de dineina DLC8/DYNLL1°***, implicados ambos en procesos de
localizacién subcelular y regulacion de la nNOS. Mientras la INOS posee
una secuencia de aminoécidos carboxi-terminales que corresponde con un
motivo de unién a dominios PDZ>?. Esta secuencia presenta una variabilidad

%354 pudiendo indicar que diferentes proteinas

dependiendo del tipo celular
con dominios PDZ pueden interaccionar especificamente con la iNOS en
diferentes tejidos, determinando de esta forma una particular localizacion

subcelular.

El dominio oxigenasa (Figura 2B) es funcionalmente similar, aunque no
existe homologia, a los citocromos de la familia P450, en tanto en cuanto
realiza reacciones de monooxigenacion y presenta una cisteina que ejerce
de ligando axial del Fe del grupo hemo en su forma de tiolato. Es el dominio
catalitico donde se produce la sintesis del NO y donde tienen sitio de union
la L-arginina, la tetrahidrobiopterina (BH,) y el grupo hemo®. En este
dominio, existe, ademas, un grupo zinc-tiolato formado por un &tomo de zinc

enlazado por puentes de hidrogeno y en conformacion tetraédrica con los
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grupos tiol (-SH) de dos pares de cisteinas, localizadas simétricamente en la
interfase del dimero. Esto es esencial para la estabilidad del dimero y

favorece la unién de BH,>°.

El dominio reductasa alberga sitios de union para los cofactores redox:
NADPH, FAD y FMN. Este dominio de las NOSs presenta alta homologia
con el de los citocromos P450. Su principal funcion es permitir que el
NADPH (donador de electrones) done electrones al grupo hemo (aceptor de
electrones) a través de las flavinas FAD y FMN que actdan como cadena de
transporte de electrones (Figura 3)*°. La uni6n de la CaM permite la
formacion del dimero y por tanto la transferencia de los electrones de las
flavinas al grupo hemo. El flujo de electrones se entrecruza entre los dos
mondmeros y los electrones de las flavinas que salen de uno pasan al grupo
hemo del otro, lo que podria explicar la inactividad de los monémeros en

estado fisiologico®’.

En la zona de unién de la FMN de las isoformas constitutivas (nNOS vy
eNOS) existe una secuencia de 40-50 aminoacidos que sirven de lazo
autoinhibitorio que desestabiliza la uniébn de CaM a bajas concentraciones
de calcio impidiendo la transferencia de electrones de FMN al grupo
hemo®®*°. La NOS inducible no tiene este lazo ya que, cotraduccionalmente,
se le une la CaCaM de forma irreversible. Esta irreversibilidad se explica a
través de los numerosos contactos entre ambas proteinas mostrados

recientemente en una estructura cristalina del complejo®.
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Calmodulin

Reductase Domain

Oxygenase Domain

Figura 3. Estructura tridimensional de los dominios de las NOSs alineados segun
su secuencia de aminoacidos. Domino reductasa, dominio de union a CaM vy
dominio oxigenasa dimérico™.

1.3.2.1 Dimerizacion

Los homodimeros de las tres isoformas, a pesar de la similitud de los
mondémeros, presentan una gran diferencia a nivel de la fuerza de
asociacion de los mondmeros, de su interfase y de la influencia de la L-
arginina y BH, en su formacion y estabilidad, dejando una puerta abierta a

su regulacion®™.

Para ser cataliticamente activas y sintetizar NO, todas las isoenzimas
requieren una dimerizacién (Figura 4)°%. Este proceso es esencial porque
permite la union de la BH, a las dos subunidades, aumenta la afinidad del

sitio de union de la L-Arg y facilita el flujo electrénico hacia el grupo hemo.
Los mondmeros, y los dominios reductasa por si solos son capaces de

transferir los electrones de NADPH a las flavinas FAD y FMN vy tienen una

capacidad limitada para reducir el oxigeno molecular a O, . Los monémeros
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y los dominios reductasa aislados pueden unir CaM, lo que estimula la
transferencia de electrones al dominio reductasa. Sin embargo, los
mondémeros no pueden unir el cofactor BH,4 ni la L-Arg y por lo tanto no
pueden catalizar la produccion de NO (Figura 4A). La presencia del grupo
hemo permite la dimerizacion de la NOS. El grupo hemo es el Unico cofactor
indispensable para la interaccion entre los dominios reductasa y oxigenasa
y para la transferencia de electrones de un dominio a otro, desde las
flavinas al grupo hemo del mondmero opuesto. En ausencia de sustrato, las

enzimas con el grupo hemo oxidan NADPH, produciendo O, (Figura 4B).
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Figgzra 4. Estructura y dimerizacion de las NOSs en el proceso de sintesis del
NO®**,
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Los electrones donados por el NADPH se transfieren del dominio reductasa
al dominio oxigenasa via FAD, FMN y CaM*®. El sitio de uni6on a CaM
regula el flujo de electrones entre las dos regiones®®. Cuando aumentan
los niveles de calcio intracelular, la CaM se une a €l para formar el complejo
CaCaM®®, permitiendo el flujo de electrones y la oxidacion de la L-arginina
para formar L-citrulina y NO. En presencia de cantidades suficientes de
sustrato (L-arginina) y cofactor BH,4, los dimeros de NOS acoplan la

reduccién de oxigeno para sintetizar NO y L-citrulina (Figura 4C, 5)%22®.
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F|gura 5 F|UJO de electrones desde el NADPH hasta el grupo hemo para la sintesis
del NO*

1.3.3 Expresién y localizacion subcelular

Después de su descubrimiento en determinados tipos celulares, las NOSs

se fueron encontrando en mas células y tejidos (Tabla 3).

L Localizacion
Isoforma humana Expresion
subcelular
Neuronas Citosol-
nNOS (NOS-I) Musculo esquelético

; P membrana-ntcleo
Musculo cardiaco

eNOS (NOS-II) Células endoteliales Membrana-
aparato Golgi
INOS (NOS-IIl) Cualquier célula Citosol-membrana

Tabla 3. Tipos celulares en los que se expresan las NOSs y localizacion
subcelular.
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La nNOS se expresa mayoritariamente en las neuronas del SNC, aunque
también, en nervios nitrérgicos periféricos, en la médula espinal, en los
ganglios simpaticos, en glandulas adrenales, en células epiteliales de varios
organos, en células de la macula densa en el rifién, en células de islotes
pancreaticos, en neutrofilos, en el masculo cardiaco, en el musculo liso

vascular**®’

, en el musculo liso del tracto gastrointestinal, en los cuerpos
cavernosos del pene, en la uretra y la prostata® y en el musculo
esquelético® . Su localizacion subcelular viene determinada por la
interaccion de su dominio PDZ y la secuencia polipeptidica de su extremo
N-terminal con muchas otras proteinas celulares’ . Asi, se detectd la
nNOS tanto en el citosol como asociada a la membrana plasmatica’™ y
también, recientemente, en el nucleo, lo que puede contribuir a sus diversas

funciones®.

La eNOS se expresa, principalmente, en células endoteliales, si bien
también se encuentra en miocitos cardiacos, plaquetas, ciertas neuronas
del cerebro, en sincitio-trofoblastos de la placenta humana, en células

epiteliales de algunos o¢rganos™®, en células tubulares del rifion,

76

fibroblastos, osteoblastos, etc Intracelularmente, se localiza,

especificamente, en el aparato de Golgi y en pequefias invaginaciones de la
membrana plasmatica llamadas caveolas, en forma dimérica funcional®.
Ademas, una pequefa proporcién se encuentra asociada al citoesqueleto
en estado inactivo. Se detecto, también, en el citosol pero no se sabe si es
activa o activable’’. En esta localizacion subcelular intervienen acilaciones
del extremo N-terminal: la miristoilacion (Gly2) y la palmitoilacién (Cys15,
Cys25)"®, que afectan a la asociacion a la membrana y al trafico subcelular,

y al direccionamiento a las caveolas, respectivamente.
La iINOS fue localizada, por primera vez, en macrofagos pero,

posteriormente, en hepatocitos, células del musculo liso vascular, miocardio,

microglia, astrositos, neuronas, mastocitos, linfocitos, hepatocitos,
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cardiomiocitos, musculo esquelético, etc.**"*®. Generalmente, la iINOS no
se encuentra anclada a la membrana plasmética pero su presencia esta
enriquecida en ciertas zonas de la célula®®. En forma palmitoilada, se puede
encontrar anclada a la membrana plasmatica aunque no necesariamente a

las caveolas®’.

1.3.4 Regulacion de la actividad

La regulacion de la actividad de la nNOS y eNOS se produce de muchas
maneras, a diferencia de la iINOS, que principalmente, se regula a nivel de

expresion por mecanismos transcripcionales y post-transcripcionales®¥2#2,

Generalmente, los principales mecanismos que modulan la actividad de las
NOSs son la dimerizacion, la fosforilacion, la disponibilidad de sustratos y
cofactores y la interaccibn con otras proteinas. Estos factores pueden

afectar positiva 0 negativamente la actividad.

La dimerizacion aumenta la actividad de las NOSs al crear sitios de union
de gran afinidad por la BH, y la L-arginina, facilitando el flujo de electrones,
como se ha comentado previamente. Ademas, la estabilizacion de los
dimeros protege a las NOSs de la protedlisis®. La dimerizacion de la nNOS
se puede inhibir por la PIN (proteina inhibidora de NOS)** y la de la iNOS

por la kalirina a nivel cerebral®.

La fosforilacion afecta a la actividad de las NOSs de diferentes maneras,
algunas aumentan la actividad mientras que otras la disminuyen. La nNOS y
la eNOS se fosforilan en residuos de serina por proteinas quinasas®®®. La
iINOS, también, parece ser regulada por fosforilacion ya que hay datos que
indican que tirosinas quinasas y fosfatasas regulan iINOS en macro6fagos,

aunque no se sabe c6mo®.
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Como se menciond anteriormente, las NOSs requieren para su actividad la
presencia de cinco cofactores (FAD, FMN, hemo, BH, y CaM) y tres
sustratos (L-arginina, oxigeno y NADPH). El grupo hemo es indispensable
para la dimerizacion y la interaccion entre los dominios reductasa y
oxigenasa. En ausencia de sustrato, las enzimas con el grupo hemo oxidan
el NADPH produciendo O,". Las flavinas transportan los electrones hasta el
hemo a través de la CaCaM que en su ausencia se ralentiza el flujo de
electrones y se inactiva el enzima. La CaCaM se asocia a las isoformas
constitutivas cuando aumentan los niveles intracelulares de calcio (dos
cationes de calcio se unen a la CaM). Cuando vuelven a disminuir, el
complejo CaCaM se disocia de las enzimas que se inactivan de nuevo®,
Por su parte, la iINOS esta permanentemente unida a la CaM y de este

modo siempre activa, ain a niveles basales de calcio®.

Las interacciones de las NOSs con otras proteinas se realizan a través de
los dominios PDZ de forma alostérica, actuando sobre la union de la CaM o
a través de cascadas de sefializacion. Algunas de estas interacciones ya se
han comentado: la interaccién con la CaM (que por si depende también de
los niveles de calcio intracelular, como se ha descrito anteriormente), con la
PIN y con la Kalirina. Otros ejemplos de interacciones son las que se
producen entre la NNOS o la iNOS y la chaperona Hps90, incrementando su
actividad®” o la que ocurren entre la eNOS y la caveolina-1 o la caveolina-3

que inhiben la unién de CaCaM suprimiendo la actividad®*®®,

1.4 Funciones del NO

Las funciones del NO dependen fundamentalmente de la isoforma que lo
sintetiza. La Figura 6 resume las funciones fisiol6gicas y patolégicas en las

que esté implicado.
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El NO producido por la nNOS esta principalmente implicado en la
sefializacién neuronal, la plasticidad sindptica, la modulacién de rutas

implicadas en el aprendizaje, la expresion del dolor y la neurotoxicidad®.

El NO sintetizado por la eNOS interviene en la regulacion de la funcién
vascular. Promueve la vasodilatacion, modula la presion arterial y mejora la
microcirculacion gastrica. Reduce los efectos dafinos de la ateroesclerosis
y protege contra la hipoxia pulmonar. Por otro lado, inhibe la agregacion
plaquetaria y leucocitaria, asi como la interaccion entre plaguetas y
leucocitos en el endotelio vascular. También, atenla la respiracion
mitocondrial, regula la apoptosis, y reduce el estrés oxidativo. Los efectos
del NO sobre la mitocondria, la muerte celular y el dafio oxidativo protegen
el corazén y otros tejidos frente a los dafios isquémicos. ElI NO, ademas,
aumenta la respuesta angiogénica tras una isquemia prolongada. En
condiciones isquémicas, el NO,™ se reduce a NO confiriendo citoproteccion,

mejora del flujo sanguineo y angiogénesis vascular®.

22



Introduccion

funcién renal
%dﬂamdﬁ i

ﬁ!‘h‘% n o 'bfl'do‘s.
g

Figura 6. Funciones del NO.

El NO producido por la iNOS forma parte de la inmunidad no especifica,
ejerciendo acciones citostaticas o citotdxicas frente a microorganismos y
células tumorales®. Actia como modulador del sistema inmune y como un
mediador proinflamatorio. Sin embargo, el NO posee la dualidad
protectora/destructora inherente a los principales componentes del sistema
inmune pudiendo causar procesos patoldgicos®, como asma artritis,
esclerosis multiple, colitis, enfermedades neurodegenerativas, desarrollo de

tumores, rechazo a los trasplantes o choque séptico®.
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1.4.1 NO en el Sistema Nervioso

Neurotransmisién

Neuroproteccion

Neurotoxicidad

Efectos centrales |—{ Termorregulacion

Control del ciclo circadiano

Regulacién de la ingesta de comida

NO en el Modulacién de la liberacion de hormonas
sistema
nervioso

Control de la relajacién del musculo liso:
Efectos periféricos —— + tracto gastrointestinal
* tracto urogenital

Figura 7. EI NO en el sistema nervioso central y periférico69.

A nivel del SNC (Figura 7), el NO es un mensajero retrégrado que coordina
el aumento de los mecanismos pre y post-sinapticos involucrados en las
principales formas de plasticidad sindptica, relacionadas con el aprendizaje
y memoria: potenciacion a largo plazo (LTP) y depresiéon a largo plazo
(LTD)*"*®,

El NO esta relacionado con el desarrollo del cerebro, la formacién de la
memoria y el comportamiento mediante la regulacion de la plasticidad

sinaptica. La inhibicion de la sintesis de NO produce amnesia®’ y afecta al

98,99

aprendizaje espacial ya la memoria olfativa y disminuye la actividad

locomotora en tareas de habituacion'®. EI NO, también, esta implicado en la

101,102 103
| : I,

orientacion neurona el procesamiento visua el aprendizaje

discriminatirio’®, el comportamiento frente a la comida y la bebida'®

, la
termorregulacion'®, la tolerancia y abstinencia a opiaceos'®, el ritmo
circadiano'®, el suefio'® y la generacion de patrones respiratorios'™. La
participacion del NO en los mecanismos de comportamiento se ha
confirmado en ratones deficientes de nNOS™'!. Esta implicado, también, en

las vias neurales nociceptivas centrales y periféricas'? y en la

24



Introduccion

neurogénesis®®. Ademas, el NO participa en la regulacién de la transmision
nerviosa a nivel del SNC, inhibiendo la respuesta a la dopamina,

noradrenalina y serotonina, o estimulando la liberacion de acetilcolina’.

Por otro lado, el NO esté relacionado con la etiologia de enfermedades
neuroloégicas, como enfermedades neurodegenerativas crénicas Yy
autoinmunes. Las concentraciones de NO presentes en el tejido inflamado
bloquean reversiblemente la conduccion en axones normales,
desmielinizados y remilienizados. En enfermedades que se caracterizan por
una pérdida generalizada de mielina, acompafnadas de inflamacién, como la
esclerosis multiple y el sindrome de Guillain- Barré, las altas
concentraciones de NO podrian exacerbar los sintomas neuronales tanto en
el SNC como en el SNP.

El NO esta implicado en la muerte neuronal tras un trauma. En la médula
espinal, tras la avulsién de las raices de los nervios espinales se observa la
expresion de la nNOS y, posteriormente la muerte de las motoneuronas. Un
pre-tratamiento con inhibidores de la nNOS aumenta sustancialmente la
supervivencia neuronal. La excesiva liberacion de glutamato y NO, junto con
el estrés oxidativo y la disfuncion mitocondrial estan relacionadas con varias
enfermedades neurodegenerativas. Tras un ataque epiléptico, se induce la

nNOS en varias regiones corticales™.

El Péarkinson se asocia con una progresiva pérdida de neuronas
dopaminérgicas en la sustancia negra, que conlleva disfuncion motora
extrapiramidal, con temblores, rigidez y bradiquinesia. Se ha observado que
los pacientes con Parkinson presentan una mayor produccion de NO y de
nitracion de tirosinas, asi como una sobreexpresion de la nNOS en los
ganglios basales™*. Ademas, se ha observado en modelos de Parkinson

que los ratones knockout para nNOS, y los tratados con inhibidores de las
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NOSs son mas resistentes a la neurotoxicidad y presentan un efecto
protector en modelos de enfermedad de Huntington'*°.
En la enfermedad de Alzheimer se ha observado un gran aumento de la

expresion de las tres isoformas de las NOSs®*'*°,

La administracion de metales (aluminio y mercurio) induce cambios en la
actividad de la nNOS en el cerebro y el cerebelo, lo que sugiere que la
NNOS es un mediador en las enfermedades cerebrales inducidas por
metales™*.

El exceso de produccion de NO por la INOS esta relacionado con procesos

inflamatorios agudos y crénicos en el SNC.

En el sistema nervioso periférico (SNP) (Figura 6), el NO es un importante
neurotransmisor inhibitorio de los neuronas no colinérgicas no adrenérgicas
(NANC). Los nervios nitrérgicos periféricos se distribuyen ampliamente, y
producen la relajacion del muasculo liso en los sistemas gastrointestinal,
respiratorio, vascular y urogenital. Esta relajacion inducida por el NO
produce en los cuerpos cavernosos del sistema genital la ereccion peneana.
En el sistema gastrointestinal, el NO permite la acomodacion de grandes
volimenes de comida en el estdbmago sin aumentar significativamente la
presion intraluminal, regula el tono muscular de los esfinteres intestinales y

permite el peristaltismo del tracto gastrointestinal.

En el sistema pulmonar, el NO funciona como broncodilatador. En el
sistema vascular la nNOS se encuentra en los nervios perivasculares de
varios vasos sanguineos, y constituye un mecanismo de control regional del
flujo de sangre alternativo e independiente de la eNOS. Este NO parece ser
particularmente relevante en la regulacién del flujo sanguineo cerebral. En
el masculo esquelético hay una gran expresion de la nNOS, principalmente
bajo el sarcolema de fibras répidas, enfatizando el papel del NO como

modulador de la fuerza contractil***%°.
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1.5 Mecanismos de accién del NO

El NO ejerce sus efectos de forma directa o indirecta a través de varios
mecanismos pero, probablemente, el mecanismo bioldégico mas significativo
es la reaccién con metales de transicion.

Por sus propiedades como radical, el NO es capaz de donar electrones a
los metales y formar aductos metal-nitrosilo. Los metales de transicion mas
importantes en sistemas biologicos son el hierro, el cobre y el zinc. Estos
metales son muy abundantes en los sitios cataliticos de los grupos
prostéticos de enzimas y proteinas. Las reacciones con el hierro son las

mas estudiadas® (Figura 8).

Oxidacion de metales
Formacion de nitrosil-Fe

MetHb . . .
Consumo de NO Activacion de Guanilato Ciclasa

Hb(O
(©2) Inhibicion reversible de P450
s ///-9 Activacion de Hemooxigenasa
Reduccion de metales Fe=O NO
e= \ Inhibicién reversible de

Fe(ll) Citocromo ¢ oxidasa

Inhibicidn de catalasa

Limita la formacién de oxidantes Uni_én a IRE
y del estrés oxidativo celular Estimulacion de proteina TfR

bajo regulacion de ferritina

Figura 8. Efectos directos del NO: reacciones con metales de transicion™"’.

De este modo, la interaccién del NO con el grupo hemo de la enzima GC
provoca su activacion y la produccion de GMPc!®. Esta interaccion es la
gue media muchos efectos fisiologicos del NO y particularmente el efecto
vasodilatador que protagonizé su descubrimiento. Al aumentar los niveles

del cGMP, se activa una proteina quinasa, generando una cascada de
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fosforilaciones de la cual resulta la reduccion de la concentracion
intracelular de calcio y la relajacion del musculo liso vascular, la inhibicién
de la quimiotaxis para polimorfonucleares y el bloqueo de la adhesion y
agregacion plaquetaria y leucocitaria, entre otros efectos. Por otro lado, el
NO tiene otras acciones directas, en virtud de las cuales estimula la
ciclooxigenasa en los macréfagos, bloguea varias enzimas mitocondriales
(citotoxicidad) y actia como neurotransmisor en varias areas del SNC
(sistema limbico, areas olfatorias, nociceptivas y de memoria) y SNP que

involucran vias neuronales, como se ha descrito anteriormente.

La S-nitrosilacion es, también, otro mecanismo del NO que podria servir de
almacenamiento transitorio o vehiculo de suministro que guarde el NO o lo
transporte cuando sea necesario, ademas de ser un mecanismo post-

traduccional*®

y participar en el sistema de defensa neuronal antioxidativo.

El NO puede actuar indirectamente, tras combinarse con otros radicales
libres (Figura 9). Este mecanismo conduce a la formacion de especies
reactivas de oxigeno (ROS: OH, H,0,) y de nitrégeno (RNS: NO,,
N»Os,...), ya que el NO puede reaccionar con varios radicales libres entre
los cuales destaca el anion superéxido (Oy’), liberado por la propia NOS y
también por NADPH oxidasa, ciclooxigenasa, lipoxigenasa y xantina
oxidasa, generando el peroxinitrito (ONOO)***!, Este (ltimo se protona
dando el acido peroxinitroso que se descompone generando el radical
hidroxilo (OH"), uno de los radicales mas reactivos y téxicos. En condiciones
fisiolégicas, el O, es convertido por la superoxido dismutasa (SOD) en
peroxido de hidrogeno (H,0,) y agua evitando que interaccione con el NO.
Puesto que la concentracion de la SOD es bastante constante, la
produccion de peroxinitritos depende, casi exclusivamente, de las
concentraciones de sus precursores NO y O,  que, a su vez, depende de la

actividad de las tres isoformas de la NOS*.
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Figura 9. Efectos indirectos del NO: reacciones con radicales libres™’

A través del ONOO, principalmente o por si solo, el NO puede interaccionar
con grupos tioles de la lisina, metionina, histidina y, sobre todo, cisteina
para formar derivados S-nitrosilados que alteran la conformacion y/o la
actividad de varias proteinas. También, el peroxinitrito puede nitrar a
compuestos heterociclicos como el triptéfano y la guanina, o fenoles como
la tirosina. De hecho, la presencia de la nitrotirosina se demostré en las
enfermedades de Alzheimer'”, Péarkinson'®® y esclerosis lateral
amiotrofica™

El ONOO" produce también la peroxidacion de los lipidos generando
hidroxiperoxidos lipidicos y productos secundarios como los aldehidos, lo
gue provoca la alteracion de la membrana plasmética, pérdida de la

homeostasis y finalmente la muerte de la célula.
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A nivel de la mitocondria, el NO, por competicion con el oxigeno, inhibe
reversiblemente la respiracion mitocondrial, mientras que el peroxinitrito la
inhibe irreversiblemente y participa en la apertura del poro de permeabilidad
transitoria (PPT), implicado en la apoptosis y la necrosis celular. Ademas, el
ONOO" es capaz de interaccionar con el DNA, tanto celular como
mitocondrial, provocando su fragmentacion. Este evento se ha observado

|125

en la isquemia cerebral®®®, en la enfermedad de Alzheimer'®®, en la

127

esclerosis maltiple*” y en la degeneracion de motoneuronas*?®,

1.5.1 Mecanismos de neurotoxicidad del NO

Los cambios positivos 0 negativos en las concentraciones fisiologicas del
NO a nivel neuronal pueden ser la causa o, al menos, contribuir junto con
otros factores, a la aparicion de estados patoldgicos. Cuando se produce un
aumento en los niveles de NO, el dafio que se genera depende tanto de la
concentracibn como de la presencia de otras sustancias reactivas, del
tiempo de exposicion y de la presencia de dianas.

El NO participa en las neuropatologias a través de su accién a varios
niveles: la produccién de ROS y RNS e induccién de estrés oxidativo y
nitrosativo; nitrosilacion de grupos tioles de proteinas y nitracién de residuos
fendlicos; peroxidacion lipidica; dafio mitocondrial; dafio del DNA; muerte

neuronal e inflamacion*?.

La neurotoxicidad del NO va acompafiada de una excitotoxicidad
relacionada con una activacion excesiva de los receptores glutamatérgicos.
El NO, a través de la activacion de la GC, estimula la liberacion del
glutamato que interacciona con sus receptores postsinapticos N-metil-D-
aspartato (NMDA), produciendo una entrada masiva de calcio y el aumento
de sus niveles intracelulares. El calcio activa la NOS, a través de la CaCaM,
estimulando la liberacion de NO que difunde fuera de la célula hacia otras

células y vuelve a entrar en la misma provocando una nueva sintesis de
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glutamato. Este mecanismo retrégrado se produce en condiciones
fisiologicas, pero se transforma en neurotoxico cuando existe una activacion

persistente.

Cuando el aumento de calcio persiste, ademas de la NOS, se activan
proteasas, lipasas y endonucleasas. Las proteasas dafian al citoesqueleto y
a las proteinas de membrana. Las lipasas catalizan la hidrdlisis de los
fosfolipidos de membrana, concretamente, la fosfolipasa A2 libera, tras la
hidrdlisis, el acido araquidonico que es el precursor de varios mediadores
inflamatorios. Las endonucleasas provocan la fragmentacion y destruccion

del ADN, conduciendo a la apoptosis (Figura 10).

Figura 10. Los eventos que contribuyen a la neurotoxicidad del NO.

El aumento de los niveles de NO y calcio en la mitocondria hace que se
reduzca la produccion de ATP y que se forme el PPT en la membrana
mitocondrial llevando a una mayor disminucion de los niveles de ATP y a un
aumento de RNS y ROS. La reduccion de ATP resulta en una
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despolarizacion de la membrana plasmatica, ya que, por un lado, dejan de
funcionar las bombas dependientes de ATP, lo que provoca una entrada
masiva de agua y sodio y una salida de potasio causando edema celular vy,
por otro, sigue la entrada de més calcio, creando un circulo vicioso que lleva
a la pérdida de la funcién neuronal y muerte necrética o apoptética de la

Cé|u|a130,131

Por su parte, los astrositos y la glia activada por los mediadores

inflamatorios liberan mas NO, producido por la INOS'##13

, Y glutamato junto
con otras sustancias proinflamatorias como el H,0O,, IL-1, TNFa y la
proteina precursora de amiloides (APP), lo que provoca un dafio neuronal y
mayor activacion de la microglia. El dafio neuronal, a su vez, incrementa la
produccion ROS y RNS, IL-1 y TNFa produciendo mayor activacion de la

microglia*®® (Figura 11).

MICROGLIA ACTIVADS

_“_—hrqh

Ho,
NOF
CATEPSINA BIL

ACT DE
PLASMENOGEND

Figura 11. Relacion entre microglia activada y neuronas.
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De todo lo expuesto anteriormente, se demostrdé el papel del NO como
mediador en la neurodegeneracion y en la activacibn de procesos
inflamatorios y se justificd su relacion con enfermedades relacionadas con el
SN como Alzheimer, Parkinson, esclerosis lateral amiotrofica o corea de

Huntington®®13131,

1.6 Inhibicion de la sintesis del NO

Teniendo en cuenta el potencial neurodestructivo y proinflamatorio de la
sobreproduccion de NO, la inhibiciébn de la NOS se presenta como una
estrategia terapéutica'® para tratar varios desérdenes de tipo inflamatorio,
neurodegenerativo y cancer®. Tratandose del NO esta aproximacion no es
tan sencilla. Impedir que el NO actie como segundo mensajero, llegando
hasta sus dianas fisioldgicas, es perjudicial para el organismo. Una manera
de regular sus niveles patolégicos seria inhibiendo de forma selectiva las
isoformas de la NOS. Experimentos con ratones transgénicos demostraron
gue la pérdida de cada una de las isoformas produce el esperado efecto de
disminucién en la concentracion de NO en las respectivas células™®**%®,
Estos experimentos sugieren que una inhibicién selectiva de la nNOS o la
INOS podria proporcionar una soluciéon terapéutica sin los efectos
perjudiciales que acarrearia la inhibicion de la eNOS en el sistema

cardiovascular.

Por otro lado, més all4 de su interés terapéutico, el desarrollo de inhibidores
selectivos de cada isoforma constituye una herramienta farmacoldgica util
para seguir estudiando y descubriendo nuevas funciones fisiolégicas del
NO.

Desde hace mas de dos décadas, se emprendio la busqueda de inhibidores

de la NOS. Los primeros inhibidores eran derivados y analogos simples de
la L-arginina. Después, se aplico la teoria del ensayo-error a la hora de
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realizar sustituciones y cambios en las estructuras que tenian propiedades
inhibitorias de la NOS. Cuando surgieron los métodos computacionales en
el panorama del disefio de farmacos, ya se disponia de un amplio arsenal
de inhibidores y se empez6 a usar ampliamente la teoria del farmacdéforo.
No fue hasta finales de los noventa cuando se publicé la estructura de los
cristales de la INOS™¥° y eNOS' y en 2002 la de nNOS'*. A partir de
ese momento, se empezaron a disefar inhibidores mediante el cribado
virtual de grandes bibliotecas de compuestos y basandose en la estructura
de la enzima'*®**. Dado que los centros activos de las tres isoformas estan
muy conservados, el uso del cribado virtual se potencio teniendo en cuenta
la plasticidad conformacional de la isoenzima diana’*®. Esto llevé a la
técnica llamada “fragment hopping” que permite reducir el farmacéforo a un
grupo de atomos, graficos virtuales y/o vectores. De esta forma, pequenas
diferencias entre las NOSs pueden servir para conseguir inhibidores

selectivos®®’.

Todo ello hace, que hoy en dia se disponga de una variedad desconcertante
de inhibidores con diversas estructuras, con diferentes tipos de interaccion
con la enzima y con distinta selectividad. Estos inhibidores se pueden
clasificar de distintas maneras. Atendiendo a la teoria cléasica de la
enzimologia, se puede diferenciar entre inhibidores reversibles
(competitivos, no competitivos y mixtos) e inhibidores irreversibles. Sin
embargo, la clasificacion mas adoptada se basa en el sitio de unién del
inhibidor a la enzima, pudiendo establecer cuatro clases de inhibidores. La
primera clase, y la mas amplia, incluye compuestos que interaccionan con el
sitio de unién de la L-arginina. La segunda clase la constituyen compuestos
gue interaccionan directamente con el grupo hemo. La tercera esta formada
por compuestos que interaccionan con el sitio de union de la BH,. La cuarta
clase abarca los compuestos que interaccionan con la CaM o las flavinas.
Por otro lado, teniendo en cuenta la estructura quimica de los inhibidores,

se pueden formar dos grupos: aminoacidicos y no aminoacidicos.
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A continuacién, se estudia la union de la L-arginina a las distintas isoformas
de la NOS y las interacciones que se generan. Posteriormente, se hace una
descripcion de los principales inhibidores descubiertos atendiendo a su

estructura quimica.

1.6.1 Union del sustrato e interacciones inhibidor-enzima

Los estudios topologicos y cristalograficos de las isoenzimas demuestran
una alta conservacion de los centros activos, lo que supone un gran desafio
en el desarrollo de inhibidores selectivos y competitivos. Sin embargo, la
homologia entre el resto de las secuencias primarias no supera el 50%.
Este hecho hace posible el desarrollo de inhibidores selectivos que
interactian o no con el centro catalitico y con zonas contiguas variables

segun la isoenzima.

El sustrato L-arginina se une al centro activo mediante una red de puentes
de hidrégeno que establecen el grupo guanidinico y el grupo amino. Dos
nitrdgenos de la guanidina interaccionan con el carboxilato del residuo
conservado Glu597 en nNOS humana (Glu377 en iINOS; Glu361 en eNOS)
y el otro nitrégeno forma también un puente de hidrégeno con el Trp592
(Trp372 en INOS; Trp356 en eNOS). El nitrégeno N-terminal de la arginina
interactlia con un propionato del grupo hemo a través de un enlace de
hidrégeno. Estas interacciones son idénticas en todas las isoformas de la
NOS (Figura 12).
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Figura 12. Unién de la L-arginina a las tres isoformas humanas de la NOS. n: nNOS
(verde), i: INOS (azul), e: eNOS (morado). Los puentes de hidrégeno estan
representados en lineas discontinuas™*®.

Las estructuras cristalinas del ligando unido a las isoenzimas permite la
comparacion de los tres complejos ligando-isoforma, asi como el disefio de
farmacos por medio de herramientas computacionales. El alineamiento de
dichas estructuras tridimensionales revela varios residuos no idénticos en
las inmediaciones del sitio activo. Los residuos mas diferentes entre las
isoformas humanas son la Ser607 y la His342. La Ser607 de nNOS humana
es GIn387 en INOS e His371 en eNOS, mientras la His342 de nNOS
humana es Thrl21l en iNOS y Phel05 en eNOS. El efecto estérico y
electrénico ejercido por estos residuos es bastante diferente, lo que les hace
dianas para conseguir selectividad. Ademas, otros dos residuos son
distintos entre la NNOS y la eNOS. Asp602 y Met341 en nNOS son Asn366
y Vall04 en eNOS, respectivamente. También, la Ser482 en nNOS es una
Ala262 en INOS. El cambio Asp602/Asn366 en nNOS/eNOS es interesante
ya que provoca que el centro activo de nNOS sea mas electronegativo que
el de eNOS, lo que podria influir en la interaccién con un inhibidor. Junto

con estas diferencias puntuales, existe, en otros residuos, cierta flexibilidad
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conformacional que permite crear nuevos bolsillos de unién especificos de

cada isoforma'*® (Figura 12).

1.6.2 Inhibidores de la NOS

La busqueda de inhibidores enzimaticos parte, generalmente, de la
introduccion de modificaciones estructurales en la molécula del sustrato,
una estrategia que permitié el desarrollo de los primeros inhibidores de la
NOS. Progresivamente, y con el avance en los estudios de la estructura
enzimatica, se han ido diversificando los inhibidores tanto a nivel de

estructura quimica como de lugar de accion.

Desde un punto de vista quimico, los inhibidores de la NOS se pueden
dividir en dos grupos: inhibidores aminoacidicos e inhibidores no
aminoacidicos. Los aminoacidicos son miméticos de la L-arginina y se
dividen, a su vez, en analogos de L-arginina, analogos
conformacionalmente restringidos de L-arginina y analogos dipeptidicos.
Los no aminoacidicos no derivan de aminoacidos y son de naturaleza

quimica muy variada.

1.6.2.1 Inhibidores aminoacidicos analogos de L-arginina

Los primeros Inhibidores analogos de L-arginina 1 tienen una estructura
simple con pequefas modificaciones respecto a la de la L-arginina. De este
modo, la mayoria fueron competitivos para el sitio de unién del sustrato,
aunque algunos demostraron una inhibicion dependiente de la reaccion

catalitica.
L-N®-Metilarginina (L-NMA) 2 es un metabolito fisiolégico producto de la

degradacion de arginina metilada de algunas proteinas*. Fue uno de los

primeros inhibidores utilizados para inhibir la NOS a finales de los
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Ochenta23,150,151

Actlla como un inhibidor competitivo para todas las
isoformas aunque frente a NNOS e INOS puede ejercer una inhibicién
dependiente de la reaccion'*’. Ha demostrado algo de eficacia para reducir
la migrafia en ensayos efectuados en humanos'®®, aunque con efectos

adversos a nivel cardiovascular debido a la falta de selectividad****>®,

Otro de los primeros inhibidores demostrados, a principios de los noventa,
es el L-N“-nitroarginina (L-NNA) 3 y su metilester 4 (L-NAME)*****". Este
Gltimo se hidroliza en los sistemas biolégicos para dar su precursor'®®,
Ambos son potentes inhibidores competitivos pero con muy baja
selectividad. A pesar de que L-NNA es alrededor de 300 veces mas
selectivo nNOS que iINOS, ambos producen hipertension severa en
animales de experimentacion debido a la inhibicion de eNOS!%, E| L-
NAME presenta la ventaja de ser mas soluble por lo que tiene mayor

aplicacion en experimentos in vitro e in vivo.

La N*-alquilacién de la arginina con sustituyentes alquilo (ej. dimetilo, etilo,
ciclopropilo) ciclos (ej. ciclopropilo) o insaturados (ej. alilo, propargilo) dio
lugar a varios compuestos potentes pero desprovistos de selectividad*®**%3,
Sin embargo, N“-propil-L-arginina 5 (L-NPLA) sobresale por tener una
potencia de inhibicién 3.000 veces mayor frente nNOS que iNOS y 150
veces mayor que eNOS, lo que hace que sea uno de los primeros

1

inhibidores mas selectivos'®. Ademés de inhibir de forma competitiva

reversible, puede inactivar la enzima de forma irreversible.

L-aminoarginina 6 (L-NAA) fue también uno de los primeros inhibidores
sintéticos (finales de los ochenta)'®**®. Es competitivo no selectivo, con
buena afinidad por las tres isoformas de la NOS, aunque puede actuar
también de forma irreversible'®®. Debido a su efecto convulsionante y su

toxicidad irreversible dejo de ser un prototipo atractivo.
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En 1998, Lebarbier y colaboradores sintetizaron unos analogos de L-
arginina derivados de acido boranico que actuaban como inhibidores
competitivos reversibles. El derivado mas destacado 7 presentd una alta
selectividad por la isoforma inducible frente a la neuronal con una ICsy = 50
UM para iNOS y 300 uM para nNOS™’.

En 1994, el grupo de Griffith sustituy6 el oxigeno de la carboxamida de la L-
citrulina por un azufre, obteniendo la L-tiocitrulina (L-TC) 8 y otros derivados
como L-homotiocitrulina y S-metiltiocitrulina. Aunque esta modificacion
aumentd notablemente la afinidad por las distintas isoformas, no mejor6 la
selectividad'®. Sus derivados 3-alquilsustituidos, preparados para estudiar
la influencia de un aumento de la lipofilia en la selectividad, mostraron
mayor inhibicion de iINOS que de nNOS y resultaron poco activos frente a
eNOS™.

En 2009, se publicaron las primeras estructuras cristalinas de los complejos
inhibidor-nNOS mostrando la coordinacion Fe-tioéter'™® (Figura 13). Una
serie de inhibidores fueron disefiados basandose en el esqueleto de L-

arginina para permitir su anclaje al sitio de unién del sustrato con una
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cabeza amidinica. Tanto la longitud del grupo alquilo en el tioéter como el
namero de metilenos entre la amidina y el azufre fueron variados para
encontrar el puente 6ptimo para posicionar el tioéter sobre el hemo. De esta
serie, el compuesto 9 tenia una buena inhibicion de nNOS (K; = 33 = 2 uM)
y los estudios cristalograficos demostraron una inhibicibn en la que la
distancia Fe-N es de 2.5 A, los dos metilenos intermedios orientan el azufre
hacia el Fe y el grupo tioéter esta situado en un bolsillo hidrofébico formado
por Pro565, Val567 y Phe584 lo que proporciona mayor estabilidad. Al
contrario de lo que se esperaba, esta fuerte interaccibn N-Fe no se

acompafio6 de mejora en la potencia®’*.

Asp597 )
Pro565 .

Val567

NH (@]
Phe584
/\S/\)J\H/\/\KJ\OH
H,
9

Figura 13. Modo de unién del compuesto 9 mostrando la interaccion N-Fe. Los
puentes de hidrégeno estan representados en lineas discontinuas'".

En un intento de aumentar su actividad y mejorar su selectividad, algunos
analogos de L-arginina fueron incorporados en moléculas més largas. Asi,
una serie de derivados alquilados de isotiocitrulina incorporados en un
dipéptido fueron disefiados por Nagano y Higuchi*’?. EI compuesto S-metil-
L-tiocitrulinil-L-fenilalanina 10 demostré la mejor inhibicion frente a iINOS vy
algo menos frente a NNOS con mayor selectividad por estas dos isoformas.
Mientras, derivados mas pequefios fueron mas selectivos frente a nNOS, lo
gue sugirié que el centro activo tiene diferente tamafio en cada una de las

tres isoformas, con lo cual el criterio del tamafio puede servir para orientar la
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selectividad (hipotesis que posteriormente fue confirmada por los estudios

cristalogréaficos)*’2.

O,N.
~g o O -OH /I/N\H ho M
%I\ /\/\)J\ m HN N/\/IN
HNZ N < ON H o
H NH, F o Yo

10 11

L-NNA y L-NAME fueron, también, incorporados a estructuras peptidicas.
En un trabajo inicial realizado por Thiemermann y colaboradores se
describe la inhibicion de la NOS por derivados nitroarginina-dipeptidicos,
pero estos compuestos elevaban la presion arterial cuando se administraron
a ratas anestesiadas'’®. Posteriormente, el grupo de Silverman demostrd
que el dipéptido D-Phe-D-Arg-NO,-OMe 11 inhibe nNOS con una K; =2 uM
y muestra una selectividad alrededor de 1800 veces para nNOS sobre
iINOS'™. Esto hizo pensar que la selectividad podria mejorar al cambiar las
propiedades quimicas del otro aminoacido que forma el péptido. Los
esfuerzos para aplicar esta hipétesis dieron lugar a un conjunto de 152
dipéptidos con un resto de amida y un aminoacido, distinto de la D-Phe,
acoplados a L-NNA. Se observl que compuestos con cadena lateral basica
(ej. lisina, histidina) son los que mejor inhibian selectivamente la nNOS (12,
Ki = 0.13 pM, 1538 veces selectivo nNOS/INOS)*"®. Esto sugiri6 una
importante interaccion electrostatica con el centro activo de la nNOS.
Modificaciones (introduccién de grupos lipofilicos, restriccion conformacional
o reduccion del enlace amida) para reducir las cargas de estos compuestos,
aumentar la biodisponibilidad y reforzar el enlace amida, dieron lugar a
péptidos y péptidomiméticos todavia mas potentes y selectivos (13, 14,
15)*%18 En 2003, el estudio cristalografico del complejo dipéptidos y
péptidomiméticos de arginina con nNOS de rata demostrd el origen de la

interaccion anteriormente mencionada en el residuo Asp597 (Asp602 en
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nNOS humana)'”®. Este residuo estd mutado en eNOS (bovina) por la
Asn368, lo que se traduce en la pérdida de la estabilizacion electrostatica a
favor de mayor estabilidad en nNOS. Uno de estos inhbidores 15 con el
enlace peptidico reducido ha demostrado ser capaz de proteger a cultivos
de neuronas de la apoptosis inducida por hipoxia. Asi mismo, este
compuesto reduce la neurodegeneracion fetal en condiciones de hipoxia en

conejos de forma dosis dependiente'*.

NH o) O%:/OH )I\ﬂ-l o)
N. ; O,N. NH
02 H)LHWLH/\/\NHz 2 H HWJ\H/\/ 2
NH, NH;
12 13
O,
/,?70'4 NH O
NH O
OZN\N)J\N/\/\‘)J\N‘\\\\/NH OZN\HJJ\HWJ\H
H H NH, H NH,
NH>
14 15

Otra familia de analogos aminoacidicos fue disefiada en los noventa a partir
de la sustitucion del resto de guanidina por uno de amidina. L-N“-iminoetil-
L-ornitina (L-NIO) 16 fue el primer compuesto sintetizado®. Actta de forma
competitiva no selectiva frente a las tres isoformas, aunque también puede
inactivar la neuronal'®. Su derivado N-(1-imino-3-butenil)-L-ornitina (vinil-L-
NIO o L-VNIO) 17 presentdé mayor afinidad hacia la nNOS con valores
micromolares. Igual que su precursor inactiva fuertemente la nNOS con
pérdida del grupo hemo (K; = 90 nM, Ki.c = 0.078 min)*®2. El siguiente
compuesto de interés en esta familia es el N°-(1-iminoetil)-L-lisina (L-NIL) 18
qgue fue el primer analogo aminoacidico con mayor selectividad por la
isoforma iNOS (28 veces) frente a eNOS. Su derivado aminoglicol*® 19 es

700 veces mas selectivo INOS/eNOS aunque algo menos potente.
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NH o NH o}
NH, H NH,
16 17
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HOOC>_/—\ NH HN
HN HO N
HoN --||/_\—NH
H,N
18 19

Las modificaciones en la cadena metilénica de L-NIL condujeron a una serie
de derivados acetamidinicos y heterosustituidos incluyendo sulfonas como
el acido (2R)-2-amino-3-((2-(etanimidoilamino)etil)sulfonil)propidnico
(GW273629) 20 vy sulfuros como el acido (2S)-2-amino-4-((2-
(etanimidoilamino)etil)tio)butirico (GW274150) 21 que mostraron igual

S184185  Estos dos

potencia, pero mucha mayor selectividad frente a iINO
inhibidores compiten con la L-arginina. La interaccion con eNOS y nNOS es
inmediata y reversible, mientras que con iINOS es dependiente del tiempo y
parece irreversible en presencia de NADPH'®. GW274150 esta en fase I

de los ensayos clinicos para el tratamiento de la migrafia y el asma.

R N HOOC S HN i
HOOG S\ »— >_..,/_\_/J<
w1/ "0 “—NH
H,N H,N
20 21

En 2005, el grupo de investigacion de Higuchi introdujo nuevos inhibidores
sintéticos de la NOS basados en los analogos anteriormente mencionados,
con sulfuros o sulfonas modificados con un resto de piridina 22 y 23. Estos
compuestos son competitivos y dos de ellos son potentes (K; del orden de

unidades pM) pero sin ninguna selectividad*®®.
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= COOH = | COOH

N NH, H,NT N NH,

22 23

Los analogos rigidos de la L-arginina constituyeron otro intento hacia la
busqueda de inhibidores de la NOS. Se presentan bajo tres formas
estructurales: el primer tipo de compuestos tiene el grupo guanidinico (o un
iséstero equivalente) sustituido con un derivado nitroaromatico 24a o
incorporado en un heterociclo, incluyendo derivados tiazélicos 24b,
imidazdlicos 24c o tiazinicos 24d; los compuestos del segundo tipo tienen el
carbono-3 de la cadena con una conformacién rigida mediante la introducciéon
de un doble enlace 25 o la insercion en un ciclo 26; en el tercer tipo se
pretende unir un nitrégeno de la funcion guanidina a un metileno de la cadena
27a-b partiendo del prototipo L-NIO 16. En general, estos analogos
demostraron ser débiles inhibidores con una selectividad moderada, por lo que
la estrategia de aumentar la rigidez de la estructura de la L-arginina no parece

favorecer la inhibicion selectiva de la NOS*®’.
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Numerosos derivados aminoacidicos fueron disefiados incorporando un
imidazol a la estructura de la ornitina'®® o histidina®®, con la intencién de
inhibir la NNOS mediante la interaccibn con el Fe del grupo hemo. La
longitud de la cadena intermedia se varié para optimizar la potencia y la
selectividad. Dos de estos compuestos, 28 y 29, con tres y cinco metilenos,
respectivamente, fueron potentes pero carecian de selectividad. La

sustitucion del imidazol por un anillo de triazol o tetrazol mostrd inhibiciones

mas débiles.
H 2 H 0
N
H
<MOH (MO
N NH, N NH,
28 29
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1.6.2.2 Inhibidores no aminoacidicos

139141142 sentd las bases

La disponibilidad de los tres cristales de las NOSs
para varias investigaciones de disefio de farmacos mediante herramientas
computacionales. Esto permiti6 que el grupo de los inhibidores no
aminoacidicos se encuentre en continuo crecimiento, abarcando
compuestos con diversos grupos funcionales, distintas estructuras quimicas
y diferentes puntos de interaccién con la enzima (centro activo, Fe del grupo

hemo, sitio de unién de la BH4, CaM y dimerizacion).

1.6.2.2.1 Inhibidores que actuan en el sitio de unidn de la L-arginina

Este grupo de inhibidores compiten con la L-arginina por el sitio activo.
Interaccionan con la enzima a través de residuos conservados en el centro
activo, aunque los mas recientes llegan a residuos mas a las afueras, en el
canal de entrada del sustrato donde la conservacion es menor, logrando asi

mayor selectividad hacia nNOS o0 iNOS.

Los derivados isotioureicos, entre los cuales aparecen los compuestos con
un resto de N-fenilisotiourea 30, son potentes inhibidores de la nNOS'®. Los
estudios de relacion estructura-actividad (REA) demostraron que la potencia
inhibitoria esta estrechamente relacionada con el impedimento estérico del
sustituyente S-alquilo, encontrandose una potencia maxima para los
derivados S-etil isotioureicos. También se comprob6 que el grupo fenilo es
fundamental para la potencia, ya que su sustitucion por otros anillos reduce
la actividad, aunque se mantiene la selectividad. Ademas, la sustitucion en
posicion para del fenilo incrementa la selectividad por nNOS en
comparacion con las posiciones orto y meta. De todos estos derivados
destaca el S-etil-N-(4-(trifluorometil)-fenil)isotiourea (R; = 4-CF3, R, = Et, X
= ClI).
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Ry (— R, = H, 2-Br, 3-Cl, 4-Cl, 2-OCHs,
QNH S/—R2 2-CFs, 3-CF3, 4-CF,
XHHN R, = Me, Et, Pr, CH,Ph

30 X=1,Cl

Otra serie de derivados isotioureicos, preparada por el mismo grupo de
investigacion, incluye compuestos tipo 31 y bisisotioureicos tipo 32'°'. Los
inhibidores tipo 31 presentan una selectividad de dos a seis veces mayor
por iINOS que por eNOS. La sustitucién con radicales mas pequefios mejora
la actividad inhibitoria, alcanzandose la maxima potencia con derivados S-
etilo y S-isopropilo. Sin embargo, el cambio en la longitud de la cadena
reduce drasticamente la potencia. De la misma forma, los derivados tipo 32
se comportan como potentes inhibidores con mayor afinidad hacia iINOS.
Parece que dicha afinidad requiere una region rica en electrones en la zona
intermedia del compuesto. El compuesto con R = (CH;),-(1,3-Ph)-(CH,), es

el que mejor inhibicién INOS presenta.

R = H, Me, Et, Pr, Bu, CH,Ph, (CH,),Ph,
HNT s (CHp)sPh, (CHo)gBr, CH,CH,CH,OH

31

H,N NH R = (CHy),, n = 2-8
J—sR-s—X (CHy)n-(1,2-Ph)-(CHy)p,
HN NH, (CH)n-(1,3-Ph)-(CHy),,,
(CH»),-(1,4-Ph)-(CH,),,, n =1, 2
32

Otra clase estructural de compuestos que intenta mimetizar el esqueleto de
la L-arginina son los derivados amidinicos ciclicos y aciclicos. Dentro de

este grupo, algunos inhibidores muestran interesante selectividad.

La N-(3-(aminometil)bencil)acetamidina conocida como 1400W 33 fue

presentada por GlaxoWellcome en 1997 y es uno de los inhibidores mas
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activos y selectivos frente a iINOS™. Tiene una selectividad 5.000 y 200
veces mayor por dicha isoforma que por eNOS y nNOS (humanas),
respectivamente. Posteriormente, la eliminacién del metileno que une el
fenilo a la amida dio lugar a los derivados N-fenilamidinicos 34 y 35 que
resultaron selectivos frente a nNOS™. El compuesto 34 es el mas activo y
selectivo frente a NnNOS con una K; = 0.006 pM (0.35 uM y 0.16 pM frente a
eNOS e iNOS, respectivamente). EI compuesto 35 mostré6 una excelente
inhibicion de nNOS in vivo.

33 34 35

Trabajos mas recientes llevados a cabo por Maccallini y colaboradores y
basados en el compuesto 33 consiguieron una importante mejoria a nivel de
potencia. Intentos como eliminar el grupo metilamino*®, unirlo a uno o dos

bencilos sustituidos'® o a un grupo alquilamida o arilamida'®®

permitieron
obtener compuestos con una ICsqg < 1 uM y buena selectividad hacia la
isoforma inducible, in vitro. Asi, destacan los compuestos 36 y 37 con una
ICs0 = 0.42 y 0.20 uM y una selectividad iINOS/eNOS de >2300 y 1750,

respectivamente.

>
o

36 37

Se han descrito también, derivados amidinicos ciclicos que, en general,

presentan mayor selectividad por iNOS. Asi, en el afio 2000, Naka y
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colaboradores describen el derivado 38, conocido como ONO-1714, con
una selectividad 10 veces mayor por iNOS (parcialmente purificada) que
eNOS'’. Un afio mas tarde, el equipo de Moorman sintetiza una serie de
amidas heterociclicas 39 entre las que el derivado con X = Oy R = C4Hg
resultd 10 y 560 veces mas selectivo para iINOS que para nNOS y eNOS,
respectivamente. En este estudio, se observl que los mejores compuestos

son los que llevan un &tomo de oxigeno o azufre'®,

y e X R = H, CO,Et, C4Ho,
H CH3(CH,),NH,,
R CH3(CH,),NO,,
cr N SNH R” N SN\H CH3CH,CH=CHCH;
H H H X = CH,, N-CH3, O, S
38 39

Otros inhibidores con amidina ciclica son los derivados 2-iminopiperidinicos
entre los cuales destacan los compuestos 40, 41 y 42. La introduccién del
grupo metilo en posicién 4 (40) y 4 y 6 del anillo iminopiperidinico (41)
aumenta la potencia inhibitoria pero sin selectividad significativa. Sin
embargo, la introduccién del grupo ciclohexilmetilo en posicibn 6 (42)
produce un notable aumento de la selectividad por iINOS (5 y 64 veces

mayor que para nNOS y eNOS, respectivamente).

CH3 CH3

@NH ch/ﬁl\:\L NH O/\(N\/\I\NH
H H H
40 41 42

En 2002, aparecen inhibidores 2-iminopirrolidinicos de los cuales destacan
los compuestos 43 y 44. A pesar de que el primero es menos potente

presenta una selectividad por iNOS tres veces mayor que el segundo que
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carece del grupo hidroxilo. El derivado 44 es 35 y 2.540 veces mas selectivo

para iINOS que para nNOS y eNOS, respectivamente™®.

HOIQ/\/\ 7/\_L/\/\
HN= S HNZ S

+ -
Hz ci Hy ¢l

43 44

Otro tipo estructural de inhibidores son los que llevan un anillo de 2-
aminopiridina sustituido 45°°. Los derivados 4,6-disustituidos son los méas
potentes y selectivos frente a iINOS. De todos los compuestos ensayados
con este tipo de estructura, sobresalen aquellos que tienen R = 4-CH;-6-
nC4Hg y 4-CH3-6-iC4Hg. En concreto, este Ultimo, que presenta una ICsq =
0.028 uM frente a INOS, es 5 y 3 veces mas selectivo para esta isoforma

que para eNOS y nNOS, respectivamente.

= |
“~ T R2
[ »
—R
2 NN
H,N” N R,
R = 3-CHj3, 4-CH3, 5-CHg, NH, R, =H, 5-, 6-, 7-, 8-F,
6-CHg, 3,4-(CHs),,
45 4,5-(CHg),, 4-Cl, 4-CFs,... 46 R, =H, 2-, 3-, 4-F, 4-Cl

Derivados de 3,4-dihidro-1-isoquinolinamina 46, también han sido
investigados como inhibidores de la NOS, por el grupo de Beaton.
Concretamente, el compuesto 3-fenil-3,4-dihidro-1-isoquinolinamina es un
débil inhibidor, en cambio variaciones en su estructura permitieron aumentar
la potencia y selectividad hacia iINOS. Con un R; = 8-F y R, = 4-F, se
consiguié un inhibidor con ICsq = 0.16 pM y una selectividad 100 veces
mayor respecto a nNOS y 1000 respecto a eNOS*'. El cambio del

esqueleto de la  3,4-dihidro-1-isoquinolinamina  por una 4,5-
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tetrahidrotieno[2,3-c]piridina no condujo a mejoria, ni a nivel de potencia ni

de selectividad?®.

Posteriormente, el mismo grupo publicé otra clase de inhibidores selectivos
de INOS derivados de quinazolinas, 2-sustituidas-1,2-dihidro-4-
quinazolinaminas 47 y 4-aminospiro(piperidin-4,2’(1’H)-quinazolin)-4-
aminas 48. Los compuestos de ambas series mostraron, in vitro, una
potencia nanomolar y alta selectividad para la isoforma inducible con
respecto a las isoformas constitutivas. También se ha demostrado la
eficacia de estos compuestos en modelos agudos y cronicos de enfermedad

inflamatoria en animales tras una administracién oral®®.

H R, NH
e

NH,

47 48

Més tarde, el uso de varias técnicas computacionales, entre ellas la llamada
“fragment hopping”, y la evidencia de la capacidad inhibitoria de
determinadas estructuras quimicas, permitieron al equipo de Silverman en
2009, el disefio y sintesis de pirrolidinometil-2-aminopiridinas. Asi, se
descubrié un potente inhibidor 49 con una K; de 388 nM y una selectividad
nNOS/eNOS de 1.000 veces y nNOS/INOS de 150 veces ?°*. Mediante la
misma técnica este compuesto fue mejorado introduciendo grupo lipofilicos
a la aminopiridina y arilalquilos a la amina secundaria, lo que llevé a dos

potentes inhibidores selectivos de la nNOS 50 y 51%°°.
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Estos compuestos son especialmente interesantes porque demuestran la
influencia de la estereoquimica en el modo de unién del inhibidor a la
enzima y, en consecuencia, en la potencia y selectividad hacia las distintas
isoformas. La cristalografia por rayos X demostré diferentes modos de union
para los dos isébmeros que afectan drasticamente a la actividad inhibitoria
hacia nNOS. Los estudios llevaron a comprobar la existencia en nNOS (de
rata) de un bolsillo hidrofébico definido por Leu337, Met336 y Tyr706 que

posteriormente se revel6 crucial para la selectividad nNOS?*®

, aunque este
bolsillo es algo mas pequefio en la hNOS humana. En modelos de
neurodegeneracion por hipoxia-isquemia en conejos, los compuestos 50 y
51 demostraron alta eficacia en reducir los sintomas de la
neurodegeneracién sin ninguna toxicidad®®’. A pesar de su eficacia, igual
que los analogos de arginina y dipéptidos, estos inhibidores no dejan de
tener problemas relacionados con la permeabilidad y biodisponibilidad oral.
Sucesivos intentos de mejorar estas caracteristicas como fluoracion de la
cadena alquilica®®?%, la introduccion de grupos formadores de puentes de
hidrogeno internos®™® y de restos lipéfilos y colas aromaticas™, la
alquilacion y restriccion conformacional®*?, la introduccion de diversos restos

de profarmacos, el uso de azidas en lugar de amina®?, la sustitucion de la
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aminopiridina por un aminotiazol menos béasico®*, y la sustitucién de los

203,215

grupos amino con amidas y éteres , resultaron en una reduccion de la

potencia y selectividad respecto a los compuestos de partida®™

, Sin mejora
a nivel de permeacion y biodisponibilidad. Sin embargo, cuando la amina
secundaria exociclica fue sustituida por un oxigeno y los enantidmeros
fueron separados, se obtuvo un compuesto 52 muy potente®’. Dicho
compuesto se encuentra entre los inhibidores de la nNOS mas potentes
descubiertos hasta la fecha, con una K; = 7 nM (nNOS de rata) y una alta
selectividad nNOS/eNOS y nNOS/INOS de 2.667 y 806 veces,
respectivamente, a pesar de que aun muestra los inconvenientes de la
poca permeacion y biodisponibilidad oral. Intentos de mono y gem-
difluoracién en la cadena alquilica han mejorado algo la permeacién y la

biodisponibilidad?"?%8,

H
N
7 N ,/O/\/
—N NH
H,>N
F
52

El siguiente paso emprendido por el grupo de Silverman fue la simplificacion
de los anteriores derivados aminopiridinicos mediante el disefio de
derivados simétricos con doble cabeza de aminopiridina y en los que el

anillo quiral fue remplazado por un grupo arilo o heteroarilo®'®

(estos
compuestos se encuentran actualmente patentados). Un ejemplo es el
compuesto 53 que resultdé ser muy potente (K; = 20 nM) pero con menor
selectividad (107 y 58 veces respecto eNOS e iNOS, respectivamente). Aun
asi, los estudios cristalograficos demostraron que dos moléculas de este
inhibidor se pueden unir a la NNOS al mismo tiempo, una en el sitio del

grupo hemo y otra en el sitio de la BH,, donde desplaza a ésta para
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interaccionar con un atomo de zinc, dando lugar asi a un nuevo tipo de
inhibidores duales antagonistas arginina-BH,. La selectividad de este
compuesto se ha mejorado introduciendo un grupo ciano o aminometilo (54
y 55, respectivamente) en el anillo central cuya interaccion con la nNOS
esta mediada por Asp597, permitiendo una alta selectividad nNOS/eNOS

(472 veces para 54 y 221 veces para 55)%*°.

220

Més recientemente, el grupo de Silverman ha patentado una serie de
derivados homaologos a los anteriores, pero con el cambio del ciclo central
aquiral por otro quiral, mejorando asi la selectividad®®. De esta serie
destaca el compuesto 56 con una potencia de 9.7 nM y una selectividad
para nNOS 693 y 295 veces mayor que eNOS e iNOS, respectivamente.
Ademas, varios derivados aminopiridinicos a-amino funcionalizados?*
fueron disefiados para estudiar la REA entre el inhibidor, los grupos
propionatos del hemo y la BH,. Entre estos, sobresale el compuesto 57 con
una K; de 24 nM frente a nNOS y una selectividad 273 y 2.822 veces mayor

respecto a iINOS y eNOS, respectivamente.

54



Introduccion

56 57

Otra de las familias estructurales que se utiliz6 mucho como prototipo en la
basqueda de inhibidores de la NOS es la de tiofeno-2-carboximidamido. En
el afio 2000, AstraZeneca describi6 un potente inhibidor de la isoforma
neuronal, AR-R17477 58 que presenta una ICs, = 35 nM. A pesar de tener
una selectividad moderada (143 y 100 veces mayor para nNOS que iINOS y
eNOS, respectivamente), este compuesto mostré una duracion de la
inhibicibn de NNOS excepcionalmente larga en ratas y un interesante perfil
neuroprotector’®®, Otro compuesto, el AR-R17338 59, tenia cerca del 100%
de biodisponibilidad en monos. La estructura cristalina del inhibidor 58
demuestra que el grupo tiofeno-amidinico, igual que el 2-aminopiridinico,
mimetiza la L-arginina e interacciona con Glu592, mientras que la amina
secundaria forma un puente de hidrégeno con el propionato del grupo hemo
y la cola formada por el clorofenilo se proyecta hacia el bolsillo hidrofébico

anteriormente mencionado (Figura 14) *"*.

74 | H

S %4 | H
NH N cl S N
H/\©/ NH NH

58 59
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S Glu592
Met336 8 i

Figura 14. Modo de unién de 58 en el centro activo de nNOS. Los puentes de
hidrégeno estan representados en lineas discontinuas’*.

Méas recientemente, basandose en los datos experimentales de varios
complejos cristalogréficos inhibidor-enzima, el mismo grupo ha descubierto
una nueva serie de potentes y selectivos inhibidores de iNOS?*. La mayoria
de estos compuestos poseen una ICsy por debajo de 1 pM. En concreto, el
compuesto 60, en el que el atomo de hidrégeno de C-4 fue sustituido por
flior y se eliminé el grupo N-Me, presentdé una interesante inhibicién
selectiva de INOS (ICsp = 0.006 pM) sobre nNOS y eNOS (ICsp = 35 y
>10.000 pM, respectivamente) y aumento su vida media y biodisponibilidad.
Ademas, en el compuesto 61, el fenilo sustituido fue remplazado por una
piridina, con el fin de mejorar la interaccion con el grupo hemo, y los valores
de ICso fueron 0.004, 28 y >10.000 pM para iNOS, nNOS y eNOS,
respectivamente. Sin embargo, todos estos inhibidores tienen limitaciones,
tales como la capacidad de antagonizar los transportadores de serotonina o
la unién a receptores de noradrenalina, lo que resulta en una falta de

selectividad hacia nNOS.
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CN CN

60 61

Por otro lado, Sanofi-Aventis disefié inhibidores con el esqueleto de
tiofenocarboximidamido unido a una hidroxipiperidina, e introdujo un grupo
cloroarilo para alcanzar el bolsillo hidrofébico del sitio activo de la nNOS.
Estas modificaciones mejoraron mucho la potencia y la selectividad,
obteniendo el destacable derivado 62 con una ICs = 17 nM y una
selectividad 1.664 veces nNOS/eNOS. Desgraciadamente este compuesto

se metaboliza rapidamente por el higado humano (35% en 20 minutos)®*.

N

OH cl
HN

Iz

62

La mayoria de los Ultimos avances realizados en esta familia los llevo a
cabo NeurAxon. Los inhibidores sintetizados por esta compafiia comparten
un farmacéforo: un grupo tiofenoamidinico, un puente central rigido

(dihidroquinolonas®®,  tetrahidroquinolinas®*’*#®,  aminobenzotiazoles*®,

230233 g indolinas®**** disustituidos han sido

benzazepinas®’ y varios indoles
empleados) y una cola corta que contiene una amina (ej. dimetilaminoetilo o
pirrolidinoetilo). Los avances realizados han permitido llegar a potente
inhibidores NNOS selectivos que tienen actividad muy prometedora en
varios modelos de dolor en roedor, asi como una excelente biodisponibilidad
y perfiles de seguridad. Varios compuestos de estas series se encuentran

actualmente patentados?°. Entre estos inhibidores, el compuesto 63
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(derivado de tetrahidroquinolina) posee una ICsq = 0.089, 45.6 y 25.7 uM
para nNOS, eNOS e iNOS, respectivamente, el compuesto 64 (indolina
disustituida) que es el mas selectivo de todas las series con unas ICs, para
NNOS = 0.37, eNOS = 195 e INOS = 83 uM y el compuesto 65 (indol 3,5-
disustituido) que ejerce una ihnibicién doble, de la nNOS y del transportador
de norepinefrina (NET) con una ICso = 0.56 y 1 pM, respectivamente, junto

con una moderada selectividad de 88 veces n/eNOS y 12 veces n/iNOS.

77 H 71 H NH
N
NH \ NH N S N
: NH N
H
63 Nigg 64 65

HN—

El esqueleto de dihidroaminoquinolina fue utilizado para formar derivados
amidinicos triciclicos. La unién de colas con aminas secundarias y grupos
de halofenilo 66 permiti6 aumentar la potencia y selectividad hacia nNOS
(ICso = 42 nM). Esta observacion esta en concordancia con la REA de las

pirrolidinometil-2-aminopiridinas y las tiofenoamidinas de Sanofi (62)'".

66 67

En los ultimos afios, Nycomed presentd una serie de analogos de L-arginina
INOS selectivos con una estructura imidazolopiridinica. Entre estos, el
compuesto 67 que demostré buena afinidad INOS (pICs, = 7.09) y buen
perfil de selectividad (NNOS: pICs, = 4.86, eNOS: pICso = 3.95)%*°. Durante
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los dltimos 3 afios, Nycomed ha sintetizado nuevos derivados basados en la
estructura del compuesto 67, sin embargo, no se identificaron mejores

compuestos.

Otros tipos estructurales se han utilizado para desarrollar inhibidores de la
INOS, entre ellos derivados del acido glicirretinico 68, derivados de

0%°, Todos

triazolopiridazina 69 y derivados 3-triazolil-cumarinas 7
presentan inhibiciones de unas unidades del orden uM frente a iNOS, sin

embargo faltan los datos de selectividad y de actividad frente a las deméas

isoformas.
7, R2
Ry
R;=1,CN
o)
R, = COOH,CONH,, CN
68
S
N/« R = CH=CHPh, CH=CH(2-NO,Ph)
N NH 2-NO,-CgHy, 3-NO,-CgHy
\< 4-NO,-CgH,
R
69 R =(CH,),CH3, n=5,7,9

CgHi1, Ph, CH,Ph,
2-NO,-4-CH3Ph

1.6.2.2.2 Inhibidores que interaccionan con el Fe del grupo hemo
Aparte de los analogos de arginina, otra aproximacion para la sintesis de

inhibidores competitivos de la NOS, aunque menos estudiada, es la

interaccion con el Fe del grupo hemo.
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Ligandos como los imidazoles 71 que producen esta interaccion pueden,
también, competir con la L-arginina para unirse al sitio activo. En efecto, el
imidazol es un inhibidor débil de la nNOS bovina (ICs, = 200 puM). Sin
embargo, la potencia del imidazol mejora sustancialmente con un fenilo en
la posicion 1 (72, ICsy = 25 uM) pero menaos en la posicion 2 (73, ICsy = 100
UM) y empeora cuando el fenilo esta en posicion 4 (74, 1ICs, = 600 uM). Esta
diferencia podria achacarse a un impedimento estérico 0 una mejor
deslocalizacion de la densidad electrénica desde el anillo de imidazol por la

sustitucion 4-fenilo, lo que debilita la unién Fe-N'"*.

Ph
=\ — = —_
N NH N N-pp NYNH N NH
Ph
71 72 73 74

Otros inhibidores aminoacidicos con un imidazol incorporado han sido
tratados en la seccion correspondiente a este tipo de inhibidores (seccion
1.6.2.1).

1.6.2.2.3 Inhibidores que interaccionan con el sitio de BH,

Debido al importante papel que desempeiia la BH,4 en el proceso de sintesis
del NO y en la estabilizacion del dimero de NOS, su sitio de unién ha sido
objetivo de varios inhibidores. Algunos compiten, a la vez, con la BH, y la L-
arginina mientras que otros acttan exclusivamente en el sitio de union de la
BH,.

Uno de los primeros inhibidores no aminoacidicos de la NOS y de los mas
estudiados es el 7-nitoindazol (7-NI) 75. Este inhibidor presenta una alta
selectividad hacia la isoforma neuronal in vivo pero no in vitro. A principios

de los noventa, los estudios sobre su mecanismo de accion, con BH,
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marcada (en nNOS bovina), demostraron que compite con esta con una K; =
0.12 pM, ademas de competir con L-arginina, mientras que, en la isoforma
inducible y endotelial so6lo compite con la BH4. Sus propiedades
antinociceptivas y neuroprotectoras animaron a la busqueda de derivados
més potentes. Sin embargo, los cambios estructurales en el 7-NI, como la
bromacién en posicién 3 o nitracion en 2, no produjeron mejora en la
actividad inhibitoria y confirmaron que el grupo nitro en posicion 7 es crucial

para la potencia®’*®,

RN
O =
N A
H N™ 2y
N02 CF3 \Q/ 02N
75 76 77 (R=H)
78 (R = Me)

Otros derivados que actlan a este nivel los representa el 1-(2-
trifluorometilfenil)imidazol (TRIM) 76. Este compuesto compite por el sitio de
unién de L-arginina y BH4. Demuestra efecto antinociceptivo in vivo y mayor
afinidad hacia nNOS e iNOS in vitro®. Otros dos derivados N-fenacil
imidazoles 77 y 78 antagonizan el sitio de unién de BH, pero no compiten
con L-arginina. Ademas, han demostrado tener una actividad antioxidante
por lo que se han propuesto como prototipo para futuras investigaciones ya

que acttan a nivel de la nNOS y de los ROS***.

Otros inhibidores disefiados en los noventa son los anélogos biopterinicos.
El analogo 4-amino-BH,4 79 es un potente inhibidor de nNOS (ICsq = 1 UM,
Ki = 13.2 nM, en nNOS de rata)®*. Estudios posteriores de REA permitieron
el disefio de 80 mediante una dialquilacién del grupo amino en posicién 4 y
arilacion en la posicion 6 de la 2,4-diaminopteridina. Este compuesto resultd
ser selectivo nNOS (ICso = 3 uM)?®,
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N

NH |, ,, OH N(Bn), o
N)?[Nj/K/ N)ﬁ:N\]/Ph HN)j
| = |

~ OH A 2
HZN)\N N HZN)\ N S5 N
79 80 81

El 2-tiouracilo 81, un farmaco antitiroideo, demostré ser un inhibidor
selectivo de la isoforma neuronal con una K; = 20 uM. Al ser redox-estable
no participa en la formaciéon de L-citrulina y NO y no estabiliza el dimero

formado®**.

1.6.224 Inhibidores que actuan a nivel de la dimerizacion
nNOS/iNOS

La NOS, como se ha descrito previamente, bajo sus tres isoformas,
solamente puede catalizar la sintesis del NO en forma de dimero. Por otro
lado, la implicacion de iINOS en procesos inflamatorios y de dolor y la de
NNOS en neurodegeneracion y la estrecha relacion entre la
neurodegeneracion, la inflamacion y el dolor neuropatico hace que los
inhibidores duales selectivos NNOS/INOS sean importantes candidatos

terapéuticos.

Un potente inhibidor de la dimerizacién de iINOS, derivado de imidazol,
conocido como BBS-1 82, fue diseflado a partir de una biblioteca
combinatoria y mostr6 una elevada potencia para iINOS (ICsy = 28 puM),
mayor selectividad para nNOS que eNOS (i/n = 5, i/e = 1000), y se
demostré que interfiere, también, con la dimerizacién de nNOS?®. In vitro,
inhibe reversiblemente la nNOS en células DLD-1 e in vivo resultd muy
efectivo en ratas al reducir de forma dosis-dependiente los niveles de nitritos
en sangre®®. Los estudios cristalograficos indican que el BBS-1 se une al

centro activo de iINOS generando una deslocalizacion de algunos residuos
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lo que provoca un cambio alostérico a nivel de la hélice 7a que desestabiliza

la interfaz del dimero (Figura 15)>*°.

82

Figura 15. Modo de union de BBS-1 a la iINOS**, Comparacioén del complejo A114
2-INOS con el dominio oxigenasa del dimero de iNOS de murino. BBS-1 ocupa el
sitio de union de arginina. Los monémeros del dimero iNOS en azul oscuro y claro.
La estructura 2-iNOS Al114 (amarillo) se ha alineado con un monémero (azul claro);
los grupos hemo en rojo oscuro. El hemo iNOS A114 y el hemo dimero se alinean
muy cerca (para mayor claridad sélo se muestra el de iNOS Al114).

Mas recientemente, Kalypsis aporté una nueva clase de inhibidores con
estructura quinolinona amidica que resultd6 muy potente, con alta
selectividad para iINOS y nNOS respecto a eNOS y activa, via oral, en
modelos de dolor en roedores (gj. 83, INOS humana: ECs, = 0.11 puM, i/n =
210, ile = 2.300)**’. Sin embargo, in vivo, tenian alto aclaramiento y vida
media corta en ratones. Para solucionar este problema se cambio la funcion
amida y se introdujo restriccibn conformacional con un resto de
benzimidazol-quinolinona. Se obtuvo el derivado 4-((2-ciclobutil-1H-
imidazo[4,5-b]pirazin-1-il)metil)-7,8-difluoroquinolin-2(1H)-ona  (KD7332)**®
84 que inhibe la dimerizacién y la actividad de la INOS y nNOS humanas, de
primate y de murino (ICsy entre 50 y 400 nM), con una marcada selectividad
respecto a eNOS (ICs> 15.000 nM). ElI compuesto 84 mostrd alta eficacia

en varios modelos de inflamacién y dolor en ratones y primates, presento
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alta estabilidad hepatica y su perfil farmacocinético le hace un buen

candidato clinico®*®. Esta serie de derivados se encuentra actualmente

patentada®™®.
N
S s
A
N Cl
108 -
N X
N0 F N~ 0
H
o F
83 84
1.6.2.2.5 Inhibidores que actuan a nivel de la calmodulina

Al igual que los inhibidores que se unen al centro activo de la NOS e
interaccionan, ademas, con BH,, existen otros de tipo imidazolinico que se
unen competitivamente al hemo y también interactian con el sitio de union
de la CaM. Miconazol 85, ketoconazol 86 y clotrimazol 87 son antifungicos
con estructura imidazolinica que maostraron inhibicion competitiva en nNOS
bovina con valores de K; de 7, 44 y 19 uM, respectivamente, ademas de una
inhibicion competitiva dependiente de calmodulina®®. Estos productos

tenian mayor selectividad hacia las isoformas constitutivas®",
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DY-9706e 88 es otro antagonista de la CaM que mostr6 importantes efectos
neuroprotectores en isquemia cerebral focal transitoria en ratas®***, Igual
gue los derivados imidazolinicos mostr6 mayor afinidad, in vitro, hacia las

isoformas constitutivas y mayoritariamente la nNOS (K; = 0.9 uM).

La melatonina 89 es una neurochormona producida en el cerebro por la
glandula pineal (epifisis) a partir del triptéfano. Se produce también, pero en
menor medida, en otros tejidos y 6rganos dénde actia como hormona
paracrina. A nivel del SNC, presenta efectos inhibitorios que dan origen a
sus propiedades anticonvulsivantes y neuroprotectoras®®. Varios
estudios®®®® sugirieron que la melatonina reduce la respuesta
glutamatérgica a través de la inhibicion de la NNOS (ICsq = 0.1 uM, nNOS
de rata). Otros demostraron que dicha inhibicidbn es dosis dependiente y

CaM dependiente®*

. En el cerebro, la melatonina, bajo la accion de la
indolamina-2,3-dioxigenasa (IDO), se metaboliza a N!-acetil-N*formil-5-
metoxikinurenina que luego pasa a N-acetil-5-metoxikinurenamina (aMK), el
principal metabolito cerebral de la melatonina®®. El tiempo de latencia de la

melatonina, en el que tarda en aparecer el efecto inhibidor, condujo a la
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conclusion de que la melatonina ejerce su accion a través de uno de dichos

metabolitos®®,
NHCCOCH;

HaC N\

Iz

89

Basandose en este hecho y en el potencial neuroprotector que presenta el
acido kinurénico (un metabolito neuroactivo de la via metabdlica del
triptéfano), nuestro grupo de investigacion sintetizé y ensayé varias series

de kinureninas.

Los derivados kinureninicos®'?%? pueden ser diésteres derivados del &cido
amidomalonico sustituido en posicion 2 90 o derivados de acidos

carboxilicos a-amido-w-benzoilsustituidos 91.

o) o)
R, COOEt R, NHCOR,
n n
NHCOR,
R; COOEt R; COOH
Ry Ry
90 91

Rl = H, NH2Y N(CH3)2' NHCH2Ph

R2 = H, OCH3, N02

R3 = H, CH3

R4 = CH3, CHchz, (CHz)ZCH3, Ph,
CH=CHCHj, c-C5HHg, CgHyy

n=0, 1.

De todos los compuestos ensayados, resalta, por su potencia inhibitoria
tanto de la excitabilidad NMDA como de la enzima nNOS, el acido 91 con
R: = NH;, R, = OCH3, Rz =H, R4 = CH3, n =0, con una ICso = 40 uM. La
actividad inhibitoria de los compuestos desprovistos del grupo amino

aromatico o en los que este grupo esta sustituido es muy limitada o nula.
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Esta observacién demuestra que el grupo amino libre es imprescindible para

la actividad inhibitoria.

Los estudios conformacionales de estas kinureninas®' concluyen que la
presencia del grupo amino restringe la flexibilidad de la molécula al
establecer un enlace de hidrégeno intramolecular con el grupo cetdnico,
favoreciendo asi un cambio conformacional que mimetiza la conformacion
preferente y farmacoéfora de la melatonina (Figura 16). Por otro lado, el

grupo amino establece otro enlace de hidrégeno con la NOS.

P 1
RTON HC™ N
X So Hyc™© \
i
- N
N H
H
91 89

Figura 16. Conformacién preferente de kinureninas con grupo amino libre y
melatonina.

Las kinurenaminas 92 constituyen el segundo tipo de inhibidores de nNOS
sintetizados por nuestro grupo de investigacion. Entre estos derivados
destaca el principal metabolito cerebral de la melatonina aMK (R; = OCHg,

R, = CH;) que present6 una inhibicion méaxima®®.

O O
R; PR R; = Cl, OCH
N~ R,
H R, = alquilo, cicloalquilo, fenilo
NH,
92

En general, todos los compuestos ensayados presentan una buena
actividad inhibitoria. Se pudo constatar que un aumento en el volumen de la

cadena lateral (R,) conduce a una disminucién de la actividad, mientras que
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los compuestos con R; = OCH; son dos veces mas activos que los que
llevan R; = CI, demostrando la necesidad de un sustituyente electron-
donante. Por otro lado, igual que con las kinureninas, se observo que el

grupo amino es imprescindible para la actividad inhibitoria.

1.6.2.2.6 Otros inhibidores

Basandose en las observaciones anteriores, nuestro grupo decidio introducir
mayor rigidez estructural lo que llevd al disefio de otras series, los

26428 antre ellos se encuentran las moléculas tipo 93

derivados pirazolicos
(inhibicibn maxima de nNOS de 70% a una concentraciébn de 1 mM). Los
mejores resultados de inhibicion se obtuvieron en compuestos con c-Pry Ph

en R, yOMeyClen R;.

O
R — ,N—< R; = H, ClI, OCHj
1 N R2
R, = alquilo, cicloalquilo, fenilo
NH,
93

En los ultimos afios, nuestro grupo de investigacion disefio y sintetiz6 otras
series como los derivados fenil pirrélicos 94 con un resto de carboxamida en
posicion 2. A pesar de que in vitro fueron débiles inhibidores, tanto de nNOS
como de iNOS, in vivo (modelo de Parkinson inducido por MPTP in ratones)
demostraron una fuerte inhibicion de la isoforma inducible, tanto a nivel de
citosol como de mitocondria. Aungue se piensa que ejercen una inhibicion
no competitiva, no se llegdb a determinar su mecanismo de accion,
estipulando que podria ser a través de un metabolito o modificando la

expresion de la iNOS?’.
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Posteriormente, el anillo de pirrol se sustituyé por uno de tiadiazol 95
obteniéndose unos inhibidores potentes y selectivos de iINOS con una ICx,
in vitro, entre 20 y 40 uM. Los estudios de docking realizados para estas
estructuras acompafian la hipétesis de que estos inhibidores podrian unirse
adecuadamente al centro activo de la enzima y por tanto actuar como

inhibidores competitivos. Aun asi, se requieren mas estudios biolégicos para
268

confirmarlo™".
B NHR; R; = H, Cl, OCHs
Ry N o R, = H, alquilo, cicloalquilo,bencilo
Rs3
NHZ R3 =H, Me

94 )( R
2 R, =H, Cl, OCH
S /N—§ 1 3
Ry =N

o R, = alquilo, cicloalquilo,bencilo

NH,

95
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Objetivos

El propésito general de este trabajo de investigacién es la sintesis vy
evaluacién biolégica frente a las isoformas NnNOS e iINOS de nuevas
pirazolinas y derivados de urea y tiourea N,N’-disustituidos, con el fin de

encontrar inhibidores mas potentes y selectivos de la NOS.

Para lograr dicho propésito, se plantean los siguientes objetivos especificos:

1. Basandose en los resultados obtenidos con los derivados pirazolinicos,
previamente sintetizados por nuestro grupo de investigacion, se propone la
sintesis de nuevos compuestos con la estructura general que se muestra en
la Figura 17, introduciendo sustituyentes de distinta naturaleza (electrén
donante como OCH3;, electrén neutro como H o electron atrayente como Cl)
en distintas posiciones del anillo aromético y cambiando el radical acilo en
R, para estudiar la influencia tanto de la activacion y desactivacion del anillo
aromatico como del tamafio y flexibilidad del sustituyente en R, en la

inhibicion de la enzima.

2. Sintesis de nuevas kinurenaminas con la estructura general que se
muestra en la Figura 17. En estos derivados, el grupo de urea (X = O) o
tiourea (X = S) mimetiza al de guanidina presente en la L-arginina, sustrato
natural de la enzima. Distintos sustituyentes se introducen en R; (OCH3, H,

Cl)y en R, (Me, Et, Pr) para poder estudiar la relacién estructura actividad.
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3. Sintesis de derivados 3-hidroxipropil urea y tiourea (Figura 17) en los
cuales, en base al estudio de docking, el grupo carbonilo de la cadena
intermedia se intercambia por un grupo hidroxilo, tratando de comprobar la

influencia de este cambio en la actividad inhibitoria de los compuestos.

R,

O X
_ N R g
d X N @] 1 N N 2
Ri. H H
NH, NH,
Derivados pirazolinicos Derivados kinurenaminicos

con restos de ureay tiourea

Derivados 3-hidroxipropil ureay tiourea

Figura 17. Estructura general de los compuestos sintetizados

4. Establecimiento de una nueva ruta sintética para obtencién de los

derivados 3-hidroxipropil urea y tiourea.

5. Purificacién e identificacidn inequivoca de las moléculas sintetizadas
mediante los estudios de resonancia magnética nuclear (RMN) mono (*H,
3C, DEPT) y bidimensionales (HSQC, HMBC), espectrometria de masas de

alta resolucion (HRMS) y analisis elemental.

6. Determinacion de la actividad bioldgica, frente a nNOS e iINOS, de todos

los derivados sintetizados y, frente a eNOS, de los méas activos.

7. Andlisis de la influencia de las modificaciones estructurales sobre la

actividad inhibitoria en las tres familias de compuestos.
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8. Realizacion de estudios tedricos de modelado molecular, utilizando
estructuras cristalinas de la nNOS e iNOS disponibles en el RCSB PDB.
Dichos estudios permiten, por un lado, el disefio de la familia de las 3-
hidroxipropil ureas y tioureas, y por otro, una aproximacion del modo de
union de los compuestos al centro activo de la enzima y la justificacion de

los resultados bioldgicos.
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4 5-Dihydro-1H-pyrazoles
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1. Introduction

Nitric oxide (MO) is an inorganic free radical that has diverse
physiological roles, including regulation of blood pressure, neuro-
transmission and macrophage defense systems.! NO is synthesized
from the enzyme catalysis of L-arginine to c-citrulline in several cell
types by a family of nitric oxide synthase (NOS) isoenzymes, with
consumption of molecular oxygen, nicotinamide adenine dinucleo-
tide phosphate (NADPH) and other cofactors such as flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN), tetrahydrobiop-
terin {BHs) and iron protoporphyrin (heme). The NOS enzymes are
homodimeric proteins consisting of a C-terminal reductase domain
and a N-terminal catalitic oxigenase domain connected by a
calmodulin-binding linker. The C-terminal reductase domain
transfers electrons from NADPH through FAD and FMN, to the
N-terminal oxygenase domain, which binds 1-arginine, BHy and
heme? Several distinct isoforms of NOS have been discovered.
Two of them, neuronal NOS (nNOS) and endothelial NOS (eNOS)
are constitutively expressed in different tissues and are activated
by Ca®, and they play a role in neurotransmission® and blood-ves
sel dilation,® respectively; inducible NOS (iNOS) is expressed by

#* Corresponding author. Tel.: +34 958 243844; fax: +34 958 243845,
E-mail address: ecamacho@ugr.es (ME. Camacho].

D968-089G]S - see front matter @ 2013 Elsevier Lud. All rights reserved.
http: [jdx.doi.org/ 10,1016/ bme 2013051 6
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In a preliminary article, we reported a series of 4,5-dihydro-1H-pyrazole derivatives as neuronal nitric
oxide synthase (nNMOS) inhibitors. Here we present the data about the inhibition of inducible nitric oxide
synthase (iNOS) of these compounds, In general, we can confivm that these pyrazoles are nNOS selective
inhibitors. In addition, taking these compounds as a relerence, we have designed and synthesized a series
of new derivatives by modification of the heterocycle in 1-position, and by introduction of electron-
donating or electron-withdrawing substituents in the aromatic ring. These derivatives have been evalu-
ated as nNOS and INOS inhibitors in order to identify new compounds with improved activity and selec-
tivity, Compound 3r, with three methoxy electron-donating groups in the phenyl moiety, is the most
potent nNOS inhibitor, showing good selectivity nMOS/iNOS.

@ 2013 Elsevier Lid. All rights reserved.

macrophages and microglia in response to inflammatory stimuli
and it is not Ca®* dependent;® finally, a mitochondrial-localized
NOS isoform situated in the internal membrane of mitochondria
{mtNOS) has been discovered.® and the existence of constitutive
{c-mtNOS) and inducible (i-mtNOS) has been proved.”®

While eNOS-generated NO plays a role in vascular regulation,
the potential therapeutic utility of NOS inhibitors is restricted to
the selective inhibition of the neuronal or inducible isoforms.® In
particular, an overproduction of NO by nNOS has been associated
with strokes,'” migraine headaches,"" or neurodegenerative disor-
ders such as Parkinson'? and Alzheimer's diseases.'” On the other
hand, an overproduction of NO by iNOS causes inflammatory bo-
wel disease, arthritis, and neuropathic pain.'*'* Also, inflamma-
tory reaction in Parkinson's disease is associated with iNOS'® and
i-mtNOS induction.!” Thus nNOS and iNOS represent a therapeutic
target since inhibition of these enzymes can help in the treatment
of several disorders, and a selective inhibition of one of these iso-
forms would be desired.

Previously, we have described a series of nNOS inhibitors with a
kynurenine 1,"* kynurenamine 2,'® or 45-dihydro-1H-pyrazole
structure 3.2% Furthermore, we have published 3-benzoyl-1-acyl-
4,5-dihydro-1H-pyrazole 4,*' 3-benzoyl-1-alkyl-1H-pyrazole 5%
and 5-phenyl-1H-pyrrole-2-carboxamide derivatives 6.°° These
compounds show moderate inhibition values of nNOS and iNOS,
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Figure 2. Structure of new 4,5-dihydro-1H-pyrazole derivatives 3a-r.

although in some cases INOS selectivity is observed. Finally, we
have reported a group of selective iNOS/nNOS inhibitors wearing
a 4,5-dihydro-1,3,4-thiadiazole ring 7 (see Fig. 1)%*

In this paper we describe a new group of 3-phenyl-4,5-dihydro-
1H-pryrazole compounds, and we evaluate their in vitro inhibition
by both neuronal and inducible NOS. In these compounds, we have
increased the activation and deactivation of the aromatic ring
keeping the cyclopropyl and phenyl groups, as well as the size
and flexibility of the phenyl moiety, with the aim of finding new
and more potent and selective nNOS inhibitors. Thus, the benzene
ring has been substituted with one or several electron-withdraw-
ing (5-C1 and 4,5-Cl;) or electron-donating |5-OMe, 4,5-(0OMe),
and 2,3,4-(OMe):] substituents in order to analyse the influence
of the aromatic ring charge distribution on the inhibitory activity.
In addition, the size of the R; substituent has also been increased
(Ph, CHyPh and CH,CH,Ph) to test the importance of the steric ef-
fects in the NOS inhibition and selectivity.

2. Results and discussion
2.1. Chemistry

3.4-Dichlorobenzaldehyde 8 was transformed into the 4,5-di-
chloro-2-nitrobenzaldehyde 12 by treatment with a mixture of
fuming nitric acid (100%) and concentrated H2504.%" 2,3,4-Tri-
methoxy-6-nitrobenzaldehyde 15 was obtained by reaction of
2.3 4-trimethoxybenzaldehyde 9 with a mixture of HNO: and
AcOH.*" These nitroderivatives and the commercially available 2-
nitrobenzaldehyde 10, 5-chloro-2-nitrobenzaldehyde 11, 5-meth-
oxy-2-nitrobenzaldehyde 13 and 4,5-dimethoxy-2-nitrobenzalde-
hyde 14 were transformed into the final compounds 3a-r?*"
Therefore, these derivatives were treated with vinyl-magnesium
bromide to yield the corresponding allylic alcohols 16-21°"*"
quantitatively, which were further oxidized (Jones reagent) to ob-
tain the enone derivatives 22-27. Reaction of the enones 22-27

with hydrazine in ethanol produced the 4,5-dihydro-1H-pyrazoles
28-33 which, in situ, were transformed with the acyl chloride into
derivatives 34a-r. Finally, reduction of the nitro group with SnCl,
in ethanol yielded the final compounds 3a-r (see Scheme 1).%%

2.2, Biological data

The biological activity of the new compounds 3a-r as inhibitors
of hoth iNOS and nNOS has been evaluated by means of in vitro as-
says using recombinant isoenzymes. We have made the assays
using a 1 mM concentration of each compound in order to idenrify
the more potent and selective derivatives,

Figure 3 shows the percentages of residual nNOS and iNOS
activity in the presence of each compound in relation to the con-
trol, and Table 1 shows the inhibition percentages versus both
isoenzymes.

In general, compounds 3a-r behave as weak inhibitors against
iNOS, since only two compounds (3g and 3h) show an inhibition
of around 50% at the concentration of 1 mM. Nevertheless, some
conclusions can be inferred from the experimental data. From a
qualitative point of view, the influence of R, and R, over the iNOS
activity is variable. When R, = ¢-CyHs, compounds with the best
inhibitory activity have electron-donating substituents in Ry, and
the activity increases with the number of these substituents, 3o
(30.1%) being one of the best iNOS inhibitors with three methoxy
groups in the aromatic ring. On the other hand, when Ry = Ph,
CH,Ph or CH,CH,Ph, the most potent compounds wear two elec
tron-withdrawing groups in the aromatic ring, and therefore 3g
(49.2%, Ry =CH,Ph) and 3h (50.2%, R, = CH,CH,Ph) are the best
iNOS inhibitors,

Table 1 also shows the nNOS inhibition values in presence of
1 mM concentration of compounds 3a-r. These compounds behave
as better inhibitors against nNOS, since five molecules show an
inhibition percentage higher than 48%. In general, molecules with
electron-donating groups in R, behave as good nNOS inhibitors,
with the exception of compounds 3i and 3o, which are inactive.
In this series, 3n (R, =4,5-{0OMe),, Ry=CH,CH,Ph) and 3q
(Ry =23.4-(OMe)s, Ra=CH:Ph) show moderate inhibition values
{55.3% and 48.4%, respectively), 3p (R, =2,3.4-(OMe);, R, =Ph)
shows good percentage of inhibition (62.9%), and compound 3r
(Ry =23.4-(OMe);, Ry =CH,CH,Ph) is the best nNOS inhibitor
(82.5%). In the series with electron-withdrawing substituents, the
most potent molecule is 3e (R = 4,5-Cly, Ra = ¢-CsHs) with a mod-
erate inhibition {50.5%). As shown, compounds with electron-
donating groups in R, are better nNOS inhibitors than those with
electron-withdrawing ones, and a non-substituted benzene moiety
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Figure 3. Percentages ol the nNOS and INOS activities in the presence of 1 mM of the 4,5-dihydro-1H-pyrazole derivatives assayed {compounds 3a-al) compared to control,
Each value is the mean of three experiments performed in triplicate in the presence of recombinant iNOS or nNOS,

is not beneficial for the nNOS inhibitory activity. Moreover, with
regard to the acyl group, the increase of size and flexibility im-
proves the nNOS inhibition in most cases, being rthe phenylpropa-
noyl groups one of the most interesting,

Regarding the nNOS/iNOS selectivity, it can be observed that the
most active compounds which have electron-donating groups in
Ry, show better selectivity versus nNOS than compounds with
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electron-withdrawing or neutral substituents, and 3p (R, =2,3.4-
(OMe)s, By = Ph) is the most selective one of all the tested com-
pounds. Furthermore, compound 3r, with three electron-donating
groups in the phenyl moiety is the most potent nNOS inhibitor,
showing good selectivity versus nNOS. On the other hand, com-
pound 3h (R, =4,5-Cl;, Ry =CH.CH:Ph) behaves as a selective
INOS/nNOS in or, with a moderate iNOS inhibition (50.2%).
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Table 1
Ir: vitro aNOS and iNOS inl
of compounds 3a-r

ion (¥) observed in the presence of 1 mM concentration

Compound Ry Ra % Inhib, iNOS* % Inhib. nNOS*
3a H CH:PR 231+031 268+027
3b H CHyCH PR 5644074 736+ 096
3c 5-C1 CHyFh 3462+1.73 18.24 # 2.35
3d 5-Cl CHCHPR 3137 243 32362323
e 45l c-CyHs 15534023 50.48 £ 3.12
3 45l Fh 36.10 = E.50 062+ 113
3z 4,5-C1; CHyFh 45.22 + 038 21.59 # 1.67
3h 45-C1; CH,CHPh 5017 +0.24 2.7 + 032
3 5-0Me CH;PR 15.0# 158 003 + 203
3 3-0Me CHaCHaPR 2119 #1353 2593+ 2.04
3k 4,540Me}; e3Hs 25212138 1965 £ 1.23
3 4.5-(0Me ), Fh 289+197 2514217
3m 45{0Me}, CH;PR 2104238 3507 #2328
In 454{0Me);  CH.CH:PR 2372 ¢104 5533+ 021
3o 2344{0Me)s  ¢CsHs 30,07 2321 0,054 1.25
ap 234-{0Me); Ph 814¢156  6287+3.25
Iq 234-{0Me)s  CHuPR 23394323 48,36 ¢ 2.87
kN 234{0Me)s  CH.CH:Ph 1829 +474 8245+ 3.26

* Data represent the percentage of nNOS and iINOS inhibition produced by 1 mM
concentration of each compound. Each value is the mean of three experiments
performed by Criplicate using recombinant iINOS and nNOS enzymes.

Table 2
I vitro nNOS and iNOS in
of compounds 3s-al

ion (%) ohserved in the presence of 1 mM concentration

Compound Ry Rz % Inkih, iNOS % Inhib, nNOS?
3s H Me 773+ 116 33.69+362
k] H Et G.E8 £0.95 3647 2452
3u H Pr 035#+175 5230+ 224
v H £-CsHg 1480 ¢ 1.64 IETI+ 308
x H Fh 872218 5705313
Iy 501 Me 1034231 4758 +a01
3z 501 EC 13722288 4615 * 566
Jaa 5-C1 Fr 0294326 3443 +3.70
3ab 51 c-C3Hs 18852216 7024 + 5.60
3ac 501 Fh 17042255 BLI2+311
3ad 5-0Me Me 20,39 2042 38.04 + 1.53
3ae 3-0Me EL 20,39 2153 53.27 + 2.83
Jaf 5-0Me Fr 1309212 3470+ 132
3ag 5-0Me EBu D1E+14 4876+ 1.53
3ah 5-0Me ¢-C3Hg 1950211 6224 + 4.68
3al 5-0Me e-CgHy 181+21 3830+ 333
3aj 5.0Me e-CeHy 185412 40.87+4.13
3ak 5-0Me C=CgHyy 13.25+132 6220+ 1.91
3al 3-0Me Fh 12.16 055 S58.92 + 3.55

* Data represent the percentage of nNOS and iNOS inhibition produced by 1 mM
concentration of each compound. Each value is the mean of three experiments
perfermed by triplicate using recombinant iNOS and nNOS enzymes.

® See Ref. 20.

In addition, Figure 2 also shows the data of the iNOS activity of
compounds 3s-al, and Table 2 includes the data of the iNOS inhi-
bition for these compounds {not published before), as well as their
nMNOS values previously described,®® in order to compare them.
These compounds have weak values of iNOS inhibition and they
can be considered as selective inhibitors of nNOS versus iNOS.

In general, the best nNOS inhibition values of derivatives 3s-al
‘were obtained with the c-C3Hs and Ph groups in Rz, 3ab (R, = 5-Cl,
Ra = c-C3H,) being the most active compound of this group, show-
ing good selectivity versus nNOS,

When we carried out different modifications in both, the aro-
matic moiety and the acyl group, we observed that the deactiva-
tion of the aromatic ring in the dichloro derivatives in relation to
the monochloro ones produced a considerable loss of activity.
Moreover, although the greatest activation of the aromatic ring
in compounds with Rz = ¢-C3H: produced a drastic loss of activity,

the increase of size and flexibility of the R, radical led us to the
preparation of compound 3r, which is more potent than 3ab, pre-
viously described.

As rezards iNOS inhibition of all tested compounds, the best re-
sults have been obtained with the deactivation of the aromatic ring
{Ry = 4,5-Cl;) and the increase of size and flexibility of the phenyl
ring {R; = CH,Ph and CH,CH,Ph) { derivatives 3g and 3h). However,
derivatives 3a-al are, in general, inactive versus iNOS and, as a re-
sult, they can be considered inhibitors with good nNOS selectivity.

Table 3 shows the ICsq values measured for the nNOS inhibition
of derivatives 3n, 3p and 3r observed in the initial in vitro assay,
which ranges between 0.40 and 0.88 mM, being 3r the most potent
inhibitor of all compounds of the series.

2.3. Docking studies

nNOS and INOS crystal structures have been obtained from the
Brookhaven protein databank (PDB ID: 1QW6 and 1QW4,™ respec-
tively). Schradinger software™ has been used for the docking stud-
ies. The preparation of the enzyme and the ligands has been done
following standard procedures included in the Schrodinger suite.
The protein preparation is performed using the Protein Preparation
Wizard module, and 3D structures of compounds 3a-r were gen-
erated from fragment libraries, and optimized using the Macro-
maodel module. The LigPrep® program suite was used for the
ligands preparation, and Glide program was utilized for docking
the ligands using the SP option.

Glide's Gscore values obtained for comp Is 3a-r compl
in both nNOS and iNOS binding sites are small {between —2.00
and —5.50 kcalfmol) indicating that these complexes are weak,
and consequently the compounds are moderated inhibitors.

Three different poses have been obtained for compounds 3a-r
inside the nNOS binding site. Figure 4™ fllustrates, as an example,
the preferred pose ohserved for compounds 3r, 3p and 3d, respec-
tively. In compound 3r {pose a), the phenyl moiety is situated be-
low the heme group establishing a =m-m interaction. The
trimethoxyphenyl ring adopts a position that allows the interac-
tion of 4-0OMe and 5-OMe groups with Arg481 through two
hydrogen bonds. The 2'-NH; group forms a hydrogen bond with
one of the carboxylate moieties of the heme group. The coplanar
disposition of the pyrazoline and the amide carbonyl group rein-
forces the conjugation between both moieties contributing to the
stability of the conformation. Moreover, this conformation in-
creases the length of the molecule, which allows the methoxy
aroups to establish van der Waals {vdW) interactions with Alad97.

Compounds that are not ahle to interact with Arg481 remain in
an intermediate position between the heme group and this amino-
acid. This is the case of 3p. In pose b, the ligand is orientated in a
similar manner as pose a showed for the compound 3r. The phenyl
ring is situated helow the heme group but interact, by means of
one hydrogen bond, with Asn569. Another hydrogen hond is estab-
lished between 2'-NH. and one of the carboxylate moieties of the
heme group. The conformation of the ligand 3p seems to be also
stable since C=0 and the pyrazoline are coplanar which favors
the conjugation between them.

Table 3
IC55 values (mM) for the inhibition of ANOS activity by the pyrazoline derivatives 3n,
3p and 3r

Compound Fa 1Cas (MM}
3n 4,5-(0CH;); 088
ap 32.4-(0CH: ) 053
ar 32.4-(0CH: ) CH:CHFh 040
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Figure 4. Dretailed view of the main poses obtained for compounds 3r (pose a), 3p (pose b} and 3d (pose <) in the nNOS binding site. Dotted lines indicate hydrogen bond

interactions between the ligand and the residues of the enzyme,

Finally, Figure 4 also shows the preferred pose for compound 3d
(pose c). In this pose, there are two hydrogen bonds established by
the 2'-NH; group. One of them implies Glu592 and the other one
implies one of the carboxylate moieties of the heme group. The
phenyl ring is also situated, as in poses a and b, below the heme
group.

Regarding iNOS, docking studies indicate the existence of three
different poses for compounds 3a-r. As an example, Figure 5 shows
the preferred poses for compounds 3h, 3f and 3q, respectively.

The rotation of Arg260 in iNOS in relation to Arg481 in nNOS
diminished the volume available bellow this residue, and forces
compound 3h to adopt a totally different orientation inside iNOS
in relation to nNOS. Pose a shows a hydrogen bond between 2'-
NH; and Ser256 whose conformation changes respect to the con-
formation of Serd77 in nNOS because of the Arg260 rotation men-
tioned above. The phenyl and the pyrazoline rings are in a coplanar
disposition which reinforces the conjugation between C=N double
bond and the phenyl ring, and allows the formation of an intramo-
lecular hydrogen bond between the 2'-NH. group and the pyrazo-
line N-2 atom. This situation contributes to the stability of this
conformation. Furthermore, 4'- and 5'-Cl atoms interact by means
of vdW interactions with Tyr485 and Asn115 favoring the stability
of the conformation.

In pose b, 3f is orientated towards the opposite side of the bind-
ing cavity. The -NH; group forms a hydrogen bond with Glu371.
The phenyl Cl atoms interact with the guanidinium groups of the
Arg375, Arg382 and Arg260. However, the ligand conformation
seems to be not too stable since the conjugation between the phe-
nyl ring and the C=N bond is very weak due to the fact that the
pyrazoline and the phenyl rings are not coplanar. Compound 3h
cannot adopt this pose because the pocket formed by the three

GIn257

arginine residues does not allow the accommodation of molecules
longer than compound 3f These aminoacids represent a steric
impediment.

The third pose in INOS for compound 3q is represented in Fig-
ure 5¢. This pose is similar to the pose of compound 3r inside nNOS
binding side (Fig. 4a). However, the conformation of Arg260 in
iNOS reduces the available volume under the carboxylate heme
moieties forcing the ligand 3q to remain in an intermediate plane
without any interaction with the enzyme.

It is clear that the volume of Ry and the volume and length of Ry
influence the orientation and the disposition of the ligands inside
the binding site. Additionally, the conformation of Arg2G0 in iINOS
and Arg481 in nNOS, and consequently, the conformation of other
residues in both binding sites, seem to be decisive on the interac-
tion with the protein as well as on the orientation of the ligands in-
side the binding cavity (Fig. 6).

2.4. Discussion

The substrate binding sites of the NOS isoforms oxygenase do-
mains present a high level of aminoacids conservation and struc-
tural similarity. However, some differences outside the active site
and a conformational flexibility inside allow the adoption of differ-
ent conformations and the establishment of different interactions
which explains the preference of the compound for one or another
isoenzyme.

The main difference between both nNOS and iNOS binding site
is the orientation of the side-chain of Arg481 (or Arg260 in iINOS)
which controls the orientation of GInd78 (or GIn257 in iINOS),
and which in turn depends on the mutation of Asn498 in nNOS
by Thr277 in iNOS. Therefore, the difference in the side-chain

Figure 5. Detailed view of the main poses obtained for compounds 3h (pose a), 3F (pose b) and 3q {pose c] in the iINOS binding site. Dotted lines indicate hydrogen bond
interactions between the ligand and the residues of the enzyme and the intramelecular hydrogen bond.
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Figure 6. View of the surface of nNOS and iNOS binding site and the orientation of the compounds inside.

orientation of Arg481 in nNOS with regard to Arg260 in iNOS could
explain the selectivity and potency observed in some 4,5-dihydro-
1H-pyrazole derivatives described in this paper.

In poses b and ¢ (Fig. 4) obtained for these molecules inside the
nNOS binding site, ligands adopt a conformation that allows the
formation of two hydrogen bonds, The first one, usually, formed
by the -NH. group with one of the carboxylate moicties of the
heme group, The second bond, in all ~-OMe derivatives, is formed
between -OMe group and the nearest residue. In the case of com
pounds with R, = H, Cl, this second H-bond cannot be formed or is
established by the -NH group such is the case in compound 3d
(pose c, Fig. 4). In pose a, two -OMe groups interact by mean of
two hydrogen bonds with Arg482, the main difference in the bind-
ing cavity between nNOS and iNOS, This fact, together with vdwW
interactions with Alad97, could explain the highest selectivity
and potency observed in compound 3r. Besides, the coplanar dis-
position of Rz phenyl ring below the heme group enables a m-cat
ion interaction with Fe™ ion. Also, the conjugation between the
pyrazoline and C=0 double bond as a consequence of the coplan-
arity provides more stability to the conformation of the ligands as
shown in pose a and b {Fig. 2).

In iNOS, the available volume for binding the ligand is smaller
compared with nNOS,*™ as it is illustrated in Fig. 6. The rotation of
iNOS Arg260 side-chain in relation to the nNOS Arg481 side-chain
is involved in this fact. In pose a and b (Fig. 5), the ligands have an
opposite disposition in the binding site. In pose b, one hydrogen
bond is formed between the -NH; group and Glu371. m-cation
interaction between the R, phenyl ring and heme group Fe** is weak
due to the lack of coplanarity of both rings. The disubstituted phenyl
ring is aimed towards the pocket formed by Arg375, Arg382 and
Arg260. This pocket represents a steric impediment, for compounds
with bulky Rz, to adopt pose b. Therefore, compounds like 3h is ori-
entated to the opposite site of the binding cavity (Fig. G). In pose a
(Fig. 5). the ligand establishes a hydrogen bond with Ser256 across
the -NH; group. Another intramolecular hydrogen bond, between -
NH; and the pyrazoline N-2, stabilizes the conformation. This orien-
tation allows the Cl atoms to interact by means of vdW interaction
with Tyr485 and Asn115 which is mutated by Leu337 in nNOS. The
conformational stability and the particular orientation of this com-
pound could explain its higher iNOS selectivity and potency com-
pared with the rest of the compounds.

On the other hand, iNOS poses a and ¢ (Fig. 5) are the preferred
ones for most of the pyrazolines with methoxy groups. In both
cases, these compounds have weak interactions with the enzyme.
This fact could explain the lack of iNOS activity in these derivatives.

3. Conclusions

In summary, as an extension of the 4,5-dihydro-1H-pyrazole
derivatives 3s-al previously synthesized, in the present study we

have reported the results on iINOS and nNOS inhibition of com-
pounds 3a-r, by means of an activation and deactivation of the
aromatic ring, and an increase of the size and flexibility of the R,
group in this type of structures. In this report, the increase of size
of R, substituent improves the iNOS, as well as the nNOS inhibitory
activity. Nevertheless, regarding the R, substituent in the aromatic
ring, electron-withdrawing groups are good for iNOS inhibition,
whereas electron-donating substituents improve the values of
nMNOS inhibition. This fact is confirmed by docking studies which
show the better orientation of 3h in iNOS and 3r in nNOS. In addi-
tion, structures 3s-al exhibit a nNOS/iNOS selectivity, Among all
compounds, 3g and 3h are the best iNOS inhibitors (about 50% of
inhibition), and derivative 3r is the most potent nNOS inhibitor
of all the tested compounds, with a good nNOS[iNOS selectivity.
Thus, such a compound as 3r can be an interesting starting point
for possible new alternatives in neurodegenerative diseases such
as Alzheimer or Parkinson.

4. Experimental section
4.1. Chemistry

4.1.1. Material and methods

Melting points were determined using an Electrothermal-1A-
6301 apparatus and are uncorrected. 'H and "*C NMR spectra were
recorded on a Bruker AMX 300 spectrometer operating at
75.49 MHz for **C and 300.20 for "H and on a Bruker ARX 400 spec-
trometer operating at 400.17 MHz for "H and 125,69 MHz for '3C,
in CDCl; {at concentration of ca. 27 mg mL™" in all cases) The cen-
ter of each peak of CDCly [7.26 ppm ("H) and 77.0 ppm (**C)] was
used as internal reference in a 5 mm "*C/'H dual probe {Wilmad,
No. 528-PP). The temperature of the sample was maintained at
297 K. The peaks are reported in ppm (4). High-resolution mass
spectroscopy (HRMS) was carried out on a VG AutoSpec Q high-
resolution mass spectrometer (Fision Instruments). Flash chroma-
tography was carried out using silica gel 60, 230-240 mesh (Merk),
and the solvent mixture reported within parentheses was used as
eluent.

4.1.2. Preparation of 1-(2-nitrophenyl-substituted )prop-2-en-1-
ol (18, 21) general method

To a —70 °C solution of 4.75 mmol of the corresponding 2-nitro-
benzaldehyde (12, 15) in 20 mL of THF was added 6.65 mmol of
vinylmagnesium bromide. After being stirred for 3.5 h, the mixture
was quenched with 20 mL of 0.010 N HCI and diluted with 100 mL
of ethyl acetate and extracted. The separated organic phase was
washed with brine, dried, then concentrated in vacuo to obtain a
residue that was purified by column chromatography (EtOAc/hex-
ane 1:10).
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4.1.2.1. 1-(4,5-Dichloro-2-nitrophenyl)prop-2-en-1-ol
(18). Mp: 40-41 °C. Yield: 65%; 'H NMR (400.17 MHz, CDCl;)
é: 8.07 (s, 1H, H-3"), 7.91 (s, 1H, H-€"), 6.05-5.97 (m, 1H, H-2), 5.84
(d, 1H, j15=55Hz, H-1), 542 (dd, 1H, Jsasp=12Hz, Jsa_
,=17.2 Hz, H-3a), 5.28 (dd, 1H, J3p_3.= 1.2 Hz, Jap_» = 11.8 Hz, H-
3b). 1*C NMR (125.69 MHz, CDCls) 8: 141.35 (C-2'), 140.37 (C-5),
139.83 (C-2), 135.18 (C-4'), 134.15 (C-1%), 133.11 (C-67), 129.11
(C-3/), 119.81 (€-3), 71.90 (C-1). MS (ESI): [M+1]" = 2475.9832.

4.1.2.2. 1-(6-Nitro-2,3,4-trimethoxyphenyl}prop-2-en-1-ol
(21). Mp: 90-93°C. Yield: 100%; 'H NMR {400.17 MHz,
CDCls) &: 7.24 (s, 1H, H-5'), 6-19-6.15 {m, 1H, H-2), 5.63 (d, 1H,
Ji_2 = 4.1 Hz, H-1), 5.33-5.02 (m, 2H, H-3a, H-3b), 3.99, 3.97, 3.96
(3s, SH, 2-0CH3, 3'-OCHs, 4-0CH3)."3C NMR (75.49 MHz, CDCl,)
5: 15594 (C-2'), 15346 (C-4); 15277 (C-3), 146.84 (C-6),
139.52 (C-2), 121.25 (C-1), 114.75 (C-3), 104.49 (C-5'), 69.03 (C-
1), 63.03 (3'-OCH3), 61.26 (2'-OCH,), 56.93 (4’-OCH3). MS {LSIMS):
[M+Na]" = 262.0792.

4.1.3. Preparation of 1-(2-nitrophenyl-substituted }prop-2-en-1-
one (24, 26, 27) general method

Freshly prepared Jones reagent (1.1 mL, 2.67 M) was added
dropwise to 2 mmol of the corresponding alcohol in 4 mL of ace-
tone at room temperature. After 10 min, ice-water (5 mL) was
added followed by 1 mL of saturated NaHSO;. The resulting mix-
ture was extracted with ethyl acetate. The extracts were dried
{Na,50,) filtered, and concentrated to afford a residue that was
purified by column chromatography (EtOAc/hexane 1:10).

4.1.3.1. 1-(4,5-Dichloro-2-nitrophenyl }prop-2-en-1-one
(24). Mp: 68-70 °C. Yield: 78%; '"H NMR (400.17 MHz, CDCl,)
4: 8.26 (s, 1H, H-3'), 7.53 (s, 1H, H-6'), 6.62 (m, 1H, H-2), 6.09 (dd,
1H, Jjaaapb=1.6Hz, ja,»=10.6Hz, H-3a), 591 (dd, 1H, Jjap_
32= 1.6 Hz, J3_5 = 17.6 Hz, H-3b,). 13C NMR (75.49 MHz, CDCl5) §:
190.87 (C-1), 142.50 (C-2'), 139.74 (C-5"), 136.17 (C-6’), 135.46
(C-4'), 134.80 (C-1), 132.17 (C-3), 130.61 (C-2), 126.59 (C-3'). MS
(ESI): [M+H]" = 245.9722.

4.1.3.2. 1-(4,5-Dimethoxy-2-nitrophenyl )prop-2-en-1-one
(26). Mp: 138-140°C. Yield: 80%; 'H NMR (400.17 MHz,
CDCl3) 6: 7.64 (s, 1H, H-3'), 6.79 (s, 1H, H-6"), 6.58 {m, 2H, H-2),
5.94 (d, 1H, ja.-2 = 10.6 Hz, H-3a), 5.82 (d, 1H, jap_2 = 17.6 Hz, H-
3b,), 3.99 (5'-OCHs), 3.96 (4-OCH3). 1*C NMR (125.69 MHz, CDCls)
5: 193.56 (CO), 154.09 (C-4'), 150.05 (C-5'), 139.91 (C-2), 137.00
(C-2), 13031 (C-3), 130.02 (C-1), 11025 (C-6"), 107.11 (C-3"),
56.96 {4/'-OCH3, 5'-OCHj). MS {LSIMS): [M+Na]" = 260.0540.

4.1.3.3. 1-(6-Nitro-2,3,4-trimethoxyphenyl }prop-2-en-1-one
(27). Mp: 143-145°C. Yield: 70%; 'H NMR (400.17 MHz,
CDCl;) &: 7.55 (s, 1H, H-5), 6.64 (dd, 1H, J»_3.= 10.6 Hz, [5_
35=17.6 Hz, H-2), 6.08-5.67 (m, 2H, H-3a, H-3b), 4.09-3.91 (3s,
9H, 2'-OCHs, 3-OCH3, 4-0OCH5). >C NMR (125.69 MHz, CDCl3) :
187.07 (€O), 155.88 (C-4'), 153.82 (C-2"), 150.91 (C-6"), 148.17
(C-3/), 137.83 (C-2), 13039, (C-2), 12448 (C-1/), 10405 (C-5"),
63.05, 62.45 (2-OCH;, 3-OCHj), 56.78 (4-OCHj3). MS (LSIMS):
[M+Na]" = 280.0646.

4.1.4. Preparation of 1-acyl-3-{2-nitrophenyl-substituted}-4,5-
dihydro-1H-pyrazoles (34a-n} and 1-acy-3-(6-nitro-2,34-
trimethoxyphenyl }-4,5-dihydro-1H-pyrazole (340-r) general
method

The corresponding substituted-phenyl vinyl ketone (1.4 mmol)
was added to a solution of hydrazine monohydrate in ethanol
{15 mL), and the mixture was refluxed during 3 h. After this period,
the mixture was cooled, extracted with diethyl ether {4 x 10 mL),
dried Na,S04, filtered and concentrated to dryness. Without
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isolation, the pyrazoline was dissolved in dry CH,Cl,, and triethyl-
amine {1.5 mmol) and the acyl chloride (1.4 mmol) were added at
room temperature under nitrogen atmosphere. The reaction mix-
ture was stirred for 3 h, filtered and washed with 10% HCl, 2 M
NaOH, H,0, and brine. The organic phase was dried and filtered.
Evaporation of the solvent rendered a residue that was purified
by column chromatography (EtOAc/hexane 1:2).

4.1.4.1. 3-(2-Nitrophenyl}-1-phenylacetyl-4,5-dihydro-1H-pyra-
zole (34a). Mp: 116-117°C. Yield: 75% 'H NMR
(400.17 MHz, €DCl3) &: 7.93-7.17 (3 m, 9H, —CH-p0m), 4.09 (t,
2H, J5.4=10.2 Hz, H-5), 401 (s, 2H, CO-CH;), 3.20 (t, 2H, Ja
5=10.2Hz, H-4). '3C NMR (75.49 MHz, CDCl3) é: 170.18 (CO),
152.81 (C-3), 148.59 (C-2"), 132.58 (C-17), 130.73, 13041, 130.23
(C-4, C-5, C-6'), 129.62, 128.48, 126.80 (C-2"-C-6"), 124.54 (C-
17), 124.26 (C-3'), 44.65 (C-5), 40.91 (CO-CH,), 33.63 (C-4). MS
(ESI): [M+H]" = 310.1102.

4.1.4.2. 3-(2-Nitrophenyl)-1-phenylpropanoyl-4,5-dihydro-1H-
pyrazole (34b}). Mp: 120-121°C. Yield: 70% 'H NMR
(300.20 MHz, CDC(l3) 4: 7.74 -7.09 (3 m, SH, -CH—om), 3.99 (¢,
2H, J4.5=10.2 Hz, H-5), 3.08 (t, 2H, J4 5= 10.2 Hz, H-4), 2.91 (m,
4H, CO-CH,—CH,). '3C NMR (75.49 MHz, CDCl): 6 171.64 (CO),
152.72 (C-3), 148.84 (C-2'), 141.46 (C-17), 132.63 (C-4'), 130.66
(C-5),130.25 (C-6"), 128.78, 128.59, 126.35 (C-2” to C-6”), 126.23
(C-1'), 124.44 (C-3"), 44.58 (C-5), 36.02 {(CO-CH,—CH,), 33.57 (C-
4), 31.34 {CO-CH,—CHy). MS (ESI): [M+Na]" = 346.1166.

4.1.4.3. 3-(5-Chloro-2-nitrophenyl}-1-phenylacetyl-4,5-dihydro-
1H-pyrazole (34c). Mp: 154-156 °C. Yield: 50%; 'H NMR
(400.17 MHz, CDCls) é: 7.81 {(d, 1H, Jy_y = 7.8 Hz, H-3"), 7.54-
7.22 (m, 7H, H-4, H-6, H-2” to H-6"), 4.07 (t, 2H, J4_s = 10.2 Hz,
H-5), 3.98 (s, 2H, CO-CH,) 3.15 {t, 2H, Js 5= 10.2 Hz, H-4). °C
NMR (75.49 MHz, CDCl3) é: 170.21 (CO), 151.77 (C-3), 145.56 (C-
27, 139.13 (C-5), 135.18 (C-17), 130.58 (C-4'), 130.48 (C-€),
129.77, 128.70 (C-2”, C-3”, C-5”, C-6"), 128.25 (C-1'), 127.05 (C-
47), 12595 (C-3'), 44.87 (C-5), 40.99 (CO-CHy), 33.52 (C-4). MS
(LSIMS): [M+H]" = 344.0798.

4.1.44. 3-(5-Chloro-2-nitrophenyl}-1-phenylpropanoyl-4,5-
dihydro-1H-pyrazole (34d). Mp: 160-162 °C. Yield: 60%; 'H
NMR (400.17 MHz, €DCls) é: 7.75 (d, 1H, H-3, Jy_y = 8.4 Hz),
747-7.08 (m, 7H, H-4, H-6', H-2” to H-6"), 401 (t, 2H, ja
5=10.2Hz, H-5), 3.05 (t, 2H, Ja_s = 10.2Hz, H-4), 2.84-2.60 (m,
4H, COCH,~CH,). *C NMR (75.49 MHz, CDCls) 4: 171.75 (CO),
151.83 (C-3), 146.85 (C-27), 141.35 {C-17), 139.22 (C-5), 130.55
(C-4), 13037 (C-6'), 128.79, 128.55 (C-2", C-3", C-5", C-6"),
128.99 (C-17), 126.36 (C-47), 12587 (C-3), 44.76 (C-5), 35.96 (C-
4), 33.51 (CO-CH,-CH,), 31.51 (CO-CH,-CH,). MS (LSIMS):
[M+H]" = 358.0957.

4.1.4.5. 1-Cyclopropylcarbonyl-3-(4,5-dichloro-2-nitrophenyl)-
4,5-dihydro-1H-pyrazole (34e). Mp: 164-166°C. Yield:
60%; 'H NMR (400.17 MHz, CDCl;) &: 7.94 (s, 1H, H-3"), 7.72 (s,
1H, H-6), 4.09 (t, 2H, Js.4=10.6Hz, H-5), 3.13 (¢, 2H, Jo
5=10.6 Hz, H-4), 2.49-2.44 (m, 1H, H-17), 1.13-0.86 (i, 4H, H-
2", H-3"). 3C NMR (125.69 MHz, CDCls) &: 173.01 {CO), 150.36
(C-3), 146.82 (C-2’), 137.54 (C-5'), 134.68 (C-4'), 131.62 (C-6'),
126.33 (C-3'), 126.18 (C-17), 45.25 (C-5), 33.06 (C-4), 11.81 (C-17),
8.82 (C-27, C-3”). MS (LSIMS): [M+Nal" = 350.0077.

4.1.4.6. 1-Benzoyl-3-(4,5-dichloro-2-nitrophenyl)-4,5-dihydro-
1H-pyrazole (34f). Mp: 130-132°C. Yield: 50%; 'H NMR
(400.17 MHz, CDCl;) 4: 7.90 (s, 1H, H-3), 7.80 (d, 2H, H-2", H-6",
e, = J2 s =7.2 Hz), 7.63 (s, 1H, H-6’), 7.45-7.38 (m, 3H, H-3", H-
47, H-5"), 429 (t, 2H, H-5, Js_4=10.1Hz), 3.18 {t, 2H, H-4,
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Ja_s = 10.1 Hz). 13C NMR (75.49 MHz, CDCl3) 6: 167.52 (CO), 151.22
{C-3), 137.38 (C-17), 13470 (C-5), 133.41 (C-4), 131.43 (C-6)),
131.36 (C-4"), 129.74-127.88 (C-2-C-6”), 126.25 (C-3'), 12591
(C-1%), 45.81 (C-5), 32.54 (C-4). MS (ESI): [M+H]" = 364.0256.

4.147. 3-(4,5-Dichloro-2-nitrophenyl}-1-phenylacetyl-4,5-
dihydro-1H-pyrazole (34g). Mp: 128-130°C. Yield: 40%; 'H
NMR (300.20 MHz, CDCl) é: 7.93 (s, 1H, H-3'), 7.63 (s, 1H, H-6"),
7.42-7.26 (m, 5H, H-2” to H-6”), 4.08 (t, 2H, Js_4 = 10.4 Hz, H-5),
3,97 (s, 2H, COCHz), 3.13 (t, 2H, J15=10.5 Hz, H-4). "*C NMR
(75.49 MHz, CDCl3) é: 170.23 (CO), 150.62 (C-3), 148.05 (C-27),
137.53 (C-17), 135.07 (C-5), 134.91 (C-4), 131.64 (C-6"), 129.73,
128.71 (C-27, C-37, C-57, C-6”), 127.08 (C-4"), 126.39 (C-3'), 125.8
(C-1%), 44.93 (C-5), 4099 (COCH,), 33.25 (C-4). MS (ESI):
[M+H]" = 378.0412.

4.1.4.8. 3-(4,5-Dichloro-2-nitrophenyl}-1-phenylpropanoyl-4,5-
dihydro-1H-pyrazole (34h). Mp: 126-128 °C. Yield: 41%; 'H
NMR (300.20 MHz, CDCly) 4: 7.86 (s, 1H, H-3'), 7.54 (s, 1H, H-6"),
7.34-7.20 (m, 5H, H-2" to H-6"), 4.00 (t, 2H, Js_, = 10.2 Hz, H-5),
3.04 {t, 2H, j4_5= 102, H-4), 3.02-2.91 (m, 4H, COCH,CH,). C
NMR (75.49 MHz, CDCl3) 4: 171.72 {CO), 150.57 (C-3), 148.04 (C-
2, 141.29 (C-17), 137.60 (C-5), 134.85 (C-4’), 131.63 (C-6),
128.77 (C-2"-C-6"), 126.38 (C-3'),126.33 (C-1'), 44.84 (C-5), 35.92
(COCH,CH,), 3320 (C-4), 31.34 {COCH,(H,). MS (ESI):
[M+H]" = 392.0569.

4.149. 3-(5-Methoxy-2-nitrophenyl}-1-phenylacetyl-4,5-dihy-
dro-1H-pyrazole (34i). Mp: 116-117°C. Yield: 75%; 'H
NMR (400.17 MHz, CDCl3) &: 8.05 (d, 1H, H-3' js_4 = 9.0 Hz),
7.40-7.19 {m, 5H, H-2” to H-6"), 7.02 (dd, 1H, j4 3 =9.0Hz, J4_
& = 2.8 Hz, H-4), 6.95 (d, 1H, Jg_y = 2.8 Hz, H-6"), 4.09 (t, 2H, H-5,
Jsa=10.6 Hz), 4.00 (s, 2H, COCH,), 3.93 (s, 3H, OCH3), 3.13 (d,
2H, J4 5= 106 Hz, H-4,). *C NMR (125.69 MHz, CDCl;) 5: 17241
(CO), 165.76 (C-5), 157.33 {C-3), 141.40 (C-2), 137.91 (C-17),
132.68, 132.16, 131.06 (C-2” to €-6”), 129.94 (C-1"), 129.32 {C-3'),
11840 (C-6'), 117.54 (C-4'), 58.78 (OCH3), 47.24 (COCH,), 4343
(C-5), 36.99 (C-4). MS (LSIMS): [M+H]" = 340.1297.

4.1.4.10. 3-(5-Methoxy-2-nitrophenyl}-1-phenylpropanoyl-4,5-
dihydro-1H-pyrazole (34;j}. Mp: 117-118°C. Yield: 81%; 'H
NMR (400.17 MHz, CDCl3) é: 8.05 (d, 1H, ja_s = 9.0 Hz, H-3),
7.32-7.13 (m, 5H, H-2" to H-6"), 7.02 (dd, 1H, Jy_3 = 9.0Hz, Jy¥_
& = 2.8 Hz, H-4), 6.93 (d, 1H, Jo_y = 2.8 Hz, H-6"), 4.08 (t, 2H, Js_
4=10.6 Hz, H-5), 2.92 (s, 3H, OCH3), 3.12 (d, 2H, J4_5 = 10.6 Hz, H-
4), 3.01-2.99 (m, 4H, COCH>CH,). '3C NMR (125.69 MHz, CDCl3)
5: 173.87 (CO), 165.81 (C-5), 157.24 {C-3), 143.95 (C-2'), 137.91
(C-17), 132.80, 131.15, {C-2" to C-6"), 130.97 (C-1’), 128.62 (C-3"),
11845 (C-6'), 117.40 (C-4'), 58.80 (OCH5), 47.14 (C-5), 38.35
(COCH,CH,), 36.99 (COCH,(H,), 33.64 (C-4). MS (LSIMS):
[M+H]" = 354.1453.

41411. 1-Cyclopropylcarbonyl-3-(4,5-dimethoxy-2-nitro-
phenyl}-4,5-dihydro-1H-pyrazole (34k). Mp: 144-146°C.
Yield: 80%; 'H NMR (400.17 MHz, CDCl3) §: 7.60 (H-3'), 6.98 (H-
6'), 4.09 (t, 2H, js_4=10.2Hz, H-5), 4.00 (5-OCHs), 3.98 (4-
OCH3), 3.11 (t, 2H, Ja_s = 10.2 Hz, H-4), 2.55-2.51 (m, 1H, H-1"),
1.08-0.83 (m, 4H, H-2”, H-3"). 13C NMR (125.69 MHz, CDCl;) §:
172.66 (CO), 155.15 (C-3), 153.22 (C-5), 149.96 (C-4'), 141.90 (C-
27, 122.39 (C-17), 112.13 (C-6’), 10807 (C-3'), 56.89, 56.78 (4'-
OCH3, 5’-OCH3), 45.14 (C-5), 34.40 (C-4), 11.89 (C-1”), 8.56 (C-2",
C-37). MS (LSIMS): [M+H]" = 320.1246.

4.1.4.12. 1-Benzoyl-3-(4,5-dimethoxy-2-nitrophenyl}-4,5-dihy-
dro-1H-pyrazole (34l). Mp: 186-188°C. Yield: 60%; 'H
NMR (300.20 MHz, CDCl3) é: 7.92-7.89 (m, 2H, H-2", H-6"), 7.59

(s, 1H, H-%"), 7.48-7.42 (m, 3H, H-3" to H-5"), 7.29 (s, 1H, H-6"),
433 (t, 2H, Js_4 = 9.9 Hz, H-5), 4.00, 2.99 (2s, 6H, 4-OCHs, 5-
OCH3), 3.21 (t, 2H, J4_s = 9.9 Hz, H-4). '3C NMR (75.49 MHz, CDCl;)
5: 165.71 (CO), 151.28 (C-3), 148.24 (C-5'), 144.08 {C-4'), 139.72
(C-2), 132.49 (C-17), 129.43 (C-2”, C-6"), 128.24 (C-4”), 126.16
(C-37, C-57), 120.25 (C-1°), 11023 (C-6'), 106.29 (C-3'), 55.02 (&'~
OCH;, 5-OCHs), 4418 (C-5), 3229 (C-4). MS (LSIMS):
[M+Na]* = 378.1064.

4.1.413. 3-(4,5-Dimethoxy-2-nitrophenyl}-1-phenylacetyl-4,5-
dihydro-1H-pyrazole (34m). Mp: 60-62°C. Yield: 52%; 'H
NMR (300.20 MHz, CDCl3) 4: 7.58 (s, 1H, H-2'), 7.37-7.35 (m, 2H,
H-2”, H-6”), 7.30-7.27 (m, 2H, H-3", H-5"), 7.22 (m, 1H, H-4"),
6.88 (s, 1H, H-6), 4.07 (t, 2H, J5s_4 = 10.2 Hz, H-5), 4.01-3.93 (m,
8H, 4-0CHj, 5'-OCH;, CO-CH,), 3.10 (t, 1H, 2H, J,_5 = 10.2 Hz, H-
4). 13C NMR (7549 MHz, CDCl3) é: 165.17 (CO), 150.64 (C-3),
148.37 (C-5), 14533 ((-4'), 136.70 (C-2'), 130.86 (C-17), 124.98
(C-37, €57), 123.87 (C-2, C-6"); 122.17 (C-4"), 117.21 (C-1'),
107.39 (C-6'), 103.32 (C-3'), 52.10 (4-OCH3, 5-OCH3), 40.14 (C-
5), 36.42 {CO-CH,), 29.71 (C-4). MS (LSIMS): [M+H]" = 370.1402.

4.1.4.14. 3-(4,5-Dimethoxy-2-nitrophenyl}-1-phenylpropanoyl}-
4,5-dihydro-1H-pyrazole (34n). Mp: 165-167 °C. Yield 30%;
'H NMR (400.17 MHz, CDCl3) &: 7.58 (s, 1H, H-3'), 7.27-7.25 (m,
4H, H-2%, H-3", H-5", H-6”), 7.18 {m, 1H, H-4"), 6.89 (s, 1H, H-6'),
4.08 (t, 2H, js4 = 10.2 Hz, H-5), 3.99, 3.98 (25, 4-0CH3, 5'-OCH3),
3.09 (t, 2H, J4_5=10.2 Hz, H-4), 3.01-2.98 (m, 4H, CO-CH,-CHa).
13C NMR (125.69 MHz, CDCl3) &: 173. 76 (CO), 157. 64 (C-3),
155.59 (C-5"), 15242 (C-4'), 144.01 (C-2), 143.77 (C-17), 131.15
(C-27, €C-6"), 130.98 (C-3", C-5"), 128.62 (C-4*), 124.57 (C-1'),
11441 (C-6'), 110.48 (C-3), 59.30, 59.22 (4-OCH; 5-OCHs),
47.16 (C-5), 38.37 (C-4), 36.98 (CO-CH,-CH,), 33.62 (CO-CH,-
CHy). MS (LSIMS): [M+H]" = 384.1559.

4.1.415. 1-Cyclopropylcarbonyl-3-(6-nitro-2,3,4-trimethoxy-
phenyl}-4,5-dihydro-1H-pyrazole (340). Mp: 100-103 °C.
Yield: 30%; 'H NMR (400.17 MHz, CDCl;) &: 7.42 (s, 1H-5), 4.07
(t, 2H, H-5, Js_4 = 10.2 Hz), 3.96, 3.95, 3.90 (3s, 2’-OCHj, 3'-OCH,,
4-OCH3), 3.18 (t, 2H, H-4, J4 s = 10.2 Hz), 2.41-2.38 (m, 1H, H-
17), 1.04-0.83 (m, 4H, H-2*, H-3"). 13C NMR (75.49 MHz, CDCl;)
8: 172,66 (CO), 154.14 (€-3), 153.12 (C-4'), 152.58 (C-3"), 147.13
(C-6'), 143.69 (C-27), 116.82 (C-1'), 104.58 (C-5'), 62.45, 61.46 (2'-
OCH3, 3-OCHs), 56.81 (4'-OCH3), 44.83 (C-5), 35.93 (C-4), 11.90
(C-17), 841 (C-27, C-3”). MS (LSIMS): [M+H]" = 350.1306.

4.1.4.16. 1-Benzoyl-3-(6-nitro-2,3,4-trimethoxyphenyl}-4,5-
dihydro-1H-pyrazole (34p). Mp: 102-106 °C. Yield: 20%; 'H
NMR (400.17 MHz, CDCls) 4: 7.70-7.67 (m, 2H, H-2", H-6"), 7.33-
7.25 (m, 3H, H-3" to H-57), 7.18 (s, 1H, H-5"), 423 (t, 2H, J,_
5=9.9Hz, H-4), 3.87, 3.86, 3.79 (3s, 2'-OCHs, 3-OCH;, 4-OCH5),
318 {t, 2H, j45 = 9.9 Hz, H-4). 13C NMR (75.49 MHz, CDCL3) 4:
168.91 (CO), 155.35 (C-3), 154.91 (C-4), 153.80 (C-3'), 148.12 (C-
6), 145.12 (C-2), 135.71 (C-4"), 132.19 (C-3”, C-5), 130.19 (C-
17), 129.08 (C-2, C-6"), 117.19 (C-1"), 105.71 (C-5'), 63.47, 62.59
(2/-OCH3, 3-OCH3), 57.06 (4-0OCHs), 46.87 (C-5), 36.71 (C-4). MS
(LSIMS): [M+H]* = 386.1312.

41.417. 1-Phenylacetyl-3-(2,3,4-trimethoxy-6-nitrophenyl}-
4,5-dihydro-1H-pyrazole (34q). Mp: 100-102°C. Yield:
21%; 'H NMR (400.17 MHz, CDCl3) é: 7.45-7.10 {(m, 6H, H-2" to
H-6", H-5), 4.08 (t, 2H, H-5, Js_4=10.0Hz), 3.98, 3.97 (2s, 2'-
OCH3, 3-OCH3), 3.94 (s, 4-OCH3), 3.94-3.86 (m, 2H, CO-CH,),
3.19 (t, 2H, H-4, J4_s=10.0 Hz)."*C NMR (75.49 MHz, CDCl3) é:
169.81 (CO), 154.17 (C-3), 153.30 (C-4), 152.57 (C-3'), 147.15 (C-
6), 143.70 (C-2'), 135.64 (C-1"), 129.64 (C-3", C-5"), 128.57 (C-2”,
C-6”), 126.81 (C-4”), 116.73 (C-1’), 104.63 (C-5’), 62.36, 61.48
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(2’-0CHj, 3'-OCH3), 46.83 (4'-0OCH;), 44.53 (C-5), 40.96 (CO—CH,),
36.71 (C-4). MS {LSIMS): [M+H]" = 400.4031.

4.1.4.18. 3-{6-Nitro-2,3,4-trimethoxyphenyl}-1-phenylpropa-
noyl-4,5-dihydro-1H-pyrazole (34r). Mp: 104-106 °C. Yield:
22%; "H NMR (400.17 MHz, CDCls) d: 7.30-6.97 (m, 6H, H-5, H-2"
to H-6"), 4.10 (t, 2H, Js_4 = 10.0 Hz, H-5), 3.97, 3.85 (25, 2’-OCH, 3'-
OCH3), 3.87 (s, 4-0CH;), 3.19 (t, 2H, J;_s = 10.0 Hz, H-4), 2.00-2.94
{(m, 4H, -CO-CH,~CH3). 3C NMR (125.69 MHz, CDCl3) §: 180.21
(CO), 156.59 (C-3), 155.79 (C-4), 154.94 (C-3'), 149.52 (C-6'),
143.92 (C-2), 142.97 (C-17), 131.18 (C-2”, C-6”), 131.97 (C-3", C-
57), 128.96 (C-4”), 119.05 (C-1’), 107.03 (C-5), 62.23, 61.29 (2'-
OCH3, 2-OCH3), 46.86 (4-OCHs), 44.27 (C-5), 38.45 (C-4), 35.85
(CO-CH,-CH,), 3221  (CO-CH,-CHp). MS  (LSIMS):
[M+H]" = 414.1604.

4.1.5. Preparation of 1-acyl-3-(2-aminophenyl-substituted}-4,5-
dihydro-1H-pyrazoles (3a-n} and 1-acy-3-(6-aminophenyl-
2,3,4-trimethoxy-}-4,5-dihydro-1H-pyrazole (30-r) general
method

A mixture of nitroarene {0.309 mmol) and SnCl, (350 mg) was
dissolved on ethanol and was stirred under reflux for 2 h. The solu-
tion was quenched to pH=7 with saturated NaHCO3 water solu-
tion, extracted with ethyl acetate (2 x 15mL), and dried
(Na,S0y4). Evaporation of the solvent gave a residue of the corre-
sponding amino-derivative that was purified by column chroma-
tography (EtOAc/hexane 1:3).

4.1.5.1. 3-(2-Aminophenyl)- 1-phenylacetyl-4,5-dihydro-1H-pyr-
azole (3a). Mp: 196-198°C. Yield: 70%; 'H NMR
(300.20 MHz, CDCl3) §: 7.39-7.20 (m, 7H, H-2" to H-6", H-4, H-
), 6.77-6.72 (m, 2H, H-3, H-5'), 5.71 (sa, 2H, NH,), 4.08 (s, 2H,
CO-CH,), 4.02 (t, 2H, Js_4=10Hz, H-5), 3.34 (t, 2H, H-4, J._
5=10Hz). '3C NMR (75.49 MHz, CDCl;) 4: 168.89 (CO), 157.87
(C-3), 146.99 (C-2'), 135.58 (C-17), 131.30 (C-4’), 129.78 (C-6"),
129.28, 128.82 (C-2”, C-37, C-57, €-6”), 126.99 (C-4”), 117.05 (C-
57, 116.24 (C-3), 112.95 (C-1'), 4293 (C-5), 41.64 (CO-CH,),
33.41 (C-4). MS {LSIMS): [M+Na]" = 302.1267.

4.1.5.2. 3-(2-Aminophenyl)-1-phenylpropanoyl-4,5-dihydro-
1H-pyrazole (3b). Mp: 145-147°C. Yield: 74%; 'H NMR
(300.20 MHz, CDCl3) §: 7.33-7.11 (m, 7H, H-2" to H-6", H-4, H-
6), 6.78-6.73 (m, 2H, H-3, H-5), 5.76 {sa, 2H, NH,), 4.00 {t, 2H,
Js.4=10Hz, H-5), 3.34 (t, 2H, Ja5=10Hz, H-4), 3.10-3.03 (m,
4H, CO-CH,~CH>). '3C NMR (75.49 MHz, CDCls) : 170.29 (CO),
157.67 (C-3), 14698 (C-2'), 141.64 (C-17), 131.24 (C-4), 129.75
(C-6"), 128.72, 128.67 (C-27, C-37, C-5”, C-6"), 126.34 (C-4"),
117.04 (C-5), 11624 (C-3"), 113.53 (C-17), 42.79 (C-5), 36.37
(CO-CH,-CH,), 33.26 (C-4), 31.23 (CO-CH,—CH,). MS (LSIMS):
[M+Na]" = 316.1416.

4.1.5.3. 3-(2-Amino-5-chlorophenyl}-1-phenylacetyl-4,5-dihy-
dro-1H-pyrazole (3c). Mp: 152-154°C. Yield: 68%; 'H
NMR: (400.17 MHz, CDCl;) é: 7.33-7.26 (m, 5H, H-2" to H-6"),
7.15-7.11 (m, 2H, H-4, H-&), 6.65 {d, 1H, J,_, = 8.6 Hz, H-3’),
4.02-3.96 (m, 4H, H-5, CO-CH,), 3.27 (t, 2H, J45 = 10Hz, H-4).
13C NMR (7549 MHz, CDCl3) &: 168.94 (-CO-), 15665 (C-3),
14545 (C-2'), 135.35 (C-17), 130.99 (C-4'), 129.20 (C-6), 128.91
(C-2" to C-6"), 121.39 (C-5'), 117.43 (C-3'), 114.60 (C-1"), 43.05
(C-5), 41.61 (CO-CHy), 3325 (C-4). MS (LSIMS):
[M+Na]" = 336.0884.

4.1.54. 3-(2-Amino-5-chlorophenyl}-1-phenylpropanoyl-4,5-
dihydro-1H-pyrazole (3d). Mp: 165-167 °C. Yield: 69%; 'H
NMR: (400.17 MHz, CDCl;) é: 7.30-7.19 (m, 5H, H-2" to H-6"),
7.16-7.10 (m, 2H, H-#, H-6), 6.66 {d, 1H, Jy_y = 8.6 Hz, H-3"),
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3.97 (t, 2H, Js_s = 10.1 Hz, H-5), 3.26 (t, 2H, J4_s = 10.1 Hz, H-4),
3.05-2.98 (1m, 4H, CO-CH,~CH,). 3C NMR (125.69 MHz, CDCl,) &:
170.33 (CO), 156.41 (C-3), 145.44 {C-2’), 141.48 (C-17), 130.93 (C-
4), 128.88 (C-6), 128.62 (C-2", C-3, (-5, C-6"), 126.36 {C-4"),
121.39 (C-5), 11742 (C-3), 114.60 (C-1'), 42.90 (C-5), 3627
{CO-CH,y~CH,), 33.11 (C-4), 31.14 (CO-CHy~CH,). MS (LSIMS):
[M+Na]" = 350.1036.

4.1.5.5. 3-(2-Amino-4,5-dichlorophenyl}-1-cyclopropylcarbon-
yl-4,5-dihydro-1H-pyrazole (3e). Mp: 148-148°C. Yield:
80%; 'H NMR (400.17 MHz, CDCl3) 8: 7.27 (s, 1H, H-3'), 6.85 (s,
1H, H-6"), 3.99 (t, 2H, js_4 = 10.2, H-5), 3.27 (t, 2H, Ja_s = 10.2, H-
4), 230-2.36 (m, 1H, H-17), 1.11-0.80 (m, H-2”, H-3"). '3C NMR
{(125.69 MHz, CDCl3) 8: 178.07 (CO), 158.29 (C-3), 141.23 (C-2),
130.50 (C-4), 125.78 (C-6'), 125.26 (C-5), 115.32 (C-1"), 11241
{C-3’), 35.89 (C-5), 28.30 (C-4), 743 (C-17), 3.73 (C-2”, C-3"). MS
(LSIMS): [M+Na[* = 321.0414.

4.1.5.6. 3-(2-Amino-4,5-dichlorophenyl}-1-benzoyl-4,5-dihy-
dro-1H-pyrazole (3f). Mp: 220-223 °C. Yield: 92%; 'H NMR
{400.17 MHz, DMSO0) é: 7.68 (d, 2H, J,«_y = Jg_5 = 8.0 Hz, H-2",
H-6"), 7.52-7.42 (m, 3H, H-3", H-4", H-5"), 7.40 (s, 1H, H-6"), 6.89
(s, 1H, H-3), 3.99 (t, 2H, Js_4=9.9Hz, H-5), 3.36 (t, 2H, Jao_
5=99Hz H-4). '3C NMR (75.49 MHz, CDCl;) §: 168.07 (CO),
157.69 (C-3), 147.69 (C-2'), 135.81 (C-17), 133.36 (C-4'), 131.49
{C-6'), 129.08-128.60 (C-2”, C-6", C-3", C-5"), 131.29 {C-4"),
116.57 {C-3'), 113.40 (C-1'), 116.76 (C-5'), 44.15 (C-5), 31.38 (C-
4). MS (ESI): [M+H]" = 334.0514.

4.1.5.7.  3-(2-Amino-4,5-dichlorophenyl}-1-phenylacetyl-4,5-
dihydro-1H-pyrazole (3g). Mp: 155-169 °C. Yield: 90%; 'H
NMR (400.17 MHz, CDCl3) é: 7.30 (m, 6H, H-6, H-2" to H-6"),
6.88 (s, 1H, H-3"), 4.04-3.98 (m, 4H, COCH,, H-5); 3.25 (t, 2H, J;_
5=10.5Hz, H-4)13C NMR (75.49MHz, CDCl3) 4: 168.88 (CO),
155.38 (C-3), 145.32 (C-2'), 142.68 (C-17), 134.66 (C-4'), 130.43
{C-6'), 129.00-128.70 (C-2”, C-6", C-3”, C-5”), 126.93 (C-4"),
122.23 (C-5'), 117.31 (C-3'), 113.05 {C-1"), 43.07 (C-5), 41.48
{CO-CH,), 33.06 (C-4). MS (ESI): [M+Na]" = 370.0490.

4158 3-(2-Amino-4,5-dichlorophenyl}-1-phenylpropanoyl-
4,5-dihydro-1H-pyrazole (3h). Mp: 175-178 °C. Yield: 93%;
TH NMR (300.20 MHz, CDCls) §: 7.26 (m, 6H, H-6, H-2 to H-6"),
6.92 (s, 1H, H-3"), 5.05 (sa, 2H, NHy), 4.02 (t, 2H, Js_4 = 10.3 Hz, H-
5), 3.28 (t, 2H, js5= 103 Hz, H-4), 3.05-2.98 {m, 4H, CO-CH;-
CH,).13C NMR {75.49 MHz, CDCl3) 4: 170.47 (CO), 155.54 (C-3),
144.60 {C-2), 141.39 (C-17), 134.81 (C-4'), 130.61 (C-6’), 128.75,
128.67 (C-2”, C-6”, C-37, (-5, C-5'), 12643 (C-4"), 120.51 (C-1"),
118.05 (C-37), 43.03 (C-5), 36.22 (CO-CH,-CH,), 33.09 (C-4),
31.14 (CO-CH,—CH,). MS (ESI): [M+H]" = 362.0812.

41.5.9. 3-(2-Amino-5-methoxyphenyl}-1-phenylacetyl-4,5-
dihydro-1H-pyrazole (3i). Mp: 177-180°C. Yield: 71%; 'H
NMR (400.17 MHz, CDCl3) 4: 7.36-7.21 (m, SH, H-2” to H-6"),
6.85 {dd, H, J4_3 = 8.8 Hz, J4_¢ = 2.9 Hz, H-4'), 6.75-6.71 (m, 2H,
H-3', H-6'), 4.04 (s, 2H, CO-CH,), 3.99 (t, 2H, Js_, = 8.8 Hz, H-5),
3.76 (s, 3H, OCHas), 3.28 (t, 2H, J,5-8.8 Hz, H-4). 3C NMR
{125.69 MHz, CDCls) §: 171.40 (CO), 159.83 (C-5'), 154.02 (C-3),
143.18 (C-27), 137.91 (C-17), 131.70, 131.21 (C-2", C-3", C-5", C-
67), 129.39 (C-4"), 120.64 (C-4), 120.19 (C-3'), 116.82 (C-6'),
113.72 (C-1'), 58.70 (OCH3), 45.44 (C-5), 43.98 (CO-CH,), 35.83
{C-4). MS (ESI): [M+Na]" =332.1374.

41.5.10. 3-(2-Amino-5-methoxyphenyl}-1-phenylpropanoyl-
4,5-dihydro-1H-pyrazole (3j). Mp: 155-157°C. Yield: 75%;
H NMR (400.17 MHz, CDCl3) é: 7.31-7.24 (m, 4H, H-2", H-3”, H-
57, H-6"), 7.20-7.18 (m, 1H, H-4"), 6.86 (dd, 1H, J, , =8.8 Hz,
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Ji's = 3.1 Hz, H-4'), 6.76-6.72 {m, 2H, H-3, H-6"), 3.97 {t, 2H, Js_
4= 103 Hz, H-5), 3.77 (s, 3H, OCH;), 3.29 {t, 2H, J4.s = 10.3 Hz, H-
4), 3.08-2.97 {m, 4H, COCH,~CH,) "*C NMR (125.69 MHz, CDCly)
8: 172.80 {CO), 159.61 {C-5'), 154.07 {C-3), 143.99 {C-2'), 143.04
{C-1"), 131.07 {C-2", C-3", C-5", C-6"), 128.72 (C-4"), 120.52 (C-
4, 12023 {C-3), 116.83 (C-6'), 113.50 {C-1"), 58.69 (OCH;),
45.30 (C-5), 38.70 {CO-TH,~CH,), 35.69 (C-4), 33.60 (CO-CH,-
CH,). MS (ESI): [M+Na]* = 346.1531.

4 5.dimett

41511, 3-(2-A phenyl}-1-cyclopropylcar-
bonyl-4,5-dihydro-1H-pyrazole (3K} Mp: 128-130°C. Yield:
90%; 'H NMR {400.17 MHz, CDCl3) é: 6.71 {5, 1H, H-6"), 6.32 (s, 1H,
H-3'), 3.97 {t, 2H, Js_4 = 9.6, H-5), 2.88 {5, 2H, 5'-0CH3), 3.82 {5, 3H,
4-0CH4), 2.29 (¢, 2H, J4.5 = 9.6, H-4), 2.43 (m, 1H, H-1"}, 1.10-0.84
{(m, 2H, H-2", H-3"), "C NMR (75.49 MHz, CDCl3) 4: 171.43 (CO),
157.14 {C-3), 152.41 {C-4'), 142.58 (C-5'), 141.35 (C-2'), 113.21
(C-6), 105.87 (C-1"), 100.10 (C-3), 57.32 (4-0OCH,), 56.06 {5'-
0OCH;), 43.07 {C-5), 33.40 (C-4), 12.17 {C-1"), 8.25 (C-2", C-3").
MS (LSIMS): [M+Na]' = 312.1324,

4.1.5.12. 3-(2-Amino-4,5-dimethoxyphenyl}-1-benzoyl-4,5-
dihydro-1H-pyrazole (31). Mp: 128-130°C. Yield: 66%; 'H
NMR (300.20 MHz, CDCly) 4: 7.90-7.87 {m, 2H, H-2", H-6"), 7.47-
7.43 {m, 3H, H-3"-H-5"), 6.78 (s, 1H, H-6"), 6.72 (s, 1H, H-3"), 4.21
(t, 2H, Js_4 = 10.1 Hz, H-5), 3.89 {s, 3H, 5'-0CH,), 2.87 {s, 3H, 4'-
OCH3), 3.38({t, 2H, /4.5 = 10.1 Hz, H-4). ""C NMR {75.49 MHz, CDCl)
a: 165.38 (CO), 15546 (C-3), 150,60 {C-4'), 145.23 (C-5"), 141.06 (C-
2, 133.34 (C-17), 129.25 {C-7", C-5"), 126.45 (C-2°, C-6"), 126.37
(C-4"), 115.06 {C-17), 111.18 (C-6"), 101.65 (C-3'), 55.48 {4'-0CH3),

5456 (5-OCH;), 4210 (C-5), 3121 {(C-4). MS (ESI):
[M+Na]* = 348.1330.
4.15.13.3-(2-A 4,5-dimethoxyphenyl}-1-phenylacetyl-4,5-

dihydro-1H-pyrazole (3m). Mp: 185-186 C. Yield: 89%; 'H
NMR (400.17 MHz, CDCly) & 7.35-7.26 {m, 4H, H-2", H-3", H-5",
H-6"), 7.22-7.20 {m, 1H, H-4"), 6.69 {s, 1H, H-6"), 6.52 {5, 1H, H-
3" 4.04 (5, 2H, CO-CH2), 3.98 (t, 2H, Js_4=10.2 Hz, H-5), 3.85 (s,
3H, 5-0CH;), 3.82 (s, 3H, 4-0CH3), 3.26 {t, 2H, [4_s = 10.2 Hz, H-
4). *C NMR {125.69 MHz, CDCl;) 4 171.21 {CO), 159.39 {C-3),
15474 (C-47), 145.24 (C-5), 141.38 (C-2'), 137.99 (C-1"), 129.16
(C-3", C-5"), 128,69 (C-2", C-6"), 126.83 {C-4"), 11537 {C-1"),
112,78 (C-6'), 101,65 {C-3'), 57.05 {4-0CHs), 56.02 {5-0OCHj),
4279 (C-5), 4116 (CO-CH»), 3331 (C-4). MS (LSIMS):
[M+H]" = 340.1661.

41514 3-(2A 4,5-dimethoxyphenyl)-1-phenyl,

(C-5'), 62.79, 63.64 (2-OCH,, ¥-0CH;), 5836 (4-OCH;), 45.78
(C-5), 38,51 (C-4), 1449 (C-1"), 10.51 (C-2", C-3"). MS (LSIMS):
[M+H]* = 320.1504.

4.1.5.16.  3-(6-Amino-2,3 4-trimethoxyphenyl}-1-benzoyl-4,5-
dihydro-1H-pyrazole (3p). Mp: 155-157 °C. Yield: 60%; 'H
NMR {400.17 MHz, CDCly) é: 7.81-7.79 {m, 2H, H-2", H-6"), 7.39-
7.37 {m, 3H, H-3"-H-5"), 529 (s, 1H, H-6'), 413 (t. 2H, fs
4= 117 Hz, H-5), 3.92 {1s, 3H, 3-0CH3), 3.83, 381 (2s, G6H, 2'-
OCH3, #-0CHs), 351 (t, 2H, Jas=117Hz, H-4)."C
NMR(75.49 MHz, CDCly) 6: 167.12 {CO), 156.14 {C-3), 155.54 {C-
4, 15443 {C-2'), 14465 {C-6'), 13493 {C-3), 13334 (C-1"),
130,71 {C-2", C-5"), 128,12 {C-2", C-6"), 126.87 {C-4"), 110.31 {C-
11, 77.18 (C-5"), 61.48, 61.01 (2-OCH3, 3'-0CH5), 56.26 {4'-OCH3),
43.90 {C-5), 35.64 {C-4). MS (LSIMS): [M+H]" = 356.1561.

4.1.5.17. 3-(6-Amino-2,3 4-trimethoxyphenyl}-1-phenylacetyl-
4,5-dihydro-1H-pyrazole (3q). Mp: 158-160°C. Yield: 60%;
'H NMR {400.17 MHz, CDCly) é: 7.33-7.21 {m, 5H, H-2" to H-6"),
597 {s, 1H, H-5"), 4.00-3.85 {m, 4H, H-5, CO-CH,), 3.86, 3.82 (25,
6H, 2-0CH3, 3'-OCH3), 3.74 (s, 3H, 4-0CH;), 3.40 (1, 2H, [
5=10Hz, H-4). "C NMR (75.49 MHz, CDCly) #: 168.66 (CD),
157.20 {C-3), 155.89 (C-4'), 154.62 (C-2'), 144.69 (C-6'), 135.79
(C-3), 133.97 (C-1"), 129.20 (C-3", C-57), 128.80 (C-2", C-6"),
126,90 (C-4"), 104,99 {C-1"), 94,97 {C-5'), 61.26 {2'-0CH;, ?'-
OCH3), 55.95 (4'-OCH3), 43.09 (C-5), 41.70 {CO-CH>), 36.33 (C-4).
MS {LSIMS): [M+H]™ = 370.1703.

4.1.5.18. 3-(6-Amino-2,3,4-trimethoxyphenyl}-1-phenypropa-
noyl-4,5-dihydro-1H-pyrazole (3r}. Mp: 158-160°C. Yield:
G8%; "H MMR (400,17 MHz, CDCl3) 6: 7.28-7.27 {m, 5H, H-2" to
H-6"), 6.03 (s, 1H, H-5), 3.95 (t, 2H, Js_4 = 10 Hz, H-5), 3.87, 3.84
(2s, 6H, 2-0CH,, ¥-0CH3), 3.76 (s, 3H, 4-0CHs), 3.44 (t, 2H, f4
s=10Hz, H-4), 3.04-296 {m, 4H, CO-CH,-CH.). "*C NMR
(75.49 MHz, CDCly) 4: 166.11 (CO), 158.19 (C-3), 15296 (C-4'),
151.89 {C-1'), 144,70 {C-6'), 141.29 {C-3"), 127.79 {C-1"), 124,75
(€C-2", C-3", C5, C-6"), 122.36 (C-4"), 98.09 (C-1'), 91.30 {C-5'),
57.89, 57.32 (2'-0CH,, 3-0CH,), 52.05 (4-0CH;), 39.00 {C-5),
3238 (C-4), 3228 (CO-CH»-CH.), 27.36 (CO-CH,-CH.). MS
(LSIMS): [M+H]" = 384.1832.

4.2, In vitro nNOS and iNOS activities determination
-Arginine, 1-citrulline,  N-{2-hydroxymethyl)piperazine--

{2-ethanesulfonic  acid) {HEPES), oc-dithiothreitol {(DTT),
hypoxantine-9--o-ribofuranosid {inosine), ethylene glycol-bis-

noyl-4,5-dihydro-1H-pyrazole (3n). Mp: 176-179 °C. Yield:
60%; '"H NMR {400.17 MHz, CDCly) é: 7.27-7.25 (m, 4H, H-2", H-
37, H-5", H-6"), 7.17-7.15 {m, 1H, H-4"), 6.70 {5, 1H, H-6'), 6.52
(s, 1H, H-3"), 3.96 {t, 2H, Js_4=10.0 Hz, H-5), 3.86 (s, 3H, 5'-
OCHs), 3.83 (s, 3H, 4-0OCHy), 3.26 (1, 2H, J,_s = 10.0 Hz, H-4),
3.05-2.98 {m, 4H, CO-CH3~CH,). "*C NMR {75.49 MHz, CDCl;) :
165.43 {CO), 152,08 {C-3), 147.57 {C-4'), 145.24 {C-5"), 138.02 {C-
2'), 136.89 (C-17), 123,98, 123.95 (C-2", C-3", C-5", C-6"), 121.55
(C-4"), 113.93 (C-1'), 108.20 (C-6"), 97.01 {C-3"), 52.48 {4-0CH,),
51.44 (5-0CH3), 38.04 (C-5), 31.50 {C-4), 30.70 {CO-CHy-CH,),
2566 {CO-CHa—CHz). MS {LSIMS): [M+H]" = 354.1817.

4.1.5.15. 3-(6-Amino-2,3,4-trimethoxyphenyl}-1-cyclopropyl-
carbonyl-4,5-dihydro-1H-pyrazole (3o0). Mp: 176-179°C.
Yield: 65%; 'H-NMR: {400.17 MHz, CDCl3) 6: 6.02 (s, H-5'), 3.93
(t, 2H, Js_q= 10.0 Hz, H-5), 3.87, 3.84 (2s, 6H, 2’-0CHs, ¥-0CH,),
3.76 (s, 3H, 4-0CH3), 3.42 {1, 2H, fa_s = 10.0 Hz, H-4), 2.42-239
(m, 1H, H-1"), 1.08-0.83 {m, 2H, H-2", H-3"). “*C NMR
{75.49 MHz, CDCl3) 4: 173,83 {CO), 159,15 {C-2), 158,12 {C-4'),
157.01 (C-2), 146.95 (C-6), 136.53 (C-3'), 104.58 {C-1'), 97.56

{2-aminoethylether)-N.NN N'-tetraacetic acid {EGTA), bovine ser-
um albumin {BSA), Dowex-50'W {50 =< 8-200), FAD, NADPH and
5,6,78-tetrahydro-1-biopterin dihydrocloride {Hy-biopterin) were
obtained from Sigma-Aldrich Quimica {Spain). -] ‘I[l-arginine
{54 Cijmmol) was obtained from Amersham {Amersham Biosci-
ences, Spain). Tris—{ hydroxymethyl}-aminometane {Tris-HCl) and
calcium chloride were obtained from Merck {Spain). Calmodulin
from bovine brain, and recombinant iNOS and nNOS were obtained
from Alexis Biochemicals {Enzo Life Sciences, Grupo Taper, Seville,
Spain).

The nNOS activity was measured by the Bredt and Snyder™
method, monitoring the conversion of 1-[*H]-arginine to -[*H]-
citrulline. The final incubation volume was 100 plL and consisted
of 10 pl of an aliquot of recombinant nMNOS {specific activity
21.05 nmol{min/mg protein) added to a buffer with a final concen-
tration of 25 mM Tris=HCI, 1 mM DTT, 4 pM H,-biopterin, 10 pM
FAD, 0.5 mM inosine, 0.5 mg/mL BSA, 0.1 mM CaCls, 10 pM r-argi-
nine, and 50 nM 1-['H]-arginine, at pH 7.6. The reaction was started
by the addition of 10 pL of NADPH (0,75 mM final) and 10 pL of
each 4,5-dihydro-1H-pyrazole derivative in ethanol to give a final
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concentration of 1 mM. The tubes were vortex and incubated at
37 °C for 30 min. Control incubations were performed by the omis-
sion of NADPH. The reaction was halted by the addition of 400 pL
of cold 0.1 M HEPES, 10 mM EGTA, and 0.175 mg/mL t-citrulline,
pH 5.5. The reaction mixture was decanted into a 2 mL column
packet with Dowex-50W ion-exchange resin {Na® form) and
eluted with 1.2 mL of water. 1-[*H|-citrulline was quantified by li-
quid scintillation spectroscopy. The retention of 1-|*H|-arginine in
this process was greater than 98%. Specific enzyme activity was
determined by subtracting the control value, which usually
amounted to less than 1% of the radioactivity added. The nNOS
activity was expressed as picomoles of -[*H]-citrulline produced
{/mg of proteinfmin).

For iNOS activity determination, the procedure was essentially
the same as for nNOS, excepting that an aliquot of 10 pL recombi-
nant iNOS { specific activity of 0.7 nmol/min/mg protein) was used
instead of nNOS, and the mixture was incubated in the absence of
calmodulin.

4.3, Statistical analysis
Data are expressed as the mean £ SEM., One-way analysis of var-

iance, followed by the Newmane-Keuls multiple range test was
used. A P <0.05 was considered statistically significant.
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Development of Urea and Thiourea Kynurenamine
Derivatives: Synthesis, Molecular Modeling, and Biological
Evaluation as Nitric Oxide Synthase Inhibitors

Mariem Chayah,'” M. Dora Carrién,” Miguel A. Gallo,”” Rosario Jiménez,® Juan Duarte,” and

M. Encarnacién Camacho*®!

Herein we describe the synthesis of a new family of kynurena-
mine derivatives with a urea or thiourea moiety, together with
their in vitro biological evaluation as inhibitors of both neuro-
nal and inducible nitric oxide synthases (nNOS and iNOS, re-
spectively), enzymes responsible for the biogenesis of NO.
These compounds were synthesized from a 5-substituted-2-ni-
trophenyl vinyl ketone scaffold in a five-step procedure with
moderate to high chemical yields. In general, the assayed com-
pounds show greater inhibition of iNOS than of nNOS, with 1-

Introduction

Nitric oxide (NO) is an important second-messenger molecule
that regulates several physiological functions in the nervous,
immune, and cardiovascular systems.”! A family of nitric oxide
synthase (NOS) enzymes catalyze the biosynthesis of NO using
L-arginine {L-Arg) as a substrate. Native NOS is a homodimeric
enzyme. Each monomer consists of an N-terminal oxygenase
domain with a catalytic heme active site and a cofactor tetra-
hydrobiopterin binding site, and a C-terminal electron-donat
ing reductase domain binding flavin adenine dinucleotide
{FAD), flavin mononucleotide (FMN), and nicotinamide adenine
dinucleotide (NADPH).** The linker between the two function-
al demains is a calmedulin binding motif that enables electron
flow from the oxygenase domain to the reductase domain, cat
alyzing the oxidation of L-Arg to w-citrulline with concomitant
production of NO."

Three similar isoforms of NOS have been identified in mam-
mals.® Neuronal NOS (nNOS) and endothelial NOS (eNOS) are
constitutive and regulated by intracellular Ca**/calmodulin,
They continually produce low levels of NO used for nerve func-
tion and blood regulation, respectively. Conversely, inducible
NOS {iNDS) is expressed by macrophages and microglia, pro-

[al M. Chayah, Or. M. D. Carridn, Prof. M. A. Gollo, Dr. M. E Camacho
Departomento de Quimica Farmacéutica y Orgdnica
Facuitad de Farmacia, Universidad de Gronado {Spain)
E-mail: ecamachoBugres
Ibl Dv. R. Jiménez, Prof. J. Duarte
Departamento de Farmacologlo
Focultad de Farmacio, Universidad de Granada (Spain)

Q Supporting information for this article is available on the WWW under
http J/dx.doi.org/10.1002/cmdc. 201 500007: characterization data for
compounds 9b-c, 9e, 9g-h, 9j, 91-m, 90, 10b-¢, 10e, 10g-h, 10j,
101-m, 100, 5b-c, 5e, 5g-h, 5], 51-m, and 50,
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[3-(2-amino-5-chlorophenyl)-3-oxopropyll-3-ethylurea (com-
pound 5n) being the most potent INOS inhibitor in the series
and the most INOS/nNOS-selective compound. In this regard,
we performed molecular modeling studies to propose a bind-
ing mode for this family of compounds to both enzymes and,
thereby, to elucidate the differential molecular features that
could explain the observed selectivity between iNOS and
nNOS.

duces large toxic bursts of NO to fight pathogens, and is not
Ca’'-dependent.*”

To exert appropriate functions, NO synthesis by the three
isozymes is under tight regulation. The overproduction of NO
by nNOS or iNOS and the underproduction by eNOS have
been associated with several pathological processes, including
neurodegenerative diseases such as Alzheimer's,™ Parkinson's™
or Huntington's,"™ as well as amyotrophic lateral sclerosis™”
and chronic inflammatory® and autoimmune diseases such as
theumatoid arthritis, multiple sclerosis, colitis,"¥ hyperten-
sion," and atherosclerosis.'*

Accordingly, inhibition of nNOS or iNOS, but not of eNOS,
could provide an effective therapeutic approach. Moreover, se
lective inhibitors could be useful pharmacological tools to in-
vestigate other biological functions of NO. The research objec-
tive of our group is to develop potent and selective nNOS or
INOS inhibitors. To this end, we have carried out the publica-
tion of several families of inhibitors, some with good inhibition
and selectivity.

In previous experiments, we demonstrated that melatonin 1,
the hormaone secreted by the pineal gland, produces inhibitory
effects on the CNS in rats and humans"® These effects could
be interpreted as resulting from the inhibition of NOS. In par
ticular, it has been shown that melatonin inhibits the nNOS iso-
foom in a dose-dependent and calmodulin-dependent
manner."”

In addition, we have described several compounds with ky-
nurening 2, kynurenamine 3, and 4,5-dihydro-1H-pyrazole
477 structures as nNOS inhibitors. The last compounds are
rigid analogues of the main brain metabolite of melatonin, N-
acetyl-5-methoxykynurenamine {3, R' =0CH,, R®=CH,), which
also inhibits the iNOS in sepsis associated with Parkinson's dis-

£ 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Melatonin and NOS inhibitors synthesized by our research group.

ease.””’ We have demonstrated that these pyrazole derivatives
behave as nNOS/iNOS-selective inhibitors®” (Figure 1).

In this paper, we report the synthesis and biological evalua-
tion of a series of more flexible compounds (5). These products
were designed from kynurenamine derivatives 3, carrying
a urea or thiourea substituted group, isosteric to the final gua-
nidine moiety of the L-Arg, in order to find potent and selec-
tive inhibitors of NOS.

Results and Discussion
Chemistry

The synthesis of derivatives 5a-o0 was carried out using the
general methodology shown in Scheme 1. Compounds 7a-
¢ were synthesized as previously reported® from 2-nitrophen-
yl, 5-methoxy-2-nitrophenyl, and 5-chloro-2-nitrophenyl vinyl
ketones 6a-c by treatment with phthalimide in the presence
of sodium methoxide to afford the N-(3-(2-nitro-5-substituted-
phenyl)-3-oxopropyl)phthalimides. Protection of the resultant
ketones by reaction with ethylene glycol in the presence of p-

=H, OMe, CI

*ChemPubSoc
Europe
NHCOCH; °
H3CO. 1
3 Q R
N NH,
1
R2
N 1 9
<% r
R'——
NH, NH, X=0,8
4 5

R2 = alkyl, cycloalkyl, phenyl...
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toluenesulfonic acid yielded di-
oxolane derivatives 7a-c, re-
spectively. Reaction of these de-
rivatives with hydrazine opened
the phthalimide moiety to give
intermediates  2-(2-(5-substitut-
ed-2-nitrophenyl)-1,3-dioxolan-2-
yl)-ethanamines (8a-c). Nucleo-
philic addition of either alkyl iso-
cyanate or alkyl isothiocyanate®
to these derivatives gave inter-
mediates 9a-o0 (60-96% yield)
with an alkyl urea or thiourea
residue, which led to ketones
10a-o after acidification (61-94% yield). Finally, reduction of
the nitro group belonging to the aromatic ring with Fe/FeSO,
results in final kynurenamine derivatives 5a-o0 (64-95% yield).

Inhibition of iNOS and nNOS

The biological activity of new compounds 5a-o as inhibitors
of both iNOS and nNOS has been evaluated by means of in
vitro assays using recombinant isoenzymes. The assays were
performed with each compound at 1 mm to identify the most
potent and selective derivatives. Furthermore, the IC,, values
were measured for the most interesting compounds. Table 1 il-
lustrates the inhibition percentages versus iNOS and nNOS (ky-
nurenamine 3a, previously described,’ was introduced as
a reference), and Figure 2 shows the percentages of residual
activity of both isoforms in the presence of each compound.
To interpret these biological results properly, we separately
studied the effect of each substituent (R', R? and X) on the po-
tency and/or selectivity of all resulting compounds.
In general, all compounds show better inhibition values for
iNOS than for nNOS, with the chlorinated series having the
most active compounds. Mole-
cules with neutral (R'=H) or
electron-donating  (R'=0CH,)

\@\)}\/ ab R [ o) phenyl substituents have lower
\(j\)<A NH2 inhibitory activity, indicating that
NO, )\/b N02 an electron withdrawing group
6a R'= 7aR'= 8a:R'=H such as chloride is more suitable
6b: R1—0Me 7b: R1=0Me 8b: R' = OMe for the inhibition of both iso-
6c:R'=Cl 7c:R'=Cl 8c:R'=Cl forms. Derivatives with a methyl-
° X thiourea moiety (5a, 5 f and' 5k)
Q) )j\ R e Rk@ﬁk/\NJkN’Rz have, in gen(‘eral, good‘lnhlbmon
\©f</\ b H H versus both isoforms, independ-

NO, NO, ently of the R' substituent.

9a-0

(e} X
1
R\CEK/\ NJ\
H
NH,
5a-0

Scheme 1. Synthesis of kynurenamine derivatives 5a-o. Reagents and conditions:
RT, 2 h; b) (CH,0H),, p-TsOH, toluene, reflux, 10 h; ¢) NH,NH,, dry EtOH, reflux, 4.5
overnight; e) HCl, CH,Cl,, RT, 4 h; f) Fe/FeSO,, H,0, 95°C, 3 h.

ChemMedChem 2015, 10, 874 - 882 www.chemmedchem.org 875
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10a-o

When we compare urea and
thiourea derivatives with the
same R? substituent, the iNOS in-
hibitory effect decreases when
the R? volume increases in series

with R'=H (5b-c and 5d-e)

1 _ L -
a) Phthalimide, NaoMe, pmso, ~ 2"d R'=Cl (51-m and 5n-o),
while in the series with R'=

h; d) XCNR?, anhyd CH,Cl,, RT,
OMe, iNOS inhibition increases
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Table 1. In vitro iNOS and nNOS inhibition observed in the presence of
compounds 5a-o.

o] o] o) X
RWNJ\W R‘\ij\/\NJ\N’RZ
H H H
NH, NH,
3 5
Compd R' R? X Inhibition [9%]
iNOS nNOS

3a OMe Me - 30.90+2.92 65.36+5.60"
5a H Me S 71714243 77.67+1.02
5b H Et S 4583+1.73 1293345
5¢ H Pr S 38.88£3.59 47.48+2.97
5d H Et o

5e H Pr o

5f OMe Me S

59 OMe Et S

5h OMe Pr S

5i OMe Et o

5j OMe Pr (o}

5k cl Me S

51 c Et S 69.78+1.05
5m c Pr S 53.42+1.46
5n c Et o

50 cl Pr (o}

[a] Values are the mean =+ SEM of the percentage of iNOS and nNOS in-
hibition produced by each compound at 1 mm, determined from three
experiments performed in triplicate using recombinant iNOS and nNOS
enzymes. [b] Kynurenamine 3a was used as a reference; see ref. [19].

_ mnNOS
100 iNOS
80 . =
<
} 60 I [T -
g i
g N |7 -
& 40 1
% I
20 I i

C '5a'5b 5c 5d 5e 5f 5g 5h 5i 5j 5k 51 5m 5n 50

Figure 2. Residual activities of nNOS and iNOS in the presence of tested ky-
nurenamine derivatives (compounds 5a-o0) at 1 mm, as compared with
those of untreated samples (C). Each value is the mean +SEM of three ex-
periments performed in triplicate using recombinant iNOS and nNOS en-
zymes.

with the volume of R’ (5g-h and 5i-j). On the other hand,
nNOS inhibition values increase with the volume of the R? sub-
stituent from an ethyl to a propyl group, with the exception of
51-m, for which the opposite is true.

In this new family of kynurenamines, the urea residue plays
an important role in compound selectivity. All compounds
with a urea group inhibit iNOS to a greater extent than nNOS,

ChemMedChem 2015, 10, 874 -882 www.chemmedchem.org

Table 2. Inhibition of nNOS and iNOS activity by compounds 5a, 5f, 51,
5n, and 5o.

Compd 1C, Imm]®!
nNOS iNOS
5a 0.18 0.58
5f - on
5l 0.59 0.59
5n e 0.10
50 0.43 0.86

[a] Data obtained by measuring percent inhibition with at least five inhib-
itor concentrations. [b] Not tested.

except 50. This effect can be observed clearly in compound
5n which, besides having very good inhibitory activity, had
eightfold selectivity for iNOS over nNOS. Table 2 shows the ICs,
values of the most interesting synthesized kynurenamine deriv-
atives for both isoenzymes. Compounds 5f and 5n had the
best results versus iNOS, confirming the potency and selectivi-
ty of 5n. With respect to nNOS, 5a showed the best ICs, value.

Effects of 5n on LPS-induced vascular hyporeactivity to
noradrenaline (NA) and eNOS inhibition

The most interesting compound in this family was 5n. To test
functional evidence and to ensure the iNOS selectivity of this
compound, we performed a pharmacological essay, using de-
scending thoracic aortic rings. LPS inhibited agonist-induced
contractions of isolated vascular preparations.*” This effect is
related to NO overproduction from the induction of iNOS in
vascular smooth muscle. In fact, aminoguanidine, a preferential
inhibitor of iNOS, reverses the blunted phenylephrine-evoked
contraction of endothelium-denuded aortic rings from LPS-
treated rats or rings exposed to LPS in vitro. Aminoguanidine
did not impair the relaxation of aortic rings with endothelium
to acetylcholine, a known stimulator of eNOS.”*' As shown in
Figure 3a, incubation of endotoxin decreased the contractile
responses elicited by NA in aortic rings without endothelium.
Incubation of aortic rings with the NOS inhibitor .-NAME sig-
nificantly restored NA responses from the LPS group, showing
that NO is involved in the attenuated vascular reactivity to NA
induced by endotoxin (Figure 3b). Furthermore, the presence
of 5n partially prevented endotoxin-induced NA contractile hy-
poresponsiveness.

We also carried out an eNOS inhibitory activity assay for 5n,
using human umbilical vein endothelial cells (HUVECs) incubat-
ed with 1 mm of 5n or vehicle and measuring the NO produc-
tion stimulated by the known eNOS activator A23187. This
agent increased NO production in a time-dependent manner.
No significant differences (p >0.05) were observed in A23187
stimulated NO production in the presence of 5n, showing that
this compound did not inhibit eNOS (Figure 3¢). Moreover, the
endothelium-dependent relaxation by acetylcholine was not
affected by 5n (Figure 3d), confirming the absence of eNOS in-
hibition by this compound.

876 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tween the aromatic ring and the
heme group, together with the
hydrogen bonding network in-
volving the urea moiety. In par-
ticular, those compounds bear-
ing a phenyl group with an ori-
entation that is too inclined with
respect to the heme group lose
activity. In addition, the estab-
lishment of two hydrogen bonds

xx e

-7 -6
log [noradrenaline] (M)

c)

——DMSO
-*-5n 09
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3
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x
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relaxation / %
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T through the urea moiety reinfor-

ces the interaction and hence,
the activity.

Next, we performed molecular
dynamics (MD) simulations of
iNOS and nNOS in complex with
compound 5n to take into ac-
count the flexibility of the pro-
tein (Figure 5). The analysis of
the trajectory (Figure 5a)
showed that those interactions

—¥-DMSO
——5n

A23187-stimulated NO production

Vehicle 5n

10 20 30 -9
time / min

Figure 3. Effects of 5n on NA-induced contraction in LPS-treated rings and eNOS activation. NA-evoked contrac-
tion of rat aortic rings (n=6-8) without endothelium treated in vitro: a) with or without LPS (1 pgmL ', 20 h), or
b) in the presence or absence of L-NAME (3x10 “m), 5n (10 *m), or DMSO, 30 min before NA. c) A23187-depen-
dent NO production in HUVECs incubated with DMSO or 5n (1 mm) for 30 min (n=12). d) Acetylcholine-evoked

relaxation in aortic rings with endothelium contracted with 1 um NA in the presence of DMSO or 5n (1 mm) for

30 min (n=5). Data are expressed as the mean =+ SEM of n experiments; **p <0.01 versus LPS group.

Molecular modeling

To propose a binding mode for these new kynurenamine deriv-
atives (5a-0) to i/nNOS, we performed docking and molecular
dynamics (MD) simulation studies. The main descriptive pose
obtained by docking for this family of compounds within iNOS
(PDB ID: 3NW2)?® s illustrated in Figure 4a with compound
5n. According to this pose, interactions with the protein occur
in three ways: 1) each urea nitrogen is hydrogen bonded to
a carboxylate moiety of the heme group, 2) the 2“-NH, group
of 5n interacts with the Glu371 side chain by means of two
hydrogen bonds, and 3) the phenyl ring is situated below the
heme group, establishing a m—cation interaction, and is sur-
rounded by hydrophobic residues such as Phe 363, Val 346, and
Pro344.

On the other hand, Figure 4b shows the main pose adopted
by most compounds within nNOS (PDB ID: 1QW6).%” In this
case, only one hydrogen bond is formed between the urea
amine group of 5n and the carboxylate group of Glu592. The
urea moiety is surrounded by a polar environment formed by
three arginine residues (Arg596, Arg603 and Arg481). It is
noteworthy that the phenyl is now located below the heme
group in a different position with respect to that observed in
iNOS, allowing the chloride atom of the phenyl group to inter-
act with Trp587.

With regard to the differences found within the series of
compounds 5a-o, the major variations observed in their inter-
action with the binding site are in the m-cation interaction be-

ChemMedChem 2015, 10, 874 -882 www.chemmedchem.org
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- described previously between
the NH, group of 5n and
Glu371 from one side, and be-
tween the heme carboxylate
moiety with the 5n urea moiety
from the other side, were re-
tained during the MD simula-
tions. However, Figure 5b shows
new hydrogen bonds between
the urea residue and the heme carboxylate moiety. Further-
more, the main differences between the MD simulations of
both isoforms with 5n were essentially the new additional sta-
bilizing interactions that 5n establishes with residues GIn257
and Arg 260 (iNOS), located at the entrance of the binding site,
together with stacking with the heme group. In particular, the
conformation of GIn257 is controlled by the Arg 260 side chain
orientation which, in turn, depends on the mutation of Thr277
in iNOS and Asn498 in nNOS.?® These interactions, detected
from the simulation process, could explain the iNOS selectivity
shown by compounds like 5n and the good nNOS inhibition
observed for some compounds.

The binding of 5n to iNOS was more favorable than to
nNOS (—31.8+0.8 versus —27.3+2.2 kcalmol™', respectively),
due to the great contribution of the m-stacking interaction
with the heme group. Finally, the binding energy per residue
(Table 3) observed for GIn478 and Arg481 (nNOS) with 5n was
less favorable than for the corresponding residues in iNOS
(GIn257 and Arg 260).

Conclusions

Herein we report the synthesis of fifteen novel urea and thiour-
ea kynurenamine derivatives 5, each with different substituents
in the aromatic ring and the urea or thiourea moiety. In addi-
tion, we evaluate the nNOS and iNOS activity of these new
structures. In general, the compounds had better inhibitory ac-

877 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Detailed view of the main poses obtained for compound 5nin the
abiNOS and b) nNOS binding sites. Dotted lines indicate hydrogen bond in
teractions between the ligand and residues of the enzyme,

Table 3. Calculated binding energy per residue of iINOS/nNOS with com-
pound 5n.

iNOS nNOS
Residue Elkcalmol '] Residue E [kealmol ]
Heme NB+04 Heme 62105
Pro344 25101 Pro 565 26101
Glu3n 25401 Glu 592 65+0.2
GIn257 25+01 Glna78 06+07
Val346 2001 Val 567 1.3+£00
Arg 260 -13+010 Arg 481 04402
Trp 366 0.9+ 0.0 Trp587 12100
Gly365 07401 Gly 586 0.7 00
Phe 363 0700 Phe584 09400

|al Data are the mean + 50 of the calculated binding energies along the
MD simulation (single run},

tivity against iNOS than nNOS, and derivatives with a withdraw-
ing substituent in the aromatic ring were the best inhibitors.
Thioureas similarly inhibited both isoenzymes, while ureas se-
lectively inhibited INOS. The urea 5n was the most potent
iNOS inhibitor and the most INOS/nNOS-selective. This was
confirmed by docking and MD simulations studies, which
showed the more favorable orientation of 5n in iINOS estab-
lishing good interactions with the enzyme. Also, this com-
pound did not inhibit eNOS, demonstrating the selectivity nec-
essary to avoid the adverse effects of hypertension. Conse-
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Figure 5. Image of a} 5n-iNOS and b) 5 n-nNOS complexes taken from baoth
average structures obtai from each MD simulation, Drotted lines indicate
hydregen bond interactions between the ligand and the residues of the
enzyme.

quently, this derivative could be an interesting starting point
to find new therapeutic alternatives for inflammatory diseases.

Experimental Section
Chemistry

Melting points were determined using an Electrothermal-1 A-6301
apparatus and are uncorrected. Analytical thin layer chromatogra-
phy was performed using Merck Kieselgel 60 F, aluminum sheets,
with the spots developed with UV light (=254 nm). Flash chro-
matography was carried out using silica gel 60, 230-240 mesh
{Merck), and the solvent mixture reported within parentheses was
used as the eluent. "H NMR and '“C NMR spectra were recorded on
a Varian Inova Unity 300 spectrometer operating at 300.20 MHz for
'H and 75.479 MHz for "'C, on a Varian direct drive 400 spectrome-
ter operating at 400.17 MHz for 'H and 125.69 MHz for "“C, and on
a Varian direct drive 600 spectrometer operating at 600.24 MHz for
'H and 150.95 MHz for C in CDCI, CD,0D {CD,1LCO, and (CD,),S0
at room temperature. The peaks are reported in ppm {d) and are
referenced to the residual solvent peak. High-resolution nano-as-
sisted laser desorption/ionization {HR-NALDI) or electrospray ioni-
zation mass spectra (ESI-MS) were carried out on a Bruker Autoflex
or a Waters LCT Premier mass spectrometer, respectively.

General method for the preparation of 1-(2-(2-(5-substituted-2-
nitrophenyl}-1,3-dioxolan-2-yl)ethyl}-3-alkylthioureas and alkyl-
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ureas, 9a-o: Hydrazine {95%, 6.18 mmol) was added to a solution
of the coresponding phthalimide 7a-¢ (2.06 mmol} in dry EtOH
(60 mL). The mixture was held at reflux for 4.5 h, then cooled to
room temperature and filtered, and the solvent was removed by
evaporation. The crude residue was diluted with water (30 mL), ba-
sified with KOH, and extracted with EtOAc. The organic layer was
dried over anhydrous Na,50, filtered, and concentrated to give
amines 8a-c. These intermedi were dissolved in anhydrous
CH,Cl, {9 mL) under argon atmosphere, and the corresponding al-
kylisocyanate or alkylisothiocyanate (4.12 mmol) was added drop-
wise. The reaction mixture was stirred overnight at room tempera-
ture. The crude mixture was concentrated and purified by flash
chromatography {EtOAc/hexane, 1:2).

1-(2-{2-(2-Nitrophenyl}-1,3-dioxolan-2-ylJethyl)-3-methylthiourea,
9a: Yellow solid {1.96 mmol, 95%); mp: 122-123°C; "H NMR
(600 MHz, CDCL): & —2.48 {t, 2H), 2.95 (s, 3H), 3.64-3.70 (m, 4H),
3.99-4.06 (m, 2H), 7.42-7.43 (m, 2H), 7.51 {ddd,1 H), 7.59 ppm {(d,
TH); “CNMR (150 MHz, CDCLE: 4=30.3, 38.1, 40.0, 65.0, 109.7,
123.5, 128.4, 129.8, 131.6, 134.7, 149.5, 180.8 ppm; HRMS m/z [M +
H]" caled for CHyN,0,5: 3121018, found: 312.1016.

2-yethyl)-3-ethyl

yi-1,3-dioxol

1-(2-(2-(2-Nitroph . 9d:
White solid (1.46 mmol 71%); mp: 'I&B 169°C; 'H NMR (300 MHz,
COCLY 6102 {t, 3H), 2.36 (t, ZH), 3.7 (g, 2H), 336 (t, 2H), 3.62-
367 (m, 2H), 3.96-4.02 (m, 2H), 737-742 (m, 2H), 7.45-7.52 (m,
TH), 7.55-760 ppm (m, THL "“CNMR (75 MHz, CDCL): 6156,
35.7, 394, 65.1, 1095, 1234, 1286, 1297, 1315, 1352, 1497,
158.5 ppm; HRMS m/fz [M+H]" caled for CHN.O : 3321228,
found: 332.1222,

1-(2-{2-(5-Methoxy-2-nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-
methylthiourea, 9f: Yellow oil (1.48 mmol, 72%); 'HNMR
(300 MHz, CDCI,): 6=2.50-2.55 (m, 2H), 2.95 (d, 3H), 3.65-3.73 (m,
4H), 3.85 (s, 3H), 3.99-4.04 (m, 2H), 597 (bs), 643 (bs), 6.86 {dd,
TH), 7.06 (d, 1H), 748 ppm (d, 1H:; “C NMR (75 MHz, CDCL): &
30.5, 38.0, 404, 56.2, 65.1, 1095, 1134, 1143, 1262, 137.7, 1430,
161.9, 182.2 ppm; HRMS m/z [M+Na]™ caled for C,H,gN;0.5Na:
364.0940, found: 364.0943.

1-(2-(2-(5-Methoxy-2-nitrophenyl)-1,3-dioxolan-2-ylethyl)-3-eth-
ylurea, 9i: Yellow oil (1.38 mmol, 67%); 'H NMR (300 MHz, CDCl,):
6092 (t, 3H), 2.72 {t, 2H), 3.30 (g, 2H), 3.36 {t, 2H), 3.63-3.67 (m,
TH), 3.84 (s, 3H), 4.15-4.20 (m, 2H), 6.48 (bs, 2H), 6.84 (dd, 1H),
7.13 (d, 1H), 746 ppm (d, 1H); “C NMR (75 MHz, CDCL): 6 =155,
35.6, 39.0, 41.8, 556, 64.8, 109.5, 113.2, 114.1, 125.7, 1376, 1449,
1586, 1614 ppm; HRMS m/z [M+H]  caled for C,H,N,O,:
340.1416, found: 340.1427.

1-(2+(2-(5-Chloro-2-nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-meth-
ylthiourea, 9k: Yellow sohd {1 A0 mmol, 68%); mp: 164-165"C;
"H NMR (300 MHz, CDCL): & = 2.45-2.49 (m, 2H), 2.95 (s, 3H), 3.67-
3.73 (m, 4H), 4.02-4.06 (m, 2H), 7.39-7.40 {m, 2H), 7.57-7.59 ppm
{m, TH); "C NMR (75 MHz, CDCL): 6 305, 38.1, 40.1, €5.3, 100.1,
125.2, 1286, 1300, 137.2, 137.9, 1479, 181.7 ppm; HRMS m/z [M +
Na]~ caled for C,H,,NyO,5CINa: 346.0839, found: 346.0826.

1-(2-{2-(5-Chloro-2-nitrophenyl)-1,3-dioxolan-2-yljethyl)-3-ethyl-
urea, 9n: Yellow oil {1.26 mmaol, 619%]}; "H NMR {400 MHz, CDC):
A=1.10 (t, 3H), 2.35 {1, 2H), 3.17 (g, 2H}, 3.29 {t, 2H), 3.65-3.67 (m,
2H), 4.02-4.04 {m, 2H), 736 —7.37 {m, 2H), 7.57-7.5% ppm (m,
TH); "CNMR (125 MHz, CDCL): 6153, 354, 354, 424, 649,
108.9, 124.7, 1284, 129.4, 137.2, 1373, 147.7, 158.8 ppm; HRMS
m/z [M+H]" caled for CH N, O.Cl: 344.7523, found: 344.7528.

General method for the preparation of 1-(3-(5-substituted-2-ni-

trophenyl)-3-oxopropyl}-3-alkylthioureas and , 10a-o:
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A solution of concentrated HCI {13.5 mL, 12 n) was added to a solu-
tion of the corresponding dioxolane precursor 9a-o (0.995 mmol}
in CH,Cl, (6.8 mL). The mixture was stirred for 4 h at room temper-
ature and then quenched with an aqueous saturated solution of
KOH until achieving a basic pH. The former agueous phase was ex-
tracted with CH,Cl, (3x15mL), and the organic layers were
washed with brine (115 mL), dried on anhydrous Na,50,, filtered,
and concentrated under vacuum. The crude mixture was purified
by flash chromatography (EtOAc/hexane, 1:1).

1-{3-(2-Nitrophenyl)-3-oxopropyl)-3-methylthiourea, 10a: Yellow
oil {0.61 mmol, 61%); 'HNMR (400 MHz, CDCl): 6294 (s, 3H),
3.16-3.23 (m, 2H), 4.01-4.09 (m, 2H}, 651 (bs, 2H), 7.42 (d, 1H),
7.57-761 (m, 1H}, 7.68-7.71 (m, 1H), 806 ppm (d, 1H}; “C NMR
(125 MHz, CDCL): o 32.8, 39.5, 42.5, 124.5, 127.3, 131.1, 1345,
137.2, 1458, 1815, 2025 ppm; HRMS myz [M+H]' caled for
CyyHy N, 055 267.3049, found: 267.3052.

1-{3-{2-Nitr -2 1}-3-ethyll , 10d: Yellow solid
{0.61 mmol, 61%); mp: 133-134 “C; 'H NMR {300 MHz, COCI): &

1.10 {t, 3H), 3.03 {t, 2H), 3.17 (g, 2H), 3.62 (t, 2H), 7.40 (dd, 1H),
7.55-7.61 (m, 1H), 7.67-7.73 (m, 1H), 8.07 ppm (d, 1H}; “C NMR
(75 MHz, CDCl): 4 —15.6, 35.4, 35.6, 43.4, 124.7, 127.5,131.0, 1345,

137.6, 145.9, 1585, 202.6 ppm; HRMS m/z [M+Na]”™ caled for
€, H,N,0,Na: 288.0954, found: 288.0960,
1-{3-(5-Methoxy-2-nitrophenyl)-3 1)-3 hylthiourea,
10f: Yellow solid (0.83 mmol, 84%}. mp 176-180°C; "H NMR

(300 MHz, (CD.),CO) & 2.92 (d, 3H), 3.5 (t, 2H), 3.87-3.93 (m,
2H), 3.96 (s, 3H), .91 {bs, 1 H), 6,96 {bs, 1H), 7.06 (d, 1H}, 7.16 (dd,
1H), 8.13 ppm (d, 1H); “C NMR (75 MHz, (CD,),CO): 4=30.2, 394,
42,4, 564, 1125, 115.6, 12/.2, 138.6, 140.8, 164.7, 184.3, 200.3 ppm;
HRMS m/z [M+MNa]™ caled for €, H,.N,O,5Na: 320.0680, found:
320.0681.

1-(3-(5-Methoxy-2 yI)-3 3 . 10i:
Yellow solid (0. !3 mmol, !3%} mp: 146 M.f C 'H NMR (300 MHz,
CDCL): d—=1.14 {1, 3H), 299 (r, 2H), 3.21 {g 2H), 3.65 (1, 2H), 3.90
(s, 3H), 675 {d, 1H), 698 (dd, TH), 8.13 ppm (d, TH}; “C NMR
{75 MHz, CDCly): &=15.4, 355, 35.9, 43.5, 56.6, 1120, 1154, 1274,
138.2, 1406, 158.7, 164.7, 2026 ppm; HRMS m/z [M +Na] ' calcd
for C,,H,,N,0,Na: 318.1072, found: 318.1066.

1-{3-(5-Chloro-2-nitrophenyl)-3-oxopropyl)-3-methylthiourea,
10k: Yellow solid (0.61 mmal, 61%); mp: 129-130°C; 'H NMR
(300 MHz, COClL): 6 =2.96 (s, 3H)L, 317 {t, 2H), 4.07 (t, 2H), 7.36 (d,
TH), 7.56 (dd, 1H}, 807 ppm (d, 1HY; "CNMR (75 MHz, CDCL): &
299, 39.7, 426, 1264, 127.5, 131.1, 1385, 141.7, 1440, 1818,
201.1 ppm; HRMS mfz [M+Nal' caled for C,H,N,0,5CINa:
324.0185, found: 324.0186.

1-{3-(5-Chloro-2-nitropt 1)-3 propyl})-3-ethylurea, 10n:
White solid (0.62 mmol, 62%); mp: 149-150°C; "H NMR (300 MHz,
CDCL): =114 (t, 3H), 3.04 (t, 2H), 3.20 {g, 2H), 3.64 (t, ZH), 4.87
(bs, 2H), 7.36 (d, 1H), 7.54 (dd, 1H), 8.06 ppm (d, 1H); "'C NMR
(75 MHz, CDCL): & —16.5, 36.7, 37.1, 445, 127.4, 128.8, 132.1, 1428,

145.1, 1600, 202.0; HRMS m/z [M+H]" caled for C,H,,N,0,Cl:
300.0760, found: 300.0751.

| hod for the pref 1 of 1-(3-(2-aminophenyl-5

bstituted)-3 propyl}-3-alkylthi and alkyl , 5a-0:

A mixture of nitro precursor 10a-o (0.93 mmol), iron powder
(9.3 mmol), and FeS0, {0.93 mmol) in water (19.5 mL) was stirred
and heated for 3h at 95°C. Next, the suspension was filtered
through Celite and thoroughly washed with CH,Cl,. The aquecus
phase was extracted with CH,CI, {3x15 mL). The merged organic
layer was washed with brine {115 mL), dried (Na,50,), filtered,
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and evaporated under vacuum. The crude mixture was purified by
flash chrematography {EtOAc/hexane, 1:1).

1-(3-(2-Aminopl 1)-3 pyl)-3 hylthiourea, 5a: Yellow
solid {0.76 mmol, 82%); mp: 27128 C; "H NMR (300 MHz, CDCl,):
0296 {s, 3H}, 3.35 (t, 2H), 3.98-4.04 {m, 2H), 530 {bs, 2H), 6.30
{bs, TH), 651 {bs, 1H), 6.64-6.72 (m, 2H), 7.28-7.34 (m, 1H),
773 ppm (dd, 1H); "CNMR (75 MHz, CDCL): 5303, 385, 401,
163, 117.5, 117.6, 131.2, 135.0, 150.3, 182.2, 201.9 ppm; HRMS m/z
[M+Na] " caled mass for C,,H,.N;0SNa: 260.0834, found: 260.0838;
Anal. caled for C,H,sN,0S: € 5567, H 6.37, N 17.71, found: C 55.35,
H 631, N 17.58.

1-(3-(2-Ami h 1)-3 , 5d: White solid
{0.74 mmol, BO%); mp: 139- 141 c ‘H NMR (500 MHz, CDCL): &
1,09 (t, 3H), 3.11-3.19 {m, 4H), 3.57 (t, 2H), 477 (bs, 4H), 6.59-6.66
(m, 2H), 7.24 {ddd, 1H), 7.69 ppm {dd, TH); “CNMR (75 MHz,
COCL)E: d—154, 354, 355, 39.4, 116.1, 1174, 117.9, 131.2, 1345,
150.2, 1588, 2020 ppm; HRMS m/z [M+Na] ' calcd mass for
CyoHy N0 Na: 2581218, found: 258.1227. Anal. caled  for
CH M0, € 6126, H 7.28, N 1786, found: € 6153, H 7.55; N
17.46,

1-(3-{2-Amino-5-methoxyphenyl}-3-oxopropyl)-3-methylthiourea,
5f: Yellow solid (0.87 mmol, 94%); mp: 125-126°C; 'H NMR
{300 MHz, CDCI): d—2.90 (d, 3H), 3.27 (t, 2H), 3.74 (s, 3H), 3.93-
4.01(m, 2H), 5.95 (bs, 2H), 6.27 (bs, 1H), 647 (bs, 1H), 6.60 (d, 1H),
695 {dd, 1H), 7.12 ppm {d, 1H); "C NMR {75 MHz, CDCL): & 304,
38.9, 40.3, 56.3, 113.2, 117.5, 119.1, 1246, 1454, 1505, 1824,
201.6 ppm; HRMS m/z: [M+Na]' calcd mass for C,,H ;N,0,5Na:
290.0939, found: 290.0940. Anal. calcd for T H ;N,0,5: € 5391, H
641, M 1572, 5 11.99, found: C 53.55; H 6.79, N 15,11, 5 11.73,

1-(3-(2-Amino-5-methoxyphenyl)-3-oxopropyl)-3-ethylurea,  5i:
Yellow solid (0.83 mmol, B9%); mp: 115-117°C; "H NMR (300 MHz,
COCLE 6 —1.06 {t, 3H), 3.10-3.18 {m, 4H), 3.57 (, ZH), 3.74 (s, 3H),
521 {bs, 4H), 673 (d, 1H), 655 (dd, 1H}, 7.16 ppm {d, 1H);
BCNMR (75 MHz, CDCL): o156, 356, 356, 399, 56.2, 1138,
119.3, 1201, 123.5, 142.8, 151.5, 1586, 201.9 ppm; HRMS m/z [M+
MNa]”® caled mass for CyH, N.,O;,Na: 288.1324, found: 288.1329.
Anal. caled for C,H N0, C 58.85, H 7.22, N 15.84, found: C 59.17,
H 755, N 15.57.

1-(3-{2-Amino-5-chlorophenyl)-3-oxopropyl}-3 hy .
Sk: Yellow solid {0.65mmol, 70%); mp: 166-168°C; "H NMR
(300 MHz, (CD,),50): 4—2.76 (s, 3H) 3.16 (1, 2H), 3.61-3.63 (m,
2H), 6.76 (d, 1H), 7.24 (dd, 1H), 7.40 (bs, 2H), 7.75 ppm (d, 1H);
C NMR (75 MHz, {CDy),50) 6 31.1, 38.8, 40.0, 117.8, 119.7, 121.7,
130.8, 1347, 1505, 181.4, 2006 ppm; HRMS m/z [(M+H]' calcd
mass for C,,H,.N,05CI: 272.0624, found: 272.0609. Anal. caled for
C,H,N,05: € 48561, H 5.19, N 1546, found: C 53.63, H 6.20, N
1257,

1-(3-{2-Amino-5-chlorophenyl)-3 1}-3-ethyl " s5n:
Yellow solid {0.70 mmol, 75%); mp: 157-160°C; 'H MMR (300 MHz,
COCLY: 8110 {t, 3H), 3.13-3.21 (m, 4H), 3.58 {t, ZH), 459 (bs,
4H), 660 (d, 1H), 7.19 (dd, 1H), 7.63 ppm {d, TH); "CNMR
(75 MHz, CDCI,): & 15.5, 35.8, 35.8, 396, 1186, 119.2, 120.8, 1305,
135.0, 148.8, 158.6, 201.2 ppm; HRMS m/z [M+Na] ™ caled mass for
CipHi N0, CINa: 292.0829, found: 2920835, Anal. caled for
€ HyN.0,C0: € 5343, H 598, N 1558 found: € 53.11, H 564, N
15.36.
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Biological assays

In vitro nNOS and INOS activity determination: L-Arginine, L-citrul-
line,  N-{2-hydroxymethyl}piy ine-N'-{2-eth Ifonic  acid}
(HEPES), o,w-dithiothreitel (DTT), hypoxanthine-9-f-p-ribofuranc-
side (inosine), (ethylene glycol)-bis-{(2-aminoethylether}-NNN N'-
tetraacetic acid (EGTA), bovine serum albumin (BSA), Dowex-50W
{50x8-200), FAD, NADPH, and 56,7 8-tetrahydro-L-biopterin dihy-
drochloride  (H,-biopterin),  tris-(hydroxymethyllaminomethane
(Tris-HCI), and calcium chloride were obtained from Sigma-Aldrich
Quimica {Spain). L-[*Hlarginine {47.4 Cimmol™") was obtained from
PerkinElmer (Spain). Calmodulin from bovine brain and recombi-
nant iNOS and nNOS were obtained from Enzo Life Sciences
{Spain).

i/nNOS activity was measured by the Bredt and Snyder method,”
monitoring the conversion of L-[*Hlarginine to v-[*H]citrulline. The
final incubation volume was 100 uL and consisted of 10 pL of an
aliquot of recombinant if/nNOS added to a buffer with a final con-
centration of 25 mm TrisHCI, 1 ma DTT, 4 pm H-biopterin, 10 pm
FAD, 0.5 mm inosine, 0.5 mgmL™" BSA, 0.1 mm CaCl,, 10 pm L-argi-
nine, 10pgmL™" calmodulin {only for nNOS), and 50nm .-
[*Hlarginine, at pH 7.6 and 7.0 for iNOS and nNOS, respectively.
The reaction was started by the addition of 10puL of 7.5 mm
NADPH and 10 pL of each kynurenamine derivative in EtOH (20%)}
to give a final concentration of 1 mwm. The tubes were vortexed
and incubated at 37°C for 30 min. Control incubations were per-
formed by the omission of NADPH. The reaction was halted by the
addition of 400pL of cold 0.1m HEPES, 10mwm EGTA, and
0175 mgml™" w-citrulline, pH 5.5, The reaction mixture was deca-
nted into a 2mL column packet with Dowex-50W ion-exchange
resin (Na' form) and eluted with 1.2 mL water. --["H]Citrulline was
quantified by liquid scintillation spectroscopy. The retention of -
[*Hlarginine in this process was greater than 98%. Specific enzyme
activity was determined by subtracting the control value, which
usually amounted to less than 1% of the radicactivity added. The
nNOS activity was expressed as pmol ["Hditrulline produced per
mg protein per min.

Tissue prep and t of This investigation
conformed to the Guide for the Care and Use of Laboratory Ani-
mals published by the U.S. National Institutes of Health (NIH Publi-
cation No. 85-23, revised 1996) and with the principles outlined in
the Declaration of Helsinki and approved by our institutional
review board. Male Wistar rats (250-300 g), obtained from Harlam
Laboratories SA (Barcelona, Spain), were euthanized by a quick
blow on the head followed by exsanguination. The descending
thoracic aortic rings were dissected, and the endothelium was re-
moved mechanically and incubated in Krebs solution {118 mm
NaCl, 4.75 mm KCl 25 mm NaHCO,, 1.2 mm MgS0,, 2 mm Cadl,
1.2mm KH,PO,, and 11 mm glucose) at 37°C and gassed with 95%
O, and 5% CO, for 20 h in a cell culture incubator in the absence
or presence of Escherichia coli 055:85 lipopolysaccharide (LPS,
1 ugmL ') (Sigma-Aldrich, Spain). Rings were then mounted in
organ chambers filled with Krebs solution and were stretched to
2 g of resting tension by means of two L-shaped stainless steel
wires inserted into the lumen and attached to the chamber and to
an isometric force-displacement transducer (UF-1, Cibertec, Spain}
and recorded in a recording and analysis system (MacLab AD In-
struments), as described previously." After equilibration of aortic
rings, concentration-response curves for noradrenaline (MA, 107
107*m) were performed by increasing the concentration in the
organ chamber in cumulative increments after a steady-state re-
sponse was reached with each increment. In some experiments,
the non-selective NOS inhibitor, NG-nitro-arginine methyl ester (L-
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NAME, 3x10 "m), compound 5n {10 *m), or vehicle {DMSO) alone
were added to the organ chamber 30 min before the addition of
NA. The rings were then removed from the organ chambers, air-
dried for 24 h, and weighed. The contraction was expressed in
grams of force per milligram of dried tissue. The area under the
concentration-response curve (AUC) was measured.

In another experiment, aortic rings with a functional endothelium
were incubated with vehicle or 5n (1 mwm) for 30 min and contract-
ed with NA (1 pm). Once a plateau contraction was reached, a con-
centration-response curve was constructed by cumulative addition
of acetylcholine. Results are expressed as percentage of NA-evoked
contraction. n reflects the number of aortic rings from different
rats.

Quantification of NO in human umbilical vein endothelial cells
(HUVECs): Endothelial cells were isolated from human umbilical
cord veins using a previously reported method with several modifi-
cations.”” The cells were cultured in Medium 199 with 20% fetal
bovine serum and penicillin/streptomycin (2 mm), amphotericin B
{2 mm), glutamine (2 mm), HEPES (10 mm}, endothelial cell growth
supplement {30 pgmL "), and heparin {100 mgmL '} under 5%
CO, at 37°C. HUVECs were then used to measure NO production
by diaminofluorescein-2 (DAF-2) fluorescence, as described previ-
ously.”" Briefly, cells were incubated for 30 min in the presence of
5n at a concentration of 1 mm. After this period, cells were
washed with PBS and then were pre-incubated with L-arginine
{100 um in PBS for 5 min at 37 °C). Subsequently, DAF-2 (0.1 pm)}
was incubated for 2 min, then the calcium ionophore calimycin
{A23187, 1 pm) was added for 30 min, and cells were incubated in
the dark at 37°C. Fluorescence (arbitrary units) was then measured
using a spectrofluorimeter {Fluorostart, BMG Labtechnologies, Of-
fenburg, Germany). The auto-flucrescence was subtracted from
each value. The area under the time-flucrescence curve (AUC) was
measured.

Statistical analysis: Data are expressed as the mean + SEM. Statisti-
cally significant differences between groups were calculated by
Students’ t test for unpaired observations or for multiple compari-
sons. ANOVA, followed by the Newmane-Keuls multiple range test,
was used. A p<0.05 was considered statistically significant.

Docking and molecular dy ics (MD) simul

The Maestro suite of programs (Schrédinger, LCC™) was used for
the docking studies. The Cartesian coordinates for the two pro-
teins, INOS and nNOS, were obtained from the Protein Data Bank
and treated with the Protein Preparation Wizard module” of
Maestro. The 3D structures of the conformers of compounds 5a-o
were d using the 1 LigPrep™ after taking their
structures from fragment libraries and optimizing using the Macro-
model module. Rigid docking was performed using Glide with
a Standard Precision (SP) protocol. Figure were built using
PyMOL™

Unrestrained MD simulations were carried out with the AMBER 12
software suite™ in explicit solvent using the AMBER force field
leaprc.ff10. The POB2PQR tool ™" was used to estimate the most
probable protonation states of titratable residues in the proteins at
pH 7.0 and also to add all missing hydrogen atoms. Parameters for
the prosthetic heme group were obtained from Glammaona, ™ Pa-
rameters for compound 5n as well as for H,B were calculated
using the antechamber module and the generalized AMBER force
field with AM1-BCC charges.
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Each enzyme-inhibitor complex was immersed in a cubic box of
TIP3P water molecules with a minimum distance of 12 A from any
atom to the edge. The system was neutralized by incorporating
the necessary amount of sodium ions. Particle Mesh Ewald method
for long-range electrostatic interactions, together with standard
periodic boundary conditions, were used. The SHAKE algorithm
was applied to reach an integration step of 2.0 fs.

Before the simulation, the system was energetically minimized
with a protocol of: 2000 steps of steepest descent, followed by
3000 steps of conjugate gradient. In this protocol, hydrogen atoms
were first optimized, freezing the rest of the system, then only the
water molecules were allowed to move, and finally the whole
system was allowed to move. Mext, the system was heated to
300 K in 20 ps at 1 atm using the Berendsen thermostat and a re-
straint constant on the alpha carbon of protein residues, ligands,
and cofactors. The restraint was then decreased slowly in the equi-
libration step. Finally, 2 ns of production simulation were per-
formed, collecting the coordinates of the system at each 1 ps. The
binding free energy was calculated using the MM-ISMSA model, ™
and the estimated error was obtained with the block averaging
method implemented in the g analyse tool of the GROMACS
suite.™
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Supporting Information

Characterisation data of 1-(2-(2-(5-substituted-2-nitrophenyl)-1,3-dioxoclan-2-
yl)ethyl)-3-alkylthioureas and alkykureas, 9b-c, 9e, 9g-h, 9j, 9I-m and 9o.

1-(2-(2-(2-Nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-ethylthiourea, 9b. (1.62 mmol,
79%); 'H NMR (300 MHz, CDCls): 6 = 1.23 (t, 3H), 2.47 (t, 2H), 3.28-3.41 (m, 2H),
3.60-3.75 (m, 4H), 3.98-4.06(m, 2H), 7.40-7.45 (m, 2H), 7.48-7.54 (m, 1H), 7.57-7.62
ppm (m, 1H); *C NMR (75 MHz, CDCl,): 5 = 14.28, 38.18, 38.73, 40.09, 65.14, 109.486,
12359, 128.48, 129.93, 131.70, 134.79, 149.64, 180.92 ppm; HRMS m/z [M + H]"
calcd for Ci4HogN 3Oy 326.3832, found: 326.3864.

1-(2-(2-(2-Nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-propylthiourea, 8c. (1.98 mmol,
96%); 'H NMR (300 MHz, CDCls): & = 0.97 (t, 3H), 1.55-1.69 (m, 2H), 2.47 (t, 2H), 3.26
(t, 2H), 3.64-3.73 (m, 4H), 3.98-4.05 (m, 2H), 7.39-7.44 (m, 2H), 7.48-7.53 (m, 1H),
7.56-7.60 ppm (m, 1H); *C NMR (75 MHz, CDCly): 5 = 11.44, 22.16, 37.98, 39.96,
45,60, 64.93, 109.23, 123.37, 128.29, 129.72, 131.47, 134.56, 149.46, 180.39 ppm;
HRMS m/z [M + H]" caled for Ci5H»N3O,S: 340.1334 |, found: 340.1331.

1-(2-(2-{2-Nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-propylurea, 9e. (1.71 mmol, 83%);
'"H NMR (300 MHz, CDCly): 5 = 0.91 (t, 3H),1.46-1.56 (m, 2H), 2.37 (t, 2H), 3.10 ,
2H), 3.37 (t, 2H), 3.62-3.67 (m, 2H), 3.98-4.03 (m, 2H), 458 (s, 2H), 7.38-7.42 (m,
2H), 7.46—7.52 (m, 1H), 7.56—7.60 ppm (m, 1H); *C NMR (75 MHz, CDCls): 5 = 11.36,
23.26, 35.59, 39.04, 4256, 64.88, 109.24, 123.20, 128.42, 12952, 131.29, 149.46,
158.54 ppm; HRMS m/z [M + H]" caled for Cy5H22NsOs: 324.1550, found: 324.1559.

1-(2-(2-(5-Methoxy-2-nitrophenyl)-1,3-dioxclan-2-yl)ethyl)-3-ethylthicurea, 9g.
(1.34 mmol, 65%); '"H NMR (300 MHz, CDCl3): 8 = 1.24 (t, 3H), 2.49-2.59 (m, 2H),
3.27-3.42 (m, 2H), 3.64-3.72 (m, 4H), 3.85 (s, 3H), 3.98-4.05 (m, 2H), 6.51 (bs, 2H),
6.86 (dd, 1H), 7.07 (d, 1H), 7.49 ppm (d, 1H); °C NMR (75 MHz, CDCls): & = 22.65,
37.95, 40.31, 42.25, 56.14, 65.12, 109.43, 113.33, 114.29, 126.22, 137.42, 143.14,
161.72, 182.98 ppm; HRMS m/z [M + H]' caled for CisH»uN3OsS: 355.4564, found:
355.4593.

1-(2-(2-{5-Methoxy-2-nitrophenyl)-1,3-dioxclan-2-yl)ethyl)-3-propylthiourea, 9h.
(1.77 mmol, 86%); 'H NMR (300 MHz, CDCly): 8 = 0.96 (t, 3H), 1.59-1.65 (m, 2H),
2.49-2 54 (m, 2H), 3.20-3.33 (m, 2H), 3.64-3.73 (m, 4H), 3.85 (s, 3H), 3.98-4.02 (m,
2H), 5.88 (bs, 1H), 6.38 (bs, 1H), 6.85 (dd, 1H), 7.06 (d, 1H), 7.48 ppm (d, 1H); *C
NMR (75 MHz, CDCls): 8 = 11.63, 22.39, 37.94, 40.28, 45.78, 56.16, 65.13, 109.54,
113.38, 114.27, 126.19, 137.6, 143.05, 161.92, 181.34 ppm; HRMS m/z [M + Na]"
caled for CigH23N3OsSNa: 392.1258, found: 392.1256.

1-(2-(2-(5-Methoxy-2-nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-propylurea, 9j. (1.75
mmol, 85%); '"H NMR (400 MHz, CDCly): 8 = 0.90 (t, 3H), 1.46—-1.52 (m, 2H), 2.41 (t,
2H), 3.08 (m, 2H), 3.35-3.37 (m, 2H), 3.63-3.66 (m, 2H), 3.83 (s, 3H), 3.96—4.00 (m,
2H), 4.42 (bs, 1H), 4.90 (bs, 1H), 6.84 (dd, 1H), 7.05 (d, 1H), 7.44 ppm (d, 1H); "*C
NMR (125 MHz, CDCls): 6 = 11.44, 23.50, 35.57, 39.01, 42.49, 55.94, 64.91, 109.45,
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113.26, 114.00, 125.76, 137.79, 142.97, 158.40, 161.58 ppm; HRMS m/z [M + Na]"
caled for CigHo3N30sSNa: 376.1479, found: 376.1485.

1-(2-(2-(5-Chloro-2-nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-ethylthiourea, 9lI. (1.24
mmol, 80%); '"H NMR (300 MHz, CDCly): 8 = 1.29 (t, 3H), 2.50-2.55 (m, 2H),3.39 (q,
2H), 3.73-3.77 (m, 4H), 4.07-4.11 (m, 2H), 7.44-7.45 (m, 2H), 7.63-7.64 ppm (m, 1H);
*C NMR (75 MHz, CDCly): 6 = 14.26, 38.09, 38.80, 39.98, 65.32, 109.08, 125.16,
12859, 129.99, 137.18, 137.90, 147.86, 180.68 ppm; HRMS m/z [M + H]" calcd for
Ci4HsN30,4SCIl: 360.0783, found: 360.0785.

1-(2-(2-(5-Chloro-2-nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-propylthiourea, Im.
(1.24 mmol, 60%); 'H NMR (300 MHz, CDCls): 3 = 0.96 (t, 3H), 1.60-1.67 (m, 2H), 2.48
(t, 2H), 3.26 (t, 2H), 3.67-3.73 (m, 4H), 4.01-4.07 (m, 2H), 7.39-7.40 (m, 2H), 7.57-
7.58 ppm (m, 1H); °C NMR (75 MHz, CDCL): 8 = 11.66, 22.37, 38.10, 40.07, 45.80,
65.33, 109.07, 125.16, 128.59, 130.00, 137.18, 137.89, 147.88, 180.79 ppm; HRMS
m/z [M + H]* calcd for CysH21N3O4SCI: 374.8558, found: 374.8564.

1-(2(2-(5-Chloro-2-nitrophenyl)-1,3-dioxolan-2-yl)ethyl)-3-propylurea, 9o0. (1.24
mmol, 60%); 'H NMR (400 MHz, CDCl3): & = 0.91 (t, 3H), 1.48-1.53 (m, 2H), 2.36 (t,
2H), 3.10 (t, 2H), 3.37 {t, 2H), 3.66-3.68 (m, 2H), 4.01-4.03 (m, 2H), 7.37-7.38 (m,
2H), 7.57-7.58 ppm (m, 1H); ®C NMR (125 MHz, CDCls): 6 = 11.31, 23.34, 35.25,
39.02, 42.39, 64.97, 108.89, 124.66, 128.44, 129.48, 137.26, 137.35, 147.61, 158.78
ppm; HRMS m/z [M + H]* caled for CisH,;N2O5Cl: 358.1164, found: 358.1170.

Characterisation data of 1-(3-(5-substituted-2-nitrophenyl)-3-oxopropyl)-3-
alkylthioureas and alkylureas, 10b-¢, 10e, 10g-h, 10j, 10l-m and 100.

1-(342-Nitrophenyl)-3-oxopropyl)-3-ethylthiourea, 10b. (0.79 mmol, 79%): 'H NMR
(300 MHz, CDCly): 6 = 1.20 (t, 3H), 3.17 (t, 2H), 3.35 (q, 2H), 4.03 (t, 2H), 6.42 (bs,
2H), 7.41 (d, 1H), 7.57-7.62 (m, 1H), 7.69-7.71 (m, 1H), 8.07 ppm (d, 1H); °C NMR
(75 MHz, CDCl,): & = 14.22, 38.75, 39.71, 42.51, 124.81, 127.45, 131.19, 134.61,
13723, 14591, 181.54, 202.64 ppm; HRMS m/z [M + H]" calcd for CiHgN:O4S:
282.0956, found: 282.0939.

1-(3{2-Nitrophenyl)-3-oxopropyl)-3-propylthiourea, 10c. (0.84 mmol, 84%); 'H
NMR (300 MHz, CDCls): 8 = 0.95 (t, 3H), 1.57-1.65 (m, 2H), 3.19 (t, 2H), 3.27 (t, 2H),
4.03 (t, 2H), 7.42 (dd, 1H), 7.57-7.62 (m, 1H), 7.68-7.74 (m, 1H), 8.07 ppm (dd, 1H);
*C NMR (75 MHz, CDCly): & = 11.43, 22.13, 39.52, 42.30, 45.62, 124.60, 127.27,
130.99, 134.39, 137.01, 145.73, 180.70, 202.38 ppm; HRMS m/z [M + H]* calcd for
Cy3HgN303S: 296.1071, found: 296.10869.

1-(3{(2-Nitrophenyl)-3-oxopropyl)-3-propylurea, 10e. (0.94 mmol, 94%); 'H NMR
(300 MHz, CD50OD): 8 = 0.99 (t, 3H), 1.51-1.58 (m, 2H), 3.11 (t, 2H), 3.36-3.38 (m,
2H), 3.57-3.59 (m, 2H), 7.64 (dd, 1H), 7.72-7.78 (m, 1H), 7.84-7.89 (m, 1H), 8.17 ppm
(dd, 1H); "®C NMR (75 MHz, CD3OD): 5 = 10.46, 23.27, 34.82, 34.86, 41.66, 124.29,
127.64, 131.01, 134.21, 137.25, 146.22, 160.00, 202.03 ppm; HRMS m/z [M + H]*
caled for Cy3HgN30,: 280.1215, found: 280.1217.
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1-(3-(5-Methoxy-2-nitrophenyl)-3-oxopropyl)-3-ethylthiourea, 10g. (0.69 mmol,
69%); '"H NMR (300 MHz, (CD;),S0): & = 1.05 {t, 3H), 3.12 (t, 2H), 3.31 (m, 2H), 3.70-
3.72 (m, 2H), 3.92 (s, 3H), 7.15 (d, 1H), 7.21 (dd, 1H), 7.37 (bs, 1H), 7.50 (bs, 1H),
8.17 ppm (d, 1H); °C NMR (75 MHz, (CD3).S0): 5 = 15.09, 38.93, 39.41, 42.63, 57.31,
113.20, 116.31, 127.86, 138.43, 140.64, 164.70, 182.37, 201.95 ppm; HRMS m/z [M +
Na]* caled for Cy3H7;N3;0,SNa: 334.0826, found: 334.0837.

1-(3-(5-Methoxy-2-nitrophenyl)-3-oxopropyl)-3-propylthiourea, 10h. (0.71 mmol,
71%); '"H NMR (300 MHz, CDCl): 8 = 0.95 (t, 3H), 1.57-1.65 (m, 2H), 3.10 (t, 2H),
3.23-3.31 (m, 2H), 3.90 (s, 3H), 4.02-4.08 (m, 2H), 6.11 (bs, 1H), 6.34 (bs, 1H), 6.74
(d, 1H), 6.98 (dd, 1H), 8.13 ppm (d, 1H); '*C NMR (75 MHz, CDCl,): = 11.64, 22.32,
39.86, 42.73, 45.68, 56.63, 112.06, 115.49, 127.50, 138.26, 140.44, 164.75, 181.83,
202.74 ppm; HRMS m/z [M + Na]® caled for C,;H;sN-O,SNa: 348.0993, found:
348.0994.

1-(3-(5-Methoxy-2-nitrophenyl)-3-oxopropyl)-3-propylurea, 10j. (0.65 mmol, 65%);
'H NMR (300 MHz, CDCly): 5 = 0.90 (d, 3H), 1.44-1.53 (m, 2H), 3.00 (t, 2H), 3.06 (t,
2H), 3.53 (t, 2H), 3.94 (s, 3H), 6.97 (d, 1H), 7.14 (dd, 1H), 8.17 ppm (d, 1H); °C NMR
(75 MHz, CDClg): 6 = 10.46, 23.27, 34.94, 41.68, 43.09, 55.85, 112.31, 115.04, 126.99,
138.31, 140.68, 160.01, 164.82, 202.23 ppm; HRMS m/z [M + Na]® calcd for
Ci4H1gN3OsNa: 332.1221, found: 332.1222.

1-(3-(5-Chloro-2-nitrophenyl)-3-oxopropyl)-3-ethylthiourea, 10l. (0.63 mmol, 63%);
'"H NMR (300 MHz, CDCls): 8 = 1.26 (t, 3H), 3.18 (t, 2H), 3.36 (q, 2H), 4.04 (t, 2H), 7.38
(d, 1H), 7.56 (dd, 1H), 8.07 ppm (d, 1H); '*C NMR (75 MHz, CDCls): 5 = 14.21, 38.73,
39.64, 4264, 126.34, 127.53, 131.07, 138.86, 141.68, 143.96, 181.43, 201.15 ppm;
HRMS mvz [M + Na]" caled for C2H4N3OsSCINa: 338.0423, found: 338.0420.

1-(3-(5-Chloro-2-nitrophenyl)-3-oxopropyl)-3-propylthiourea, 10m. (0.69 mmol,
69%); '"H NMR (300 MHz, CDCls): 6 = 0.96 (t, 3H), 1.58-1.67 (m, 2H), 3.18 (t, 2H), 3.27
(t, 2H), 4.04 (t, 2H), 7.37 (d, 1H), 7.55 (dd, 1H), 8.06 ppm (d, 1H); "*C NMR (75 MHz,
CDCls): 6 = 11.65, 22.33, 39.66, 42.65, 45.75, 126.32, 127.54, 131.06, 138.87, 141.66,
143.96, 181.60, 201.16 ppm; HRMS m/z [M + Na]® caled for C;3H{sNsOsSCINa:
330.0678, found: 330.0679.

1-(3-(5-Chloro-2-nitrophenyl)-3-oxopropyl)-3-propylurea, 100. (0.70 mmol, 70%);
'"H NMR (300 MHz, CDCl3): 6 = 0.93 (t, 3H), 1.49-1.56 (m, 2H), 3.04 ({t, 2H), 3.12 {t,
2H), 3.64 (t, 2H), 4.67 (bs, 2H), 7.54 (dd, 1H), 8.06 ppm (d, 1H); '*C NMR (75 MHz,
CDCls): 6 = 11.53, 23.27, 35.58, 42.92, 43.35, 126.30, 127.58, 131.00, 139.03, 141.69,
143.92, 158.99, 200.91 ppm;, HRMS m/z [M + Na]" calcd for CisH;5N3;O4CINa:
336.0719, found: 336.0727.

Characterisation data of 1-(3-(2-aminophenyl-5-substituted)-3-oxopropyl)-3-
alkylthioureas and alkylureas, 5b-c, 5e, 5g-h, 5j, 5I-m and 5o.
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1-(3-(2-Aminophenyl)-3-oxopropyl)-3-ethylthiourea, 5b. Yellow solid (0.78 mmol,
85%); mp: 130-132 °C; 'H NMR (300 MHz, CDCls): 5 = 1.18 (t, 3H), 3.22-3.38 (m, 4H),
3.93-3.99 (m, 2H), 6.18 (bs, 1H), 6.48 (bs, 1H), 6.57-6.66 (m, 2H), 7.21-7.29 (m, 1H),
7.67 (dd, 1H) ppm; *C NMR (75 MHz, CDCly): 6 = 14.23, 38.70, 40.19, 116.42, 117.65,
117.77, 131.43, 135.16, 150.60, 181.34, 202.14 ppm; HRMS m/z [M + Na]' calcd.
mass for CyzH7N3sOSNa: 274.0990, found: 274.0985; Anal. calc. for Ci;H{;N;0S: C
57.34, H6.82, N 16.72, S 12.76, found: C 57.42, H 7.15, N 16.56, S 12.47.

1-(3-(2-Aminophenyl)-3-oxopropyl)-3-propylthiourea, 5c. Yellow solid (0.88 mmol,
95%); mp: 58-60 °C; 'H NMR (400 MHz, CD,0OD): 8 = 0.99 (t, 3H), 1.60-1.66 (m, 2H),
3.33 (t, 2H), 3.35-3.39 (m, 2H), 3.90-3.94 (m, 2H), 6.65 (ddd, 1H), 6.79 (dd, 1H), 7.29
(ddd, 1H), 7.85 (dd, 1H) ppm; "*C NMR (125 MHz, CD;OD): 6 = 11.68, 23.55, 39.76,
41.11, 46.70, 116.42, 118.48, 118.77, 132.57, 135.68, 152.83, 182.36, 202.76 ppm;
HRMS m/z [M + H]" caled. mass for Cy3HpNsOS: 266.1327, found: 266.1320. Anal.
calc. for Cy3HgN3;OS: C 58.84, H 7.22, N 15.83, found: C 58.72, H 7.34, N 15.61.

1-(3-(2-Aminophenyl)-3-oxopropyl)-3-propylurea, Se. White solid (0.76 mmol, 82%);
mp: 130-132 °C; 'H NMR (300 MHz, CDCl,): & = 0.86 (t, 3H), 1.39-1.50 (m, 2H), 3.06
(t, 2H), 3.15 (t, 2H), 3.56 (t, 2H), 5.51 (bs, 4H), 6.60-6.68 (m, 2H), 7.24 (ddd, 1H), 7.67
(dd, 1H) ppm; *C NMR (75 MHz, CDCls): & = 11.59, 23.56, 35.88, 39.71, 42.62,
116.79, 117.94, 118.48, 131.43, 134.88, 149.87, 158.85, 202.16 ppm; HRMS m/z [M +
H]" caled. mass for Cy3HaoN3O5: 250.1556, found: 250.1555. Anal. calc. for Cy3HigN3O,:
C 62.63, H7.68, N 16.85, found: C 62.38, H 7.86, N 16.45.

1-(3-(2-Amino-5-methoxyphenyl)-3-oxopropyl)-3-ethylthiourea, 5g. Yellow solid
(0.84 mmol, 90%); mp: 141-143 °C; 'H NMR (300 MHz, CDCly): & = 1.17 {t, 3H), 3.25
(t, 2H), 3.31-3.34 (m, 2H), 3.73 (s, 3H), 3.95-3.97 (m, 2H), 5.47 (bs, 2H), 6.23 (bs,
1H), 6.53 (bs, 1H), 6.63 (d, 1H), 6.95 (dd, 1H), 7.11 (d, 1H) ppm; *C NMR (75 MHz,
CDCls): 8 = 14.23, 38.93, 40.18, 56.29, 113.30, 117.89, 119.39, 124.44, 14474,
150.74, 181.36, 201.69 ppm; HRMS m/z [M + Na]® calcd. mass for C;3HgN;O,SNa:
304.1096, found: 304.1099. Anal. calc. for Ci3HigN3O,S: C 55.49, H 6.81, N 14.93,
511.40, found: C 55.23, H 7.03, N 14.42, S 11.70.

1-(3-(2-Amino-5-methoxyphenyl)-3-oxopropyl)-3-propylthiourea, 5h. Yellow solid
(0.78 mmol, 84%); mp: 115-117 °C; 'H NMR (300 MHz, CDCl,): 5 = 0.92 (t, 3H), 1.51-
1.62 (m, 2H), 3.18-3.23 (m, 2H), 3.27 (t, 2H), 3.74 (s, 3H), 3.95-4.00 (m, 2H), 5.95 (bs,
2H), 6.14 (bs, 1H), 6.43 (t, 1H), 6.61 (d, 1H), 6.96 (dd, 1H), 7.13 (d, 1H) ppm; *C NMR
(75 MHz, CDCl): 6 = 11.66, 22.32, 38.89, 40.29, 45.74, 56.30, 113.23, 117.51, 119.13,
12461, 145.45, 150.52, 181.56, 201.67 ppm; HRMS m/z [M + Na]* calcd. mass for
Ci14H21N3O>SNa: 318.1252, found: 318.1252. Anal. calc. for Ci4H21N3O,S: C 56.92, H
7.17,N 14.22, S 10.85, found: C 57.16, H 7.64, N 13.98, S 11.16.

1-(3-(2-Amino-5-methoxyphenyl)-3-oxopropyl)-3-propylurea, 5j. Yellow solid (0.75
mmol, 80%); mp: 112-114 °C; 'H NMR (300 MHz, CDCls): 3 = 0.87 (t, 3H), 1.46 (m,
2H), 3.07 (c, 2H), 3.14 (t, 2H), 3.54-3.60 (m, 2H), 3.74 (s, 3H), 4.46 (bs, 1H), 5.02 (bs,
1H), 5.95 (bs, 2H), 6.60 (d, 1H), 6.94 (dd, 1H), 7.14 (d, 1H) ppm; *C NMR (75 MHz,
CDCl3): 6 = 11.58, 23.61, 35.73, 39.81, 42.63, 56.25, 113.47, 117.90, 119.04, 124.13,
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145.29, 150.48, 158.49, 201.76 ppm; HRMS m/z [M + Na]" calcd. mass for
Ci4H>1N3OsNa: 302.1400, found: 302.1408. Anal. calc. for Ci4H»N3O5: C 60.20, H
7.58, N 15.04, found: C860.55, H 7.54, N 14.62.

1-(3-(2-Amino-5-chlorophenyl)-3-oxopropyl)-3-ethylthiourea, 5l. Yellow solid (0.60
mmol, 65%); mp: 151-154 °C; 'H NMR (300 MHz, CDCl): 8 = 1.19 (t, 3H), 3.27 (t, 2H),
3.32-3.35 (m, 2H), 3.96 (t, 2H), 6.63 (d, 1H), 7.21 (d, 1H), 7.65 (s,1H) ppm; *C NMR
(75 MHz, CDCl3): 6 = 14.22, 38.78, 40.01, 118.59, 119.31, 121.13, 130.50, 135.13,
148.55, 181.40, 201.23 ppm; HRMS miz [M + H]* calcd. mass for Cyi;H7N3OSCI:
286.0781, found: 286.0787. Anal. calc. for C1;HgN:OS: C 50.43, H 5.64, N 14.70,
found: C 53.17, H 6.08, N 13.34.

1-(3-(2-Amino-5-chlorophenyl)-3-oxopropyl)-3-propylthiourea, 5m. Yellow solid
(0.66 mmol, 71%); mp: 148-150 °C; "H NMR (300 MHz, CDCl,): 8 = 0.96 (t, 3H), 1.52—
1.65 (m, 2H), 3.21-3.30 (m, 4H), 3.99 (t, 2H), 5.95 (bs, 4H), 6.69 (d, 1H), 7.23 (dd, 1H),
7.67 (d, 1H) ppm; '®C NMR (75 MHz, CDCly): 5 = 11.67, 22.35, 38.85, 40.00, 45.82,
119.03, 119.62, 121.65, 130.52, 135.11, 147.84, 181.52, 201.24 ppm; HRMS m/z [M +
H]* caled. mass for Ci3H{sNsOSCIl: 300.0937, found: 300.0939. Anal. calc. for
Cy3H1gN,OSCI: C 52.08, H 6.05, N 14.02, found: C 53.17, H 6.15, N 13.90.

1-(3-(2-Amino-5-chlorophenyl)-3-oxopropyl)-3-propylurea, 5o. Yellow solid (0.59
mmol, 84%); mp: 115117 °C; "H NMR (300 MHz, CDCly): § = 0.91 (t, 3H), 1.46-1.54
(m, 2H), 3.09 (t, 2H), 3.14 (t, 2H), 3.58 (t, 2H), 5.18 (bs, 4H), 6.62 (d, 1H), 7.19 (dd,
1H), 7.62 (d, 1H) ppm; *C NMR (75 MHz, CDCly): 5 = 11.57, 23.42, 35.86, 39.56,
42.80, 118.63, 119.28, 120.93, 130.45, 134.99, 148.70, 158.88, 201.06 ppm; HRMS
m/z [M + Na]® caled. mass for C,3HgNsO,CINa: 306.0985, found: 306.0982 . Anal.
calc. for C3HgN;O,: C 55.03, H 6.39, N 14.81, found: C 59.85, H 7.05, N 10.44.
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NMR assignments and structural
characterization of new thiourea and urea
kynurenamine derivatives nitric oxide

synthase inhibitors

Mariem Chayah,” M. Dora Carrién,”* Miguel A. Gallo,®
Duane Choquesillo-Lazarte® and M. Encarnacién Camacho®*

Introduction

The bicactive molecule of nitric oxide (NO) is an important sec-
ond messenger that participates in regulation of cardiovascular,
nervous and immune systems."! NO synthases (NOS) catalyze
the oxidation of the amino acid t-arginine to -citrulline and
NO with NADPH and molecular oxygen as cosubstrates” In
mammalians, three isoforms of NOS have been identified: neuro-
nal {ANOS), endothelial and inducible NOS.™ These isoenzymes
are involved in important biological processes and are impli-
cated in many pathological diseases. Thus, overproduction of
NO by nNOS has been associated with neurodegenerative disor-
ders in Alzheimer's, Parkinson’s or Huntington's diseases,® and
the inducible isoform seems to be responsible for the massive
NO production in pathologies such as arthritis, colitis, tissue
damage, cancer or several inflammatory states” @ In this way,
many authors have focused their interest in the development
of NOS selective inhibitors.

In a recent paper, the synthesis and biological evaluation of a
novel family of kynurenamine derivatives bearing a thiourea or urea
fragment 31-45, which were designed and evaluated as NOS
inhibitor agents, have been described.”

Although the structures of these derivatives have been deter-
mined by means of standard spectroscopic techniques ('H and
3C NMR and MS), a detailed NMR study has been performed in
some of them, in order to unequivocally corroborate their
structures.

The present study reports the unambiguous assignment of each
signal in the "H and "*C NMR spectra in compounds 31-45, using
ane-dimensional and two-dimensional resonance techniques. The
spectra of nitro derivatives 1-30, the precursors in the synthetic
pathway, are also included.

Experimental
NMR spectra

Nuclear magnetic resonance spectra were recorded on 300-MHz 'H
NMR and 75-MHz "*C NMR Agilent Varian Direct Drive, 400-MHz 'H
NMR and 100-MHz '*C NMR Agilent Varian Direct Drive and 600-
MHz "H NMR and 150-MHz *C NMR Agilent Varian Direct Drive

Maan. Reson. Chem. (2015)

spectrometers at 298 K. The following parameters were used in
DEPT experiments: pulse width (PW) (1357, 9.0 ms; recycle time,
15, 0.5) (CH) =4 ms; 65536 data points acquired and transformed
from 1024 scans; spectral width, 15KHz; and line broadening,
13 Hz. Chemical shifts () are quoted in parts per million (ppm}
and are referenced to the residual solvent peak: CDCl,,
§=7.26ppm ('H), §=77.4 ppm ("*C}; {CD4),€0, 6=2.05ppm {'H),
5=2984ppm (°C); (CD.1S0, s=250ppm ('H), §=39.52 ppm
("*C); and CD,0D, §=3.31 ppm {"H), §=49.00 ppm (' *C). Spin multi-
plicities are given as s (singlet), bs (broad singlet), d (doublet), dd
{doublet doublet), ddd {doublet, doublet doublet), t {triplet}, g (qua-
druplet) and m {(multiplet). Coupling constant (J) are given in hertz.

The HMBC spectra were measured with a pulse sequence
gezhmbe (standard sequence, Agilent Vnmr 3.2A software)
optimized for 8 Hz {inter-pulse delay for the evolution of long-range
couplings: 62.5 ms). The HSQC spectra were measured with a pulse
sequence ge2hsgeose (standard sequence, Agilent Vnmrj_3.2A
software),

Nuclear Overhauser spectra were recorded on an Agilent Varian
Direct Drive spactrometer, operating at 600 MHz, with a spectral
widths of 496 KHz in both F2 and F1 domains; 744x 200 data
points were acquired with 16 scans per increment and relaxation
delays of 1.0s. The mixing time in NOESY experiments was 0.5s.
Data processing was performed on a 1% 1 K data matrix.

Molecular dynamics simulations

Unrestricted molecular dynamics (MD) simulations were carried out
with the AMBER 12 software suite”'? in explicit solvent using the
AMBER force field leapre ff125B. Geometry of compound 39 was
optimized using RHF/6-31G* as implemented in Gaussian 09
(Gaussian, Inc., Wallingford, CT). Charges were then assigned to

»
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individual atoms by fitting the quantum mechanically calculated
{RHF/6-31G*//RHF/3-21G*) molecular electrostatic potential to a
point charge model. Compound 39 was immersed in a cubic box
of CHCl; molecules (CL3 model) with a minimum distance of 12 A
from any atom to the edge. The particle mesh Ewald method for
long-range electrostatic interactions together with standard
periodic boundary conditions was used. SHAKE algorithm was
applied to reach an integration step of 2.0fs, The followed MD
simulation protocol was the same as previously described!"™ Dis-
tances and conformational clustering were performed using the
program cpptraj implemented in Amber Tools 14,

X-ray crystallography

A yellow crystal of compound 39 was mounted on a MiTeGen
Micromounts, and this sample was used for data collection. Data
were collected with a Bruker D8 Venture diffractometer. Data
were processed with APEX!"? and corrected for absorption using
SADABSY'® The structures were solved by direct methods,
which revealed the position of all non-hydrogen atoms. These
atoms were refined on F* by a full-matrix least-squares proce-
dure using anisotropic displacement parameters!'® All hydrogen
atoms were located in different Fourier maps and included as
fixed contributions riding on attached atoms with isotropic ther-
mal displacement parameters that are 1.2 times those of the re-
spective atom. Crystallographic data for the structural analysis
have been deposited with the Cambridge Crystallographic Data
Centre, CCDC 1063097.

Results and discussion

Scheme 1 represents the previously reported synthetic pathway
followed in the preparation of final compounds 31-45"% and
Table 1 shows the structural data of all the intermediate and final
compounds synthesized.

Structural elucidation of these compounds has been made by
routine 'H and '*C technigues. Nevertheless, a definitive assign-
ment of all signals needs the use of several NMR techniques as
follows: (i) DEPT experiments to determine the number of
protons attached to each carbon atom; (i) HSQC spectra to
determine the '*C resonances of the tertiary, secondary and pri-
mary carbons; (i) HMBC sequences to assign the signals of
quaternary carbons via two-bond and three-bond interactions;

o] *

— Z HTH
TN,
16-30

M. Chayah et al.

Table 1. Structural data of the intermediate (1-30) and final (31-45)
compounds

Compound Ry Rz X Compound Ry Ry x
1,186, 31 H Me S 10,25 40 H B0
2,17,32 H Et S 11,26 41 H PP 0
3,18, 33 H Pr 5 12, 27, 42 OMe Et (o]
4,19,34 OMe Me S 13,2843 OMe Pr O
520,35 OMe It 5 14,29,44 al B 0
621,36 OMe Pr S 15,30,45 al Pr 0
7,22,37 l Me S

8,23, 38 a Et 5

9,24, 39 a Pr s

and {iv) NOESY experiments to determinate the preferred confor-
mation in solution.

Tables 2-4 show the 'H NMR signals of each proton for
compounds 1-45, whereas Tables 5-7 show the corresponding
*C NMR chemical shifts for the same molecules. NMR spectra of
all compounds were carried out in CDCl; solution, except for
compound 19, which was registered in (CD3),C0O, 20 and 37 in
(CD4);50 and 26 and 33 in CD,0D. For this reason, some significant
variations are observed in the chemical shifts according to the
solvent.

The "HNMR and "*C NMR signals of the aromatic ring (H-1"-H-6",
C-1"=C-6") and C-3" are similar in the three families of compounds:
1-{2-(2-{5-substituted-2-nitrophenyl)-1,3-dioxolan-2-yl}ethyl)-3-
alkylthioureas and alkylureas 1-15, 1-(3-(5-substituted-2-nitrophe-
nyl)-3-oxopropyl)-3-alkylthioureas and alkylureas 16-30, and 1-(3-
(2-aminophenyl-5-substituted)-3-oxopropyl)-3-alkylthioureas  and
alkylureas 31-45. However, signals corresponding to the linear
chain (H-1°, H-2', C-2, C-1" and C-2) are influenced by the thiourea
or urea residue of each family of compounds. Finally, H-1 and H-3
signals, linked to nitrogen atoms, do not follow the same pattern
and sometimes are not visible.

Heteronuclear single-guantum correlation and HMBC exper-
iments were performed on some compounds of each series,
and the results of these experiments have been extrapolated
to the other compounds. Table 8 shows the HSQC correla-
tions for some representative compounds, whereas Fig. 1
shows the more important connectivities found in the HMBC
spectra.

Heteronuclear single-quantum correlation experiments per-
formed on compounds 1, 6, 9 and 11 allow the assignment of

1415
*
.
Ry 1 - ?JJ.:L;‘I,Rz
Z H H
NN,
31-45

Scheme 1. General synthetic pathway followed in the preparation of final compounds 31-45. (a) Phthalimide, NaOMe, DMSO; room temperature (RT), 2 h;
(b} (CH;OH),, p-TSOH; toluene, reflux, 10 h; (c) NHNH, dry EtOH, reflux, 4.5 h; (d) XCNR,, anhyd CH,Cl,, RT, avernight; () HC, CHLCL, BT, 4 b (f) Fe/FeS0O,, H;0,

95°C, 3h.
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Table 5. "°C NMR chemical shifts of compounds 1-15

M. Chayah et al.

Compound -2 (< -2 -3 ca” - 3" 4" 5" 6" 2xC i OCH:
1 180.82 4004 3806 106.28 13466 14951 13161 129.82 12348 12838 65.04
2 180.92 ARGS 3818 105.46 13479 149.64 13170 129.93 12359 12848 65.14
3 180.39 3996 3798 109.23 134.56 14946 131.47 125.72 12337 12829 6493
4 18219 4035 3797 106.51 13785 1930 126.2 114.28 161.94 11338 65.14 567
5 181.98 4031 3795 10843 13742 143.14 126,22 114.29 16172 11333 65.12 5614
6 181.34 40.28 3794 104.54 13761 143.05 12619 114.27 161.92 11338 65.13 56,16
7 181.66 AL0E 3812 105.06 13721 147.85 12518 130,00 13791 12859 6533
8 180.68 39598 3809 105.06 13718 147 86 12516 125.99 137.50 12859 65.32
9 180,79 4007 3830 106.07 13708 14788 12508 130,00 13789 12859 65.33 —
10 158.50 3566 3937 109.51 13515 119.66 13147 129.68 12338 12863 6507 —
1 158,54 3559 39.04 106.24 13507 14946 13129 129.52 12320 12842 64,88 -
12 158,57 3559 390 108.45 13762 14492 12544 114.08 16142 11321 64.83 55,62
13 15840 3557 3.0 109.46 13799 14257 12576 114.00 161.58 11326 6491 55.94
14 158.77 3543 4239 168.93 13720 147.69 124.70 129.43 137.30 1284 6487
15 158.78 3525 A239 10889 137.26 147.61 124.66 12948 137.35 12844 B1.97 _—

5 {in ppm) relative to CDCl. '*C signals for the Ra substituent: 1, CH.: 32.87; 30.29; 2, CH,CH,: 38.18,14.28; 3, CHCH2CHA: 45,60, 2216, 11.44; 8, CHy: 30.50;
5, CH.CHy: 4225, 22.65; 6, CH,CHCHy: 45,78, 2239, 11.63; 7, CHy: 30.47; 8, CHCH4:38.80, 14.26; 9, CH.CHLCHy: 4580, 2237, 11.66; 10, CHoCHy: 35.66,
15.64; 11, CH.CH.CH,: 42,56, 2326, 11.36; 12, CH.CHy: 41.79, 15.47; 13, CH.CH.CHy: 4249, 23.50, 11.44; 14 CH.CH4: 3535, 1531; 15, CH.CH.CH,:
39,02, 23.34, 11.31.

Table 6. '°C NMR chemical shifts of compounds 16-30

Compound 2 1 -2 -3 ca" c2" 3" C4" 5" 6" OCH,
16 181.50 3950 4250 2025 13720 14576 124.50 1309 13450 127.30 —
17 181.54 39N 4251 202.64 13723 14591 124.81 1319 13461 127.45
18 180,70 3951 4230 20238 1371 145.73 12460 13099 13439 127027 —
19" 184.29 3944 4236 201.28 13850 14082 12741 11560 184.71 112.51 5636

20" 182.37 394 4263 201.95 13843 14064 127.86 11631 16470 113.20 57.31
21 181.83 3986 4273 202.74 13826 14044 127.50 11549 16475 112.06 56,63
22 181.76 3970 4264 201.09 13887 14355 126.35 13107 14170 127.51

23 181.43 3964 4264 20115 138.86 14356 126.34 13107 14168 127.53

24 181.60 3966 4265 20116 138.87 14396 12632 13108 1166 12754 —
25 158.53 3564 4343 202.55 137.58 14592 124.74 130.99 13453 127.50

26 160.00 3482 4166 202.03 13725 146322 124.29 131 134.21 127.64 -
27 158.73 3554 4347 202.55 138.18 14059 127.43 11543 164.72 112.04 56.61
28 160.01 34.94 A43.09 2025 13831 14068 126.99 115.04 164.82 112.31 55.85
29 159.95 3665 4152 202.02 140,24 14507 12742 1321 142.80 128,75 —
30 158.99 3558 4335 2009 13903 14392 126.30 13100 141.69 127.58 —

“Solvent used {CD4).CO.
bsalvent used {CD4).50.

“Solvent used CD40D.
 {in ppm relative to COCL. "C signals for the R, substituent : 16, CHs: 32.80; 17, CH.CHa: 38,75, 14.22; 18, CHuCH.CH3: 45,62, 22,13, 1143; 19, CHa:
30.20; 20, CH2CHs: 38,93, 15.09; 21, CH-CH:CHs: 45,68, 22,32, 11.64; 22, CHa: 29.93; 23, CH-CH::38.73, 14.21; 24, CH-CH:CHx: 45,75, 22.33, 11.65; 25,
CH.CHy: 3535, 1561; 26, CHaCHoCHy: 34.86, 23.27, 1046; 27, CH.CHa: 35.88, 15.35; 28, CHaCHoCHa: 41.68, 2327, 10.46; 29 CH.CHy: 37.07, 16.52; 30,
CH,CH.CHy: 4292, 23.27, 1153

the secondary carbon atoms C-1" and C-2' chemical shifts, and

41.66-4452 (C-2), 1242912786 (C-37),

115.04-132.11

(47,

the tertiary carbon atoms C-3°, C4", C-5" and C-6" chemical shifts
in the dioxolane derivatives 1-15. These atoms show signals in
ranges of 3525-40.35 (C-19, 37.94-4230 (C-2), 12466-131.70
(C-3"), 114.00-130.00 (C-4", 123.20-161.94 (C-5") and 11321-
12863 (C-67).

Similar HSQC experiments performed on compounds 18, 21, 23,
27 and 30 indicate that the "*C NMR signals for the analogue sec-
ondary and tertiary carbon atoms in the intermediate nitrophenyl
derivatives 16=30 are in the following ranges: 34.82-39.86 (C-1'),

wileyonlinelibrary.com/journal/mrc

Copyright @ 2015 John Wiley & Sons, Ltd,

134.21-164.82 (C-5") and 112.04-128.75 (C-6").

In the same way, HSQC experiments performed on compounds
32, 35, 39, 41, 43 and 45 confirm that the peaks corresponding
to the analogue secondary and tertiary carbon atoms in the final
aminophenyl derivatives 31-45 appear around 35.54-41.11 (C-17,
3847-3993 (G2, 117.38-12005 (C-3%), 12354-13568 (C47),
116.13-151.54 (C-5") and 113.23-132.57 (C-6").

To confirm the signals corresponding to quaternary carbons,
HMBC spectra on the intermediate (1,6, 11,18, 21 and 30} and final

Magn. Reson. Chem. (2015)

115



Meriem Chayah Ghaddab

NMR assignments of new thiourea and urea kynurenamine derivatives

Table 7. '*C NMR chemical shifts of compounds 31-45

Compound c2 1 -z 1 [N 2 3" 4 5" 6" OCH,
31 18221 40.06 3847 201.92 11762 15038 117.47 134.97 116.26 131.22 -
32 18134 40.19 3870 202.14 11777 15060 117.65 135.16 116.42 131.43 -
33" 18286 41.11 3976 202.76 11877 15283 118.48 13568 116.42 132.57
34 18241 40.31 3887 20161 11751 145.44 119.13 12460 150,51 113.24 5630
35 18136 40.18 3893 20169 117.89 14474 11939 124.44 150.74 113.30 56.29
36 18156 40.29 3889 20167 117.51 145.45 119.13 12461 150.52 113.23 5630
37 181.43 39.99 3882 200.61 117.76 15052 119,67 13473 12165 130.84 -
38 181.40 40.01 3878 2.3 11859 14855 119.31 13513 12113 130.50 -
39 18152 40.00 3885 201.24 119.03 14784 119.62 135.11 12165 130.52 -
40 158.82 35.54 3941 20196 11791 150.16 117.38 13461 116.13 131.20
41 15885 3588 3971 20216 11848 14987 117.94 134.88 116.79 131.43 -
a2 15857 3564 3993 20191 11933 14275 120.05 12354 15154 113.83 56.24
43 15849 3573 3981 201.76 117.90 14529 119.04 124.13 150.48 113.47 5625
a4 15862 35.80 3959 201.15 11859 14882 119.19 134.98 120.83 130.49 -
a5 15888 35.86 3956 201.06 11863 14870 119.28 134.99 120.93 130.45 -

*Solvent used (CD3);50.
Fsolvent used CO;0D.

4 (in ppm) relative to COCls. e signals for the R; substituent: 31, CHy: 30.25; 32, CH,CHa: 38.70, 14.23; 33, CHCH.CH3: 39.76, 23.55, 11.66; 34, CHy:
30.42; 35, CH,CHy: 38,93, 14.23; 36, CHLCH,CHy: 45.74, 22.32, 11.66; 37, CHy: 31.12; 38, CHLCHy:38.78, 14.22; 39, CH,CH,CHy: 45.82, 22.35, 11.67; 40,
CHCHsy: 35.35, 15.38; 41, CHyCH,CHs: 42.62, 23.56, 11.59; 42, CH,CHy: 35.55, 15.63; 43, CHyCH,CHy: 42.63, 23,61, 11.58; 44 CH,CHy: 35.82, 15.49; 45,

CH,CH.CHy: 42.80, 23.42, 11,57,

. Table 8. HSQC comelations found for compounds 1, 6,9, 11, 18, 21, 23, 27, 30, 33, 35, 39, 41, 43 and 45

W Compound
1 (3 9 1 18 21 23 27 30 32 35 39 Ll 43 45
H-1" 367 3.68 3.70 337 403 405 4.04 3.65 3.64 396 396 399 356 357 358
1 4004 40.28 40,07 3550 39.51 3986 3964 3554 35.58 40,19 4018 4000 3588 3573 3585
H-2" 248 252 248 237 319 310 318 259 3.04 330 3325 326 315 314 3.14
-2 3806 37594 38.10 359.04 42.30 4272 4264 4347 43.35 3870 3893 3885 397 3981 39.56
H-3" 75 748 740 749 B07 813 8.07 813 BO& 662 6.63 669 6.64 6.60 662
3" 131e 12619 12506 13129 12460 12750 12634 12743 12630 1765 11939 11962 11744 11904 11928
H-4" 743 6.85 740 740 7.59 6.98 7.56 6.98 7.54 725 6.95 723 7.24 6.594 719
C4" 12982 11427 13000 12952 13099 11549 13107 11543 13100 13516 12444 13511 13488 12413 13499
Hs" 743 740 771 662 664
5" 12348 12320 13439 116.42 116,79
He" 779 706 758 758 742 674 7.38 675 735 767 7N 767 767 714 782
C6" 12838 11338 12859 12842 12727 11206 12753 11204 12758 13143 11330 13052 13143 11347 13045
H Hb_Oﬁo q R
e NN
Ha H H
a)

Figure 1. Important connectivities found in the HMBC spectra of compounds {a) 1-15, (b) 16-30 and (c) 31-45.

{35, 39, 41 and 45) compounds were recorded (Fig. 1). Correlations
in compound 1 between H-6" (4 7.59 ppm) and the 'C signal at
149.51 ppm, H-3" (§ 7.51 ppm) and the 'C signal at 134.66 ppm
and H-2" (3 248 ppm) and the "°C signal at 109.28 ppm allow the
unequivocal assignment of C-27, C-17 and C-3', respectively. In
addition, compound 6 HMBC analysis indicates a correlation
between OCH; {5 3.85) and the '*C signal at 161.92 ppm, which

can be attributed 1o C-5". Also, correlation between H-1" {4 3.37)
in compound 11 and the peak at 158.54 ppm shows that this signal
corresponds to C-2,

Heteronuclear multiple-bond correlation experiment performed
on compound 18 indicates that the signal at 4 8.07 (H-3") is corre
lated with the "*C signal at 137.01 ppm, which can be assigned to
C-1", whereas H-6" signal (# 7.42) is correlated with the "*C signal
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at 145.73 ppm; accordingly, this signal corresponds to C-2". Further
maore, a correlation between H-1" signal (§ 4.03) and e signal at
180.70 ppm has been observed, and this signal can be designated
as C-2 of thiourea. Finally, H-2' {§ 3.19) is correlated with a signal
at 4 20238 that can be assigned to C-3\ In addition, similar
experiment of compound 21 indicates a correlation between the
OCH; (4 3.90) and the '*C signal at 164.75 ppm that is identified
as C-5". Lastly, HMBC experiment on the urea 30 demonstrates that
H-6" signal {4 7.35) is correlated with the e signal at 141.69 ppm,
and this signal corresponds to C-5", whereas correlation between
H-1" (5 3,64) and a signal at 158.99 ppm indicates that this signal
corresponds to C-2 of urea.

Heteronuclear multiple-bond correlation spectrum of compound
35 denotes that H-3" {4 6.63) and OCH; (4 3.73) are correlated with
the "*C signals at 117.89 and 150.74 ppm, which are assigned to C-1"
and C-5", respectively. In compound 39, the signal of C at
147.84 ppm can be assigned to C-2" because of its correlation with
H-4" (3 7.23), whereas H-1' {4 3.99) is comrelated with the "*C signal
at 18252 ppm, and consequently, this peak is identified as C-2 of
the thiourea. Also, H-2' of the urea 41 (5 3.15) is correlated with a
*C signal at 202,16 that is assigned to C-3' Finally, in compound
45, the H6" {J 7.62) and H-1' (4 3.58) are comrelated with the "C
signals at 12093 and 158.88 ppm that are designed to C-5" and C-2
of the urea, respectively.

These compounds have been designed from a series of N-{3-(2
amino-5-substitutedphenyl)-3-oxopropyljalkylamide  derivatives
previously synthesized by our research group,”® by substitution
of the main chain alkylamide for an alkylurea or alkylthiourea ones.
The main differences between the '*C chemical shifts of the previ-
ously kynurenamine derivatives''™ and the new kynurenamine
ureas and thioureas are the "*C signals of the main chain (C-1 atom

Figure 2. Selected NOESY correlations for compound 39.

of the amides and the equivalent C-2 atom of the ureas or
thioureas). The amide C-1 atom shows signals in a range of
167.4-176.4, whereas for the equivalent urea C-2 atom, the signals
appear in a range of 158.5-160.0, and for the thiourea C-2 atom, the
range is 180.7-184.3 ppm, according to similar compounds de-
scribed in literature %17

Muclear Overhauser spectroscopy experiments performed on
compound 39 (R, =Cl, R; =Pr, X =5) (Fig. 2) demonstrate a correla-
tion between H-6" and H-2" and vice versa, which proves that they
have close distance in space. These NOE effects are possible if the
molecule adopts a conformation where there is an intramaolecular
hydrogen bond between the carbonyl group of the linear chain
and the amino group in 2°-position of the aromatic ring.

To explore the conformational behavior of this molecule in
solution, we performed an unrestricted MD simulation (100 ns) of
compound 39 in similar conditions to those where NOESY spectra
were recorded (box of CHCl; molecules and 300K) (Fig. 3{a)). In
the three calculated conformational clusters of 39 along the MD
simulation, a permanent intramolecular hydrogen bond between
the carbonyl oxygen and the amino group of the phenyl ring is
observed. In this regard, the distance between NH, and 0=C
remains under 2.8 A along the MD simulation {Fig. 3(b)). As a conse-
quence, hydrogen atoms H-2' and H-6" are close in space (2.0-
2.5 A), which is in line with the experimental NOEs. Finally, the major
differences between the three groups of conformers are due to the

Figure 4, Asymmetric unit in the crystal of compound 39. Only one of the
disordered positions of the propyl group is depicted for clarity.

[
I

l||'||ll|r \J\ ” ,1||,'. 'HM Hﬂ,ﬂ I

22
I

tins)

Figure 3. Molecular dynamics (MD) simulation of 39 in a box of CHCl; molecules. (a) Representative structure of the major conformer of 39 and (b) distance
evolution between carbonyl oxygen and the amino group calculated along the 100-ns MD simulation. Spatial proximity of H-2" and H-6" atoms is indicated as

dotted lines.
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relative orientation of the thiourea side chain to the ring due to the
rotation of C2-C1 bonds in the chain.

Derivative 39 has been crystallized with the object of confirming
the preferred conformation of these molecules in solid state, and its
3D structure has been determined using X-ray diffraction. This
compound crystallizes in the triclinic system, space group P-1. The
asymmetric unit consists of one molecule (Fig. 4) where the mean
planes of the aromatic ring and the thiourea moiety defines a
dihedral angle of 75.44° In this conformation, one intramolecular
H-bond is observed ™™™ aromatic-NH, and CO groups (N-
H---0: 2683 A 129.0°. The propyl group is disordered over two
alternative positions, with site-occupancy factors 0.52:048. In the
crystal lattice, pairs of adjacent molecules are symmetrically
connected by intermolecular H-bonds that involve aromatic-NH;
and COgroups (N-H---0: 3.184 A 154.0°). The aforementioned pairs
of molecules are further associated by additional intermalecular H-
bonding interactions where aromatic Cl and thiourea groups are
involved, building a 3D H-bonded netwark.
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Abstract

The synthesis and biological evaluation of a new type of N N -disubstituted thiourea
and urea derivatives as inhibitors of both neuronal and inducible nitric oxide synthase
(nNOS and iNOS) are described. These compounds have been designed by reduction
of the carbonyl group in the thiourea and urea kynurenamine derivatives 3 previously
synthesized by our research group. The synthetic route performed to this new family
also allows us to obtain the molecules 3 with less synthetic steps and higher global
yield. Regarding the biclogical results, in general, the new derivatives 4 inhibit better
the neuronal NOS isoform than the inducible one. Furthermore, thioureas exhibit higher
inhibition than ureas for both isoenzymes. Among all the tested compounds, 4g shows
significant nNOS (80.6%) and INOS (76.6%) inhibition values without inhibiting eNOS.
This molecule could be an interesting starting point for the design of new inhibitors with
application in neurological disorders where both isoenzymes are implicated such as
Parkinson.

Introduction

Nitric oxide synthase (NOS) is a family of isoenzymes that converts L-arginine to L-
citrulline with nitric oxide (NO) release. There are three human NOS isoforms:
endothelial NOS (eNOS) which regulates blood pressure and flow, inducible NOS
(INOS) involved in immune response, and neuronal NOS (nNOS) essential for
neurotransmission.! Nonetheless, several studies demonstrated the implication of NOS
in many neurodegenerative,?” chronic inflammatory®® and cardiovascular'®'" diseases.
Indeed, NO overproduction, by nNOS or iNOS, leads to cellular and tissue damage
through nitrosative and oxidative stress.'?'® The underproduction of NO by eNOS can
affect the vascular tone and blood flow controls and cause hypertension. Therefore the
inhibition of NNOS and iNOS but not eNOS is a viable therapeutic strategy to treat and
prevent disorders and pathologies as previously mentioned.

A comparison of the NOSs structures reveals a huge similarity especially in their

substrate binding sites.'” This fact represents a real challenge in designing selective
NOS inhibitors.
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In previous efforts to find selective and potent ¥nNOS inhibitors, our research group
has synthesized and published several families of compounds. Figure 1 shows some of
them with analogous structures: the kynurenine 1,'® kynurenamine 2, and
kynurenamine-urea and thiourea 3?° derivatives. These last ones have mostly better
inhibition results versus iINOS. Docking and molecular dynamic studies demonstrated
the urea group implication especially in the selectivity process. Also both, the aromatic
ring and the amine group, interact with the enzyme through n-cation interaction and
hydrogen bonds, respectively. However, any clear role was observed for the carbonyl
group. Therefore we decided to act at this point, changing this hydrogen bond acceptor
residue by another donor such as hydroxyl.

This way, herein we present a new series of compounds 4 where the carbonyl group,
present in the three families of the above derivatives, has been replaced by a hydroxyl
one, waiting increased interaction with the enzyme and improved inhibition. This
change involved the development of a new synthetic pathway. Subsequent biological
assays and docking studies were performed in this new family of compounds to
evaluate the results.

O COHO o) o}
Ri NJLR Ry NJLR
H z H z
NH; NH,
1 2
R4 =0OMe R; = OMe, CI
R = alkyl R5 = alkyl, cycloalkyl, phenyl
e} X OH X
Ry N‘JJ\N'RZ R4 N'JJ\N'RZ
H H H H
NH3 NH,
3 4
R =H, OMe, CI Ry =H, OMe, CI
Ry = alkyl R3 = alkyl, phenyl
X=0,8 X=0s5

Figure 1. Some kynurenamine derivatives as NOS inhibitors synthesized by our
research group.

Results and discussion
Chemistry

The general synthetic pathway of all the final compounds 4a-q is represented in
Scheme 1. 5-Methoxy-2-nitrobenzaldehyde 5Sb (synthesized from 5-hydroxy-2-
nitrobenzaldehyde by reaction with Mel in the presence of K,COyTHF),*' the
commercially available 2-nitrobenzaldehyde $a and 5-chloro-2-nitrobenzaldehyde 5c
were transformed into the B-hydroxynitriles 6a-c by treatment with BuLi and acetonitrile
in dry THF?? (70-90% vyield). The nitrile group of these last intermediates was reduced
selectively with borane in THF® to give the 3-amino-1-(2-nitrophenyl)propan-1-ol
derivatives 7a-c. Nucleophilic addition of either alkyl isothiocyanate or alkyl isocyanate
in situ, using microwave (MW) technique, gives the intermediates 8a-q with good yields
(70-85%). The introduction of an urea or thiourea moiety in kynurenamine derivatives
has been described using MW assisted synthesis, shortening the reaction time from 18
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h*? to 20 min. Finally, reduction of the phenyl nitro group, with Pd/C in the flow
hydrogenator, results in the final derivatives 4a-q (75-91% yield).

On the other hand, this new synthetic route is useful to obtain urea and thiourea
kynurenamines 3. Thereby, as an example, we have carried out the oxidation of the
hydroxyl group to a carbonyl one in the derivative 8o (R; = Cl, R, = Et, X = O), using
the Jones reagent followed by the nitro reduction to amino group® (Scheme 1). This
alternative synthesis improves the previously described one?® by shortening the
synthetic route (from 8 to 5 steps) and doubling the global yield.

OH OH
R CHO R N
1\@ a) h@ﬁ\AN b) R1WNH2
— —_—
NO, NO, NO,
Sa-c 6a-c Ta<c
c)j
OH X OH X
Ry N)J\N’RZ d) Ry NJLN’RZ
H H - H H
NH, NO,
4a-q 8a-q
E)l f

Ry =H, OMe, CI o) X

R, = Me, Et, Pr, Ph Ry N)LN’RZ
X=0,5 H H
NH

Scheme 1. Synthesis of N N-disubstituted thiourea and urea derivatives 4a-q. a)
CH;CN, BuLi, THF, -78°C, then RT; b) BHs-THF, 0°C, then 4h RT; c) XCNR,, CH.Cl,,
20 min (MW); d) 10% Pd/C, MeOH (flow hydrogenation), 60°C, 60 bar; ) CrOs;,
CH3COCH;3, H,S04, 10 min; f) Fe/FeSO,, H,0O, 95°C, 3h.

Results and discussion
iNOS and nNOS inhibition

Compounds 4a-q have been evaluated in vitro as inhibitors of INOS and nNOS using
recombinant isoenzymes. The assays were made at 1mM concentration of each
compound in order to identify the more active and selective derivatives. Besides, ICx
values were measured for the most interesting compounds.

Table 1 illustrates the inhibition percentages versus iINOS and nNOS (the
kynurenamine derivatives 3a-b, previously described,” was introduced as reference).
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Table 1. /n vitro INOS and nNOS inhibition (%) observed in the
presence of 1 mM concentration of compounds 3a-b and 4a-q.

Compound R; R X % INOS % nNOS
inhibition® inhibition®

3a’ OMe Me S 78.20%243 46.04+285
3b° Cl Et O 78631134 986+3.17

4a H Me S 2074%+115 7017077
4b H Et S 19361333 44841002
4c H Pr S 31.10+£055 51741135
4ad H Et O 18.34+043 781+3.06

de H Pr O 19.04+145 7.00+0.32

af H Ph O 2786+115 17.69+1.32
44 OMe Me S 76.55+033 80551229
4h OMe Pr S 2539%1.71 6.02 £1.61

4i OMe Et O 2664+£205 43.021048
4j OMe Pr O 14661019 15.81+1.03
4k OMe Ph O 1233+130 12.10+1.08
4] Cl Me S 22131028 70.53+4.60
4m Cl Et S 60421231 70611354
4n Cl Pr S 5498+321 3240%+224
40 Cl Et O 33851186 15221233
4p Cl Pr O 1961+3.04 2381+134
4q Cl Ph O 3.11+236 38.62+1.63

*Values are the mean +SEM of the percentage of iINOS and
nNOS inhibition produced by 1 mM concentration of each
compound. Each value is the mean of three experiments
performed by triplicate using recombinant iINOS and nNOS
enzymes. "3a-b were used as reference.?’

In general, compounds 4a-gq show better values of inhibition versus nNOS than iNOS,
since five compounds exhibit good nNOS percentage inhibition (4g, 80.6%; 4m, 70.6%;
41, 70.5%, 4a, 70.2% and 4c¢, 51.7%) and only three compounds show good inhibitory
activity versus iNOS (4g, 76.6%, 4m, 60.4% and 4n, 55.0%). Regarding the R; radical,
no clear structure-activity relationship can be concluded. Independently of the
substituent nature (neutral (Ry = H), electron-donating (R; = OCH;) or electron
withdrawing (R, = CI)) different inhibition levels can be observed. It seems that the
inhibitory activity depends more on X and R,. Thus, derivatives with a thiourea residue
(X = S) show better inhibition data for both isoenzymes than those bearing urea (X =
0). In addition, compounds with methyl substituent in R, produce higher inhibition for
iINOS as 4g and for nNOS such as 4a, 4g and 4l. It is noteworthy that compound 4m
shows good inhibition having a R, = Et. Finally, 4g stands out as the best inhibitor of
both isoforms.

Furthermore, Table 2 shows the iINOS inhibition values of kynurenamines previously
synthesized 2a-l (not published before), as well as their nNOS values already
described in order to compare them with the new A, A-disubstituted thioureas and
ureas 4. These last compounds were designed from the kynurenamines 2, introducing
two structural modifications: replacement of the terminal acyl group by a thiourea or
urea one, isosteric to the final guanidine moiety of the NOS substrate (L-Arg); and
substitution of the carbonyl group with a hydroxyl residue.

The best nNOS inhibitors of derivatives 2a-1 were 2a (R; = OMe, R, = Me, 65.4%), and
2b (R; = OMe and R, = Et, 50.9%); however, no compounds with relevant iINOS
inhibition values was found, so they can be considered as selective inhibitors of NNOS
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versus iNOS. Kynurenamine 2a, the A'-methyl-5-methoxykynurenamine, is the main
brain metabolite of melatonin hormone in mammalians, that intermediates some of the
actions of this indolamine. Both of them inhibited nNOS activity in vitro in a dose-
related manner.”

If we compare the derivatives 4 with the kynurenamines 2, we can see that both series
inhibit better nNOS than INOS (compounds 4 having greater potency), unlike the
corresponding 3 showing better iINOS inhibition values. Besides, the best inhibitors of
the two first families carry a methoxy group in Ry and a methyl in R, (urea 4g and
kynurenamine 2a, respectively), while the urea-kynurenamine 3b which has a chlorine
in Ry and a ethyl in Rz is the best inhibitor of this family and the most selective one.
Finally, 4g has the highest percentage of inhibition of all the tested derivatives with
similar structures.

Table 2. /n vitro INOS and nNOS inhibition (%) observed in the
presence of 1 mM concentration of compounds 2a-l.

Compound R; R % iINOS % nNOS
inhibition® inhibition®

2a OMe Me 30.741+ 292 85.36+56

2b OMe Et 024+195 5087+19

2c OMe Pr 7.35+4.48 428119

2d OMe Bu 1411+ 0.89 3968 +1.17

2e OMe ¢-CsHs 266+14 40.44 +1.84

2f OMe o¢C4H; 0.01£1.52 33.75+£1.39

2g OMe ¢CcHy 0.81+2.49 45.04 £1.97
2h OMe o¢GCgHyy 9.24+21 48.24 +£2.42

2i OMe Ph 10.86+ 3.73 46.47 £2.36
2j Cl Me 19.70+ 0.57 17.70+£1.13
2k Cl c-C;Hs 537 +£2.59 9.66+4.17
2 Cl Ph 26.60 + 4.52 7.20+1.29

*Values are the mean tSEM of the percentage of INOS and nNOS
inhibition produced by 1 mM concentration of each compound.
Each value is the mean of three experiments performed by
triplicate using recombinant INOS and nNOS enzymes. "See Ref.
19.

Table 3 includes the ICs; data of the most interesting derivatives 4. Compound 4g
stands out the best values of inhibition, 130 and 180 pM, versus nNOS and iNOS,
respectively, confirming the potency of this molecule.

Table 3. IC5; values (mM) for the inhibition of NNOS and iNOS activity
by the compounds 4a, 4c, 4g, 4l, 4m and 4n.

IC5s° 4a 4c 49 4 4m 4n
nNOS 0.35 0.88 013 0.71 Q.77 =1

iINOS >1 >1 0.18 >1 0.80 0.86

*Data were obtained by measuring percentage of inhibition with at
least five concentrations of inhibitor.
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eNOS inhibition

We carried out the eNOS inhibitory activity of compound 4g, using HUVECs incubated
with 100 umol/L of 4g or vehicle and measuring the NO production stimulated by the
known eNOS activator A23187. This agent increased in a time dependent manner NO
production. No significant differences (p>0.05) were observed in A23187-stimulated
NO production in the presence of 4g, showing that this compound did not inhibit eNOS
(Figure 2a). Moreover, the endothelium-dependent relaxation to acetylcholine was not
affected by 4g (Figure 2b), confirming the absence of eNOS inhibition of this
compound. However, L-NAME suppressed this NO-dependent relaxant response.

a) g b
2 _ 600y )
C EI[ O Vehicle ._._-.___.___.____,.
K] > o 49 (100pmoliL) 01
oG
S5 49 & 25
= O -
= o
[T =
e S 501
g3 2004 « _
S E = © Vehicle
Bi: g 751 o 49 (100umoliL)
ﬁ = o = L-MAME (100pmol/L)
< T v . , 100 T T T T T
1] 5 15 30 -3 -8 -7 -6 -5
Time (min) Log [Ach] (M)

Figure 2. Effects of 4g on eNOS activity. A23187-dependent NO production in
HUVECs incubated with DMSO or 4g (100 pmol/L) for 30 min (h = 12) (c).
Acetylcholine-evoked relaxation in aortic rings with endothelium contracted with 1 yM
noradrenaline in the presence of DMSO, 4g (100 pmol/L), or L-NAME (100 pmol/L) for
30 min (n = 5). Data are expressed as means +SEM mean of n experiment.

Docking studies

Docking studies were performed to propose and understand the binding mode of N A/
disubstituted thiourea and urea derivatives 4a-q inside nNOS and iNOS.

Figure 3 illustrates the main poses obtained for these compounds in the nNOS (PDB
id: 1QWB)* binding site. All the ligands interact with the GIu592 and a carboxylate
moiety of the heme group through the hydroxyl group and both thiourea/urea nitrogens,
respectively. Compound 4a (Figure 3a) shows additional interactions of the amino
group, forming two more hydrogen bonds, one with residue TrpS87 and one with
Glu592. Moreover 4a have a good orientation in the binding site: the phenyl ring points
to the lipophilic region (Phe584 and Pro565) being situated below the heme group
establishing a n-cation interaction, the aliphatic chain is directed to Val575 establishing
VdW interactions and the thiourea moiety is oriented to a polar pocket formed by three
arginines (Arg596, Arg603 and Arg481). In addition, more VdW interactions are
established with GIn478.

On the other hand, compound 4j (Figure 3b) shows no additional hydrogen bonds in
the binding site. Despite it presents a similar orientation to 4a, being longer adopts a
more constricted conformation which results more unstable and reduce the =n-cation
interaction, due to the inclination of the aromatic ring respect to the heme group. This
fact can explain the loss of activity of some compounds.
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Figure 3. Detailed view of the main poses obtained for compound 4a (a) and 4j (b) in
the nNOS bhinding site. Dotted lines indicate hydrogen bond interactions between the
ligand and the residues of the enzyme.

Figure 4 shows the most common poses obtained for hydroxypropyl derivatives in the
iINOS binding site. Compound 4g (Figure 4a) forms three hydrogen bonds, one with
Glu371 through the hydroxyl group and two with a heme propionate moiety through
both thiourea nitrogens. It is noteworthy that, although 4a have more favourable H-
bond contribution inside nNOS, 4g seems to have higher VdW stabilising contribution
insite iINOS. This contribution is performed through the aliphatic chain which interacts
with the nearby residues Val348, Pro344 and GIn257, and especially through the
thiourea moiety which is oriented to GIn257 and to the arginines pocket.

Prod44 p——
smzs? :

Figure 4. Detailed view of the main poses obtained for compound 4g (a) and 41 (b) in
the INOS binding site. Dotted lines indicate hydrogen bond interactions between the
ligand and the residues of the enzyme.

Other compounds such as 4l (Figure 4b) demonstrate weaker interaction with the iINOS
(PDB id: 3NW2)7 binding site. In this case, two hydrogen bonds are established, one
between the amino group and a propionate of the heme group, and the other between
ene a thiourea nitrogen and Glu371. Moreover, the conformation adopted by 41 moves
away the phenyl ring and the thiourea moiety reducing the n-cation interaction with the
heme group and the VdW interactions which decrease the stability and efficiency of the
binding process.

Conclusions

In summary, we have designed and successfully synthesized a series of novel N,N*-
disubstituted thiourea and urea derivatives. The synthetic pathway of these new
compounds can be used to prepare kynurenamine-thioureas and ureas easier, in less
synthetic steps and higher global yield than the previously described route. Their
biological evaluation was performed versus nNOS and INOS isoforms for all
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compounds and versus eNOS isoform for 4g. In general, compounds 4 inhibit better
the neuronal NOS isoform than the inducible one, exhibiting the thioureas higher
inhibition than the ureas. The derivatives 4a and 4g are the most active compounds
with an ICgp values of 350 and 130 pM, respectively, versus nNOS, and 180 pM versus
iNOS for the second compound. In addition, 4g does not inhibit eNOS which is
necessary to avoid the hypertension. Both in sifico and in vitro studies reveal promising
properties for these compounds which could be a reference to design new nNOS and
iNOS inhibitors without adverse vascular effect, useful in neurodegenerative disorders
such as Parkinson, where both isoforms are involved.

Experimental section

Chemistry

Melting points were determined using a capillary melting point apparatus and are
uncorrected. Analytical thin layer chromatography was performed using Merck
Kieselgel 60 F254 aluminum sheets and the spots were developed with UV light (. =
254 nm). Flash chromatography was carried out using silica gel 80, 230-240 mesh
(Merck), and the eluents used are reported within parentheses. 'H NMR and "*C NMR
spectra were recorded on a Varian Inova Unity 300 spectrometer operating at 300.20
for 'H and 75.49 MHz for '*C, on a Varian direct drive 400 spectrometer operating at
400.57 MHz for 'H and 100.73 MHz for '°C, on a Varian Inova Unity 500 spectrometer
operating at 499.79 for 'H and 125.68 MHz for '*C and on a Varian direct drive 600
spectrometer operating at 600.25 MHz for 'H and 150.95 MHz for '*C in the deuterated
solvents indicated at ambient temperature. Chemical shifts are reported in ppm (8) and
are referenced to the residual solvent peak. High-resolution mass spectromatry
(HRMS) was carried out on a Waters LCT Premier Mass Spectrometer. Elemental
analyses were within £0.4% of the theoretical values.

General synthetic method of 3-hydroxy-3-(2-nitro-5-
substitutedphenyl)propanenitrile, 6a-c.

BuLi (1.6 M/hexane, 20.3 mL) was added to dry THF (37.5 mL) cooled to -78 °C under
argon. Then, a solution of acetonitrile (1.7 mL) in dry THF (4.9 mL) was added
dropwise. The mixture was stirred at -78 °C for 1 h. Afterward a solution of the
corresponding benzaldehyde 5a-c¢ (16.16 mmol) in dry THF (4.8 mlL) was added
dropwise. The mixture was stirred again at -78 °C for 30 min and afterward warmed to
RT. The reaction was agitated for 15 min at RT and was quenched with cold water (25
mL), diluted with diethyl ether (30 mL) and washed with 2% aqueous HCI (15 mL). The
aqueous layer was extracted with diethyl ether (3 x 15 mL). Finally the organic phase
was washed with NaHCO; saturated solution (10 mL) and brine (15 mL), dried over
anhydrous Na,SQ,, filtered and concentrated under vacuum. The crude mixture was
purified by flash chromatography (EtOAc/hexane, 1:2).

3-Hydroxy-3-(2-nitrophenyl)propanenitrile, 6a. Yellow solid (70%).%®

3-Hydroxy-3-(5-methoxy-2-nitrophenyl)propanenitrile, 6b. Yellow solid (20%); mp:
88 - 90 °C; 'H NMR (300 MHz, CDCl3) & 8.13 (d, 1H), 7.47 (d, 1H), 6.94 (dd, 1H), 5.81 -
5.70 (m, 1H), 3.94 (s, 3H), 3.07 (dd, 1H), 2.85 (dd, 1H); *C NMR (125 MHz, CDCl;) &
164.39, 140.30, 139.65, 127.97, 117.03, 114.49, 112.73, 65.50, 56.15, 27.27: HRMS
m/z 245.0540 [M + Na]*, caled. mass for CigHgN2O4Na: 245.0538.

3-(5-Chloro-2-nitrophenyl)-3-hydroxypropanenitrile, 6c. Yellow solid (70%); mp: 63
- 64 °C;'"H NMR (500 MHz, CDCl5) 8 8.05 (d, 1H), 8.01 (d, 1H), 7.51 (dd, 1H), 5.69 (dd,
1H), 3.08 (dd, 1H), 2.87 (dd, 1H); ™C NMR (125 MHz, CDCl;) & 145.07, 141.37,
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138.95, 129.63, 128.61, 126.52, 116.64, 65.18, 27.41; HRMS m/z 249.0047 [M + Na]*,
caled. mass for CgH;N,O;NaCl: 249.0045.

General synthetic method of 3-amino-1-(2-nitro-5-substitutedphenyl)propan-1-ol,
7a-c.

3-Hydroxy-3-(2-nitro-5-substitutedphenyl)propanenitrile  derivatives 6a-c (1.7 mmol)
were treated dropwise with a solution of BH; (12.3 mL) in THF at O °C under argon.
The mixture was stirred during 4h at RT. Afterward the reaction mixture was cooled to
0 °C and an ice-cold solution of 8 N HCI (7.5 mL) was added carefully. The THF was
evaporated and the aqueous phase was basified with 4 N NaOH to pH = 10, and
extracted with EtOAc (3 x 15 mL). The organic phase was washed with brine, dried
over Na,SO, and concentrated. The crude was used for the next step without
purification.

General synthetic method of N-alkyl or aryl-N’-[3-Hydroxy-3-(2-nitro-5-substituted
phenyl)propyl]-thioureas and ureas, 8a-q.

Thioisocianate or isocianate (0.9 mmol) was added, under argon, to a solution of 3-
amino-1-(2-nitro-5-substitutedphenyl)propan-1-ol derivatives 7a-c¢ (0.6 mmol) in dry
CH,Cl,. The reaction mixture was irradiated under microwave conditions at 90 °C for
20 min. The crude mixture was purified by flash chromatography (EtOAc/hexane, 1:1).

N-[3-Hydroxy-3-(2-nitrophenyl)propyl]-N’-methylthiourea, 8a. Yellow solid (0.42
mmol, 70%); mp: 40 °C; 'H NMR (300 MHz, CDCl3) & 7.98 - 7.90 (m, 2H), 7.70 - 7.63
(m, 1H), 7.44 - 7.35 (m, 1H), 5.37 (d, 1H), 4.36 (bs, 1H), 3.59 - 3.42 (m, 1H), 3.03 (s,
3H), 2.89-2.83 (m, 1H), 2.14 - 1.97 (m, 2H), 1.88 - 1.73 (m, 1H); '*C NMR (150 MHz,
CDCl;) & 182.69, 146.98, 140.26, 134.13, 128.09, 128.26, 124.61, 66.09, 42.09, 38.92,
27.41; HRMS m/z 270.0916 [M + HJ", calcd. mass for C41H1sN3035: 270.0912.

N-Ethyl-N’-[3-hydroxy-3-(2-nitrophenyl)propyl]thiourea, 8b. Yellow oil (0.42 mmol,
70%); 'H NMR (300 MHz, CD40OD) & 8.05 - 7.82 (m, 2H), 7.82 - 7.61 (m, 1H), 7.59 -
7.42 (m, 1H), 5.38 - 5.20 (m, 1H), 3.76 - 3.59 (m, 1H), 3.52 - 3.39 (m, 1H), 3.37 - 3.28
(m, 2H), 2.34 - 2.08 (m, 1H), 2.04 - 1.86 (m, 1H), 1.39 - 1.24 (m, 3H); "*C NMR (125
MHz, CD,OD) & 185.83, 147.37, 140.47, 133.30, 128.00, 127.72, 123.87, 66.13, 44.33,
38.48, 36.70, 11.78; HRMS m/z 284.1064 [M + HJ", calcd. mass for Ci2H1sN3O4S:
284.1069.

N-[3-Hydroxy-3-(2-nitrophenyl)propyl]-N’-propylthiourea, 8c. Yellow oil (0.43 mmol,
73%); 'H NMR (500 MHz, CDCl3) & 7.94 (dd, 1H), 7.90 (dd, 1H), 7.67 - 7.63 (m, 1H, H-
47, 7.42 - 7.39 (m, 1H), 8.25 (bs, 1H), 6.15 (bs, 1H), 5.35 (d, 1H), 4.35 - 4.26 (m, 2H),
3.52 - 3.47 (m, 2H), 3.34 - 3.31 (m, 2H), 2.09 - 2.02 (m, 1H), 1.85 - 1.76 (m, 1H), 1.69 -
1.62 (m, 2H), 0.99 (t, 3H); "*C NMR (125 MHz, CDsOD) & 181.91, 147.10, 140.18,
134.07, 128.24, 128.12, 124.60, 66.26, 45.65, 42.16, 38.83, 22.20, 11.55; HRMS m/z
282.1460 [M + H]", calcd. mass for C13HxoN3Q,4: 282.1454.

N-Ethyl-N’-[3-hydroxy-3-(2-nitrophenyl)propyl]urea, 8d. Yellow oil (0.48 mmol,
81%); 'H NMR (600 MHz, CDCls) & 7.93 - 7.87 (m, 2H), 7.65 - 7.60 (m, 1H), 7.40 - 7.35
(m, 1H), 5.30 (dd, 1H), 3.82 - 3.75 (m, 1H), 3.24 - 3.14 (m, 3H), 2.01 - 1.94 (m, 1H),
1.68 - 1.61 (m, 1H), 1.14 (t, 3H); "*C NMR (150 MHz, CDCls) & 159.61, 147.08, 140.486,
133.70, 128.18, 127.65, 124.18, 65.91, 39.70, 36.96, 35.56, 15.27; HRMS m/z
268.1302 [M + H]*, calcd. mass for C1,HigN3Qy4: 268.1297.

N-[3-Hydroxy-3-(2-nitrophenyl)propyl]-N’-propylurea, 8e. Yellow oil (0.45 mmol,
76%); '"H NMR (500 MHz, CDCly) 5 7.93 - 7.88 (m, 2H), 7.64 - 7.61 (m , 1H), 7.39 -
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7.36 (m, 1H), 5.30 (dd, 1H), 4.78 (bs, 2H), 3.83 - 3.77 (m, 1H), 3.19 - 3.14 (m, 1H),
3.12 (t, 2H), 2.01 - 1.94 (m, 1H), 1.67 - 1.61 (m, 1H), 1.55 - 1.49 (m, 2H), 0.91 (t, 3H):
*C NMR (125 MHz, CDCl;) & 159.87, 147 .28, 140.61, 133.82, 128.35, 127.78, 124.32,
66.05, 42.67, 39.95, 37.11, 23.43, 11.42; HRMS m/z 298.1222 [M + H]", calcd. mass
for C13H20N30382 298.1225.

N-[3-Hydroxy-3-(2-nitrophenyl)propyl]-N’-phenylurea, 8f. Yellow oil (0.42 mmol,
70%); "H NMR (500 MHz, CDCl;) § 7.93 - 7.86 (m, 2H), 7.63 - 7.60 (m, 1H), 7.51 - 7.44
(m, 1H), 7.39 - 7.36 (m, 2H), 7.25 - 7.20 (m, 2H), 7.04 - .99 (m, 1H), 5.34 (dd, 1H),
3.82 - 3.77 (m, 1H), 3.24 - 3.21 (m, 1H), 2.02 - 1.96 (m, 1H), 1.72 - 1.66 (m, 1H); ©°C
NMR (125 MHz, CDCl;) & 157.62, 147.07, 140.20, 137.84, 133.75, 129.36, 128.42,
127.82, 124.30, 121.81, 121.04, 66.39, 39.07, 37.20; HRMS m/z 316.1292 [M + HI*,
calcd. mass for CigH1sN3QO4: 316.1297.

N-[3-Hydroxy-3-(5-methoxy-2-nitrophenyl)propyl]-N’-methylthiourea, 89g. Yellow oil
(0.43 mmol, 72%); '"H NMR (500 MHz, CDCls) & 8.09 (d, 1H), 7.43 (d, 1H), 6.87 (dd,
1H), 5.51 (d, 1H), 4.39 (bs, 1H), 3.94 (s, 3H), 3.91 - 3.89 (m, 1H), 3.56 - 351 (m, 1H),
3.05 (s, 3H), 2.11 - 2.04 (m, 1H), 1.79 - 1.74 (m, 1H); '®*C NMR (75 MHz, CDCl3) &
181.77, 164.22, 144.04, 139.51, 127.70, 113.55, 111.97, 66.22, 55.98, 42.04, 38.62,
30.31; HRMS m/z 300.1021 [M + H]", calcd. mass for C12H1gN3O.S: 300.1018.

N-[3-Hydroxy-3-(5-methoxy-2-nitrophenyl)propyl]-N’-propylthiourea, 8h. Yellow oil
(0.46 mmol, 77%); 'H NMR (500 MHz, CDCls) & 8.07 (d, 1H), 7.40 (d, 1H), 6.84 (dd,
1H), 8.21 (bs, 1H), 6.14 (bs, 1H), 5.48 (d, 1H), 4.42 - 4.35 (m, 2H), 3.91 (s, 3H), 3.52 -
3.46 (m, 1H), 3.36 - 3.30 (m, 2H), 2.07 - 2.00 (m, 1H), 1.76 - 1.70 (m, 1H), 1.66 (q, 2H),
0.99 (t, 3H); ™C NMR (125 MHz, CDCly) & 182.16, 164.61, 144.37, 139.96, 128.09,
113.93, 112.37, 66.60, 56.36, 45.88, 42.41, 39.08, 22.48, 11.81; HRMS m/z 326.1159
[M + H]*, caled. mass for C14H20N304S: 326.1175.

N-ethyl-N’[3-Hydroxy-3-(5-methoxy-2-nitrophenyl)propyl]urea, 8i. Yellow oil (0.44
mmol, 74%); 'H NMR (500 MHz, CDCls) 5 8.03 (d, 1H), 7.41 (d, 1H), 6.82 (dd, 1H),
5.45 (dd, 1H), 3.90 (s, 3H), 3.87 - 3.80 (m, 1H), 3.24 - 3.15 (m, 3H), 2.01 - 1.94 (m,
1H), 1.61 - 1.55 (m, 1H), 1.15 (t, 3H); '*C NMR (125 MHz, CDCly) & 164.23, 159.78,
144.63, 139.86, 127.57, 113.59, 112.02, 66.35, 56.06, 39.73, 37.17, 35.77, 15.43;
HRMS m/z 296.1254 [M + H", calcd. mass for Cq3H1gN3O5: 296.12486.

N-[3-Hydroxy-3-(5-methoxy-2-nitrophenyl)propyl]-N’-propylurea, 8j. Yellow oil
(0.45 mmol, 75%); 'H NMR (500 MHz, CDCls) & 8.08 (d, 1H), 7.41 (d, 1H), 6.85 (dd,
1H), 5.45 (d, 1H), 4.73 (bs, 2H), 3.89 (s, 3H), 3.83 - 3.72 (m, 1H),3.26 - 3.18 (m, 1H),
3.14 (t, 2H), 2.04 - 1.89 (m, 1H), 1.65 - 1.48 (m, 3H), 0.92 (t, 3H); °C NMR (75 MHz,
CDCl;) & 164.05, 159.77, 144.46, 139.70, 127.39, 113.38, 111.95, 66.39, 55.89, 42.61,
39.28, 37.29, 23.15, 11.23; HRMS m/z 312.1571 [M + H]*, calcd. mass for Ci4H22N30Os:
312.1559.

N-[3-Hydroxy-3-(5-methoxy-2-nitrophenyl)propyl]-N’-phenylurea, 8k. Yellow solid
(0.48 mmol, 80%); mp: 77 - 78 °C; '"H NMR (400 MHz, CDCls) 8 8.02 (d, 1H), 7.38 (d,
1H), 7.34 - 7.24 (m, 4H), 7.09 - 7.04 (m, 1H), 6.80 (dd, 1H), 5.49 (dd, 1H), 3.87 (s, 3H),
3.84 - 3.77 (m, 1H), 3.23 - 3.17 (m, 1H), 2.01 - 1.93 (m, 1H), 1.65 - 1.56 (m, 1H); *C
NMR (100 MHz, CDCl;) & 164.10, 157.52, 144.30, 139.62, 138.15, 129.28, 127.52,
12412, 121.52, 113.42, 111.91, 66.53, 55.89, 39.07, 37.04; HRMS m/z 368.1214 [M +
HJ*, caled. mass for C,;H,gN;OgNa: 368.1222.

N-[3-(5-Chloro-2-nitrophenyl)-3-hydroxypropyl]-N'-methylthiourea, 8l. Yellow oil
(0.45 mmol, 75%); '"H NMR (300 MHz, CDCl;) & 7.96 - 7.90 (m, 2H), 7.36 (dd, 1H),
6.33 (bs, 2H), 5.38 (dd, 1H), 4.36 (bs, 1H), 3.54 - 3.41 (m, 2H), 3.01 (s, 3H), 2.06 - 1.95
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{m, 1H), 1.78 - 1.65 (m, 1H); *C NMR (125 MHz, CDCls) 3 182.41, 144.83, 142.57,
140.79, 128.44, 128.07, 126.15, 66.67, 41.79, 38.84, 30.29; HRMS m/z 304.0522 [M +
HJ*, caled. mass for C;1H;sN;05SCl: 304.0523.

N-[3-(5-Chloro-2-nitrophenyl)-3-hydroxypropyl]-N'-ethylthiourea, 8m. Yellow oil
(0.42 mmol, 70%); 'H NMR (300 MHz, CDCly) § 7.99 - 7.82 (m, 2H), 7.35 (dd, 1H),
6.37 (bs, 2H), 5.38 (d, 1H), 4.34 (bs, 1H), 3.75 - 3.42 (m, 4H), 2.06 - 1.97 (m, 1H), 1.87
- 156 (m, 1H), 1.32 - 1.20 (m, 3H); "*C NMR (75 MHz, CDCl;) 3 181.45, 144.90,
142.53, 140.71, 128.44, 128.02, 126.09, 66.69, 41.75, 38.80, 38.68, 13.99; HRMS m/z
318.0672 [M + H]*, calcd. mass for C;,H;N305SCI: 318.0679.

N-[3-(5-Chloro-2-nitrophenyl)-3-hydroxypropyl]-N'-propylthiourea, 8n. Yellow oil
(0.45 mmol, %); 'H NMR (300 MHz, CDCls) & 8.00 - 7.90 (m, 2H), 7.38 (dd, 1H), 6.36
(bs, 2H), 5.41 (d, 1H), 4.38 (bs,1H), 3.81 - 3.30 (m, 4H), 2.12 - 1.96 (m, 1H), 1.80 -
1.62 (m, 3H), 1.01 ¢, 3H); *C NMR (125 MHz, CDCls) 5 181.57, 144.88, 142.58,
140.72, 128.46, 128.02, 126.10, 66.65, 45.67, 41.76, 38.89, 22.10, 11.41; HRMS m/z
332.0833 [M + HJ*, calcd. mass for C;3HgN3O,SCI: 332.0836.

N-[3-(5-Chloro-2-nitrophenyl)-3-hydroxypropyl]-N’-ethylurea, 8o. Yellow oil (0.51
mmol, 85%); 'H NMR (500 MHz, CDCls) § 7.93 (d, 1H), 7.90 (d, 1H), 7.34 (dd,1H), 5.33
(dd, 1H), 4.94 (bs, 2H), 4.30 (bs, 1H), 3.85 - 3.79 (m, 1H), 3.24 - 3.15 (m, 3H), 1.99 -
1.92 (m, 1H), 1.61 - 1.55 (m, 1H), 1.15 (t, 3H); "*C NMR (125 MHz, CDCly) & 159.65,
145.07, 142.88, 140.53,128.53, 127.80, 125.89, 65.66, 39.76, 36.86, 35.65, 15.25;
HRMS m/z 302.0903 [M + HT", calcd. mass for C;,H47NsO,Cl: 302.0908.

N-[3-(5-Chloro-2-nitrophenyl)-3-hydroxypropyl]-N'-propylurea, 8p. Yellow oil (0.42
mmol, 70%): '"H NMR (500 MHz, CDCls) & 7.94 (d, 1H), 7.90 (d, 1H), 7.38 (dd, 1H),
5.32 (dd, 1H), 3.86 - 3.80 (m, 1H), 3.20 - 3.15 (m, 1H), 3.13 (t, 2H), 1.99 - 1.92 (m, 1H),
1.61 - 1.55 (m, 1H), 1.56 - 1.51 (m, 2H), 0.93 (t, 3H); °C NMR (125 MHz, CDCl;) &
159.75, 145.07, 142.85, 140.54, 128.52, 127.79, 125.89, 65.63, 42.60, 39.81, 36.886,
23.25, 11.27;, HRMS m/z 316.1056 [M + H]*, calcd. mass for Ci3H;gN3O,Cl: 316.1064.

N-[3-(5-Chloro-2-nitrophenyl)-3-hydroxypropyl]-N’-phenylurea, 8q. Yellow solid
(0.42 mmol, 70%); mp: 53°C; 'H NMR (400 MHz, CDCl;) & 7.92 - 7.88 (m, 2H), 7.35 -
7.28 (m, 5H), 7.13 - 7.08 (m, 1H), 5.37 (dd, 1H), 3.87 - 3.80 (m, 1H), 3.20 - 3.15 (m,
1H), 1.98 - 1.90 (m, 1H), 1.64 - 1.56 (m, 1H); '*C NMR (100 MHz, CDCl;) 5 157.65,
144.98, 142.67, 140.61, 137.76, 129.43, 128.44, 127.91, 126.00, 124.64, 122.09,
65.90, 39.32, 36.89; HRMS myz 372.0722 [M + HI", calcd. mass for CygH1gN3O4NaCl:
372.0727.

General synthetic method of N-alkyl or aryl-N’-[3-(2-amino-5-substitutedphenyl)-
3-hydroxypropyl]-thioureas and ureas, 4a-q.

A solution of nitro precursor 8a-q (0.5 mmol) in MeOH (10 mL) was passed through the
Flow-hydrogenator under the following conditions: 60°C, 60 bar, 0.2 mL/min flow rate
and 10% Pd/C as catalyst. After evaporation of the solvent, the crude mixture was
purified by recrystallization (diethyl ether) or by Flash chromatography (EtOAc or
EtOAc/hexane, 1:1).

N-[3-(2-Aminophenyl)-3-hydroxypropyl]-N’-methylthiourea, 4a. Yellow oil (0.37
mmol, 75%); 'H NMR (600 MHz, CD,0OD) & 7.06 (d, 1H), 6.96 - 6.93 (m, 1H), 6.66 (d,
1H), .63 - 6.60 (m, 1H), 4.72 (dd, 1H), 3.53 - 3.24 (m, 2H), 2.90 (s, 3H), 2.02 - 1.96
(m, 2H); "*C NMR (150 MHz, CD;OD) & 181.71, 147.42, 130.83, 130.29, 129.13,
120.45, 119.16, 72.55, 42.10, 38.53, 32.02; HRMS m/z 240.1176 [M + H]*, calcd. mass
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for Cq1H4gN3OS: 240.1171; Anal. caled for C4H7N3OS: C 55.20, H 7.16, N 17.56,
found: C 54.81,H7.16, N 17.17.

N-[3-(2-Aminophenyl)-3-hydroxypropyl]-N’-ethylthiourea, 4b. Yellow oil (0.37
mmol, 75%); "H NMR (500 MHz, CDCls) 5 7.09 - 7.04 (m, 2H), 6.73 - 6.70 (m,1H), 6.64
(dd, 1H), 6.43 (bs, 1H), 6.15 (bs, 1H), 4.78 (dd, 1H), 3.92 (m, 1H), 3.49 - 3.33 (m, 1H),
3.35-3.30 (m, 2H), 2.21 - 2.15 (m, 1H), 1.98 - 1.91 (m, 1H), 1.19 (t, 3H); *C NMR
(125 MHz, CDCl;) 5 181.25, 144.70, 128.67, 127.12, 127.08, 118.54, 116.96, 71.12,
42.09, 38.87, 34.69, 14.18; HRMS m/z 254.1175 [M + H]", calcd. mass for C1,HxN;OS:
254.1171; Anal. caled for Ci5HgN;OS: C 56.89, H 7.56 , N 16.58, found: C 57.26, H
7.91,N 16.22.

N-[3-(2-Aminophenyl)-3-hydroxypropyl]-N’-propylthiourea, 4c. Yellow solid (0.40
mmol, 80%); mp: 50 °C; "H NMR (500 MHz, CDCl5) & 7.09 - 7.03 (m, 2H), 6.74 - 6.69
(m, 1H), 6.64 (d, 1H), 6.38 (bs, 1H), 6.15 (bs, 1H), 4.81 - 4.75 (m, 1H), 4.07 - 3.76 (m,
2H), 3.53 - 3.44 (m, 1H), 3.32 - 3.17 (m, 2H), 2.22 - 2.15 (m, 1H), 1.98 - 1.90 (m, 1H),
1.62 - 1.55 (m, 2H), 0.94 (¢, 3H); *C NMR (125 MHz, CDCl;) & 181.61, 144.91, 128.83,
127.22, 127.18, 118.62, 117.06, 71.35, 46.03, 42.13, 34.82, 22.31, 11.55; HRMS m/z
268.1469 [M + H]*, caled. mass for Cq3H2NsOS: 268.1484; Anal. caled for Cy3HoN3OS:
C 58.39, H7.92, N15.71, found: C 58.14, H 8.12, N 15.41.

N-[3-(2-Aminophenyl)-3-hydroxypropyl]-N’-ethylurea, 4d. White solid (0.41 mmol,
83%); mp: 115 °C; '"H NMR (400 MHz, CD,OD) & 7.09 (d, 1H), 7.03 - 6.98 (m, 1H), 6.71
(d, 1H), 6.69 - 6.65 (td, 1H), 4.75 (dd, 1H), 3.31 (bs, 1H), 3.29 - 3.18 (m, 2H), 3.13 (q,
2H), 2.03 - 1.88 (m, 2H), 1.09 (t, 3H); '°C NMR (150 MHz, CD,OD) & 159.98, 144.89,
128.19, 127.56, 126.54, 117.67, 116.47, 70.07, 37.00, 35.90, 34.41, 14.34; HRMS m/z
238.1475 [M + HJ", calcd. mass for Ci,HxoN3O,: 238.1477; Anal. caled for CiaH1gN3O2:
C 60.74, H 8.07, N 17.71, found: C 60.86, H 8.34, N 17.41.

N-[3-(2-Aminophenyl)-3-hydroxypropyl]-N’ -propylurea, 4e. Yellow solid (0.45 mmol,
90%); mp: 108 - 109 °C; '"H NMR (600 MHz, CDsOD) & 7.11 (d, 1H), 7.03 - 7.01 (m,
1H), 6.71 (d, 1H), .70 - .67 (m, 1H), 4.76 (dd, 1H), 3.31 - 3.26 (m, 1H), 3.24 - 3.19
(m, 1H), 3.08 (t, 2H), 2.04 - 1.98 (m, 1H), 1.97 - 1.91(m, 1H), 1.53 - 1.48 (m, 2H), 0.93
{t, 3H); *C NMR (150 MHz, CD;OD) & 161.53, 146.32, 129.61, 128.99, 127.97, 119.09,
117.90, 71.52, 42.88, 38.43, 37.35, 24.47, 11.62; HRMS m/z 252.1701 [M + H]*, calcd.
mass for Cy1aH»nN3Oy: 252.1712; Anal. caled for CisHyyN3Oo: C 62.13, H 8.42, N 16.72,
found: C 62.23, H 8.44, N 16.41.

N-[3-(2-Aminophenyl)-3-hydroxypropyl]-N’-phenylurea, 4f. White solid (0.35 mmol,
70%); mp: 95°C; '"H NMR (500 MHz, CDsOD) & 7.36 - 7.32 (m, 2H), 7.26 - 7.21 (m, 2H),
712 (d, 1H), 7.03 - 7.01 {(m, 1H), 6.99 - 6.94 (m, 1H), 6.72 (dd, 1H), 6.69 - 6.66 (m,
1H), 4.80 (dd, 1H), 3.39 - 3.34 (m, 1H), 3.28 - 3.26 (m, 1H), 2.09 - 1.95 (m, 2H); **C
NMR (125 MHz, CD,OD) & 160.84, 148.58, 143.26, 132.04, 131.92, 131.30, 130.27,
125.67, 122.55, 121.42, 120.22, 74.02, 40.65, 39.40; HRMS my/z 286.1560 [M + HI*,
caled. mass for CigHxoN:O5: 286.1556; Anal. calcd for CigHgN5O5 C 67.35, H 6.71, N
14.73, found: C 67.49, H7.09, N 14.63.

N-[3-(2-Amino-5-methoxyphenyl)-3-hydroxypropyl]-N'-methylthiourea, 4g. Yellow
solid (0.37 mmol, 75%); mp: 50 °C; "H NMR (300 MHz, CD,0OD) & 6.98 (d, 1H), 6.93 (d,
1H), 6.83 (dd, 1H), 4.92 (d, 1H), 3.82 (s, 3H), 3.80 - 3.78 (m, 2H), 2.98 (s, 3H), 2.12 -
2.06 (m, 2H); *C NMR (150 MHz, CD,OD) 5 182.41, 155.80, 134.34, 131.26, 121.11,
115.91, 114.99, 72.27, 57.35, 38.38, 36.51, 31.05; HRMS m/z 270.1280 [M + HJ*,
calcd. mass for Ci5,HxN3O,S: 270.1276; Anal. caled for CyoHigN3O,S: C 53.51, H7.11,
N 15.80, found: C 53.50, H 7.55, N 15.50.
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N-[3-(2-Amino-5-methoxyphenyl)-3-hydroxypropyl]-N' -propylthiourea, 4h. Yellow
solid (0.38 mmol, 76%); mp: 45 °C; "H NMR (500 MHz, CDCI;) 5 6.69 (d, 1H), 6.66 (dd,
1H), 6.62 (d, 1H), 6.50 (bs, 1H), 6.20 (bs, 1H), 4.77 (dd, 1H), 3.72 (s, 3H), 3.67 - 3.48
(m, 2H), 3.31 - 3.24 (m, 2H), 2.17 - 2.08 (m, 1H), 1.98 - 1.90 (m, 1H), 1.63 - 1.55 (m,
2H), 0.95 (, 3H); C NMR (125 MHz, CDCly) & 181.63, 153.16, 137.56, 129.60,
118.71, 113.95, 113.07, 70.78, 55.92, 45.94, 42.21, 35.18, 22.33, 11.56; HRMS m/z
298.1580 (M + H)*, caled. mass for Ci4HzuN3O-S: 298.1589; Anal. caled for
Ci4H23N30-8: C 56.54, H 7.79, N 14.13, found: C 56.50, H 7.65, N 14.50.

N-[3-(2-Amino-5-methoxyphenyl)-3-hydroxypropyl]-N'-ehylurea, 4i. Yellow solid
(0.39 mmol, 78%); mp: 128 - 129 °C; '"H NMR (600 MHz, CD,OD) & 6.79 (d, 1H), 6.71
(d, 1H), 6.67 (dd, 1H), 4.76 (dd, 1H), 3.73 (s, 3H), 3.32 - 3.27 (m, 1H), 3.25 - 3.20 (m,
1H), 3.15 (g, 2H), 1.98 - 1.91 (m, 2H), 1.11 (, 3H); "*C NMR (150 MHz, CD,OD) &
161.40, 154.32, 139.07, 131.79, 119.39, 114.52, 113.66, 70.94, 56.09, 38.39, 37.67,
35.85, 15.76; HRMS mjz 268.1647 (M + H)", calcd. mass for Cy3HzoN305 268.1661;
Anal. caled for Cy3H,1N;O5: € 58.41, H7.92, N 15.72, found: C 58.50, H 7.63, N 15.75.

N-[3-(2-Amino-5-methoxyphenyl)-3-hydroxypropyl]-N’ -propylurea, 4j. White solid
(0.37 mmol, 75%); mp: 130 °C; '"H NMR (300 MHz, CD;OD) & 6.83 (d, 1H), 6.76 (d,
1H), 6.71 (dd, 1H), 4.81 (dd, 1H), 3.78 (s, 3H), 3.36 - 3.25 (m, 2H), 3.13 (t, 2H), 2.04 -
1.95 (m, 2H), 1.61 - 1.50 (m, 2H), 0.98 (t, 3H); *C NMR (100 MHz, CD;OD) & 160.09,
152.88, 137.70, 130.33, 117.95, 113.13, 112.27, 69.55, 54.70, 41.47, 36.97, 36.26,
23.04, 10.19; HRMS m/z 282.1813 (M + H)*, calcd. mass for Ci4H24N3sQs: 282.1818;
Anal. caled for C14H23N3O5: C 59.77, H 8.24, N 14.94, found: C 59.79, H 8.40, N 14.75.

N-[3-(2-Amino-5-methoxyphenyl)-3-hydroxypropyl]-N'-phenylurea, 4k. White solid
(0.37 mmol, 75%); mp: 157 °C; 'H NMR (500 MHz, CD,0OD) & 7.36 - 7.31 (m, 2H), 7.27
- 7.21 (m, 2H), 6.98 - 6.95 (m, 1H), 6.79 (d, 1H), .70 (d, 1H), 6.65 (dd, 1H), 4.79 (dd,
1H), 3.41 - 3.35 (m, 1H), 3.40 - 3.27 (m, 1H), 3.31 (s, 3H), 2.03 - 1.94 (m, 2H); *C
NMR (125 MHz, CD,OD) & 157.13, 152.92, 139.55, 137.64, 130.37, 128.35, 121.99,
118.87, 118.02, 113.14, 112.25, 69.77, 54.67, 36.92, 36.01; HRMS m/z 316.1667 [M +
H]*, caled. mass for Ci7H2N3O5: 316.1661; Anal. caled for Ci7HxN3;Os: C 64.74, H
6.71, N 13.32, found: C 64.72, H 6.57, N 13.52.

N-[3-(2-Amino-5-chlorophenyl)-3-hydroxypropyl]-N’-methylthiourea, 4l. Yellow
solid (0.39 mmol, 79%); mp: 55 °C; '"H NMR (400 MHz, CD,OD) & 7.18 (d, 1H), 7.02
(dd, 1H), 6.72 (d, 1H), 4.80 (dd, 1H), 3.37 - 3.35 (m, 2H), 2.97 (s, 3H), 2.08 - 2.03 (m,
2H); "*C NMR (100 MHz, CD,OD) & 181.67, 143.62, 129.94, 127.15, 126.02, 121.99,
117.36, 69.08, 41.16, 34.81, 29.30; HRMS m/z 274.0775 [M + H]", calcd. mass for
C11H17NsOSCI: 274.0781; Anal. caled for C41H1sNsOSCI: C 48.26, H 5.89, N 15.35,
found: C 48.60, H 5.99, N 15.73.

N-[3-(2-Amino-5-chlorophenyl)-3-hydroxypropyl]-N’-ethylthiourea, 4m. Yellow
solid (0.36 mmol, 72%); mp: 48 °C; 'H NMR (500 MHz, CDCl,) & 7.05 (d, 1H), 7.02 -
6.98 (m, 1H), 8.56 (d, 1H), 4.76 (dd, 1H), 455 - 4.35 (m, 1H), 4.34 - 425 (m, 1H), 4.24
- 417 (m, 2H), 2.15 - 2.05 (m, 1H), 1.96 - 1.87 (m, 1H), 1.28 (t, 3H); "*C NMR (125
MHz, CDCl;) & 182.70, 142.94, 128.98, 128.17, 126.75, 123.14, 118.03, 69.25, 46.39,
40.64, 34.73, 14.10; HRMS m/z 288.0941 [M + HI", caled. mass for Ci,H1gN;OSCI:
288.0937; Anal. calcd for C4;H1gN;OSCI: C 50.08, H 6.30, N 14.60, found: C 50.44, H
6.47, N 14.22.

N-[3-(2-Amino-5-chlorophenyl)-3-hydroxypropyl]-N’-propylthiourea, 4n. White
solid (0.40 mmol, 80%); mp: 130 °C; 'H NMR (400 MHz, CD;OD) & 7.13 (d, 1H), 6.96
(dd, 1H), 6.67 (d, 1H), 4.74 (dd, 1H), 3.71 - 3.60 (m, 1H), 3.56 - 3.46 (m, 1H), 3.45 -
3.42 (m. 2H). 2.03 - 1.97 (m. 2H). 1.62 - 1.55 (m. 2H). 0.94 (t. 3H): *C NMR (100 MHz.
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CD;0OD) & 181.17, 143.63, 129.93, 127.14, 126.02, 121.98, 117.35, 69.15, 45.58,
41.24, 34.85, 21.98, 10.20; HRMS m/z 302.1096 [M + H]*, calcd. mass for
C13H2NOSCI: 302.1094; Anal. caled for Cy3H2NsOSCI: € 51.73, H 668, N 13.92,
found: C 51.51, H 7.18, N 13.54.

N-[3-(2-Amino-5-chlorophenyl)-3-hydroxypropyl]-N’-ethylurea, 4o0. Yellow solid
(0.45 mmol, 91%); mp: 48 °C; 'H NMR (300 MHz, CD;0OD) & 7.10 (d, 1H), 6.97 (dd,
1H), 6.67 (d, 1H), 4.71 (dd, 1H), 3.33 - 3.24 (m, 2H), 3.23 - 3.17 (m, 2H), 1.95 - 1.87
(m, 2H), 1.09 (t, 3H); *C NMR (100 MHz, CD;0OD) & 159.97, 143.45, 130.15, 127.10,
126.11, 122.11, 117.48, 69.22, 36.91, 35.94, 34.43, 14.33; HRMS m/z 294.0982 [M +
Na]*, calcd. mass for Ci,HgNsO,NaCl: 294.0985; Anal. caled for Cy5H;gNsO,NaCl: C
53.04, H 6.68, N 15.46, found: C 53.38, H 7.02, N 15.52.

N-[3-(2-Amino-5-chlorophenyl)-3-hydroxypropyl]-N’-propylurea, 4p. Yellow solid
(0.41 mmol, 82%); mp: 137 °C; 'H NMR (300 MHz, CD;OD) & 7.03 (d, 1H), 6.96 (dd,
1H), 6.59 (d, 1H), 4.70 (dd, 1H), 3.39 - 3.03 (m, 4H), 1.93 - 1.71 (m, 2H), 1.53 - 1.46
(m, 2H), 0.92 (t, 3H); *C NMR (100 MHz, CD;0OD) & 159.99, 143.54, 130.23, 127.15,
126.11, 122.15, 117.58, 69.32, 42.83, 36.92, 35.93, 22.58, 10.46; HRMS m/z 286.1318
[M + HJ', caled. mass for CysH21NsQoCl: 286.1322; Anal. calcd for CiaHzoNsQ2Cl: C
54.64, H 7.05, N 14.70, found: C 54.34, H 7.33, N 14.84.

N-[3-(2-Amino-5-chlorophenyl)-3-hydroxypropyl]-N’-phenylurea, 4q. White solid
(0.35 mmol, 71%); mp: 105 °C; 'H NMR (500 MHz, CD;OD) & 7.36 - 7.32 (m, 2H), 7.26
- 7.22 (m, 2H), 7.13 (d, 1H), .99 - .94 (m, 2H), 6.67 (d, 1H), 4.76 (dd, 1H), 3.41 - 3.35
(m, 1H), 3.31 - 327 (m, 1H), 2.01 - 1.92 (m, 2H); *C NMR (125 MHz, CD,0OD) &
157.14, 143.71, 139.52, 130.01, 128.36, 127.13, 126.10, 122.02, 121.94, 118.90,
117.38, 69.44, 36.89, 3565, HRMS m/z 320.1168 [M + H]*, calecd. mass for
CisH1sN3O2Cl: 320.1166; Anal. caled for CigH1gN3O-Cl: C 60.09, H 5.67, N 13.14,
found: C 60.21, H 5.96, N 13.38.

General synthetic method of N-[3-(2-amino-5-chlorophenyl)-3-oxopropyl]-N’-
ethylurea 3b from N-[3-(5-chloro-2-nitrophenyl)-3-hydroxypropyl]-N’-ethylurea 8o.

The Jones reagent (0.418 mL), freshly prepared, (a mixture of 2.67 g chromic
anhydride and 2.3 mL H,8O, dissolved to 10 mL of water) was added to a solution of
8o (0.742 mmol) in acetone (3 mL). After 10 min stirring, the reaction was quenched
with ice-water (25 mL) and saturated NaHSO, solution (5 mL). The resulting mixture
was extracted with ethyl acetate, filtered, dried (Na,SO4) and concentrated under
vacuum. The crude mixture was purified by flash chromatography (EtOAc/hexane, 3:1).
The next step is the nitro group reduction to amino one using Fe/FeSO, in water as
previously described.”

N-[3-(5-Chloro-2-nitrophenyl)-3-oxopropyl]-N’-ethylurea. Following the procedure
described in this section, 200.1 mg of a white solid was obtained (90%). Spectroscopic
data.®

N-[3-(2-Amino-5-chlorophenyl)-3-oxopropyl]-N'-ethylurea 3b. Yellow solid (75%).%°
Biological Procedures

In vitro nNOS and iNOS activities determination

L-Arginine, L-citrulline, N-(2-hydroxymethyl)piperazine-A*-(2-ethanesulfonic acid)

(HEPES), DL-dithiothreitol (DTT), hypoxantine-9-B-D-ribofuranosid (inosine), ethylene
glycol-bis-(2-aminoethylethen)-N,N,N' ,N'-tetraacetic acid (EGTA), bovine serum
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albumin (BSA), Dowex-50W (50 x 8-200), FAD, NADPH and 5,6,7,8-tetrahydro-L-
biopterin dihydrocloride (H4-biopterin), tris-(hydroxymethyl)-aminometane (Tris-HCI)
and calcium chloride were obtained from Sigma-Aldrich Quimica (Spain). L-[*H]-
arginine (47.4 Ci/mmol) was obtained from Perkin Elmer (Spain). Calmodulin from
bovine brain, and recombinant iINOS and nNOS were obtained from Enzo Life
Sciences (Spain).

The i/nNOS activity was measured by the Bredt and Snyder method,?® monitoring the
conversion of L-[*H]-arginine to L-[°H]-citrulline. The final incubation volume was 100
ML and consisted of 10 pL of an aliquot of recombinant ¥fnNOS added to a buffer with a
final concentration of 25 mM Tris-HCI, 1 mM DTT, 4 uM H,-biopterin, 10 uM FAD, 0.5
mM inosine, 0.5 mg/mL BSA, 0.1 mM CaCl,, 10 uM L-arginine, 10 pg/mL calmodulin
(only for nNOS) and 50 nML-[*H]-arginine, at pH 7.6. The reaction was started by the
addition of 10 pL of 7.5 mM NADPH and 10 pL of each derivative 4 in ethanol (10%) to
give a final concentration of 1 mM. The tubes were vortex and incubated at 37 °C for
30 min. Control incubations were performed by the omission of NADPH. The reaction
was halted by the addition of 400 pL of cold 0.1 M HEPES, 10 mM EGTA, and 0.175
mg/mL L-citrulline, pH 5.5. The reaction mixture was decanted into a 2 mL column
packet with Dowex-50W ion-exchange resin (Na™ form) and eluted with 1.2 mL of
water. L-[*H]-citrulline was quantified by liquid scintillation spectroscopy. The retention
of L-[*H]-arginine in this process was greater than 98%. Specific enzyme activity was
determined by subtracting the control value, which usually amounted to less than 1% of
the radioactivity added. The nNOS activity was expressed as picomoles of L-[*H]-
citrulline produced (fmg of protein/min).

eNOS inhibition
Quantification of NO in human umbilical vein endothelial cells (HUVECSs)

Endothelial cells were isolated from human umbilical cord veins using a previously
reported method with several modifications.® The cells were cultured (Medium 199 +
20% fetal bovine serum + Penicillin/Streptomycin 2mmol/L + Amphotericin B 2 mmol/L
+ Glutamine 2 mmol/L + HEPES 10 mmol/L + endothelial cell growth supplement 30
pg/mL + Heparin 100 mg/mL) under 5% CO, at 37°C. HUVECs were then used to
measure NO production by diaminofluorescein-2 (DAF-2) fluorescence, as described
previously.> Briefly, cells were incubated during 30 min in the presence of the 4g at the
concentration of 100 pmol/L. After this period, cells were washed with PBS and then
were pre-incubated with L-arginine (100 pmol/L in PBS, 5min, 37°C). Subsequently,
DAF-2 (0.1 umol/L) was incubated for 2 min and then the calcium ionophore calimycin
(A23187, 1 umol/L) was added for 30 min and cells were incubated in the dark at 37°C.
Then the fluorescence (arbitrary units) was measured using a spectrofluorimeter
(Fluorostart, BMG Labtechnologies, Offenburg, Germany). The auto-fluorescence was
subtracted from each value. In some experiments, N®-nitro-L-arginine methyl ester (L-
NAME, 100 umol/L) was added 15 min before the addition of L-arginine. The difference
between fluorescence signal without and with L-NAME was considered NO production.

Tissue preparation and measurement of tension

The investigation conforms to the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85-23, revised
1996) and with the principles outlined in the Declaration of Helsinki and approved by
our institutional review board. Male Wistar rats (250-300 g), obtained from Harlam
Laboratories SA (Barcelona, Spain), were euthanized by a quick blow on the head
followed by exsanguination. The descending thoracic aortic rings were dissected, and
rings were then mounted in organ chambers filled with Krebs solution (composition in
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mmol/L: NaCl, 118; KCI, 4.75; NaHCO;, 25; MgSOy, 1.2; CaCl,, 2; KH,PO4, 1.2; and
glucose, 11) and were stretched to 2 g of resting tension by means of two L-shaped
stainless-steel wires inserted into the lumen and attached to the chamber and to an
isometric force-displacement transducer (UF-1, Cibertec, Madrid, Spain), and recorded
in a recording and analysis system (MaclLab ADiInstruments), as described
previously.®® After equilibration, aortic rings with a functional endothelium were
incubated with vehicle (DMSO), 4g (100 pmol/L), or L-NAME (100 pmol/L) for 30 min,
and contracted with phenylephrine (1umol/L). Once a plateau contraction was reached,
a concentration-response curve was constructed by cumulative addition of
acetylcholine. Results are expressed as percentage of phenylephrine-evoked
contraction. Data are expressed as means +SEM mean and n reflects the number of
aortic rings from different rats.

Statistical analysis

Data are expressed as the mean £SEM. Statistically significant differences between
groups were calculated by Students” t test for unpaired observations or for multiple
comparisons by an ANOVA followed by a Newman Keuls test. p<0.05 was considered
statistically significant.

Docking studies

The suite of programs Maestro (Schrédinger, LCC®') has been used for the docking
studies. The Cartesian coordinates for the two proteins iNOS and nNOS were obtained
from the Protein Data Bank and treated with the Protein Preparation Wizardmodule®? of
Maestro. The LigPrep® program was used to generate the 3D structures of the
conformers of compounds 4 after taking their structures from fragment libraries and
being optimized using the Macromodel module. Rigid docking was performed using the
Glide with a Standard Precision (SP) protocol. Figures were built using PyMol.3*
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Abstract: The 'H and C NMR resonances of seventeen N-alkyl andaryl-A'-[3-
hydroxy-3-(2-nitro-5-substitutedphenyl)propyl]-thioureas and wureas (1-17), and
seventeen N-alkyl or aryl-N'-[3-(2-amino-5-substitutedphenyl)-3-hydroxypropyl]-
thioureas and ureas (18-34) were assigned completely using the concerted application
of one- and two-dimensional experiments (DEPT, HSQC and HMBC). NOESY
experiments confirm the preferred conformation of these compounds.

Keywords: 'H and'°C 1D NMR; 'H and'*C 2D NMR (HSQC; HMBC); NOESY;N,N-
disubstituted thiourea and urea, hydroxypropylthioureas, hydroxypropylureas.

Introduction

Nitric oxide (NO) is an inorganic free radical and an important biomessenger that
regulates several physiological functions in the nervous, immune, and cardiovascular
systems !l NO is synthesized from the enzyme catalysis of L-arginine to L-citrulline in
several cell types by a family of nitric oxide synthase (NOS) iscenzymes with
consumption of molecular oxygen. In mammalians, three isoforms of NOS have been
identified: neuronal (nNOS), endothelial (¢NOS) and inducible NOS (iNOS).@ nNOS
and eNOS are constitutive and regulated by intracellular Ca/CaM. They continually
produce low levels of NO used for nerve function and blood regulation, respectively.
While, iNOS ]produces large toxic bursts of NO to fight pathogens, and is not Ca-
dependent.?

To exert appropriate functions, NO synthesis by the three isozymes is under tight
regulation. Thus, overproduction of NO by nNOS has been associated with
neurodegenerative disorders such as Alzheimer's, Parkinson's or Huntington's
diseases,® and the inducible isoform seems to be responsible for the massive NO
production in pathologies such as arthritis, colitis, tissue damage, cancer or several
inflammatory states.®'® The NO underproduction by eNOS has been associated with
hypertension and atherosclerosis.['""'¥ Accordingly, inhibition of nNOS or iINOS, but not
of eNOS, could provide an effective therapeutic approach. Because of this, the
development of NOS selective inhibitors is an important field of research.

In a recent paper, the synthesis and biological evaluation of a novel family of NN~
disubstituted thiourea and urea derivatives 18-34, which were designed and evaluated
as NOS inhibitor agents, have been described.!"?

Although the structures of these derivatives have been determined by means of
standard spectroscopic (‘H,"C NMR) and spectrometric (MS) techniques, a detailed
NMR study has been performed in some of them, in order to unequivocally corroborate
their structures.
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The present study reports the unambiguous assignment of each signal in the 'H and
3C NMR spectra in compounds 18-34, using one-dimensional and two-dimensional
resonance techniques. The spectra of nitro derivatives 1-17, the precursors and their
synthetic pathway are also included.

Experimental
NMR spectra

Nuclear magnetic resonance (NMR) spectra were recorded on a 300-MHz'H and 75-
MHz *C NMR Agilent Varian Innova Unity, a400-MHz 'H and 100 MHz '*C NMR
Agilent Varian Direct Drive, a 500-MHz'H and 125-MHz *C NMR Agilent Varian Innova
Unity, and a 600-MHz'H and 150-MHz 'C NMR Agilent Varian Direct Drive
spectrometers at 298 K. The following parameters were used in DEPT experiments:
pulse width (135°), 9.0ms; recycle time, 1 s; %2 J (CH) = 4 ms; 65 536 data points
acquired and transformed from 1024 scans; spectral width, 15 KHz; and line
broadening, 1.3 Hz. Chemical shifts (&) are quoted in parts per million (ppm) and are
referenced to the residual solvent peak: CDCls, & = 7.26 ppm ('H), 6 = 77.4 ppm ("*C);
CDsOD, & = 4.87 ppm ('H), & = 49.00 ppm (°C). Spin multiplicities are given as s
(singlet), bs (broad singlet), d (doublet), dd (doublet doublet), t (triplet), q (quadruplet),
and m (multiplet). Coupling constant (J) are given in Hz.

The HMBC spectra were measured with a pulse sequence gc2hmbc (standard
sequence, Agilent Vhmr_3.2A software) optimized for 8 Hz (inter-pulse delay for the
evolution of long-range couplings: 62.5 ms). The HSQC spectra were measured with a
pulse sequence gcZhsqcse (Standard sequence, Agilent Vnmrj_3.2A software).

Nuclear Overhauser spectra was recorded on a Agilent Varian Direct Drive
spectrometer, operating at 600 MHz, with a spectral widths of 4.96 KHz in both F2 and
F1 domains; 744 x 200 data points was acquired with 16 scans per increment and
relaxation delays of 1.0s. The mixing time in NOESY experiments was 0.5s. Data
processing was performed on a 1K x 1K data matrix.

Results and Discussion

Scheme 1 represents the previously reported synthetic pathway followed in the
preparation of final compounds 18-34 "% and Table 1 shows the structural data of all
the synthesized intermediate and final compounds.

OH
—_ = —_—
NO, NO, ©)
d)
—_—
1-17 18-34

Scheme 1.Synthesis of N N-disubstitutedthiourea and urea derivatives 18-34. a)
CHLCN, BulLi, THF, -78°C, then RT; b) BH5-THF, 0°C, then 4h RT; c) XCNR,, CH:Cl;,
20 min (MW); d) 10% Pd/C, MeOH (flow hydrogenation), 60°C, 60 bar.
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Table 1. Structural data of the intermediate (1-17) and final
(18-34) compounds

Compound R, R, X Compound R; R, X
1,18 H Me S 9, 26 H Et O
2,19 H Et S 10, 27 H Pr ©
3,20 H Pr S 11, 28 H Ph ©
4,21 OMe Me S 12, 29 OMe Et O
5, 22 OMe Pr S 13, 30 OMe Pr O
6, 23 Cl Me S 14, 31 OMe Ph O
7,24 Cl Et S 15, 32 Cl Et O
8,25 Cl Pr S 16, 33 Cl Pr O

17, 34 Cl Ph O

Structural elucidation of these compounds has been made by routine 'H and *C NMR
techniques. Nevertheless, a definitive assignment of all sighals needs the use of
several NMR techniques as follows: i) DEPT experiments to determine the number of
protons attached to each carbon atom; i) HSQC spectra to determine the '*C
resonances of the tertiary, secondary and primary carbons; ii) HMBC sequences to
assign the signals of quaternary carbons via two-bond and three-bond interactions; and
iv) NOESY experiments to determinate the preferred conformation in solution.

Tables 2 and 3 show the 'H NMR signals of each proton for compounds 1-34, whereas
Tables 4 and 5 show the corresponding '*C NMR chemical shifts for the same
molecules. The NMR spectra of the intermediate compounds were carried out in CDCl;
solution, except for compound 2, which was registered in CDsOD. The NMR spectra of
the final compounds were carried out in CD;OD solution, except for compounds 19, 20,
22, and 24, which were accomplished inCDCls. For this reason, some significant
variations are observed in the chemical shifts depending of the solvent.
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Table 4.”C NMR chemical shifts of compounds 1-17

Compound c-2 c1 c-2 c-3 c1” c-27 c-3” c-4” c-5” c-6” OCH;
1 18269 4209 3892 66.09 14698 14026 12461 13413  128.09 128.26 -
2 185.83 4433 3848 66.13 14737 14047 12387 13330 127.72 128.00 -

3 181.91 4216 38.83 6626 14710 14018 12460 13407 12812 128.24 -
4 181.77 4204 38,62 6622 14404 13951 12770 11355 16422 111.97 5598
5 18216 4241 39.08 66.60 14437 13996 128309 11393 16461 11237 56.36
6 182.41 4179 38.84 66.67 14257 14483 12615 128.07 14079 128.44 -
7 181.45 4175 38.80 66.69 14253 14490 12609 128.02 14071 128.44 -
8 181.57 4176 38.89 66.65 14258 14488 12610 128.02 140.72 128.46 -
9 15961 36.96 39.70 6591 14706 14046 12418 133.70 127.65 128.18 -

10 150.87 3711 3985 66.05 14728 14061 12432 13382 127.78 128.35 -
11 157.62 3720 39.07 6639 14707 14020 12430 133.75 127.82 128.42 -
12 159.78 3717 39.73 6635 14463 13986 12757 11359 16423 112,02 56.06
13 15977 3729 3928 6639 14446 13970 12739 11338 16405 11195 5589
14 157.52 37.04 39.07 6653 14430 13962 12752 113.42 16410 11191 5589
15 15965 36.86 39.76 6566 14288 14507 12583 12780 14053 128.53 -
16 159.75 3686 39.81 6563 14285 14507 12589 12779 14054 128.52 -
17 15765 36.89 39.32 6590 14267 14498 12600 12791 14061 128.44 -

“Solvent used CD;0D.

& (ppm) relative to CDCls. "c sighals for the Rz substituent: 1, CH3:29.93; 2, CH.CHa: 36.70, 11.87; 3, CH:CH.CH3:
45,85, 22.20, 11.55; 4, CH3: 30.31; 5, CH,CH2CHg: 45.88, 22.46, 11.81; 6, CHz: 30.29; 7, CH,CH3: 38.68, 13.99; 8,
CH,CH,CHs: 45.67, 22.10, 11.41; 9, CH,CHs: 35.56, 15.27; 10, CH.CH.CHz: 42.67, 23.43, 11.42; 11, Ph: 137.84,
129.36, 121.81, 121.04; 12, CH,CH3 3577, 15.43; 13, CH,CH,CH;: 4261, 2315, 11.23; 14, Ph: 138.15, 129.28,
124.12, 121.52; 15, CH2CHa: 35.65, 15.25; 16, CH.CHzCHa: 42.60, 23.25, 11.27; 17, Ph: 137.76, 129.43, 124.64,
122.09.

Table 5.”C NMR chemical shifts of compounds 18-34

Compound c-2 c-1’ c-2 C-3 c1” c-2” c-3” c-4” C-5” c-8” OCH;
18° 181.71 4210 37.64 7255 130.83 14742 11916 130.29 12045 129.13 -
19 181.25 42,090 3469 7112 127.08 14470 11696 12712 11854 12867 -
20 181.61 4213 3482 7135 12718 14491 117.06 12722 118.62 128.83 -
21° 18241 3838 3651 7227 13126 13434 12111 115691 15580 11499 57.35
22 181.63 4221 3518 7078 12960 13756 11871 11395 15316 113.07 5592
23° 181.67 4116 34.81 69.08 12004 14362 11736 126.02 12199 127.15 -
24 18270 4064 3473 €925 128098 14294 11803 12675 12314 128.17 -
25° 18117 4124 3485 6915 12993 14363 11735 126.02 121.98 127.14 -
26° 15998 3700 3590 70.07 12819 14489 11647 12756 117.67 126.54 -
27° 161.53 3843 3735 7152 12061 14632 11790 12899 119.09 127.97 -
28° 160.84 4065 3940 7402 131.92 14858 12022 131.30 121.42 130.27 -
29° 161.40 3839 3767 7094 13179 13907 11939 11452 15432 11366 56.09
30° 160.09 3697 36.26 €955 13033 13770 11795 11313 152388 11227 5470
31° 15713 3692 3601 69.77 13037 13764 118.02 113.14 15292 11225 5467
32° 15097 3691 3594 6922 13015 14345 11748 12611 12211 127.10 -
33° 15999 3692 3593 6932 13023 14354 11758 12611 12215 127.15 -
34° 15714 3689 3565 6944 130.01 14371 11738 126.10 121.94 127.13 -

*Solvent used CD;0OD.

& (ppm) relative to CDCls. e signals for the R, substituent: 18, CHs 32.02; 19, CH;CHs 38.87, 1418, 20,
CH,CH,CH3: 46.03, 22.31, 11.55; 21,CH3: 31.05; 22, CH,CH,CH3: 45.94, 22.33, 11.56; 23, CHj: 29.30; 24,CH,CH3;
46.39, 14.10; 25, CH2CH:CH3: 45.56, 21.98, 10.20; 26, CHxCHs: 34.41, 14.34; 27, CH2CH2CH3: 42.88, 24.47, 11.62; 28,
Ph: 143.26, 132.04, 125.67, 122.55; 29, CH,CH3: 35.85, 15.76; 30, CH,CH.CH3: 41.47, 23.04, 10.19; 31, Ph: 139.55,
128.35, 121.99, 118.87; 32, CH,CH3 34.43, 14.33; 33 ,CH.CH,CH:: 42.83, 22.58, 10.46; 34, Ph: 139.52, 128.36,
122.02, 118.90.

'"H NMR signals (H-1’ and H-2’) and "*C NMR signals (C-2, C-1°, C-2', C-4" and C-6")
are similar in both, intermediate and final compounds: N-alkyl or aryl-N'-[3-hydroxy-3-
(2-nitro-5-substitutedphenyl)propyl]-thioureas and ureas 1-17, and N-alkyl and aryl-A-
[3-(2-amino-5-substitutedphenyl)-3-hydroxypropyl]-thioureas or ureas 18-34; however,
H-3, H-3"-H-6”, C-3’, C-1"-C-3"” and C-5"are influenced by the activating and
deactivating effects of the amine or nitro groups, respectively. C-2 of the main chain is
influenced by the sulfur or oxygen atoms present in the thiourea or urea rest, but not by
the nitro or amino group. Finally, H-1 and H-3 signals, linked to nitrogen atoms, do not
follow the same pattern and sometimes are not visible.
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HSQC and HMBC experiments were performed on some compounds of each series,
and the results of these experiments have been extrapolated to the other compounds.
Table 6 shows the HSQC correlations for compounds 3, 5, 8, 9, 12, 15, 19, 22, 24, 26,
30 and 32, whereas Figure 1 shows the more important connectivities found in the
HMBC spectra of compounds 5, 9, 12, 18, 29 and 32.

HSQC experiments performed on compounds 3, 5, 8, 9, 12 and 15 allowed the
assignment of the secondary carbon atoms chemical shifts C-1' and C-2', and the
assignment of the tertiary carbon atoms chemical shifts C-3', C-3", C-4", C-5" and C-6"
in the nitro derivatives 1-17. These atoms show signals in ranges of 36.86-44.33 (C-1",
38.48-39.95 (C-2"), 65.63-66.69 (C-3’), 123.87-128.09 (C-3"), 113.38-134.13 (C-4"),
127.65-164.61 (C-5") and 111.91-128.53 (C-6").

Similar HSQC experiments performed on compounds 19, 22, 24, 26, 30 and 32
indicate that the '°C NMR signals for the analogue secondary and tertiary carbon
atoms in the final amino-phenyl derivatives 18-34 are in the following ranges: 36.89-
42.21 (C-1"), 34.69-39.40 (C-2'), 69.08-74.02 (C-3), 117.06-121.11 (C-3"), 113.13-
131.30 (C-4"), 117.67-155.80 (C-5") and 112.25-130.27 (C-8").

The quaternary carbons signals were confirmed by HMBC spectra on the intermediate
(5, 9 and 12) and final (18, 29 and 32) compounds. For clarity, only some connectivities
found in the HMBC spectra are illustrated in Figure 1. In compound 3, correlations
between H-6" (& 7.90) and H-5" (5 7.41), and the °C at 147.10 ppm, and between H-3"
(5 7.94) and H-4" (5 7.65), and the "°C signal at 140.18 ppm allowed the unequivocal
assignment of C-1" and C-2", respectively. Correlation between H-1'b (6 3.50) and the
peak at 181.91 ppm allows the assignment of this shift to C-2. In addition, HMBC
spectrum of compound § indicates a correlation between OCH, (& 3.91) and the °C at
0 164.61 ppm, that can be assigned to C-5". In a similar way, in compound 9, the
correlation of H-5" (& 7.37) and H-3' (& 5.30) with '°C at 147.06 indicated that this shift
corresponds to C-1". Also, when a '°C at 140.46 ppm correlated with H-3" (& 7.90), H-
4" (67.63) and H-3' (6 5.30), it can be identified as C-2". Regarding C-2, it corresponds
to a signal appearing at 159.61 ppm due to the correlation with H-1'b (& 3.50) and
CH-CHj; (6 3.19). Moreover, in compound 12 spectrum, H-3" (6 8.03), H-6" (6 7.41) and
OMe (& 3.90) have a correlation with '°C at 164.23 thus it can be assigned to C-5".
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HMBC experiment performed on compound 18 indicates that the signals at & 6.66 (H-
3"), 6.61 (H-5") and 4.72 (H-3") are correlated with the '*C signal at 130.83 ppm, which
can be assigned to C-1", whereas H-6" sighal (&6 7.06) and H-4" sighal (6 6.95) are
correlated with the '*C signal at & 147.42 ppm, thereby, this signal corresponds to C-
2". Besides, in compound 29, correlations of H-3" signal (6 6.71),H-3’ signal (& 4.76)
and H-2' (& 1.94) with '*C signal at 131.79 ppm indicate that this signal can be
designated as C-1". Similarly, correlations of H-6" (& 6.79) and H-3' (& 4.76) signals
with '°C signal at 139.07 ppm demonstrate that this signal corresponds to C-2". The
correlation between OMe (& 3.73) and '*C signal at 56.09 ppm allowed the assignment
of this peak to C-5". Finally, H-1'a (6 3.30), H-1'b (& 3.23) and CH;CH; (6 3.15) are
correlated with the peak at 161.40 ppm, thus is identified as C-2. Lastly, HMBC
experiment on the urea 32 demonstrates that H-3" (6 6.67), H-3' (6 4.71) and H-2' (&
1.91) are correlated with the °C at 130.15 which corresponds te C-1", whereas H-6" (&
7.10), H-4" (6 6.97) and H-3' (6 4.71) are correlated with the peak at 143.45 ppm that
can be assigned to C-2". Moreover, correlations between H-8" (& 7.10) and H-3" (&
6.67), and a signal at 122.11 ppm indicates that this signal corresponds to C-5". Finally,
the peak at 159.97 ppm which is correlated with H-1' (& 3.29) and CH-CH; (& 3.20) is
identified as C-2.

Figure 1. Important connectivities found in the HMBC spectra of compounds a) 1-17
and b) 18-34.

These compounds have been designed from a series of 1-(3-(2-amino-5-
substitutedphenyl)-3-oxopropyl)-3-alkylthioureas and ureas previously synthesized by
our research group,'" by substitution of the carbonyl group by a hydroxyl one. The
main differences between the "°C chemical shifts of the previous derivatives!'¥ and the
new hydroxypropylthioureas and ureas are the *C signals of the propyl chain (C-1', C-
2' and mainly C-3') and the C-1" of the aromatic ring. The C-1' atom in the
hydroxypropyl derivatives shows signals in range of 36.9-44.3 ppm, whereas for the
oxopropyl compounds the range is 34.8-40.3 ppm; the C-2' atom in the first compounds
appears between 38.5-39.9 ppm, and in the second compounds the range is between
38.5-44.5 ppm; the C-3’ atom in the hydroxylpropyl derivatives shows signals in range
of 65.6-66.7, and in the oxopropyl molecules fluctuates between 200.9-202.8 ppm, due
to the change of a hydroxyl group by a carbonyl one; finally, the C-1" in this new
compounds appears in the range of 139.5-144.9 (in the nitro-derivatives) and between
127.1-131.9 (in the amine-derivatives), and in the structures with an oxopropyl residue
the range is 134.5-137.8 (in the nitro-derivatives) and 117.5-119.9 (in the amine-
derivatives).

2d-NOESY experiments performed on compound 25 (Ry = Cl, R2 = Pr, X=S) show the
existence of the NOE effects between the aromatic H-6" and the H-2' of the lineal
chain, and vice versa. Also, another NOE effect is observed between H-6" and H-3'.
These NOE effects are only compatible with the formation of an intra-molecular
hydrogen bond between the hydroxyl group of the C-3' and the amino group in 2"-
position of the aromatic ring.
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Figure 2. Selected NOESY correlations for 25.
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4.1 Conclusiones

El aumento de la incidencia de las enfermedades relacionadas con el NO,
como Parkinson, Alzheimer, esclerosis lateral amiotrofica, corea de
Huntington, choque séptico o artritis reumatoide, entre otras, hace
imprescindible y urgente la busqueda de soluciones terapéuticas para tratar
dichas patologias. En este contexto, esta investigacion intenta contribuir a la
busqueda de dichas soluciones mediante la inhibicion de la NOS, siendo

sus principales conclusiones las siguientes:

1. En la presente tesis doctoral, se han disefiado, sintetizado Yy
caracterizado de forma inequivoca, mediante el uso combinado de técnicas
espectroscopicas de RMN (*H, **C, DEPT y 'H/*®C), espectrometria de
masas Yy andlisis elemental, cincuenta compuestos finales que se

distribuyen en tres familias estructurales:

a. La primera familia incluye dieciocho compuestos finales con estructura
pirazolinica, en la que los sustituyentes del anillo aromatico (Cl, OCHy;)
se han introducido en posiciones 5-, 4,5- y 2,3,4- y los sustituyentes de la

cadena lateral fueron ciclopropilo, fenilo, bencilo y fenetilo.

b. La segunda familia comprende quince compuestos finales con
estructura kinurenaminica con restos de urea o tiourea. Los sustituyentes
en R; (Cl, OCH3;) se han introducido en posicién 5- del fenilo. En R, se

ha introducido una cadena alquilica de Me, Et o Pr.

c. La tercera familia engloba diecisiete compuestos finales derivados de
3-hidroxipropil urea y tiourea. Los sustituyentes en R; son los mismos
gue en la familia anterior, y en R, se han introducido restos de Me, Et, Pr
y Ph.
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2. Para la sintesis de los derivados de la tercera familia se ha puesto a
punto una nueva ruta sintética que puede ser aplicada a los derivados
kinurenaminicos con restos de urea y tiourea, lo que permite acortar la

sintesis de 8 a 5 pasos y duplicar el rendimiento global.

3. La variacién de metodologia, mediante el uso de MW, para la formacion
de ureas y tioureas en la tercera familia ha permitido acortar el tiempo de
reaccion (de 18 h a 20 min) manteniendo un buen rendimiento (entre 70 y
90%), con respecto a la sintesis convencional llevada a cabo en la segunda

serie de derivados.

4. Todos los productos finales sintetizados han sido ensayados in vitro
como posibles inhibidores de las isoformas neuronal e inducible de la NOS.
Los compuestos mas interesantes de las dos Ultimas familias, 5n y 4g, han
sido ensayados también frente a eNOS, demostrandose la ausencia de

efectos adversos relacionados con la hipertension.

5. Los resultados de las pruebas biolégicas demuestran, en general, una
moderada actividad inhibitoria de las tres familias frente a las isoformas
NNOS e INOS. Las conclusiones respecto a este punto se detallan, a

continuacién, para cada familia:

a. Los derivados pirazolinicos han demostado, en general, mejor
inhibicion frente a la isoforma neuronal. Esta inhibicion se favorece con
sustituyentes electron-donantes (OCHs) en R;, siendo el compuesto 3r,
con tres grupos metoxilo en el anillo aromético, el mejor inhibidor con
moderada selectividad hacia nNOS. El aumento del volumen y la

flexibilidad de R, favorecen también esta inhibicion.

b. Las kinurenamino-ureas y tioureas han presentado, generalmente,

mayor afinidad por la isoforma inducible y, en concreto, las que llevan un
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resto de urea. Los compuestos clorados han sido los mas activos,
destacando la urea 5n con una CI50 de 100 puM frente a iINOS y sin

actividad frente a eNOS.

c. Principalmente, los compuestos de la tercera familia presentan
mejores valores de inhibicidn frente a nNOS. Los derivados tioureicos
han sido mas activos que los ureicos, destacando 4g con una Cls, de
130 y 180 uM frente a nNOS e iINOS, respectivamente, estando

desprovisto de actividad frente a eNOS.

6. Los estudios de modelado molecular llevados a cabo sobre las tres
familias permitieron entender mejor su posible interaccion con la enzima y

justificar asi sus actividades bioldgicas:

a. Respecto a las nuevas pirazolinas, el estudio de docking ha permitido
comprobar que el volumen de R; asi como el volumen y longitud de R,
influyen en la orientacion y la disposicién de los compuestos en el sitio de
unién. Ademas, la conformacién de Arg260 en iINOS y Arg481 en nNOS
Y, en consecuencia, la conformacién de otros residuos en ambos centros
activos, parecen ser decisivas en la interaccion con la enzima, asi como

en la orientacion de los compuestos en el sitio de union.

b. Los estudios de docking y de dindmica molecular realizados en la
segunda familia han demostrado la importancia del fenilo, del grupo
amino unido a éste y de la urea en la interaccién con la enzima a través
de diferentes residuos del centro activo. Se ha comprobado también que
la interaccion del oxigeno de la urea con la Arg260 (iNOS) es

fundamental para la selectividad en estos compuestos.

c. Los estudios de docking de los derivados de 3-hidroxipropil urea y

tiourea han revelado que, ademas de la interaccion del anillo aromatico y
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la del resto de tiourea con residuos del centro activo de nNOS, se
establecen puentes de hidrogeno a través del grupo hidroxilo y el grupo
amino, justificAndose los mejores valores de inhibicidbn que presentan

algunos de estos derivados por dicha isoforma.

4.2 Limitaciones y perspectivas futuras

A pesar de que esta investigacion permita mejorar los resultados obtenidos
con anterioridad por nuestro grupo respecto a la inhibicion de la NOS y
ofrecer nuevas estrategias sintéticas, algunas limitaciones pueden

destacarse y requieren futuras investigaciones para ser solventadas:

a. Aunque se ha supuesto que la inhibicién ejercida por los compuestos
descritos se produce a través de la interaccion con el centro activo de la
enzima, ningun experimento se ha llevado a cabo para confirmar esta

hipétesis.

b. Los estudios computacionales representan una valiosa herramienta en
el campo de la quimica farmacéutica pero aun asi no dejan de ser
estudios tedricos con cierto margen de error y su cumplimentacién con
estudios cristalograficos seria muy deseable para determinar realmente
los puntos de interaccién con la enzima y, en base a eso, realizar los

cambios estructurales que se consideren oportunos.

c. Ademas de realizar los estudios computacionales con las isoformas
neuronal e inducible, hubiera sido conveniente, también, llevarlos a cabo
con la endotelial. Estos estudios aportarian mas informacién respecto a
la interaccion de los compuestos con la enzima permitiendo analizar y
explicar los resultados biolégicos y establecer la influencia de la

estructura en dicha interaccion.
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A pesar de estas limitaciones, los resultados obtenidos en este trabajo
serdn de gran ayuda para definir las lineas futuras de investigacion.
Continuar trabajando con el tipo de estructuras descritas, implica
necesariamente determinar a qué nivel actdan, mediante estudios mas
profundos para encontrar moléculas no sélo més potentes sino también mas

selectivas de la nNOS, la INOS o de ambas.
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5.1 Conclusions

1. In this thesis, fifty final products have been designed, synthesized and
characterized by the combined use of NMR spectroscopy (‘*H, *C, 'H/**C)
and mass spectrometry techniques as well as elemental analysis. They are

divided into three structural families:

a. The first family includes eighteen final compounds with pirazoline
structure in which the aromatic ring substituents (ClI, OCH3) have been
introduced in 5-, 4,5- and 2,3,4- positions, and the R, substituents were

cycloprpyl, phenyl, benzyl and phenethyl.

b. The second family has fifteen final compounds with kynurenamine
urea or thiourea structure. R; substituents (Cl, OCH3;) have been
introduced in 5- position of the phenyl and an alkyl chain of Me, Et or Pr

has been introduced as R».

c. The third family gathers seventeen final compounds 3-hydroxypropyl
urea and thiourea based structure. R; is the same as for the previous

family and R, can be a Me, Et, Pr or Ph group.

2. A new pathway has been reported for the synthesis of the third family. It
can be applied to obtain kynurenamine-ureas and thioureas shortening the

synthetic route from 8 to 5 steps and doubling the global yield.

3. The change of methodology using MW to form ureas and thioureas in the
third family has shorten the reaction time (from 18h to 20 min) maintaining a
good vyield (70 to 90%), compared to the conventional synthesis carried out
in the second series of derivatives and previous results described in

literature.
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4. All the synthesized final products have been tested in vitro as potential
inhibitors of neuronal and inducible NOS isoforms. The most interesting
compounds 5n and 4g have also been tested against eNOS demonstrating

the absence of hypertension adverse effects.

5. The biological results show, in general, a moderate inhibitory activity
against the three families against nNOS and iNOS isoforms. The findings on

this point are detailed below for each family:

a. The pyrazoline derivatives have generally demonstrated better
inhibition against the neuronal isoform. R; electron-donating substituents
(OCH3) improve this inhibition being the compound 3r, with three
methoxy groups, the best inhibitor with moderate selectivity for nNOS.

Bulky and flexible R, also favor this inhibition.

b. The kynurenamine-urea and thiourea derivatives have mostly shown
greater affinity for inducible isoform, in particular, the urea ones.
Chlorinated compounds have been the most active. Among them, the

urea 5n stands with an ICs, of 100 pM being inactive against eNOS.

c. The third family of compounds has broadly shown more likely to inhibit
NNOS. The thiourea derivatives have been more active than ureas,
highlighting 4g with an IC5, of 130 and 180 uM against nNOS and iNOS,

respectively, and devoid of activity against eNOS.

6. Molecular modeling studies carried out on the three families allow
understanding better their potential interactions with the enzyme and thus

justifying their biological activities.

a. Regarding the new pyrazolines, docking study has shown that R;

volume and R, volume and length influence the orientation and lay out of
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the compounds in the binding site. Furthermore, the conformation of
Arg260 and Arg481 in nNOS and iNOS, respectively, and therefore the
conformation of other residues in both active sites appear to be crucial in
the interaction with the enzyme as well as in the orientation of the

compounds inside the binding site.

b. Regarding the new kynurenamines, docking study and molecular
dynamics have shown the importance of the phenyl ring, the amino group
and the urea in the interaction with the enzyme through different residues
of the active site. It has also been found that the interaction of urea
oxygen with Arg260 (iNOS) is essential for the selectivity in these

compounds.

c. Docking studies of 3-hydroxypropyl urea and thiourea derivatives have
revealed that, besides the interaction of the aromatic ring and the rest of
thiourea with residues in the nNOS binding site, hydrogen bonds are
established through the hydroxyl group and amino group, justifying the

best inhibition values of several compounds versus this isoform.

5.2 Limitations and future perspectives

Despite this investigation improves the results previously obtained by our
research group for NOS inhibition and offers new synthetic strategies, some

limitations exist and require further research to be resolved:
a. Although it has been assumed that the inhibition exerted by the
reported compounds occurs through interaction with the active site of the

enzyme, no experiment has been conducted to confirm this hypothesis.

b. Computational studies are a valuable tool in the pharmaceutical

chemistry field but even so they are still theoretical studies with a margin
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of error. Thus, complementary crystallographic studies would be very
desirable to actually determine the interaction spots with the enzyme and,

based on that, make the structural changes deemed appropriate.

c. In addition to computational studies with neuronal and inducible
isoforms, it would have been convenient, perform them also with the
endothelial one. These studies would provide more information about the
ligand-enzyme interaction allowing analyze and asses the biological

results and establish the influence of the structure in such interaction.

Despite these limitations, the results obtained in this study will be helpful to
define future research. Continue working with the reported structures types
implies necessarily determine, by further studies, where they act, aiming to
find not only more potent but also more selective molecules of nNOS, iINOS
or both.
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6.1 Introduction

Nitric oxide (NO) is an inorganic free radical and an important biomessenger
that regulates several physiological functions in the nervous, immune, and

cardiovascular systems.*

NO is synthesized from the enzyme catalysis of L-arginine to L-citrulline in
several cell types by a family of nitric oxide synthase (NOS) isoenzymes with
consumption of molecular oxygen. Native NOS is a homodimeric enzyme.
Each monomer consists of an N-terminal oxygenase domain with a catalytic
heme active site and a cofactor tetrahydrobiopterin (BH,) binding site, and a
C-terminal electron-donating reductase domain binding flavin adenine
dinucleotide (FAD), flavin mononucleotide (FMN), and nicotinamide adenine
dinucleotide (NADPH).?® The linker between the two functional domains is a
calmodulin (CaM) binding motif that enables electron flow from the

oxygenase domain to the reductase domain.*

In mammalians, three isoforms of NOS have been identified: neuronal
(nNOS), endothelial (eNOS) and inducible NOS (iNOS)°. nNOS and eNOS
are constitutive and regulated by intracellular Ca/CaM. They continually
produce low levels of NO used for nerve function and blood regulation,
respectively. While, iINOS produces large toxic bursts of NO to fight

pathogens, and is not Ca-dependent.®’

To exert appropriate functions, NO synthesis by the three isozymes is under
tight regulation. Thus, overproduction of NO by nNOS has been associated
with neurodegenerative disorders such as Alzheimer’'s, Parkinson's or

810 and the inducible isoform seems to be responsible

Huntington’s diseases,
for the massive NO production in pathologies such as arthritis, colitis, tissue
damage, cancer or several inflammatory states.*** The NO underproduction

by eNOS has been associated with hypertension and atherosclerosis.***°
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Accordingly, inhibition of NNOS or iINOS, but not of eNOS, could provide an

effective therapeutic approach.

Previously, our research group has described a series of nNOS inhibitors
with a kynurenine 1, kynurenamine 2,*" or 4,5-dihydro-1H-pyrazole

structure 3 (Figure 1).'®

R R A
H H
NH, NH;
1 2
R; = OCH3 R, = Cl, OCH3
R, = alkyl R, = alkyl, cycloalkyl, phenyl
R2

R, = H, Cl, OCH,

R, = alkyl, cycloalkyl, phenyl

Figure 1. Derivatives synthesized by our research group.

6.2 Aims

The aim of this PhD dissertation is the development of potential NOS
inhibitors. The design, synthesis and biological evaluation against the iINOS
and nNOS isoforms of new pyrazolines and N,N’-disubstituted urea and

thiourea derivatives is proposed.

The specific aims are the following:
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1. Synthesis of the proposed compounds with their corresponding

methodologies.

2. Unequivocally characterization of the synthesized molecules using one-
and two-dimensional nuclear magnetic resonance (NMR) spectroscopy
and high resolution mass spectrometry techniques (HRMS) as well as

elemental analysis.

3. In vitro biological activity evaluation against nNOS and iNOS of all final

products and against eNOS of the most active ones.

4. Assessment of the qualitative and quantitative structure-activity

relationships (QSAR) of the three families of compounds.

5. Conducting molecular modeling studies to design and propose a binding
mode for these new compounds to i/nNOS.

6.3 Results’
6.3.1 Pyrazoline derivatives

This family of compounds has been designed basing on the results of
previous pyrazolines 3 (Figure 1) published by our group.’® In these
compounds, the activation and deactivation of the aromatic ring was
increased, through R; substituents, keeping the cyclopropyl and phenyl
groups in R,, as well as changing the size and flexibility of the phenyl moiety
(Figure 2)*°.

*In this section the compounds number used is the same that appears in the
published articles corresponding to each family.
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=
N
XN o
R]__I _
NO,
3
Rl =H, 5-Cl, 4,5'C|2, R2 = C'C3H5, Ph,
5-OMe, 4.5-(OMe)s, CH,Ph,
2,3,4-(OMe)s CH,CH,Ph

Figure 2. Pirazoline derivatives.

The in vitro biological results demonstrate that the increase of R, size
substituent improves the iINOS, as well as the nNOS inhibitory activity.
Nevertheless, regarding the R; substituent in the aromatic ring, electron-
withdrawing groups enhance INOS inhibition, whereas electron-donating
substituents get better the nNOS inhibition. This fact is confirmed by docking
studies which show the better orientation of 3h (R; = 4,5-Cl;, R, =
CH,CH,Ph) in INOS and 3r (R; = 2,3,4-(OMe)3, R, = CH,CH,Ph) in nNOS.
This last derivative is the most active nNOS inhibitor of all the tested
compounds (ICso = 400 uM), with a good nNOS/INOS selectivity.

6.3.2 Kynurenamine-urea and thiourea derivatives

These products were designed from kynurenamines 2, carrying a urea or

thiourea substituted group, isosteric to the final guanidine moiety of L-

arginine, the natural substrate of NOS (Figure 3)%°2,

Ry NJLN,RZ R, = H, OMe, Cl
H H R, = Me, Et, Pr
NH; X=0,S
5

Figure 3. Kynurenamine-urea and thiourea derivatives.
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In general, all compounds show, in vitro, better inhibition against iINOS than
nNOS, being the chlorinated series the most active compounds. In addition,
the urea residue seems to play an important role in compounds selectivity.
Thioureas similarly inhibited both isoenzymes, while ureas selectively
inhibited iINOS. The urea 5n (R; = Cl, R, = Et, X = O) was the most active
INOS inhibitor with 1Cso = 100. This was confirmed by docking and MD
simulations studies, which showed the more favorable orientation of 5n in
INOS establishing good interactions with the enzyme. Also, this compound
did not inhibit eNOS, demonstrating the selectivity necessary to avoid the

adverse effect of hypertension.

6.3.3 3-Hydroxypropyl urea and thiourea derivatives

These compounds have been designed by reduction of the kynurenamine-

urea and thiourea derivatives carbonyl group 2 (Figure 4).

OH X
Ry NJLN,RZ R, = H, OMe, Cl
H H R, = Me, Et, Pr, Ph
NH; X=0,S
4

Figure 4. 3-hydroxypropyl urea and thiourea derivatives.
The synthetic route performed to this new family could also be applied to the
last family allowing us to obtain the molecules 5 with less synthetic steps

(from 8 to 5) and higher global yield (from 18% to 40%).

Moreover, using the MW, we could shorten the urea and thiourea formation

time from 18h to 20 min with good yield ranging between 60 and 90%.

Regarding the biological results, this family mostly inhibits better the

neuronal NOS isoform than the inducible one. Furthermore, thioureas exhibit
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higher inhibition than ureas for both isoforms. Among all the tested
compounds, 4g (R; = OMe, R, = Me, X = S) shows the best nNOS (ICy, =
130 pM) and iINOS (ICso = 180 pM) inhibition values without inhibiting eNOS.
Such compound could be useful to fight pathologies where both i/nNOS are

implicated such as neurodegenerative diseases.
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