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Introduccion
1.- Introduccién y Objetivos

El estudio de compuestos de origen natural constituye una de las principales vias de
obtencién de nuevos productos farmacolégicamente activos, tanto por aislamiento directo
como por semisintesis. Ademas, |la naturaleza sigue siendo una fuente de inspiracion
inextinguible para quimicos y farmacélogos en el disefio de nuevos farmacos. Numerosos
organismos naturales, ya sean vegetales, animales o microorganismos, son capaces de
biosintetizar una extensa diversidad de metabolitos secundarios (MS), los cuales se utilizan
directamente comofarmacos, pueden ser Utiles en lasintesis de nuevos compuestos o pueden
ayudarnos a disefiar nuevas moléculas utilizandolas como fuente de inspiracién. De hecho, una
gran cantidad de metabolitos secundarios activos (MSA) y sus correspondientes analogos
estructurales constituyen el arsenal terapéutico, mientras algunos de los que no poseen
actividad por si solos, son utilizados por la industria como productos de partida en la sintesis
de nuevos compuestos bioactivos. La Farmacoquimica Natural se define como larama de las
cienciasfarmacéuticas que se encarga del estudio de los principios activos de origen natural,

es decir, de los MSA mencionados anteriormente.

En nuestro grupo de investigacion se ha trabajado durante los ultimos afios en el
campo de la Farmacoquimica Natural, basandose en el estudio de plantas de la familia
Annondceas y utilizando los compuestos que poseen estas especies como fuente de

inspiracién para desarrollar diferentes moléculas potencialmente activas.

HO / \
fo} o
NH OH
HO

"//,H N OH
| N \0 o/
® g
HO (o)
Estiril-lactonas Alcaloides Isoquinoleinicos Azafluorenona Monoterpenos
Altholactona Norcoclaurina Darienina Espintanol
OH OH

Acetogeninas
Rolliniastatin-2

Figura 1. Ejemplos de MSA presentes en Annondaceas
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Las especies vegetales que pertenecen ala familia Annonaceas son conocidas desde
hace tiempotanto porsu interés econdmico (productoras de frutos comestibles, condimentos
alimentarios, especiasy aceites esenciales) como por su utilizacién en medicina tradicional y
popular (pesticiday antiparasitaria) [1]. Los MSA presentes en estas plantas se utilizan debido

alas propiedades y actividades farmacoldgicas que poseen (Figura 1).

A.- Acetogeninas: Moléculas presentes exclusivamente en especies de la familia Annondaceas
interesantes por presentar actividad citotdxica, antitumoral, insecticida y antiparasitaria. Se
caracterizan por poseerunaestructurade cadena larga (entre 32y 34 dtomos de carbono) con
varios grupos oxigenados y una lactona terminal. Su actividad citotdxica se debe
principalmente a la inhibicién selectiva que ejercen sobre el complejo | de la cadena

respiratoria mitocondrial (CRM) [2y 3].

B.- Estiril-lactonas: Compuestos caracterizados por presentar una estructura de 13 dtomos de
carbono que forman un esqueleto estiril unido a un anillo lactona. Estos compuestos,
utilizados en medicinatradicional, estdn presentes en especies del género Goniothalamus y se
han descrito como moléculas con actividad citotdxica. Los ensayos in vitro de estos
compuestos demostraron que la crassalactona B presenta unaelevada capacidad de inhibicion

sobre el crecimiento de lalinea celular Tde laleucemia [4y 5].

C.- Monoterpenos: Metabolitos secundarios presentes en una amplia diversidad de especies
vegetales, entre ellas las Annondceas, que presentan importancia farmacoldgica por poseer
diversas actividades biolégicas como antiparasitaria, antibacteriana e insecticida, entre otras.

El espintanol es un monoterpeno conocido por su actividad antimaldrica [6y 7].

D.- Alcaloides Isoquinoleinicos: Principios activos presentes en multitud de familias botanicas

dentro del orden de las Magnoliales, donde se incluye a la familia Annondceas. Este tipo de
alcaloides se caracteriza por poseer un atomo de nitrégeno formando un anillo piperidinico
adyacente a unanillo bencénico, dando lugar asi al “scaffold” caracteristico y comun de todos
los alcaloidesisoquinoleinicos (1Qs). Estas moléculas son importantes desde el punto de vista

farmacolégico, debido a la gran variedad de actividades bioldgicas que poseen.
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En estos Ultimos afios, nuestro grupo de investigacion ha puesto a punto la sintesis de
ciertos cabezas de serie de naturaleza nitrogenada con diferentes esqueletos quimicos,
basandose en estudios de Relaciéon Estructura Quimica — Actividad Bioldgica (REA) efectuados
previamente con moléculas naturales aisladas, generalmente de especies vegetales tropicales.
De esta forma, se llevd a cabo la sintesis de alcaloides IQs y esqueletos relacionados con
afinidad por los receptores dopaminérgicos (RD), a la luz de los resultados obtenidos afios
atras con diferentes compuestos bencilisoquinoleinicos, aporfinicos, protoberberinicos,

cularinicos y bis-bencilisoquinoleinicos naturales y sintéticos (Figura 2).

HOY

Crasifolina Morfina

Liriodenina

Norsarcocapnina
Tubocurarina

Figura 2. Alcaloides Isoquinoleinicos

E.- Azafluorenonas: Productos que se encuentran en pocas especies de la familia de las

Annonaceas, como en Oxandra longipetala, O. xylopioides, O. espintana, O. asbeckiiy O.
major [8-11]. Este tipo de alcaloides son farmacoldgicamente interesantes debido a la elevada
actividad antifungica y antibacteriana que poseen [12]. La estructura quimica que presenta
este tipo de moléculas se conoce como azafluorenonas, y consiste en un esqueleto triciclico en
el que se encuentran fusionados un anillo piridinico, una ciclopentanonay un anillo bencénico

(Figura 3).



\
0/ OH HO o
N N
| N | N
= =
(o) (o)
Macondina O-Metilmacondina Ursulina Isoursulina

Figura 3. Azafluorenonas

Nuestro grupo de investigacion se ha inspirado en este tipo de estructuras y en otras
con esqueletosrelacionados, como la melatonina, rameltedn y agomelatina, para desarrollar
una ruta sintética que nos permita la obtencidon de hexahidroinderopiridinas (HHIP). La
melatonina es una hormona que regula el ciclo diurno/nocturno, por lo que farmacos con
estructura similar podran tener cierta actividad melatoninérgica y ser potenciales farmacos
contra elinsomnio, como es el caso del hipnético rameltedn (Rozerem®©), un potente agonista
de los receptores melatoninérgicos (RMT). La agomelatina (Thymanax©, Valdoxan®©) es un
farmaco antidepresivo usado actualmente en el tratamiento de depresiones mayores en
adultos que presenta una estructura quimica relativamente parecida a la de las moléculas
sefaladas anteriormente. Las HHIP pueden considerarse analogos de lamelatonina, porlo que
se pretenderaestudiar la afinidad que poseen dichas HHIP sobre los RMT, con la finalidad de

disefiar y obtener nuevos farmacos contra el insomnio y/o depresion (Figura 4).

o ° /’

N

of ol oo

Melatonina Agomelatina Hexahidroindenopiridina Rameltedn

Figura 4. Melatonina, HHIP y moléculas relacionadas
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Objetivos

Los objetivos propuestos en la presente Tesis Doctoral son:

1.- Sintesis y estudios de afinidad por los receptores dopaminérgicos de Isoquinoleinas:

- Tetrahidroprotoberberinas (THPB).

- 7-Fenil-hexahidrociclopenta-[jj]-isoquinoleinas (HCPIQ).

» Estudios de citotoxicidad, mediante ensayos de MTT y citometria de flujo.

> Estudio de lainteraccion ligando-receptor mediante Modelizacion Molecular.

2.- Sintesis y estudios de afinidad por los receptores melatoninérgicos de HHIP.

3.- Sintesisy estudios de actividad antimicrobiana y citotéxica de Isoquinoleinas lactdmicas y

benzoquinolizidinas.
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2.- Los Alcaloides Isoquinoleinicos

Los alcaloides 1Qs son metabolitos secundarios, principalmente de origen vegetal.
Presentan unaestructura complejanitrogenada, por lo que generalmente son basicos. Desde
el punto de vista farmacolégico se trata de un grupo de compuestos muy interesante, ya que
presentan variadas acciones, caracterizandose por su gran actividad a dosis bajas, aunque
también pueden presentar una toxicidad significativa. De hecho, en mamiferos, se ha
observado que algunos alcaloides son capaces de ejercer una accion fisioldgica intensa con
efectos psicoactivos aln a dosis bajas, por lo que son muy usados en medicina para tratar
diversos problemas neurofisioldgicos. Otras actividades bioldgicas de interés son la actividad
antitumoral, antiespasmaddica, hipnoanalgésica y antifungica. Ademas de su capacidad de
inhibicion de transporte y/o recaptacion de neurotransmisores, asi como la capacidad de
unidon a receptores de membrana, ya que presentan afinidad sobre receptores
dopaminérgicos, adrenérgicos, canales de calcio voltaje-dependientes y sobre segundos

mensajeros, como el AMPc [13].

2.1.- Biosintesis de los Alcaloides Isoquinoleinicos

Los alcaloides son sustancias orgdnicas nitrogenadas de origen natural, generalmente
biosintetizadas a partir de aminodacidos, de caracter bdasico y de estructura quimica diversay
compleja. Los alcaloides con esqueleto |Q constituyen uno de los grupos mas abundantes en la
naturaleza, se encuentran principalmentedistribuidos en el reino vegetaly abarcan una amplia

variedad de tipos estructurales.


http://es.wikipedia.org/wiki/Metabolitos_secundarios_de_las_plantas
http://es.wikipedia.org/wiki/Base_%28qu%C3%ADmica%29
http://es.wikipedia.org/wiki/Psicoactivos
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L-tirosina

m HOD/\(COOH W
o
Ho NH; NH, Ho

tiramina \ / L-dopa p-OH-fenilpirivico
HO tipo ”Plc'fet-Spe’ng/eW
-
HO @ HO
( p-OH-fenilacetaldehido)

N J
Y

generacion del anillo

'tetrahidro-isoquinoleina"
(THIQ)

COOH

10 OCH3
Berberina

Aporfina

Cularina

Esquema 1. Biosintesis de Alcaloides Isoquinoleinicos

Los alcaloides 1Qs se biosintetizan a partir de la L-tirosina. Esta sufre una hidroxilacion
en posicion 3 para dar lugar a la L-dopa, cuya descarboxilaciéon conduce a la formacion de
dopamina. Estadescarboxilacidnla realiza una enzima fosfolipasa (PLP)-dependiente puesto

gue necesita fosfato de piridoxal como coenzima (Esquema 2) [14y 15].

COOH [0] HO COOH o, HO
NH NH NH
HO 2 HO 2 PLP HO P
L-Tirosina L-Dopa Dopamina

Esquema 2. Hidroxilacién y descarboxilacidon de L-tirosina
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Por otro lado, una molécula de L-tirosina sufre una desaminacién oxidante para
generarel acido 4-hidroxifenilpiravico o el acido 3,4-dihidroxifenilpirdvico, que mediante una
descarboxilacion se transforma en el 4-hidroxi- (4-HFAA) o 3,4-dihidroxifenilacetaldehido (3,4-

DHFAA) (Esquema 3) [14 y 15].

COOH Desaminacion CH,O0H o
/©/\l/ oxidante W -CO, /©/Y
NH - = (o) - = H
HO 2 HO HO

L-Tirosina Acido 4-hidroxi- 4-Hidroxi-
fenilpiravico fenilacetaldehido

Esquema 3. Desaminacién oxidante y descarboxilacion de L-tirosina

A continuacion y mediante una reaccién de tipo Pictet-Splenger, la dopamina se
condensa estereoespecificamente con 4-HFAA o 3,4-DHFAA, reaccién que puede ser catalizada
por diferentes enzimas tipo sintasas y que dara lugar a diferentes alcaloides con estructura
isoquinoleinica, comola(S)-norcoclaurina, la(S)-norlaudanosolinay la(S)-crasifolina (Figura5).
En el curso de esta reaccidn se genera una base de Schiff, que tiene la capacidad de captar
protones del medio, y tras un movimiento caracteristico de pares de electrones consigue la
ciclacion del anillo piperidinico propio de los alcaloides 1Qs, donde esta presente el

estereocentro tipico de este tipo de moléculas (posicion 1) (Esquema 4) [14].

(o] H+
HO RJ\COOH HO.N N B\
W — |0 —
NH NH
HO 2 N HO i

N
HO
\;k R COOH
R

Dopamina

COOH
o Base de Schiff
R)J\H\
HO ; HO HO
m X — [ — NH
HO \ N HO Z HO
)J\ R R COOH
R H l
Base de Schiff
HO_¢
* NH
HO™ 7 1 "Scaffold"
R Isoquinoleinico

d

Alcaloides Isoquinoleinicos

Esquema 4. Biosintesis del “Scaffold” Isoquinoleinico

10
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Una vez biosintetizado el “scaffold” 1Q, se podran obtener los diferentes alcaloides
pertenecientes aestafamilia, mediante diversos métodosy reacciones. Podemos observar que
las 1-bencil-1,2,3,4-tetrahidroisoquinoleinas (1-bencil-THIQ) ocupan un lugar privilegiado
dentro de este grupo, ya que a partir de ellas se biosintetizan multitud de analogos
estructurales como las protoberberinas, aporfinas, cularinas, alcaloides morfinicos, bis-bencil-

IQs, entre otros (Esquema 1).

2.2.- Tipos de Derivados Isoquinoleinicos

En las dltimas décadas, diversos grupos de investigacién han tenido como principal
objetivo el aislamiento de alcaloides a partir de seres vivos, tanto vegetales, como animales,
microorganismos e incluso insectos [16]. En la presente Tesis Doctoral se van a abordar

diferentes tipos de derivados IQ, entre ellos:

A.- 1Qs naturales, derivadas de las 1-bencil-THIQs: En el Esquema 1 se puede observar
que las 1-bencil-THIQs son precursores naturales de diferentes tipos de alcaloides IQ, cada uno
de los cuales va a presentar un esqueleto caracteristico. La importancia de muchos de estos
compuestos versa sobre las potentes actividades farmacoldgicas que poseen, como por
ejemplo, la actividad antimicrobiana y antiflingica de las protoberberinas (berberina), la
actividad analgésicade los alcaloides morfinicos (morfina), el poderantitusigeno de algunos de
los alcaloides morfinicos (codeina), la capacidad relajante muscular de las 1-bencil-IQ
(crasifolina) y bis-bencil-1Q (tubocurarina), los efectos cardiovasculares de las cularinas

(norsarcocapnina) y la actividad antiparasitaria de oxoaporfinas (liriodenina)(Figura 2).

- Protoberberinas: Los alcaloides tetrahidroprotoberberinicos (THPB) son alcaloides IQ
de origen natural presentes, entre otras, en especies de las familias Annonaceas,
Berberidaceas y Ranunculdceas, como Hydrastis canadensis (sello de oro), Coptis chinensis
(coptis o hebra de oro), Berberis aquifolium (uva de Oregdn), B. vulgaris (agracejo) y B. aristata
(arbol de curcuma). Este tipo de alcaloides presentan un esqueleto tetraciclico originado a
partir de un sistema 1-bencil-THIQ. Porlo tanto, su ruta biosintética comparte el mismo origen
qgue dichosalcaloides 1-bencil-THIQy se inicia a partir del aminoacido L-tirosina (Esquema 1).
Las THPB destacan por presentar actividades farmacolégicas muy interesantes y variadas. En
los ultimos afios se ha observado que pueden actuar tanto sobre receptores de membrana
dopaminérgicos, como inhibiendo laacetilcolinesterasay butirilcolinesterasa, ademas de tener

actividad bactericida y serincluso utiles para tratar la diabetes [17 y 18].
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- Aporfinas: Los alcaloides aporfinicos constituyen uno de los grupos mas amplios 'y
mas abundantes en la naturaleza dentro de los alcaloides IQ, encontrandose distribuidos en
especies vegetales de las familias Annonaceas, Ranunculdceas, Lauraceas, Hernandiaceas y
Monimidceas [19]. Este tipo de alcaloides presentan un esqueleto tetraciclico muy variado,
incluyendo los esqueletos de oxoaporfina o proaporfina. Todos ellos son originados a partir de
un sistema 1-bencil-THIQ. Por lo tanto, su ruta biosintética serd muy similar a la de los
alcaloides protoberberinicos (Esquema 1). Las aporfinas presentan una elevada importancia
farmacoldgica, puesto que poseen actividades como antioxidante, antiagregante plaquetario,
antineoplasico y antiparkinsoniano [20]. Ademds cabe destacar dentro de este tipo de 1Q, |a
apomorfina, obtenida por semisintesis a partir de la morfina, ya que su aplicacién terapéutica
frente a la enfermedad de Parkinson es importante, debido a que es un potente agonista de
los RD tipo D,. La bulbocapnina también tiene efecto sobre el mismo tipo de RD, pero esta
actuara como antagonista de los mismos, por lo que su aplicacién versara sobre trastornos

psicoticos como la esquizofrenia.

- Cularinas: Los alcaloides cularinicos pertenecen auno de los grupos de IQ mas escaso
en la naturaleza, no obstante, se conoce que estdn presentes en especies de los géneros
Corydalis, Sarcocapnos, Ceratocapnos y Dicentra [21-24]. La (+)-cularina fue aislada por
Manske en 1938 a partir de especies de la familia Fumareaceas y su estructura fue
determinada en 1950. La biosintesis de este grupo de alcaloides 1Q es diferente a la de los
compuestos vistos anteriormente. En este caso se parte de una 1-bencil-IQ con un grupo
funcional oxigenado en posicién 8, para poder dar lugar al esqueleto benzoxepinico

caracteristico de los alcaloides cularinicos (Esquema 1).

B.- 1Qs sintéticas, las 7-fenil-1,2,3,7,8,8a-hexahidrociclopenta-[ij]-isoquinoleinas
(HCPIQ): Este tipo de compuestos se puede definir como 1Q sintéticas, puesto que se
caracterizan por presentarun novedoso esqueleto IQdiversificado que no esta presente en la
naturaleza. Su estructura contiene un anillo de cinco atomos de carbono fusionado con el
“scaffold” 1Qy un grupo fenilo como sustituyente en el ciclopentano, en posicion 7. Entre los
alcaloides 1Q, este tipo de moléculas no han sido observadas en ninguna especie animal,
vegetal, ni en microorganismos, por lo que se pueden considerar IQ sintéticas. Ademas, se
puede decirque es un esqueleto novedoso porque hay muy poco descrito sobre este tipo de
compuestosenlaliteratura. No obstante, existen alcaloides de estructura similar en especies
de esponjas marinas como la Aaptos aaptos, a partirde la cual se han aislado alcaloides |Qque
poseen actividades farmacoldgicas interesantes como antitumoral, antimicrobianay afinidad

por adrenoreceptores. Las HCPIQs son analogos sintéticos de proaporfinas como la
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pronuciferina, ademas de estar estructuralmente relacionados con los azafluorantenos [25-30]
(Figura5). En los ultimos afios, se han sintetizado derivados de HCPIQ con actividad inhibidora
sobre la feniletanolamin-N-metil-transferasa (PNMT) [31], poli(ADP-ribosa) polimerasas
(PARPs) [32] y con actividad antiprotozoaria [33]. Estos alcaloides presentes en especies
vegetalesymarinas, y sus andlogos sintetizados con diversas actividades interesantes desde

un punto de vistafarmacoldgico, nos haninspirado al desarrollo de este tipo de moléculas con

la finalidad de encontrar nuevos esqueletos 1Qs con afinidad por los RD.

o RO

l NCH; oo

Proaporfina Azafluoranteno
(Pronuciferina)

HCPIQ

Figura 5. Hexahidrociclopentalij] isoquinoleina (HCPIQ), proaporfinay azafluoranteno
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3.- Las Indenopiridinonas y Hexahidroindenopiridinas

Podemos encontrar en la naturaleza la estructura triciclica de indenopiridinonas, en
compuestos tipo azafluorenonas (véase Figura 3), la cual consiste en un anillo bencénico
fusionado a wuna ciclopentanona y una piridina. En cambio, aunque las
hexahidroindenopiridinas (HHIP) son moléculas de sintesis muy similares a las
indenopiridinonas, se caracterizan por presentar en su estructura un esqueleto triciclico
nitrogenado, en el que destaca un anillo bencénico fusionado a un ciclopentano (anilloindeno)

y una piperidina (Figura 6).

N 9 HN1
AN 9b
‘ 4a
/ ®
(0]
Indenopiridinonas Hexahidroindenopiridina

(Azafluorenonas)

Figura 6. Similitud estructural

El esqueleto de las HHIP podria ser considerado como un analogo triciclico del ligando
trans-2-amino-3-fenil-2,3-dihidro-1H-indeno-5-ol con afinidad por los receptores
dopaminérgicos D, y D,, importante en el tratamiento de diferentes enfermedades
neurodegenerativas y en el envejecimiento cerebral [34-36]. También habria que destacar la
proximidad estructural de las HHIP con el aminoindano rasagilina, (1R)-N-propargil

aminoindano [37], farmaco utilizado en la enfermedad del Parkinson (Figura 7).

I

NH,

Indeno Indeno-piperidina Rasagilina

Figura 7. Estructura del indeno (trans-2-amino-3-fenil-2,3-dihidro-1H-indeno-5-ol), del analogo
indeno-piperidina y de rasagilina

14



Sntroducdin
3.1.- Tipos de Hexahidroindenopiridinas

Este tipo de alcaloides sintéticos no han sido tan estudiados como los vistos
anteriormente, por lo que el conocimiento sobre ellos es mucho menor. No obstante, se
puede establecer unaclasificacién de las hexahidroindenopiridinas e n funcidn de la posicidn

del nitrégeno en el anillo de piperidina (Figura 8).

HN NH
NH
NH
Grupo A Grupo B Grupo C Grupo D

Figura 8. Clasificaciéon de las hexahidroindenopiridinas (HHIP)

1.- Grupo A: Presentael atomo de nitrégeno en posicidonrelativa 1dentrodel anillo de
piperidina y contiene tanto una unidad de fenilmetilamina como fenilpropilamina en su
estructura. Como veremos mas adelante, varios grupos de investigacion han desarrollado
diferentes rutas sintéticas para la obtenciéon de este tipo de HHIP, a partir de cianoalquil -

indanonas [38], 5-oxo-fenilvaleronitrilos [39], indanonas [34] e indenos [40] (Esquema 5).

o o
CN R CN
R
R \ ,//
cianoalquil-indanona HN 5-oxo-fenilvaleronitrilos
2 / “\
indanonas indenos

Esquema 5. Sintesis de HHIP del grupo A
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2.- Grupo B: Contiene el &tomo de nitrégeno en posicion relativa 2dentro del anillo de
piperidinay en su estructura existe unaunidad feniletilamina. Diversos grupos de investigacion
han desarrollado y patentado una serie de HHIP feniletilaminicas usados para el tratamiento
de trastornos metabdlicos, desdrdenes en el sistema nervioso, alteraciones gastrointestinales
y como analgésicos. Estas HHIP han sido sintetizadas a partir de etil-3-(p-tolil)-piperidina o
ethyl-1,2,3,6-tetrahidropiridina, y mediante una serie de reacciones, diferentes segun el

compuesto a sintetizar, se obtuvieron toda una gama de indenopiridinas (Esquema 6) [41].

R;

N
R1I>/£> o
R

2 (l) o

3-(p-tolil)-piperidina Rq

ethyl-1,2,3,6-tetrahidropiridina

Esquema 6. Sintesis de HHIP del grupo B

3.- Grupo C: Son HHIP que presentan el 4&tomo de nitrégeno del anillo piperidinico en
posicion relativa3y contiene unaunidad fenilpropilamina en su estructura. Sobre este tipo de
HHIP no se ha encontrado ningunareferencia bibliografica que haya desarrollado una sintesis

guimica ni tampoco que se hayan detectado y/o aislado de la naturaleza.
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4.- Grupo D: Son compuestos indenopiridinicos que poseen el nitrégeno piperidinico
en posicion relativa 4, y presentan en su estructura una unidad de feniletilamina. Se han
disefado multitud de rutas sintéticas para la formacién de este tipo de HHIP con actividad
antidiabéticay antidislipémica, destacando entre ellas la sintesis que utiliza como productos
de partida unanillo bencénicoy una piridina convenientemente sustituidos. Ademas, con esta
misma actividad bioldgica se obtuvieron otros andlogos que se sintetizaron a partir de 3,4-

dihidronaftalen-2(1H)-ona (Esquema 7) [42].

R, M Y. R,
XD "
/
R; LG GL~ N R;
R4 R4
R, R,
Ry o R, NH
—_—
R; Rj
R4 R,

Esquema 7. Sintesis de HHIP del grupo D
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4.- Antecedentes del Grupo de Investigacidn. Sintesis de Isoquinoleinas Dopaminérgicas

Actualmente, el avance tanto en sintesis quimica como en nuevas técnicas y
metodologia de determinacién estructural, hahecho posible el desarrollo de nuevas moléculas
formadas por un esqueleto nitrogenado complejo diferentemente sustituido. Ademas, ha
progresado el conocimiento de los lugares de unidn de los diferentes receptores sobre los
cualesvan a interaccionar los farmacos sintetizados, gracias al desarrollo de técnicas como la
modelizacion molecular. Esta nos ayudara a determinar posibles farmacdéforos, es decir, la
parte de lamolécularesponsable de launidn al receptor, puesto que nos permite conocer con
mayor precision los restos de aminoacidos que configuran el sitio de unién de un receptory,
por lotanto, nos dara una gran informacién sobre qué tipo de estructura molecular, asi como
los sustituyentes, que debetener el farmaco para mejorary optimizaral maximolauniénde la

molécula activa al receptor en cuestion.

Una de las lineas de investigacion que mayor relevancia ha adquirido a lo largo de
estos aios en nuestro grupo de trabajo, ha sido |a sintesis de diversas moléculas nitrogenadas
y determinacion de la afinidad por diferentes tipos de receptores celulares [43-51]. Los
resultados que se han obtenido alolargo de estos afios nos permiten concluir que las THIQ 1-
sustituidas presentan afinidad porlos RD (subfamilias tipo D, y tipo D), y en algunos casos son

capaces de inhibir la recaptacion de dopamina.

En trabajos anteriores, se describié la sintesis enantioselectiva de pares de
enantiomeros 1-bencil-THIQs dopaminérgicas (1S) y (1R), utilizando como auxiliar quiral el (R)
o (S) fenilglicinol, respectivamente. En este trabajo se determind que los enantiémeros ( 15)

erande 5 a 15 veces mas afines por los RD tipo D, y tipo D, que los enantiémeros (1R) (Figura

9) [46].
HO
HO : N\/\

Ry

Figura 9. 1-Bencil-THIQ (1S) y (1R)
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Posteriormente, se prepararon THIQs diferentemente sustituidas y se observé la
importanciade lasustituciéntantoen el anillo A, como en posicién 1y sobre el nitrégeno, para
asi mejorarla afinidad sobre losRD e inclusoinhibir la recaptacién de dopamina en alguno de

los casos.

Figura 10. THIQ dopaminérgicas 1-sustituidas

En cuanto a la sustitucion en posicion 1y sobre el nitrogeno, se observd que la
presenciadel grupo ciclohexilmetil en posicién 1 cuando el nitrége no estd en forma de amina
secundaria, es decir, nitrégeno no sustituido; provocaba una elevada afinidad por el RD tipo
D,, mientras que si este compuesto presentaba un grupo metilo sobre el nitrégeno,
aumentabasu afinidad porlos RD D, [47]. También se observé que la presencia de una cadena
alifatica, tipo n-butil, sobre la posicion 1, aumentaba considerablemente la afinidad por RD
tipo D, (Ki = 66nM), mientras que otros sustituyentes en la misma posicion como el grupo
bencilo y fenilo no eran capaces de provocar una afinidad tan elevada. En cuanto a la
sustitucion en el anillo A, se confirmé que la presencia de un atomo de cloro y un grupo
hidroxilo, en posicién metay para de la feniletilamina, aumenta la afinidad por los RD tipo D,
[50]. Tambiénse observd que lapresenciade halégenos en el sustituyente en posicién 1 puede

aumentar la afinidad por dichos RD [51] (Figura 10).
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A través de los resultados obtenidos, se han podido preparar nuevos alcaloides Qs y
diversificar los esqueletos para mejorar los valores de afinidad por los RD. Ademas, los
estudios de modelizacién molecular han sido utiles para confirmar la presencia de diferentes
farmacéforos en este tipo de moléculas, tales como: la sustitucién alquilica del nitrégeno, la

existenciade grupos halogenados y/o hidroxilados en el anillo A, y la de grupos hidrofébicos

sobre la posicion 1 de las THIQ [48-51].
Cl

HO

Esquema 8. 1-Bencil-THIQ dopaminérgica
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5.- Sintesis de Derivados Isoquinoleinicos

La obtencion de los diferentes alcaloides con estructura IQ se puede conseguir
mediante distintas rutas sintéticas. A lo largo de los afios, numerosos grupos de investigacion
han conseguido preparar una gran variedad de 1Q y andlogos estructurales a través de
reacciones quimicas de complejidad muy variada. Como ya hemos mencionado en la
introduccion, lafuente de inspiracién en el disefio de estas rutas sintéticas es, enlamayoria de
los casos, la naturaleza y las rutas biosintéticas que se producen en los seres vivos que

contienen dichos compuestos.

5.1.- Sintesis de Tetrahidroprotoberberinas

Las aproximaciones sintéticas utilizadas para la obtencién de THPB estan indicadas en

la siguiente figura (Figura 11):

_____

// \'/1

a) Bischler-Napieralski
b) Pictet-Spengler

Figura 11. Aproximaciones sintéticas de THPB

Las estrategias sintéticas basadas en las desconexiones (a) y (b) tienen en comun que
la formacion del anillo B de las THPB es la etapa de mayor importancia, mientras que en la

desconexiodn (c), la etapa clave consiste en la generacidn del anillo C.

Analizaremos de forma general los aspectos mas destacables de las distintas

aproximaciones sintéticas indicadas.

a) Ciclodeshidratacion de Bischler-Napieralski: el anillo B de las THPB se forma por ciclacion
de una amida, obtenida mediante el ataque de una feniletilamina a una 3-isocromanona,
ambas convenientemente sustituidas, y una posterior reduccién de la imina. Mediante la
utilizacién de este método los rendimientos alcanzados no han superado el 20% y la mayor

dificultad radica en la preparacion de las isocromanonas de partida [52] (Esquema 9).
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Ciclodeshidratacion de
Bischier-Napieralski

~ it LCl
9 N-H CliLCl CNH
(o)
O s I — U8 | form
OH OH
Feniletilamina Isocromanona

cl [ I~ L, o
O _N * N-H ~_NH ©
- @oc|z -~ OPOCI,
-HCI
OH O OH OH

O N NaBH,4

-~

Esquema 9. Ciclodeshidratacidon de Bischler-Napieralski

b) Ciclacion de Pictet-Spengler: el anillo B de las THPB se forma mediante una ciclacion
intramolecular de una sal de iminio, obtenida via descarboxilacion de un aminoacido
funcionalizado en las posiciones apropiadas. El inconveniente de este método es el bajo
rendimiento, puesto que en ninguno de los casos estudiados supera el 30%, y ademas, la
accesibilidad ala THIQ-1,3-disustituida de partida va a estar muy condicionada por el modelo

de sustitucién deseado [53] (Esquema 10).
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Ciclacion de
Pictet-Spengler

o) (o o
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oH H;C¥ "H OH H OH
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C
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H
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HO - HBr NH X NH

CH; CH3

Esquema 10. Ciclacion Pictet-Spengler

c) Ciclacion de Mannich: la ciclaciéon de Mannich intramolecular de 1-bencil-1Q con aldehidos
bajo condiciones acidas, de acuerdo con el modelo biosintético, es un método directo y
efectivode formacidon de THPB. Sinembargo, estareacciénrequiere la presencia de un grupo
activante en el anillo C de la 1-bencil-THIQ correspondiente. Este método presenta una baja
estereoselectividad y en funcién de la naturaleza y posicion de los sustituyentes del anillo

bencilico puede variar la regioselectividad [54-56] (Esquema 11).
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Esquema 11. Ciclacién de Mannich
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El método de sintesis que adoptamos en la presente Tesis Doctoral es el que utiliza

como proceso de generaciéon del anillo C de las THPB la ciclaciéon de Mannich, debido a la
similitud que tiene con el modelo biosintético, alarelativafacilidad de preparacién a partir de

las 1-bencil-THIQ precursoras y a la efectividad que presenta dicho método, teniendo en

cuenta las limitaciones y posibles inconvenientes del mismo.

24



Fntroduccicn

5.2.- Sintesis de 1,2,3,7,8,8a-Hexahidrociclopenta-[ij]-isoquinoleinas

Las rutas sintéticas desarrolladas para este tipo de moléculas isoquinoleinicas son
escasas debido a la poca investigacidon que se ha realizado sobre ellas. No obstante, en la

literatura se han encontrado dos tipos de desconexiones sintéticas que ilustran el método

utilizado en cada caso para preparar moléculas con este esqueleto (Figura 12).

a) Método Pomeranz-Fritsch

Figura 12. Aproximaciones sintéticas de HCPIQ

a) Ciclacion mediante el Método de Pomeranz-Fritsch: Este método de sintesis de alcaloides
IQ esuno de los mas clasicos, enel que el anilloB o ciclo piperidinico del esqueleto es el Ultimo
en formarse. Este método ha sido utilizado por diferentes grupos de investigacion para la

sintesis de proaporfinas.

Las proaporfinas tienen un elevado interés desde el punto de vista quimico, porque
son precursores, tanto naturales o biosintéticos como en sintesis organica, en la obtencién de

alcaloides 1Q de tipo aporfinicos [57].

Comose ha comentado anteriormente, las aporfinas derivan biosintéticamente de la
estructura 1-benzil-THIQ que a través de un acoplamiento oxidativo directo generara las
proaporfinas y que mediante diferentes reagrupamientos conducird a la obtencién de
moléculas con sustituciones en el anillo D (Esquema 12). Barton y colaboradores propusieron
una variacién de reagrupamiento dienona-fenol pasando por un intermediario proaporfinol,
que seguido de unreagrupamiento dienol-benceno, se llega a los aporfinoides no sustituidos

en el anillo D [58-60].
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Esquema 12. Biosintesis de Aporfinoides

Huffmany colaboradores sintetizaron la hexahidropronuciferinay derivados mediante
las modificaciones de Bobbitt del método de Pomeranz-Fritsch. En esta ruta sintética partieron
de 1-indanonas convenientemente sustituidas. Mediante la utilizacion de 2-etoxietanamina,
gue provoca un ataque nucleofilico de la amina a la cetona de la 1-indanona, y posterior
pérdida de una molécula de agua, se produce la formacidn de la imina correspondiente.
Posteriormente se produce la ciclacion del anillo B o anillo piperidinico en medio acido,
generando el esqueleto 1Q, y finalmente, la imina se reduce para generar la HCPIQ

correspondiente (Esquema 13) [25].

EtO
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Esquema 13. Sintesis de HCPIQ propuesta por Huffman et al. [25]

La sintesis que propuso Huffmany colaboradores explicada anteriormente, pretendia
obtener como productos finales proaporfinas como la pronuciferina. Por esta razon, las 1-
indanonas que tuvo que utilizar para poderobtenereste tipo de alcaloides 1Qs fueron del tipo
espiro-[ciclohexan-1,1'-inden]-3'(2'H)-ona, y mediante una secuencia sintética similaralaya

descrita obtuvieron las proaporfinas deseadas (Esquema 14) [25].
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Esquema 14. Sintesis de proaporfinas propuesta por Huffman et al. [25]

b) Ciclacién mediante Catalisis Acida: Este método de obtencién de HCPIQ tiene como
caracteristica principal que la reaccidon de cierre y formacion del anillo C es una reaccién
catalitica mediada porun acido, utilizandose principalmente el acido polifosférico (PPA) [26, 61
y 62]. Sin embargo, como veremos mas adelante, Eaton y colaboradores encontraron un
reactivo mejor, con la finalidad de mejorar esta reaccion catalitica acida mediante la que se

forma el esqueleto HCPIQ [63].

Empleandoel PPA, Casagrande y colaboradores utilizaron este método de obtencidn
de HCPIQ para generardiferentes proaporfinas, al igual que ocurria en los casos anteriores ya
descritos. En este caso, partieron de |Q convenientemente sustituidas en posicién 1,
preparadas previamente mediante reacciones clasicas de sintesis de THIQ. A través de una
reaccion catalitica acida mediante PPA, obtuvieron la estructura HCPIQ. Este intermedio
reacciond con el metil 2-cloroacetato mediante una condensacion de Darzens y se generé el
epoxido correspondiente, el cual, tras la utilizacién de dcido metansulfénico (AMS), dara lugar
al aldehido. A partir de dicho compuesto y gracias a la anelacién de Robinson, en la que se
utilizé comoreactivo la 3-buten-2-ona, se formé el esqueleto proaporfinoide correspondiente.
Como se puede observar en el siguiente esquema, la anelacién de Robinson, consta de una
adicion de Michael, unaadicion alddlica intramolecular y una eliminacidn. En la ultima etapa,
mediante la utilizacién de 2,3-dicloro-5,6-diciano-1,4-benzoquinona (DDQ) se obtuvo el

compuesto oxidado (Esquema 15) [61].
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Esquema 15. Sintesis de proaporfinoides propuesta por Casagrande et al. [61]

Por otro lado, este grupo de investigacion también desarrollé la sintesis de este mismo
tipo de compuestos mediante una ruta similar. Partiendo de HCPIQ, obtenidas por catalisis
acida mediante PPA, se obtuvieron derivados HCPIQ 9-sustituidos utilizando una reaccién de
Wittig. A partir de estas se sintetizaron los compuestos proaporfinicos correspondientes

siguiendo una sintesis idéntica a la descrita anteriormente (Esquema 16) [61].

o . Reaccioén de O
. - y Na N. Wittig N.o
ROCH,P*PhsCI" + sS_ ... + R — 7 »
~ CH2
g DMSO R/

R

MSA J

o
<K
(o]
H

Esquema 16. Sintesis de proaporfinoides propuesta por Casagrande et al. [61]
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Sakaney colaboradores prepararon unaserie de derivados 3-aza-acenafteno. Comoen
el caso anterior, se parte de 1Q 1 sustituida y mediante la utilizacién de anhidrido acético se
produce la desproteccién del éster para obtener el 4cido carboxilico correspondiente. La
proteccion de la amina secundaria se llevé a cabo mediante una acetilacién. El esqueleto
HCPIQ se generd por reaccidn catalitica 4cida mediante la utilizacion de PPA. Por ultimo, se

producen reacciones de reduccion para generar el 3-aza-acenafteno (Esquema 17) [62].

Ac,O/OH PPA )
NH 2 N N 1.-NaBH,
- . Ac “Ac NH
o_ ©<E'r0H %j 2.- Hy, Pd/C
o o

Esquema 17. Sintesis de 3-aza-acenafteno propuesta por Sakane et al. [62]

Pelletier y colaboradores sintetizaron una serie de alcaloides llamados aaptaminay
derivados, que se observaron previamente en especies de esponjas marinas como Aaptos
aaptos. En estasintesis se obtuvieron HCPIQ como productos intermedios parala obtencién de
los alcaloides que se pretendia sintetizar. A partir de la 1,2,3,4-THIQ se obtuvo la
correspondiente imina, que fue sustituida en posicion 1 mediante la utilizacion de acido
maldnico. En la siguiente etapa, a través del método de ciclacién por catalisis acida, se pudo
obtener la HCPIQ correspondiente. Este serd el producto de partida para la obtencién de
aaptaminay derivados. Mediantela utilizacidon de azida sédica en medio acido se producira la
integracidon de un atomo de nitrégeno en posicidon 9, creando una amida ciclica que, tras la
reduccidon de lamismacon éter de hidruro de aluminio y litio (LAH), conformara el esqueleto
naftiridinico caracteristico en este tipo de alcaloides. Una vez generado este, se oxidara el
sistema mediante la utilizacion de paladio sobre carbono obteniendo la aaptamina y sus

correspondientes derivados (Esquema 18) [26].
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Esquema 18. Sintesis de aaptamina y derivados realizada por Pelletier et al. [26]

Eaton y colaboradores desarrollaron un reactivo compuesto por 4cido
metanosulfonico (AMS) y pentéxido de fésforo (P,0s) en una proporcién 10:1, conocido como
reactivo de Eaton, que mejoré este tipo de reacciones de alquilacién y acilacién en sistemas

aromaticos y olefinicos. Mediante el uso de este reactivo, se prepararon toda una serie de

ciclopentenonas (Figura 13) [63].
B B
o (o] o

Figura 13. Ciclopentenonas sintetizadas por Eaton et al. [63]

En la presente Tesis Doctoral vamos a desarrollar la nueva alternativa propuesta por

Eaton y colaboradores aplicada a la sintesis de compuestos HCPIQ, utilizando un producto de
partida diferente al utilizado en los trabajos anteriores. La eleccidn de este reactivo de Eaton
se llevd cabo con la finalidad de mejorar los rendimientos y facilitar la sustitucién en el

esqueleto HCPIQ, para asi obtener HCPIQ con elevada afinidad por los RD.
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6.- Sintesis de Hexahidroindenopiridinas

Se han utilizado diversas rutas sintéticas a lo largo de los afios para la preparaciéon de
HHIP, y en particular, de las clasificadas segun su estructura dentro del Grupo A (véase Figura

8). Podemos agrupar estas sintesis en diversos tipos:

a) TIPO I: a partir de cianoalquil-indanona

Augsteiny colaboradores abordaron lasintesis partiendo de la cianoalquil-indanonay
mediante unaciclaciénreductivacon Nillegaron alahexahidro-1H-indeno-[1,2-b]-piridina, la
cual fue tratada con KOH en n-BuOH a alta temperatura obteniendo el epimero

correspondiente en posicion 5, dando lugar al isémero trans (Esquema 19) [38].

HHN

o
Ni / H, A KOH
Q EtOH @ n-BuOH

Esquema 19. Sintesis de HHIP propuesta por Augstein et al. [38]

b) TIPO II: a partir de 5-oxo-fenilvaleronitrilos

La carenciade una sintesis adecuada para hexahidro-1H-indeno-[1,2-b]-piridinas que
permitiera conseguir una amplia variedad de sustituyentes, condujo a Kunstmann vy
colaboradores al diseiio de una ruta sintética mas versatil. Este método sintético parte de los
compuestos 5-oxo-5-fenilvaleronitrilos, los cuales facilmente ciclan obteniendo 6-fenil-3,4-
dihidropiridin-2-onas, que condensan rapidamente con un aldehido apropiado y acido
polifosférico obteniéndose hexahidro-1H-indeno-[1,2-b]-piridin-2-onas. Posteriormente, se
produce una hidrogenacién catalitica con Ni-Ra dando lugar a las hexahidro-1H-indeno-[1,2-b]-
piridinas deseadas, las cuales reaccionan con KOH en n-BuOH a alta temperatura, dando lugar
al epimero correspondiente, como hemos mencionado en el método sintético anterior

(Esquema 20) [39].
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Esquema 20. Sintesis de HHIP propuesta por Kunstmann et al. [39]

c) TIPO Ill: a partir de indanonas

Van Emeleny colaboradores propusieron unasintesis diastereoselectiva de hexahidro-

1H-indeno-[1,2-b]-piridinas. Una adicién de Michael de 1-indanona f3-cetoéster y acrilonitrilo,

seguida por una reaccién de Grignard sobre el grupo ceto, permitia preparar un intermedio

, que mediante una reaccidén intramolecular de Ritter conducia al isémero cis-

hexahidro-4aH-indeno-[1,2-b]-piridina, la cual podria considerarse como analogo triciclico de

los antagonistas piperidinicos de los receptores NK-1y del ligando biciclico de los RD, trans-2-

amino-3-fenil-2,3-dihidro-1H-indeno-5-ol (Esquema 21) [36].

(o] /O 0\ o
B
NaH O— {BUOH

PhMgBr

THF

Reaccién de
Ritter

N

HN BH3Me28 HN Meso3 20 ¢
[//0

(o)

~

Esquema 21. Sintesis de HHIP propuesta por Van Emelen et al. [36]
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d) TIPO IV: a partir de indenos (reaccion de Diels-Alder)

Recientemente, Hong y colaboradores [40] han disefiado una ruta sintética para 5H-
indeno-[1,2-b]-piridinas partiendo de un indeno con N-sulfonil-1-aza-1,3-butadieno via
cicloadicion hetero Diels-Alder como etapa clave, consiguiendo una alta regio vy
estereoselectividad que mediante otros métodos sintéticos no era posible (Esquema 22). Con
una posterioreliminaciényreduccién de la5H-indeno-[1,2-b]-piridina, ofrecen una nueva ruta
sintética de azafluorenonas parala preparacion de onichina, alcaloide aislado por primera vez
en 1976 de especies brasilefias de la familia Annondaceas (Onychopetalum amazonicum y

Guatteria dielsiana) que mostré poseer actividad anti-candida [64].

SO,Ph PhO,S_
N
X CeHs
+ —_—
=
0”0

Esquema 22. Sintesis de HHIP propuesta por Hong et al. [64]

La ruta sintética gque vamos a tratar en la presente Tesis Doctoral es una secuencia

quimicanuevaque utilizacomo producto de partidaindanonas. Este proceso de generacién de
las HHIP se ha desarrollado con el fin de reducir etapas para tratar de aumentar los

rendimientos y facilitar el procedimiento de obtencién de dichos compuestos.
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7.- Actividades Biologicas
7.1.- Afinidad por los receptores de la dopamina

a) Dopamina

Fntroduccicn

La dopamina (DA) o 3,4-dihidroxifeniletilamina, es una molécula de bajo peso

molecular (153 g/mol), cuya formula molecular es CgH,;NO,. Se trata de un neurotransmisor

que pertenece al grupo de las catecolaminas y se biosintetizada en las terminaciones

neuronales dopaminérgicas. La DA se localizafundamentalmente en cuerpo estriado y sistema

limbico, almacenandose en vesiculas sindpticas, y realiza sus funciones a nivel del sistema

nervioso central (SNC) mediante la unién a familias de RD.

El precursor de la DA es el aminodacido tirosina y se obtiene a partir de una ruta

metabdlicade dosreaccionesanivel del SNC. La primerareaccion estd catalizada por laenzima

tirosina hidroxilasa que transformalatirosina en levodopa. Lasegundareaccién esta catalizada

por la L-aminoacido aromatico descarboxilasa, obteniéndose DA (Esquema 23).

o
OH L-Tirosina
NH,
HO
0,
Tirosina hidroxilasa
H,O
(o)
HO
OH [-DOPA
NH
HO 2
DOPA descarboxilasa
L-aminoacido aromatico descarboxilasa
CO,

HO
mH Dopamina
HO 2

Esquema 23. Biosintesis de la Dopamina
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La neurotransmision mediada por la DA juega un papel importante en diferentes
trastornos neuroldgicos y psiquidtricos que afectan a varios millones de personas en todo el
mundo. La DA se libera a la hendidura sindptica debido a variaciones en los potenciales de
accidon y en este espacio sinaptico, la DA ejerce su funcién al unirse a los RD post y/o
presindpticos. Ademas, la DA puede sufrir un proceso de recaptacién por la neurona
presinaptica mediante el transportador de dopamina (DAT) o bien degradarse por las enzimas
monoaminooxidasa (MAQ) y catecol-O-metil-transferasa (COMT). Asi pues, la actividad
dopaminérgica se modula a través de los RD postsindpticos, y gran parte de la investigacion
destinada a tratar los trastornos neuroldgicos y/o psiquiatricos estd orientada al
descubrimiento de nuevos ligandos dopaminérgicos como posibles farmacos. Ademas, la
biosintesis de DAy su liberacién de las neuronas pueden ser moduladas por dos mecanismos

adicionales que afectan la neurotransmisién dopaminérgica (Figura 14) [65].

1. La estimulacidnde losautorreceptores presindpticos tipo D, por los agonistas
dopaminérgicos [66-68].
2. El mecanismo de recaptacién desde el espacio extraneuronal a las neuronas

presindpticas por DAT [70, 71].

| o

— ¥ <¢——— gamma-butirolactona

terminacion dopaminérgica
presinaptica /

T - GBR 12783
sinaptica’ dexamfetamina « <+—— Amineptina
©  Nomifensina
neurona y
receptores .
postsynapticos & SK&F 38393 (+)
SK&F 38393 (+) | SCH 23390 (-)
SCH 23390 (- 4 pomorfi
apomorﬁni((z) L g & el
quinirol (+) PR i LI
neurolépticos (-) D2 clozapina (-)
apomorfina (+) quinpirol(+) aponzrpfim -+)
D3 neurolépticos(-)
apomorfna (+)

Esquema de una sinapsis dopaminérgica indicando
los lugares de accion y las sustancias utilizados
+ = estimula, - = inhibe

Figura 14. Terminacion dopaminérgica
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Importancia de la dopamina

Existen diversas funciones cerebrales en las que la DA tiene una importante funcion
reguladora. Esta funcién se ve ejemplificada de manera significativa por algunos procesos
patoldgicos relacionados con alteraciones en la transmision dopaminérgica, desérdenes
psiquiatricos y neuroldgicos que afectan a varios millones de personas en el mundo, como la
enfermedad de Parkinson y la esquizofrenia. Las consecuencias de la activacion o el bloqueo
de la transmisidn dopaminérgica pueden provocar sintomas neurolégicos, psiquiatricos o
fisioldgicos. Por ello, existe un gran interés en el descubrimiento de nuevos ligandos

dopaminérgicos como potenciales farmacos para el tratamiento de estas enfermedades [ 72].

La DA se sintetizaendistintas zonas del sistema nervioso central, principalmente en el
sistema nigroestriado (75% de toda la DA del encéfalo), el cual participa en la regulacién
motora, de maneraque un déficit biosintético de DA contribuye al desarrollo de la enfermedad
de Parkinson. La DA también se sintetiza en los sistemas mesolimbico y mesocortical, que
forman parte de los circuitos endégenos de recompensa de fendmenos psicotropos, y en el
sistema tuberohipofisario, regulando la secrecidon de hormonas hipofisarias. Ademas, es la
responsable de la afectividad y esta implicada en los estados emocionales, las funciones

cognitivas y los desdrdenes de sustancias abusivas.

Asipués, las actividades dopaminérgicas estan asociadas principalmente a cuatro vias
principalmente: viamesocortical, via mesolimbica, via nigroestriada y via tuberoinfundibular,
de manera que una degeneracidn parcial de estas vias se manifiesta en el desarrollo de
diversos tipos de desdrdenes psicoticos y neuroldgicos, tales como desérdenes del

comportamiento, laesquizofrenia, laenfermedad de Alzheimery la ya mencionada Parkinson.

De tal manera que el tratamiento de la enfermedad de Parkinson estd centrado en
estimular los RD en el SNC, principalmente mediante el uso de L-DOPA y/o de agonistas
dopaminérgicos, permitiendo una mejora sintomatica de la enfermedad. Mientras que los
farmacos capaces de bloquearlos DR, fundamentalmente de tipo D,, incluyen al grupo de los
neurolépticos, que son eficaces en el tratamiento de enfermedades psicéticas, tales como la

esquizofrenia.
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b) Receptores Dopaminérgicos

Los RD son receptores de membrana, estructuralmente constituidos por siete
dominios transmembrana hidrofébicos acoplados a una proteina G. En funcién de su
localizacién celular y de sus caracteristicas farmacolégicas, se pueden considerar varios
aspectos relacionados con los RD. Fueron inicialmente clasificados en dos subtipos D, y D,
basados en sus propiedades farmacolégicas y en su diferente activaciéon de la adenilciclasa
[55]. Posteriormente, la aplicacién de métodos de clonacidn usando técnicas de biologia
molecular, hapermitido reagruparlos en dos subfamilias, tipoD; (D, y Ds) y tipo D, (D,, D5 y Ds)
con secuencias de aminoacidos y propiedades farmacoldgicas comunes. Aunque los RD se
distribuyen en general por todas las areas cerebrales, los subtipos D, y D, parecen localizarse
principalmente en el caudado-putamen, nldcleo accumbens, y tubérculo olfatorio, y en niveles
mas bajos en el drea septal, hipotdlamoy cértex. Ademas los RD D, se detectan en la sustancia
negra, en el drea tegmental ventral y el hipocampo mientras que losRD D, se encuentran en la
amigdala. En el sistema periférico los RD D; se encontrarian en la glandula paratiroidea

mientras que los DR D, en la glandula pituitaria [73].
Porlo tanto, se pueden distinguir dos tipos de familias de RD:

FamiliaD, (D, y Ds) que tiene efecto activador, se encuentran acoplados aun complejo
proteina G, Cuando un receptor de esta familia es estimulado por DA, la subunidad o, de la
proteina G, se disociadel complejoyactivalaadenilato-ciclasa, lo que causa un aumento en la
formacién de adenosin monofosfato ciclico (AMPc) intracelular en la neurona postsindptica a
partir de ATP y la hidrdlisis de fosfatidilinositol dando inositol trifosfato, que produce un
aumento del calcio en plasma celular [74, 75]. Los receptores tipo D, presentan un 80% de
similitud y propiedades fisioldgicas similares, son receptores postsinapticos y se localizan en
casi todas las areas cerebrales coninervacién dopaminérgica. Los receptores D; se diferencian
delos D; en que son menos abundantes y estan menos distribuidos, se localizan en el cértex
frontal, cuerpo estriado, hipocampo e hipotdlamo [ 76]. Estos receptores poseen alta afinidad
por ligandos benzacepinicos, SCH 23390 y SKF 83566 (Figura 15) y una moderada afinidad por

agonistas clasicos de DA (apomorfina) y por agonistas selectivos como SKF 38393.
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SCH 23390 SKF 83566

Figura 15. Ligandos especificos de receptores D,

Familia D, (D,, D; y Ds) que tiene efecto inhibidor, se encuentran acoplados a un
complejo proteina G;. Cuando la DA estimulaunreceptorde estafamiliaprovocaladisociacién
del complejo proteina G, liberando la subunidad a; que interacciona con la adenilato-ciclasa
provocando su inhibicidon. Esto conduce a un descenso en la sintesis de AMPc y de la
concentraciénde calcioen el plasma celular [74, 75]. Se sabe que D, y D; muestran un 75% de
similitud, mientras que entre los receptores D, y D, sélo hay un 53% de similitud. Se
encuentran mayoritariamente distribuidos en los sistema nigroestriado y mesolimbicoy se
localizan tanto a nivel presindptico (autorreceptores, regulan la liberacién de DA), como
postsinaptico. Las butiferonas, como haloperidol, y las benzamidas sustituidas, como sulpirida
y racloprida (antagonistas D,) (Figura 16), poseen alta afinidad por dichos receptores, al igual
que las fenotiazinas y los tioxantenos. Sin embargo, existen algunas diferencias entre las
afinidades de estos tres receptores (D,, D; y D;) con algunos ligandos especificos. Labenzamida
racloprida, por ejemplo, presenta alta afinidad por los receptores D, y D; y baja por los
receptores D,. Dado que los receptores D; y D, se expresan fundamentalmenteen lasregiones
corticales y limbicas, implicadas en el control del conocimiento y de las emociones, son el
objetivo de nuevas generaciones de farmacos para muchos de los trastornos neuroldgicos y

psiquidtricos con baja incidencia de efectos colaterales extrapiramidales [ 75-77].

Cl
HO
~No o w )
Cl N
N/Y)
H
OH F
Cl
Racloprida Haloperidol

Figura 16. Antagonistas de receptores D,
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Farmacolégicamente, los antagonistas dopaminérgicos son agentes importantes para
el tratamiento clinico de la esquizofrenia, mania, delirios y la enfermedad de Huntington,
mientras que los agonistas dopaminérgicos se utilizan en desérdenes neuroendocrinos y en la
enfermedad de Parkinson [70]. Las drogas que actuan sobre los RD D, son de especial
potencial terapéutico ya que los antagonistas son empleados en el tratamiento de la
esquizofrenia (antipsicoticos) y los agonistas son empleados en la enfermedad del Parkinson
[78, 79]. Muchos de los inhibidores del transportador de DA que inactivan el proceso de
recaptacion, actian como antidepresivos puesto que aumentan la concentraciéon de DA en la
hendidurasindpticay portanto activan laneurotransmisién dopaminérgica. Actualmente, los
inhibidores del transportador de DA han sido prescritos para el tratamiento del déficit de
atencién en los casos de hiperactividad (ADHDs) [80] y han sido propuestos como farmacos
potenciales en los tratamientos de abusos de cocaina [81]. Entre ellos destacan compuestos
naturales y sintéticos, con esqueletos variados como tropanicos (tipo cocaina), nucleos 1Qs

(tipo nomifensina), estructuras triciclicas (tipo amineptina) o estructuras aril-piperacinicas

(tipo GBR-12783).

LABELLED (RADIOACTIVE)"
LIGAND

& UNLABELLED COMPOUND ASPECIFIC BINDING
(binding to
# non-receptors sites
// not displacable)

SPECIFIC BINDING RECEPTORS MEMBRANES
(binding to receptors displacable)

SPECIFIC BINDING = TOTAL BINDING - ASPECIFIC BINDING

Figura 17. Técnica de fijacion a receptores
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Los estudios de afinidad por los receptores tipo D; y D, se llevan a cabo mediante
ensayos in vitro utilizando técnicas de fijacidon con radioligandos especificos denominadas
técnicas de binding (Figura17), en cuerpo estriado de rata. Son experimentos de competicién
donde se evalla la capacidad de los compuestos ensayados para desplazar los radioligandos,
[*H]-SCH 23390 (ligando selectivo de receptores tipo D,) y [*H]-racloprida (ligando selectivo de
receptorestipoD,) de suslugaresde unidn al receptor[82]. En el caso de la recaptacién de DA,
los estudios in vitro de inhibicion se realizan en los sinaptosomas de cuerpo estriado de ratay

se utiliza [*H]- dopamina como sustrato de los transportadores dopaminérgicos [83].

7.2.- Citotoxicidad Celular

La citotoxicidad celular se define como una alteracidon de las funciones celulares
basicas que conllevaaun dafo que puede serdetectado. Diferentes autores han desarrollado
baterias de pruebas in vitro para predecir los efectos téxicos de drogas y compuestos
quimicos, utilizando como modelos experimentales cultivos primarios y érganos aislados como

lineas celulares establecidas.

Los ensayos de citotoxicidad, son capaces de detectar mediante diferentes
mecanismos celulares conocidos, los efectos adversos de interferencia con estructura y/o
propiedades esenciales para la supervivencia celular, proliferacién y/o funciones. Dentro de
estos se encuentranlaintegridad de lamembranay del citoesqueleto, metabolismo, sintesis y
degradacion, liberacion de constituyentes celulares o productos, regulacién idnicay division

celular [84].

Diferentes autores han desarrollado baterias de pruebas in vitro para predecir los
efectos toxicos de las drogas y los compuestos quimicos, utilizando como modelos
experimentales cultivos primarios y érganos aislados como lineas celulares establecidas.
Dentro de los ensayos mas conocidos y validados se encuentran el ensayo de captacion del
rojo neutro, enlazamiento al azul de kenacid, ensayo de reduccion del bromuro de 3-(4,5

dimetiltiazol-2-ilo)-2,5-difeniltetrazol (MTT) y la citometria de flujo [85].
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A) Ensayo de MTT

Este ensayo fue desarrollado por Mosmann en 1983 y modificado en 1986 por Denizot
y Lang [86, 87]. Se basa en la reduccion metabdlica del MTT realizada por la enzima
mitocondrial succinato-deshidrogenasa (SDH) en un compuesto coloreado de color azul
(formazan), permitiendo determinarlafuncionalidad mitocondrial de las células tratadas. Este
método ha sido muy utilizado para medir supervivencia y proliferacion celular ya que la
cantidad de célulasvivas es proporcional ala cantidad de formazan producido. Por lo tanto, se
usa para determinar la viabilidad celular, dada por el nimero de células presentes en el
cultivo, lo cual es capaz de medirse mediante laformacién de un compuesto coloreado, debido

a unareaccién que tiene lugar en las mitocondrias de las células viables [88].

El MTT es captado por las células y reducido por la enzima succinico deshidrogenasa
mitocondrial a su forma insoluble formazan. El producto de la reaccién, el formazan queda
retenidoenlascélulasy puede serliberado mediante la solubilizacidn de las mismas. De esta
formaes cuantificadalacantidad de MTT reducido mediante un método colorimétrico, ya que
se produce como consecuencia de la reaccién un cambio de coloracion, de amarillo a azul

(Esquema 24) [89].

Formazan
Esquema 24. Escisidn del anillo tetrazdlico de MTT

La capacidad de las células parareducirel MTT constituye unindicadorde laintegridad
de las mitocondrias, y su actividad funcional esinterpretada como unamedida de la viabilidad
celular. La determinacion de la capacidad de las células de reducir al MTT a formazan después
de su exposicién a un compuesto permite obtener informacién acerca de la toxicidad del
compuesto que se evaluia[90]. Las células deben ser conservadas en condiciones de esterilidad
enN, liquido (-190 2C). El periodo de exposicion de lasustanciade ensayo varia, ya que puede
ser durante periodos cortos (1-2 h de tratamiento), o largos (24 6 72h). La densidad 6ptica

(D.O) debe medirla al concluir el tiempo de incubacién 550 nm utilizando un filtro de 620 nm
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como referencia [91]. Por lo general se deben realizar al menos 8 réplicas de cada
concentracidon que se evalla. Se deben evaluar hasta 6 concentraciones del compuesto,
alcanzando una concentracién de 1000 pg/mL o hasta el limite maximo de solubilidad del
productoenel medio. Sies alcanzada esta concentracién y no se observa toxicidad, entonces
resulta necesario aumentar el rango de concentraciones hasta 100 000 pug/mL o hasta la
maxima concentracidn soluble del compuesto en el medio. Es necesarioteneren cuentaque si
el producto que se evalla precipita en el medio de cultivo, estos resultados deben ser
descartados. Debe utilizarse en el ensayo un control de medio, un control de disolvente y es

recomendable un control positivo.

Los resultados se expresaran como porcentaje (%) de células vivas, segun la siguiente
relacion: % = D.O de las células tratadas / D.O de las células controles x 100. La curva dosis
respuesta debe ser calculada teniendo en cuenta el rango de concentracion utilizado y el
porcentaje de reduccidn del crecimiento celular correspondiente. A partir de ello se calcula la

concentracién que produce la reduccién de la viabilidad celular en un 50 %.

B) Citometriade flujo

La citometria de flujo es un método analitico que permite lamedicion rapida de ciertas

caracteristicas fisicas y quimicas de células o particulas suspendidas en liquido que producen
una sefial de forma individual al interferir con una fuente de luz. La citometria de flujo
representa un método rdpido objetivo y cuantitativo de andlisis de células, nucleos,
cromosomas, mitocondrias u otras particulas en suspensién. Una de las caracteristicas
analiticas mas importantes de los citdmetros de flujo es su capacidad de medir multiples
parametros celulares, como el tamaiio, la formay la complejidad y, por supuesto, cualquier

componente celular o funcién que pueda ser marcada con un fluorocromo.

La informacion producida puede agruparse en dos tipos fundamentales: la generada
porladispersidondelaluzy larelacionadaconla emisién de luz porlos fluorocromos presentes
enla célulao particula al serexcitados porel rayo luminoso. Las sefiales luminosas detectadas
se transforman en impulsos eléctricos que se amplifican y se convierten en sefales digitales
gue son procesadas poruna computadora (Figura18). Las aplicaciones de lacitometria de flujo
son numerosas, lo cual hapermitido el empleo de estos instrumentos de maneraampliaenlos

campos, tanto de la investigacion biolégica como médica [92].

42



SFntroduceion

Tubo de inyeccion

Inyeccion del M demuesta
fluido transportador
Celda de fiujo
Alineamiento de

Detectores de fluorescencia
y de dispersién lateral (SSC)

particulas en una

Detector
de dispersion
frontal (FSC)

Punto de interseccion
de la muestra con el

Iaser
v
Senal para ;
adquisicion Celda de flujo capilar
electronica Salide del fluido

Figura 18. Esquema de un citémetro de flujo

La fluorescencia ha sido usada para visualizar ciertas moléculas y estructuras por
medio de |lamicroscopia éptica durante muchos afios. Esta ha encontrado unaextensa area de
aplicacion en la citometria de flujo. El objetivo del andlisis por inmunofluorescencia en
citometria de flujo es asignar a cada célula, un grupo especifico de células que compartan
propiedades comunes. El primer paso es identificar las células de interés. Una vez que las
células de interés han sido distinguidas de los otros tipos celulares, se puede usar la
inmunofluorescencia para determinar la proporcién o el nimero de células que poseen un

determinado marcador [93].

La citometria de flujo se ha convertido en un método de eleccién para el andlisis de
la muerte celularen unagran variedad de tipos celulares. Hay varios métodos que pueden ser
utilizados para determinar cuantitativamente la viabilidad de las células. Estos métodos
utilizan colorantes no permeantes, como por ejemplo yoduro de propidio o 7-amino
actinomicinaD. Las células que presentan la membrana plasmadtica dafiada o el metabolismo
celularalterado, no pueden evitar que el colorante entre enlaella. Unavez dentro de lacélula,
el colorante se une a estructuras intracelulares que producen aductos altamente fluorescentes
y que identifican las células como "no viable". Por lo tanto, la viabilidad se expresard como

porcentaje de células incoloras [94].
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7.3. Afinidad por los receptores de la melatonina

a) Melatonina

La melatonina (MT), N-acetil-5-metoxitriptamina o metoxindol, es una hormona
encontradaenanimalessuperioresy en algunas algas, cuya concentracion varia de acuerdo al
ciclodiurno/nocturno. La MT se biosintetiza a partir del neurotransmisorserotonina (Esquema
25), principalmente en la glandula pineal [95], y participa en una gran variedad de procesos
celulares, neuroendocrinos y neurofisioldgicos. Una de las caracteristicas mas extraordinaria
respecto a la biosintesis pineal de MT, es su variabilidad a lo largo del ciclo diario, y su
respuesta precisa a cambios en la iluminacién ambiental. El patron de secrecién de MT
consiste en un aumento gradual nocturno hasta alcanzar el pico de secrecién y permite la
informacion sobre el fotoperiodo y del ritmo circadiano a los érganos periféricos para la
regulacidon fisioldgica diaria y estacional [96, 97]. Por ello, la MT se considera una
neurohormona producida por los pinealocitos en la glandula pineal (localizada en el
diencéfalo), la cual produce la hormona bajo la influencia del nicleo supraquiasmatico del
hipotdlamo, que recibe informacion de la retina acerca de los patrones diarios de luz y
oscuridad. Se encuentra ocupando la depresidn entre el coliculo superiory la parte posterior
del cuerpo calloso. A pesarde la existenciade conexiones entre laglandula pineal y el cerebro,
aquellase encuentrafuerade labarrera hematoencefalicay esta inervada principalmente por

los nervios simpaticos que proceden de los ganglios cervicales superiores.

(0]
OH
Triptéfano L-aminoacido
NH, h|droX|Iasa descarboxﬂasa HO NH,

N A\
N

N

N H

Triptéfano Serotonina

Serotonina
Acetiltransferasa

o
HN Acetilserotonina
O-metiltransferasa HO NH,
HO -

N A\

N
N
H H

Melatonina

Esquema 25. Biosintesis de Melatonina
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Aunque durante muchotiempo se considerd que la MT era de origen exclusivamente
cerebral, se ha demostrado que su biosintesis también se produce en otros tejidos como la
retina, la glandula harderiana, el higado, el intestino, los rifiones, las adrenales, el timo, la
glandulatiroides, las célulasinmunes, el pancreas, los ovarios, el cuerpo carotideo, la placenta

y el endometrio.

La sintesis de MT se produce constantemente, y disminuye abruptamente hacia los 30
afios de edad. Después de la pubertad se produce una calcificacion llamada "arenilla del
cerebro", que recubre la glandula pineal, pero ésta sigue liberando melatonina. Estudios
recientes observan que la MT tiene como funciones, ademas de la hipnoinductora, la de
disminuir la oxidacion; por esto los déficits de MT casi siempre van acompafiados de
alteraciones psiquicas comoinsomnioy depresién. Ademas, en la metabolizacion, el déficit de
MT parece estar relacionado con una paulatina aceleracién del envejecimiento. Esta
indolaminase libera porun proceso de fototransduccién, se estimulaenlaoscuridad ya que el
ojo envia sefales nerviosas a través del tracto retinohipotaldmico, llega al nucleo
supraquiasmatico, sale porlamédulaal ganglio cervical superior, y de allia la glandula pineal
donde los pinealocitos secretaran MT. Por tanto, la glandula pineal es un transductor

neuroendocrino [98].

Los factores que regulan la MT se pueden dividir en dos grupos, los ambientales
(fotoperiodo, estaciones del afio, temperatura, etc) y enddégenos (estrés y la edad). La MT
producida en la glandula pineal actia como una hormona endocrina, ya que es liberada al
torrente circulatorio, mientras que la producida en la retina y en el tracto gastrointestinal
actla como una hormona paracrina. Los lugares de accién de la MT pueden ser neurales:
hipocampo, hipodfisis, hipotdlamo, retina, glandula pineal, etc; y no neurales: génadas,

intestino, vasos sanguineos, células inmunes, etc.
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b) Receptores melatoninérgicos

La MT ejerce sus efectos centrales y periféricos a través de un ndmero aun no
determinado de receptores o dianas moleculares [95]. Los receptores mejor conocidos son
aquellos que se denominan receptores acoplados a proteina G y son MT; y MT, [99] que
fueron clonados amediados de la década de 1990 [100-103]. Estos receptores muestran un 55
% de identidad global en el nivel de aminodcidos y alrededor de un 70 % dentro de los
dominios transmembrana. Estan acoplados negativamente a la adenilato ciclasay poseen una

afinidad parecida por la MT (dentro del rango sub-nanomolar) [104 y 105].

Los receptores MT, se expresan envarias areas del cerebro, en particular en el nicleo
supraquiasmatico (SCN)y los pares tuberalis. Los receptores MT, estdn localizados en el SNCy
la retina. Otro receptor algo menos conocido es MT; que presenta una baja afinidad para el
radioligando (RL) 2-[***I]-yodomelatonina [106-109] y se ha caracterizado en hamster como el
homadlogo humano de la quinona reductasa 2 [110], aunque se habia sugerido previamente
gue este receptor no estaba acoplado a proteina G [111, 112]. Existe un RL mas especifico, 2-
[***I]-yodo-5-metoxicarbonilamino-N-acetiltriptamina, y se ha demostrado que discrimina MT;
de la proteina G acoplada a los receptores MT; y MT, [113-115]. Este sitio de unidn de baja

afinidad MT;, parece estar involucrado en las respuestas inflamatorias agudas en la rata [116]

y enlaregulacién de la presién intraocular en el conejo [117].

Debido a que los agonistas de MT sintéticos tienen considerables potenciales
terapéuticos en la modulacion del insomnio y trastornos relacionados con el ciclo circadiano
delsuefio, es deseable desarrollar compuestos melatoninérgicos selectivos de cada subtipo.
Aunque hay algunos ligandos que muestran selectividad para MT, [118-123], se han

encontrado muy pocos compuestos en la literatura selectivos para MT,.
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ABSTRACT

Dopamine-mediated neurotransmission plays an important role in relevant psychiatric and neurological
disorders. Nowadays, there is an enormous interest in the development of new dopamine receptors (DR)
acting drugs as potential new targets for the treatment of schizophrenia or Parkinson’s disease. Previous
studies have revealed that isoquinoline compounds such as tetrahydroisoquinolines (THIQs) and tetra-
hydroprotoberberines (THPBs) can behave as selective D, dopaminergic alkaloids since they share
structural similarities with dopamine. In the present study we have synthesized eleven 2,3,9- and 2,3,11-
trisubstituted THPB compounds (six of them are described for the first time) and evaluated their po-
tential dopaminergic activity. Binding studies on rat striatal membranes were used to evaluate their
affinity and selectivity towards D1 and D, DR and establish the structure—activity relationship (SAR) as
dopaminergic agents. In general, all the tested THPBs with protected phenolic hydroxyls showed a lower
affinity for D1 and D, DR than their corresponding homologues with free hydroxyl groups. In previous
studies in which dopaminergic affinity of 1-benzyl-THIQs (BTHIQs) was evaluated, the presence of a Cl
into the A-ring resulted in increased affinity and selectivity towards D, DR. This is in contrast with the
current study since the existence of a chlorine atom into the A-ring of the THPBs caused increased af-
finity for D; DR but dramatically reduced the selectivity for D, DR. An OH group in position 9 of the THPB
(9f) resulted in a higher affinity for DR than its homologue with an OH group in position 11 (9e) (250 fold
for D, DR). None of the compounds showed any cytotoxicity in freshly isolated human neutrophils. A
molecular modelling study of three representative THPBs was carried out. The combination of MD
simulations with DFT calculations provided a clear picture of the ligand binding interactions from a
structural and energetic point of view. Therefore, it is likely that compound 9d (2,3,9-trihydroxy-THPB)
behave as D, DR agonist since serine residues cluster are crucial for agonist binding and receptor
activation.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

dopamine receptors (DR) as potential targets for treating schizo-
phrenia or Parkinson’s disease. Therefore, there is an increased

Dopamine-mediated neurotransmission plays an important role
in several psychiatric and neurological disorders affecting several
million people worldwide. Researchers have focused their efforts in
investigating the modulation of dopaminergic activity via the

* Corresponding author. Tel.: +34 963 54 49 75; fax: +34 963 54 49 43.
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interest in the discovery of novel dopaminergic ligands as potential
drug candidates in the therapy of these neurological disorders [1].
DR can be classified into two pharmacologic families (D1 and D,-
like) that are encoded by at least five genes. From a therapeutical
point of view, drugs acting at D,-like DR are more relevant than
those interacting with D;-like DR [2]. In this context, whereas the
D,-like DR antagonists are used in the treatment of schizophrenia
(antipsychotics), the agonists are used in the treatment of
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Parkinson’s disease [1,3]. In addition, other studies have revealed
the potential role of D, agonist in the treatment of depression. The
pathophysiology of depression has been classically assigned to the
noradrenaline and serotonine systems however, nowadays, pub-
lished reports also support a role of the dopaminergic system in
this disorder [2]. In regard to this, different selective D,-type DR
agonists were found to display antidepressant-like actions in
several rodent models, suggesting a specific role of this receptor
subtype in their antidepressant efficacy [4—8].

Previous studies from our group have revealed that isoquinoline
compounds such as tetrahydroisoquinolines (THIQs) have affinity
for DR in striate membranes of rat brain tissue which was likely due
to their structural similarities to dopamine [8—18]. Likewise, tet-
rahydroprotoberberines (THPBs) are another group of natural and
synthetic isoquinoline alkaloids with a variety of powerful biolog-
ical activities, including dopaminergic activity [19—21]. Indeed,
coreximine, a natural tetrasubstituted THPB, and other analogues
were reported as selective D, dopaminergic alkaloids [22].
Recently, L-stepholidine analogues have been synthetized display-
ing a dual dopaminergic activity, partial agonism at the D; DR and
antagonism at D, DR [23].

Since THPBs, THIQs and dopamine share structural similarities,
in the present study we have synthesized eleven 2,3,9- and 2,3,11-
trisubstituted THPB compounds (six of them are here described for
the first time) and evaluated their potential dopaminergic activity.
Their structures were determined on the basis of their NMR spec-
tral data and mass spectrometry analysis. The structural features
that define the affinity and selectivity of the three series of THPBs
synthesized for D1/D; receptors was determined analyzing the in-
fluence of the substitution at the 2,3- and 9 or 11 positions, in order
to obtain dopaminergic ligands with increased specificity. There-
fore, all the synthesized compounds were tested for their ability to
displace the selective radioligands of D1 and D»-like DR from their
specific binding sites in striatal membranes in order to establish the
structure—activity relationship (SAR) as dopaminergic agents. In
addition, cytotoxicity studies in human cells were carried out. For
this purpose, we used the MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay and a cytofluorometric anal-
ysis to determine their impact on human neutrophil apoptosis and
survival [24—26]. All of them were devoid of any toxic effect in
these in vitro assays.

In order to better understand the molecular interactions stabi-
lizing and destabilizing the different THPBs/D,DR complexes, a
molecular modelling study using molecular dynamic simulations
and quantum mechanic calculations was carried out for the most
representative compounds of this series. Thus, the possible stereo-
electronic requirements of the THPBs/D,DR interactions have been
discussed based on their different affinities.

2. Results and discussion
In the present study, the impact of different substituents into the

A- and D-ring of synthesized THPBs on dopaminergic affinity was
evaluated. In previous reports, we determined the relevance of

series 1

series 2

OH

different substitutions into the A-ring in natural and synthetic
isoquinoline alkaloids. We observed that the presence of hydroxyls
groups in this ring caused increased affinity for the D1-like and D,-
like DR families, while blockade of these hydroxyls groups resulted
in decreased affinity [8,12—15]. Moreover, the presence of a halogen
in the A-ring led to a selective binding at least to one of the two DR
subtypes investigated [8,16,17]. Therefore, we have prepared three
series of THPBs: 2,11-dihydroxy-3-chloro-THPB (series 1), 2,3-
dihydroxy-11-methoxy-THPB (series 2) and 2,3,11-trihydroxy-
THPB and 2,3,9-trihydroxy-THPB (series 3) and differently
substituted analogues (Fig. 1).

Inasmuch, at the concentrations tested none of the synthesized
THPBs affected human neutrophil apoptosis or survival, indicating
the absence of cytotoxicity for human cells in these in vitro ap-
proaches. Molecular modelling of the possible stereo-electronic
requirements for dopamine D, receptor ligands of the THPBs syn-
thesized has been discussed based on the different affinities
displayed.

2.1. Chemistry

The synthesis of the THPBs has been performed as outlined in
the Schemes 1—3. The THPBs of the series 1 (Scheme 1) have been
synthesized from 3-chloro-4-methoxybenzaldehyde as starting
material. 3-Chloro-4-methoxy-fp-nitroestyrene was obtained from
3-chloro-4-methoxybenzaldehyde by a Henry’'s reaction using
nitromethane, ammonium acetate and acetic acid as solvent [27],
and then, 3-chloro-4-methoxyphenylethylamine (1) was obtained
by reduction with lithium aluminium hydride [28]. This phenyl-
ethylamine (1), was treated with 3-methoxyphenylacetyl chloride
under Schotten—Baumann conditions to generate the N-(3-cloro-4-
methoxyphenylethyl)-B-(3’-methoxyphenyl)acetamide (2) [29,30].

Next, the phenylacetamide (2) was converted into the corre-
sponding 1-benzyltetrahydroisoquinoline (BTHIQ) (3) using the
Bischler—Napieralski cyclodehydration reaction. The use of a POCl3
and P,05 mixture in dry toluene followed by NaBH4 reduction was
required since the presence of a halogen in position 3 of the phe-
nylacetamide can inactivate the Bischler—Napieralski cyclo-
dehydration reaction due to the electro-attractive properties of the
halogen [8,31—33]. Once obtained, the BTHIQ 6-chloro-7-methoxy-
1-(3’-methoxybenzyl)-1,2,3,4-THIQ hydrochloride (3) was sub-
jected to Mannich cyclization conditions using 37% aqueous form-
aldehyde [34] to generate the corresponding 2,11-dimethoxy-3-
chloro-THPB (3a) with high yield (86%). Finally, the O-demethyla-
tion was performed by adding of 4 equivalents of BBr3 reagent for
2 h at room temperature [8] to obtain the 2,11-dihydroxy-3-chloro-
THPB (3b) (Scheme 1).

The THPBs of the series 2 (Scheme 2) have been synthesized
using similar approaches to those previously described. A protec-
tive reaction of the hydroxyl groups was performed in 3,4-
dihydroxybenzaldehyde through dibenzylation [28]. Once pre-
pared the protected 3,4-dibenzyloxybenzaldehyde, a similar
sequence of synthesis steps were carried out to obtain the phen-
ylethylamine (4), the phenylacetamide (5), the BTHIQ (6) and

HO

HO

series 3 11 OH
OCH;,

Fig. 1. THPBs series.
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Scheme 1. Synthesis of THPBs 3a and 3b (Series 1). Reagents and conditions: (a) Nitromethane, NH4OAc, AcOH, reflux, 4 h; (b) LiAlH4, THF/Et;0, Ny, reflux, 2 h; (c) CH,Cly, 3-
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finally, the corresponding 2,3-dibenzyloxy-11-methoxy-THPB (6a)
with good yields (63—93%). In this series, the Bischler—Napieralski
cyclodehydration was performed using only POCls in dry acetoni-
trile since the presence of an alkoxy group in position 3 of the
phenylacetamide can activate the Bischler—Napieralski cyclo-
dehydration reaction due to the electro-donor ability of the
oxygenated group. Then, this THPB was subjected to acidic condi-
tions in absolute ethanol [12—35] in order to deprotect the phenolic
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R=Bn diOBn-benzaIdehydeT_|
(65 %)

3,4-dibenzyloxy-
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hydroxyls groups yielding 2,3-dihydroxy-11-methoxy-THPB (6b). A
methylendioxy group was generated by CsF and dichloromethane
[13] from 6b to obtain the 2,3-methylendioxy-11-methoxy-THPB
(6c).

The THPBs of the series 3 (Scheme 3) have been synthesized
employing similar procedures to those followed in series 1 and 2.
The corresponding trisubstituted THPBs: 2,3,11-trimethoxy-THPB
(9a) and 2,3,9-trimethoxy-THPB (9b) were obtained from 3,4-
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Scheme 2. Synthesis of THPBs 6a—6c¢ (Series 2). Reagents and conditions: (a) Benzyl chloride, K;COs, EtOH, reflux, 6 h; (b) Nitromethane, NH40Ac, AcOH, reflux, 4 h; (c) LiAlH4, THF/
Et,0, Ny, reflux, 2 h; (d) CH,Cl,, 3-methoxyphenylacetyl chloride, 5% NaOH, rt, 3 h; (e) POCls, CH3CN, Ny, reflux, 5 h; (f) NaBH,4; MeOH, rt, 2 h; (g) 37% HCHO, EtOH, H,0, reflux, 5 h;

(h) EtOH—HC], reflux, 3 h; (i) DMF, CH,Cl,, CsF, reflux, 3 h.
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dimethoxyphenylethylamine (7). In this series, two different com-
pounds were obtained based on the two possible positions of the
Mannich cyclization. When cyclization was in para to the benzylic
methoxy group, the 2,3,11-trimethoxy-THPB (9a) was the major
product generated (77% yield). In contrast, when cyclization
occurred in ortho to the benzylic methoxy group then 2,3,9-

trimethoxy-THPB (9b) was produced (8% yield). The phenolic hy-
droxyl groups were deprotected through O-demethylation condi-
tions to obtain the corresponding 2,3,11-trihydroxy-THPB (9c)
and 2,3,9-trihydroxy-THPB (9d) respectively. Finally, the THPBs
with methylendioxy group were prepared as above described
to generate 2,3-methylendioxy-11-hydroxy-THPB (9e) and 2,3-
methylendioxy-9-hydroxy-THPB (9f) respectively.

2.2. Binding affinities for dopamine receptors: structure—activity
relationship

All the synthesized THPB compounds were assayed in vitro for
their ability to displace the selective ligands of Dy and D, DR from
their respective specific binding sites in the striatal membranes. All
the compounds except 6a, were able to displace [*H]-SCH 23390
and [*H]-raclopride from their specific binding sites at micromolar
(uM) or nanomolar (nM) concentrations. This was not surprising
given the bulky substituents (Bn) at C3 and C4 in compound 6a.
The binding affinities for D; and D, DR are summarized in
Table 1 illustrating some general trends of the structure—activity
relationship.

2.2.1. Effect of the substituents into the A-ring of THPB

a) In general, all the tested THPBs with protected phenolic hy-
droxyls showed a lower affinity for D; and D, DR than their
corresponding homologues with free hydroxyl groups (see 3a
vs 3b, 6a vs 6b, 9a vs 9¢, 9b vs 9d in Table 1). The higher affinity
for D1 and D; DR of compounds with free phenolic group than
those without was previously described albeit in several iso-
quinolines [8,12,16,21].

b) In previous studies in which dopaminergic affinity of BTHIQs
was evaluated, the presence of a chlorine atom into the A-ring
(ortho of oxygenated group) resulted in increased affinity and
selectivity towards D, DR [8,16—18]. This is in contrast with the
current study since the existence of a chlorine atom into the A-

Table 1

Values of affinity (K;, pK;) and selectivity (ratio K; D1/K; D2) determined in binding experiments to D; and D, DR of series 1-3.
THPB Specific ligand D; [*H]-SCH 23390 Specific ligand D, [>H]-raclopride K; D1/D,

Ki (uM)™ pKi™ Ki (uM)™ pK™

3a 3-Cl-2,11-diMeO 1.813 + 0.146 5.76 + 0.09 2.046 + 0.347 5.70 + 0.07 0.9
3b 3-Cl-2,11-diOH 0.107 £ 0.004 6.97 £ 0.02% 0.188 + 0.021 6.73 + 0.05" 0.6
6a 2,3-diBnO-11-MeO 40.607 + 4.215 4.39 + 0.04 40.866 + 1.461 4.38 + 0.02 1.0
6b 2,3-diOH-11-MeO 1.108 + 0.411 6.02 +0.17°" 0.078 + 0.017 7.13 £ 0.09>40 14.2
6¢c 2,3-0CH,0-11-MeO 2.373 + 1.208 5.77 + 0.27° 1.331 + 0536 594 +0.17' 1.8
9a 2,3,11-triMeO 4314 + 0.703 5.38 + 0.07 8.543 + 4.709 5.29 + 0.36 0.5
9b 2,3,9-triMeO 3.927 + 0.908 5.44 + 0.11 0.393 + 0.115 6.44 & 0,120k 10
9c 2,3,11-triOH 2.962 + 1.042 5.58 + 0.15 0.396 + 0.028 6.41 + 0.03? 7.5
9d 2,3,9-triOH 3.775 + 0.992 5.46 + 0.14 0.093 +0.024 7.07 £ 0.14>¢ 40.6
9e 2,3-0CH,0-11-OH 32.999 =+ 5.009 4.49 + 0.07¢ 7.506+1.591 5.16 + 0.09¢ 44
of 2,3-0CH,0-9-0H 0.344 + 0.027 6.47 + 0.03%8 0.035 * 0.012 7.55 + 0.16*" 10.0

ANOVA, post Newmann-Keuls multiple comparison tests.

4 p < 0.05.

b p < 0.01, vs Dy-like DR.

€ p < 0.001 vs 9a.

4 p < 0.001 vs 9c.

€ p < 0.05 vs 9c.

f p < 0.001 vs 9e.

& p < 0.001 vs 9d.

" p < 0.001 vs 6a, 6¢, 9a.

i p <0.001vs 3a.

i p < 0.001 vs 6b.

K p < 0.05vs 9d.

' p < 0.01vs 9e.
™ Data were displayed as mean + SEM for 3—5 experiments.
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ring of the THPBs caused increased affinity for D; DR but
dramatically reduced the selectivity for D, DR (see 3b vs 9c¢ in
Table 1).

c) Our results also showed that the presence of a methyl-
enedioxy group in 2,3 position decreased the selectivity for
D, DR (see 6¢ vs 6b and 9e vs 9c in Table 1). This effect was
also observed when the substituent into the D-ring was in
position 9. In fact, when the dopaminergic affinities of THPB
9d (2,3,9-triOH) and 9f (2,3-OCH,0-, 9-OH) were compared,
9d exerted higher selectivity for D DR (Kj D1/D2 = 40.6) than
9f (Ki D1/D, = 10). Moreover, the latter compound (9f) is the
THPB displaying the highest affinity for both DR types
(Kij = 344 nM for D; and Kj = 35 nM for D) (see Table 1 and
Fig. 2).

2.2.2. Effect of the 9 or 11 substituent into the D-ring of THPB

The present study demonstrated that the affinity and the
selectivity for DR depended on the position of the oxygenated
substituents in positions 9 or 11 and on their protection or depro-
tection. In regard to this:

a) A hydroxyl group in position 9 of the THPB (9f) resulted in a
higher affinity for D; and D, DR than its homologue with a
hydroxyl group in position 11 (9e). In this context, the affinity
for D, DR displayed by 9f was 214 fold higher than 9e (Table 1
and Fig. 3).

b) Surprisingly, either when this 2,3-methylenedioxy-11-OH-THPB
(9e) was compared with the protected 2,3-methylenedioxy-11-
OMe-THPB (6¢), or when the 2,3,11-triOH-THPB (9c) was
compared with the protected 2,3-diOH-11-OMe-THPB (6b), an
increased affinity for D; and D, DR was observed with the 11-O-
protected derivatives (6c and 6b, see Table 1 and Fig. 4).

2.3. Cytotoxicity studies

After determining the affinity for DRs of the synthesized THPBs,
the potential cytotoxicity of these compounds was determined by
the use of the MTT assay. The concentrations tested were selected
based on their respective Ki value for D, DR. None of the THPBs
evaluated displayed any cytotoxicity on freshly isolated human
neutrophils (Fig. 5).
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To confirm the absence of toxicity, we next investigated the
effect on neutrophil apoptosis and survival of the most active
THPBs on D, DRs (6b, 9d and 9f). For this purpose a cytofluorimetric
method was employed. As depicted in Fig. 6 none of the THPBs at
the concentrations assayed affected neutrophil apoptosis or sur-
vival indicating the lack of human cell toxicity of these compounds
in this in vitro approach.

2.4. Molecular modelling

A molecular modelling study of three representative com-
pounds of these series was performed to add further support to the
results described in Section 2.2. Special attention was paid to the
effects exerted by the substituents into the D-ring of THPBs as well
as to the increased affinity for the D, DR detected by the 11-O-
protected derivatives. Therefore, compounds 9d, 9¢c and 6b were
selected for this comparative analysis due to their structural
differences.

First, MD calculations were carried out simulating the molecular
interactions between compounds 9d, 9¢ and 6b with the human
D, DR (Fig. 7). In general, the three compounds displayed their
pharmacophoric portions in a closely related spatial form to that
reported for dopamine [17,18]. Consistent with previous experi-
mental [36] and theoretical [37] data, the simulation indicated the
relevance of the negatively charged aspartate 114 (D114) for ligand
binding. In this context, the highly conserved D114 in trans-mem-
brane helix 3 (TM3) is important for both D, DR agonists and an-
tagonists binding [36,38], and its terminal carboxyl group may
function as an anchoring point for ligands with protonated amino
groups [39—41]. In the current study, all the compounds simulated
were docked into the receptor with the protonated amino group
close to D114. Although after 5 ns of MD simulations the ligands
slightly moved in a way different from the initial position, the
strong interaction with D114 was maintained for all the complexes
(see Fig. 7), reinforcing the role of the amino acid as an anchoring
point for ligands with protonated amino groups.

Next, the relative energies (AAG values) obtained for the
different complexes were analysed. A 0.00, 12.14 and 2.58 kcal/mol
for complexes 9d/D,DR, 9¢/D,DR and 6b/D,DR, respectively were
obtained. These binding energies (BE) were in agreement with the
experimental data (see K; values in Table 1). However, although BE
allowed to differentiate between very good and weak binders
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Fig. 2. Displacement curves of [°H]-SCH 23390 (D;) and [>H] raclopride (D) specific binding by compounds 9d and 9f. Data were displayed as mean + SEM for 3—5 experiments.
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Fig. 3. Displacement curves of the specific binding of D; and D, DR ligands by the compounds 9e and 9f. Data were displayed as mean + SEM for 3—5 experiments.

(0.00 kcal/mol for compound 9d vs 12.14 kcal/mol for compound
9c¢), those with similar binding affinities did not (0.0 kcal/mol for
compound 9d vs 2.58 kcal/mol for compound 6b). This was not
surprising since MD simulations poorly approximate features that
might be playing determinant roles such as lone pair directionality
in hydrogen bonds, explicit 7---7 stacking polarization effects,
hydrogen bonding networks, induced fit, and conformational en-
tropy. Collectively, the information obtained from MD simulations
might explain in part the differential D, DR affinity displayed by
compounds 9d and 9c.

To acquire more detailed insights into the mechanisms driving
the binding of the THPBs to the D, DR active site, the structure—

affinity relationship was further analysed. The THPB-residue
interaction spectra calculated by the free energy decomposition
suggested that the interaction spectra of compounds 9d, 9¢ and 6b
with D, DR was closely related. Nevertheless, some subtle but
significant differences were detected reflecting differential binding
features (Fig. 8).

In this regard, it is interesting to note that the only structural
difference between compounds 9d and 9c is the position of the OH
groups in the D ring (see Scheme 3). Despite of it, a significant
difference was obtained for their respective calculated BE, indi-
cating that 9d/D,DR complex was markedly more stable than 9c/
D,DR. The comparison of both spectra (Fig. 8a and b) revealed that
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Fig. 4. Displacement curves of the specific binding of D; and D, DR ligands by the compounds 6b and 9c. Data were displayed as mean + SEM for 3—5 experiments.
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the OH group of compound 9d at position 9 (Fig. 8a) was forming a
strong hydrogen bond interaction with Y416. This is a particularly
strong stabilizing interaction which is due to the acidic character of
the oxygen atom of the Tyr residue. In contrast, the OH group of 9¢/
D,DR complex (Fig. 8b), was located within a hydrophobic pocket
where only weak hydrogen bonds (O---H—C with the side chains of
the amino acids) can take place (see the weak stabilizing interac-
tion with Y416, Fig. 8b). In addition, although the complex of
compound 9c displayed a moderated interaction with S193, there
was not a stabilizing interaction with S197. This is in sharp contrast
with 9d spectra since two strong interactions with S193 and Ser197
were encountered (Fig. 8a).

The remainder of the amino acids stabilizing these complexes
(D114, V111 V115, C118, C182, 1183, 1184 W382, H393, F389, F390
and T412) exerted closely related interactions. In light of these
observations, it is tempting to speculate that the different stabi-
lizing interactions of complexes 9d/D,DR and 9¢/D,DR could
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Fig. 6. Percentage of apoptotic (A) and survival cells (B) after incubation with THPBs 6b, 9d and 9f. Early apoptotic cells were quantified as the percentage of total population of
annexin V', PI” cells, late apoptotic, and/or necrotic cells as annexin V" and PI*, and viable nonapoptotic cells as annexin V— and PI" at 24 h of culture of human neutrophils. The
columns are the means + SEM of n = 3 independent experiments. Representative flow cytometry panels showing the effects of compounds 6b, 9d and 9f on human neutrophil

apoptosis have been included.
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Fig. 7. Spatial view of compound 9d (green)/D,DR interaction. Magnification of the receptor active site at the right. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

explain both the different AAG values and the experimental affin-
ities (Table 1).

On the other hand, when the activities of the 2,3,11-triOH-THPB
(9c) and the protected 2,3-diOH-11-OMe-THPB (6b) were
compared, an increased affinity for D, DR was exerted by the 11-O-
protected derivative (Table 1). The analysis of the two spectra
(Fig. 8b and c) showed that compound 6b can establish two strong
molecular interactions with two serine residues (S193 and S197).
The average structures obtained for the complexes 9d/D,DR, 9c/
D,DR, and 6b/D;DR from the last ns of simulation are shown in
Fig. 9a, b and c, respectively. The salt bridge between the proton-
ated N—H group of BTHPs and the carboxyl group of D114 as well as
the rest of the interactions previously discussed can be appreciated
in this figure.

At this stage, the trend predicted for the MD simulations can be
considered as certainly significant. However, it should be noted that
we were dealing with relatively weak interactions and therefore
MD simulations might underestimate such interactions. Therefore,
reduced models were constructed to perform more accurate DFT
calculations (B3LYP/6-1G(d)). These calculations allowed to
perform a QTAIM analysis for a further characterization of the most
critical interactions for these ligands.

The main interactions of compound 9d at the binding pocket
and the interactions net obtained are illustrated in Fig. 10. The OH-2
in the catecholic ring is acting as a proton donor with S193
(p(rb) = 0.0207 au) and as a proton acceptor with two amino acids,
H393 (0.0187 au) and S194 (0.0012 au). The OH-3 behaves as a
proton donor with S197 (0.0238 au) and is also involved in three
weak C—H hydrogen bonds with S193, S194 and V115. The OH-9
possesses only one strong hydrogen bond with Y416 (0.0370 au).
It is noteworthy that the hydrogen bonds between the catecholic
hydroxyls (OH-2 and OH-3) with the serine residues (5193 and
S$194) are facilitated by the adequate spatial orientation of the
molecule in which the atoms of rings A, B, C and D are making
further interactions with other residues (Fig. 10). These stabilizing
interactions include the strong salt bridge between the ammonium
group of 9d with the carboxyl group of D114, the weaker C—H—S
interaction with S118 and the C—H-m interactions with F389 and
V115. These interactions are present with varying intensity in the
three compounds here analyzed.

The main interactions of compound 9c at the binding pocket are
shown in Fig. 11. To facilitate the description of the molecule in-
teractions, this figure was divided in two and the interactions of the

catecholic ring are illustrated in Fig. 11a. The OH-2 establishes a
hydrogen bond with the carbonyl oxygen of the backbone of S193
(0.0246 au) but not with the side chain oxygen as found for 9d/
D,DR. It also acts as a proton acceptor with H393 (0.0147 au) and
with a C—H bond of the side chain of S193 (0.0067 au). The OH-3
behaves as a proton acceptor for C—H interactions with F390 and
V115 without proton donor activity with any residue except a very
weak H—H contact with S197 (0.0016 au). In addition, this OH can
establish two O—O interactions with the carbonyl oxygen at S193
and the hydroxyl at S197. Such interactions suggest that this hy-
droxyl group is weakly bond at the binding site compared with 9d/
D,DR complex. In fact, while the sum of electronic density of all
OH-3 interactions in the binding site (3>"p (rb)) is 0.0247 for com-
pound 9c, the value for compound 9d was 0.0391 au. The OH-11 is
forming C—H—O type interactions with C182 (0.0031 au), 1183
(0.0037 au) and F110 (0.0022 au), 0——0 type interactions with the
carbonyl oxygen of backbone C182 (0.0044 au) and a weak H—H
interaction with V91 (0.0019 au) (Fig. 11b).

Fig. 12 shows the main interactions of compound 6b at the
binding pocket. The interaction pattern of this compound shares
similarities with those observed for compound 9d. In fact, OH-2
and OH-3 are acting as proton donors with S193 (0.0340 au)
and S197 (0.0308 au) and as proton acceptors with H393
(0.0064 au), 1184 (0.0048 au), S193 (0.0114 au) and V115
(0.0065 au) (Fig. 12a). OMe-11 is only forming two very weak
hydrogen bonds with the C—H bonds of the side chain
(p(rb) = 0.0015) and the backbone (0.0011au) of 1183 (Fig. 12b).
The CH3 group is interacting with C182 (C—H-S interaction
(0.0039 au)), V91 (C—H interaction (0.0085 au)) as well as with F110
(H—H interaction (p(rb) = 0.0184 au). Taken together all these ob-
servations and the sum of the electronic density of all the in-
teractions (0.0150 au), it can be concluded that the binding strength
of OMe-11 to D,DR is not relevant. In contrast, compound 6b in-
teractions seemed to be stronger when they are established be-
tween the catecholic hydroxyls and the serine residues. As oppose
to the OH-11 of 9c who remained almost fixed with the same
orientation (Fig. 11b), the OMe-11 group in 6b is rotating almost
freely during the simulation for MD calculations. This is a striking
observation which may account for 9¢ and 6b differential D,DR
affinities. Finally, the QTAIM analysis seem to indicate that the
increased affinities of compounds 9d and 6b compared with those
of 9¢ may rely on the stronger interactions established between the
catecholic hydroxyls and the serine residues.
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Fig. 8. Histograms of interaction energies partitioned for D,DR amino acids when
complexed with compound 9d (a), compound 9c (b) and compound 6b (c). The x-axis
denotes the residue number of D,DR, and the y-axis shows the interaction energy
between the compound and the specific residue. Negative and positive values repre-
sent favourable or unfavourable binding, respectively.

3. Conclusions

In summary, we have synthesized several THPBs with different
substituents into their A- and D- rings and evaluated the SAR
for their potential dopaminergic affinity. Three series of THPBs
were obtained: 2,11-dihydroxy-3-chloro-THPBs (series 1), 2,3-
dihydroxy-11-methoxy-THPBs (series 2) and 2,3,11-trihydroxy-
THPBs and 2,3,9-trihydroxy-THPBs (series 3). Concerning to their
affinity for DR: first, the presence of hydroxyls groups into the A-
ring resulted in increased the DR affinity and, blockade of these
groups blunted these responses; second, a halogen in the A-ring
shifted the selectivity of the compound towards one of the DR
investigated; third, while the presence of an OH at position 9
resulted in a positive effect on DR affinities, its localization at po-
sition 11 was surprisingly detrimental, and the blockade of this
hydroxyl group at position 11 (MeO) reversed their DR affinity.

J. Pdrraga et al. / European Journal of Medicinal Chemistry 68 (2013) 150—166

Fig. 9. Spatial view of the active D, DR site for compounds 9d (a), 9c (b) and 6b (c). The
names of the residues involved in the main interactions are written in the figure.

In addition, none of the compounds evaluated showed any
cytotoxicity in freshly isolated human neutrophils. Finally, a mo-
lecular modelling study of three representative THPBs was carried
out. The QTAIM analysis allowed a further understanding of the
different experimental affinities obtained for compounds 9d, 9c
and 6b. Since serine residues cluster seemed to be crucial for
agonist binding and receptor activation, it is likely that compounds
9d and 6b displayed such capability.

4. Experimental section
4.1. General instrumentation

EIMS and FAB mass were recorded on a VG Auto Spec Fisons
spectrometer instruments (Fisons, Manchester, United Kingdom).
TH NMR and 3C NMR spectra were recorded with CDCl3 or CsDsN
as a solvent on a Bruker AC-300, AC-400 or AC-500. Multiplicities of
13C NMR resonances were assigned by DEPT experiments. COSY,
HSQC and HMBC correlations were recorded at 400 MHz and
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Fig. 10. Molecular graph of compound 9d interaction with the binding site. Large spheres represent attractors or nuclear critical points (3, —3) attributed to the atomic nuclei. The
connecting nuclei lines are bond paths and small spheres on them are bond critical points (3, —1).

500 MHz (Bruker AC-400° AC-500). The assignments of all com-
pounds were made by COSY, DEPT, HSQC and HMBC. All the re-
actions were monitored by analytical TLC by silica gel 60 Fys4
(Merck 5554). Residues were purified by silica gel 60 (40—63 um,
Merck 9385) column chromatography. Solvents and reagents used
were purchased from commercial sources. Quoted yields are of
purified material. The HCl salts of the synthesized compounds were
prepared from the corresponding base with 5% HCI in MeOH.

4.2. Chemistry

4.2.1. General procedure for the synthesis of phenyethylamines (1
and 4)

4.2.1.1. 3,4-Dibenzyloxybenzaldehyde. A mixture of 3,4-dihydroxyben-
zaldehyde (1 g, 7.24 mmol), benzyl chloride (3 mL, 24.51 mmol) and
anhydrous K>COs (2.1 g, 14.3 mmol) in absolute EtOH (15 mL) was
refluxed for 6 h. After being stirred, the reaction mixture was
concentrated to dryness, redissolved in 10 mL of CH,Cl,, and then 5%
aqueous NaOH (3 x 10 mL) was added. The combined organic layers
were dried over with anhydrous Na,SO4 and evaporated to dryness.
The residue obtained was purified by silica gel column chromatog-
raphy (Hexane/EtOAc, 8:2) to obtain the 3,4-dibenzyloxybenzaldehyde
(1.5 g, 65%) as a white solid. 'TH NMR (500 MHz, CDCl3): 6 = 9.83 (s, 1H,
CHO), 7.56 (m, 2H, H-2, H-6), 748—7.27 (m, 10H, 2 x Ph), 7.02 (d,
J=13.7Hz,1H,H-5),5.22 (s, 2H, PhCH,0-3), 5.17 (s, 2H, PhCH,0-4); °C
NMR (125 MHz, CDCl3) 6 = 191.2 (CHO), 155.7 (C-4), 150.6 (C-3), 136.5
(C-1"),136.3 (C-1""),130.5 (C-1),129—127 (6C, C-2'-4' y C-2""-4""),124.6
(CH-6), 116.9 (CH-5), 115.7 (CH-2), 71.3 (PhCH»0-3), 71.1 (PhCH,0-4);
ESMS m/z (%): 341 [M + Na]*, 313 (100).

4.2.1.2. 3-Chloro-4-methoxy-@B-nitrostyrene. A mixture of 3-chloro-
4-methoxy-benzaldehyde (1 g, 5.87 mmol), nitromethane (1 mL,
18.41 mmol) and NH40Ac (1.2 g, 15.57 mmol) in AcOH (15 mL) was
refluxed for 4 h. After this time, the reaction mixture was cooled to
room temperature, diluted with H,O (10 mL), and extracted with
CH,Cl; (3 x 10 mL). The combined organic layer were washed with
brine (2 x 10 mL) and H,0 (2 x 10 mL), dried over with anhydrous
NaySO4, and evaporated to dryness to obtain the 3-chloro-4-
methoxy-f-nitrostyrene (1.1 g, 88%) as yellow needles, which was

used in the following step with no further purification. "H NMR
(400 MHz, CDCl3): 6 = 791 (d, J = 13.7 Hz, 1H, H-B), 7.59 (d,
J=2.2Hz 1H, H-2), 7.52 (d, ] = 13.7 Hz, 1H, H-a), 7.44 (dd, ] = 8.6,
2.2 Hz, 1H, H-6), 6.97 (d, ] = 8.6 Hz, 1H, H-5), 3.90 (s, 3H, OCH3-4);
13C NMR (100 MHz, CDCl3) 6 158.4 (C-4), 138.4 (CH-B), 136.4 (CH-a.),
130.9 (CH-2), 130.1 (CH-6), 124.2 (C-1), 123.7 (C-3), 112.7 (CH-5),
56.8 (OCH3-4); MS (EI) m/z (%): 213 (55) [M]*, 185 (100).

4.2.1.3. 3,4-Dibenzyloxy-f-nitrostyrene. 3,4-dibenzyloxybenzal-
dehyde (1 g, 3.15 mmol) was subjected to similar conditions to those
above described to obtain the 3,4-dibenzyloxy-B-nitrostyrene
(1.70 g, 99%) as yellow needles, which was used in the following step
with no further purification. 'TH NMR (500 MHz, CDCl3): 6 = 7.81 (d,
J=13.6 Hz, 1H, H-B), 7.36 (d, ] = 13.6 Hz, 1H, H-t), 7.38—7.23 (m, 10H,
2 x Ph), 7.01 (dd, ] = 8.3,2.1 Hz, 1H, H-6), 6.99 (d, ] = 2.1 Hz, 1H, H-2),
6.87 (d, J = 83 Hz, 1H, H-5), 5.15 (s, 2H, PhCH,0-3), 5.10 (s, 2H,
PhCH,0-4); '3C NMR (125 MHz, CDCl3) 6 = 152.7 (C-4), 149.1 (C-3),
139.1 (CH-B), 136.4 (C-1'),136.2 (C-1"),135.3 (CH-«), 129—127 (6C, C-
2/-4' y C-2""-4""),124.7 (CH-6),123.1 (C-1), 114.3 (CH-2), 114.2 (CH-5),
714 (PhCH,0-4), 70.8 (PhCH,0-3); ESMS mjz (%): 362 (100)
[M + HJ*.

4.2.14. (-(3-Chloro-4-methoxyphenyl)ethylamine (1). A solution of
3-chloro-4-methoxy-g-nitrostyrene (1 g, 4.7 mmol) in anhydrous
THF (14 mL) was added dropwise to a well-stirred suspension of
LiAlH4 (0.7 g, 18.5 mmol) in anhydrous Et,0 (20 mL) under nitrogen
atmosphere, and refluxed for 2 h. Then the reaction mixture was
cooled and the excess reagent was destroyed by a dropwise addi-
tion of H,0O (2 mL) and 15% aqueous NaOH (5 mL). After a partial
evaporation of the filtered portion, the aqueous solution was
extracted with CHyCl, (3 x 10 mL) and the organic layer was
extracted with 5% aqueous HCl (3 x 10 mL). The resulting aqueous
acid layer was made basic (5% aqueous NH4OH to achieve pH = 9)
and extracted with CH;Cl; (3 x 10 mL). The organic layers were
washed with brine (2 x 10 mL) and H20 (2 x 10 mL), dried over
with anhydrous Na;SO4 and concentrated to dryness to obtain the
B-(3-chloro-4-methoxyphenyl)ethylamine (1) (630 mg, 72%) as a
yellow oil. "H NMR (500 MHz, CDCl3): 6 = 7.33 (d, ] = 2.2 Hz, 1H, H-
2),7.21 (dd, J = 8.5, 2.2 Hz, 1H, H-6), 6.88 (d, J = 8.5 Hz, 1H, H-5),



160 J. Pdrraga et al. / European Journal of Medicinal Chemistry 68 (2013) 150—166

Fig. 11. Molecular graph of compound 9c interaction with the binding site. The in-
teractions for the catecholic hydroxyls are shown in (a) and the interactions of OH-11
are shown in (b).

3.89 (s, 3H, OCH3-4), 2.96 (m, 2H, H-B), 2.67 (m, 2H, H-a.); >°C NMR
(125 MHz, CDCl3): 6 = 153.8 (C-4), 133.3 (C-1), 130.8 (CH-2), 128.4
(CH-6), 122.6 (C-3), 112.5 (CH-5), 56.5 (OCH3-4), 43.8 (CH,-B), 39.1
(CHy-a); MS (El) m/z (%): 185 (45) [M]*.

4.2.1.5. (-(3,4-Dibenzyloxy-phenyl)ethylamine (4). 3,4-dibenzyloxy-
B-nitrostyrene (1.70 g, 4.7 mmol) was subjected to similar
conditions to those above described to obtain the f-(3,4-
dibenzyloxyphenyl)ethylamine (4) (1.44 g, 93%) as a yellow oil. 'H
NMR (500 MHz, CDCl3): 6 = 7.47 (m, 4H, H-2/, H-6' y H-2", H-6"),
7.38 (m, 6H, H-3’, H-5’ y H-3", H-5""), 6.83—6.76 (m, 3H, H-2, H-5, H-
6), 5.16 (s, 2H, PhCH,0-3), 5.15 (s, 2H, PhCH;0-4), 2.98 (m, 2H, CH;-
B), 2.83 (m, 2H, CH,-a); '3C NMR (125 MHz, CDCl3): 6 = 149.7 (C-3),
147.0 (C-4), 136.7 (C-1’), 136.6 (C-1""), 130.8 (C-1), 128.9—127.1 (6C,
C-2/, C-4' y C-2",C-4"), 1221 (CH-6), 112.8 (CH-2), 112.3 (CH-5),
1219 (CH-6), 116.0 (CH-2), 112.8 (CH-4), 71.3 (PhCH,0-4), 71.2
(PhCH,0-3), 41.9 (CH-B), 39.3 (CHy-a); ESMS m/z (%): 333 (100)
[M + H]*.

Fig. 12. Molecular graph for compound 6b interaction at the binding site. The in-
teractions for the catecholic hydroxyls are shown in (a) and the interactions of OMe-11
are shown in (b).

4.2.2. General procedure for the synthesis of acetamides (2, 5 and
8) under Schotten—Baumann conditions

Formation of acetamides was carried out under Schotten—
Baumann conditions using the appropriate phenylethylamine and
the corresponding acid chloride.

4.2.2.1. N-(3-chloro-4-methoxyphenylethyl)-3-(3’-methoxyphenyl)
acetamide (2). An amount of 0.3 mL of 2-(3-methoxyphenyl)acetyl
chloride (2.55 mmol) was added dropwise at 0 °C to a solution of -
(3-chloro-4-methoxyphenyl)ethylamine (1) (500 mg, 2.69 mmol)
in CH,Cl, (20 mL) and 5% aqueous NaOH (4.4 mL) with stirring at
room temperature for 3 h. After the mixture was stirred, 2.5%
aqueous HCl was added and the organic solution was washed with
brine (2 x 10 mL) and H,0 (2 x 10 mL), dried over with anhydrous
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Na,S04 and evaporated to dryness. The residue obtained was pu-
rified by silica gel column chromatography (Hexane/CH,Cl,/EtOAc,
20:70:10) to afford the acetamide (2) (378 mg, 45%) as a white oil.
'H NMR (500 MHz, CDCls): 6 = 7.15 (t, ] = 9.5 Hz, 1H, H-5'), 6.98 (d,
J =21 Hz, 1H, H-2), 6.74 (dd, | = 8.4, 2.1 Hz, 1H, H-6), 6.70 (dd,
J=9.5,3.3 Hz, 1H, H-4'), 6.68 (m, 1H, H-5), 6.65 (m, 1H, H-6'), 6.62
(t,J = 3.3 Hz, 1H, H-2'), 5.50 (m, 1H, NH), 3.77 (s, 3H, OCH3-4), 3.68
(s, 3H, OCH3-3'), 3.33 (s, 2H, CH,—CO0), 3.31 (dd, J = 12.9, 6.8 Hz, 2H,
H-a), 2.55 (t, ] = 6.8 Hz, 2H, H-B); *C NMR (125 MHz, CDCl3):
0 = 170.7 (CO), 159.9 (C-3’), 153.5 (C-4), 136.1 (C-1"), 131.7 (C-1),
130.4 (CH-2), 130.0 (CH-5'), 127.9 (CH-6), 122.2 (C-3), 121.6 (CH-6'),
114.9 (CH-2'), 112.8 (CH-4'), 112.1 (CH-5), 56.1 (OCH3-4), 55.1
(OCH3-3), 43.8 (CH,—CO), 40.6 (CH»-a), 34.3 (CH,-B); MS (FAB) m/z
(%): 356 [M + Na]*, 186 (85), 169 (100).

4.2.2.2. N-(3,4-Dibenzyloxyphenylethyl)-(-(3'-methoxyphenyl)
acetamide (5). $-(3,4-dibenzyloxyphenyl)ethylamine (500 mg,
1.5 mmol) was subjected to similar conditions to those above
described to obtain the N-(3,4-dibenzyloxyphenylethyl)-B-(3’-
methoxyphenyl)acetamide (5). The residue was purified by silica
gel column chromatography (Hexane/CH,Cl,/EtOAc, 20:70:10), to
obtain the acetamide 5 (450 mg, 63%) as a white oil. '"H NMR
(500 MHz, CDCl3): 6 = 7.45—7.30 (m, 10H, Ph-3 y Ph-4), 7.20 (t,
J = 8.0 Hz, 1H, H-5'), 6.80 (m, 1H, H-5), 6.80 (m, 1H, H-6'), 6.78 (m,
1H, H-2'), 6.72 (m, 1H, H-2), 6.72 (m, 1H, H-4'), 6.52 (dd, ] = 8.1,
1.9 Hz, 1H, H-6), 5.43 (m, 1H, NH), 5.13 (s, 2H, PhCH,0-4), 5.10 (s,
2H, PhCH,0-3), 3.75 (s, 3H, OCH3-3'), 3.47 (s, 2H, NHCOCH3), 3.39
(q, ] = 6.7 Hz, 2H, H-a), 2.63 (t, ] = 6.7 Hz, 2H, H-B); >°C NMR
(125 MHz, CDCl3): 6 = 170.6 (CO), 159.9 (C-3'), 149.0 (C-3), 147.6
(C-4), 137.4 (C-1""), 137.2 (C-1""), 136.2 (C-1’), 132.0 (C-1), 129.9
(CH-5'), 128.5—127.3 (10CH, Ph-3 y Ph-4), 121.6 (CH-6), 121.5 (CH-
2'), 114.9 (CH-2), 114.9 (CH-4'), 112.8 (CH-5), 112.8 (CH-6'), 71.4
(PhCH,0-4), 71.3 (PhCH,0-3), 55.1 (OCH3-3'), 43.8 (NHCOCH),
40.6 (CHy-1), 34.8 (CHa-PB); MS (FAB) m/z (%): 504 [M + Na]*, 413
(55), 322 (100).

4.2.2.3. N-(3,4-Dimethoxyphenylethyl)-(-(3'-methoxyphenyl)acet-
amide (8). 3,4-dimethoxy-phenylethylamine (500 mg, 2.79 mmol)
was subjected to similar conditions to those above described to
obtain the N-(3,4-dimethoxyphenylethyl)-B-(3’-methoxyphenyl)
acetamide (8). The residue was purified by silica gel column chro-
matography (Hexane/CH,Cly/EtOAc, 20:70:10), to obtain the acet-
amide 8 (2 g, 91%) as a white oil. 'TH NMR (500 MHz, CDCls): 6 = 7.21
(dd,J =8.3,7.9 Hz, 1H, H-5'), 6.80 (dd, ] = 8.3,1.9 Hz, 1H, H-4’), 6.73
(d,J = 7.9 Hz, 1H, H-6'), 6.72 (m, 1H, H-2'), 6.70 (d, ] = 8.1 Hz, 1H, H-
2),6.60(d,J =19Hz, 1H, H-5),6.53 (dd,] = 8.1,1.9 Hz, 1H, H-6), 5.44
(m, 1H, NH), 3.85 (s, 3H, OCH3-4), 3.81 (s, 3H, OCH3-3), 3.76 (s, 3H,
OCHs-3'), 3.49 (s, 2H, NHCOCHy), 3.43 (dd, ] = 12.8, 6.8 Hz, 2H, H-a),
2.67 (t, ] = 6.8 Hz, 2H, H-B); 13C NMR (125 MHz, CDCl3): 6 = 170.7
(CO), 159.9 (C-3’), 148.9 (C-3), 147.6 (C-4), 136.2 (C-1"), 131.1 (C-1),
129.9 (CH-5'), 121.6 (CH-6'), 120.5 (CH-6), 114.9 (CH-2), 112.8 (CH-
2'), 111.7 (C-4’), 111.2 (CH-5), 55.8 (OCH3-4), 55.7 (OCHs3-3), 55.1
(OCH3-3’), 43.9 (COCH>), 40.7 (CHy-a), 34.9 (CH3-B); MS (FAB) m/z
(%): 330 [M + H]™, 182 (45), 165 (100).

4.2.3. Synthesis of 1,2,3,4-tetrahydroisoquinoleines (3, 6 and 9) by
Bischler—Napieralski cyclisation

4.2.3.1. 6-Chloro-7-methoxy-1-(3'-methoxybenzyl)-1,2,3,4-THIQ (3).
The acetamide 2 (300 mg, 0.93 mmol) was added in dry toluene
(10 mL) to a 100 mL three-neck round-bottom flask at 0 °C under N,
and treated with P,05 (4.2 g, 15.02 mmol), which was added in
portions and followed by the dropwise addition of POCl; (1.37 mL,
15.02 mmol). The mixture was stirred and refluxed under N; for 6 h,
and then cooled to room temperature. Toluene was concentrated
under reduced pressure and the reaction mixture was slowly

poured into a mixture of crushed ice. The solid residue was tritu-
rated with 20% aqueous NaOH to obtain a suspension (pH = 8—9)
and then extracted with CHCl; (3 x 15 mL). The combined CH;Cl,
extracts were dried over Na;SO4 and the solvent was evaporated in
vacuo obtaining a reddish oil. The residue was dissolved in MeOH
(10 mL), cooled to —78 °C and then treated with NaBH4 (76 mg,
2 mmol). The reaction mixture was stirred for 2 h. Thereafter,
H,0 (15 mL) was added and volatiles were evaporated under
reduced pressure. The aqueous phase was extracted with CH,Cl;
(3 x 15 mL), and the combined organic layers were dried over with
anhydrous Na;SO4 and evaporated to dryness. The crude product
was purified by silica gel column chromatography (CH,Cl,/MeOH,
95:5) to furnish 6-chloro-7-methoxy-1-(3’-methoxybenzyl)-
1,2,3,4-THIQ (3) (155 mg, 54%) as a yellow oil. Then, the 3 hydro-
chloride salt was prepared for use in the next reaction. 'H NMR
(500 MHz, CDCls) for the free base form: § = 7.25 (t,] = 7.5 Hz, 1H,
H-5), 7.10 (s, 1H, H-5), 6.83 (d, J = 7.5 Hz, 1H, H-6'), 6.80 (m, 1H, H-
4'),6.79 (m, 1H, H-2’), 6.64 (s, 1H, H-8), 4.18 (dd, ] = 9.2, 4.7 Hz, 1H,
H-1), 3.80 (s, 3H, OCH3-7), 3.77 (s, 3H, OCH3-3'), 3.17—2.92 (m, 4H,
H-3 y CHy-a), 2.71 (m, 2H, H-4); 3C NMR (125 MHz, CDCl3):
0 = 159.8 (C-3'),152.7 (C-7), 140.2 (C-1"), 137.8 (C-8a), 130.5 (CH-5),
129.6 (CH-5"),128.2 (C-4a), 121.7 (CH-6'), 120.3 (C-6), 115.1 (CH-2"),
111.9 (CH-4'), 110.1 (CH-8), 56.9 (CH-1), 56.1 (OCH3-7), 55.1 (OCH3-
3’), 42.6 (CHy-a), 40.2 (CH;-3), 28.7 (CH2-4); MS (FAB) m/z (%): 318
[M + H], 196 (100).

4.2.4. General procedure for the synthesis of 1,2,3,4-
tetrahydroisoquinoleines (6 and 9) by Bischler—Napieralski
cyclisation

4.2.4.1. 6,7-Dibenzyloxy-1-(3'-methoxybenzyl)-1,2,3,4-THIQ (6).
The corresponding acetamide 5 (300 mg, 0.645 mmol) was added
in dry acetonitrile (20 mL) to a 100 mL three-neck round-bottom
flask at 0 °C under N, and treated with POCl3 (0.45 mL, 4.5 mmol).
The mixture was stirred and refluxed under N, for 5 h and then
cooled to room temperature. Acetonitrile was concentrated under
reduced pressure and the reaction mixture was slowly poured into
a mixture of crushed ice. The solid residue was triturated with 10%
aqueous NaOH to obtain a suspension (pH = 8—9) which was then
extracted with CH,Cl, (3 x 15 mL). The combined CH,Cl, extracts
were dried over Na;SO4 and the solvent was evaporated in vacuo
obtaining a reddish oil. The residue was dissolved in MeOH (10 mL),
cooled to —78 °C and then treated with NaBH4 (76 mg, 2 mmol). The
reaction mixture was stirred for 2 h. Next, H,O (15 mL) was added
and volatiles were evaporated under reduced pressure. The
aqueous phase was extracted with CHyCl, (3 x 15 mL), and the
combined organic layers were dried over Na;SO4 and evaporated to
dryness. The crude product was purified by silica gel column
chromatography (CH,Cl,/MeOH, 95:5) to furnish THIQ (6) (180 mg,
63%) as a yellow oil. Then, the 6 hydrochloride salt was prepared for
use in the next reaction. 'H NMR (500 MHz, CDCl3) for the free base
form: ¢ = 7.45—7.30 (m, 10H, Ph-4 y Ph-3), 7.26 (m, 1H, H-5'), 6.81
(m, 1H, H-6'), 6.83 (m, 2H, H-2/, H-4'), 6.77 (s, 1H, H-5), 6.71 (s, 1H,
H-8), 5.15 (s, 2H, PhCH,0-4), 5.11 (s, 2H, PhCH,0-3), 4.11 (dd, ] = 9.5,
4.2 Hz, 1H, H-1), 3.81 (s, 3H, OCH3-3’), 3.18 (m, 1H, H-3a), 3.10 (dd,
J = 13.6, 4.2 Hz, 1H, H-o), 2.91 (m, 1H, H-3p), 2.85 (dd, J = 13.6,
9.5 Hz, 1H, H-o"), 2.73 (m, 1H, H-4a), 2.69 (m, 1H, H-4p); 13C NMR
(125 MHz, CDCl3): 6 = 159.7 (C-3'),147.6 (C-7), 146.8 (C-6), 140.6 (C-
1), 137.5 (C-1"), 137.4 (C-1"""), 131.4 (C-8a), 129.6 (CH-5'), 128.4—
127.3 (10CH, Ph-6 y Ph-7), 127.9 (C-4a), 121.7 (CH-6'), 115.5 (CH-4'),
115.0 (CH-5), 113.9 (CH-2’), 111.8 (CH-8), 71.8 (PhCH,0-7), 71.3
(PhCH,0-6), 56.7 (CH-1), 55.1 (OCH3-3'), 42.6 (CH,-a), 40.7 (CH3-3),
34.8 (CHy-4); MS (FAB) m/z (%): 466 [M + H]™, 344 (100).

4.2.4.2. 6,7-Dimethoxy-1-(3'-methoxybenzyl)-1,2,3,4-THIQ (9).
N-(3,4-dimethoxy-phenyl-ethyl)-B-(3’-methoxyphenyl)acetamide
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(300 mg, 0.91 mmol) was subjected to similar conditions to those
above described to obtain the 6,7-dimethoxy-1-(3’-methox-
ybenzyl)-1,2,3,4-THIQ (9). The residue was purified by silica gel
column chromatography (CH,Cl,/MeOH, 95:5), to afford the THIQ
(9) (264 mg, 93%), as a yellow oil. Then, the 9 hydrochloride salt was
prepared for use in the next reaction. '"H NMR (500 MHz, CDCls) for
the free base form: 6 = 7.23 (dd, J = 7.6 Hz, 1H, H-5'), 6.83 (d,
J= 7.6 Hz 1H, H-6'), 6.79 (m, 1H, H-2’), 6.77 (m, 1H, H-4’), 6.58 (s,
1H, H-5), 6.53 (s, 1H, H-8), 4.22 (dd, ] = 8.5, 5.2 Hz, 1H, H-1), 3.84 (s,
3H, OCH3-6), 3.77 (s, 3H, OCHs-3'), 3.76 (s, 3H, OCHs3-7), 3.18 (dt,
J=12.0,5.9 Hz 1H, H-3a), 3.16 (dd, J = 12.7, 5.2 Hz, 1H, H-o'), 2.99
(dd,J = 12.7,8.5 Hz 1H, H-3p), 2.96 (m, 1H, H-o’), 2.78 (m, 2H, H-4);
13C NMR (125 MHz, CDCl3): 6 = 159.7 (C-3), 147.6 (C-6), 147.0 (C-7),
140.1 (C-1"),129.6 (CH-5'), 129.2 (C-8a), 126.6 (C-4a), 121.7 (CH-6"),
115.1 (CH-2'), 111.9 (CH-5), 111.7 (CH-4"), 109.5 (CH-8), 56.5 (CH-1),
55.8 (OCH3-3'), 55.8 (OCH3-7), 55.1 (OCH3-6), 42.5 (CHy-a), 40.3
(CH,-3), 28.7 (CH2-4); MS (FAB) m/z (%): 314 [M + H]*, 192 (100).

4.2.5. General procedure for the synthesis of
tetrahydroprotoberberines (3a, 6a, 9a and 9b) by Mannich
cyclisation

4.2.5.1. 2,11-Dimethoxy-3-chlorotetrahydroprotoberberine (3a).
The corresponding THIQ 3 (100 mg, 0.313 mmol) hydrochloride was
added to a MeOH/HCI 37% (20:1) (pH 1—4) solution placed in a
100 mL round-bottom flask and then evaporated to dryness. The
compound was then dissolved in absolute ethanol (2 mL), H,O
(3 mL) and 37% aqueous formaldehyde (3 mL) and stirred and
refluxed for 5 h. Thereafter, the reaction mixture was concentrated
to dryness. The residue was basified with a 5% aqueous NaOH and
the aqueous layer was extracted with CHCl; (3 x 15 mlL).
The combined organic layers were dried over with anhydrous
NaS04 and concentrated to dryness. The crude product was puri-
fied by silica gel column chromatography (Hexane/CH,Cl,/EtOAc,
20:70:10) to obtain THPB (3a) (85.4 mg, 0.26 mmol, 86%). 'TH NMR
(500 MHz, CDCls): 6 = 7.14 (s, 1H, H-4), 7.00 (d, ] = 8.4 Hz, 1H, H-9),
6.75 (s, 1H, H-1), 6.73 (dd, J = 8.4, 2.5 Hz, 1H, H-10), 6.70 (d,
J = 2.5 Hz, 1H, H-12), 3.98 (d, ] = 14.5 Hz, 1H, H-8a), 3.91 (s, 3H,
OCH3-2), 3.79 (s, 3H, OCH3-11), 3.70 (d, ] = 14.5 Hz, 1H, H-8), 3.64
(dd,J =114, 3.6 Hz, 1H, H-14), 3.29 (dd, ] = 16.2, 3.6 Hz, 1H, H-13a),
3.15(m, 1H, H-6a), 3.10 (m, 1H, H-5a), 2.93 (dd, ] = 16.2,11.4 Hz, 1H,
H-13B), 2.67 (m, 1H, H-5B), 2.60 (m, 1H, H-68); '3C NMR (125 MHz,
CDCl3): 6 = 158.1 (C-11), 153.2 (C-2), 137.2 (C-14a), 135.1 (C-12a),
130.1 (CH-4), 127.7 (C-4a), 127.1 (CH-9), 126.3 (C-8a), 120.5 (C-3),
113.2 (CH-12), 112.4 (CH-10), 109.2 (CH-1), 59.5 (CH-14), 57.8 (CH>-
8), 56.3 (OCH3-2), 55.2 (OCH3-11), 50.9 (CH,-6), 36.7 (CH»-13), 28.3
(CHy-5); MS (FAB) m/z (%): 330 [M + H]", 196 (100); HRMS-FAB
[M + H] T calcd for C1gH21NO>Cl: 330.1255, found: 330.1262.

4.2.5.2. 2,3-Dibenzyloxy-11-methoxytetrahydroprotoberberine (6a).
6,7-dibenzyloxy-1-(3’-methoxybenzyl)-1,2,3,4-THIQ (6) (100 mg,
0.215 mmol) hydrochloride was subjected to similar conditions to
those above described to obtain the 2,3-dibenzyloxy-11-methoxy-
THPB (6a). The residue was purified by silica gel column chroma-
tography (CH,Cl,/MeOH, 99:1), to obtain THPB 6a (93 mg, 93%) as a
yellow oil. 'TH NMR (500 MHz, CDCl3): 6 = 7.45—7.30 (m, 10H, Ph-2 y
Ph-3),6.99 (d,] = 8.4 Hz, 1H, H-9), 6.83 (s, 1H, H-1), 6.75 (m, 1H, H-
10), 6.72 (s, 1H, H-4), 6.68 (m, 1H, H-12), 5.16 (s, 2H, PhCH,0-2), 5.12
(s, 2H, PhCH,0-3), 3.95(d, ] = 14.4 Hz, 1H, H-8a), 3.79 (s, 3H, OCH3-
11), 3.63 (d, ] = 14.4 Hz, 1H, H-8p), 3.53 (dd, ] = 11.2, 3.5 Hz, 1H, H-
14),3.17(dd,J = 16.3, 3.5 Hz, 1H, H-13a), 3.13 (m, 1H, H-64), 3.10 (m,
1H, H-5a), 2.82 (dd, ] = 16.3,11.2 Hz, 1H, H-13), 2.60 (m, 1H, H-5p),
2.58 (m, 1H, H-6pB); 3C NMR (125 MHz, CDCl5): 6 = 157.9 (C-11),
147.7 (C-2), 147.2 (C-3), 1374 (C-1""), 137.2 (C-1"), 135.5 (C-12a),
130.6 (C-14a), 128.4—127.3 (8 x CH-Ph, CH-9), 127.0 (C-4a), 126.7
(C-8a),114.9 (CH-4),113.4 (CH-10), 113.2 (CH-1), 112.1 (CH-12), 72.2

(PhCH»0-3), 711 (PhCH,0-2), 59.4 (CH-14), 58.1 (CH»-8), 55.2
(OCH3-11), 51.4 (CH,-6), 36.9 (CH>-13), 28.9 (CH,-5); MS (FAB) m/z
(%): 478 [M + H]*, 344 (100). HRMS-FAB [M + H|" calcd for
C32H32N03: 478.2377, found: 478.2389.

4.2.5.3. 2,3,11-Trimethoxytetrahydroprotoberberine (9a) and 2,3,9-
trimethoxy-tetrahydroprotoberberine (9b) by Mannich cyclisation.
6,7-dimethoxy-1-(3/-methoxybenzyl)-1,2,3,4-THIQ (9) (100 mg,
0.32 mmol) hydrochloride was subjected to similar conditions to
those above described to obtain the 2,3,11-trimethoxy-THPB (9a)
and 2,3,9-trimethoxy-THPB (9b). In this case, both compounds
were obtained as a consequence the two possible cyclization po-
sitions: in para position to the methoxyl group (THPB 9a, major
product) or in ortho position (THPB 9b, minor product).

4.2.54. 2,3,11-Trimethoxytetrahydroprotoberberine (9a). was puri-
fied by silica gel column chromatography (Hexane/EtOAc, 50:50, to
obtain 9a as a white oil (76 mg, 77%). 'TH NMR (500 MHz, CDCl5):
0=7.00(d,J=8.3Hz 1H, H-9),6.74 (s, 1H, H-1), 6.72 (m, 1H, H-10),
6.70 (m, 1H, H-12), 6.62 (s, 1H, H-4), 3.97 (d, ] = 14.5 Hz, 1H, H-8a.),
3.89 (s, 3H, OCH3-2), 3.86 (s, 3H, OCH3-3), 3.78 (s, 3H, OCHs-11),
3.66 (d, ] = 14.5 Hz, 1H, H-8), 3.58 (dd, ] = 11.3, 3.5 Hz, 1H, H-14),
3.29(dd,J = 16.2,3.4 Hz, 1H, H-13a), 3.15 (m, 1H, H-6¢.), 3.15 (m, 1H,
H-50),2.88 (dd,] = 16.2,11.3 Hz, 1H, H-13), 2.65 (m, 1H, H-58), 2.60
(m, 1H, H-6B); 13C NMR (125 MHz, CDCl3): 6 = 157.9 (C-11), 147.4 (C-
2), 147.4 (C-3), 135.5 (C-12a), 129.6 (C-14a), 127.1 (CH-9), 126.7 (C-
4a), 126.6 (C-8a), 113.2 (CH-12), 112.3 (CH-10), 111.3 (CH-4), 108.6
(CH-1), 59.5 (CH-14), 58.1 (CH>-8), 56.0 (OCH3-2), 55.8 (OCH3-3),
55.2 (OCH3-11), 51.4 (CH2-6), 37.1 (CH,-13), 29.0 (CH»-5); MS (FAB)
m/z (%): 326 [M + H]", 192 (100). HRMS-FAB [M + H]" calcd for
C20H24NO3Z 326.1751, found: 326.1750.

4.2.5.5. 2,3,9-Trimethoxytetrahydroprotoberberine (9b). was puri-
fied by silica gel column chromatography (Hexane/EtOAc, 50:50), to
obtain 9b as a yellow oil (8 mg, 0.0246 mmol, 8%). 'H NMR
(500 MHz, CDCl3): 6 = 715 (t, ] = 7.9 Hz, 1H, H-11), 6.79 (d,
J=79Hz, 1H, H-12), 6.75 (s, 1H, H-1), 6.70 (d, ] = 7.9 Hz, 1H, H-10),
6.62 (s,1H, H-4),4.20(d,J = 15.8 Hz, 1H, H-8a.), 3.89 (s, 3H, OCH3-2),
3.87 (s, 3H, OCH3-3), 3.83 (s, 3H, OCH3-9), 3.60 (dd, ] = 11.1, 3.1 Hz,
1H, H-14), 3.46 (d, ] = 15.8 Hz, 1H, H-8p), 3.30 (dd, ] = 16.1, 3.1 Hz,
1H, H-13a), 3.20 (m, 1H, H-64), 3.15 (m, 1H, H-5a), 2.90 (dd, ] = 16.1,
11.1 Hz, 1H, H-13), 2.65 (m, 1H, H-58), 2.65 (m, 1H, H-6B); >*C NMR
(125 MHz, CDCl3): 6 = 155.8 (C-9), 147.4 (C-2), 147.4 (C-3),135.8 (C-
12a), 129.7 (C-14a), 126.8 (C-4a), 126.7 (CH-11), 123.4 (C-8a), 120.8
(CH-12), 111.4 (CH-4), 108.6 (CH-1), 107.1 (CH-10), 58.9 (CH-14),
56.0 (OCH3-2), 55.8 (OCHs3-3), 55.2 (OCH3-9), 53.7 (CH,-8), 51.4
(CHz-6), 36.9 (CH»-13), 29.1 (CHy-5); MS (FAB) m/z (%): 326
[M + HJ', 192 (100); HRMS-FAB [M + H]" calcd for CooH4NO3:
326.1751, found: 326.1754.

4.2.6. General procedure for the synthesis of THP 3b, 9c and 9d by
O-demethylation

4.2.6.1. 2,11-Dihydroxy-3-chloro-tetrahydroprotoberberine (3b).
A solution of the appropriate THPB (3a) (50 mg, 0.15 mmol) in dry
CH,Cl; (5 mL) was cooled to —78 °C. Then, BBr3 (0.4 mL, 1.02 mmol)
was dropwise added to the stirring solution. After 15 min, the re-
action mixture was left to warm up to room temperature and
stirred for 2 h. The reaction was terminated by the dropwise
addition of MeOH (1 mL) and the mixture was further stirred for
another 30 min. The solvent was concentrated to dryness. The
crude product was purified by silica gel column chromatography
(CH3Cl3:MeOH, 90:10), to obtain THPB (3b) (37 mg, 75%) as a yellow
oil. "H NMR (500 MHz, CsDsN) 6 = 7.22 (s, 1H, H-1), 7.18 (s, 1H, H-4),
7.05 (m, 1H, H-10), 7.03 (m, 1H, H-9), 6.96 (m, 1H, H-12), 3.99 (d,
J =143 Hz, 1H, H-8), 3.61 (m, 1H, H-8p), 3.56 (m, 1H, H-14), 3.26
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(dd, J = 16.1, 3.5 Hz, 1H, H-13a), 3.12 (m, 1H, H-5a), 3.06 (m, 1H, H-
6a), 2.98 (dd, J = 16.1, 11.6 Hz, 1H, H-13), 2.60 (m, 1H, H-5p), 2.52
(m, 1H, H-6B); '3C NMR (125 MHz, CsDsN): 6 = 157.1 (C-11), 152.6
(C-2), 138.1 (CH-14a), 135.9 (C-12a 8a), 130.0 (CH-4), 127.3 (CH-9),
126.7 (C-4a), 125.1 (C-12a), 119.6 (C-3), 115.7 (CH-12), 114.8 (CH-1),
114.4 (CH-10), 59.5 (CH-14), 57.9 (CH>-8), 51.4 (CH>-6), 36.9 (CH>-
13), 28.3 (CHy-5); MS (FAB) m/z (%): 302 [M + HJ]', 182 (100);
HRMS-FAB [M + H|' calcd for Cy7H7NO,Cl: 302.0942, found:
302.0946.

4.2.6.2. 2,3,11-Trihydroxy-tetrahydroprotoberberine (9c).
2,3,11-trimethoxy-THPB (9a) (50 mg, 0.15 mmol) was subjected
to similar conditions to those above described to obtain the
2,3,11-trihydroxy-THPB (9c). The same equivalents of BBr; were
employed despite the presence of increased methoxyl group
numbers. The residue was purified by silica gel column chroma-
tography (CH,Cl,/MeOH, 90:10), to obtain the THPB 9¢ (43 mg, 99%)
as a white oil. 'TH NMR (500 MHz, CsDsN): 6 = 7.15 (s, 1H, H-1), 7.01
(m, 1H, H-9), 7.00 (s, 3H, OH), 6.99 (m, 1H, H-12), 6.96 (s, 1H, H-4),
6.92 (m, 1H, H-10), 426 (d, ] = 14.5 Hz, 1H, H-8a), 3.99 (d,
J=10.8 Hz, 1H, H-14), 3.91 (d, ] = 14.5 Hz, 1H, H-8B), 3.37 (m, 1H, H-
13a), 3.33 (m, 1H, H-5a), 3.32 (m, 1H, H-6a), 3.14 (m, 1H, H-13p),
2.89 (m, 1H, H-6B), 2.71 (m, 1H, H-5p); '3C NMR (125 MHz, CsDsN):
0 = 157.6 (C-11), 146.2 (C-2), 145.9 (C-3), 135.1 (C-12a), 127.5 (C-
14a), 127.5 (CH-9), 124.5 (C-8a), 122.9 (C-4a), 116.1 (CH-4), 115.7
(CH-10), 114.7 (CH-12), 113.5 (CH-1), 59.7 (CH-14), 57.2 (CH-8), 51.4
(CH»-6), 36.1 (CHp-13), 27.8 (CHy-5); MS (FAB) m/z (%): 284
[M + H]", 164 (100); HRMS-FAB [M + H]" calcd for Ci7H1gNOs:
284.1281, found: 284.1284.

4.2.6.3. 2,3,9-Trihydroxytetrahydroprotoberberine (9d).
2,3,9-trimethoxy-THPB (9b) (50 mg, 0.15 mmol) was subjected to
similar conditions to those above described to obtain the 2,3,9-
trihydroxy-THPB (9d). The residue was purified by silica gel col-
umn chromatography (CH»Cl,/MeOH, 90:10), to obtain the THPB 9d
(42 mg, 97%) as a grey oil. '"H NMR (500 MHz, CsDsN): 6 = 7.21 (s,
1H, H-1), 711 (t, ] = 7.8 Hz, 1H, H-11), 6.97 (s, 1H, H-4), 6.94 (d,
J = 7.8 Hz, 1H, H-10), 6.71 (d, ] = 7.8 Hz, 1H, H-12), 6.00 (s, 3H, OH),
4.71 (d, ] = 15.7 Hz, 1H, H-8a), 3.97 (dd, ] = 11.3, 3.4 Hz, 1H, H-14),
3.92 (d,J = 15.7 Hz, 1H, H-8B), 3.42 (dd, ] = 16.4, 3.4 Hz, 1H, H-13a),
3.38 (m, 1H, H-5a.), 3.36 (m, 1H, H-6a), 3.28 (dd, ] = 16.4,11.3 Hz, 1H,
H-13B), 2.87 (m, 1H, H-6P), 2.68 (m, 1H, H-5B); 1>C NMR (125 MHz,
CsDsN): 6 = 154.9 (C-9), 146.1 (C-2),145.9 (C-3),135.9 (C-12a), 127.5
(CH-11), 1249 (C-14a), 123.7 (C-8a), 122.9 (C-4a), 119.6 (CH-12),
116.1 (CH-4), 113.6 (CH-1), 112.6 (CH-10), 59.6 (CH-14), 54.0 (CH-8),
51.8 (CH,-6), 36.4 (CH,-13), 28.2 (CH»-5); MS (FAB) m/z (%): 284
[M + H]', 164 (100); HRMS-FAB [M + H]" calcd for C17H1gNOs:
284.1281, found: 284.1282.

4.2.6.4. Synthesis of THP 6b by O-debenzylation. A solution of 2,3-
dibenzyloxy-11-methoxy-THPB (6a) (200 mg, 0.419 mmol) was
refluxed for 3 h in absolute EtOH (25 mL) and concentrated HCI
(25 mL). The reaction mixture was evaporated to dryness, redis-
solved in CH,Cl, (10 mL) and made basic (15% aqueous NH4OH). The
organic solution was washed with brine (2 x 5 mL) and HyO
(2 x 5 mL), dried with anhydrous Na,SO4, and evaporated to dry-
ness. The crude product was purified by silica gel column chro-
matography (CH,Cl,/MeOH 95:5) to obtain the 2,3-dihydroxy-11-
methoxy-THPB (6b) (67 mg, 33%) as a yellow oil. TH NMR
(500 MHz, CDCl3): 6 = 6.95 (d, ] = 8.5 Hz, 1H, H-9), 6.70 (dd, ] = 8.5,
2.4Hz,1H, H-10),6.61(d,] = 2.4 Hz,1H, H-12),6.51 (s, 1H, H-1), 6.20
(s, 3H, H-4, 2 x OH), 3.93 (d, ] = 14.8 Hz, 1H, H-8a), 3.73 (s, 3H,
OCHs-11), 3.67 (d, ] = 14.8 Hz, 1H, H-8f), 3.53 (dd, ] = 11.2, 3.4 Hz,
1H, H-14), 3.08 (dd, J = 16.7, 3.4 Hz, 1H, H-13a.), 3.03 (m, 1H, H-6a.),
2.90 (m, 1H, H-5a), 2.76 (dd, J = 16.7, 11.2 Hz, 1H, H-138), 2.57 (m,

1H, H-6B), 2.40 (m, 1H, H-5p); 13C NMR (125 MHz, CDCl5): 6 = 158.3
(C-11), 143.6 (C-3), 143.5 (C-2), 134.9 (C-12a), 127.9 (C-14a), 127.1
(CH-9), 125.1 (C-4a), 124.9 (C-8a), 114.9 (CH-4), 113.5 (CH-12), 112.5
(CH-10), 111.9 (CH-1), 59.0 (CH-14), 57.4 (CH,-8), 55.2 (OCHs5-11),
51.1 (CH2-6), 35.4 (CH,-13), 27.5 (CH»-5); MS (FAB) m/z (%): 298
[M + HJ", 164 (100); HRMS-FAB [M + H] * calcd for CigHpgNO3:
298.1438, found: 298.1439.

4.2.7. General procedure for the synthesis of THP 6¢, 9e and 9f by
formation of methylenedioxy group

4.2.7.1. 2,3-Methylenedioxy-11-methoxytetrahydroprotoberberine
(6¢). A solution of 2,3-dihydroxy-11-methoxy-THPB (6b) (100 mg,
0.34 mmol) in anhydrous DMF (3 mL) was treated with dichloro-
methane (10 mL, 155.6 mmol) and CsF (250 mg, 1.64 mmol). The
mixture was refluxed for 3 h with stirring. After cooling, the reac-
tion mixture was extracted with CH,Cl, and the organic layer was
washed with 5% aqueous NaHCO3; and H;O0, dried over with anhy-
drous NaySO4 and concentrated in vacuo to dryness. The residue
was purified by silica gel column chromatography (CH,Cl,/MeOH
95:5) to obtain the 2,3-methylendioxy-11-methoxy-THPB (6c)
(90 mg, 86%) as a yellow oil. "H NMR (500 MHz, CDCl3): 6 = 6.99 (d,
J=8.4Hz,1H, H-9),6.74 (s, 1H, H-1), 6.72 (dd, ] = 8.4, 2.5 Hz, 1H, H-
10), 6.68 (d, J = 2.5 Hz, 1H, H-12), 6.59 (s, 1H, H-4), 5.92 (s, 2H,
OCH,0), 3.95 (d, ] = 14.4 Hz, 1H, H-8a.), 3.79 (s, 3H, OCH3-11), 3.65
(d,J = 14.4 Hz, 1H, H-8B), 3.57 (dd, ] = 11.2, 3.5 Hz, 1H, H-14), 3.25
(dd, J = 16.3, 3.5 Hz, 1H, H-13a.), 3.12 (m, 1H, H-6a.), 3.09 (m, 1H, H-
5a), 2.87 (dd, ] = 16.3, 11.2 Hz, 1H, H-13p), 2.63 (m, 1H, H-58), 2.60
(m, 1H, H-6p); *C NMR (125 MHz, CDCl3): 6 = 158.0 (C-11), 146.1
(C-2), 145.9 (C-3), 135.5 (C-12a), 130.8 (C-14a), 127.8 (C-4a), 127.1
(CH-9), 126.6 (C-8a), 113.2 (CH-12), 112.3 (CH-10), 108.4 (CH-4),
105.5 (CH-1), 100.7 (OCH,0), 59.8 (CH-14), 58.0 (CH»-8), 55.2
(OCH3-11), 51.3 (CH»-6), 37.2 (CH»-13), 29.5 (CH,-5); MS (FAB) m/z
(%): 310 [M + H]", 176 (100); HRMS-FAB [M + H]" calcd for
C19H20NO3: 310.1438, found: 310.1440.

4.2.7.2. 2,3-Methylenedioxy-11-hydroxytetrahydroprotoberberine
(9e). 2,3,11-trihydroxy-THPB (9¢) (100 mg, 0.353 mmol) was sub-
jected to similar conditions to those above described to obtain the
2,3-methylenedioxy-11-hydroxy-THPB (9e). The residue was puri-
fied by silica gel column chromatography (CH,Cl/MeOH, 98:2), to
obtain the THPB 9e (23 mg, 23%) as a white oil. "TH NMR (500 MHz,
CsDsN): 6 = 7.06 (m, 3H, H-9, H-10, H-12), 6.90 (s, 1H, H-1), 6.63 (s,
1H, H-4), 5.96 (dd, J = 4.1, 1.2 Hz, 2H, OCH,0), 4.00 (d, ] = 14.3 Hz,
1H, H-82), 3.62 (d, ] = 14.3 Hz, 1H, H-8pB), 3.57 (d, ] = 11.4, 3.8 Hz, 1H,
H-14), 3.33 (dd, ] = 16.1, 3.8 Hz, 1H, H-13a), 3.12 (m, 1H, H-52), 3.04
(m, 1H, H-6a), 2.99 (dd, J = 16.1, 11.4 Hz, 1H, H-13$), 2.58 (m, 1H, H-
5B), 2.54 (m, 1H, H-6B); >C NMR (125 MHz, CsD5N): 6 = 157.4 (C-
11), 146.7 (C-2), 146.5 (C-3), 136.1 (C-12a), 131.3 (C-14a), 128.1 (C-
4a), 127.5 (CH-9), 125.3 (C-8a), 115.8 (CH-12), 114.6 (CH-10), 108.7
(CH-4),106.5 (CH-1),101.3 (OCH;0), 60.2 (CH-14), 58.1 (CH-8), 51.5
(CHy-6), 373 (CH-13), 29.6 (CHy-5); MS (FAB) m/z (%): 296
[M + HJ]*, 176 (100); HRMS-FAB [M + H]* calcd for CigH1gNOs:
296.1281, found: 296.1282.

4.2.7.3. 2,3-Methylenedioxy-9-hydroxytetrahydroprotoberberine
(9f). 2,3,9-trihydroxy-THPB (9d) (100 mg, 0.353 mmol) was sub-
mitted to the same conditions depicted above to obtain the 2,3-
methylenedioxy-9-hydroxy-THPB (9f). The residue was purified by
silica gel column chromatography (CH2Cl,/MeOH, 98:2), to obtain
the THPB 9f (58 mg, 56%) as a white oil. 'TH NMR (500 MHz, CsDsN):
0 =716 (t,J] = 7.8 Hz, 1H, H-11), 6.99 (d, ] = 7.8 Hz, 1H, H-10), 6.95 (s,
1H, H-1), 6.84 (d, | = 7.8 Hz, 1H, H-12), 6.64 (s, 1H, H-4), 5.97 (dd,
J =49, 12 Hz, 1H, OCH,0), 4.55 (d, J = 15.6 Hz, 1H, H-8x), 3.70 (d,
J=15.6 Hz, 1H, H-8B), 3.57 (dd, ] = 11.1, 3.0 Hz, 1H, H-14), 3.38 (dd,
J=15.9, 3.0 Hz, 1H, H-13a), 3.12 (m, 1H, H-6a), 3.06 (m, 1H, H-5a),



164 J. Pdrraga et al. / European Journal of Medicinal Chemistry 68 (2013) 150—166

3.01(dd,J = 15.9,11.1 Hz, 1H, H-13p), 2.54 (m, 1H, H-5B), 2.48 (m, 1H,
H-6B); >*C NMR (125 MHz, CsDsN): 6 = 155.0 (C-9), 146.7 (C-2), 146.4
(C-3), 136.8 (C-12a), 131.8 (C-14a), 128.4 (C-4a), 1271 (CH-11), 123.1
(C-8a),119.8 (CH-12), 112.5 (CH-10), 108.7 (CH-4), 106.3 (CH-1),101.2
(OCH,0), 59.9 (CH-14), 54.8 (CH-8), 51.8 (CH-6), 37.7 (CH,-13), 29.9
(CH2-5); MS (FAB) m/z (%): 296 [M —+ HJ*, 176 (100); HRMS-FAB
[M + H]" caled for C1gH1gNO3: 296.1281, found: 296.1280.

4.3. Bioassays

4.3.1. Binding experiments

These experiments were performed on striatal membranes. Each
striatum was homogenized in 2 mL ice-cold Tris—HCI buffer (50 mM,
pH = 7.4 at 22 °C) with a Polytron (4s, maximal scale) and immedi-
ately diluted with Tris buffer. The homogenate was centrifuged either
twice ([*H] SCH 23390 binding experiments) on four times ([*H]
raclopride binding experiments) at 20,000 g for 10 min at 4 °C with
resuspension in the same volume of Tris buffer between centrifuga-
tions. For [>H] SCH 23390 binding experiments, the final pellet was
resuspended in Tris buffer containing 5 mM MgSO4, 0.5 mM EDTA
and 0.02% ascorbic acid (Tris-Mg buffer), and the suspension was
briefly sonicated and diluted to a protein concentration of 1 mg/mL. A
100 pL aliquot of freshly prepared membrane suspension (100 pg of
striatal protein) was incubated for 1 h at 25 °C with 100 pL Tris buffer
containing [*H] SCH 23390 (0.25 nM final concentration) and 800 pL
of Tris-Mg buffer containing the required drugs. Non-specific binding
was determined in the presence of 30 uM SK&F 38393 and repre-
sented around 2—3% of total binding. For [H] raclopride binding
experiments, the final pellet was resuspended in Tris buffer con-
taining 120 mM NaCl, 5 mM KCl, 1 mM CaCl,, 1 mM MgCl, and 0.1%
ascorbic acid (Tris-ions buffer), and the suspension was treated as
described above. A 200 pL aliquot of freshly prepared membrane
suspension (200 pug of striatal protein) was incubated for 1 h at 25 °C
with 200 pL of Tris buffer containing [>H] raclopride (0.5 nM, final
concentration) and 400 pL of Tris-ions buffer containing the drug
under investigation. Non-specific binding was determined in the
presence of 50 UM apomorphine and represented around 5—7% of the
total binding. In both cases, incubations were stopped by addition of
3 mL of ice-cold buffer (Tris-Mg buffer or Tris-ions buffer, as appro-
priate) followed by rapid filtration through Whatman GF/B filters.
Tubes were rinsed with 3 mL of ice-cold buffer, and filters were
washed with 3 x 3 mL ice-cold buffer. After the filters had been dried,
radioactivity was counted in 4 mL BCS scintillation liquid at an effi-
ciency of 45%. Filter blanks corresponded to approximately 0.5% of
total binding and were not modified by drugs.

4.3.2. In vitro cytotoxicity studies

Cytotoxicity of the THPBs was studied by the use of two different
in vitro approaches (MTT colorimetric assay and flow cytometry
analysis) [42]. Cytotoxicity was evaluated on freshly isolated hu-
man peripheral blood neutrophils. Human neutrophils were ob-
tained from buffy coats of healthy donors by Ficoll-Hypaque
density gradient centrifugation, as previously described [43]. Cul-
tures were maintained at 37 °C under 5% CO, and 95% air atmo-
sphere in RPMI-1640 medium (Sigma—Aldrich Chemical, USA).

4.3.2.1. MTT assay. The viability of neutrophils was determined
using the previously described MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) colorimetric assay [44]. In this
assay, the yellow MTT is reduced to a blue formazan product by the
mitochondria of viable cells. MTT (Sigma—Aldrich) was prepared at
1 mg/mL in RPMI and stored at 4 °C in the dark. 100 pl of neutro-
phils suspension (2 x 10> cells/mL) was added to each well of a 96-
well microtiter plate followed by 20 pl of the appropriate concen-
tration of the THPBs tested. The mixture was incubated at 37 °C for

24 h. Then, 100 pl aliquot of MTT solution was added to each well
and incubated at 37 °C for another 60 min. The supernatants were
discarded and 100 pl of DMSO was added to each well to dissolve
the precipitated formazan. The optical densities at dual wave-
lengths (570 and 630 nm) were determined in a spectrophotometer
(Infinite M200, Tecan, Mannedorf, Switzerland).

4.3.2.2. Cytofluorometric analysis of neutrophil apoptosis and sur-
vival. Freshly isolated neutrophils were resuspended in supple-
mented RPMI medium at 2 x 10° cells/mL. 25 pl were cultured in a
24-well plate containing 200 pl of supplemented RPMI medium for
24 h in the absence or presence of the most active THPBs on D, DR
(6b, 9d and 9f). Assessment of apoptosis was performed by flow
cytometry using annexin V- FITC and propidium iodide (PI). The
protocol indicated by the manufacturer (Annexin-Fluos; Roche
Applied Science) was used as outlined previously [45]. Cells
(1 x 10%) were analyzed in a Beckman Coulter Epics XL (Fullerton,
CA) and differentiated as early or viable apoptotic (annexin V* and
PI7), late apoptotic and/or necrotic (annexin V* and PI™), and viable
nonapoptotic (annexin V~ and PI7) cells.

4.4. Molecular modelling

4.4.1. Molecular dynamics simulations of complexes

A 3D model of the human D, DR was used for the MD sim-
ulations. This model is based on the homology model from the
crystallized D3 DR, B2 adrenoceptor and A20 adenosine receptor
as templates [46]. (PMDB: http://mi.caspur.it/PMDB/codes:
PM0077430).

The complex geometries from docking were soaked in boxes of
explicit water using the TIP3P model [47] and subjected to MD
simulation. All MD simulations were performed with the Amber
software package using periodic boundary conditions and cubic
simulation cells. The particle mesh Ewald method (PME) [48] was
applied using a grid spacing of 1.2 A, a spline interpolation order of
4 and a real space direct sum cutoff of 10 A. The SHAKE algorithm
was applied allowing for an integration time step of 2 fs. MD sim-
ulations were carried out at 300 K target temperature and extended
to 10 ns overall simulation time. The NPT ensemble was employed
using Berendsen coupling to a baro/thermostat (target pressure
1 atm, relaxation time 0.1 ps). Post MD analysis was carried out
with program PTRA].

4.4.2. MM-GBSA free energy decomposition

In order to determine the residues of the D, DR active site
involved in the interactions, the residues proposed by Andujar et al.
[17] and Soriano-Ursua et al. were first identified. Then MM-GBSA
free energy decomposition using the mm_pbsa program in
AMBER12 was employed to corroborate the amino acids interacting
with the ligands. This calculation can decompose the interaction
energies of each residue considering molecular mechanics and
solvation energies [49,50]. Each ligand—residue pair includes four
energy terms: van der Waals contribution (Eyqw), electrostatic
contribution (Eee), polar desolvation term (Ggg) and nonpolar
desolvation term (Gsa), which are summarized in the following
equation: AGinhibitor—residue = AEvaw + AEele + AGgp + AGsa

For MM-GBSA methodology, snapshots were taken at 10 ps time
intervals from the corresponding last 1000 ps MD trajectories and
the explicit water molecules were removed from the snapshots.

4.4.3. Quantum mechanics calculations and topological study of the
electron charge density distribution

19 amino acids were included in this reduced model based on
the generated data. Three molecular complexes, 9d/D,DR, 9¢/D,DR
and 6b/D,DR, obtained for our “reduced model system”, were
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selected due to their representative chemical features for the
calculation of the charge density. Single point calculations were
performed with Gaussian 03 and employing a hybrid B3LYP func-
tional and 6-31G(d) as basis set. This type of calculation has been
recently used in studies on the topology of (r) because it ensures a
reasonable compromise between the wave function quality
required to obtain reliable values of the derivatives of (r) and the
computer power available, due to the extension of the system in
study [17,18]. The topological properties of a scalar field such as (r)
are summarized in terms of their critical points, i.e., the points r¢
where (r) = 0. Critical points are classified according to their type (,)
by stating their rank, and signature. The rank is equal to the number
of nonzero eigenvalues of the Hessian matrix of (1) at r¢, while the
signature is the algebraic sum of the signs of the eigenvalues of this
matrix. Critical points of (3, —1) and (3, +1) type describe saddle
points, where the (3, —3) is the maximum and (3, +3) is the min-
imum in the field. Among these critical points, the (3, —1) or bond
critical points are the most relevant ones since they are found be-
tween any two atoms linked by a chemical bond. The determina-
tion of all the bond critical points and the corresponding bond
paths connecting these point with bonded nuclei, were performed
with the AIMAII software. The molecular graphs were drafted using
the same program. Spatial views shown in Figs. 10 and 11 were
constructed using the UCSF Chimera program as graphic interface.

It should be noted that the THPBs here reported were enantio-
meric, they possessed one chiral centre and they could raise two
isomers (S and R). However, although an enantiomeric resolution
for the biological assays was not carried out, only one isomer of
each compound was evaluated in the calculations. The isomeric
forms selected were first chosen on the basis of previously reported
results [8—14] and on the exploratory simulations in which the
spatially preferred form for these compounds was determined
(results not shown). In this context, Sun et al. [23] showed that
when a substitution was performed at the D ring, the S-isomers of
THPBs displayed stronger affinities for the D, DR than their corre-
sponding R-isomer. In addition, previous experimental findings
with BTHIQs also supported this hypothesis since S forms were the
preferred conformation of these compounds [13]. Finally, the pre-
liminary and exploratory MD simulations performed for the THPBs
here synthesized revealed that the AAG values obtained for the R-
isomers are at least 10 kcal/mol higher than their respective S-
isomers. Therefore, the spatial conformation adopted by the S
forms seemed to provide the adequate orientation of the molecules
for their interaction with the active site at the D, DR.
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In this study, we have described the synthesis of the tricyclic 1,2,3,7,8,8a-hexahydrocyclopenta [ij]iso-
quinoline (HCPIQ). Herein, six differently substituted 5,6-dioxygenated-7-phenyl-HCPIQs have been
synthesized using a new methodology via (E)-1-styryl-THIQ by Friedel—Crafts cyclization with Eaton's
reagent. Results showed that HCPIQs (3, 3a—e) displayed a moderate affinity for D; dopamine receptors
(DR) in the micromolar range, furthermore the catecholic HCPIQs 3a (NH), 3¢ (NCH3) and 3e (NCH,CH=
CH,) exhibited outstanding affinity and high selectivity towards D, DR. Indeed, 3a, 3¢ and 3e showed Ki
values of 29 nM, 13 nM and 18 nM, respectively, and HCPIQs 3a (NH) and 3c (NCH3) displayed a
remarkable selectivity (Ki D;/D; ratio ~ 1000—2500). In addition, none of the catecholic compounds
showed any cytotoxicity in freshly isolated human neutrophils. Although further studies are needed,
these compounds and particularly catecholic HCPIQs, show high potential in the treatment of Parkinson's
disease, psychosis or depression.

Dopamine receptors
Binding assays

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Tetrahydroisoquinoline (THIQ) alkaloids are biosynthetically
dopamine-derived metabolites which are present in many vegetal
species belonging to different families such as Papaveraceae, Ber-
beridaceae, Ranunculaceae and Aristolochiaceae [1—3]. This class of
alkaloids is relevant due to their diverse pharmacological activities
that include B-adrenergic [4], inhibitor of a-glucosidase enzyme [5],
as well as NMDA (N-methyl p-aspartate) [6], serotoninergic [7] and
D1 and D, dopaminergic receptor (DR) activities [7—20]. From a
therapeutical point of view, drugs acting at D,-like DR are more
important than those interacting with Di-like DR. In this context,
the D,-like DR antagonists are included in the therapy of schizo-
phrenia (antipsychotics), and the agonists are used in the treatment
of Parkinson's disease [21—25]. In the last two decades, our
research group has been studying dopaminergic activity of natural
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forestal Mediterraneo, Universidad Politécnica de Valencia (UPV), Campus de Vera
s/n, Edificio 6C, Valencia 46022, Spain.
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and synthetic THIQs, including 1-benzy-1IQ, bisbenzyl-
isoquinolines, aporphines, tetrahydroprotoberberines and phen-
anthrenes [7—20]. We previously reported the synthesis of 1-butyl-
7-chloro-6-hydroxy-THIQ. At that time, it displayed the highest
affinity towards D,-like DR (Ki value of 66 nM) and the highest
selectivity (49-fold D, vs D) by in vitro binding experiments [9].
Afterwards, its evaluation in behavioural assays (spontaneous ac-
tivity and forced swimming test) in mice, showed an increased
locomotor activity in a large dose range (0.04—25 mg/kg).
Furthermore, this lead compound produced reduction in immo-
bility time in the forced swimming test at a dose of 0.01 mg/kg that
did not modify locomotor activity. Haloperidol (0.03 mg/kg), a D,
DR preferred antagonist, blocked the antidepressant-like effect of
this compound [9].

In the present study, we have considered the synthesis of a se-
ries of tricyclic alkaloids with 1,2,3,7,8,8a-hexahydrocyclopenta [ij]
isoquinoline (HCPIQ) skeleton. The HCPIQ system constitutes the
nucleus of the naturally occurring proaporphines (pronuciferin
type) [26,27], and besides, this system is structurally related to the
azafluoranthene alkaloids (Fig. 1) [28]. Although HCPIQs constitute
a small group into the IQ alkaloids, several synthesis have been
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Fig. 1. THIQs skeletons: hexahydrocyclopenta [ijlisoquinoline (HCPIQ), proaporphine
and azafluoranthene.

reported [29—34] given their potential and useful biological prop-
erties, including the inhibition of phenylethanolamine N-methyl-
transferase (PNMT) [29] and poly(ADP-ribose) polymerases (PARPs)
[30] enzymes, as well as their antiprotozoal [35] activities.

Herein, we have synthesized six differently substituted 5,6-
dioxygenated-7-phenyl-HCPIQs in order to evaluate the ability of
this HCPIQ skeleton to bind to D; and D,-like DR from rat striatal
membranes (Scheme 1). Substituents have been chosen on the
basis of previous reports with natural and synthetic 1Q alkaloids,
which included computational analysis [11—20]. Therefore, we
have taken into account the relevance of the di-oxygenated IQ
nucleus, the nature of the N-substituents and the presence of a
hydrophobic part in the molecule to reach the dopaminergic ac-
tivity. These 7-phenyl-HCPIQs have been obtained using a new
methodology via (E)-1-styryl-THIQ intermediate by acid-catalysed
cyclization with Eaton's reagent [36]. Their structures were deter-
mined by NMR spectroscopy and HRESIMS spectrometry.

2. Results and discussion
2.1. Chemistry

The synthesis starts from the available 2-(3,4-dimethoxyphenyl)
ethylamine that reacts with cinnamoyl chloride under Schot-
ten—Baumann conditions to generate the N-(3,4-
dimethoxyphenethyl)cinnamamide (1) in 91% yield [9,16]. Next,
the cinnamamide 1 was treated with POCl3 in dry acetonitrile to
perform the Bischler—Napieralski cyclodehydration [11—13]. The
corresponding 1-styryl-dihydroisoquinoline was obtained and the
imine function reduced by using NaBH4 reagent to give the (E)-6,7-
dimethoxy-1-styryl-1,2,3,4-THIQ (2) in 81% yield. Compound 2 was
subjected to an intramolecular cyclization under mild Friedel—Crafts
conditions using Eaton's reagent [36] (1:10 w/w P05 in CH3SO3H) to
generate the 5,6-dimethoxy-7-phenyl-1,2,3,7,8,8a-hexahy-
drocyclopentalij] isoquinoline (3), containing the cyclopentane ring,
in 68% yield. Once synthesized the HCPIQ 3, we have introduced
different substituents on the nitrogen atom like methyl or allyl
groups. Therefore, we have obtained the corresponding N-methyl-
HCPIQ 3b (82%) using formaldehyde and formic acid in methanol
followed by reduction with NaBHy, besides the corresponding N-
allyl- HCPIQ 3d (89%) using allyl chloride and K>COs3 in acetonitrile.
Finally, these HCPIQs 3 (NH), 3b (NCH3) and 3d (NCH,CH=CH,) were
subjected to O-demethylation by addition of 4 equivalents of BBr3 for
2 h atroom temperature [9] to obtain the catecholic HCPIQs 3a (88%),
3c (94%), and 3e (90%), respectively (Scheme 1).

A single isomer has been produced during cyclization step given
that the 'H and >C NMR spectrum of HCPIQ 3 showed only one set
of proton or carbon resonances. The relative stereochemistry of H-
8a and Ph was assigned by coupling constants values of H-8a, H-8
and H-7. The vicinal coupling constant values of H-8a at 4.24 ppm
(dd, ] = 11.8 and 6.4 Hz) imply that H-8f at 2.50 ppm is located in
pseudoequatorial disposition (Jga g = 6.4 Hz) and H-8a at 2.35 ppm

is in pseudoaxial disposition (Jga s, = 11.8 Hz). In addition, the H-7
at 4.59 ppm must be pseudoaxial since its coupling constant value
is J784 = 8.3 Hz, which was corroborated by NOE experiment be-
tween H-8a and H-7. Therefore, the phenyl group (pseudoequato-
rial) is cis to H-8a (pseudoaxial) (Fig. 2).

2.2. Dopaminergic receptors activity

In general, the HCPIQs with protected phenolic groups displayed
a lower affinity for Dy and principally D, DR than their corresponding
homologues with free hydroxyl groups (see in Table 1, 3b vs 3¢, and
3d vs 3e). Indeed, the higher affinity for D; and D, DR of catecholic
THIQs in comparison with those with blocked hydroxyl groups was
previously described in several isoquinolines [7,9,12,16,19]. All syn-
thesized HCPIQs (3, 3a—e) were able to displace [*H]SCH 23390
(selective D; DR ligand) and [3H] raclopride (selective D, DR ligand)
from its binding sites in micromolar and nanomolar ranges,
respectively. Furthermore and surprisingly the catecholic HCPIQs 3a
(NH), 3¢ (NCH3) and 3e (NCH,CH=CH,) exhibited outstanding af-
finity and high selectivity towards D, DR. Therefore, 3a, 3¢ and 3e
showed Ki values of 29, 13 and 18 nM, respectively. In addition,
HCPIQs 3a (NH) and 3c (NCHj3) displayed a remarkable selectivity
with a Ki D1/D, ratio of 2465 and 1010, respectively. For instance, the
huge selectivity of 3a and 3c is graphically represented in Fig. 3.
Regarding the N-substituent, we observed that in O-methylated
HCPIQs the affinity for DR did not change when a substituent like
methyl or allyl was located on the N atom (see in Table 1, 3 vs 3b and
3d), however in catecholic HCPIQs an increase of the affinity towards
D; DR was observed (see in Table 1, 3a vs 3¢ and 3e). Moreover, the
potential cytotoxicity of these catecholic HCPIQs was determined by
the use of the MTT assay on freshly isolated human neutrophils [19].
The concentrations tested were selected based on their respective Ki
value for D, DR. Results showed that none of the evaluated HCPIQs
displayed any cytotoxicity.

3. Conclusions

We have synthesized a new molecular skeleton HCPIQ via (E)-1-
styryl-THIQ by intramolecular Friedel—Crafts cyclization using
Eaton's reagent. The six differently substituted 5,6-dioxygenated-7-
phenyl-HCPIQ displayed affinity towards both D; and D, DR re-
ceptors. Moreover, the three catecholic HCPIQs 3a (NH), 3¢ (NCH3)
and 3e (NCH,CH=CH;) showed D, DR affinity in the nanomolar
range. Indeed, they exhibited higher affinity (2.3—5-fold) and
selectivity (Ki D1/D, ratios ~1000—2500) for D, DR than the 1-
butyl-7-chloro-6-hydroxy-THIQ, which is one of the most active
antidepressant THIQ synthesized by our group [9]. The major goal
of this study is the discovery of a new skeleton HCPIQs with both
high affinity and selectivity towards D, DR in in vitro assays.
Although further studies are needed, these compounds and
particularly catecholic HCPIQs, which did not show cytotoxicity,
present high potential application in the treatment of Parkinson's
disease, psychosis or depression.

4. Experimental section
4.1. General instrumentation

High resolution (HRESIMS) data were recorded on a Waters
Xevo quadrupole time-of-flight (Q-TOF) spectrometer (Waters
Corp., Milford, MA, USA) coupled to an Acquity UPLC system (Wa-
ters Corp., Milford, MA, USA) via an electrospray ionization (ESI)
interface operating in positive mode and using a Waters Acquity
BEH C18 column (50 x 2.1 mm i.d., 1.7 pm); 'H NMR spectra were
recorded with CDCl3 or Methanol-d4 as a solvent on a Bruker AC-
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Scheme 1. Synthesis of HCPIQs (3, 3a—e). Reagents and Conditions: (a) cinnamoyl chloride, NaOH 5%, CH,Cly, rt, 3 h; (b) POCl3, CH3CN, Ny, reflux, 5 h; (c) NaBH4; MeOH, rt, 2 h; (d)
Eaton's reagent (P,05—CH3S0sH, 1:10 w/w), 45 °C, 15 h; (e) BBr3, CH,Cly, rt, 2 h; (f) HCHO, HCO,H, MeOH, reflux, 1 h, followed by NaBHy, reflux, 1 h; (g) K,COs, allyl chloride, CH3CN,

reflux, 10 h.

500. The assignments were made by COSY, DEPT, HSQC and HMBC.
All the reactions were monitored by analytical TLC by silica gel 60
Fa54 (Merck 5554). Residues were purified by silica gel 60
(40—63 pm, Merck 9385) column chromatography. Solvents and
reagents used were purchased from commercial sources. Quoted
yields are of purified material.

4.2. Friedel—Crafts cyclization of (E)-6,7-dimethoxy-1-styryl-
1,2,3,4-tetrahydroisoquinoline (2) to obtain 5,6-dimethoxy-7-
phenyl-1,2,3,7,8,8a-hexahydrocyclopentalijJisoquinoline (3)

An amount of 500 mg of (E)-6,7-dimethoxy-1-styryl-1,2,3,4-
tetrahydroisoquinoline (2) (1.69 mmol) was dissolved in 5 ml of
Eaton's reagent (P,O5—CH3SOsH, 1:10 w/w) at room temperature
and the solution was stirred for 15 h at 45 °C. After, 5% aqueous
NaOH was added and the mixture was then extracted with CH,Cl,
(3 x 15 mL). The combined CH;Cl; extracts were dried over NaSO4
and the solvent evaporated in a vacuum to obtain a reddish oil. The
residue obtained was purified by silica gel column chromatography
(CH2Cly/MeOH, 95:5) to obtain HCPIQ 3 as a brown oil (68% yield).
TH NMR (500 MHz, CDCl3): 6 = 7.27 (m, 2H, CH-3’ and CH-5'), 7.19
(m, 2H, CH-2’ and CH-6'), 7.18 (m, 1H, CH-4'), 6.64 (s, 1H, CH-4), 4.59
(d,J = 8.3 Hz, 1H, CH-7), 4.24 (dd, ] = 11.8, 6.4 Hz, 1H, CH-8a), 3.84
(s, 3H, OCH3s-5), 3.59 (s, 3H, OCH3-6), 3.49 (dd, J = 12.6, 6.7 Hz, 1H,

CH,-2a), 3.14 (dd, J = 12.6, 10.5 Hz, 1H, CH»-2), 2.81 (m, 1H, CH,-
34¢),2.72 (m, 1H, CH,-36), 2.50 (dd, J = 11.8, 6.4 Hz, 1H, CH-8a), 2.35
(dd, J = 11.8, 8.3 Hz, 1H, CH,-8pB); HRESIMS m/z 296.1637 [M + H]*
(296.1651, calc for C19H22N02).

4.3. 7-Phenyl-1,2,3,7,8,8a-hexahydrocyclopentafijJisoquinoline-
5,6-diol (3a)

Brown oil (88% yield). 'TH NMR (500 MHz, CD30D): 6 = 7.25 (t,
J = 7.7 Hz, 2H, CH-3' and CH-5'), 719 (d, J = 7.7 Hz, 2H, CH-2’ and

4.24 ppm
(dd, 11.8; 6.4 Hz)

Hax

—o0

4

eq H
2.50 ppm
(dd, 11.8; 6.4 Hz)

H,y Hax
4.59 ppm 2.35 ppm
(d, 8.3 Hz) (dd, 11.8; 8.3 Hz)

HCPIQ 3

Fig. 2. Relative stereochemistry of HCPIQ 3.
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Table 1

Values of affinity (Ki, pK;) and selectivity (ratio Ki D1/Ki D,) determined in binding experiments to D; and D, DR.
Cmpd [*H]-SCH 23390° [*H]-raclopride® Ki ratio

Ki (uM)” pKi® Ki (uM)” pKi" Dy/D,

3 33.373 + 6.891 4.499 + 0.104 10.977 + 1.933 4.972 + 0.071 3.0
3a 71.493 + 16.281 4.174 £ 0.117 0.029 + 0.009 7.593 + 0.184' 2465.3¢
3b 23.780 + 4.549 4.640 + 0.084 4.188 + 1.348 5422 + 0.137% 5.74
3c 13.136 + 2.452 4.895 + 0.076" 0.013 + 0.002 7.890 + 0.083' 1010.5°
3d 18.620 + 4.822 4.758 + 0.109 3.514 + 0.654 5.472 + 0.092° 5.29¢
3e 6.873 + 1.391 5.179 + 0.085" 0.018 + 0.007 7.800 + 0.160’ 381.8°

3 Specific radioligands are [*H]-SCH 23390 and [*H]-raclopride for D; and D, dopamine receptors, respectively.
b Data were displayed as mean + SEM of n = 3 independent experiments. ANOVA, post Newmann—Keuls multiple comparison tests.

¢ p < 0.05 vs Dy-like dopaminergic receptor.
4 p < 0.01 vs D;-like dopaminergic receptor.
€ p < 0.001 vs D;-like dopaminergic receptor.
f p<0.001vs 3.

2 p<0.05vs3.

" p<0.001vs 3a.

i p <0.001 vs 3b.

I p <0.001 vs 3d.
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Fig. 3. Displacement curves of [*H]-SCH 23390 (D;) and [*H] raclopride (D) specific binding by compounds 3a vs 3c. Data were displayed as mean + SEM for 3 experiments.

CH-6'), 717 (m, 1H, CH-4'), 6.70 (s, 1H, CH-4), 4.66 (dd, J = 9.0,
6.6 Hz, 1H, CH-8a), 4.63 (d, ] = 8.1 Hz, 1H, CH-7), 3.78 (dd, ] = 13.1,
6.8 Hz, 1H, CHy-2a), 3.51 (ddd, J = 13.1, 11.4, 6.8 Hz, 1H, CH»-2),
3.05(dd, J = 114, 6.8 Hz, 1H, CH»-3a), 2.97 (dd, J = 13.1, 6.8 Hz, 1H,
CH-3B), 2.69 (dd, J = 12.1, 8.1 Hz, 1H, CH,-8«), 2.62 (d, J = 121,
6.6 Hz, 1H, CH,-8pB); HRESIMS m/z 268.1331 [M + H|" (268.1338,
calc for C17H1gNO3).

4.4. 1-Methyl-7-phenyl-1,2,3,7,8,8a-hexahydrocyclopentafij]
isoquinoline-5,6-diol (3c)

Green oil (94% yield). '"H NMR (500 MHz, CD30D): 6 = 7.26 (t,
J =75 Hz, 2H, CH-3' and CH-5'), 7.16 (m, 2H, CH-2’ and CH-6'), 7.14
(m, 1H, CH-4’), 6.48 (s,1H, CH-4),4.42 (d,] = 8.4 Hz, 1H, CH-7), 3.38
(m, 1H, CH-8a), 3.07 (m, 1H, CHy-2a), 2.72 (m, 1H, CH;-3a), 2.63 (m,
1H, CH2-38), 2.49 (m, 1H, CH»-2), 2.36 (m, 1H, CH3-8a.), 2.20 (s, 3H,
NCH3), 2.14 (m, 1H, CH,-8p); HRESIMS m/z 282.1495 [M + H]"
(282.1494, calc for C]gHzoNOz).

4.5. 1-Allyl-7-phenyl-1,2,3,7,8,8a-hexahydrocyclopentalij]
isoquinoline-5,6-diol (3e)

Brown oil (90% yield). 'TH NMR (500 MHz, CD30D): 6 = 7.24 (t,
J = 7.2 Hz, 2H, CH-3’ and CH-5’), 7.18 (d, ] = 7.2 Hz, 2H, CH-2’ and
CH-6'), 714 (m, 1H, CH-4’), 6.52 (s, 1H, CH-4), 5.87 (dddd, ] = 17.3,
10.2, 8.0, 4.8 Hz, 1H, CH-2"), 5.18 (d, J = 17.3 Hz, 1H, CH,-3"a), 5.09
(d,] = 10.2 Hz, 1H, CH2-3"B), 4.49 (d, ] = 8.5 Hz, 1H, CH-7), 3.45 (dd,
J=10.4, 6.0 Hz, 1H, CH-8a), 3.39 (dd, ] = 13.8, 4.8 Hz, 1H, CH-1"a),
3.16(dd,J=11.8, 6.4 Hz, 1H, CH,-2a), 2.72 (m, 1H, CH,-3a), 2.68 (dd,
J=13.8,8.2 Hz, 1H, CH;,-1"B), 2.65 (dd, ] = 16.4, 6.0 Hz, 1H, CH,-8a.),

2.64 (dd, J = 11.8, 6.4 Hz, 1H, CH,-38), 2.41 (dd, J = 11.8, 5.9 Hz, 1H,
CH,-2B), 2.22 (m, 1H, CH;-88); HRESIMS m/z 308.1641 [M + H]*
(308.]651, calc for ConzzNOz).

4.6. 5,6-Dimethoxy-1-methyl-7-phenyl-1,2,3,7,8,8a-
hexahydrocyclopenta-[ij]-isoquinoline (3b)

White oil. (82% yield). HRESIMS m/z 310.1797 [M + HJ'
(310.1807, calc for CygH24NO>).

4.7. 1-Allyl-5,6-dimethoxy-7-phenyl-1,2,3,7,8,8a-
hexahydrocyclopentalij|-isoquinoline (3d)

Brown oil (89% yield). HRESIMS m/z 336.1956 [M + H]|"
(336.1964, calc for C3oHy6NO>).

4.8. Binding experiments

These experiments were performed on striatal membranes.
Each striatum was homogenized in 2 mL ice-cold Tris—HCI buffer
(50 mM, pH = 7.4 at 22 °C) with a Polytron (4s, maximal scale) and
immediately diluted with Tris buffer. The homogenate was centri-
fuged either twice ([*H] SCH 23390 binding experiments) on four
times ([H] raclopride binding experiments) at 20000 g for 10 min
at 4 °C with resuspension in the same volume of Tris buffer be-
tween centrifugations. For [*H] SCH 23390 binding experiments,
the final pellet was resuspended in Tris buffer containing 5 mM
MgS04, 0.5 mM EDTA and 0.02% ascorbic acid (Tris-Mg buffer), and
the suspension was briefly sonicated and diluted to a protein
concentration of 1 mg/mL. A 100 pL aliquot of freshly prepared



J. Parraga et al. / European Journal of Medicinal Chemistry 90 (2015) 101-106 105

membrane suspension (100 pg of striatal protein) was incubated for
1 h at 25 °C with 100 pL Tris buffer containing [*H] SCH 23390
(0.25 nM final concentration) and 800 puL of Tris-Mg buffer con-
taining the required drugs. Non-specific binding was determined in
the presence of 30 uM SK&F 38393 and represented around 2—3%
of total binding. For [>H] raclopride binding experiments, the final
pellet was resuspended in Tris buffer containing 120 mM Nadl,
5 mM KCl, 1 mM CaCl,, 1 mM MgCl, and 0.1% ascorbic acid (Tris-
ions buffer), and the suspension was treated as described above. A
200 pL aliquot of freshly prepared membrane suspension (200 pg of
striatal protein) was incubated for 1 h at 25 °C with 200 pL of Tris
buffer containing [>H] raclopride (0.5 nM, final concentration) and
400 pL of Tris-ions buffer containing the drug under investigation.
Non-specific binding was determined in the presence of 50 pM
apomorphine and represented around 5—7% of the total binding. In
both cases, incubations were stopped by addition of 3 mL of ice-
cold buffer (Tris-Mg buffer or Tris-ions buffer, as appropriate) fol-
lowed by rapid filtration through Whatman GF/B filters. Tubes were
rinsed with 3 mL of ice-cold buffer, and filters were washed with
3 x 3 mL ice-cold buffer. After the filters had been dried, radioac-
tivity was counted in 4 mL BCS scintillation liquid at an efficiency of
45%. Filter blanks corresponded to approximately 0.5% of total
binding and were not modified by drugs.

4.9. MTT assay

The viability of neutrophils was determined using the previ-
ously described MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) colorimetric assay. In this assay,
the yellow MTT is reduced to a blue formazan product by the
mitochondria of viable cells. MTT (Sigma—Aldrich) was prepared at
1 mg/mL in RPMI and stored at 4 °C in the dark. 100 pl of neutro-
phils suspension (2 x 10° cells/mL) was added to each well of a 96-
well microtiter plate followed by 20 pl of the appropriate concen-
tration of the THPBs tested. The mixture was incubated at 37 °C for
24 h. Then, 100 pl aliquot of MTT solution was added to each well
and incubated at 37 °C for another 60 min. The supernatants were
discarded and 100 pl of DMSO was added to each well to dissolve
the precipitated formazan. The optical densities at dual wave-
lengths (570 and 630 nm) were determined in a spectrophotometer
(Infinite M200, Tecan, Mannedorf, Switzerland).
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3-Chlorotyramine Acting as Ligand of the D, Dopamine
Receptor. Molecular Modeling, Synthesis and D, Receptor

Affinity

Emilio Angelina,> ¥ Sebastian Andujar,*® " Laura Moreno,
Nelida Peruchena,’”’ Nuria Cabedo,” Margarita Villecco,” Diego Cortes,

Abstract: We synthesized and tested 3-chlorotyramine as
a ligand of the D, dopamine receptor. This compound dis-
played a similar affinity by this receptor to that previously
reported for dopamine. In order to understand further the
experimental results we performed a molecular modeling
study of 3-chlorotyramine and structurally related com-
pounds. By combining molecular dynamics simulations
with semiempirical (PM6), ab initio and density functional
theory calculations, a simple and generally applicable pro-
cedure to evaluate the binding energies of these ligands in-
teracting with the D, dopamine receptors is reported here.
These results provided a clear picture of the binding inter-
actions of these compounds from both structural and ener-
getic view points. A reduced model for the binding pocket

[c]

Francisco Garibotto,®® Javier P4rraga,™
@ and Ricardo D. Enriz®* "

was used. This approach allowed us to perform more accu-
rate quantum mechanical calculations as well as to obtain
a detailed electronic analysis using the Quantum Theory of
Atoms in Molecules (QTAIM) technique. Molecular aspects
of the binding interactions between ligands and the D,
dopamine receptor are discussed in detail. A good correla-
tion between the relative binding energies obtained from
theoretical calculations and experimental IC50 values was
obtained. These results allowed us to predict that 3-chloro-
tyramine possesses a significant affinity by the D,-DR. Our
theoretical predictions were experimentally corroborated
when we synthesized and tested 3-chlorotyramine which
displayed a similar affinity by the D,-DR to that reported for
DA.

Keywords: 3-Chlorotyramine - MD simulations - QTAIM analysis - D, dopamine receptor

1 Introduction

In the past the potential clinical usefulness of centrally
acting dopamine receptor (DR) agonists has stimulated in-
tense research on new dopaminergic agents. Thus, in gen-
eral, different efforts in medicinal chemistry and neurophar-
macology have yield substantial numbers of compounds
with activity and selectivity at each of the major DRs."™®

Particularly noteworthy is the work of Reutlinger, et al. who
have recently reported the development and application of
a computational molecular design method for obtaining
bioactive compounds with desired on- and off target bind-
ing.”? The authors used the molecular algorithm (MAntA)®
which effectively transfers a nature-inspired optimization
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principle to chemistry-driven molecular design; and they
successfully designed antagonist compounds for the dopa-
mine D4 receptor demonstrating the successful application
of MAntA to dopamine receptors. However, despite the ef-
forts of these authors, in general the design and develop-
ment of DR-selective ligands remains largely empirical,
quite conservative in following molecular precedents,
somewhat unpredictable and not ready for routine applica-
tions of computer-aided drug design techniques. The com-
putational limitations and/or errors can arise in many ways
depending on the methodology: some possibilities include
errors in the structure of the host, choice of ionization
state, structure of the complex, inadequate sampling of in-
ternal degrees of freedom and the so called “ligand-recep-
tor stereo-electronic problem.

In order to obtain new dopaminergic agonists, The dopa-
mine molecule (compound 1 in Figure 1) has been modi-
fied on the amino group, on the ethylamine chain, and on
the catechol moiety as well.”'” Claudi et al. reported the
synthesis and binding affinity for D; and D, subtypes of
DRs of 2-(4-fluoro-3-hydroxyphenyl)ethylamine (compound
7, Figure 1).'"¥ This compound showed about two-fold
lower affinity than dopamine for both binding sites. Previ-
ously Cardinelli et al reported low activity for other fluorine
derivatives of dopamine including 2-(3-fluoro-4-hydroxy-
phenyl)ethylamine (compound 6)."" Studies on aminotetra-
lins showed that 2-amino-6-chloro-7-hydroxytetralins (com-
pound 8) are weakly effective in the binding assays."® In

R HO. NH,
¢4
Ry NH, ¢
1: R1=OH; R2=OH 8
2 : R1=Cl; R2=OH
3: R1=OH; R2=Cl
4 : R1=OH; R2=H
5: R1=H: R2=OH
6 : R1=F; R2=OH
7: R1=OH; R2=F
R R
N— NH
HO R
Rs
9 : R1=OH 11 : R1=Cl; R2=0OH; R3=But
10: R1=Cl 12 : R1=Cl: R2=OH; R3=Ph

13 : R1=Cl; R2=0OH; R3=Bn
14 : R1=0H; R2=Cl; R3=But

Figure 1. Structural feature of dopamine and derivatives.
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addition Claudi et al. reported that 2-chlorothyramine (com-
pound 2) is not able to discriminate between the two sub-
types of dopamine receptors (D, and D,), and has seven-
fold lower affinity than dopamine for both sites."”

It must be pointed out that although 3-chlorotyramine
(2-(3-chloro-4-hydroxyphenyl)ethanaminium chloride) (com-
pound 3) has been previously reported by Fuller™ in 1971
and Stark and Fuller® in 1972; however, according to our
bibliographic information, the dopaminergic effect of com-
pound 3 has not been analyzed yet as a D,-DR ligand. One
possible explanation for this is that due to the low activity
obtained for the analogues of this compound, compound 3
has been directly discarded as a potential ligand of interest
for the D,-DR.

The replacement of OH group by halogen introduces sig-
nificant changes in the biological response of these ligands.
For example it is interesting to note that in the series of
benzazepines the 2,3,4,5-tetrahydro-7,8-dihidro-3-methyl-1-
phenyl-1H-3-benzazepine (compound 9) had only micromo-
lar affinity at D, and D, receptors.”” However 2,3,4,5-tetra-
hydro-7-chloro-8-hydroxy-3-methyl-1-phenyl-1H-3-benzaze-
pine (compound 10), obtained by replacing the 7-OH of 9
with a chlorine, has nanomolar affinity possessing a high
selectivity by D1 receptors. In the same way our own stud-
ies performed on a series of benzyl-tetrahydroisoquinolines
(BTHIQs) indicated that the presence of a chlorine group at
C7 is very important for the adrenergic effect of such deriv-
atives (compounds 11-14).22?¥ |n fact such BTHIQs pos-
sessing a chlorine group at C7 displayed the strongest af-
finity for both D, and D, DRs in this series.”® It should be
noted that the inductive effect of chlorine could influence
the acidity of the phenolic group and produce different in-
teractions at the binding pocket altering the affinity for D,-
DR. One question which arises is if compound 3, which has
not been previously studied as a D,-DR ligand, have low or
high affinity for this receptor and in either case try to find
an explanation at sub-molecular level for such behavior.
Another question which might arise is why to evaluate
compound 3 and why now? There are different reasons to
analyze this molecule with the computational approaches
now available. On one hand it is possible to exploit recent
information obtained for dopamine with respect to its bio-
logically relevant conformation.”” On the other hand is
also now possible to study with some accuracy the elec-
tronic effects introduced to the ligand when replacing an
OH by Cl and the effects of such change when the ligand is
interacting with its biological receptor. Recently we report-
ed a comprehensive conformational study of dopamine in-
teracting with the D,-DR, using a combination of molecular
dynamics (MD) simulations, semiempirical and DFT calcula-
tions.”” In addition, a detailed electronic analysis using
Quantum Theory of Atoms in Molecules (QTAIM)?*?¥ tech-
nique was also carried out. By using this approach it is pos-
sible to evaluate with some details the conformational and
electronic behaviours of dopamine and its halogenated de-
rivatives.
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Halogens, especially the lighter fluorine and chlorine, are
widely used substituents in medicinal chemistry. Until re-
cently, they were merely perceived as hydrophobic moiet-
ies and Lewis bases in accordance with their electronega-
tivities. Much in contrast to this perception, compounds
containing chlorine can also form directed close contacts of
the type R—X:Y—R’, where the halogen X acts as a Lewis
acid and Y can be any electron donor moiety. This interac-
tion, referred to as “halogen bonding” since 1978 is
driven by the o-hole, a positively charged region on the
hind side of X along the R—X bond axis that is caused by
an anisotropy of electron density on the halogen.®**" The
intriguing formal similarity between halogen bonding, R—
X—B, and hydrogen bonding, R-H—B, has been noted and
discussed in detail by Legon.®>*¥ However, he also does
point out that the hydrogen bond is more likely to be non-
linear. In turn a halogen bond is a highly directional, elec-
trostatically-driven  non-covalent interaction between
a region of positive electrostatic potential on the outer side
of the halogen X in a molecule R—X and a negative site B,
such as a lone pair of a Lewis base or the p-electrons of an
unsaturated system. In a very elegant paper Politzer et al.
have introduced the “o-hole concept” allowing to explain
the empirically-observed characteristics of halogen bond-
ing: its marked directionality, its dependence upon the po-
larizability and electronegativity of the halogen atom, and
the role of the electron-withdrawing power of the R por-
tion of any molecule.®”

In a recent review on different types of protein—ligand
interactions relevant to medicinal chemistry,®® the authors
conclude that halogen bonds are a useful addition to the
arsenal of favorable interactions in molecular recognition
and can lead to significant affinity gains in some cases.
There are a number of experimental studies where the
effect of halogen substitution on binding affinity has been
systematically evaluated.”®>® The strengths of halogen
bonds can be evaluated theoretically through quantum
chemical model calculations. It is evident that halogen
bonding is best described theoretically using high-level
quantum chemical methods such as coupled cluster®
(CCSD-(T)) and perturbation theory™*"! (MP2) calculations;
yet using these methods greatly limits the size of the
model systems amenable to computational studies. Thus,
much larger systems (like those studied here) can be treat-
ed using QM/MM calculations,”** semiempirical studies™”
or using reduced model systems.”

Regarding the structural aspects of the D,-DR it is well
known that the binding of DA to the receptor is substan-
tially affected by multiple serine/alanine mutations. The
multiple mutations including a S193 susbstitution produce
the greatest effect.**® It has been previously reported that
the effects of the multiple mutations were not additive,
with the single serine mutation having relatively larger ef-
fects, which is indicative of a very precise network of hydro-
gen bonds between the TMV (transmembrane spanning
region) serine residues and the catechol hydroxyls of the
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DA molecule.®” A further interesting finding was that addi-
tion of a 4-hydroxyl group (p-tyramine) to beta-phenyle-
thylamine (compound 4) does not enhance affinity, but ad-
dition of a 3-hydroxyl group (m-tyramine) (compound 5) is
favorable. When the 3-and 4- hydroxyls are present (the
case of dopamine), the affinity is enhanced over the effects
of the individual hydroxyl groups. These results are consis-
tent with a productive and specific interaction of the two
hydroxyl groups of DA with a network of serine residues.
Our previous results® suggested that the region near
these serine residues may be rather mobile which is consis-
tent with a model of receptor function where the binding
of DA locks the receptor into a relatively rigid conformation
with precise interactions between ligand and receptor.

On the other hand it is well-known that the non covalent
interactions generally are weaker than the covalent ones;
such interactions are more difficult to describe properly.
However, recent advances in computational calculation of
the electron charge density make possible the proper de-
scription of the three-dimensional network of bonding and
non bonding interactions in biological systems®*>% in the
context of the quantum theory of atoms in molecules
(QTAIM).P" Starting with strong and moderated hydrogen
bonds or halogen bonds, moving on to weaker polar inter-
actions and ending with stacking and T-shape interactions
between aromatic rings, all of them can be evaluated by
QTAIM analysis.”? In fact, nowadays it is well know that the
stacking amino acids aromatic rings in proteins is evidently
much more important than it has been previously believed
and, indeed, can form one of the dominant stabilizing con-
tributions.”® Our previous results show that the interac-
tions of the catechol OH groups of the ligand, in the differ-
ent conformations of the dopamine/D,-DR complex, deter-
mine the decrease or increase of the electron density on
the aromatic ring of dopamine. In turn, the electronic pop-
ulation of the aromatic ring of dopamine defines its orien-
tation within the binding site and the type of interactions
that are established with the aromatic rings of the receptor.
It is evident that a description non quantum mechanical of
the problem would overlook these electronic effects that
are crucial to understand the binding modes of the ligand
within the receptor binding site.

We were particularly intrigued to know which is the affin-
ity of compound 3 by the D,-DR and whether it was possi-
ble to explain such behavior through computational simu-
lations. Thus, first we synthesized and tested compound 3
as a D,-DR ligand. Whereas this compound showed an af-
finity comparable to that reported for dopamine in
a second stage of our study we performed MD simulations
for the complexes of compounds 1-5 with the D,-DR. It
should be noted that these compounds were carefully se-
lected in function of their substituents at the catecholic
portion. The selected compounds were: compounds 4 and
5 possessing only one hydroxyl group at para and meta po-
sition, respectively and compounds 2 and 3 possessing
chlorine and hydroxyl groups at para and meta positions,
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respectively. We also include in our comparative study dop-
amine (compound 1), possessing the catecholic ring. The
next step was to construct a reduced model for the binding
site which allowed us to perform more accurate quantum
mechanical calculations. The fourth step was to simulate
the molecular interactions between the different ligands
and the D,-DR using a QTAIM analysis; being the principal
goal of such calculations try to obtain a detailed descrip-
tion of the molecular interactions which stabilize and desta-
bilize the different complexes. It is clear that a detailed
analysis of the such interactions would be of paramount
importance to determine the intricacies of the network of
serine residues located at the binding pocket of the D,-DR.
Finally, we performed a comparative analysis among the
different complexes and the conclusions are put forward in
the last section.

2 Methods

2.1 Chromatographic and Spectroscopic Analysis

The reaction was monitored by analytical TLC with silicagel
60 F,s, (Merck 5554). The residue was purified through
silica gel C—18 (SPE, Alltech, 100 mg/1.5 mL) column chro-
matography. Isolation and purification was carried out by
a Waters HPLC system with a 600 pump and both a 2996
Photodiode Array Detector (PDA) and ELSD 2420 Detector
(Milford, MA). "H, NMR spectra was recorded on a Bruker AV
300 MHz instrument (Rheinstetten, Germany). Chemical
shifts (0) are reported in ppm for a solution of the com-
pound in CDCl; and the coupling constants (J) values are
given in Hz. High resolution ESIMS (electrospray) data were
carried out on a Micromass Q-TOF Micro coupled with
a HPLC Waters Alliance 2695 (Milford, MA). The instrument
was calibrated by using a PEG mixture from 200 to 1000
MW  (resolution specification 5000 FWHM, deviation
<5 ppm RMS in the presence of a known lock mass). The
HCl salts of the synthesized compounds were prepared
from the corresponding base with 5% HCl in MeOH. N-(4-
benzyloxy)-3-chlorophenethyl)benzamide was prepared by
standard methods from 3-chloro-4-methoxybenzaldehyde
and benzoyl chloride.”?

2.2 Synthesis of 3-Chlorothyramine (3)

A solution of the N-(4-benzyloxy)-3-chlorophenethyl)benza-
mide (1, 20 mg, 0.055 mmol) in a mixture of 2.5N HCl/
HOACc (4:1 mL) was heated for 42 h at 100°C. Then, the sol-
vent was removed under reduced pressure and the residue
partitioned between H,O/EtOAc. The phases were separat-
ed and the acid aqueous layer evaporated under reduced
pressure to give a residue which was purified by column
chromatography C—18 (SPE, Alltech, 100 mg/1.5 mL) and
eluted in a gradient from 100% H,O to 100% MeOH. The
first fraction eluted with H,O/MeOH (9:1) was evaporated
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and purified by semi-preparative HPLC using a Tracer Excel
120 ODS-B C18 column, 5 um (25.0% 1 cm), and MeOH/H,0
in 1% HOACc (20:80) as mobile phase with a flow of 2 mL/
min. The 3-chloro-4-hydroxy-f-fenilethylamine (7 mg,
0.041 mmol, 75% yield) was isolated with a retention time
(RY) of 14.5 min as a white solid. '"H NMR* (300 MHz, CDCls)
0 7.20 (s, 1H, H-2), 6.9 (s, 1H, H-6), 6.8 (s, 1H, H-5), 3.2 (m,
2H, CH,-a), 2.8 (m, 2H, CH,-B); ESMS m/z (%) 172 [M+1]"
(39), 155 (100).

2.3 Binding Experiments

These experiments were performed on striatal membranes.
Each striatum was homogenized in 2 mL ice-cold Tris-HCI
buffer (50 mM, pH 7.4 at 22°C) with a Polytron (4 s, maxi-
mal scale) and immediately diluted with Tris buffer. The ho-
mogenate was centrifuged on four times at 20000g for
10 min at 4°C with resuspension in the same volume of
Tris buffer between centrifugations. The final pellet was re-
suspended in Tris buffer containing 120 mM NaCl, 5 mM
KCl, 1 mM CaCl2, T mM MgCI2 and 0.1 % ascorbic acid (Tris-
ions buffer), and the suspension was treated as described
above. A 200 pL aliquot of freshly prepared membrane sus-
pension (200 pg of striatal protein) was incubated for 1 h
at 25°C with 200 pL of Tris buffer containing [3H] raclopr-
ide (0.5nM, final concentration) and 400 uL of Tris-ions
buffer containing the drug under investigation. Non-specif-
ic binding was determined in the presence of 50 uM apo-
morphine and represented around 5-7% of the total bind-
ing. In both cases, incubations were stopped by addition of
3 mL of ice-cold buffer (Tris-Mg buffer or Tris-ions buffer, as
appropriate) followed by rapid filtration through Whatman
GF/B filters. Tubes were rinsed with 3 mL of ice-cold buffer,
and filters were washed with 3x3 mL ice-cold buffer. After
the filters had been dried, radioactivity was counted in
4 mL BCS scintillation liquid at an efficiency of 45%. Filter
blanks corresponded to approximately 0.5% of total bind-
ing and were not modified by drugs.

2.4 Molecular Modeling

A 3D model of the human D,-DR was used for the MD sim-
ulations. This model is based on the homology model from
the crystallized D;-DR, 3, adrenoreceptor and A2a adeno-
sine receptor as templates.*>3>%

Molecular docking simulations were performed with Au-
toDock4 program®™ using rotatable bonds in the ligands
and flexible side chains in selected amino acids of the fifth
transmembrane domain due to its implication in the forma-
tion of binding pocket.””’ Assignation of atomic partial
charges (Gasteiger), rotable bonds as well as merging of
non-polar hydrogens were performed with AutoDock Tools
1.5.2.5% The ligands were then docked inside a cubic GRID
box (70x70x70 A, grid points separated by 0.375 &) cen-
tered at the midpoint between the D114 and S194 alfa car-
bons (both residues conserved at the D,-DR putative bind-
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ing site). This docking simulation was achieved under the
hybrid Lamarckian genetic algorithm with an initial popula-
tion of 100 randomly placed individuals and a maximum
number of energy evaluations set at 1x10’. All of the other
parameters were maintained at their default settings.” The
resulting docked orientations within a root mean square
deviation (RMSD) of 0.5 A were clustered together. From
the lowest energy cluster, the best ranked conformation for
each compound was then soaked in boxes of explicit water
using the TIP3P model®® and subjected to MD simulation.
All MD simulations were performed with the Amber soft-
ware package (All-atoms force field FF99SB)*"*® using peri-
odic boundary conditions and cubic simulation cells. The
particle mesh Ewald method (PME)®**® was applied using
a grid spacing of 1.2 A, a spline interpolation order of 4
and a real space direct sum cutoff of 10 A. The SHAKE algo-
rithm was applied allowing for an integration time step of
2 fs. MD simulations were carried out at 300 K target tem-
perature and extended to 10 ns overall simulation time. Po-
sitional restraints were applied to all the backbone alpha
carbons of the receptor except those of the transmem-
brane 5 (TM5) domain that were left free. The NPT ensem-
ble was employed using Berendsen coupling to a baro/
thermostat (target pressure 1 atm, relaxation time 0.1 ps).
Post MD analysis was carried out with program PTRAJ.®”

2.5 MM-GBSA Free Energy and Per-Reside Decomposition
Analysis

The MM-GBSA protocol was applied to calculate the rela-
tive binding energies of the complexes by taking snapshots
at 10 ps time intervals from the last 1000 ps of the MD tra-
jectory.

In order to determine the residues involved in the com-
plexes intermolecular interactions, a per-reside free energy
decomposition analysis using the mm_pbsa program in
AMBER %2 was performed.

2.6 Quantum Mechanics Calculations and Topological Study
of the Electron Charge Density Distribution

Reduced 3D models systems representing the D,-DR bind-
ing pocket in the five molecular complexes 1/D,-DR, 2/D,-
DR, 3/D,-DR, 4/D,-DR and 5/D,-DR were constructed from
the coordinates of the potential energy minimum during
the molecular dynamics simulation trajectory. Then, geo-
metrical optimizations of the reduced model systems were
carried out at semiempirical level employing a PM6
method with halogen bonding correction (PM6-D2X)®* in-
cluded in the MOPAC program.® The optimized models
were then used as input for the calculation of the electron
charge density topological analysis. Single point calcula-
tions were computed with Gaussian 03’ employing
a hybrid PBE functional and 6-31G(d) as basis set.

The topological properties of a scalar field such as p(r)
are summarized in terms of their critical points, i.e., the
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points r. where Ap(r)=0. Critical points are classified ac-
cording to their type (w,0) by stating their rank, w, and sig-
nature, 0. The rank is equal to the number of nonzero ei-
genvalues of the Hessian matrix of p(r) at r., while the sig-
nature is the algebraic sum of the signs of the eigenvalues
of this matrix. Critical points of (3, —1) and (3, 4+ 1) type de-
scribe saddle points, while the (3, —3) is a maximum and
(3, +3) is @ minimum in the field. Among these critical
points, the (3, —1) or bond critical points are the most rele-
vant ones since they are found between any two atoms
linked by a chemical bond. The determination of all the
bond critical points and the corresponding bond paths
connecting these point with bonded nuclei, were per-
formed with the AIMAII software.®®

3 Results and Discussion

As was pointed out in the introduction it is curious that
until now it has not been reported the affinity for the D,-
DR of compound 3 which is relatively a simple molecule, at
least from a structural point of view. One possible reason is
that in that moment when the structurally related com-
pounds were studied, this compound was discarded with-
out an exhaustive analysis. It is also fair to note that at the
time in which the analogues of compound 3 were reported
it was not possible to perform theoretical calculations with
a relatively detailed electronic analysis as has been done in
this work. Anyway, the first thing we did was to synthesize
compound 3 and then test its affinity for the D,-DR.

3.1 Synthesis and Binding Affinity of 3-Chlorotyramine
(Compound 3)

Compound 3 has been previously obtained by the Chung’s
method,®” which consists in the oxidative chlorination of
phenols with HCI and m-chloro perbenzoic acid (m-CPBA)
in N,N-dimethyl formamide, and also using an enzymatic
procedure.®® In the course of our work on the synthesis of
1-substituted-1,2,3,4-tetrahydroisoquinolines,”? the availa-
bility of the N-(4-(benzyloxy)-3-chlorophenethyl)benzamide
(1) allowed us to obtain compound 3 by hydrolysis of the
benzamide bond. Initially and unsuccessfully, various basic
and acid conditions excessively strong for the hydrolysis of
the benzamide (1) were assayed. Finally, we used a hydroly-
sis reaction in milder conditions,® a mixture of 2.5 N HCI/
HOAc (4:1) at reflux for 42 h, which afforded the 3-chlori-
nated dopamine analogue (compound 3) in good yield
(Scheme 1).

In order to minimize the experimental errors due to the
methodology employed we used a very similar experimen-
tal protocol to that reported in reference.’™® Our experi-
mental measurements indicated that compounds 3 possess
a Ki value of 0.146 uM. It should be noted that this com-
pound displayed a significant affinity by the D,-DR; In fact
this compound displayed an affinity very similar to that re-
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Scheme 1. Scheme of synthesis of compound 3.

ported for the endogen ligand DA (Ki=0.52 uM)."® This
result was somewhat surprising to us since we expected
a lower affinity for compound 3 relative to dopamine. After
all the affinity reported for compound 2 is significantly
lower than that of dopamine.'” From these results we per-
formed a molecular modeling study in which we analyzed
exhaustively the molecular interactions in order to better
understand these experimental results.

3.2 Molecular Dynamic Simulations

Comparing the MD trajectories obtained for the different
complexes, interesting general conclusions might be ob-
tained. Consistent with previous experimental™®*" and the-
oretical®?” results, our simulations indicate the importance
of the negatively charged aspartate 114 for the binding of
these ligands. It is well-known that a highly conserved as-
partic acid (D114) in transmembrane 3 (TM3) is important
for the binding of both agonists and antagonists to the D,-
DR.2*772 |n the present study, all the compounds simulat-
ed were docked into the receptor with the protonated
amino group near D114. After 10 ns of MD simulations, the
ligands had moved slightly but in a different form com-
pared with the initial position. However, the strong interac-
tion with D114 was maintained for all the complexes (see
figures 2-5) which support that D114 is the anchoring
point for ligands with a protonated amino group.

In the next step of our study we evaluated the relative
free energy (A(AGy;,q)) obtained for the different complexes
(table 1, second column). The results obtained for com-
pounds 4 and 5 were as expected since both compounds
showed a lower affinity for the D,-DR than compound 1.
Regarding compounds 2 and 3 and from the relative bind-
ing energies obtained in our MD simulations, one can ap-
preciate that replacing the OH in meta (m-OH) by a chlorine
atom increases the affinity for the D,-DR in comparison to
compound 1, indicated by the lowest value of the relative
free energy obtained for compound 3. In contrast replacing
the OH in para position (p-OH) displays the opposite effect,
ie decreases the affinity for the receptor (5.57 kcal/mol
above the value obtained for 3). These results are at least
qualitatively in agreement with the experimental results
previously reported for compounds 1, 2, 4 and 57" as
well as with the experimental results reported here for
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compound 3. To try to better understand these results we
compared the results obtained for 1/D,-DR complex with
those complexes obtained for compounds 2-5.

Figures 2 and 3 show the complexes obtained for com-
pounds 3 and 2, respectively, superimposed to complex 1/
D,-DR for comparison. Figures 1S and 2S (electronic sup-
porting material) show complexes 5/D,-DR and 4/D,-DR, re-
spectively.

The superposition of the complexes 1/D,-DR and 3/D,-
DR (see Figure 2) shows that both structures are very simi-
lar of the orientation of the ligand in the receptor binding
site. In both complexes the ligand adopts extended confor-
mation (torsional angle ¢1=171° and 177° respectively;
see Figure 1 for ¢1 definition) and the aromatic ring of
compound 3 overlaps almost perfectly with the catecholic
ring of 1, with the difference that the first one is rotated
180° with respect to dopamine ring. In contrast, the super-
imposition of complexes 2/D,-DR and 1/D,-DR (see
Figure 3) reveals a marked deviation of compound 2 orien-
tation with respect to DA, with the first one displaying
a smaller value of the ¢1 torsional angle (¢p1=97°).

Moreover, by comparison of chlorine atom binding mode
in both chlorinated analogues one can see that in complex
of compound 2 the chlorine atom is located in an hydro-
phobic environment composed of residues 1184, F389,
V190 and C—H bonds from H393 whereas in complex of
compound 3 the same atom establishes interactions with
the more polar residues S193 and S194.

3.3 Conformational Change in the Transmembrane 5 (TM5)
Domain

Figures 4A and 4B give a different spatial view of the same
complexes shown in Figures 2 and 3. One can see in these
figures that in complexes 1/D,-DR and 3/D,-DR (see Fig-
ure 4A) the side-chain of S197 from transmembrane 5
(TM5) domain interacts with T119 from transmembrane 3
(TM3) domain. In contrast, in 2/D,-DR complex (see Fig-
ure 4B) this interaction has been disrupted during the MD
simulation and the side chain of S197 associates with the
backbone of residue $193 from the same TM5, causing dis-
tortion of the backbone interactions of TM5 and therefore
the change in the structure of this transmembrane domain.
It is worth noting that the change experienced by TM5
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Figure 3. Spatial view of complex 2/D,-DR (orange). Complex 1/D,-DR (in gray) is overimposed for comparison.

domain the complex 2/D,-DR reflects the importance of
preserving the flexibility of the backbone of TM5 during
the simulation, as suggested by other authors.”*’¥

3.4 Possible Role of the Aromatic Residues of the Binding
Site

From Figures 4A and 4B one also can see how the spatial
distribution of the aromatic residues of the binding pocket
of complexes 2/D,-DR and 3/D,-DR differs from that of
complex 1/D,-DR. Figure 4A shows that the side chains of
F389, F390 and F198 overlap almost perfectly in complexes
1/D,-DR and 3/D,-DR. These three residues are linked to-
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gether by C—H-m interaction type (some of these interac-
tions are shown in the molecular graphs later) forming
a conserved structure that has been observed also in D,-DR
complexes with alkaloids possessing a tetrahidroprotober-
berine structure.”® This conserved structure forms specific
interactions with the ligand, contributing, together with
the principal interaction D114 to its anchoring in the
proper orientation within the binding site. On the other
hand, in complex 2/D,-DR the side chains of the phenylala-
nine triad show a marked deviation in its rings spatial distri-
bution relative to 1/D,-DR (see Figure 4B). This alteration in
the phenylalanine triad structure is a consequence of the
distortion that TM5 undergoes in the 2/D,-DR complex,
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Figure 4. Similar spatial view to that shown in Figure 2 (4A) and 3 (4B) but in this case displaying the spatial distribution of the aromatic

residues of the binding site.

which produces a displacement of the F198 (residue that
belongs to TM5) so that it can no longer be associated
with F190. Since phenylalanine triad produces specific in-
teractions with the ligand, the alteration of its structure
necessarily affects the binding mode of the ligand into the
binding site, being this another factor that helps to explain
the change in orientation of compound 2 within the bind-
ing site with respect to compounds 1 and 3.

At this stage of our work we consider the trend predict-
ed for the MD simulations as certainly significant but, on
the other hand the approximations involved in this ap-
proach compels us to go beyond the classical treatment of
the interactions to confirm our results. It should be noted
that we are dealing with relatively weak interactions and
therefore MD simulations might underestimate such inter-
actions. Thus, in the next step of our study we constructed
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reduced model systems using combined semiempirical and
DFT calculations.

3.5 Constructing the Reduced Models for the Binding Site

Figure 5 shows the ligand-residue interaction spectra calcu-
lated by the per residue free energy decomposition, which
suggests that the interaction spectra of compounds 1-5
with D,-DR are closely related and reflects their similar
binding modes. As shown in Figure 5, the residues D114
and V115 are those with the greatest contribution to the in-
teraction energy, this is true not only for compounds 1-5,
but also for other compounds with dopaminergic activity
previously reported.””

Since the salt bridge with D114 is the strongest interac-
tion established in the binding site it is considered a guide-
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Figure 5. Histograms of interaction energies partitioned for D,-DR amino acids when complexed with compound 1 (a), compound 3 (b),
compound 2 (c), compound 5 (d) and compound 4 (e). The x-axis denotes the residue number of D,-DR, and the y-axis shows the interac-
tion energy between the compound and the specific residue. Negative and positive values represent favorable or unfavorable binding, re-

spectively.

line interaction for ligand anchoring into the D,-DR binding
site. With respect to V115, this amino acid forms several C—
H-t interactions with the aromatic ring of dopamine. These
interactions are not shown in the molecular graphs dis-
played below for easy viewing of the molecular interactions
of meta-OH/Cl and para-OH/Cl. Moreover, among the serine
residues of the binding site, S197 is the residue that has
the largest contribution to the interaction energy in com-
plexes 1/D,-DR and 2/D,-DR, being higher in the first one,
while S193 presents the most important contribution in the
complex 3/D,-DR. Finally, the residue decomposition analy-
sis also shows a significant contribution of one of the resi-
dues of the phenylalanine triad, F389, its contribution
being greater in 1/D,-DR and 3/D,-DR than in 2/D,-DR.
From these results we considered prudent to include in
the reduced model not just those amino acids involved in
the most relevant molecular interactions displayed in the
different spectra, but also all the residues involved in stabi-
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lizing and destabilizing interactions showing non negligible
contribution in the per residue energy decomposition spec-
tra. Thus, residues D114, V115, M116, C118, T119, 1184, F189,
V190, V191, Y192, S193, S194, 1195, V196, S197, F198, W386,
F389, F390, H393, Y408, T412 and Y416 were included in
the reduced model for the binding pocket of D,-DR and
therefore a final number of 23 amino acids were included
in our model. A spatial view of this reduced model is
shown in Figure 6.

3.6 Quantum Mechanics Calculations and Topological
Analysis of the Electron Density

The starting geometries for each complex were obtained
from the coordinates of the potential energy minimum
during the simulation time. PM6-D2X optimizations were
performed by considering the mentioned 23 residues from
the receptor binding pocket. Next, DFT (PBE/6-31G(d)
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Figure 6. Spatial view of compound 3 (magenta)/D,-DR interaction. Magnification of the receptor active site at the right. The names of the

residues involved in the main interactions are written in the figure.

single point calculations were carried out for each of the
PM6-D2X optimized complexes.

3.7 Evaluating the Molecular Interactions for the Different
Complexes

On the basis of the results obtained from the MD simula-
tions we focused the quantum mechanical analysis on dop-
amine (compound 1) and its two chlorinated analogues
(compounds 2 and 3).

Figure 7 gives the values of p, summation (Zp,) corre-
sponding to all the intermolecular interactions (Figure 7A)
and only those interactions involving substituent in the
meta (m-OH/Cl) and para positions (p-OH/CI) (Figure 7B) of
compounds 1-3 at the D,-DR binding site.

In accordance with the relative free energy data (see
Table 1) the Zp, values corresponding to all the intermolec-
ular interactions (Figure 7A) shows that compounds 3 and
2 are more strongly and more weakly anchored to the D,-
DR binding site than compound 1, respectively.

Table 1. Relative free energy (A(AG;.)) obtained in kcal/mol for
the five complexes studied here. ICs, experimental values are given
in the second column.

Complex A(AGy;ng) 1Cso (ULM) Reference
1/D,-DR 3.10 0.52 [41]
2/D,-DR 5.57 26.31 [9]
3/D,-DR 0.00 0.15 This work
4/D,-DR 4.84 >300 [42]
5/D,-DR 4.00 26.5 [42]

Wiley Online Library

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figures 8, 9 and 10 show the molecular graph of electron
density obtained for compounds 1, 3 and 2 in the D,-DR
binding site, respectively.

3.8 Catechol Interactions

The molecular graph of Figure 8 shows the most important
interactions of compound 1 with the residues of the bind-
ing site. In particular, it is observed that OH in the meta po-
sition (m-OH) establishes a strong O—H-S hydrogen bond
(HB) with C118 (0,=0.0202 au), other weaker HBs of the
type C—H-O with F390 (p,=0.0023 au), S197 (0,=0.0065 au)
and V115 (0,=0.0032 au) and two O-O contacts with T119
(0,=0.0061 au) and S197 (p0,=0.0072 au). While in position
para the OH behaves as a proton donor against S197 (o, =
0.0212 au), and as proton acceptor against C—H bonds of
F390 (0,=0.0034 au). Furthermore, like m-OH, p-OH also
establishes a contact of the type O-O with backbone of
$193 (p,=0.0027 au).

It is important to highlight the three O-O interactions in
the 1/D,-DR complex. Even more interesting, the oxygen
atoms of S197 and T119 that are engaged to the oxygen in
meta position (m-O) are connected each other through
a strong OH-O hydrogen bond. Thus, the three oxygen
atoms are connected directly or indirectly by bond paths to
give a topological ring (see Figure 7). This kind of O-O con-
tacts has been already described in previous reports®*”
and in such sense we believe they could be involved in the
ligand/receptor recognition process.

Mol. Inf. 0000, 00, 1-17 1101
These are not the final page numbers! 77


www.molinf.com

www.molinf.com

0.210 ~

0.205
0.200 o
0.195

2 0.190
0.185
0.180
0.175 -

0.170 -

0.165

!m@ﬂ@@wﬂ@g
informatics

W meta-OH/CI

0.050 A
0.045 -
0.040 ~
0.035 -
0.030 +
0.025 -
0.020 +
0.015 -
0.010 -
0.005 -
0.000 -

Zp,

W para-OH/Cl

2 3

Compound

Figure 7. Zp, values obtained for all the intermolecular interactions (7A) and only those involving substituents in meta (m-OH/Cl) and posi-

tion (p-OH/CI) (7B) of compounds 1-3 at the D,-DR binding site.

3.9 Interactions of the Chlorine Atom

As can be seen in Figure 9, the chlorine atom of compound
3 (in meta position, m-Cl) establishes six interactions with
the binding site of D,-DR. Three C—H-Cl interactions with
residues 1184, V190 and H393 (£0,=0.0149 au), two inter-
actions of the O-Cl type with S193 (p,=0.0128 au) and
S194 (p,=0.0013 au) and a strong intramolecular (O—)H-Cl
HB interaction with the OH in para position (o,=
0.0240 au).

Moreover, in complex of compound 2, the chlorine atom
is more “buried” in the hydrophobic region (see Figure 10)
forming only C—H-Cl interactions (a total of six interactions
with residues 1184, F189, V190 and H393 (Zp,=0.0326 au)).
Note that in this complex the chlorine atom is not forming
an intramolecular HB with m-OH as in the case of com-
pound 3.

The two Cl-O interactions that are only established in
complex 3/D,-DR could explain the favorable binding be-
havior observed for compound 3. In other words, the CI-O
in complex 3/D,-DR might be mimicking the behavior of
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the dopamine O-O interactions with carbonyl and hydroxyl
groups of the biological receptor.

Going back to Figure 7B, the p, summation (Zo,) corre-
sponding to interactions of m-Cl and p-Cl shows that the
chlorine atom in compound 2 is more strongly anchored to
the D,-DR binding pocket than the same atom in com-
pound 3. Thus, based in these results, it is fair to say that
the chlorine atom prefers to be in an hydrophobic environ-
ment as in complex 2/D,-DR where only C-H-Cl interac-
tions are formed rather than a more polar one, as in com-
plex 3/D,-DR where two Cl-O interactions are established.

On the basis of this results, the next question one might
ask is what then makes compound 3 be more strongly
anchored to the D,-DR binding site than compound 27 This
issue is explored in the next section.

3.10 Effects of the Chlorine Substitutions on the Interactions
of the OH Groups

Figure 7B shows that when the OH in meta position of
compound 1 is replaced by a chlorine atom as in com-
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Figure 8. Molecular graph of compound 1 at the D,-DR binding site. Large spheres represent attractors or nuclear critical points (3, — 3) at-
tributed to the atomic nuclei. Lines connecting the nuclei are bond paths and small spheres on them are bond critical points (3, —1).

° ‘
% S197,

Figure 9. Molecular graph of compound 3 at the D,-DR binding site. Large spheres represent attractors or nuclear critical points (3, — 3) at-
tributed to the atomic nuclei. Lines connecting the nuclei are bond paths and small spheres on them are bond critical points (3, —1).

pound 3, it cannot be anchored to the binding site with  tions of p-OH with respect to the same group in 1. Thus,
the same force as the m-OH of compound 1. However, the both groups together, m-Cl and p-OH are anchored to the
introduction of Cl at meta position improves the interac-  binding site with almost the same strength as the corre-
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Figure 10. Molecular graph of compound 2 at the D,-DR binding site. Large spheres represent attractors or nuclear critical points (3, —3)
attributed to the atomic nuclei. Lines connecting the nuclei are bond paths and small spheres on them are bond critical points (3, —1).

sponding catecholic hydroxyls of 1. Thus, the presence of
the chlorine atom in the meta position modifies the bind-
ing site (throught the CI-O interactions with serine resi-
dues) in order to strengthen interaction of p-OH.

On the other hand, when p-OH of compound 1 is re-
placed by chlorine as in compound 2, the halogen provides
stronger interactions than the corresponding OH group.
However, the introduction of chlorine significantly weakens
the interactions of m-OH in comparison to the same group
in 1/D,-DR complex, so that both groups together bind
much more weakly to the binding site that the correspond-
ing OH groups of compound 1.

As discussed above, in complex 2/D,-DR the chlorine
atom is more “buried” in the hydrophobic pocket formed
by residues 148, F154 and V190 that in the 3/D,-DR com-
plex. This determines that m-OH be poorly positioned to in-
teract with the serines of the binding site.

Summarizing the results of the molecular modeling sec-
tion, it was shown that the binding mode of compound 3
in the D,-DR binding pocket resemble the DA binding
mode (see Figure 2) whereas in compound 2, the anchor-
ing of the chorine atom in an hydrophobic pocket deter-
mines a different binding mode for this compound (see
Figure 3). While the chlorine atom in compound 2 is more
strongly anchored in the D,-DR binding pocket than the
same atom in compound 3 (Figure 7B), the overall binding
of the last compound is stronger than the first one (Table 1
and Figure 7A) in part due to the better placement of the
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hydroxyl group to interact with the serine residues from
the receptor binding pocket. Furthermore, it was shown
that the binding mode of compound 2 to D,-DR deter-
mines a distortion of TM5 that in turn disturbs specific in-
teractions between phenylalanine resides of the binding
pocket and the ligand (Figures 4A,B).

3.11 Scope and Limitations of the Methodology Used Here

Let us now make some comments on the scope and limita-
tions that might have the application of calculations used
in this work.

With respect to the applicability to other biological sys-
tems, It is important to note that studies using molecular
techniques QTAIM applied to large systems of biological in-
terest are relatively new and therefore there are few studies
previously reported in the literature. However, it is impor-
tant to note that these simulations have been used suc-
cessfully in inhibitors of dihydrofolate reductase (DHFR)™®!
as well as with BACE 1 inhibitors.”>”® Although the types of
receptors studied so far are very few, at least it is interest-
ing to note that it is possible to do this kind of simulations
successfully in different types of receptors. Now we are
doing studies on different types of ligand-receptor com-
plexes with different types of interactions (from very strong
to very weak ones). It is clear that the results obtained in
such study will give us a better picture about the scope of
applicability of the simulations used here.
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With respect to the applicability of these simulations to
structurally unrelated chemotypes. We have recently re-
ported some works in which we have studied compounds
structurally different with this type of approach.>>#*% |n
a study of DHFR inhibitors it was possible to include in the
correlation two new series of compounds possessing signif-
icant structural differences with respect to the known clas-
sical and non-classical inhibitors.*® In the particular case of
D,-DR in previous works we have reported the analysis of
BTHIQs compounds® as well as of protoberberine deriva-
tives™ by using this type of simulations. While the structur-
al variability is still very meager, the results obtained so far
are very promising for this kind of approach using reduced
models and QTAIM calculations. Thus, it appears very rea-
sonable that these simulations might be successfully ap-
plied to compounds with different structural chemotypes.
Importantly, in all the above cases, these studies including
quantum mechanical calculations and QTAIM studies have
significantly improved correlations between experimental
and theoretical results in a quantitative mode which indi-
cates how valuable is this protocol for prioritizing certain
chemotypes.

A somewhat negative aspect also needs to be highlight-
ed. The protocol used is far from to be considered a post-
docking routine method in its current form. However, con-
sidering that the type of calculations performed are not
particularly sophisticated, it would be possible to design
a protocol developing the various steps in a more system-
atic and friendly way. We are working on it.

4 Conclusions

In this paper we performed a molecular modeling study of
3-chlorotyramine and analogues. The theoretical and exper-
imental results reported here allowed us to reach at least
two interesting conclusions. On one side we are reporting
that 3-chlorotyramine has a D, receptor affinity that it is
comparable to that of the endogenous ligand (dopamine).
This result is very interesting because until now it has been
reported that all halogenated dopamine derivatives have
a significantly lower affinity for both D, and D, receptors.
On the other hand it should be noted that our theoretical
study (including a comprehensive analysis of the molecular
interactions) has been able to explain such a significant af-
finity of 3-chlorotyramine for the D, receptor. However, it is
important to note that in order to evaluate in detail the
various molecular interactions of ligands at its site of
action, it is necessary to use reduced models systems
which allow to perform quantum mechanical calculations
and QTAIM type studies. While these calculations require
more time than traditional or standard simulations, appa-
rently this effort is justified because it allows a deeper and
more appropriate description of the ligand-receptor inter-
actions.
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By combining MD simulations with semiempirical and
DFT calculations, a simple and generally applicable proce-
dure to evaluate the binding energies of ligands interacting
with the D,-DR has been reported here. Thus, our theoreti-
cal and experimental results contribute to the understand-
ing of the non covalent interactions in the context of the
ligand - receptor binding event in a two-way manner, by
providing a detailed topological description of the interac-
tion network of the ligand in the receptor binding pocket
and by showing the convenience of going beyond the con-
cept of pair-wise interactions in order to “see” the electron-
ic effects within the intricate biological environment. Un-
doubtedly the results presented here show the importance
of performing these studies as comprehensive as possible
when hydrogen bonds are involved and even more if there
are halogen atoms involved in these interactions. Thus, we
believe our results may be helpful in the structural identifi-
cation and understanding of the minimum structural re-
quirements for these molecules and can provide a guide in
the design of new ligands for the D, receptor of dopamine.

List of the Abbreviations

QTAIM  Quantum theory of atoms in molecules
DR Dopamine receptor

DA Dopamine

MD Molecular dynamics

BTHIQs Benzyl-tetrahydroisoquinolines
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Hexahydroindenopyridine (HHIP) is an interesting heterocyclic framework that contains an indene core
similar to ramelteon. This type of tricyclic piperidines aroused our interest as potential melatoninergic
ligands. Melatonin receptor ligands have applications in insomnia and depression. We report herein an
efficient two-step method to prepare new HHIP by the reaction of an enamine with 3-bromopropylamine
hydrobromide. Some synthesized compounds showed moderate affinity for melatonin receptors in the
nanomolar or low micromolar range. Furthermore, the methylenedioxy HHIPs 2d (N-phenylacetamide)
and 2f (N,N-diethylacetamide), exhibited high selectivity at MT; or MT, receptors, respectively, when
compared with melatonin. It seems that the methylenedioxy group on the indene ring system and the
N-acetamide substituent are important structural features to bind selectively MT; or MT, subtypes.

© 2014 Elsevier Ltd. All rights reserved.

Melatonin (N-acetyl-5-methoxytryptamine, MLT) is a seroto-
nin-derived neurohormone of long standing interest which is pro-
duced in the pineal gland (Fig. 1).! Due to its nocturnal synthesis,
melatonin is suspected to relay the circadian rhythm and the infor-
mation on the photoperiod to the peripheral organs for daily and
seasonal physiological regulations.” In recent years, considerable
attention has been paid to melatonin receptor ligands because of
their applications in insomnia and depression. Among the mel-
atoninergic drugs, the commercialized antidepressant agomelatine
(Valdoxan®, by Servier Pharmaceutical Company) and the hypnotic
ramelteon (Rozerem®, by Takeda Pharmaceuticals) stand out for its
interesting properties as potent agonists of melatonin receptors
(MT; and MT,).*®

Hexahydroindenopyridine (HHIP) is an intriguing heterocyclic
framework that provides a new class of compounds with potential
usefulness as therapeutical agents. HHIPs have been reported to
display several biological activities, including antidepressant,®’
serotoninergic,® antispermatogenic,” inhibition of the 11p-
hydroxysteroid dehydrogenase enzyme!® or affinity for opioid
receptors.'! In our search for the synthesis of bioactive piperidines
and given that likewise to ramelteon, HHIPs are provided with an
indene core, we have envisaged the synthesis of this type of tricy-

* Corresponding authors. Tel.: +34 963 544 975; fax: +34 963 544 943.
E-mail addresses: laura.moreno@uv.es (L. Moreno), ncabedo@ceqa.upv.es
(N. Cabedo).

http://dx.doi.org/10.1016/j.bmcl.2014.05.053
0960-894X/© 2014 Elsevier Ltd. All rights reserved.

clic piperidines which aroused our interest as potential melatonin-
ergic ligands (Fig. 1). In addition, considering the structural
features of melatonin, agomelatin and ramelteon, a methoxy or
methylenedioxy substituent at 8-position on the benzene ring as
well as an N-amide group were incorporated into the tricyclic ring
system. Although some synthetic approaches have been described
in the literature,®”'>!> we decided to explore a method that
allowed us to easily obtain the HHIP framework in a very steps
with good yields.

The first step of our method for the synthesis of the HHIP struc-
ture consisted in preparing the appropriate enamine (1a or 2a)
from a commercially available 1-indanone and piperidine, using
TiCl, as a Lewis acid catalyst and a water scavenger.'“"'® As the
starting material, we employed either 5-chloro-6-methoxy-1-inda-
none (1) or 5,6-methylenedioxy-1-indanone (2). Enamine forma-
tion takes place at room temperature in toluene after stirring for
3 days. Next, the enamine was subjected to cyclization, which con-
sisted in a reaction with 3-bromopropylamine hydrobromide in
dry DMF under reflux. This reaction successfully led to the desired
imine, which was reduced with NaBH, in ethanol to obtain the
expected HHIP skeleton (Scheme 1). Therefore, we prepared
7-chloro-8-methoxy HHIP 1b and 7,8-methylenedioxy HHIP 2b
by an efficient two-step procedure, depending on the indanone
(1 or 2) used as the starting material.!” The synthesis produces
the trans ring fused-HHIPs 1b and 2b due to the presence of a sole
diastereomer by 'H NMR analysis. The vicinal coupling constant
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Figure 1. Melatonin, agomelatine, ramelteon and hexahydroindenopyridine.

(o]
R!6 L 1
) (a)
R?’s

1:R'= ocH3 R2=Cl 1a:R' = ocH3 R?= CI(96%)
2: R'=R2= OCH,0 2a: R' = R?= OCH.0 (100%)

\ (b)

imine

1b: R' = OCH3 R? = CI (57%)
2b: R = R?= OCH,0 (60%)

Scheme 1. Synthesis of HHIP 1b and 2b. Reagents and conditions: (a) piperidine,
TiCly, dry toluene, N, atmosphere, rt, 3 days; (b) 3-bromopropylamine hydrobro-
mide, dry DMF, N, atmosphere, 110 °C, 8 h; (c) NaBH,, EtOH, rt, 16 h.

value of H-9b (*Jygp4a ~ 10 Hz) implies that both H-9b and H-4a
are located in axial positions.

Furthermore, in order to explore the ability of the HHIP struc-
ture to bind to melatonin receptors, we decided to synthesize sev-
eral amide and carbamate derivatives of HHIP. Chloro-8-methoxy
HHIP 1b was subjected to Ac,O/pyridine to obtain N-acetyl 1c,
and urea derivative 1d was obtained in good yield when 1b was
treated with ethyl isocyanate'® (Scheme 2). 7,8-Methylenedioxy
HHIP 2b was treated with p-fluorophenyl isocyanate to obtain
the urea derivative 2c¢ in good yield. When 2b was N-alkylated

(o]

—

N
H;CO.

cl
(a)

HN /
H3CO: : f )
cl \
1b (b)

1c (quantitative)

o]
—
N~
H N
Hscoi: j N
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1d (78 %)

Scheme 2. Synthesis of HHIP 1c and 1d. Reagents and conditions: (a) Ac,O/pyr, rt,
2 h; (b) ethylisocyanate, CH,Cl,, reflux, 2 h.

using the corresponding amide alkyl bromides,'®
2e and 2f were prepared (Scheme 3).

The key step in our synthetic route was the alkylation-
cyclization from the corresponding enamine to obtain the
indenopyridine skeleton. The enamine is first alkylated by 3-
bromopropylamine, resulting on the addition of the alkyl chain
in B position and formation of an iminium salt. Then, primary
amine rapidly attacks the iminium and piperidine is released,
through an intramolecular condensation, which generates the
imine indenopyridine (Scheme 4).

All synthesized HHIP compounds were evaluated for their bind-
ing affinity for human MT; and MT, receptors stably transfected in
human embryonic kidney (HEK 293) cells using 2-['?°IJiodomela-
tonin as radioligand (Table 1).?° Results showed that 7-chloro-
8-methoxy HHIP 1d?! with an urea motif was able to bind to both
receptors in the nanomolar or low micromolar range (MT;
K; =670 nM and MT, K;=190 nM), with a MT;/MT, affinity ratio
of about 3.5, whereas its analogue 1c with N-acetyl substituent
showed no binding affinity at the highest concentration tested.
Moreover, the N-acetamide function on the piperidine is also
important to bind MT receptors. Indeed, the methylenedioxy HHIP
2d*? with N-phenylacetamide motif displayed selectivity towards
MT; receptors, and 2f>> with N-alkylacetamide substituent showed
selectivity for MT, subtypes. It seems that the methylenedioxy
group on the indene ring system and the N-phenylacetamide or
N,N-diethylacetamide side-chain hold the suitable configuration
to bind selectively MT; or MT, receptors, respectively. However,
no binding affinity was found for both the acetamide derivative
2e with a cyclohexyl substituent, which is provided of a non-planar
conformation, and the analogue with phenylurea function 2c.

compounds 2d,

O
G}

|
bH @

2¢ (72 %) 2d (63 %)

\ (c) J (d)

O .
(o]
sy e
2e (76 %) 2f (76 %)

Scheme 3. Synthesis of HHIP 2c-2f. Reagents and conditions: (a) p-fluorophenyl isocyanate, CH,Cl,, reflux, 2 h; (b) 2-bromo-N-phenylacetamide, Et3N, dry CH3CN, reflux,
2 h; (c) 2-bromo-1-(piperidin-1-yl)ethanone, Et3N, dry CH3CN, reflux, 2 h; (d) 2-bromo-N,N-diethylacetamide, EtsN, dry CH3CN, reflux, 2 h.
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Table 1

MT; and MT, receptor-binding affinities of hexahydroindenopyridines
Compounds MT; K" (nM) MT, K;* (nM)
1b >10,000 >10,000
1c >10,000 >10,000
1d 670 £ 62 190+ 35
2b >10,000 >10,000
2c >10,000 >10,000
2d 500 + 34 >10,000
2e >10,000 >10,000
2f >10,000 380+42
MLT 0.14 £ 0.03 0.41+0.04

¢ Data are expressed as mean + SEM of at least three independent experiments.

Although these HHIPs showed lower binding affinities than mela-
tonin and commercialized reference compounds, 2d and 2f exhib-
ited a much higher selectivity for MT; or MT, receptors,
respectively. These preliminary results indicate for the first time
the potential of HHIP nucleus in the search of melatonin receptors
ligands, and the important role played by the N-substituent
(Table 1).

In conclusion, we reported an efficient, high yielding formation of
new HHIPs from the corresponding indanone via enamine alkyl-
ation-cyclization with 3-bromopropyl amine, followed by a reduc-
tion in imine intermediates. Some HHIPs show interesting
melatoninergic properties at nanomolar or low micromolar concen-
trations with selectivity for either MT; or MT, receptors. It seems
that the methylenedioxy group on the indene ring system and the
N-acetamide substituent are important structural features for selec-
tivity. These preliminary results show that it should be possible to
obtain more potent MT; and/or MT, receptor ligands by means of
further structural development which qualify them as promising
new leads for more structure-activity relationship studies in order
to find new therapeutic agents for depression and/or insomnia.
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ABSTRACT

Hexahydroindenopyridine (HHIP) is an interesting tricyclic piperidine nucleus that is structurally related
to melatonin, a serotonin-derived neurohormone. Melatonin receptor ligands have applications in
several cellular, neuroendocrine and neurophysiological disorders, including depression and/or
insomnia. We report herein an efficient two-step method to prepare new HHIP via enamine C-alkylation-
cyclization. The influence of substituents on the benzene ring and the nitrogen atom on melatoninergic
receptors has been studied. Among the 25 synthesized HHIPs, some of them containing methylenedioxy
(series 2) and 8-chloro-7-methoxy substituents (series 4) on the benzene ring revealed affinity for the
MT; and/or the MT; receptors within the nanomolar range or low micromolar. Similar activities were
also encountered for those presenting urea (4g), N-aryl (2e) and N-alkyl (2f) acetamide functions.
Therefore, new synthesized compounds with a HHIP nucleus have emerged as new promising leads
towards the discovery of melatoninergic ligands which could provide new therapeutic agents.

© 2014 Elsevier Masson SAS. All rights reserved.

1. Introduction

Melatonin (N-acetyl-5-methoxytryptamine) is a serotonin-
derived neurohormone of long-standing interest found in some
algae and higher animals, including humans. The pineal gland
produces melatonin under the influence of the suprachiasmatic
nucleus of the hypothalamus by a circadian rhythm of secretion,
with peak levels occurring during darkness [1]. Melatonin (MLT)
participates in a variety of cellular, neuroendocrine and neuro-
physiological processes. It is involved in the modulation of the
cardiovascular and immune systems, as well as in the glucose
metabolism and hormone secretion. For this reason, a disturbance
in melatonin rhythm and secretion is involved in the development
of neurodegenerative diseases, cancer, stroke, thermoregulation
and sleep disorders [2—7]. Melatonin exerts its effects by several
molecular mechanisms, including via high-affinity G-protein-

* Corresponding author. Centro de Ecologia Quimica Agricola-Instituto Agro-
forestal Mediterraneo, UPV, Campus de Vera, Edificio 6C, 46022 Valencia, Spain.
E-mail addresses: ncabedo@ceqa.upv.es, ncabedo@uv.es (N. Cabedo).

http://dx.doi.org/10.1016/j.ejmech.2014.09.038
0223-5234/© 2014 Elsevier Masson SAS. All rights reserved.

coupled receptors. Indeed, it activates MT; and MT, receptors, at
nanomolar concentrations, and also binds with a lower affinity to
the third putative isoform MTj3 receptor, which is the intracellular
protein quinone reductase 2 [8,9].

Since both MT; and MT; receptors are widely distributed in
different areas of the brain and extracerebral organs, multiple
functional roles for melatonin have been suggested. However,
considerable attention has been paid to melatonin receptor ligands
in recent years given their applications in insomnia and depression.
Among the melatoninergic drugs, agomelatine is a commercialized
antidepressant (Laboratoires Servier, valdoxan® and thymanax®)
that stands out for its interesting properties as a potent agonist of
MT; and MT; receptors (Fig. 1) [10,11].

Hexahydroindenopyridine (HHIP) is an intriguing heterocyclic
framework that provides a new class of compounds with potential
use as therapeutic agents. HHIPs possess a tricyclic ring system that
contains a constrained indeno-piperidine pharmacophoric nucleus.
This class of compounds displays several biological activities,
including antidepressant [12—14], serotoninergic [15,16],
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antipsychotic [17], antispermatogenic [18] and inhibition of the
11B-hydroxysteroid dehydrogenase enzyme [19]. Furthermore,
HHIPs have attracted our interest as potential melatoninergic li-
gands thanks to their original melatonin-related structure (Fig. 1).

The literature has described different synthetic methods to
obtain this type of molecules. In this regard, Augstein et al. pre-
pared 5-phenyl-HHIPs from a cyanoethyl phenylindanone in two
steps, but obtained low yields [12]. Some authors achieved the
synthesis of HHIPs via a tricyclic lactam intermediate. Kunstmann
et al. carried out the synthesis through the condensation of alde-
hydes and 6-phenyl-3,4-dihydropyridin-2-ones which were pre-
pared from 5-oxo-5-phenylvaleronitriles [ 13]. Van Emelen et al. did
so by an intramolecular Ritter reaction of a hydroxynitrile [20]
whereas Hong et al. obtained 4-azafluorenes, onychine-type
(Fig. 1), through a hetero Diels—Alder cycloaddition of indenes
with 1,3-azabutadienes [21].

In this work, we decided to use a new method which allowed us
to easily obtain the HHIP framework in very few steps and with
good yields [22]. We evaluated the influence of different sub-
stituents in the nitrogen atom and at the C-7 and C-8 positions of
the benzene ring of the synthesized HHIPs on their affinity towards
melatoninergic receptors. To this end, we have prepared four sets of
differently substituted HHIPs (series 1—4) and their affinity towards
MT; and MT;, receptors was tested to establish a chemical
structure-activity relationship (SAR).

2. Results and discussion
2.1. Chemistry

The synthesis of HHIP has been accomplished as outlined in
Schemes 1—6. We have prepared four series of compounds (series
1—4) in accordance with the starting material. Therefore, we syn-
thesized the following parent compounds: 7,8-dimethoxy-
2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]pyridine  (series 1)
(Schemes 1 and 3); 7,8-methylenedioxy-2,3,4,4a,5,9b-hexahydro-
1H-indeno|1,2-b]pyridine (series 2) (Schemes 1 and 4); 8-methoxy-
2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]pyridine  (series  3)
(Schemes 1 and 5); and 7-chloro-8-methoxy-2,3,4,4a,5,9b-hex-
ahydro-1H-indeno|[1,2-b]pyridine (series 4) (Schemes 1 and 6).

The first step consisted in preparing the appropriate enamine
(1a—4a) from a commercially available 1-indanone (1—4), using
piperidine in the presence of TiCl4 which acts as both Lewis acid

catalyst and water scavenger. As starting materials, we employed:
5,6-dimethoxy-1-indanone (1, series 1), 5,6-methylenedioxy-1-
indanone (2, series 2), 6-methoxy-1-indanone (3, series 3) and 5-
chloro-6-methoxy-1-indanone (4, series 4). This reaction took
place at room temperature in toluene for 3 days. Next, and with no
further purification, the enamine (1a-4a) was treated with 3-
bromopropylamine hydrobromide in DMF under reflux to give
the tricyclic ring system with an imine function, which was reduced
with NaBH4 in ethanol to obtain the expected HHIP nucleus
(Scheme 1) [22—-25].

Parcell and Hauck [25] proposed that this reaction worked via an
iminium ion in which, firstly the 3-bromopropylamine would
attack the iminium tautomeric form of the enamine, followed by
the piperidine elimination to give a new imine. This imine would be
in equilibrium with an enamine form, and its double bond could
react with the bromopropylamine chain (SN2) to displace the
bromine anion with intramolecular cyclization. However, this
mechanism shows some inconsistencies and the more feasible re-
action mechanism would be the well-known C-alkylation reaction

. ()
Ry Ry
—

R; R;
1:Ry= Ry= OCH,4 1a: Ry = R, = OCHj;(99%)
2: Ry = R, = OCH,0 2a: Ry = Ry = OCH,0 (99%)
3:R;=OCHj;, Ry=H 3a: Ry = OCHjg, Ry = H (92%)
4:R,=0OCHg, Ry=ClI 4a: Ry = OCHjs, R, = Cl (96%)

i (b)
9 HN N
R, 8 3 (c) R, /
4 €
Ry 7 Ry
1b: Ry = R, = OCHj3 (80%)
2b: Ry =R, = 0OCH,0 (60%)

3b: Ry = OCHj, Ry = H (67%)
4b: R; = OCHj, Ry = CI (57%)

Scheme 1. Synthesis of HHIPs 1b—4b (series 1—4). Reagents and conditions: (a)
piperidine, TiCl4, toluene, N, atmosphere, r.t, 3 days; (b) 3-bromopropylamine
hydrobromide, DMF, N, atmosphere, reflux, 8 h; (c) NaBH,, EtOH, rt, 16 h.

of enamines with alkyl halides (Scheme 2) [22].

Synthesis of compounds of the series 1 (Scheme 3): 7,8-
dimethoxy-2,3,4,4a,5,9b-hexahydro-1H-indeno[ 1,2-b]pyridine
(1b) was N-methylated with formaldehyde and formic acid, fol-
lowed by reduction with NaBH4 to obtain 1c. When 1b and 1¢ were
O-demethylated after the treatment with BBr3, catecholic HHIPs 1d
and 1e, were respectively prepared. The N-acetylation of 1b with
Acy0 and pyridine allowed us to attain 1f. When 1b was treated
with an isothiocyanate reagent, such as 1-(2-isothiocyanatoethyl)
piperidine and 1,2,3-trifluoro-4-isothiocyanatobenzene, the corre-
sponding thiourea derivatives 1g and 1h, were respectively
obtained.

Synthesis of compounds of the series 2 (Scheme 4): 7,8-
methylenedioxy-2,3,4,4a,5,9b-hexahydro-1H-indeno|[ 1,2-b]
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also treated with an isocyanate (ethyl isocyanate), to produce the
urea derivative 4g.

2.2. Binding affinities for melatonin receptors: SAR study

All the synthesized HHIPs of the four series (1—4) were evalu-
ated as melatoninergic MT; and MT, ligands by binding assays
[26,27] and the influence of the substituents in the nitrogen atom
and at C-8 and C-9 positions in the benzene ring were explored.
Neither the 7,8-dimethoxy (series 1: 1b, 1c, 1f, 1g and 1h) nor the 8-
methoxy (series 3: 3b, 3¢, 3f and 3g) substituents on the benzene
ring, including their catecholic (1e and 1d) or phenolic (3e and 3d)
analogs, were favorable for melatoninergic activity. However, some
derivatives with 7,8-methylenedioxy (series 2) and 7-chloro-8-
methoxy (series 4) substituents in the benzene ring were able to
displace MT; and MT; radioligand, 2-['?°I]iodomelatonin, from the

HN
“f‘mm}
H;CO 1b

i (b)

N HN
H;CO HomD
H;CO HO

1c 1d

F l(e)
L,

S
~— 8
HN’J< F HN’«N
N
H3com} H;CO
H,CO H;CO
[o) 1g 1h

N
Hseo@jﬁ
H,CO

Scheme 3. Synthesis of HHIP 1c—1h. Reagents and conditions: (a) 37% formaldehyde, formic acid, MeOH, reflux, 1 h; NaBHj, reflux, 1 h; (b) BBr3, CH,Cl,, —78 °C, 2 h; (c) Acz0, pyr,
rt, 2 h; (d) 1-(2-isothiocyanatoethyl)piperidine, CH,Cly, reflux, N, atmosphere, 2 h; (e) 1,2,3-trifluoro-4-isothiocyanatobenzene, CH,Cl,, reflux, N, atmosphere, 2 h.

pyridine (2b) was N-methylated with formaldehyde and formic
acid, followed by reduction with NaBH4 to obtain 2c. When 2b was
treated with 1-fluoro-4-isocyanatobenzene, urea derivative 2d was
attained. The alkylation of 2b with alkyl bromides, such as 2-
bromo-N-phenylacetamide, 2-bromo-N,N-diethylacetamide or 2-
bromo-1-(piperidin-1-yl)ethanone under basic conditions (Et3zN),
gave the corresponding acetamides 2e, 2f and 2g, respectively.

Synthesis of compounds of the series 3 (Scheme 5): 8-methoxy-
2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]pyridine (3b) was N-
methylated with formaldehyde and formic acid, followed by
reduction with NaBH4 to obtain 3c. When 3b and 3c¢ were O-
demethylated with BBr3, 3d and 3e, were respectively obtained.
HHIP 3b was also subjected to the reactions of N-acylation. Hence,
3b was treated with Ac;0 and pyridine, or with ethyl 4-chloro-4-
oxobutanoate, under basic conditions (5% NaOH) to attain N-acyl-
ated 3f and amide 3g, respectively.

Synthesis of compounds of the series 4 (Scheme 6): 7-chloro-8-
methoxy-2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b|pyridine (4b)
was N-alkylated with formaldehyde and formic acid, followed by
reduction with NaBH4 to give 4c. When 4b and 4c were O-deme-
thylated with BBr3, 4d and 4e, were respectively obtained. HHIP 4b
was N-acetylated with Ac;0 and pyridine to form 4f. HHIP 4b was

binding sites. Indeed, the 7-chloro-8-methoxy HHIP 4g (series 4)
which bears an urea function was able to bind to both receptors at
namomolar or low micromolar concentrations: Ki MT; 670 nM and
Ki MT; 190 nM. Of note, both methylenedioxy HHIPs (series 2) 2e
with a N-aryl acetamide motif and 2f bearing a N-alkyl acetamide
on the nitrogen atom, displayed selectivity towards the MT; or MT;
receptors, respectively, at nanomolar or low micromolar concen-
trations: Ki MT; 500 nM and Ki MT, 380 nM (Table 1).

3. Conclusions

Twenty-five compounds containing an HHIP nucleus were
synthesized from the corresponding indanones (1—4) via enamine
C-alkylation-cyclization in a two-step procedure with good yields.
Sets of four series (series 1—4) were prepared depending on the
starting materials to give parents HHIPs with different substituents
in the benzene ring: 7,8-dimethoxy-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b]pyridine (1b, series 1), 7,8-methylenedioxy-
2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]pyridine (2b, series 2), 8-
methoxy-2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]|pyridine (3b,
series 3) and 7-chloro-8-methoxy-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b]|pyridine (4b, series 4). All the synthesized HHIPs were
evaluated for their ability to displace radioligand 2-['%°]]
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Scheme 5. Synthesis of HHIP 3c—3g. Reagents and conditions: (a) 37% formaldehyde, formic acid, MeOH, reflux, 1 h; NaBHy, reflux, 1 h; (b) BBrs, CHxCly, —78 °C, 2 h; (¢) Ac20, pyr, rt,
2 h; (d) ethyl 4-chloro-4-oxobutanoate, CH,Cly, 5% NaOH, rt, 2 h.

iodomelatonin from its melatoninergic MT; and MT, receptor-
binding sites. Of these, only few derivatives bearing 7,8-
methylenedioxy (series 2) and 7-chloro-8-methoxy (series 4) sub-
stituents in the HHIP nucleus were able to bind melatoninergic
receptors at nanomolar concentrations. In particular, 4g from series
4 with an urea function was able to bind to both MT; and MT> re-
ceptors, whereas 2e and 2f from series 2 with N-aryl and N-alkyl

acetamide functions, respectively, displayed high selectivity for
receptors MT; or MT,. In this work, new feasible synthesized
compounds with an HHIP nucleus have emerged as new promising
leads for the discovery of melatoninergic ligands. These new ther-
apeutic agents may turn into potential candidates for clinical
application in the control of several cellular, neuroendocrine and
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neurophysiological disorders, and/or

insomnia.

including depression

4. Experimental section
4.1. Chemistry

EIMS mass spectra were recorded on a VG Autospec Analytical
Fisons (Manchester, UK) or a GC—MS instrument (PerkinElmer
Clarus 500 gas chromatography, Shelton, EEUU) using a ZB-5 MS
capillary column (Phenomenex, Torrance, CA, EEUU). High resolu-
tion (HRESIMS) data were recorded on a Waters Xevo quadrupole
time-of-flight (Q-TOF) spectrometer (Waters Corp., Milford, MA,
USA) coupled to an Acquity UPLC system (Waters Corp., Milford,
MA, USA) via an electrospray ionization (ESI) interface operating in
positive mode and using a Waters Acquity BEH C18 column
(50 x 2.1 mm id., 1.7 pm); '"H NMR and >C NMR spectra were
recorded with CDCl; as solvent on a Bruker AC-500. Multiplicities of
13C NMR resonances were assigned by DEPT experiments. COSY,
HSQC and HMBC correlations were recorded at 400 MHz and
500 MHz (Bruker AC-400 or AC-500). The assignments of all
compounds were made by COSY, DEPT, HSQC and HMBC. All the
reactions were monitored by analytical TLC with silica gel 60 F254
(Merck 5554). Residues were purified by silica gel 60 (40—63 pm,
Merck 9385) column chromatography. Solvents and reagents were
purchased from commercial sources. Quoted yields are of purified
material.

4.1.1. General procedure for the synthesis of (inden-3-yl)piperidines
(1a-4a)

A solution of 1-indanone (14, 0.52 mmol) in dry toluene
(10 mL) was stirred under nitrogen atmosphere at room tempera-
ture. Then, 0.31 mL of piperidine (3.1 mmol) was added and the
mixture was cooled to —10 °C on an ice bath. The mixture was
treated with TiCl4 (0.32 mL, 0.31 mmol) and stirred at —10 °C for
one additional hour. Then, the ice bath was removed and stirring

was continued at room temperature for 3 days. The resulting sus-
pension was filtered through Celite, which was washed with AcOEt,
dried over NaySO4 and concentrated to dryness. The enamines
1a—4a were used in the following step with no further purification.

4.1.1.1. 1-(5,6-Dimethoxy-1H-inden-3-yl)piperidine (1a). From 5,6-
dimethoxy-1-indanone (1), 160 mg (99%) 1a was obtained (yield:
99%). TH NMR (500 MHz, CDCl3) 6 7.00 (s, 1H, CH-7), 6.95 (s, 1H, CH-
4),5.43 (t,1H, ] = 2.0 Hz, CH-2), 3.90 (s, 6H, 2 x OCH3), 3.23 (d, 2H,
J = 2.0 Hz, CH,-1), 3.01 (m, 4H, CH,-2" and CH,-6'), 1.75 (m, 4H,
CH,-3’ and CH,-5'),1.55 (m, 2H, CH»-4'); '3C NMR (125 MHz, CDCl5)
6 153.9 (C-3), 147.5 (C-5 and C-6), 137.0 (C-3a), 134.4 (C-7a), 108.1
(CH-2), 107.7 (CH-7), 103.8 (CH-4), 56.2 (2 x OCH3s), 52.2 (CH,-2/
and CH,-6'), 35.4 (CH»-1), 25.9 (CH»-3’ and CH,-5'), 24.6 (CHy-4').
EIMS m/z (%) 259 [M]" (70), 244 (60), 161 (50), 133 (50).

4.1.1.2. 1-(5,6-Methylenedioxy-1H-inden-3-yl)piperidine (2a).
From 5,6-methylenedioxy-1-indanone (2), 2a was obtained (yield:
99%). 'H NMR (500 MHz, CDCl3) 6 6.90 (s, 1H, CH-7), 6.88 (s, 1H, CH-
4), 6.06 (s, 2H, OCH,0), 5.44 (t, 1H, ] = 2.3 Hz, CH-2), 3.61 (d, 2H,
J=2.3Hz, CHy-1),2.97 (m, 4H, CH,-2" and CH»-6"),1.72 (m, 4H, CH;-
3’ and CH,-5'), 1.58 (m, 2H, CH,-4'); 13C NMR (125 MHz, CDCl3)
6153.8 (C-3), 146.1 (C-5) 145.5 (C-6), 138.1 (C-3a), 135.6 (C-7a), 107.9
(CH-2), 105.3 (CH-7), 100.8 (CH-4 and OCH,0), 52.0 (CH»-2' and
CH,-6), 35.8 (CH>-1), 26.11 (CH,-3 and CH,-5), 24.4 (CH,-4'). EIMS
m/z (%) 243 [M] (80), 159 (100), 103 (70).

4.1.1.3. 1-(5-Methoxy-1H-inden-3-yl)piperidine  (3a). From  5-
methoxy-1-indanone (3), 3a was obtained (yield: 92%). TH NMR
(500 MHz, CDCl3) 6 7.35 (d, 1H, J = 8.1 Hz, CH-7), 7.03 (d, 1H,
] = 2.4 Hz, CH-4), 6.82 (dd, 1H, J = 2.4, 8.1 Hz, CH-6), 5.62 (t, 1H,
J =23 Hz, CH-2), 3.30 (d, 2H, ] = 2.3 Hz, CH,-1), 3.08 (m, 4H, CHy-2"
and CH,-6'), 1.82 (m, 4H, CH-3' and CH,-5'), 1.67 (m, 2H, CHa-4');
13C NMR (125 MHz, CDCl3) 6 158.3 (C-5), 153.3 (C-3), 147.9 (C-3a),
136.4 (C-7a), 124.2 (CH-7), 110.4 (CH-2), 110.1 (CH-6), 105.8 (CH-4),
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Table 1
MT, and MT, receptor-binding affinities of hexahydroindenopyridines.

Compounds MT; K; (nM)? MT; K; (nM)?
1b >10,000 >10,000
1c >10,000 >10,000
1d >10,000 >10,000
1e >10,000 >10,000
1f >10,000 >10,000
1g >10,000 >10,000
1h >10,000 >10,000
2b >10,000 >10,000
2c >10,000 >10,000
2d >10,000 >10,000
2e 500 + 34 >10,000
2f >10,000 380 + 42
2g >10,000 >10,000
3b >10,000 >10,000
3c >10,000 >10,000
3d >10,000 >10,000
3e >10,000 >10,000
3f >10,000 >10,000
3g >10,000 >10,000
4b >10,000 >10,000
4c >10,000 >10,000
4d >10,000 >10,000
4e >10,000 >10,000
4f >10,000 >10,000
4g 670 + 62 190 + 35
MLT 0.14 + 0.03 0.41 + 0.04

@ Data are expressed as mean + SEM of at least three independent experiments.

52.0 (CH,-2" and CH,-6'), 34.7 (CH,-1), 25.9 (CH-3' and CHy-5'),
24.5 (CHy-4'); EIMS m/z (%) 229 [M]" (65), 145 (90), 102 (100).

4.1.14. 1-(6-Chloro-5-methoxy-1H-inden-3-yl)piperidine (4a).
From 6-chloro-5-methoxy-1-indanone (4), 4a was obtained (yield:
96%). TH NMR (500 MHz, CDCl3) 6 7.37 (s, 1H, CH-7), 6.94 (s, 1H, CH-
4), 5.57 (t, 1H, J = 2.3 Hz, CH-2), 3.93 (s, 3H, OCH3), 3.23 (d, 2H,
J = 2.3 Hz, CH,-1), 3.00 (m, 4H, CH,-2’ and CH,-6'), 1.75 (m, 4H,
CH,-3' and CH,-5),1.61 (m, 2H, CH»-4'); 3C NMR (125 MHz, CDCl3)
0 153.6 (C-3), 153.5 (C-5), 141.5 (C-3a), 137.1 (C-7a), 125.4 (CH-7),
119.2 (C-6), 110.7 (CH-2), 104.0 (CH-4), 56.4 (OCH3s), 52.2 (CHp-2’
and CH»-6'), 34.8 (CH»-1), 25.8 (CH»-3’ and CH,-5"), 24.5 (CH,-4").
EIMS m/z (%) 263 [M]* (50), 248 (40).

4.1.2. General procedure for the synthesis of 2,3,4,4a,5,9b-
hexahydro-1H-indeno[1,2-b]pyridines (1b—4b)

To a well-stirred solution of 3-bromopropylamine hydro-
bromide (471 mg, 2.51 mmol) in dry DMF (5 mL), the enamine
(1a—4a, 2.42 mmol) was added. The mixture was refluxed at 110 °C
under nitrogen atmosphere for 8 h. Then, the reaction mixture was
evaporated to dryness, dissolved in EtOH (15 mL) and treated with
NaBH,4 (11.08 mmol). The mixture was stirred overnight at room
temperature. Next, 10 mL of H,O were added and the solvent
partially removed. The resulting suspension was extracted with
AcOEt (3 x 10 mL). The combined organic layers were dried over
Na,SO4 and concentrated to dryness.

4.1.2.1. 7,8-Dimethoxy-2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]
pyridine (1b). From 1-(5,6-dimethoxy-3H-inden-1-yl)piperidine
(1a), 1b was obtained after purification by silica gel column chro-
matography (CH,Cl,/MeOH/NH40H 96:4:0.2) (yield: 80%). 'TH NMR
(500 MHz, CDCl3) 6 6.86 (s, 1H, CH-9), 6.78 (s, 1H, CH-6), 3.84 (s, 3H,
OCH3), 3.83 (s, 3H, OCH3), 3.50 (d, 1H, J = 10.0 Hz, CH-9b), 3.26 (dd,
1H,J = 4.5,13.0 Hz, CH,-2a), 2.84 (td, 1H, ] = 3.16, 13.0 Hz, CH3-28),
2.74 (dd, 1H, ] = 6.5, 14.5 Hz, CH,-5a), 2.37 (m, 1H, CH»-58), 2.06 (m,
1H, CHy-4a), 1.73 (m, 2H, CH,-30. and CH-4a), 1.63 (m, 1H, CH2-4p),
1.50 (m, 1H, CH,-3B); >C NMR (125 MHz, CDCl3) 6 147.9 (C-8), 147.8

(C-7), 136.5 (CH-9a), 133.9 (C-5a), 108.6 (CH-6), 105.3 (CH-9), 68.1
(CH-9b), 56.1 (OCH3), 56.0 (OCH3), 52.1 (CH-4a), 47.3 (CH,-2), 35.2
(CH2-5), 29.4 (CHy-4), 27.4 (CH»-3). EIMS m/z (%) 232 [M — H|"
(100), 227 (81); HRESIMS m/z 233.1427 [M]" (C14H19NO>, calc
233.1416).

4.1.2.2. 7,8-Methylenedioxy-2,3,4,4a,5,9b-hexahydro-1H-indeno|[1,2-
bJpyridine  (2b). From  1-(5,6-methylenedioxy-3H-inden-1-yl)
piperidine (2a), 2b was obtained after purification by silica gel
column chromatography (CH,Cl,/MeOH/NH40H 92:8:0.2) (yield:
60%). TH NMR (500 MHz, CDCls) 6 6.59 (s, 1H, CH-9), 6.56 (s, 1H, CH-
6), 5.77 (s, 1H, OCH,O-a), 5.74 (s, 1H, OCH,0-B), 3.27 (d, 1H,
J=10.0 Hz, CH-9b), 3.10 (dd, 1H, J = 4.5, 13.0 Hz, CH-2a), 2.67 (td,
1H, J = 3.2,13.0 Hz, CH,-2p), 2.55 (dd, 1H, J = 6.5, 14.5 Hz, CH,-5a),
2.20 (m, 1H, CH,-5pB), 1.86 (m, 1H, CH-4x), 1.60 (m, 2H, CH,-30 and
CH-4a), 147 (m, 1H, CH,-4B), 1.37 (m, 1H, CH»-3p); >C NMR
(125 MHz, CDCl3) 6 145.8 (C-8), 145.5 (C-7), 137.6 (C-9a), 134.9 (C-
5a), 105.2 (CH-6), 102.1 (CH-9), 100.3 (OCH;0), 67.2 (CH-9b), 51.4
(CH-4a), 46.7 (CH»-2), 34.7 (CH2-5), 28.8 (CHy-4), 26.6 (CH,-3).
EIMS m/z (%) 216 [M — H|" (100), 174 (25), 102 (40); HRESIMS m/z
218.1187 [M + H]™ (218.1181, calc for C;3H1gNO>).

4.1.2.3. 8-Methoxy-2,3,4,4a,5,9b-hexahydro-1h-indeno[1,2-b]pyri-
dine (3b). From 1-(5-methoxy-3H-inden-1-yl)piperidine (3a), 3b
was obtained after purification by silica gel column chromatog-
raphy (CH,Cl,/MeOH/NH40H 95:5:0.2) (yield: 67%). 'H NMR
(500 MHz, CDCl3) 6 7.10 (d, ] = 8.1 Hz, 1H, CH-6), 7.05 (d, ] = 2.1 Hz,
1H, CH-9), 6.70 (dd, J = 2.1, 8.1 Hz, 1H, CH-7), 3.78 (s, 3H, OCH3),
3.64 (d, 1H, J = 10.5 Hz, CH-9b), 3.38 (m, 1H, CH,-2a), 2.90 (td, 1H,
J=3.5,12.9 Hz, CH,-2), 2.79 (dd, 1H, ] = 6.4, 14.5 Hz, CH,-5a), 2.39
(m, 1H, CH»-5B), 2.07 (m, 1H, CH»-4a.), 1.90 (m, 2H, CH,-3a and CH-
4a),1.70 (m, 1H, CH»-4$), 1.62 (m, 1H, CH>-3p); 13C NMR (125 MHz,
CDCl3) 6 158.7 (C-8), 143.5 (C-9a), 133.6 (C-5a), 125.3 (CH-6), 113.4
(CH-7),107.5 (CH-9), 67.3 (CH-9b), 55.4 (OCH3), 50.1 (CH-4a), 46.6
(CH3-2), 34.4 (CH,-5), 28.8 (CH3-4), 25.7 (CH,-3). EIMS my/z (%) 202
[M — H]* (100), 160 (80), 115 (40); HRESIMS m/z 204.1383
[M + H]"(204.1388, calc for C13H1gNO).

4.1.2.4. 7-Chloro-8-methoxy-2,3,4,4a,5,9b-hexahydro-1H-indeno
[1,2-b]pyridine (4b). From 1-(6-chloro-5-methoxy-3H-inden-1-yl)
piperidine (4a), 4b was obtained after purification by silica gel
column chromatography (CH2Clo/MeOH/NH4OH 97:3:0.2) (yield:
57%). "H NMR (500 MHz, CDCl3) 6 7.06 (s, 1H, CH-6), 6.78 (s, 1H, CH-
9), 3.74 (s, 3H, OCH3), 3.38 (d, 1H, J = 10 Hz, CH-9b), 3.14 (dd, 1H,
J=4.5,13.0 Hz, CH,-2a.), 2.73 (td, 1H, ] = 3.16, 13.0 Hz, CH,-2), 2.62
(dd, 1H, J = 6.5, 14.5 Hz, CH;-5a), 2.26 (m, 1H, CH»-58), 1.94 (m, 1H,
CHy-40), 1.64 (m, 2H, CH»-30 and CH-4a), 1.50 (m, 1H, CH»-4p), 1.40
(m, 1H, CH3-3B); '3C NMR (125 MHz, CDCl3) 6 153.1 (C-8), 144.5 (C-
9a), 134.5 (C-5a), 125.6 (CH-6), 119.4 (C-7), 105.5 (CH-9), 67.4 (CH-
9b), 55.8 (OCH3), 51.2 (CH-4a), 46.8 (CH,-2), 34.1 (CHy-5), 28.9
(CH3-4), 26.6 (CH2-3). EIMS m/z (%) 236 [M — H]*" (100), 194 (75),
145 (40), 115 (40), 102 (40); HRESIMS m/z 238.0992 [M + HJ*
(238.0999, calc for C13H17NOCI).

4.1.3. General procedure for N-methylation

To a stirred solution of HHIP (1b—4b, 0.17 mmol) in MeOH
(8 mL), 37% formaldehyde (2.5 mL) and one drop of formic acid
were added. The mixture was refluxed for 1 h and cooled to room
temperature. Next, it was treated with NaBH4 (1.7 mmol) and
refluxed an additional hour. The reaction mixture was cooled to
room temperature and H,O (3 mL) was added. The solvent was
partially removed under reduced pressure, and the aqueous
mixture extracted with CH,Cl, (3 x 15 mL). The combined organic
extracts were dried over Na;SO4 and concentrated to dryness under
reduced pressure.
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4.1.3.1. 7,8-Dimethoxy-1-methyl-2,3,4,4a,5,9b-hexahydro-1H-indeno
[1,2-b] pyridine (1c). From 1b, 1c was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH/NH4OH 98:2:0.2)
(vield: 60%). TH NMR (500 MHz, CDCl3) 6 6.97 (s, 1H, CH-9), 6.77 (s,
1H, CH-6), 3.85 (s, 6H, 2x0CH3), 3.34 (d, 1H, J = 10.5 Hz, CH-9b),
3.01 (dd, 1H, J = 1.8, 12.5 Hz, CH,-2a), 2.75 (dd, 1H, J = 6.5,
14.0 Hz, CH»-5a.), 2.62 (td, 1H, J = 3.0, 12.5 Hz, CH,-2B), 2.56 (s, 3H,
NCH3), 2.34 (m, 1H, CH,-58), 2.12 (m, 1H, CH,-4a), 1.98 (m, 1H, CH;-
3a),1.77 (m, 1H, CH-4a), 1.55 (m, 1H, CH,-48), 1.47 (m, 1H, CH,-38);
13C NMR (125 MHz, CDCl3) 6 147.9 (C-8), 147.5 (C-7), 135.8 (CH-9a),
134.6 (C-5a), 108.4 (CH-6), 107.6 (CH-9), 74.0 (CH-9b), 57.0 (CH;-2),
56.2 (OCH3s), 55.9 (OCH3), 44.1 (CH-4a), 39.9 (NCH3), 35.3 (CH,-5),
29.6 (CHy-4), 22.8 (CH-3). HRESIMS m/z 247.1565 [M] " (C15H21NO>,
calc 247.1572).

4.1.3.2. 7,8-Methylenedioxy-N-methyl-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b] pyridine (2c). From 2b, 2¢ was obtained after purifi-
cation by silica gel column chromatography (CH,Cl,/MeOH/NH4,OH
95:5:0.2) (yield: 60%). 'H NMR (500 MHz, CDCl3) 6 6.91 (s, 1H, CH-
9), 6.88 (s, 1H, CH-6), 5.91 (s, 1H, OCH,0-a.), 5.88 (s, 1H, OCH,0-f),
3.25(d, 1H, J = 10.5 Hz, CH-9b), 2.95 (dd, 1H, ] = 4.5, 13.0 Hz, CH;-
2a), 2.70 (dd, 1H, J = 6.5, 14.5 Hz, CH;-5a), 2.55 (td, 1H, ] = 3.2,
13.0 Hz, CH»-2B), 2.53 (s, 3H, NCH3), 2.29 (m, 1H, CH»-58), 2.09 (m,
1H, CH-4a), 1.96 (m, 1H, CH,-4a.), 1.74 (m, 1H, CH;-3a), 1.56 (m, 1H,
CH,-3B), 1.46 (m, 1H, CH2-4B); 13C NMR (125 MHz, CDCl3) § 146.1
(C-8), 145.9 (C-7), 136.9 (C-9a), 135.8 (C-5a), 105.7 (CH-6), 104.7
(CH-9), 100.7 (OCH,0), 73.9 (CH-9b), 57.2 (CH,-2), 44.5 (CH-4a),
39.7 (NCH3), 35.3 (CH3-5), 29.5 (CH»-4), 23.0 (CH-3). EIMS m/z (%)
230 [M — H]" (100), 160 (35), 102 (40); HRESIMS m/z 232.1330
[M + H]*(232.1338, calc for C14H1gNO).

4.1.3.3. 8-Methoxy-N-methyl-2,3,4,4a,5,9b-hexahydro-1h-indeno
[1,2-b]pyridine (3c). From 3b, 3¢ was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH/NH40H 93:7:0.2)
(vield: 65%). "H NMR (500 MHz, CDCl5) 6 7.09 (d, J = 8.1 Hz, 1H, CH-
6),6.99 (d, ] = 2.1 Hz, 1H, CH-9), 6.70 (dd, J = 2.1, 8.1 Hz, 1H, CH-7),
3.78 (s, 3H, OCH3), 3.33 (d, 1H, ] = 10.7 Hz, CH-9b), 3.01 (m, 1H, CH,-
2a), 2.76 (dd, 1H, ] = 6.5, 14.1 Hz, CH,-52.), 2.61 (m, 1H, CH»-2), 2.57
(s, 3H, NCH3), 2.35 (m, 1H, CHy-5f), 2.05 (m, 2H, CH-40. and CH-4a),
1.78 (m, 1H, CH,-3a), 1.57 (m, 1H, CH>-4p), 1.48 (m, 1H, CH»-3p); >C
NMR (125 MHz, CDCl3) 6 158.3 (C-8), 145.2 (C-9a), 134.6 (C-5a),
125.0 (CH-6), 111.7 (CH-7), 109.8 (CH-9), 74.1 (CH-9b), 57.2 (CH3-2),
55.4 (OCH3), 44.4 (CH-4a), 39.7 (NCH3), 34.6 (CH3-5), 29.7 (CH,-4),
22.9 (CH,-3). EIMS m/z (%) 216 [M — H]* (100), 174 (30), 146 (40);
HRESIMS m/z 218.1539 [M + H]" (218.1545, calc for C14HzoNO).

4.1.3.4. 7-Chloro-8-methoxy-N-methyl-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b] pyridine (4c). From 4b, 4¢c was obtained after purifi-
cation by silica gel column chromatography (CH,Cl,/MeOH/NH4OH
93:7:0.2) (yield: 62%). "H NMR (500 MHz, CDCl3) 6 7.17 (s, 1H, CH-6),
7.00 (s, 1H, CH-9), 3.86 (s, 3H, OCH3), 3.40 (d, 1H, J = 10.0 Hz, CH-
9b), 3.00 (dd, 1H, J = 4.5, 13.0 Hz, CH,-2a), 2.75 (m, 1H, CHy-5a),
2.71 (dd, 1H, J = 3.2, 13.0 Hz, CH»-28), 2.54 (s, 3H, NCH3), 2.31 (m,
1H, CH»-5B), 2.28 (m, 1H, CH-4a), 2.01 (m, 1H, CH,-4a.), 1.75 (m, 1H,
CH-3a), 1.52 (m, 1H, CH,-3B), 147 (m, 1H, CH,-4B); *C NMR
(125 MHz, CDCl3) 6 153.5 (C-8), 143.3 (C-9a), 135.3 (C-5a), 126.2
(CH-6), 120.4 (C-7), 108.0 (CH-9), 73.6 (CH-9b), 56.7 (CH»-2), 56.4
(OCH3), 43.4 (CH-4a), 38.7 (NCH3), 34.5 (CH3-5), 29.6 (CH-4), 22.1
(CH2-3). EIMS my/z (%) 250 [M — H]" (100), 145 (60), 42 (90);
HRESIMS m/z 252.1153 [M + H]*(252.1155, calc for C14H1gNOCI).

4.1.4. General procedure for O-demethylation

A solution of the appropriate HHIP (0.29 mmol) in dry CH,Cl,
(6 mL) was cooled to —78 °C. To this stirring solution, BBr3
(1.02 mmol) was added dropwise. After 15 min, the reaction

mixture was warmed up to room temperature and stirred for 2 h.
The reaction was terminated by the addition of MeOH (1 mL)
dropwise and the mixture was stirred for another 30 min. The
solvent was concentrated to dryness under reduced pressure.

4.14.1. 7,8-Dihydroxy-2,3,4,4a,5,9b-hexahydro-1H-indeno[1,2-b]pyr-
idine (1d). From HHIP 1b, 1d was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH 90:10) (yield:
62%). 'TH NMR (500 MHz, pyridine) é = 8.20 (s, 1H, CH-9), 7.14 (s, 1H,
CH-6),4.13 (d, 1H,J = 10.7 Hz, CH-9b), 3.75 (dd, 1H, J = 3.5, 12.8 Hz,
CH,-2a), 3.28 (td, 1H, J = 3.5, 12.8 Hz, CH,-28), 2.70 (dd, 1H,] = 5.7,
13.2 Hz, CHa-5a), 2.44 (m, 1H, CH»-58), 2.35 (m, 1H, CH,-40), 1.85
(m, 2H, CH,-3¢ and CH-4a), 1.61 (m, 1H, CH,-4pB), 1.52 (m, 1H, CHa-
38); >C NMR (125 MHz, pyridine) ¢ 147.8 (C-8), 145.8 (C-7), 132.8
(C-9a), 129.6 (C-5a), 113.3 (CH-6), 111.6 (CH-9), 65.1 (CH-9b), 47.6
(CH-4a), 44.8 (CH3-2), 34.6 (CHy-5), 27.6 (CH2-4), 23.6 (CH2-3).
EIMS m/z (%) 206 [M + H]* (100); HRESIMS m/z 206.1176 [M + H|*
(206.1181, calc for C12H1gNO3).

4.1.4.2. 7,8-Dihydroxy-N-methyl-2,3,4,4a,5,9b-hexahydro-1H-indeno
[1,2-b]pyridine (1e). From 1c, 1e was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH 90:10) (yield:
97%). '"H NMR (500 MHz, CDCl3) 6 8.0 (s, 1H, CH-9), 7.14 (s, 1H, CH-
6), 4.20 (d, 1H, J = 11.1 Hz, CH-9b), 3.36 (m, 2H, CH,-2), 2.81 (s, 3H,
NCH3), 2.67 (dd, 1H, J = 4.9, 12.2 Hz, CHy-5a), 2.31 (m, 1H, CH>-58),
2.25 (m, 1H, CHy-44.), 1.85 (m, 1H, CH-4a), 1.74 (m, 1H, CH;-3x), 1.60
(m, 1H, CH2-4p), 1.45 (m, 1H, CH,-3B); 3C NMR (125 MHz, CDCl3)
6 147.9 (C-8), 146.0 (C-7), 133.2 (C-9a), 127.7 (C-5a), 113.3 (CH-6),
112.5 (CH-9), 61.1 (CH-9b), 54.1 (CH,-2), 41.6 (CH-4a), 34.6 (CH-5
and NCH3), 27.5 (CH2-4), 20.4 (CH,-3). EIMS m/z (%) 220 [M + H]"
(100); HRESIMS my/z 220.1333 [M + H]"(220.1338, calc for
C13H1gNO2).

4.1.4.3. 8-Hydroxy-2,3,4,4a,5,9b-hexahydro-1h-indeno[1,2-b|pyri-
dine (3d). From 3b, 3d was obtained after purification by silica gel
column chromatography (CH,Cl,/MeOH 90:10) (yield: 86%). 'H
NMR (500 MHz, CDCl3) 6 8.15 (d, J = 1.9 Hz, 1H, CH-9), 7.11 (d,
J=79Hz, 1H, CH-6), 7.06 (dd, ] = 1.9, 7.9 Hz, 1H, CH-7), 4.25 (d, 1H,
J = 10.5 Hz, CH-9b), 3.75 (m, 1H, CH,-2a), 3.32 (td, 1H, J = 3.6,
12.3 Hz, CH»-2), 2.70 (dd, 1H, ] = 6.1, 13.5 Hz, CHy-50.), 2.45 (m, 1H,
CH-4a), 2.33 (m, 1H, CH,-5pB), 1.94 (m, 1H, CH,-4¢), 1.82 (m, 2H, CH,-
30 and CH2-4P), 1.55 (m, 1H, CH»-3pB); >C NMR (125 MHz, CDCl5)
6 158.2 (C-8), 140.5 (C-9a), 131.9 (C-5a), 126.4 (CH-6), 116.6 (CH-7),
111.7 (CH-9), 65.1 (CH-9b), 47.6 (CH-4a), 45.2 (CH5-2), 34.4 (CHy-5),
27.5 (CHy-4), 23.7 (CH,-3). EIMS m/z (%) 188 [M — H]" (75), 146
(100), 131 (60), 77 (60), 41 (85); HRESIMS m/z 190.1225
[M + H]%(190.1232, calc for C;2H1gNO).

4.1.4.4. 8-Hydroxy-N-methyl-2,3,4,4a,5,9b-hexahydro-1h-indeno
[1,2-b]pyridine (3e). From 3c, 3e was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH 90:10) (yield:
80%). "TH NMR (500 MHz, CDCl3) 6 7.58 (d, ] = 1.9 Hz, 1H, CH-9), 7.13
(d,] = 8.2 Hz, 1H, CH-6), 7.09 (dd, J = 1.9, 8.2 Hz, 1H, CH-7), 4.20 (d,
1H,J = 11.3 Hz, CH-9b), 3.30 (m, 2H, CH3-2), 2.78 (s, 3H, NCH3), 2.69
(m, 1H, CHy-5a), 2.31 (m, 1H, CH3-58), 2.24 (m, 1H, CH;-44), 1.80 (m,
2H, CH-30 and CH-4a), 1.59 (m, 1H, CH-4B), 1.43 (m, 1H, CH-3B); 3C
NMR (125 MHz, CDCl3) 6 157.9 (C-8), 139.4 (C-9a), 132.2 (C-5a),
126.3 (CH-6), 116.3 (CH-7), 112.5 (CH-9), 71.2 (CH-9b), 54.6 (CH3-2),
41.9 (CH-4a), 35.1 (CH,-5), 34.0 (NCH3) 27.9 (CHy-4), 20.5 (CH»-3).
EIMS m/z (%) 202 [M — HJ* (85), 160 (30),131 (55), 77 (35), 42 (100);
HRESIMS my/z 204.1385 [M + H]"(204.1388, calc for C13HgNO).

4.1.4.5. 7-Chloro-8-hydroxy-2,3,4,4a,5,9b-hexahydro-1H-indeno|[1,2-
b|pyridine (4d). From 4b, 4d was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH 90:10) (yield:
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90%). '"H NMR (500 MHz, Pyr-ds) 6 8.20 (s, 1H, CH-9), 7.20 (s, 1H, CH-
6),4.20 (d, 1H, J = 11.1 Hz, CH-9b), 3.69 (dd, 1H, J = 3.3,12.7 Hz, CH,-
20), 3.28 (td, 1H, J = 3.6, 12.7 Hz, CH»-2p), 2.67 (dd, 1H, J = 5.8,
13.5 Hz, CH,-5a.), 2.41 (m, 1H, CH-4a), 2.32 (m, 1H, CH»-58), 1.90 (m,
1H, CH,-4a.), 1.82 (m, 1H, CH»-3a), 1.79 (m, 1H, CH»-4p), 1.53 (m, 1H,
CH»-3B); 3C NMR (125 MHz, CDCl3) 6 153.7 (C-8), 139.1 (C-9a),
133.1 (C-5a), 127.1 (CH-6), 121.7 (C-7), 112.9 (CH-9), 64.6 (CH-9b),
475 (CH-4a), 45.1 (CH-2), 34.3 (CH,-5), 27.4 (CH»-4), 23.7 (CH»-3).
EIMS m/z (%) 222 [M — H]* (100), 180 (70), 131 (60), 77 (40), 41 (65);
HRESIMS m/z 224.0841 [M + H]*(224.0842, calc for C;,H;5NOCI).

4.1.4.6. 7-Chloro-8-hydroxy-N-methyl-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b]pyridine (4e). From 4c, 4e was obtained after purifi-
cation by silica gel column chromatography (CHCl,/MeOH 90:10)
(yield: 89%). 'H NMR (500 MHz, Pyr-ds) 6 7.80 (s, 1H, CH-9), 7.25 (s,
1H, CH-6), 3.85 (d, 1H, J = 10.5 Hz, CH-9b), 3.10 (m, 1H, CHy-2a),
3.00 (m, 1H, CH;-28), 2.68 (m, 1H, CH,-52), 2.62 (s, 3H, NCH3), 2.27
(m, 1H, CH»-5), 2.16 (m, 1H, CH-4a), 1.78 (m, 1H, CH2-44), 1.70 (m,
1H, CH,-3a), 1.52 (m, 1H, CH»-3p), 1.38 (m, 1H, CH,-4B); 3C NMR
(125 MHz, CDCl3) ¢ 153.3 (C-8), 140.0 (C-9a), 133.7 (C-5a), 126.8
(CH-6), 120.8 (C-7), 113.6 (CH-9), 71.9 (CH-9b), 55.4 (CH,-2), 42.6
(CH-4a), 35.0 (NCH3), 34.2 (CH3-5), 28.5 (CH»-4), 21.3 (CH2-3). EIMS
m/z (%) 236 [M — H|* (75), 131 (55), 115 (30), 77 (30), 42 (100);
HRESIMS my/z 238.0951 [M + H]"(238.0993, calc for C13H7NOCI).

4.1.5. General procedure for N-acetylation

To a solution of the appropriate HHIP (0.85 mmol), acetic an-
hydride (0.85 mmol) and pyridine (1 mL) were added at room
temperature. After stirring for 2 h, solvent was evaporated under
vacuum and the residue redissolved in CH,Cl, (10 mL). The organic
solution was washed by saturated aq. NaHCOj3 solution (5 x 10 mL).
The organic layer was dried over Na;SO4 and the solvent evapo-
rated under reduced pressure.

4.1.5.1. 7,8-Dimethoxy-N-acetyl-2,3,4,4a,5,9b-hexahydro-1H-indeno
[1,2-b]pyridine (1f). From 1b, 1f was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH 90:10) (yield:
89%). TH NMR (500 MHz, CDCl3) 6 6.87 (s, 1H, CH-9), 6.73 (s, 1H, CH-
6),4.22 (d, 1H, J = 10.0 Hz, CH-9b), 3.86 (s, 3H, OCH3), 3.85 (s, 3H,
OCH3), 3.20 (m, 2H, CH,-2), 2.89 (dd, 1H, J = 6.3, 14.1 Hz, CH,-5q),
2.37 (m, 1H, CH»-5B), 2.36 (m, 1H, CH-4a), 2.15 (s, 3H, CH3CO), 2.13
(m, 1H, CHy-4a), 1.77-1.65 (m, 3H, CH,-4p, CH,-3); '3C NMR
(125 MHz, CDCl3) 6 171.6 (CO), 148.7 (C-8), 148.6 (C-7), 133.7 (C-9a),
133.2 (C-5a), 108.9 (CH-6), 108.4 (CH-9), 70.0 (CH-9b), 56.5 (OCH3),
56.4 (OCH3), 48.1 (CH»-2), 46.6 (CH-4a), 35.5 (CH,-5), 28.7 (CHy-4),
25.8 (CH;-3), 22.5 (COCH3). EIMS m/z (%) 275 [M] " (100), 246 (45),
204 (60); HRESIMS m/z 276.1503 [M + H]' (276.1594, calc for
C16H22NO3).

4.1.5.2. 8-Methoxy-N-acetyl-2,3,4,4a,5,9b-hexahydro-1h-indeno[1,2-
bpyridine (3f). From 3b, 3f was obtained after purification by silica
gel column chromatography (CH,Cl,/MeOH 90:10) (yield: 94%). 'H
NMR (500 MHz, CDCl3) ¢ 7.08 (d, J] = 8.2 Hz, 1H, CH-6), 6.85 (d,
J=2.3Hz, 1H, CH-9),6.71 (dd, ] = 2.3, 8.2 Hz, 1H, CH-7), 4.25 (d, 1H,
J=10.8 Hz, CH-9b), 3.77 (s, 3H, OCH3), 3.25 (td, 1H, ] = 3.2,12.2 Hz,
CH,-2), 2.89 (dd, 1H, J = 5.5, 14.1 Hz, CH;-5a), 2.35 (m, 1H, CH-4a),
2.34 (m, 1H, CH;-58), 2.09 (s, 3H, CH3CO), 2.08 (m, 1H, CH,-4a),
1.60—1.74 (m, 3H, CHy-4p, CH,-3); 3C NMR (125 MHz, CDCls)
0 1711 (CO), 158.4 (C-8), 133.2 (C-9a), 133.0 (C-5a), 125.2 (CH-6),
112.9 (CH-7), 110.6 (CH-9), 69.0 (CH-9b), 55.9 (OCH3), 48.5 (CH»-2),
47.5 (CH-4a), 34.9 (CH,-5), 28.0 (CH;-4), 25.8 (CH,-3), 23.1 (CH3CO).
EIMS m/z (%) 246 [M + H]* (100); HRESIMS m/z 246.1502[M + H]*
(246,1494, calc for C15H20N02).

4.1.5.3. 7-Chloro-8-methoxy-N-acetyl-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b] pyridine (4f). From 4b, 4f was obtained after purifi-
cation by silica gel column chromatography (CH,Cl,/MeOH 90:10)
(vield: 91%). TH RMN (500 MHz, CDCl3) 6 7.09 (s, 1H, CH-6), 6.83 (s,
1H, CH-9), 3.80 (s, 3H, OCH3), 4.10 (d, 1H, J = 10.3 Hz, CH-9b), 3.22
(m, 2H, CH,-2), 2.81 (dd, 1H, J = 6.8, 13.9 Hz, CH,-5a), 2.28 (m, 1H,
CH-4a), 2.27 (m, 1H, CH»-58), 2.06 (s, 3H, CH3CO), 2.05 (m, 1H, CH»-
40), 1.57—1.74 (m, 3H, CH-4pB, CH,-3); 13C RMN (125 MHz, CDCl3)
0 171.2 (CO), 153.4 (C-8), 143.1 (C-9a), 133.0 (C-5a), 125.9 (CH-6),
120.8 (C-7), 109.3 (CH-9), 68.9 (CH-9b), 56.3 (OCH3), 47.9 (CH,-2),
45.8 (CH-4a), 344 (CHy-5), 29.6 (CHy-4), 25.4 (CH-3), 23.1
(COCH3). EIMS m/z (%) 279 [M]* (100), 250 (65), 222 (45), 208 (60),
69 (40); HRESIMS m/z 280.1095 [M + H]" (280.1104, calc for
C15H19N02C1).

4.1.6. Synthesis of ethyl-4-(8-methoxy-2,3,4,4a,5,9b-hexahydro-
1H-indeno[1,2-b]pyridin-1-yl)-4-oxobutanoate (3g)

To a solution of the appropriate HHIP 3b (0.98 mmol) in CH;Cl;
(30 mL) and 5% aqueous NaOH (15 mL), the ethyl 4-chloro-4-
oxobutanoate (0.98 mmol) was added dropwise at 0 °C. The reac-
tion was stirred at room temperature for 2 h, and then, extracted
with CHyCl; (3 x 10 mL). The combined organic phases were
washed with brine and H;O0, dried over anhydrous Na,;SOy, filtered
and evaporated to dryness. The amide 3g was obtained after pu-
rification by silica gel column chromatography (CH,Cl,/MeOH 95:5)
(yield: 92%). 'TH NMR (500 MHz, CDCl3) 6 7.06 (d, ] = 8.0 Hz, 1H, CH-
6),6.82 (d,J = 2.1 Hz, 1H, CH-9), 6.70 (dd, J = 2.1, 8.0 Hz, 1H, CH-7),
4.23 (m, 1H, CH-9b), 4.10 (m, 2H, CO,CH3), 3.78 (m, 1H, CHy-2a),
3.76 (s,3H, OCH3),3.25(td, 1H, ] = 3.2,12.2 Hz, CH»-2(3), 2.89 (m, 1H,
CH,-5a), 2.63 (m, 4H, NCOCH,CH5), 2.38 (m, 1H, CH-4a), 2.37 (m,
1H, CH-58), 2.14 (m, 1H, CHy-4a), 1.60—1.77 (m, 3H, CH»-4p, CH,-
3), 1.24 (m, 3H, CHs); 13C NMR (125 MHz, CDCl3) 4 173.6 (CONH),
171.6 (CO0), 158.7 (C-8), 144.1 (C-9a), 132.7 (C-5a), 125.5 (CH-6),
113.2 (CH-7), 110.5 (CH-9), 70.2 (CH-9b), 60.8 (CO,CH3), 55.8
(OCH3), 48.5 (CH»-2), 46.0 (CH-4a), 34.9 (CHy-5), 299 (2 x C,
NCOCH,CH3), 29.8 (CH3-4), 25.9 (CH,-3), 14.6 (CH3). EIMS m/z (%)
331 [M]* (30), 286 (25), 202 (100), 186 (40), 174 (40); HRESIMS m/z
332.1877 [M + H]" (332.1862, calc for C1gH2gNOy).

4.1.7. General procedure for the synthesis of ureas and thioureas

A solution of the appropriate HHIP (0.42 mmol) in CH,Cl, was
treated with the corresponding isocyanate or thioisocyanate (0.
42 mmol) and refluxed for 2 h. The reaction mixture was extracted
with water (3 x 10 mL) and the combined organic layers were
concentrated to dryness.

4.1.7.1. 7,8-Dimethoxy-N-(2-(piperidin-yl)ethyl)-2,3,4,4a,5,9b-hex-
ahydro-1H-indeno  [1,2-b]  pyridine-1-carbothioamide  (1g).
From 1b and 1-(2-isothiocyanatoethyl) piperidine, 1g was obtained
after purification by silica gel column chromatography (CH,Cly/
MeOH 97:3) (yield: 82%). 'TH NMR (500 MHz, CDCl5) 6 6.83 (s, 1H,
CH-9), 6.78 (s, 1H, CH-6), 6.54 (s, 1H, NH), 5.51 (m, 1H, CH,-2¢), 4.48
(d, 1H, J = 11.1 Hz, CH-9b), 3.85 (s, 3H, OCHs), 3.83 (s, 3H, OCH3),
3.56 (m, 2H, CSNHCH,), 3.24 (m, 1H, CH,-2p), 2.99 (dd, 1H, ] = 6.2,
14.4 Hz, CHy-5a), 2.44—1.20 (m, 10H, CH,-piperidine), 2.37 (m, 1H,
CH3-5B), 2.25 (m, 1H, CH-4a), 2.16 (m, 2H, NHCH,CH>), 1.85 (m, 1H,
CHa-40), 1.80 (m, 1H, CH2-4p), 1.41 (m, 1H, CHy-3a), 1.25 (m, 1H,
CH,-3B); 3C NMR (125 MHz, CDCl3) 6 181.1 (CS), 149.2 (C-8), 148.2
(C-7), 133.5 (C-9a), 130.2 (C-5a), 108.4 (CH-6), 107.8 (CH-9), 71.7
(CH-9b), 54.4-24.1 (5 x CH,-piperidine), 56.2 (OCH3), 56.1 (CH-2),
55.9 (OCH3), 44.9 (CH-4a), 43.1 (NHCH,CHy), 42.0 (CSNHCH5), 35.4
(CH,-5), 25.7 (CHy-4), 24.3 (CH2-3). EIMS m/z (%) 404 [M + H|*
(100); HRESIMS m/z 404.2384 [M + H]7(404.2372, calc for
C22H34N305S).
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4.1.7.2. 7,8-Dimethoxy-N-(2',3',4'-trifluorophenyl)-2,3,4,4a,5,9b-hex-
ahydro-1H-indeno[1,2-b] pyridine-1-carbothioamide (1h).
From 1b to 1,2,3-trifluoro-4-isothiocyanatobenzene, 1h was ob-
tained after purification by silica gel column chromatography
(CH,Cly/MeOH 97:3) (yield: 87%). '"H NMR (500 MHz, CDCl3) 6 7.30
(m, 1H, CH-6'), 7.04 (s, 1H, CH-9), 6.92 (m, 1H, CH-5'), 6.81 (s, 1H,
CH-6), 5.59 (m, 1H, CH,-24a), 4.68 (d, 1H, J = 11.3 Hz, CH-9b), 3.87 (s,
3H, OCH3), 3.82 (s, 3H, OCH3), 3.33 (m, 1H, CH,-28), 3.05 (dd, 1H,
J = 5.8,14.1 Hz, CH-50), 2.44 (m, 2H, CH,-5p and CH-4a), 2.27 (m,
1H, CH,-4a), 1.82 (m, 2H, CH,-3a and CH,-4f), 1.78 (m, 1H, CH;-3p);
13C NMR (125 MHz, CDCl3) 6 182.4 (CS), 152.3 (C-2'), 149.1 (C-8),
148.3 (C-7), 146.2 (C-4'), 138.1 (C-3'), 134.6 (C-9a), 130.1 (C-5a),
120.5 (CH-6'), 112.6 (C-1"), 111.3 (CH-5'), 109.2 (CH-6), 107.8 (CH-9),
73.3 (CH-9b), 56.4 (2x0CH3 and CH,-2), 46.5 (CH-4a), 35.6 (CH,-5),
31.0 (CHy-4), 255 (CH»-3). HRESIMS m/z 423.1310
[M + H]"(423.1349, calc for C31H»3N30,SF3).

4.1.7.3. N-(4-fluorophenyl)-7,8-methylenedioxy-2,3,4,4a,5,9b-hex-
ahydro-1h-indeno [1,2-b] pyridine-1-carboxamide (2d). From 2b
and 4-(fluorophenyl) isocyanate, 2d was obtained after purification
by silica gel column chromatography (CH,Cl/MeOH 97:3) (yield:
79%). "H RMN (500 MHz, CDCl3) 6 7.09 (dd, ] = 5.7, 8.4 Hz, 2H, CH-2’
and CH-6'), 6.93 (s, 1H, CH-9), 6.90 (dd, ] = 8.4, 8.9 Hz, 2H, CH-5’ and
CH-3),6.78 (s, 1H, CH-6), 5.96 (s, 1H, OCH,0-), 5.75 (s, 1H, OCH,0-
B), 4.56 (dd, 1H, ] = 4.3,13.7 Hz, CH,-202), 4.28 (d, 1H, ] = 10.5 Hz, H-
9b), 2.91 (m, 2H, CH,-5a and CH»-2), 2.33 (m, 2H, H-4a and CH,-
58), 2.16 (m, 1H, CHy-4a), 1.61 (m, 3H, CH,-4p and CH,-3); 1>C RMN
(125 MHz, CDCl3) 6 158.6 (C-4', Jec = 241 Hz), 155.7 (CO), 148.7 (C-8),
147.1 (C-7),135.8 (C-5a), 134.8 (C-1), 132.4 (C-9a), 120.9 (CH-2’ and
CH-6, Jgc = 7.50 Hz), 115.2 (CH-3’ and CH-5/, Jgc = 21.25 Hz), 106.7
(CH-6), 104.7 (CH-9), 101.5 (OCH,0), 69.9 (CH-9b), 49.3 (CH,-2),
46.2 (CH-4a), 35.3 (CH,-5), 29.7 (CHy-4), 24.9 (CH,-3). EIMS m/z (%)
377 [M + Na|* (100), 355 (25) [M + H]", 326 (25), 309 (15), 241
(25); HRESIMS m/z 3551457 [M + H|™ (355.1458, calc for
CoH20N203F).

4.1.7.4. 7-Chloro-8-methoxy-N-ethyl-2,3,4,4a,5,9b-hexahydro-1H-
indeno[1,2-b] pyridine-1-carboxamide (4g). From 4b and ethyl iso-
cyanate, 4g was obtained after purification by silica gel column
chromatography (CH,Cl/MeOH 97:3) (yield: 84%). 'H RMN
(500 MHz, CDCl3) 6 7.26 (s, 1H, CH-6), 6.94 (s, 1H, CH-9), 4.57 (s, 1H,
NH), 4.45 (dd, 1H, J = 4.8, 12.6 Hz, CH»-2a.), 4.20 (d, 1H, J = 10.7 Hz,
CH-9b), 3.84 (s, 3H, OCH3), 3.28 (m, 1H, CH,-2'a), 3.04 (m, 1H, CH;-
2'B), 2.90 (m, 2H, CH,-2B and CH»-5a), 2.41 (m, 1H, CH»-58), 2.35
(m, 1H, CH-4a), 2.14 (m, 1H, CH3-44.), 1.64 (m, 3H, CH,-4p and CH,-
3),0.96 (t, 3H,J = 7.0 Hz, CH3-3'); 13C RMN (125 MHz, CDCl3) 6 158.2
(CO), 153.9 (C-8), 140.3 (C-9a), 134.4 (C-5a), 127.3 (CH-6), 121.9 (C-
7),107.8 (CH-9), 69.6 (CH-9b), 56.3 (OCH3), 49.2 (CH,-2), 44.9 (CH-
4a), 35.3 (CONHCH,), 34.6 (CH,-5), 30.4 (CH3-4), 24.7 (CH;,-3), 15.5
(CONHCH,CH3). EIMS m/z (%) 309 [M + H]* (40), 238 (100); HRE-
SIMS m/z 309.1372 [M + H]* (309.1370, calc for CigH22N20,C1).

4.1.8. General procedure for the synthesis of N-alkyl amides

To a solution of the appropriate HHIP (0.23 mmol) in dry CH3CN
(10 mL) and Et3N (0.23 mmol), the corresponding 2-bromo-acet-
amide (0.23 mmol) was added. The reaction mixture was refluxed
under a N, atmosphere for 4 h. Then, H,O was added and the re-
action mixture partially evaporated and extracted with CHyCl,
(3 x 10 mL). The combined organic layers were washed with H»0,
dried over Na;SO4 and concentrated to dryness.

4.1.8.1. 7,8-Methylenedioxy-N-phenyl-2-(2,3,4,4a,5,9b-hexahydro-
1H-indeno[1,2-b] pyridin-5-yl)acetamide (2e). From 2b and 2-
bromo-N-phenylacetamide, 2e was obtained after purification by
silica gel column chromatography (CH,Cl,/MeOH 97:3) (yield:

93%). TH RMN (500 MHz, CDCl3) 6 9.66 (s, 1H, NH), 7.65—7.12 (m, 5H,
Ph), 6.70 (s, 1H, CH-6), 6.60 (s, 1H, CH-9), 5.89 (s, 2H, OCH,0), 3.80
(d, 1H, ] = 8.7 Hz, CH-9b), 3.32 (m, 2H, CH,CO0), 3.01 (m, 2H, CH,-2),
2.75(dd, 1H, J = 6.1,14.2 Hz, CH»-5a), 2.32 (m, 1H, CH,-5p), 2.05 (m,
1H, CHy-40), 1.78 (m, 1H, CH-4a), 1.60 (m, 1H, CH;-3a), 1.52 (m, 1H,
CH,-4P), 1.37 (m, 1H, CH»-3p); 13C RMN (125 MHz, CDCl3) 6 169.9
(CO), 146.9 (C-8), 146.5 (C-7), 137.7 (C-5a), 135.6 (C-9a and C-1),
129.0 (CH-3’ and CH-5'), 124.2 (CH-4'), 119.6 (CH-2' and CH-6'),
106.1 (CH-6), 103.3 (CH-9), 100.9 (OCH,0), 72.6 (CH-9b), 52.9 (CH,-
2), 51.7 (CH,CO), 43.8 (CH-4a), 35.1 (CH-5), 29.7 (CHy-4), 20.6
(CH3-3). EIMS m/z (%) 351 [M + H]* (100), 282 (25); HRESIMS m/z
351.1707 [M + H]* (351.1709, calc for C1Hp3N,03).

4.1.8.2. 7,8-Methylenedioxy-N,N-diethyl-2-(2,3,4,4a,5,9b-hexahydro-
1H-indeno[1,2-b] pyridin-5-yl)acetamide (2f). From 2b and 2-
bromo-N,N-diethylacetamide, 2f was obtained after purification
by silica gel column chromatography (CH,Cl/MeOH 97:3) (yield:
89%). TH RMN (500 MHz, CDCl3) 6 6.76 (s, 1H, CH-9), 6.69 (s, 1H, CH-
6), 592 (s, 1H, OCH,0-a), 5.88 (s, 1H, OCH,0-B), 3.80 (d, 1H,
J=9.4 Hz, CH-9b), 3.54 (d, 1H, ] = 13.2 Hz, CH,CO-a), 3.43 (m, 1H,
CH,CO-B), 3.36 (m, 4H, CH,-2’ and CH»-4’), 3.17 (m, 1H, CHy-2a),
2.92 (td, 1H, J = 2.1,12.1 Hz, CH,-2), 2.73 (dd, 1H, ] = 6.2, 12.6 Hz,
CH,-5¢), 2.28 (m, 1H, CH»-58), 2.12 (m, 1H, H-4a), 2.03 (m, 1H, CH,-
40,),1.82 (m, 1H, CH»-3a), 1.55 (m, 1H, CH»-4f), 1.46 (m, 1H, CH»-3p),
1.14 (m, 6H, CH3-3’ and CHs-5'); 13C RMN (125 MHz, CDCl3) 6 169.4
(CO), 146.6 (C-8), 146.3 (C-7), 135.8 (C-5a), 135.7 (C-9a), 106.0 (CH-
6), 104.1 (CH-9), 100.9 (OCH0), 72.7 (CH-9b), 52.4 (CH;-2), 49.9
(CH,CO), 42.6 (CH-4a), 40.2 (CH,-2’ and CH,-4'), 35.3 (CH»-5), 29.9
(CH»-4), 20.7 (CH,-3), 14.3 (CH3-3’ and CH3-5'). EIMS m/z (%) 330
[M]™ (90), 282 (35). HRESIMS m/z 331.2033 [M + H]" (331.2022,
calc for C]9H27N203).

4.1.8.3. 7,8-Methylenedioxy-1-(piperidin-1-yl)-(2,3,4,4a,5,9b-hex-
ahydro-1H-indeno [1,2-b]pyridin-5-yl)ethanone (2g). From 2b and
2-bromo-1-piperidin-1-yl)ethanone, 2g was obtained after purifi-
cation by silica gel column chromatography (CH;Cl,/MeOH 97:3)
(vield: 84%). 'TH RMN (500 MHz, CDCl3) 4 6.76 (s, 1H, CH-9), 6.69 (s,
1H, CH-6), 5.93 (s, 1H, OCH,0-a.), 5.89 (s, 1H, OCH,0-), 3.80 (d, 1H,
J=9.4 Hz, H-9b), 3.64 (d, 1H, J = 12.9 Hz, CH,CO-a), 3.55—1.15 (m,
10H, CH,-piperidine), 3.44 (m, 1H, CH,CO-B), 3.16 (dd, 1H, J = 4.1,
13.5 Hz, CH-2a), 2.91 (m, 1H, CH;-2), 2.73 (dd, 1H, ] = 12.4, 6.4 Hz,
CHy-5a), 2.28 (m, 1H, CH,-5f), 2.12 (m, 1H, CH-4a), 2.02 (m, 1H,
CHy-4), 1.79 (m, 1H, CH,-3a), 1.55 (m, 1H, CH,-4p), 1.53 (m, 1H,
CH3-3B); 3C RMN (125 MHz, CDCl3) 6 168.4 (CO), 146.6 (C-8), 146.2
(C-7), 135.9 (C-5a and C-9a), 106.0 (CH-6), 104.3 (CH-9), 100.9
(OCH,0), 72.7 (CH-9b), 52.5 (CH,-2), 50.5 (CH2CO), 46.4—24.5 (CH,-
piperidine), 43.0 (CH-4a), 35.3 (CH3-5), 29.8 (CH,-4), 20.9 (CH>-3).
EIMS m/z (%) 343 [M + H]* (10), 230 (100), 187 (10); HRESIMS m/z
343.2019 [M + H]* (343.2022, calc for CooHy7N203).

4.2. Pharmacology

4.2.1. Cell culture

Human embryonic kidney 293 (HEK 293) cell line stably
expressing the human melatonin MT; or MT, receptor were grown
in DMEM medium supplemented with 10% fetal calf serum, 2 mM
glutamine, 100 IU/mL penicillin, and 100 pg/mL streptomycin. Once
they were grown at confluence at 37 °C, they were harvested in PBS
containing EDTA (2 mM) and centrifuged at 1000 g for 5 min (4 °C).
The resulting pellet was suspended in TRIS (5 mM, pH 7.5), con-
taining EDTA (2 mM), and homogenized using a Kinematica poly-
tron. The homogenate was then centrifuged (95,000 g, 30 min, 4 °C)
and the resulting pellet suspended in 75 mM TRIS (pH 7.5), 12.5 mM
MgCly, and 2 mM EDTA. Aliquots of membrane preparations were
stored at —80 °C until use.
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4.2.2. Binding assays

2-['?1]lodomelatonin (2200 Ci/mmol) was purchased from NEN
(Boston, MA). Other drugs and chemicals were purchased from
Sigma—Aldrich (Saint Quentin, France). The compounds were
evaluated for their binding affinity towards human MT; and MT;
receptors stably transfected in HEK 293 cells, using 2-[*I]iodo-
melatonin as radioligand. Briefly, binding was initiated by addition
of membrane preparations from stable transfected HEK cells
(40 pug/mL) diluted in the binding buffer (50 mM TRIS-HCI buffer,
pH 74, containing 5 mM MgCl,) to 2-['*’IJiodomelatonin (0.025
and 0.2 nM, respectively, for MT; and MT; receptors) and the tested
drug. Nonspecific binding was defined in the presence of 1 pM
melatonin. After a 120 min incubation at 37 °C, reaction was
stopped by rapid filtration through GF/B filters presoaked in 0.5%
(v/v) polyethylenimine. The filters were washed three times with
1 mL of ice-cold 50 mM TRIS-HCl buffer, pH 7.4.

Data from the dose—response curves (seven concentrations in
duplicate) were analyzed using the program PRISM (Graph Pad
Software Inc., San Diego, CA) to yield ICsqg (inhibitory concentration
50). Results are expressed as Kj = IC59/1 + ([L]/Kp), where [L] is the
concentration of radioligand used in the assay and Kp, the disso-
ciation constant of the radioligand characterizing the membrane
preparation.
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Sintesis y estudios de actividad antimicrobiana vy
citotdoxica de Isoquinoleinas lactamicas y benzo-
quinolizidinas.

Articulo 6: “Synthesis of pyrido[2,1-a]isoquinolin-4-ones and oxazino[2,3-
alisoquinolin-4-ones: New inhibitors of mitochondrial respiratory chain”
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Benzo[a]quinolizine is an important heterocyclic framework that can be found in numerous bioactive
compounds. The general scheme for the synthesis of these compounds was based on the preparation of
the appropriate dihydroisoquinolines by Bischler—Napieralski cyclization with good yields, followed by
the Pemberton method to form the oxazinones or pyridones derivatives via acyl-ketene imine cyclo-
condensation. All the synthesized compounds were assayed in vitro for their ability to inhibit mito-
chondrial respiratory chain. Most of the tested compounds were able to inhibit the integrated electron
transfer chain, measured as NADH oxidation, which includes complexes I, IIl and IV, in the low micro-
molar range. Oxazino[2,3-alisoquinolin-4-ones displayed greater activity than their pyrido[2,1-aliso-
quinolin-4-ones analogs. Indeed, the presence of a furan ring in C; position of oxazino[2,3-alisoquinolin-
4-ones provided the compound (1g) with the most potent biological activity. Therefore, these com-
pounds and especially the oxazinone derivatives are in the tendency of the new less toxic antitumor

Cytotoxicity

agents that target mitochondrial electron transport chain in a middle range potency.

© 2013 Elsevier Masson SAS. All rights reserved.

1. Introduction

Isoquinoline alkaloids are a large family of natural products with
a variety of powerful biological activities [1—3], including the in-
hibition of cellular proliferation [4]. Our research group has for a
long time been focused on the isolation and synthesis of
isoquinoline-containing compounds and a variety of chemically
diverse structures with dopaminergic activity were obtained [5—9].
In addition, we have also been interested in the search of new
compounds with antitumor properties via inhibition of mito-
chondrial respiratory chain, such as Annonaceous acetogenins [ 10—
12]. Mitochondrial electron transport chain, comprises the enzy-
matic respiratory complexes (I-1V), the coenzyme Q (ubiquinone)

* Corresponding author. Tel.: +34 963 87 90 58.
** Corresponding author. UMR-CNRS 6014 COBRA, Université de Rouen, 1 rue
Tesniére, 76131 Mont Saint Aignan Cedex, France. Tel.: +33 (0) 2 35 52 24 59.
E-mail addresses: ncabedo@ceqa.upv.es, ncabedo@uv.es (N. Cabedo),
xavier.franck@insa-rouen.fr (X. Franck).

0223-5234/$ — see front matter © 2013 Elsevier Masson SAS. All rights reserved.
http://dx.doi.org/10.1016/j.ejmech.2013.08.013

and cytochrome c. In the electron transport chain a transfer of
electrons occurs during the oxidative phosphorylation and a proton
gradient is established as the energy source for the ATP generation.
In addition, when an electron escapes, it may react with molecular
oxygen to form the superoxide radical (O, ~) which can be con-
verted to hydrogen peroxide (H;O,) and other reactive oxygen
species (ROS). Therefore, mitochondria play essential roles in the
ATP synthesis, ROS metabolism and apoptosis. It is important that
cells preserve an apposite level of intracellular ROS to keep redox
balance and signaling cellular proliferation [13]. An increase of
intracellular ROS leads to cellular damage, including lipid peroxi-
dation, oxidative DNA modifications, protein oxidation, enzyme
inactivation and finally, the cell death. Furthermore, DNA damage
and mutations in the enzymatic complexes are related to the most
common human neurodegenerative diseases, including Parkinson’s
disease [14] and aging [15]. Damage to the mitochondria has been
also detected in cancer cells that increase the glycolytic activity
(Warburg effect) to produce the ATP required for cellular functions
[16]. Some anticancer agents have the ability to inhibit mitochon-
drial electron transport and/or increase superoxide radical
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Fig. 1. Structure of benzo[a]quinolizine framework and examples of natural products
containing it.

generation in tumor cells, causing apoptosis by reducing ATP levels
and/or cell-damaging. Indeed, the research on respiratory chain
inhibitors has been focused on pharmacological [17] and agro-
chemical targets, providing compounds with high potential for
antitumor therapy [18] and pest control [19]. In addition, mito-
chondrial respiratory chain inhibitors have been also extremely
useful to establish the functional mechanisms and crystal struc-
tures of complex I [20].

Benzo[a]quinolizine is an important heterocyclic framework
that can be found in numerous bioactive compounds (Fig. 1) [1]
such as berberine [21] and emetine [22]. Furthermore, many
biologically-relevant 2-pyridones like the yohimbane-type alkaloid
sempervilam [23] and the antineoplasic agent camptothecin are
natural products that contain multi ring-fused systems (Fig. 2).
Recently, synthetic benzo[a]quinolizine derivatives have shown
effect in reversing tumor cell resistance with ICsg values in the
micromolar range [24].

The biological properties and chemical features of these mole-
cules have attracted the chemists’ interest leading to the descrip-
tion of a large number of synthetic routes [25]. Therefore, both the
attractive structure of the benzo[a]quinolizine moiety together
with their potential activity as inhibitors of cellular proliferation,
encouraged us to prepare pyrido[2,1-a]isoquinolin-4-ones and the
oxygenated analogs oxazino|2,3-alisoquinolin-4-ones in order to
explore their properties as mitochondrial respiratory chain
inhibitors.

Several approaches for the synthesis of benzo[a]quinolizines
have been described in the literature [26], most of which involved
B-ring closure by formation of de C;1;—Cy1p bond either by Bis-
chler—Napieralski cyclodehydration or by related palladium-
catalyzed cyclization [27,28]. Other reported methods include the
formation of C;{—Cy;p bond via Mannich cyclization of a dihy-
droisoquinolinium ion [29] or B-ring closure by the formation of
the C;—C;, bond from the appropriate N-substituted 2-
arylpiperidine or pyridine derivatives [30]. Roy et al. [31] also
showed an effective procedure for the synthesis of benzo[a]qui-
nolizin-4-thiones through the reaction of 3,4-dihydroisoquinolines
with different p-oxodithioesters. Furthermore, a conjugate
addition-dipolar cycloaddition cascade has been described for the
synthesis of benzo[a]quinolizines [32]. Among the different

HN
N
'y

o

sempervilam camptothecin

depicted approaches we are now interested in the study of the
reactivity of imines since it can lead to original and biologically
unexplored frameworks. Indeed, the microwave-assisted acyl-
ketene imine cyclocondensation has been a useful strategy to
generate oxazinones. In this regard, Presset et al. [33] reported the
use of cyclic 2-diazo-1,3-diketones as acyl-ketene source by Wolff
rearrangement, and Pemberton et al. [34] started from either
Meldrum’s acid derivatives or 1,3-dioxine-4-ones to react with
dihydroisoquinolines. Therefore, we have applied the Pemberton
method using dioxinones as acyl-ketenes precursors taking
advantage of the chemical diversity generated by this procedure.
The structure—activity relationship (SAR) of the synthesized
products was further evaluated.

2. Results and discussion
2.1. Chemistry

The general synthetic plan to obtain these compounds was
based on the preparation of the appropriate B-phenylacetamides
(1-3) by standard methods [6,35] and further cyclization by Bis-
chler—Napieralski cyclodehydration (Scheme 1). First, 3,4-
dimethoxyphenethylamine was subjected to Acy;O/Pyr or Schot-
ten—Bauman conditions to give the appropriate amides (1-3).
Then, amides 1—-3 were treated with POCI3 to lead to the expected
dihydroisoquinolines 1a—3a by Bischler—Napieralski cyclization
with good yields.

Once the different imines were prepared following Pemberton’s
procedure [34], imine 1a was reacted with the commercially
available 2,2,6-trimethyl-4H-1,3-dioxin-4-one (4a) under neutral
or basic conditions, either using microwave irradiation or conven-
tional heating. Similar to Pemberton et al. [34], the formation of
oxazinone 1c was favored by basic conditions and it was almost
exclusively formed by the use of conventional heating. Neutral
conditions clearly favored the formation of pyridone 1b under
either conventional or microwave activation (Table 1, Scheme 2).

Once the reaction conditions were set up [38], this methodology
was applied to the synthesis of oxazinones (1c—3c, 1e, 1g) and
pyridones (1b—3b, 1d, 1f) from different 1-substituted dihy-
droisoquinolines (1a—3a) and dioxinones (4a—4c). When 1-
benzyldihydroisoquinolines (2a, 3a) were used, yields were lower
than those for 1-methyldihydroisoquinoline (1a) (Schemes 3 and
4). In addition, in order to explore their biological activity, depro-
tection of the methoxy groups of compound 1b was performed.
Catechol 1h was then obtained in good yield using BBr3. To our
knowledge, compounds 1c, 1f—1h, 2b, 2¢, 3b and 3c are here re-
ported for the first time and their structures were confirmed by
NMR spectral data and mass spectrometry.

2.2. Respiratory chain inhibition (SAR)
All the synthesized compounds were assayed in vitro against the

NADH oxidase activity of beef-heart submitochondrial particles, as
a model of mammalian respiratory chain. Most of the tested

oxazino[2,3-a]
isoquinolin-4-one

pyrido[2,1-a]
isoquinolin-4-one

Fig. 2. Examples of natural 2-pyridones and structures of pyrido[2,1-a]isoquinolin-4-ones and oxazino[2,3-a]isoquinolin-4-ones.
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Scheme 1. Synthesis of dihydroisoquinolines 1a—3a. Reagents and Conditions: (a) Ac0, Pyr, rt, 3 h; (b) POCl3, CH5CN, Ny, reflux, 1 h; (c) 2-bromophenylacetyl chloride or 2-

phenylacetyl chloride, CH,Cl,, 5% aq NaOH, rt, 16 h.

Table 1
Reaction of dihydroisoquinoline 1a with 2,2,6-trimethyl-4H-1,3-dioxin-4-one under
different reaction conditions.

Solvent Heating Pyridone (1b) Oxazinone (1c)
Toluene MW 70% -

TEA + Toluene MW Complex mixture

Toluene Conventional 78% 1%

TEA + Toluene Conventional 2% 68%

compounds were able to inhibit the whole respiratory chain in the
micromolar range. Indeed, this enzymatic assay detected a decay of
the NADH oxidase activity in the integrated electron transfer
chain which involves all three energy-conserving enzymatic com-
plexes: NADH:ubiquinone oxidoreductase (complex I), ubiqg-
uinol:cytochrome ¢ reductase (complex III) and cytochrome c
oxidase (complex IV). NADH is the physiological electron donor of
complex I that catalyzes the reduction of lipid soluble endogenous
coenzyme Q or ubiquinone (CoQip in beef heart). In fact, in the
integrated electron transfer chain, electrons are first carried from

Table 2

complex I or from complex II (succinate:cytochrome c reductase) to
complex Il by ubiquinone, and then from complex III to complex IV
by the peripheral membrane protein cytochrome c. Thus, the
inhibitory action of the active compounds might be affecting one or
more of the electron transfer chain enzymatic complexes [39].

Compared with the highly toxic rotenone (a high-affinity in-
hibitor of complex I), the pyridone (1b, 1f, 1h, 2b and 3b) and
oxazinone (1c, 1e, 1g, 2c and 3c) cytotoxic derivatives showed a
moderate inhibitor activity that was in the same order of magni-
tude that the structural-related mycotoxins such as circumdatins
(circumdatin E and H, ICsp = 2.5 and 1.5 uM, respectively) and
flavacol (ICso = 13 pM) [40]. Given that most of the respiratory
chain inhibitors with potential therapeutic interest act in the high
nanomolar and low micromolar ranges to avoid an extreme
toxicity, as it happens with Annonaceus acetogenins (ICsg values in
the low nanomolar range), these compounds and especially the
oxazinone derivatives can be consider effective inhibitors of the
whole respiratory chain [41] (Table 2).

In general, oxazino[2,3-alisoquinolin-4-ones seemed to display
greater activity than their respective pyrido[2,1-a]isoquinolin-4-

Inhibitory potency of compounds 1b—3c against the NADH oxidase activity of mammalian respiratory chain.

Compound ICs50 (uM) + SE?
1b 8.23 + 0.98* 15
L
1c 1.36 + 0.50*
1d >30 £ 10
1e 1.32 + 0.03* S
1f 12.50 + 1.66* d°°
1g 0.90 + 0.03* = 5
1h 3.44 + 0.05* [~
2b 424 + 0.03* |-| |—|
2c 1.39 + 0.20*
3b 4.69 + 0.11* 0 T T T T lTI T T I-ll T T
3c 1.53 + 0.10* O A A% N O N q° a9 P op
Rotenone 5.10 + 0.90* (nM)
*p < 0.05.

2 Data are presented as the mean =+ SD of thee independent determinations for each compound.
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Scheme 4. Synthesis of pyrido[2,1-alisoquinolin-4-ones and oxazino[2,3-a]iso-
quinolin-4-ones 2b—3c. Reagents and Conditions: (a) 2,2,6-trimethyl-4H-1,3-dioxin-4-
one 4a, toluene, Ny, reflux, 3 h; (b) 2,2,6-trimethyl-4H-1,3-dioxin-4-one 4a, Et3N,
toluene, Ny, reflux, 3 h.

ones analogs. For instance, while the ICsg of the compound 1¢ was
1.36 pM, its pyridone analog (1b) showed decreased NADH oxidase
activity (ICsp = 8.33 uM). In addition, when the methyl group in C,
position of the pyridone was replaced by an aromatic group, the
activity decreased or almost disappeared (1d and 1f). By contrast,
the size and nature of the substituent in 2-position of the oxazine
did not seem to affect NADH oxidase activity. In this regard, not only
the existence of a phenyl group (1e) kept the activity but the
presence of a furan ring in C, position provided the most potent
compound 1g. Interestingly, the deprotection of the methoxy
groups in A ring to obtain a catechol (1h) maintained the activity.
On the other hand, when the aromatic ring was placed on Cq
position (series 2 and 3), the pyrido[2,1-a]isoquinolin-4-ones were
able to inhibit respiratory chain at moderated potencies (com-
pounds 2b and 3b with IC5q of 4.24 uM and 4.69 uM respectively)
without any noticeable influence of the halogen group. However
and in agreement with the previous observations, the oxazine an-
alogs displayed greater NADH oxidase inhibition than their
respective pyridones (compounds 2¢ and 3¢ with IC5¢ of 1.39 pM
and 1.53 respectively). Likewise, the presence of a bromine atom in
the aromatic ring did not seem to affect the activity. Therefore,
pyridone and mainly oxazine derivatives can interfering with the
mitochondrial respiratory chain by direct inhibition of one or more
enzyme complexes and/or, similar to many potent inhibitors that
mimic the quinoid head of ubiquinone, they can function as false
electron acceptors (carriers) by extracting electrons from in-
termediates in the respiratory chain in competition with their
natural substrates [42]. We could hypothesize that the different
electron density of oxazine and pyridone nucleus might establish
their different electron acceptor properties whereas substituents
on Cq or C; positions favors the passage through the hydrophobic
environment of the ubiquinone catalytic binding site.

3. Conclusions

In conclusion, we have synthesized via Pemberton method
eleven benzo[a]quinolizines including pyrido[2,1-alisoquinolin-4-
ones (1b, 1d, 1f, 1h, 2b and 3b) and oxazino[2,3-a]isoquinolin-4-
ones (1c, 1e, 1g, 2c and 3c). Most of these compounds were found
to be moderate inhibitors of the electron transport chain in the
same range that known mycotoxins. Oxazino[2,3-alisoquinolin-4-
ones displayed greater activity than their pyrido[2,1-a]iso-
quinolin-4-ones analogs. Indeed, the presence of a furan ring in C;
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position of oxazino[2,3-alisoquinolin-4-ones provided the com-
pound (1g) with the most potent biological activity. Therefore,
these compounds and especially the oxazinone derivatives are in
the tendency of the new less toxic antitumor agents that target
mitochondrial electron transport chain in a middle range potency.

4. Experimental section
4.1. Chemistry

Melting points were taken on a Cambridge microscope instru-
ment coupled with a Reichert-Jung. EIMS was recorded in a VG
Auto Spec Fisons spectrometer instrument (Fisons, Manchester,
United Kingdom). Microwave reactions were performed using a
CEM Focused Microwave Synthesis System apparatus, Model
Discover. The device is a continuous focused microwave power
delivery system with operator selectable power output from 0 to
300 W. All the reactions were performed in special 10 mL glass
vessels under argon atmosphere. Reaction mixture temperatures
were measured during microwave heating with an IR surface
sensor located at the base of the Discover. The temperature was
fixed at 150 °C or 110 °C and maintained for 5 min (i.e., hold time:
time in which the system maintains the control parameters) and
was usually reached within 1 min (i.e., run time: maximum run
time for the method in situations where the control point is not
reached). 'H NMR and 3C NMR spectra were recorded with CDCl3
as a solvent in a Bruker AC-300, AC-400 or AC-500. Multiplicities of
13C NMR resonances were assigned by DEPT experiments. COSY,
HSQC and HMBC correlations were recorded at 400 and 500 MHz
(Bruker AC-400 or AC-500). The assignments of all compounds
were made by COSY, DEPT, HSQC and HMBC. All the reactions were
monitored by analytical TLC with silica gel 60 Fy54 (Merck 5554).
Residues were purified by silica gel 60 (40—63 pum, Merck 9385)
column chromatography. Solvents and reagents were purchased
from commercial sources. Quoted yields are of purified material.

4.1.1. General procedure for the synthesis of dihydroisoquinolines
(1a—3a)

4.1.1.1. 6,7-Dimethoxy-1-methyl-3,4-dihydroisoquinoline (1a).
A solution of 3,4-dimethoxyphenethylamine (1 g, 5.52 mmol) in
dry Ac;0 (10 mL) and pyridine (0.5 mL) was stirred under nitrogen
atmosphere at room temperature for 3 h. Then, the reaction
mixture was diluted with water (15 mL) and extracted with CH,Cl,.
The combined organic phases were dried over Na;SO4 and evapo-
rated to dryness to give 1.02 g (81%) of 1 as a white solid, which was
used in the next step with no further purification. Next, a solution
of N-(3,4-dimethoxyphenethyl)acetamide 1 (500 mg, 2.24 mmol)
in dry CH3CN (20 mL) was treated with POCl3 (0.37 mL, 4.1 mmol)
and refluxed for 1 h in a nitrogen atmosphere. The reaction mixture
was concentrated to dryness, re-dissolved in water and basified
with NH40H until pH = 9. The mixture was extracted with CH,Cl,.
The organic solution was dried over Na;SO4 and evaporated to
dryness to give 312 mg of 1a (67%) which was used in the next step
with no further purification. Characterization data for 1 and 1a
were in agreement with published data [35].

4.1.1.2. 6,7-Dimethoxy-1-(2-bromobenzyl)-3,4-dihydroisoquinoline
(2a). 2-Bromophenylacetyl chloride (1.2 mL, 8.25 mmol) was added
dropwise at 0 °C to a solution of 3,4-dimethoxyphenetylamine (2 g,
5.50 mmol) in 15 mL of CH,Cl, and 5% aqueous NaOH (2.5 mL). The
reaction was stirred at room temperature overnight and then
extracted with CH,Cl; (3 x 10 mL). The combination of the organic
phases was washed with brine (2 x 10 mL)and H,O (2 x 10 mL), dried
over Na,SO4 and evaporated to dryness. The residue was purified by
silica gel column chromatography (hexane-EtOAc, 5:5) to afford 1.8 g
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of amide 2 as a white powder (4.73 mmol, 86%). Next, a solution of 2
(100 mg, 0.27 mmol) in dry CH3CN (5 mL) was treated with POCl3
(0.07 mL, 0.75 mmol) and refluxed for 1 h in a nitrogen atmosphere
under the same conditions described above to obtain 1a. The residue
was used in the next step with no further purification. Characteriza-
tion data for 2 and 2a were in agreement with published data [36].

4.1.1.3. 6,7-Dimethoxy-1-benzyl-3,4-dihydroisoquinoline (3a).
The compound was 3 prepared according to the procedure
described above to obtain 2a. Firstly, 2-phenylacetyl chloride
(2.18 mL, 16.5 mmol), 3,4-dimethoxyphenetylamine (2 g, 11 mmol)
and NaOH 5% (2.5 mL). The residue was purified by silica gel column
chromatography (hexane/EtOAc 5:5) to afford 1.9 g of amide 3 as a
white powder (6.27 mmol, 57%). Next, a solution of 3 (200 mg,
0.65 mmol) in dry CH3CN (15 mL) was treated with POCl3 (0.12 mL,
1.35 mmol) and refluxed for 1 h in a nitrogen atmosphere under the
same conditions described above to obtain 1a. The residue was
used in the next step with no further purification. Characterization
data for 3 and 3a were in agreement with published data [37].

4.1.2. General procedure for the synthesis of pyrido[2,1-a]
isoquinolin-4-ones (1b, 1d, 1f)

4.1.2.1. 9,10-Dimethoxy-2-methyl-6,7-dihydro-4H-pyrido[2,1-a]iso-
quinolin-4-one (1b). 2,2,6-Trimethyl-4H-1,3-dioxin-4-one (0.065 mL,
0.48 mmol) was added to a stirred solution of imine 1a (50 mg,
0.24 mmol) dissolved in dry toluene (0.5 mL). The mixture was
irradiated at 150 °C, 300 W, for 5 min and then cooled to room
temperature. The resulting solution was diluted with CH,Cl; and
washed with saturated aq. NaHCOs3, water and brine. The combined
organic extracts were dried with Na;SOy, filtered and concentrated.
Purification by column chromatography (CH,Cl,—MeOH, 98:2) gave
1b (42 mg, 70%) as a white powder. Characterization data were in
agreement with published data [33,31].

4.1.2.2. 9,10-Dimethoxy-2-phenyl-6,7-dihydro-4H-pyrido[2,1-a]iso-
quinolin-4-one (1d). This compound was prepared following the
same procedure described above for the synthesis of 1b, and using
1a (0.24 mmol) and 2,2-dimethyl-6-phenyl-4H-1,3-dioxin-4-one
(89 mg, 0.46 mmol). The mixture was irradiated at 110 °C, 300 W,
for 5 min and then cooled to room temperature. Purification by
column chromatography (CH,Cl,-AcOEt, 60:40) gave 1d (35 mg,
60%) as a yellow powder. Characterization in agreement with
published data [33,31].

4.1.2.3. 2-(Furan-2-yl)-9,10-dimethoxy-6,7-dihydro-4H-pyrido[2,1-
alisoquinolin-4-one (1f). This compound was prepared following
the same procedure described above for the synthesis of 1b, and
using 1a (0.24 mmol) and 6-(furan-2-yl)-2,2-dimethyl-4H-1,3-
dioxin-4-one (93 mg, 0.48 mmol). The mixture was irradiated at
110 °C, 300 W, for 5 min and then cooled to room temperature.
Purification by column chromatography (CH,Cl,-AcOEt, 70:30)
gave 1f (23 mg, 31%) as a yellow oil. IR (cm~1): 2932, 1648, 1566,
1504, 1459, 1341; 'H NMR (500 MHz, CDCl3): 6 = 7.57 (d,J = 1.3 Hz,
1H, H-3'), 7.23 (s, 1H, H-11), 6.87 (d, ] = 3.3 Hz, 1H, H-5’), 6.85 (d,
J = 1.7 Hz, 1H, H-1), 6.79 (d, J = 1.7 Hz, 1H, H-3), 6.75 (s, 1H, H-8),
6.54 (dd, J = 3.5, 1.8 Hz, 1H, H-4’), 4.27 (m, 2H, CH,-6), 3.98 (OCH3-
9),3.94 (OCH3-10), 2.92 (m, 2H, CH,-7); 3C NMR (125 MHz, CDCls):
6 = 162.7 (C0O), 151.1 (C-9), 151.0 (C-10), 148.5 (C-2), 144.0 (CH-3’),
143.5 (C-11b), 139.6 (C-1'),129.1 (C-7a), 121.5 (C-11a), 112.1 (CH-4'),
110.4 (CH-8), 109.9 (CH-3), 109.4 (CH-5"), 108.2 (CH-11), 98.0 (CH-
1), 56.3 (OCH3-9), 56.0 (OCH3-10), 39.1 (CH,-6), 27.6 (CH,-7); ESMS
m/z (%) 324 [M + H]* (100).

4.1.2.4. 9,10-Dihydroxy-2-methyl-6,7-dihydro-4H-pyrido[2,1-a]iso-
quinolin-4-one (1h). A solution of 1b (75 mg, 0.33 mmol) in dry

CHyCl, (5 mL) was cooled to —78 °C. Then, BBr3 (0.05 mlL,
0.50 mmol) was added dropwise under nitrogen atmosphere. After
15 min, the reaction mixture was warmed up to room temperature
and stirred for 2 h. The reaction was terminated by the addition of
MeOH (1 mL) dropwise and the mixture was further stirred for
another 30 min. The solvent was concentrated to dryness. The
residue was purified by silica gel column chromatography (CH,Cl,—
MeOH, 90:10) to afford 70 mg of 1h (87%) as a brown solid. Mp:
281-283 °C; IR (em™): 3328, 2971, 2734, 2589, 1646, 1509, 1298;
'H NMR (500 MHz, CDCl3): 6 = 7.59 (s, 1H, H-11), 6.98 (s, 1H, H-8),
6.46 (d, ] = 1.1 Hz, 1H, H-3), 6.37 (d, ] = 1.1 Hz, 1H, H-1), 4.19 (m, 2H,
CH3-6), 2.66 (m, 2H, CH,-7), 2.03 (s, 3H, CH3); >C NMR (125 MHz,
CDCl3): 6 = 165.2 (CO), 153.3 (C-9), 151.9 (C-10), 148.6 (C-2), 145.8
(C-11b), 130.5 (C-7a), 120.9 (C-11a), 117.6 (CH-1), 117.4 (CH-8), 115.6
(CH-11),106.6 (CH-3), 41.9 (CH3-6), 29.5 (CH,-7), 23.3 (CH3); ESMS
mjz (%) 234 (100) [M]*

4.1.3. General procedure for the synthesis of oxazino[2,3-a]
isoquinolin-4-ones (1c, 1e, 1g)

4.1.3.1. 9,10-Dimethoxy-2,11b-dimethyl-7,11b-dihydro-4H,6H- [1,3]
oxazino|2,3-alisoquinolin-4-one (1c).
2,2,6-Trimethyl-4H-1,3-dioxin-4-one (0.06 mL, 0.44 mmol) was
added to a stirred solution of imine 1a (46 mg, 0.22 mmol) dis-
solved in dry toluene (5 mL). Et3N (0.06 mL, 0.44 mmol) was added
and the heated mixture was refluxed for 3 h and then cooled to
room temperature. The resulting solution was diluted with CH,Cl,
and washed with saturated aq. NaHCOs, water and brine. The
combined organic extracts were dried with NaySOy, filtered and
concentrated. Purification by column chromatography (CH;Cl;-
AcOEt, 60:40) gave 1c (43 mg, 68%). IR (cm™): 2932, 1662, 1515,
1409; 'H NMR (500 MHz, CDCl3): 6 = 6.99 (s, 1H, H-8), 6.96 (s, 1H,
H-11), 5.26 (s, 1H, H-3), 4.62 (ddd, J = 12.7, 5.1, 2.7 Hz; 1H, H-6a),
3.91 (s, 3H, OCH3-9), 3.66 (s, 3H, OCH3.10), 3.01 (m, 1H, H-68), 2.91
(m, 1H, H-7a), 2.66 (m, 1H, H-7p), 1.97 (CH3-2), 1.81 (CH3-11b); 3C
NMR (125 MHz, CDCl3): 6 = 163.4 (CO), 162.1 (C-2), 149.2 (C-10),
148.8 (C-9),128.5 (C-11a), 126.9 (C-7a), 110.7 (CH-8), 108.8 (CH-11),
98.4 (CH-3),90.3 (C-11b), 56.1 (OCH3-10), 55.8 (OCH3-9), 35.9 (CHa-
6), 27.6 (CH,-7), 23.1 (CH3-11b), 19.8 (CH3-2); ESMS m/z (%) 290
[M + H]* (100)

4.1.3.2. 9,10-Dimethoxy-11b-methyl-2-phenyl-7,11b-dihydro-4H,6H-
[1,3]oxazino[2,3-a]isoquinolin-4-one (1e). This compound was pre-
pared following the same procedure described above for the syn-
thesis of 1c¢, and using 1a (75 mg, 0.36 mmol) and 2,2-dimethyl-6-
phenyl-4H-1,3-dioxin-4-one (178 mg, 0.88 mmol), Et3N (0.12 mL,
0.88 mmol), and dry toluene (3 mL). Purification by column chro-
matography (CH,Cl,-AcOEt, 90:10) gave 1e (40 mg, 50%). Charac-
terization data were in agreement with published data [33].

4.1.3.3. 2-(Furan-2-yl)-9,10-dimethoxy-11b-methyl-7,11b-dihydro-
4H,6H- [1,3]oxazino[2,3-alisoquinolin-4-one (1g). This compound
was prepared following the same procedure described above for
the synthesis of 1c, and using 1a (50 mg, 0.24 mmol) and 6-(furan-
2-yl)-2,2-dimethyl-4H-1,3-dioxin-4-one (126 mg, 0.66 mmol), EtsN
(0.06 mL, 0.33 mmol), and dry toluene (2 mL). Purification by col-
umn chromatography (CHCl,-AcOEt, 90:10) gave 1g (20 mg, 26%) as
awhite powder. Mp: 123—125 °C; IR (cm™1): 2943, 1653, 1515, 1414,
1364; 'H NMR (500 MHz, CDCl3): 6 = 7.53 (d, J = 1.1 Hz, 1H, H-3'),
7.02 (s,1H, H-11),6.80(d,J = 3.3 Hz,1H, H-5'), 6.62 (s, 1H, H-8), 6.50
(dd, J = 3.4, 1.8 Hz, 1H, H-4'), 5.89 (s, 1H, H-3), 4.67 (ddd, J = 13.0,
5.3, 2.8 Hz, 1H, H-6a.), 3.94 (OCH3-10), 3.87 (OCH3.9), 3.09 (m, 1H,
H-68), 2.97 (m, 1H, H-7a), 2.70 (dt, J = 13.5, 3.3 Hz, 1H, H-78), 1.89
(CH3-11b); 13C NMR (125 MHz, CDCl3): 6 = 162.2 (CO), 152.3 (C-2),
149.4 (C-9), 148.1 (C-10), 147.1 (C-1'), 145.1 (CH-3"), 128.4 (C-11a),
1271 (C-7a), 111.8 (CH-4/, CH-5"), 110.7 (CH-8), 108.9 (CH-11), 94.9
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(CH-3), 90.7 (C-11b), 56.1 (OCH3-10), 55.9 (OCH3-9), 36.2 (CH2-6),
27.6 (CH,-7), 23.0 (CHs-11b); ESMS m/z (%) 341 [M]* (100).

4.14. General procedure for the synthesis of pyrido[2,1-a]
isoquinolin-4-ones 2b—3b

4.1.4.1. 1-(2-Bromophenyl)-9,10-dimethoxy-2-methyl-6,7-dihydro-
4H-pyrido[2,1-alisoquinolin-4-one (2b). A residue of the imine 2a
(from 100 mg, 0.27 mmol of amide 2) was dissolved in dry toluene
(5 mL), and treated with 2,2,6-trimethyl-4H-1,3-dioxin-4-one
(0.06 mL, 0.44 mmol). The reaction mixture was refluxed under ni-
trogen atmosphere for 3 h and then cooled to room temperature. The
resulting solution was diluted with CH,Cl, and washed with satu-
rated aq. NaHCOs3, water and brine. The combined organic extracts
were dried with Na,SOy, filtered and concentrated. Purification by
column chromatography (CH,Cl,-AcOEt, 10:90) gave 2b (40 mg, 33%
from amide 2) as a white solid. Mp: 216—218 °C. IR: 2961, 1639, 1491,
1466, 1450, 1212; 'H NMR (500 MHz, CDCl3): 6 = 7.65 (dd, 1H,
J =8.02,112 Hz, CH-2'), 7.31 (td, 1H, ] = 7.49, 1.19 Hz, CH-6'), 7.20 (td,
1H, ] = 7.77,1.71 Hz, CH-4'), 7.14 (dd, 1H, ] = 7.55, 1.65 Hz, CH-4'), 6.66
(s, 1H, H-8), 6.52 (s, 1H, H-3), 6.43 (s, 1H, H-11), 4.45 (m, 1H, H-62),
3.97 (m, 1H, H-6B), 3.86 (OCH3-9), 3.23 (OCH3-10), 2.85 (m, 2H, CH,-
7),1.88 (s, 3H, CH3); >C NMR (125 MHz, CDCl3): 6 = 161.7 (CO), 150.2
(C-9),149.5 (C-10),146.5 (C-2),140.4 (C-1),140.1 (C-1"),133.2 (CH-3'),
132.7 (CH-5),131.6 (C-11b), 129.2 (CH-4’),128.2 (CH-6'), 126.5 (C-2'),
121.4 (C-11a), 118.4 (C-7a), 117.7 (CH-3), 112.4 (CH-11), 109.6 (CH-8),
55.7 (OCHs-9), 55.3 (OCH3-10), 40.3 (CH»-6), 28.6 (CH,-7), 21.0
(CHs3); ESMS myz (%) 425 [M + H]™ (100).

4.1.4.2. 9,10-Dimethoxy-2-methyl-1-phenyl-6,7-dihydro-4H-pyrido
[2,1-a] isoquinolin-4-one (3b). This compound was prepared
following the same procedure described above for the synthesis of
2b, and using a residue of the imine 3a (from 200 mg, 0.65 mmol of
amide 3) and treated with 2,2,6-trimethyl-4H-1,3-dioxin-4-one
(0.18 mL, 1.30 mmol) in dry toluene (10 mL). Purification by col-
umn chromatography (CH,Cl,—MeOH, 95:5) gave 3b (75 mg, 33%
from amide 3). IR (cm™'): 2933, 1690, 1517, 1373, 1262, 1212; 'H
NMR (500 MHz, CDCls3): 6 = 7.45 (m, 2H, CH-3’, CH-5"), 7.30 (m, 1H,
CH-4'), 7.29 (m, 2H, CH-2/, CH-6'), 6.96 (s, 1H, H-8), 6.89 (s, 1H, H-
11), 6.16 (s, 1H, H-3), 4.63 (m, 1H, H-6a), 3.98 (m, 1H, H-6p), 3.83
(OCH3-9), 3.25 (OCH3-10), 2.92 (m, 2H, CH,-7),1.93 (s, 3H, CH3); 13C
NMR (125 MHz, CDCl3): 6 = 161.0 (CO), 148.9 (C-9), 148.1 (C-2),
146.5 (C-10), 140.2 (C-1), 135.6 (C-11b), 132.5 (C-1"), 128.9 (CH-2/,
CH-6'), 128.7 (C-7a), 128.6 (CH-3/, CH-5"), 127.9 (CH-4'), 123.5 (C-
11a), 118.7 (CH-3), 111.4 (CH-8), 109.7 (CH-11), 55.8 (OCH3-9), 55.4
(OCH3-10), 41.3 (CH3-6), 27.2 (CH2-7), 19.0 (CH3); ESMS m/z (%) 347
(100) [M]*

4.1.5. General procedure for the synthesis of oxazino[2,3-a]
isoquinolin-4-ones (2c—3c)

4.1.5.1. 11B-(2-Bromobenzyl)-9,10-dimethoxy-2-methyl-7,11b-dihy-
dro-4H,6H- [1,3]oxazino[2,3-afisoquinolin-4-one (2c). A residue of
the imine 2a (from 100 mg, 0.27 mmol of amide 2) in dry toluene
(5 mL) was treated with 2,2,6-trimethyl-4H-1,3-dioxin-4-one
(0.06 mL, 0.44 mmol) and Et3N (0.06 mL, 0.44 mmol). The reac-
tion mixture was refluxed under nitrogen atmosphere for 3 h and
then cooled to room temperature. The resulting solution was
diluted with CH,Cl, and washed with saturated aq. NaHCO3, water
and brine. The combined organic extracts were dried with NaySOy,
filtered and concentrated. Purification by column chromatography
(Toluene-AcOEt, 70:30) gave 2c¢ (15 mg, 12% from amide 2). IR
(em™1): 2938, 1664, 1515, 1460, 1264, 1212; 'H NMR (500 MHz,
CDCl3): 6 = 7.44 (m, 1H, C-2'), 7.16 (m, 1H, CH-5'), 7.07 (m, 1H, CH-
4’),6.94 (m, 1H, CH-6'), 6.56 (s, 1H, H-11), 6.55 (s, 1H, H-8), 5.29 (s,
1H, H-3), 4.33 (m, 1H, H-64.), 3.84 (OCHs3-9), 3.80 (m, 1H, CH,Ph-a.),
3.66 (OCH3-10), 3.65 (m, 1H, CH,Ph-f), 3.18 (m, 1H, H-68), 2.81 (m,

1H, H-7a), 2.50 (m, 1H, H-7B), 2.05 (s, 3H, CH3); 13C NMR (125 MHz,
CDCls): 6 = 162.7 (CO), 161.9 (C-2), 149.3 (C-9), 147.3 (C-10), 134.6
(C-1"),132.8 (CH-3"),132.5 (CH-6"),128.6 (CH-4"),127.5 (C-2/),126.9
(CH-5"),126.8 (C-7a),126.4 (C-11a),110.3 (CH-8),109.6 (CH-11),98.8
(CH-3), 91.7 (C-11b), 55.8 (OCH3-9), 55.8 (OCH3-10), 41.8 (CH,Ph),
36.7 (CHp-6), 27.1 (CH»-7), 19.8 (CHs); ESMS m/z (%) 444 (100)
[M+1]*

4.1.5.2. 11B-Benzyl-9,10-dimethoxy-2-methyl-7,11b-dihydro-4H,6H-
[1,3]oxazino[2,3-ajisoquinolin-4-one (3c). This compound was pre-
pared following the same procedure described above for the syn-
thesis of 2¢, and using a residue of the imine 3a (from 200 mg,
0.65 mmol of amide 3) in dry toluene (10 mL), and treated with
2,2,6-trimethyl-4H-1,3-dioxin-4-one (0.18 mL, 1.30 mmol) and Et3N
(0.18 mL). The reaction mixture was refluxed under nitrogen at-
mosphere for 2.5 h and then cooled to room temperature. Purifi-
cation by column chromatography (CH,Cl,—MeOH, 95:5) gave 3c
(80 mg, 33% from amide 3). IR (cm™~1): 2933, 1698, 1515, 1373, 1324,
1212; 'H NMR (500 MHz, CDCl3): 6 = 7.18 (m, 3H, CH-3', CH-4, CH-
5'), 7.83 (m, 2H, CH-2/, CH-6), 6.70 (s, 1H, H-11), 6.54 (s, 1H, H-8),
5.36 (s, 1H, H-3), 4.16 (m, 1H, H-6a.), 3.86 (OCH3-9), 3.75 (OCH3-10),
3.53 (m, 2H, CH,Ph), 2.87 (m, 1H, H-6p), 2.72 (m, 1H, H-7a), 2.35 (m,
1H, H-7B), 2.04 (s, 3H, CH3); 3C NMR (125 MHz, CDCl3): 6 = 163.1
(€0),162.2 (C-2),149.2 (C-9), 147.4 (C-10), 134.6 (C-1/), 130.9 (CH-2",
CH-6'), 128.0 (CH-3', CH-5'), 127.8 (C-7a), 127.0 (CH-4'), 126.3 (C-
11a), 1104 (CH-11), 109.7 (CH-8), 99.1 (CH-3), 91.8 (C-11b), 55.9
(OCH3-9), 55.8 (OCH3-10), 42.7 (CH,Ph), 37.2 (CH>-6), 27.2 (CH,-7),
19.8 (CH3); ESMS m/z (%) 366 (100) [M + H]*.

4.2. Biological assays

NADH and other biochemical reagents were purchased from
Sigma—Aldrich Chemical Co. Stock solutions (30 mM in absolute
EtOH) of target compounds were prepared and kept in the dark
at —20 °C. Appropriate dilutions (10—30 mM) were made before the
experiments. Inverted submitochondrial particles (SMP) from beef
heart were obtained following Fato’s method [39] by extensive
ultrasonic disruption of frozen-thawed mitochondria to produce
open membrane fragments where permeability barriers to sub-
strates were lost, and they were stored at —70 °C at 28 mg/mL
(protein measured by the Bradford method). The beef heart SMP
were transferred to glass test tubes, diluted to 0.5 mg/mL in
250 mM sucrose and 10 mM Tris—HCI buffer, pH 7.4, and treated
with 300 uM NADH to activate complex I before starting the ex-
periments. Aliquots of the stocks solutions (1 pL) were added
successively to 500 pL of the SMP preparations with 5 min of in-
cubation on ice after each addition (ethanol never exceeded 2% of
the total volume). After incubation, aliquots of the treated SMP
(25 pL) were diluted to 6 pg/mL in 50 mM potassium phosphate
buffer (pH 7.4) and 1 mM EDTA, in a cuvette at 22 °C, always in the
presence of 75 uM NADH. Immediately, NADH oxidase activity was
measured as the aerobic oxidation of NADH. Reaction rates were
calculated for each inhibitor (at increasing concentrations) from the
linear decrease of NADH concentration (A = 340 nm, ¢ = 6.22 mM !
cm~') measured in an end-window photomultiplier spectropho-
tometer ATI-Unicam UV4-500. The inhibitory concentration (ICsq)
was taken as the final compound concentration in the assay cuvette
that yielded 50% inhibition of the NADH oxidase activity. Data from
individual titrations were used to assess the means and standard
deviations of three independent assays for each compound.
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The attractive structure of the pyrroloisoquinoline moiety, together with its potential antimicrobial activ-
ity, encouraged us to prepare six 8-substituted and seven 8,9-disubstituted-1,2,3,5,6,10b-hexahydropyr-
rolo[2,1-alisoquinolin-3-ones in a few steps with good yields. We applied a convenient methodology via
double intramolecular cyclization conducted by a Bischler-Napieralski cyclodehydration-imine reduction
sequence, which is widely employed in the synthesis of isoquinoline alkaloids. Therefore, we synthesized
three series of these pyrrolo[2,1-alisoquinolin-3-ones characterized by the substituent at the 8-position
or 8,9-positions of the aromatic ring: (a) different side chains are attached to an 8-OH group (series 1); (b)
a chlorine atom is attached to the 8-position (series 2); and (c) 8- and 9-carbons are bearing an identical
group (series 3). The compounds bearing a benzylic moiety at the 8-position, for example, 8-benzyloxy-
pyrrolo[2,1-a]isoquinolin-3-one (1a) and 8-(4-fluorobenzyloxy)-pyrrolo[2,1-a]isoquinolin-3-one (1e), as
well as, a 8-chloro-9-methoxy moiety including the 8-chloro-9-methoxy-pyrrolo[2,1-alisoquinolin-3-
one (2a), provided the most fungicide and bactericide agents, respectively.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Isoquinoline alkaloids are a large family of natural products
with a variety of powerful biological activities,! including inhibi-
tion of cellular proliferation.> Within the isoquinoline family, pyr-
roloisoquinoline alkaloids have been paid considerable attention in
recent years because they display interesting biological activities
such as antidepressant,®> muscarinic agonist,® antiplatelet® and
antitumor activity.® In 1968, the first natural pyrroloisoquinoline
alkaloids were isolated from the peyote cactus and were identified
as peyoglutam and mescalotam.” Since then, the pyrrolo[2,1-a]iso-
quinoline ring system is the main core of a wide variety of biolog-
ically active alkaloids, including antitumor crispine A, isolated
from Carduus crispus,® tetracyclic compounds such as antiglycemic
jamtine, isolated from the climbing shrub Cocculus hirsutus,® and
erythrina type alkaloids with curare-like neuromuscular blocking
activities.!®!! In 1984, a tetracyclic framework bearing a pyrrolo-
isoquinoline lactam was found in nuevamine'? which displayed
anti-inflammatory, antimicrobial, anti-leukemic and antitumor
properties.'® In 2004, tricyclic lactam trolline was isolated from
Trollius chinensis. This alkaloid exhibited in vitro significant anti-
bacterial activity against some strains of Klebsiella pneumoniae,
Pseudomonas aeruginosa, Haemophilus influenza, Staphylococcus
aureus, Streptococcus pneumonia, S. pyogenes, and moderate antivi-
ral activity against influenza viruses A and B.!*

* Corresponding author.
E-mail address: dcortes@uv.es (D. Cortes).

0968-0896/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmc.2012.09.033

Actually, pyrrolo[2,1-a]isoquinolines were synthesized long be-
fore they were isolated as natural products, and were incorporated
into larger ring systems; for example, in the lamellarins skeleton.'®
Nevertheless, given their attractive biological activities, the syn-
thesis of new compounds bearing this structural framework has
greatly increased in recent years.'® One representative synthetic
strategy involves the annulation of the pyrrole ring by intramolec-
ular reaction of a 1,3-difunctionalized three-carbon building block
with a 3,4-dihydroisoquinoline.!”~'® Other strategies proceed prin-
cipally via phenethyl succinimides, in which a N-acyliminium ion
undergoes different types of intramolecular aromatic m-cyclization
reactions to provide the C10a-C10b bond formation. In this case,
some broadly used approaches involve: (1) tandem carbophilic
addition of the organolithium reagent-N-acyliminium ion cycliza-
tion sequence to obtain the isoquinolone skeleton;2° (2) applica-
tion of Parham-type cyclization to halogenated imides, giving the
corresponding enamides;?!*? and (3) the Pummerer/Mannich in-
duced cyclization cascade, which involves a thionium-N-acylimin-
ium ion cyclization to give the azabicyclic ring system.?

Our research group is focusing since a long time on isolating
and synthesizing isoquinoline-containing compounds to obtain a
variety of chemically diverse structures with dopaminergic activ-
ity.24-28 However, the discovery of new antimicrobial agents in
the last few years has become a need since some microorganisms
develop resistance to classic drugs due to their extensive use. As
mentioned above, previous works have shown the antimicrobial
properties of pyrroloisoquinolines, including the nuevamine-type
and trolline-type alkaloids.'>!* The attractive structure of the


http://dx.doi.org/10.1016/j.bmc.2012.09.033
mailto:dcortes@uv.es
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pyrroloisoquinoline moiety, together with its potential antimicro-
bial activity, encouraged us to synthesize trolline analogs contain-
ing a lactam-ring pharmacophore similar to antibiotic pB-lactams.
Although several methods have been portrayed for the synthesis
of this framework, we applied a typical methodology that we
widely employed in the course of our research into isoquinoline
synthesis. It is based on double intramolecular cyclization, con-
ducted by Bischler-Napieralski cyclodehydration from an ester
B-phenylethylamide and involves the subsequent reduction of
the imine intermediate. Therefore, we prepared six 8-substituted
and seven 8,9-disubstituted-1,2,3,5,6,10b-hexahydropyrrolo[2,1-
alisoquinolin-3-ones, including the known alkaloid (+)-trolline, in
a few steps with good yields for the purpose of exploring their anti-
microbial activities. Specifically, we followed the same approach to
synthesize three series of these pyrrolo[2,1-a]isoquinolinones
characterized by the substituent at the 8-position of the aromatic
ring. In these series: (a) different side chains are attached to an
8-OH group (series 1); (b) a chlorine atom is attached to the 8-po-
sition (series 2); and (c) 8- and 9-carbons are bearing an identical
group (series 3). The biological results of these thirteen compounds
have enabled us to draw conclusions on these groups’ influence on
antimicrobial activity.

2. Results and discussion
2.1. Chemistry

The general synthetic plan for these compounds focused on
preparing the appropriate B-phenyl acetamides (1-3) by standard
methods?>%® to be cyclized by Bischler-Napieralski cyclodehydra-
tion. Firstly, these were prepared by starting with benzaldehyde
derivatives: 3-hydroxybenzaldehyde (series 1, Scheme 1) and
3-chloro-4-methoxy-benzaldehyde (series 2, Scheme 2); and from
the 3,4-dimethoxy-B-phenyl-ethylamine (series 3, Scheme 3).
Therefore, by commencing with these benzaldehydes, and by a
successive nitromethane-reduction sequence, B-phenylethylamine
intermediates were obtained and then condensed with the ethyl
succinyl chloride under Shotten-Bauman conditions to give the
B-(3-benzyloxy-phenyl)acetamide (1), B-(3-chloro-4-methoxy-
phenyl)acetamide (2) and B-(3,4-dimethoxy-phenyl)-acetamide
(3), as outlined in Schemes 1-3, respectively. These amides 1-3
were treated with a POCl; reagent to lead us to the expected
dihydroisoquinolines by Bischler-Napieralski cyclization. The ob-
tained imine was reduced with NaBH, to give the tetrahydroiso-
quinoline skeleton and, simultaneously, the formed nucleophilic

amine quickly attacked the carbonyl ester leading to C ring
closure by a second intramolecular cyclization to give 8-benzyl-
oxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquinolin-3-one (1a),
8-chloro-9-methoxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-aliso-
quinolin-3-one (2a) and 8,9-dimethoxy-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinolin-3-one (3a) for series 1-3, respectively.
In order to obtain different substitutions at the 8 and 9-positions
to explore their influence on antimicrobial activity, the benzylic
and the methoxy groups of 1a (series 1) and 2a (series 2) were
deprotected under acid medium to give 8-hydroxy-1,2,3,5,6,
10b-hexahydropyrrolo[2,1-alisoquinolin-3-one (1b), and by BBr;
to obtain 8-chloro-9-hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,
1-alisoquinolin-3-one (2b) (Schemes 1 and 2). In addition, those
substituents that seemed to enhance the antimicrobial activity
were placed in both 8 and 9-positions on the aromatic A-ring
(series 3), also by previous deprotection of 3a by BBr3 to obtain
(2)-trolline (3b) (Scheme 3).

Secondly, in series 1, one carbamate and three O-alkylated
derivatives were prepared from 8-hydroxy-pyrroloisoquinolone
1b (Scheme 4) to give: 8-ethylcarbamate- (1c), 8-(1-piperidineth-
oxy)- (1d), 8-(4-fluorobenzyloxy)- (1e) and 8-phenylacetamide-
1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]isoquinolin-3-ones (1f). In
series 2, one carbamate derivative was prepared from 8-chloro-9-
hydroxy-pyrroloisoquinolone 2b to obtain 8-chloro-9-ethylcarba-
mate-1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquinolin-3-one (2c)
(Scheme 2). In series 3, one 8,9-bis(4-fluorobenzyloxy)- (3c) and
one 8,9-bis(phenylacetamide)-1,2,3,5,6,10b-hexahydropyrrol-
0[2,1-a]isoquinolin-3-ones (3d), were prepared from ()-trolline
(3b) (Scheme 3). All the target compounds were synthesized using
a short approach with good yields. In addition, and to our knowl-
edge, compounds 1a-1f, 2a-2c, 3c and 3d are reported for the first
time. Their structures were confirmed by NMR spectral data and
MS spectrometry.

2.2. Antimicrobial activity

All the synthesized pyrrolo[2,1-a]isoquinolines were assayed
in vitro for their ability to inhibit bacterial and fungal growth. In
the antimicrobial assays, our compounds were tested against sev-
eral human pathogenic and economically important phytopatho-
genic bacteria and/or fungi. The bacterial agents were distributed
over Gram(+) and Gram(-) bacteria: B. cereus, S. aureus, and
E. faecalis as Gram(+) and S. typhii, E. coli and E. carotovora as
Gram(—) (Table 1). The inhibition zones exhibited by compounds
1a-1f, 2a-2c and 3a-3c are summarized in Tables 1 and 2 for

No2 BnO
—>

R=H 3-OH-benzaldehyde a
R=Bn 3-OBn- benzaldehyd:_\( )

(98 %)

43 %) 1a: R— Bn
72%) 1b:R=H =@

3-benzyloxy- (97 %)
B-nitrostyrene

3-benzyloxy- (87 %)
phenyl-ethylamine

(d)
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- o
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(o) OEt
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EtO °

Scheme 1. Synthesis of pyrroloisoquinolin-3-ones 1a,1b (series 1). Reagents and conditions: (a) Benzyl chloride, K,COs, EtOH, reflux, 6 h; (b) Nitromethane, NH40Ac, AcOH,
reflux, overnight; (c) LiAlH4, THF/Et,0, N, reflux, 2 h; (d) Ethyl succinyl chloride, NaOH 5%, CH,Cl,, rt, overnight; (e) POCl3, CH,Cl,, Ny, reflux, 6 h; (f) NaBH4; MeOH, rt, 2 h; (g)

concd HCI-EtOH 1:1, reflux, 3 h.
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Scheme 3. Synthesis of pyrroloisoquinolin-3-ones 3a-3d (series 3). Reagents and conditions: (a) Ethyl succinyl chlorid

e, NaOH 5%, CH,Cl,, rt, overnight; (b) POCl3, CH,Cl,, N,

reflux, 3 h; and NaBH4; MeOH, rt, 2 h; (c) BBr3, CH,Cly, rt, 2 h; (d) p-fluorobenzyl chloride, K;CO3, EtOH, reflux, overnight; (e) 2-bromo-N-phenylacetamide, K,CO3, EtOH,

reflux, 6 h.

bactericidal and antifungal activity, respectively. In general, a
lipophilic group at the 8- and/or 9-position seemed to provide
moderate activity if compared with a free hydroxyl group such

(1a) was adequate for

as 1b and (z)-trolline (3b). The introduction of the O-benzyl group

activity, and a halogen atom (1e) over the

benzyl moiety or even two p-fluorobenzyloxy groups (3c), did
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Scheme 4. Synthesis of pyrroloisoquinolin-3-ones 1c-1f. Reagents and conditions: (a) Ethyl isocyanate, acetone, reflux, 3 h; (b) 2-bromo-1-(piperidin-1-yl)ethanone, K,COs3,
EtOH, reflux, 6 h; (c) p-fluorobenzyl chloride, K,COs, EtOH, reflux, overnight; (d) 2-bromo-N-phenylacetamide, K,CO3, EtOH, reflux, 6 h.

Table 1
Strains Bactericidal activity
Inhibition zone (mm) 24 h (means + SE)*

1a° 1b° 2a° 1c® 1e° 1f° 3b° 3c° Tetracycline®
B. cereus 8.66 +0.20" 750+035%  7.33+041%¢  6.50+0.35¢ 750+061%  883+020" 6.66+0415  7.33+041%¢  24.33+041°
S. aureus 00 0+0 7.83 £0.20" 00 6.33+020° 020 00 00 27.0£0.71¢
E. faecalis 6.83£0.20" 00 6.83+£0.20"  8.50%0.35° 0%0 7.33+£041%  0zx0 6.33 £0.20" 26.0+0.71°
S. typhii 6.0+0" 0+0 7.33+0.73" 7.50 +0.35° 0+0 7.33+£020° 00 5.83 +0.20" 2433 £0.41°
E. coli 405 6.33 £0.20" 0+0 6.83+£020"  6.83:054"  6.16+020" 750+035% 00 6.83+£0.20"  25.66+0.41°
E. carotovora  7.26+0.18"® 00 10.33£041¢  8.83+0.20° 8.0+0.61° 8.0£035® 0zx0 70" 13.33£0.41°
E. coli 100 0+0 0+0 6.16 +0.20" 6.33 £0.41A 0+0 0+0 0+0 0+0 25.66 +0.418

2 Each value represents the average and the standard error of three independent experiments. Within each line, the mean values labeled with the same superscript (A-E) do

not present statistically significant differences (P >0.05).

b Dose: 0.2 mg/disk. Compounds 1d, 2b, 2c and 3d did not show bactericidal activity. Compound 3a showed bactericidal activity at 0.3 mg/disk for S. aureus, E. faecalis,

E. coli 405 and E. carotovora.

Table 2

Strains

Antifungal activity

Inhibition zone (mm) 72 h (means + SE)*

1a° 2a° 1c° 1e° Benomyl
A. parasiticus 6.83 £ 0.20° 7.50 £ 0.35° 00 7.83 £ 0.20° 29.33 +0.415¢
T. viride 6.0 0" 0+0 00 8.10+0.25° 29.33+0.81¢!
F. culmorum 12.0+0.71* 7.50 £0.358 00 10.50 + 0.35¢ 27.66 + 1.08P<2
G. candidum 6.16 +0.20% 6.33+041° 00 7.0 £0.35% 0+0
P. citrophthora 11.33 £ 0414 6.83 +0.20° 9.66 + 0.41° 10.66 + 0.41% 4433 +0.41°S

¢ Each value represents the average and the standard error of three independent experiments. Within each line, the mean values labeled with the same superscript (A-D)

do not present statistically significant differences (P >0.05).
> Dose: 0.2 mg/disk.
! Dose: 20 ug/disk.
<2 Dose: 0.2 mg/disk.
< Dose: 30 pg/disk. Compounds 1b, 1d, 1f did not show antifungal activity.

not significantly improve it. Moreover, a carbamate bond at the 8-
position (1c) also provided activity against most of the tested
strains but not at 9-position (2c¢) on the aromatic A-ring. A similar
effect was observed for 1f and 3d with one and two aromatic
amide side chains, respectively. However, saturated amide 1d at
8-position did not display any bactericidal activity. The most note-
worthy compound was 2a, which possessed both a chlorine atom
which draws electron density away from the 1 system and an elec-
tron donating methoxyl group at the 8- and 9-position, respec-
tively. This compound displayed bactericidal activity against all
the tested strains. However, the presence of two methoxyl groups
(3a) at 8 and 9-positions was detrimental to the activity of the
compound and doses of 0.3 mg/disk were required to get a moder-
ate bactericidal effect. Furthermore, 2a showed the highest inhibi-

tion zone against S. aureus and E. carotovora among all the tested
pyrroloisoquinolines. For this latter microorganism, 2a possessed
a potency that almost fell in the same range as the reference com-
pound (tetracycline), suggesting that it could be a potential alter-
native bactericidal agent to this ubiquitous plant pathogen with
a wide host range. Thus, the presence in 2a of a chlorine atom
and a methoxyl group at the 8-position and the 9-position, respec-
tively, appeared to enhance activity.

Fungicide activity was tested against some phytopathogen fun-
gi strains: A. parasiticus, T. viridae, F. culmorum, G. candidum and
P. citrophthora (Table 2). Compounds 1a, 2a, 1c and 1e inhibited
fungal growth in vitro. Compounds 1d and 1f, in which the
substitution at the 8-position was an amide side chain, did not dis-
play growth inhibition of the selected fungi at 0.2 mg/disk, unlike
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the bactericidal test. In series 1, the most active compounds were
1a and their fluorinated analog 1e, which showed similar potency.
Consequently, it seems that the benzylic moiety located at the 8-
position on the pyrroloisoquinoline structure contributed posi-
tively to its antifungal properties, even if there was, or was not, a
halogen atom. Compound 2a, which was seen to be the most po-
tent bactericidal agent among the tested pyrroloisoquinolines,
had a moderate antifungal effect. Its derivatives 2b and 2c¢ did
not display any antifungal activity even at 0.4 mg/disk. Surpris-
ingly, other disubstituted series 3 analogous (3a-3d) also showed
no fungicidal effect at the highest dose tested (0.4 mg/disk).

In conclusion, we prepared new eleven 8-substituted pyrrol-
0[2,1-alisoquinolinones together with the known 3a and trolline
(3b) via a double cyclization unleashed by Bischler-Napieralski
cyclodehydration and an imine reduction sequence in a few steps
with good yields. The SAR studies reveal that the benzylic moiety
at the 8-position, as in compounds 1a (O-benzyl group) and 1e
(O-p-fluoro-benzyl group), and the 8-chloro-9-methoxy substitu-
tion as in 2a, provide the most fungicide and bactericide agents,
respectively.

3. Material and methods
3.1. General instrumentation

Melting points were taken on a Cambridge microscope instru-
ment coupled with a Reichert-Jung. EIMS was recorded in a VG
Auto Spec Fisons spectrometer instrument (Fisons, Manchester,
United Kingdom). 'TH NMR and '>C NMR spectra were recorded
with CDCl; as a solvent in a Bruker AC-300, AC-400 or AC-500.
Multiplicities of '>C NMR resonances were assigned by DEPT
experiments. COSY, HSQC and HMBC correlations were recorded
at 400 and 500 MHz (Bruker AC-400 or AC-500). The assignments
of all compounds were made by COSY, DEPT, HSQC and HMBC.
All the reactions were monitored by analytical TLC with silica gel
60 Fys4 (Merck 5554). Residues were purified by silica gel 60
(40-63 pm, Merck 9385) column chromatography. Solvents and
reagents were purchased from commercial sources. Quoted yields
are of purified material.

3.2. General procedure for the synthesis of amides (1-3)

3.2.1. 3-Benzyloxy-benzaldehyde

A mixture of 3-hydroxybenzaldehyde (3 g, 24.59 mmol), benzyl
chloride (4.1 mL, 35.79 mmol) and anhydrous K,CO; (2.4g¢g,
17.39 mmol) in absolute EtOH (30 mL) was refluxed for 6 h. Then
the reaction mixture was concentrated to dryness, redissolved in
10 mL of CH,Cl, and washed with 5% aqueous NaOH (3 x 10 mL).
The organic layer was dried with anhydrous Na,SO,4 and evapo-
rated to dryness. The residue was purified by silica gel column
chromatography (hexane/EtOAc, 8:2) to afford 5.1 g of 3-benzyl-
oxy-benzaldehyde (98%) as a white solid. Mp: 54-56 °C; 'H NMR
(300 MHz, CDCl3): 6=9.85 (s, 1H, CHO), 7.32 (m, 9H, H-2, H-4,
H-5, H-6, Ph), 5.11 (s, 2H, OCH,Ph); *C NMR (75 MHz, CDCl3) §
192.5 (CHO), 159.7 (C-3), 138.2 (C-1), 136.7 (C-1'), 130.5 (CH-5),
129.1 (CH-3', CH-5'), 128.6 (CH-4'), 127.9 (CH-2', CH-6'), 124.1
(CH-6), 122.6 (CH-4), 113.6 (CH-2), 70.6 (OCH,Ph); ESMS m/z (%):
213 (100) [M+1]*.

3.2.2. 3-Benxyloxy-p-nitrostyrene

A mixture of 3-benzyloxy-benzaldehyde (1 g, 4.71 mmol), nitro-
methane (0.7 mL, 12.89 mmol) and NH40Ac (0.8 g, 10.41 mmol) in
AcOH (12.5 mL) was refluxed overnight. After cooling, the mixture
was diluted with water and extracted with CH,Cl, (3 x 10 mL). The
organic solution was washed with brine (2 x 10 mL) and water
(2 x 10 mL), dried with anhydrous Na,SO,4 and evaporated to dry-

ness to obtain the 3-benzyloxy-p-nitrostyrene (1.2 g, 97%) as yel-
low needles, which was used in the following step with no
further purification. Mp: 80-83°C; 'H NMR (300 MHz, CDCls):
5=7.88 (d, J=13.8Hz, 1H, H-B), 7.48 (d, J=13.8 Hz, 1H, H-a),
7.40 (m, 7H, H-2, H-5, Ph), 7.01 (m, 2H, H-4, H-6), 5.11 (s, 2H,
OCH,Ph); '3C NMR (75 MHz, CDCl3) 6 = 159.6 (C-3), 139.4 (CH-B),
137.8 (C-1), 136.7 (C-1'), 130.9 (CH-a), 129.1-127.9 (6C, CH-5,
CH2'-CH-6'), 122.4 (CH-6), 119.2 (CH-4), 115.5 (CH-2), 70.6
(OCH,Ph); ESMS m/z (%): 256 (100) [M+1]".

3.2.3. 3-Chloro-4-methoxy-p-nitrostyrene

3-Chloro-4-methoxy-benzaldehyde (1.0 g, 5.87 mmol) was sub-
mitted to the same conditions depicted above to obtain the 3-
chloro-4-methoxy-p-nitrostyrene (1.1 g, 88%) as yellow needles,
which was used in the following step with no further purifica-
tion.2® Mp: 143-145°C; 'H NMR (400 MHz, CDCl5): 6=7.91 (d,
J=13.7Hz, 1H, H-B), 7.59 (d, J=2.2Hz, 1H, H-2), 7.52
(d, J=13.7 Hz, 1H, H-o), 7.44 (dd, J = 8.6, 2.2 Hz, 1H, H-6), 6.97
(d, J=8.6 Hz, 1H, H-5), 3.90 (s, 3H, OCHs-4); '3C NMR (100 MHz,
CDCl3) 6 =158.4 (C-4), 138.4 (CH-B), 136.4 (CH-a), 130.9 (CH-2),
130.1 (CH-6), 124.2 (C-1), 123.7 (C-3), 112.7 (CH-5), 56.8 (OCH3);
MS (EI) m/z (%): 213.5 (55) [M]*, 185 (100).

3.2.4. p-(3-Benzyloxy-phenyl)ethylamine

A mixture of 3-benzyloxy-B-nitrostyrene (600 mg, 2.35 mmol)
in 10 mL of anhydrous THF was added dropwise to a well-stirred
suspension of LiAlH; (0.3 g, 8.7 mmol) in 13 mL of anhydrous
Et,O under nitrogen atmosphere, and was refluxed for 2 h. Then
the reaction mixture was cooled and the excess of reagent de-
stroyed by a dropwise addition of H,O. After a partial evaporation
of the filtered portion, the aqueous solution was extracted with
CH,Cl; (3 x 10 mL). The organic layers were washed with brine,
dried over Na,SO4 and the solvent was removed to give the B-(3-
benzyloxy-phenyl)ethylamine (465 mg, 87%) as a yellow oil. 'H
NMR (300 MHz, CDCls): 6 =7.20 (m, 6H, H-5, Ph), 6.83 (m, 3H, H-
2, H-4, H-6), 5.03 (s, 2H, OCH,Ph), 2.88 (t, J = 13.5 Hz, 2H, CH,-B),
2.65 (t, J=13.5Hz, 2H, CH;-a); *C NMR (75MHz, CDCls):
6 =159.3 (C-3), 140.1 (C-1"), 137.4 (C-1), 130.0 (CH-5), 129.9 (CH-
3’, CH-5), 128.3 (CH-4'), 127.9 (CH-2, CH-6'), 121.9 (CH-6), 116.0
(CH-2), 112.8 (CH-4), 70.3 (OCH,Ph), 43.7 (CH,-B), 40.3 (CHy-a1);
ESMS m/z (%): 228 (100) [M+1]".

3.2.5. p-(3-Chloro-4-methoxyphenyl)ethylamine

3-Chloro-4-methoxy-B-nitrostyrene (1.0g, 4.70 mmol) was
submitted to the same conditions depicted above to obtain the
2-(3-chloro-4-methoxyphenyl)ethylamine (905 mg, 90%) as a yel-
low oil. The compound was used in further reaction without puri-
fication.?® TH NMR (400 MHz, CDCl3): 6=7.30 (d, J=2.2 Hz, 1H,
H-2), 7.20 (dd, J=8.5, 2.2 Hz, 1H, H-6), 6.80 (d, J=8.5Hz, 1H,
H-5), 3.90 (s, 3H, OCHs3-4), 3.10 (m, 2H, H-B), 2.80 (m, 2H, H-a);
13C NMR (100 MHz, CDCls): 6 =153.8 (C-4), 133.3 (C-1), 130.8
(CH-2), 128.4 (CH-6), 122.6 (C-3), 112.5 (CH-5), 56.5 (OCH3), 43.8
(CHz-at), 39.1 (CH,-B); MS (EI) m/z (%): 185 (45) [M]".

3.2.6. Ethyl [p-(3-benzyloxy)phenethylamino]-oxobutanoate (1)

An amount of 0.47 mL of ethyl succinyl chloride (3.31 mmol)
was added dropwise at 0°C to a solution of B-(3-benzyloxy-
phenyl)ethylamine (446 mg, 2.12 mmol) in CH,Cl, and 5% aqueous
NaOH (4 mL). The reaction was stirred at room temperature over-
night to be then extracted with CH,Cl, (3 x 10 mL). The combina-
tion of the organic phases was washed with brine (2 x 10 mL) and
H,0 (2 x 10 mL), dried over Na,SO,4 and evaporated to dryness. The
residue was purified by silica gel column chromatography (hexane/
EtOAc 6:4) to afford 540 mg of amide 1 (77%) as a yellow powder.
Mp: 68-71 °C; 'H NMR (500 MHz, CDCls): § = 7.22 (m, 6H, H-5, Ph),
6.76 (m, 3H, H-2, H-4, H-6), 5.09 (s, 2H, OCH,Ph), 4.01 (q,J = 7.9 Hz,
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2H, CO,CH,CH3), 3.40 (q, J = 6.3 Hz, 2H, CH»-a), 2.81 (t, J=6.3 Hz,
2H, CH,-p), 2.65 (t, J=6.5Hz, 2H, CH,CO), 2.37 (t, J=6.5Hz,
CH,CONH), 1.10 (t, J=7.9Hz, 3H, CO,CH,CHs;); '3C NMR
(125 MHz, CDCl3): &=172.9 (CO,CH,CH3), 171.3 (CONH), 159.0
(C-3), 140.5 (C-1"), 136.9 (C-1), 129.6 (CH-5), 128.5 (CH-3', CH-
5%, 127.9 (CH-4'), 127.4 (CH-2', CH-6'), 121.3 (CH-6), 115.3 (CH-
2), 112.8 (CH-4), 69.8 (OCH,Ph), 60.6 (CO,CH,CH;), 40.5 (CH,-a1),
35.6 (CH,-B), 31.0 (CH,CONH), 29.5 (CH,CO), 14.1 (CO,CH,CH5):
ESMS m/z (%): 356 (100) [M+1]".

3.2.7. Ethyl [p-(3-chloro-4-methoxy)phenethylamino]-oxobut-
anoate (2)

B-(3-Chloro-4-methoxyphenyl)ethylamine (1g, 5.39 mmol)
was submitted to the same conditions depicted above. The residue
was purified by silica gel column chromatography (hexane/EtOAc
5:5) to afford 900 mg of amide 2 (53%) as a yellow powder. Mp:
109-112 °C; "H NMR (500 MHz, CDCl5): 6=7.17 (d, J=2.1 Hz, 1H,
H-2), 7.04 (dd, J = 8.3, 2.1 Hz, 1H, H-6), 6.84 (d, J = 8.3 Hz, 1H, H-
5), 4.11 (q, J = 7.9 Hz, 2H, CO,CH,CH3), 3.85 (s, 3H, OCH3_4), 3.43
(q, J=6.3Hz, 2H, CH,-a), 2.70 (t, J=6.3, 2H, CH,-B), 2.60 (t,
J=6.5Hz, 2H, CH,CO), 2.41 (t, J=6.5Hz, CH,CONH), 1.22 (t,
J=7.9 Hz, 3H, CO,CH,CHs); '>C NMR (125 MHz, CDCl5): 6 = 173.1
(CO,CH,CH3), 171.8 (CONH), 153.5 (C-4), 131.9 (C-1), 130.3 (CH-
2), 127.8 (CH-6), 122.2 (CH-3), 112.1 (CH-5), 60.7 (CO,CH,CH3),
56.1 (OCH3), 40.6 (CH,-at), 34.3 (CH,-B), 30.9 (CH,CONH), 29.5
(CH,CO), 14.0 (CO,CH,CH3); ESMS m/z (%): 314.5 (100) [M+1]".

3.2.8. Ethyl [p-(3,4-dimethoxy)phenethylamino]-oxobutanoate
(3)

B-(3,4-Dimethoxyphenyl)ethylamine (1 g, 5.52 mmol) was sub-
mitted to the same conditions depicted above. The residue was
purified by silica gel column chromatography (hexane/EtOAc 5:5)
to afford 1.5g of amide 3 (88%) as a white powder. Mp: 48-
51 °C. "H NMR (500 MHz, CDCl3): 6 =6.81 (d, J = 2.1 Hz, 1H, H-5),
6.70 (m, 2H, H-2, H-6), 4.11 (q, J= 7.9 Hz, 2H, CO,CH,CHs), 3.85
(s, 3H, OCHs3-4), 3.84 (s, 3H, OCH3-3), 3.43 (q, J=6.3 Hz, 2H,
CH,-a), 2.70 (t, J = 6.3, 2H, CH,-B), 2.60 (t, J = 6.5 Hz, 2H, CH,CO),
241 (t, J=6.5Hz, CH,CONH), 1.22 (t, J=7.9 Hz, 3H, CO,CH,CH3);
13C NMR (125 MHz, CDCl3): 6 = 173.4 (CO,CH,CH3), 171.9 (CONH),
149.4 (C-3), 148.0 (C-4), 131.9 (C-1), 121.1 (CH-6), 112.4 (CH-5),
111.8 (CH-2), 61.0 (CO,CH,CH3), 56.2 (2x OCH3), 41.2 (CHy-a1),
35.6 (CH;-B), 31.4 (CH,CONH), 29.8 (CH,CO), 14.5 (CO,CH,CHs3);
ESMS m/z (%): 310 (100) [M+1]".

3.3. General procedure for the synthesis of 1,2,3,5,6,10b-
pyrrolo[2,1-alisoquinolin-3-ones (1a-3a)

3.3.1. 8-Benzyloxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a
lisoquinolin-3-one (1a)

A solution of ethyl 4-[p-(3-benzyloxyphenyl)ethylamino]-4-
oxobutanoate (1) (300 mg, 0.84 mmol) in dry CH,Cl, (30 mL) was
treated with POCl3 (0.39 mL, 4.20 mmol) and was refluxed for 6 h
in a nitrogen atmosphere. The reaction mixture was diluted with
H,0 (10 mL) and extracted with CH,Cl, (3 x 10 mL). The organic
solution was dried over Na,SO4 and evaporated to dryness. The
residue was dissolved in MeOH (25 mL) and treated with NaBH4
(400 mg, 10.57 mmol) at room temperature. The reaction mixture
was stirred for 2 h. Afterward, H,O (5 mL) was added and the or-
ganic solvent was removed under reduced pressure. The aqueous
mixture was made basic and extracted with CH,Cl, (3 x 10 mL),
dried over Na,SO,4 and concentrated. The residue was purified by
silica gel column chromatography (toluene/EtOAc/MeOH/EtsN,
6:3:1:0.1) to obtain 105 mg of the 8-benzyloxy-pyrrolo[2,1-a]iso-
quinolin-3-one 1a (43%) as a yellow oil. "H NMR (500 MHz, CDCl5):
§=7.36 (m, 5H, Ph), 7.02 (d, J = 8.5 Hz, 1H, H-10), 6.87 (dd, J = 8.5,
2.5Hz, 1H, H-9), 6.75 (d, J = 2.5 Hz, 1H, H-7), 5.04 (s, 2H, OCH,Ph),

4.71 (t, J = 8 Hz, 1H, H-10b), 4.23 (ddd, J = 12.4, 5.8, 2.7 Hz, 1H, H-
5at), 3.05 (m, 1H, H-5p), 2.91 (m, 1H, H-6a), 2.71 (m, 1H, H-6p),
2.61 (m, 1H, H-1at), 2.54 (m, 1H, H-2a), 2.45 (m, 1H, H-2p), 1.82
(m, 1H, H-18); '3C NMR (125 MHz, CDCl5): 6 =173.2 (NCO), 157.4
(C-8), 136.7 (C-1"), 134.8 (C-6a), 130.0 (C-10a), 128.5 (CH-3', CH-
5'), 127.9 (CH-4'), 127.3 (CH-2/, CH-6'), 125.8 (CH-10), 114.6 (CH-
7), 113.8 (CH-9), 69.9 (OCH,Ph), 56.3 (CH-10b), 36.8 (CH,-5),
31.6 (CH,-2), 28.7 (CH,-6), 27.5 (CH,-1); ESMS mj/z (%): 293 (100)
(M]".

3.3.2. 8-Chloro-9-methoxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-
alisoquinolin-3-one (2a)

Ethyl B-(3-chloro-4-methoxy-phenethylamino)-4-oxobutano-
ate (2) (100 mg, 0.31 mmol) was submitted to the same conditions
depicted above. The residue was purified by silica gel column chro-
matography (toluene/EtOAc/MeOH/EtsN, 6:3:1:0.1) to obtain
28 mg of 8-chloro-9-methoxy-pyrrolo[2,1-a]isoquinolin-3-one 2a
(36%) as a yellow oil. 'TH NMR (500 MHz, CDCl5): 6=7.15 (s, 1H,
H-7), 6.62 (s, 1H, H-10), 4.72 (t, ] = 8.0 Hz, 1H, H-10b), 4.28 (ddd,
J=12.9, 6.2, 2.7 Hz, 1H, H-5a), 3.86 (s, 3H, OCH3), 2.99 (m, 1H,
H-5B), 2.84 (m, 1H, H-6a), 2.68 (m, 1H, H-6B), 2.66 (m, 1H,
H-1a), 256 (m, 1H, H-2a), 2.48 (m, 1H, H-2p), 1.85 (m,
1H, H-1p); *C NMR (125 MHz, CDCl5): 6=173.0 (NCO), 153.6
(C-9), 136.9 (C-10a), 130.5 (CH-7), 127.8 (C-6a), 121.1 (C-8),
108.3 (CH-10), 56.2 (CH-10b), 56.1 (OCH3), 36.9 (CH,-5), 31.6
(CH,-2), 27.5 (CH»-6), 27.4 (CH,-1); ESMS m/z (%): 251 (100) [M]*.

3.3.3. 8,9-Dimethoxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a
lisoquinolin-3-one (3a)

Ethyl B-(3,4-dimethoxy-phenethylamino)-4-oxobutanoate (3)
(1.2 g, 3.88 mmol) was submitted to the same conditions depicted
above. The residue was purified by silica gel column chromatogra-
phy (CH,Cl,/MeOH/NN4OH, 95:5:0.1) to obtain 520 mg of 8, 9-
dimethoxy-pyrrolo[2,1-a]isoquinolin-3-one 3a (54%) as a green
oil. 'TH NMR (500 MHz, CDCI3): 6 = 6.59 (s, 1H, H-7), 6.54 (s, 1H,
H-10), 4.70 (t, J=8.0Hz, 1H, H-10b), 4.26 (ddd, J=12.9, 6.2,
2.7 Hz, 1H, H-5a), 3.83 (s, 3H, OCHs-9), 3.82 (s, 3H, OCHs-8), 2.99
(m, 1H, H-5B), 2.85 (m, 1H, H-6a), 2.65 (m, 1H, H-6B), 2.60 (m,
1H, H-1o), 2.55 (m, 1H, H-2a1), 2.44 (m, 1H, H-2p), 1.80 (m, 1H,
H-1p); '*C NMR (125 MHz, CDCI3): 6=173.1 (NCO), 148.0 (C-8),
147.8 (C-9), 129.2 (C-10a), 125.4 (C-6a), 111.6 (CH-7), 107.6 (CH-
10), 56.5 (CH-10b), 55.9 (OCHs-8), 55.8 (OCH3-9), 36.9 (CH,-5),
31.6 (CH,-2), 27.9 (CH,-6), 27.6 (CH,-1); ESMS m/z (%): 247 (100)
[M]".

3.4. General procedure for the synthesis of 1,2,3,5,6,10b-
hexahydropyrrolo[2,1-a]isoquinolin-3-ones (1b-1f)

3.4.1. 8-Hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a
lisoquinolin-3-one (1b)

8-benzyloxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquinolin-
3-one (1a) (200 mg, 0.68 mmol) was refluxed for 3 h in a mixture
of equal volumes of ethanol and concentrated HCl (50 mL). The
reaction mixture was evaporated to dryness and the residue puri-
fied by silica gel column cromatography (CH,Cl,/MeOH 94:6) to
give 101 mg of 8-hydroxy-pyrrolo[2,1-alisoquinolin-3-one 1b
(72%) as a white oil. 'TH NMR (500 MHz, CDCl5): 6=6.76 (d,
J=8.3Hz, 1H, H-10), 6.53 (dd, J=8.3, 2.0 Hz, 1H, H-9), 6.42 (d,
J=2.0Hz, 1H, H-7), 4.56 (t, J=8 Hz, 1H, H-10b), 3.90 (m, 1H, H-
5a), 2.91 (m, 1H, H-5B), 2.67 (m, 1H, H-6a), 2.56 (m, 1H, H-6B),
245 (m, 1H, H-1a0), 2.37 (m, 1H, H-20), 2.22 (m, 1H, H-2p), 1.65
(m, 1H, H-18); '3C NMR (125 MHz, CDCl5): 6 = 174.0 (NCO), 155.3
(C-8), 134.2 (C-6a), 128.0 (C-10a), 125.4 (CH-10), 114.7 (CH-7),
113.9 (CH-9), 56.5 (CH-10b), 36.9 (CH,-5), 31.3 (CH,-2), 28.1
(CH,-6), 27.1 (CH,-1); ESMS m/z (%): 203 (100) [M]".
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3.4.2. 8-Ethylcarbamate-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a
lisoquinolin-3-one (1c)

A solution of 8-hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]-
isoquinolin-3-one (1b) (35 mg, 0.17 mmol) in dry acetone (10 mL)
was treated with ethyl isocyanate (0.34 mmol, 0.03 mL). After
refluxing for 3 h, the reaction mixture was concentrated to dryness,
redissolved in 10 mL of CH,Cl, and washed with H,0 (3 x 10 mL).
The organic layer was dried with anhydrous Na,SO,, filtered and
evaporated under reduced pressure. The residue was purified
through a silica gel column (CH,Cl,/MeOH 97:3) to afford 8-ethylc-
arbamate-pyrrolo[2,1-a]isoquinolin-3-one 1c (34 mg, 70%) as a
yellow oil. 'TH NMR (500 MHz, CDCl3): §=7.09 (d, J=8.3 Hz, 1H,
H-10), 7.00 (dd, J = 8.3, 2.0 Hz, 1H, H-9), 6.91 (d, J= 2.0 Hz, 1H, H-
7),4.71 (t, ] = 8.0 Hz, 1H, H-10b), 4.26 (m, 1H, H-5a), 3.30 (m, 2H,
CH3CH,NHCO), 3.07 (m, 1H, H-5B), 2.92 (m, 1H, H-6a), 2.77 (m,
1H, H-6B), 2.63 (m, 1H, H-1a), 2.53 (m, 1H, H-20), 2.45 (m, 1H,
H-2p), 1.86 (m, 1H, H-1p), 1.20 (m, 3H, CH5CH,NHCO); '*C NMR
(125 MHz, CDCl3): 6=173.2 (NCO), 154.4 (C-8), 149.6 (NHCO),
134.8 (C-6a), 134.4 (C-10a), 128.7 (CH-10), 125.1 (CH-7), 120.3
(CH-9), 56.5 (CH-10b), 36.8 (CH,-5), 36.7 (CH3CH,NHCO), 31.3
(CH,-2), 28.5 (CH,-6), 27.5 (CH,-1), 15.0 (CH3CH,NHCO); ESMS
m(z (%): 297 (100) [M+Na]".

3.4.3. 8-(1-Piperidinethoxy)-1,2,3,5,6,10b-
hexahydropyrrolo[2,1-a]isoquinolin-3-one (1d)

A mixture of 8-hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-
alisoquinolin-3-one (1b) (30 mg, 0.14 mmol), 2-bromo-1-(piperi-
din-1-yl)ethanone (19 mg, 0.14 mmol) and anhydrous K,COs3;
(19 mg, 0.14 mmol) in absolute EtOH (10 mL) was refluxed for
6 h. Afterward, the reaction mixture was concentrated to dryness,
redissolved in 10 mL of CH,Cl, and washed with 5% aqueous NaOH
(3 x 10 mL). The organic layer was dried with anhydrous Na,SO,,
filtered and evaporated to dryness. The residue was purified by sil-
ica gel column chromatography (toluene/EtOAc/MeOH/EtsN,
6:3:1:0.1) to afford 40 mg of 8-(1-piperidinethoxy)-pyrrolo|[2,
1-alisoquinolin-3-one 1d (82%) as a green oil. '"H NMR (500 MHz,
CDCl3): 6=7.02 (d, J=8.5Hz, 1H, H-10), 6.84 (dd, J=8.5, 2.6 Hz,
1H, H-9), 6.70 (d, J=2.6 Hz, 1H, H-7), 4.71 (t, J=6.7 Hz, 1H, H-
10b), 4.65 (s, 2H, OCH,CO), 4.23 (m, 1H, H-5a), 3.55 (t, J=5.3 Hz,
2H, CH,N), 3.46 (t, J=5.3 Hz, 2H, CH,N), 3.04 (m, 1H, H-5B), 2.89
(m, 1H, H-6a), 2.73 (m, 1H, H-6B), 2.56 (m, 1H, H-1a), 2.52 (m,
1H, H-2a), 2.44 (m, 1H, H-2B), 1.82 (m, 1H, H-1B), 1.64-1.54 (m,
6H, (CH,);N); 3C NMR (125 MHz, CDCl;): 6=173.2 (NCO-3),
166.0 (NCOCH,0), 156.7 (C-8), 135.0 (C-6a), 130.6 (C-10a), 125.9
(CH-10), 114.5 (CH-7), 113.6 (CH-9), 67.5 (OCH,CO), 56.4 (CH-
10b), 46.3 and 43.2 (2 x CH,N), 36.9 (CH,-5), 31.7 (CH,-2), 28.6
(CH-6), 27.5 (CHy-1), 264 and 25.4 (2 x CH,CH,N), 24.3
(CH,(CH,),N); ESMS m/z (%): 328 (100) [M]".

3.4.4. 8-(4-Fluorobenzyloxy)-1,2,3,5,6,10a-
hexahydropyrrolo[2,1-alisoquinolin-3-one (1e)

A mixture of 8-hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-
alisoquinolin-3-one (1b) (20 mg, 0.10 mmol), p-fluorobenzyl chlo-
ride (0.01 mL) and anhydrous K,COs; (10 mg) in absolute ethanol
(10 mL) was refluxed overnight. Afterward, the reaction mixture
was concentrated to dryness, redissolved in 10 mL of CH,Cl, and
washed with 5% aqueous NaOH (3 x 10 mL). The organic layer
was dried with anhydrous Na,SQOy,, filtered and evaporated to dry-
ness under reduced pressure. The residue was purified by silica gel
column chromatography (CH,Cl,/MeOH 97:3) to afford 25 mg of 8-
(4-fluorobenzyloxy)-pyrrolo[2,1-a]isoquinolin-3-one 1e (80%) as a
yellow oil. 'TH NMR (500 MHz, CDCl5): é = 7.38 (m, 2H, PhF), 7.07
(m, 3H, PhF, CH-10), 6.86 (dd, J=8.5, 2.5 Hz, 1H, H-9), 6.74 (d,
J=2.5Hz, 1H, H-7), 5.00 (s, 2H, OCH>Ph), 4.73 (t, J= 7.8 Hz, 1H,
H-10b), 4.25 (m, 1H, H-50), 3.04 (m, 1H, H-5p), 2.91 (m, 1H, H-
6a), 2.75 (m, 1H, H-6B), 2.63 (m, 1H, H-1a), 2.56 (m, 1H, H-2a),

2.46 (m, 1H, H-2p), 1.82 (m, 1H, H-1p); '3C NMR (125 MHz, CDCl5):
5 =173.4 (NCO), 162.5 (C-4, 'Jcg = 246 Hz), 157.3 (C-8), 135.0 (C-
1), 132.5 (C-6a), 130.2 (C-10a), 129.3 (2CH, CH-2', CH-6'), 125.9
(CH-10), 115.5 (2CH, CH-3', CH-5, Y = 21.7 Hz), 114.5 (CH-7),
113.9 (CH-9), 69.3 (OCH,Ph), 56.4 (CH-10b), 36.9 (CH,-5), 31.7
(CH-2), 28.7 (CH,-6), 27.6 (CH,-1); ESMS m/z (%): 311 (100) [M]".

3.4.5. 8-Phenylacetamide-1,2,3,5,6,10a-hexahydropyrrolo[2,1-a
lisoquinolin-3-one (1f)

A mixture of 8-hydroxy-1,2,3,5,6,10a-hexahydropyrrolo[2,1-
alisoquinolin-3-one (1b) (30 mg, 0.14 mmol), 2-bromo-N-phenyl-
acetamide (29 mg, 0.14 mmol) and anhydrous K,;COs; (19 mg,
0.14 mmol) in EtOH (10 mL) was refluxed for 6 h. Then the reaction
mixture was concentrated to dryness, redissolved in 10 mL of
CH,Cl; and washed with 5% aqueous NaOH (3 x 10 mL). The organ-
ic layer was dried with anhydrous Na,SO4 and evaporated to dry-
ness. The residue was purified by silica gel column
chromatography (toluene/EtOAc/MeOH/Et3N, 6:3:1:0.1) to afford
40 mg of 8-phenylacetamide-pyrrolo[2,1-a]isoquinolin-3-one 1f
(80%) as a yellow oil. "TH NMR (500 MHz, CDCls): 6 =7.58 (d, 2H,
J=7.6 Hz, H-2’, H-6'), 7.36 (t, 2H, J=7.5 Hz, H-3/, H-5"), 7.16 (¢,
1H, J=7.5 Hz, H-4'), 7.10 (d, J = 8.5 Hz, 1H, H-10), 6.90 (dd, J = 8.5,
2.5Hz, 1H, H-9), 6.78 (d, J=2.5Hz, 1H, H-7), 4.74 (t, J=7.9 Hz,
1H, H-10b), 4.60 (s, 2H, OCH,CO), 4.28 (ddd, J=12.9, 6.2, 2.7 Hz,
1H, H-5a), 3.06 (m, 1H, H-5B), 2.93 (m, 1H, H-6a), 2.87 (m, 1H,
H-6B), 2.65 (m, 1H, H-1a), 2.57 (m, 1H, H-2a), 2.47 (m, 1H, H-
2pB), 1.84 (m, 1H, H-1p); '>C NMR (125 MHz, CDCl3): 6=173.2
(PhNCO), 166.0 (NCO-3), 155.7 (C-8), 136.7 (C-1"), 135.6 (C-6a),
131.8 (C-10a), 129.1 (2CH, CH-2', CH-6'), 126.3 (CH-10), 124.9
(CH-4’), 120.1 (2CH, CH-3/, CH-5’), 114.9 (CH-7), 113.7 (CH-9),
67.7 (OCH,CO), 56.3 (CH-10b), 36.8 (CH,-5), 31.7 (CH,-2), 28.7
(CH3-6), 27.6 (CH,-1); ESMS m/z (%): 336 (100) [M]".

3.5. General procedure for the synthesis of 1,2,3,5,6,10b-
hexahydropyrrolo[2,1-a]isoquinolin-3-ones (2b and 3b)

3.5.1. 8-Chloro-9-hydroxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-
alisoquinolin-3-one (2b)

8-Chloro-9-methoxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-a]iso-
quinolin-3-one (2a, 0.23 mmol, 60 mg) in dry CH,Cl, was stirred at
—78 °C. Then, 0.10 mL of BBr; were added under nitrogen atmo-
sphere and the resulting mixture was stirred for 2 h at room tem-
perature. The reaction mixture was evaporated to dryness and
purified by silica gel column chromatography (CH,Cl,/MeOH
90:10) to afford 50 mg of 8-chloro-9-hydroxy-1,2,3,5,6,10b-hexa-
hydropyrrolo[2,1-aisoquinolin-3-one 2b (91%) as a colorless oil.
'H NMR (500 MHz, CDCI3): 6 =7.18 (s, 1H, H-7), 6.97 (s, 1H, H-
10), 4.48 (t, J= 8.0 Hz, 1H, H-10b), 4.30 (ddd, J=12.9, 6.2, 2.7 Hz,
1H, H-5a), 2.87 (m, 1H, H-5B), 2.67 (m, 1H, H-6a), 2.51 (m, 1H,
H-6B), 2.42 (m, 1H, H-1a), 2.35 (m, 1H, H-2a), 2.31 (m, 1H, H-
2p), 1.62 (m, 1H, H-18); 3C NMR (125 MHz, CDCI3): 6=172.5
(NCO), 149.3 (C-9), 138.1 (C-10a), 131.3 (CH-7), 130.3 (C-6a),
119.9 (C-8), 113.6 (CH-10), 56.2 (CH-10b), 37.0 (CH,-5), 31.7
(CH,-2), 27.5 (CH,-6), 27.4 (CH,-1); ESMS m/z (%): 237.5 (100)
[M]".

3.5.2. (*)-Trolline (3b)
8,9-Dimethoxy-1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquino-
lin-3-one (3a, 0.80 mmol, 200 mg) in dry CH,Cl, was stirred at
—78 °C. Then, 0.25 mL of BBr; were added under nitrogen atmo-
sphere and the resulting mixture was stirred for 2 h at room tem-
perature. The reaction mixture was evaporated to dryness and
purified by silica gel column chromatography (CH,Cl,/MeOH
85:15) to afford 165 mg of 8,9-dihydroxy-1,2,3,5,6,10b-hexahydro-
pyrrolo[2,1-alisoquinolin-3-one 3b (93%) as a white powder. Mp:
245-247°C; 'H NMR (500 MHz, CDCI3): 6=6.99 (s, 1H, H-7),
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6.98 (s, 1H, H-10), 4.54 (t,] = 8.0 Hz, 1H, H-10b), 4.32 (ddd, J = 12.9,
6.2, 2.7 Hz, 1H, H-501), 2.89 (m, 1H, H-5p), 2.74 (m, 1H, H-6a.), 2.48
(m, 1H, H-6B), 2.43 (m, 1H, H-2a1), 2.35 (m, 1H, H-2p), 2.33 (m, 1H,
H-1a) 1.66 (m, 1H, H-1p); '*C NMR (125 MHz, CDCI3): 6=172.6
(NCO), 146.3 (C-8), 146.1 (C-9), 129.3 (C-10a), 124.7 (C-6a), 118.7
(CH-10), 116.5 (CH-7), 56.4 (CH-10b), 37.4 (CH,-5), 31.9 (CH,-2),
28.1 (CH,-6), 28.0 (CH,-1); ESMS m/z (%): 219 (100) [M]".

3.6. General procedure for the synthesis of 9-substituted-
1,2,3,5,6,10b-hexahydropyrrolo[2,1-alisoquinolin-3-ones (2c, 3¢
and 3d)

3.6.1. 8-Chloro-9-ethylcarbamate-1,2,3,5,6,10b-
hexahydropyrrolo[2,1-a]isoquinoline-3-one (2c)

A solution of 8-chloro-9-hydroxy-1,2,3,5,6,10b-hexahydropyr-
rolo[2,1-a]isoquinolin-3-one 2b (20 mg, 0.084 mmol) in dry ace-
tone (10 mL) was treated with ethyl isocyanate (0.17 mmol,
0.01 mL). After refluxing for 3 h, the reaction mixture was concen-
trated to dryness, redissolved in 10 mL of CH,Cl, and washed with
H,0 (3 x 10 mL). The organic layer was dried with anhydrous
Na,SO0y, filtered and evaporated under reduced pressure. The resi-
due was purified through a silica gel column (CH,Cl,/MeOH 95:5)
to afford 8-chloro-9-ethylcarbamate-1,2,3,5,6,10b-hexahydropyr-
rolo[2,1-alisoquinolin-3-one 2c¢. (85%) as a yellow oil. 'H NMR
(500 MHz, CDCl5): 6 =7.10 (s, 1H, H-7), 6.78 (s, 1H, H-10), 4.68 (¢,
J=8.0Hz, 1H, H-10b), 4.42 (ddd, J=12.9, 6.2, 2.7 Hz, 1H, H-5a),
3.72 (m, 2H, CH3CH,NHCO), 3.01 (m, 1H, H-5B), 2.83 (m, 1H, H-
60,), 2.63 (m, 1H, H-6B), 2.61 (m, 1H, H-1a), 2.55 (m, 1H, H-2a1),
2.46 (m, 1H, H-2B), 1.80 (m, 1H, H-1B), 1.20 (m, 3H, CH;CH,NHCO);
13C NMR (125 MHz, CDCl3): 6=173.3 (NCO), 158.5 (C-9), 150.5
(NHCO), 137.4 (C-10a), 130.6 (CH-7), 126.0 (C-6a), 119.3 (C-8),
112.5 (CH-10), 56.5 (CH-10b), 37.4 (CH3CH,NHCO), 37.0 (CH,-5),
31.7 (CHy-2), 27.4 (CHy-6), 27.3 (CH,-1), 15.4 (CH3CH,NHCO);
ESMS m/z (%): 308.5 (100) [M]".

3.6.2. 8,9-Bis(4-fluorobenzyloxy)-1,2,3,5,6,10a-
hexahydropyrrolo[2,1-a]isoquinolin-3-one (3c)

A mixture of 8, 9-dihydroxy-1,2,3,5,6,10b-hexahydropyrrol-
0[2,1-alisoquinolin-3-one (3b) (50 mg, 0.22 mmol), p-fluorobenzyl
chloride (0.04 mL) and anhydrous K,COs (40 mg) in absolute etha-
nol (20 mL) was refluxed overnight. Afterward, the reaction mix-
ture was concentrated to dryness, redissolved in 10 mL of CH,Cl,
and washed with 5% aqueous NaOH (3 x 10 mL). The organic layer
was dried with anhydrous Na,SO,, filtered and evaporated to dry-
ness under reduced pressure. The residue was purified by silica gel
column chromatography (CH,Cl,/MeOH 97:3) to afford 70 mg of 8-
(4-fluorobenzyloxy)-pyrrolo[2,1-a]isoquinolin-3-one 1e (80%) as a
yellow oil. 'TH NMR (500 MHz, CDCl5): ¢ = 7.38 (m, 4H, PhF), 7.04
(m, 4H, PhF, CH-10), 6.69 (s, 1H, H-7), 6.64 (s, 1H, H-10), 5.05 (s,
4H, OCH,Ph), 4.66 (t, J=7.8 Hz, 1H, H-10b), 4.26 (m, 1H, H-5q),
2.99 (m, 1H, H-5B), 2.84 (m, 1H, H-6a), 2.65 (m, 1H, H-6B), 2.56
(m, 1H, H-1at), 2.51 (m, 1H, H-2at), 2.42 (m, 1H, H-2p), 1.76 (m,
1H, H-1p); '3C NMR (125 MHz, CDCl5): 6 = 173.1 (NCO), 163.4 (C-
4, "Jop = 246 Hz), 161.4 (C-4", JJcp = 246 Hz), 147.9 (C-8), 147.7 (C-
9), 132.8 (C-1/, C-1”), 130.4 (C-10a), 129.2 (4CH, CH-3’, CH-5,
CH-3", CH-5"), 126.9 (C-6a), 115.4 (4CH, CH-2', CH-6’, CH-2", CH-
6"), 115.2 (CH-7), 112.2 (CH-10), 71.2 (OCH,Ph), 70.7 (OCH,Ph),
56.4 (CH-10b), 36.9 (CH,-5), 31.7 (CH,-2), 28.0 (CH;-6), 27.5
(CH,-1); ESMS m/z (%): 435 (100) [M]".

3.6.3. 8,9-Bis(phenylacetamide)-1,2,3,5,6,10a-
hexahydropyrrolo[2,1-a]isoquinolin-3-one (3d)

A mixture of 8, 9-dihydroxy-1,2,3,5,6,10b-hexahydropyrrol-
0[2,1-alisoquinolin-3-one (3b) (30 mg, 0.13 mmol), 2-bromo-N-
phenylacetamide (61 mg, 0.26 mmol) and anhydrous K,COs
(30 mg, 0.22 mmol) in EtOH (10 mL) was refluxed for 6 h. Then

the reaction mixture was concentrated to dryness, redissolved in
10 mL of CH,Cl, and washed with 5% aqueous NaOH (3 x 10 mL).
The organic layer was dried with anhydrous Na,SO,4 and evapo-
rated to dryness. The residue was purified by silica gel column
chromatography (CH,Cl/MeOH, 98:2) to afford 40 mg of 8,9-
bis(phenylacetamide)-1,2,3,5,6,10a-hexahydropyrrolo[2,1-a]iso-
quinolin-3-one 3d (63%) as a brown oil. 'TH NMR (500 MHz, CDCl5):
0=7.52 (m, 4H, H-2', H-6/, H-2", H-6"), 7.26 (m, 4H, H-3', H-5', H-
37, H-5"), 7.10 (m, 2H, H-4', H-4"), 6.75 (s, 1H, H-7), 6.72 (s, 1H,
H-10), 4.68 (s, 2H,0CH,CO), 4.67 (t, J=7.9 Hz, 1H, H-10b), 4.25
(ddd, J=12.9, 6.2, 2.7 Hz, 1H, H-50), 2.98 (m, 1H, H-5p), 2.82 (m,
1H, H-6a), 2.66 (m, 1H, H-6B), 2.62 (m, 1H, H-2a), 2.53 (m, 1H,
H-2p), 243 (m, 1H, H-1a), 1.74 (m, 1H, H-1B); 3C NMR
(125 MHz, CDCl3): § = 173.0 (NCO-3), 165.9 (PhNCO), 146.9 (C-9),
146.2 (C-8), 136.6 (C-1"), 132.4 (C-10a), 128.9 (C-3, C-5, C-3",
C-5"), 124.9 (CH-4/, CH-4"), 128.7 (C-6a), 120.0 (4CH, CH-2’, CH-
6’, CH-2", CH-6"), 115.7 (CH-7), 111.9 (CH-10), 69.6 (OCH,CO),
56.2 (CH-10b), 36.7 (CH,-5), 31.6 (CH,-6), 27.9 (CH,-2), 27.4
(CH,-1); ESMS m/z (%): 485 (100) [M]".

3.7. Pharmacological assays

3.7.1. Target microorganisms

Fungicidal activity was measured against 5 phytopathogens:
Aspergillus parasiticus (CECT 2681), Trichoderma Viride (CECT
2423), Fusarium culmorum (CCM 172), Phytophthora citrophthora
(CECT 2353) and Geotrichum candidum (CCM 245). Seven different
bacterial strains were used to determine bactericidal activity:
Bacillus cereus (CECT 148), Staphylococcus aureus (CECT 86), Entero-
coccus faecalis (CECT 481), Salmonella typhi (CECT 409), Escherichia
coli (CECT 405), Escherichia coli (CECT 100) and Erwinia carotovora
(CECT 225). The strains were provided by the Coleccién Espafiola
de Cultivos Tipo (CECT) or by the Coleccién de la Catedra de Micro-
biologia (CMM) of the Biotechnology Department (Universidad
Politécnica de Valencia).

3.7.2. Antifungal and antibacterial activities

These assays were determined in triplicate by the paper disk-
agar diffusion assay according to Cole.?° The doses used in the as-
says were 10, 15 or 20 pg/mm? (0.2, 0.3 or 0.4 mg/disk). Fungal
strains were seeded in Petri dishes containing PDA culture medium
and were incubated for 7 days at 28 °C. Then, a Tween 80 solution
(0.05%) in sterile distilled water was used to obtain a suspension
containing ~106 conidia/mL. Next 1 mL of this conidia suspension
was added to 15 mL of PDA in a Petri dish. After solidification, four
Whatman disks (No. 113, 0.5 cm diameter) impregnated with the
tested products, at appropriate doses, were added to these Petri
dishes. The PDA plates containing disks impregnated with only
the solvent used to dissolve the tested compounds were used as
negative controls, and the disks with benomyl (methyl-1-[butylc-
arbamoyl]-2-benzimidazolecarbamate) (Sigma), at different con-
centrations according to the fungal species assayed, were used as
positive controls. Fungicidal activity was determined by measuring
the inhibition zone developed around the paper disk, indicating a
zone of no growth.

In the bactericidal tests, 24-h cultures of each bacterium, main-
tained in inclined tubes on solid culture medium, were reactivated
with a Nutrient Broth (Difco) and were incubated for 24 h at 28 or
37 °C according to the bacterium. Then, 1 mL of this suspension
was inoculated in a Petri plate, and 15 mL of the culture medium
Plate Count Agar (Difco) was added. When the medium was com-
pletely solidified, five paper disks loaded with the tested products
were placed in the dish. These plates were incubated for 24 h in the
dark at 28 or 37 °C, according to the bacterium. The plate Count
Agar plates containing disks impregnated with only the solvent
used to dissolve the tested compounds were used as negative
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controls, and a positive control with tetracycline chlorhydrate
(0.2 mg/disk) was performed to appraise the level of activities. Bac-
tericidal activity was determined by measuring the halo developed
around the paper disk.

3.8. Statistical analysis

Analysis of variance (ANOVA) was performed for the fungicidal

and bactericidal data (Tables 1 and 2), and the least significant dif-
ference (LSD) test was used to compare means (Statgraphics centu-
rion XVI version).
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Resumen — Discusion de los resultados

En la presente Tesis Doctoral se han desarrollado diversas rutas de sintesis para la
obtencion de alcaloides isoquinoleinicos, con diferentes esqueletos, y de
hexahidroindenopiridinas. Ademds se han realizado sus correspondientes ensayos
farmacoldgicos, sobre distintas dianas bioldgicas basandonos en los resultados obtenidos
previamente con este tipo de alcaloides de sintesis y/o aislados de la naturaleza, y de
moléculas estructuralmente similares. Se ha observado, a lo largo de muchos afios, que las 1Q
son uno de los metabolitos secundarios activos (MSA) mas abundantes y de mayor interés
farmacolégico de los aislados en especies de lafamiliade las Annondceas. Las azafluorenonas,
alcaloides piridinicos presentes también en Annondceas, y con propiedades antipaludicas, nos

has servido de inspiracidn para la sintesis de las HHIP.

Los dianas bioldgicas para las que se ha desarrollado la sintesis de estos nuevos

farmacos son:

a)- 1Q con afinidad por los Receptores Dopaminérgicos D, y D,.
b)- HHIP con afinidad por los Receptores Melatoninérgicos MT, y MT,.
c)- 1Q con actividad antimicrobiana.

d)- 1Q con actividad antitumoral.

Asipues, los Articulos que forman parte de la presente Tesis Doctoral se pueden dividir

en tres capitulos:

Capitulo 1: Alcaloides Isoquinoleinicos con afinidad por los Receptores
Dopaminérgicos - Modelizacién Molecularsobre Receptores Dopaminérgicos: Articulos

1,2y3.

Capitulo 2: Alcaloides Indenopiridinicos con afinidad por los Receptores

Melatoninérgicos: Articulos 4y 5.

Capitulo 3: Alcaloides Isoquinoleinicos con actividad antimicrobiana y antitumoral:

Articulos 6y 7.
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Capitulo 1.

Articulo 1: “2,3,9- and 2,3,11- Trisubstituted tetrahydroprotoberberines as D,

dopaminergic ligands ” (En: European Journal of Medicinal Chemistry, 2013, 68, 150)

La dopamina es un neurotransmisor que tiene una importante funcién en el sistema
nervioso central. Un desorden en el sistema dopaminérgico conduce a la apariciéon de
alteraciones neuroldgicasy psiquiatricasimportantes como la esquizofreniay/o laenfermedad
de Parkinson. Por lo tanto, la investigacion en este campo tratara de sintetizar nuevos
farmacos que posean una mayor afinidad por los RD D, y D, y poder paliar este tipo de

enfermedades.

Las tetrahidroprotoberberinas (THPB) son compuestos naturales existentes en
diferentes especies vegetales, presentes como MSA. Este tipo de alcaloide isoquinoleinico
contiene diversas actividades farmacolégicas, incluyendo entre ellas la afinidad por los
receptores dopaminérgicos (RD). Con el objetivo de mejorar la unién a dichos receptores, se
desarrollé una ruta sintética mediante la que se obtuvieron tres series de THPB, obteniendo

once moléculas finales a ensayar (Figura 19).

Figura 19. Series de THPB.

Existen diferentes métodos paralaobtencidn de THPB. La ruta sintética que seguimos
consta de cinco etapas. La primera es una reaccion de Henry, mediante lacual se obtiene el B-
nitroestireno. Estavaseguida de una reduccién para conseguir la feniletilamina, producto de
partidaen lasiguiente etapa, paradarlugar, reaccionando con el cloruro de acido adecuado, a
la fenilacetamida correspondiente. A continuacién, mediante una ciclodeshidratacion de
Bischler-Napieralskiy posteriorreduccién, lafenilacetamidagenerala1-bencil-THIQ, producto

de partida en la ciclacion de Mannich mediante la cual se obtiene la THPB de interés.
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En este trabajo se ha estudiado lainfluenciade los sustituyentes sobre los anillos Ay D
de las THPB sintetizadas, en la afinidad por los RD. Asi pues, se observo que la presencia de
hidroxilos en el anillo A dalugar a un aumento de la afinidad por los RD D, y D, con respecto a
los analogos que presentan las funciones oxigenadas bloqueadas. La presenciade un dtomo de
cloro en el anillo A provoca un aumento de la afinidad por los RD D,, disminuyendo asi la
selectividad porlos RD D,. Ademas se observé que la existencia de un grupo metilendioxi en
las posiciones 2,3 produce una disminucién de la selectividad por RD D,. En cuanto a los
sustituyentes en el anillo D, lapresenciade un grupo hidroxilo en posicion 9causa un aumento
de la afinidad tanto por el RD D; como por el D,, mientras que un hidroxilo en posicién 11
disminuye dichaafinidad (Figura 20). Asi, podemos destacar entre las 11 moléculas ensayadas
9f (2,3-OCH20-9-0H), 6b (2,3-diOH-11-MeO) y 9d (2,3,9-triOH) por presentar mayor afinidad

por los RD Dz, siendo esta ultima (9d) laque mostré mayor selectividad (ratio Ki D1/D2 de 40.6).

9f: (R,= OH; R,= H)
9e: (R1= H, R2= OH)

D = Of D, ¥ of
T Qe e
S o8 o
< 100 2 < 100+
o S (]
3 £2
- oS
O 507 5 & 907
n 8 <
-~ o —
x o
0- 0-
0 -9 8 7 6 5 4 10 9 8 7 6 5 4
log [THPB] (M) log [THPB] (M)

Figura 20. Curvas de desplazamiento de [*H]-SCH 23390 (D,) y [*H] raclopride (D) de binding

especifico para 9e y 9f. Datos obtenidos de 3-5 experimentos.
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Para entender mejor la interaccién molecular que se establece entre los farmacos
sintetizados y los RD D,, se realizaron estudios de modelizacién molecular mediante
simulaciones moleculares dindmicas y célculos mecanico cuanticos de tres de las THPB mas
activas (9c, 9d y 6b). De estas simulaciones se pudo concluir que las interacciones mas
importantes en la unién farmaco-receptor son las establecidas entre el Asp 114y la amina
protonada con carga positiva de la THPB y entre Ser 193 y/o Ser 194 y el grupo catecol del
anillo A. Ademas, se observé que de las tres moléculas ensayadas la THPB 9d era la que
mostrabaser mas afin sobre el RD D,, puesto que poseiauna elevadaenergiaen la interaccidon

con dicho receptor.

Ademas, se realizaron ensayos de toxicidad celularen neutréfilos humanos, mediante
técnica de MTT y de citometria de flujo, en las que se determind que ninguna de las THPB

sintetizadas eran citotoxicas.

Articulo 2: “Synthesis of hexahydrocyclopenta[ijlisoquinolines as a new class of a

dopaminergic agents” (En: European Journal of Medicinal Chemistry, 2015, 90, 101)

Las THIQ son alcaloides naturales presentes en multitud de especies vegetales
biosintetizados a partir de la tirosina y de la dopamina, por lo que se ha estudiado la afinidad

de estos compuestos por los RD.

En el Articulo 2 se ha desarrollado la sintesis de una serie de alcaloides triciclicos

llamados 1,2,3,7,8,8a-hexahidrociclopentalij]-isoquinoleinas (HCPIQ) con la finalidad de

optimizary mejorar la afinidad porlos RD D, y D,.

La sintesis de este tipo de IQ comienzaconla condensacién de una feniletilaminay de
un cloruro de acido, que mediante condiciones de Schotten-Baumann dardn lugar a la
correspondiente fenilacetamida. Una ciclodeshidratacion de Bischler-Napieralski seguida de
una reduccién de la imina intermediaria, genera el esqueleto IQ. La ultima etapa es una
ciclacidonintramolecular mediante condiciones de Friedel-Crafts en laque se usa el reactivo de

Eaton, generando en esta etapa el anillo ciclopentano (Figura 21).
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(d)

" | (9)

RO RO
RO ‘ N RO ‘

3b R=CH, 3d R=CH,
) [30 R=H © E3e R=H

Reactivos y condiciones: (a) cloruro de cinnamoilo, CH,Cl, NaOH 5 %, ta, 3h; (b) POCls, acetonitrilo, N, reflujo,
5h; (c) NaBH,; MeOH, ta, 2h; (d) Reactivo de Eaton (P,05-CH3SO3H, 1:10 w/w), reflujo, 15h; (e) CH,Cl,, BBr3, ta,
2h; (f) metanol, formaldehido, acido férmico, reflujo, 1h, seguido de NaBH,, reflujo, 1h; (g) CH3CN, K,COs,cloruro

de alilo, reflujo, 10h.

Figura 21. Esquema sintético de las HCPIQ.

En cuanto a la afinidad porlos RD D, y D,, se observé que todas las HCPIQ sintetizadas
eran capaces de desplazara los radioligandos especificos ([*H]-SCH 23390 (D) y [*H] raclopride
(D;)). Como en el caso de las THPB, aquellas que presentaban los hidroxilos libres poseian
mayor capacidad de unidn por los RD que los analogos correspondientes con los grupos
oxigenados bloqueados. Las HCPIQ 3a, 3c y 3e poseianvalores excepcionales de afinidad sobre
los RD D,, 29, 13y 18 nMrespectivamente. Ademas, se observd, en toda la serie de este tipo
de 1Q, una muy elevada selectividad sobre los RD D,, destacando los compuestos 3ay 3c, con

un valor de ratio D,/D, de 2465y 1010 respectivamente.

En este trabajo también se realizaron ensayos de toxicidad celular sobre neutréfilos

humanos, determindndose que ninguna de las HCPIQ sintetizadas eran citotéxicas.
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Articulo 3: “3-Chlorotyramine Acting as Ligand of the D, Dopamine Receptor.
Molecular Modeling, Synthesis and D, Receptor Affinity” (En: Molecular informatics, 2014, in

press)

En este trabajo, se realizaron estudios de modelizacién molecular en los cuales se
evaluaron las interacciones entre los compuestos y el RD D, mediante la combinacién de
simulaciones de dinamica molecular (MD), semiempirica, ab initio y calculos tedricos basados
enelfuncional de ladensidad (DFT). En el segundo, se hizo uso de sistemas modelo reducido
gue nos permitid llevaracabo célculos de mecanica cuanticay estudios tipo teoria cuantica de

atomos en moléculas (QTAIM).

Figura 22. Dopaminay andlogos clorados

De las energias de unién obtenidas en las simulaciones se puede observar que la
sustitucion de un hidroxilo por un dtomo de cloro (Figura 22, compuesto 3), aumenta la
afinidad porel RD D, en comparacién con la dopamina (1). Sin embargo, la sustitucién del OH

en posicion para por el cloro (2) ejerce el efecto contrario.

Como ya se habia sugerido en articulos anteriores del grupo del profesor Ricardo D.
Enriz, que colaboraactivamente con nuestro grupo de investigacidn, la existencia de un resto
carboxiloen el lugarde uniéon es muy importante para la interaccion ligando-receptor, puesto
qgue la fuerte interaccién de los ligandos con el Asp 114 se mantuvo para todos los complejos
evaluados. Respectoala Val 115 (Figura 23), este aminoacido forma diversas interacciones con
el anillo aromatico de la dopamina. En cuanto a los restos serina, la Ser 197 aporta la mayor
contribucién alas energias de interaccion de los complejos con los compuestos que poseen un
hidroxilo en meta (1y 2), mientras que la Ser 193 es mas importante para el compuesto que
tiene un cloro en esta posicidn (3). Por otro lado, el analisis de descomposicién de residuos
tambiénrevelauna destacable contribucion de la Phe 389, siendo mas importante en el caso

de los compuestos con hidroxilo en para (1y 3).
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-2.00 Phe389
vahis Serl93
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Interaction energy (kcal/mol)

-5.00 Aspll4d

Figura 23. Energias de interaccidn para el compuesto 3.

Capitulo 2.

Articulo 4: “Synthesis of new melatoninergic hexahydroindenopyridines” (En:

Bioorganic & Medicinal Chemistry Letters, 2014, 24, 3534)

Las hexahidroindenopiridinas (HHIP) son moléculas alcaloidicas con un esqueleto
novedoso que genera una nueva clase de compuestos con posible utilidad como agentes
terapéuticos. Las HHIP se conocen por poseer varias actividades farmacoldgicas comolo sonsu

actividad antiespermatogénica, antidepresiva y serotoninérgica, entre otras.

Con objeto de obtener HHIP con diferentes sustituciones sobre posiciones clave dentro
del esqueleto: posiciones 1, 7 y 8, que pudieran interaccionar selectivamente sobre los

receptores de la melatonina, se desarrolld la siguiente ruta sintética (Figura 24).
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. »
R4 R4
T e,
RZ R2

1:Ry=0CHj;, R, =ClI 1a: Ry = OCH3, R, = Cl (96%)
2:R;=R;=0CH,0 2a: Ry = R, = OCH,0 (100%)
(b)
1
g HN N
R,.8 3 (c) R, /
4
R2 7 6 5 R2

1b: Ry = OCH3, R, = ClI (57%)
2b: R = R, = OCH,0 (60%)

Reactivos y condiciones: (a) piperidina, TiCly, tolueno seco, N, ta, 3 dias; (b) Hidrobromuro de 3-bromopropilamina,
DMF seco, 110 °C, 8 h; (c) NaBH,, EtOH, ta, 16 h.

Figura 24. Ruta sintética para la obtencidon de HHIP 1b vy 2b.

En ella, se parte de 1-indanonas sustituidas en posiciones 5 y/o 6, comercialmente
disponibles, y mediante unareaccion catalitica con TiCl, y piridina se produce la formacién de
la enamina correspondiente; la cual es sometida a una reaccién de ciclacion en la que se hace
reaccionar con el hidrobromuro de 3-bromopropilamina, seguida de una reduccion con
borohidruro sédico, obteniendo asi el esqueleto HHIP. A continuacién se llevd a cabo la
funcionalizacién del nitréogeno de las HHIP sintetizadas, para dar lugar a los compuestos que
pudieran mimetizar los efectos de la melatonina sobre sus receptores especificos. De esta
forma se prepararon por métodos clasicos los derivados N-acetilados, carbamatos y N-

alquilados.

Estudios preliminares de binding melatoninérgico de las HHIP sintetizadas, mostraron
que dicho esqueleto convenientemente funcionalizado, constituye un farmacéforo adecuado
con capacidad para unirse a los receptores de la melatonina MT, y/o MT,, y de esta forma

conseguir un nuevo agente inductor del suefio.
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Articulo 5: “Efficient synthesis of hexahydroindenopyridines and their potencial as

melatoninergic ligands” (En: European Journal of Medicinal Chemistry, 2014, 86, 700)

La melatonina es una neurohormona que estd implicado en procesos celulares,
neuroendocrinos y neurofisioldgicos. Se ha observado que alteraciones en el sistema
melatoninérgico conducen alaaparicién de enfermedades comoinsomnio y depresidn, por lo
que la investigaciéon en este campo tiene como objetivo crear farmacos nuevos que posean

una elevada afinidad por MT; y MT,.

Las hexahidroindenopiridinas (HHIP) son alcaloides triciclicos que muestran semejanza
estructural con la melatonina y con otros fdrmacos recientemente comercializados, como la
agomelatina (Valdoxan®), indicados en problemas de insomnio. Es por ello que las HHIP han
sido estudiadas por nuestro grupo, con objeto de obtener analogos con una mayor afinidad

por los receptores melatoninérgicos (Figura 25).

HN/4 N|-|>§o

(o]

g \ _0
" )
H

Melatonina Agomelatina Hexahidroindenopiridina

HN

Figura 25. Melatonina, Agomelatina y HHIP.

En este articulo se sintetizaron 25 HHIP, clasificados en 4 series, con una diferente
sustitucion sobre las posiciones 7 y 8 (Anillo A), dependiendo de la indanona de partida
utilizada. A continuacién preparamos los derivados correspondientes mediante

funcionalizaciéon del nitrégeno de la amina secundaria.

Todas estas moléculas sintetizadas fueron evaluadas como ligandos melatoninérgicos
MT, y MT, mediante ensayos de binding. Asi se observé que el compuesto 4g era capaz de
desplazar al radioligando especifico para MT; y MT, (2-[**’I]-melatonina) en el rango
nanomolar (Ki MT; = 670 nM y Ki MT, =190 nM). Ademas se pudo concluir que el compuesto
2e fue selectivo para MT; con una Ki =500 nMy el compuesto 2f lo fue para MT, con un valor

de Ki =380 nM (Figura 26).
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Figura 26. HHIP con afinidad por los receptores MT, y MT,

Capitulo 3.

Articulo 6. “Synthesis of pyrido[2,1-alisoquinolin-4-ones and oxazino[2,3-
alisoquinolin-4-ones: New inhibitors of mitochondrial respiratory chain” (En: European Journal

of Medicinal Chemistry 2013, 69, 69)

La cadena respiratoria mitocondrial (CRM) de transporte electrénico comprende
cuatro complejos enzimaticos (del | al IV), el coenzima Q (ubiquinona) y el citocromo C. Este
sistemajuegaun papel esencialenlasintesis del ATP, el metabolismo de las especies reactivas
del oxigenoyla apoptosis. Por ello, sus inhibidores presentan importantes perspectivas para

convertirse en nuevos agentes antitumorales.

Los alcaloides benzo[a]quinolicidinicos poseen interesantes propiedades bioldgicas, asi
como una similitud estructural con algunos inhibidores de la CRM conocidos. En este trabajo
decidimosrealizarlasintesis de moléculas con dicho esqueleto. Entre los métodos descritos en
la literatura, elegimos el de Pemberton, puesto que nos permitia explorar la reactividad de las
iminas y aprovecharnos de la diversidad estructural que proporcionaba, dado que con él se

obtienen pirido[2,1-a]-1Q y oxazino[2,3-a]-IQ.

Las diferentesiminas se sintetizaron mediante laciclacion de Bischler-Napieralski y se
hicieron reaccionar con diferentes dioxinonas. El producto mayoritario obtenido de esta
reaccion depende del pHdel medio: en condiciones neutras, los productos mayoritariamente
aislados fueron las pirido[2,1-a]-IQ mientras que al afadir una base, se formaron
preferentemente las oxazino[2,3-a]-1Q. Siguiendo este procedimiento se sintetizaron tres
series de compuestos, a partir de tres iminas diferentes, dando un total de 11 compuestos a

ensayar como posibles inhibidores de la CRM.
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Figura 27. Pirido[2,1-a]-1Qy oxazino[2,3-a]-IQ inhibidoras de la CRM.

En general, las oxazino[2,3-a]-1Q mostraron mayor potencia que sus respectivos
analogos piridinicos. Por ejemplo: el compuesto 1b (Figura 27) mostrdé una Clsy de 8.33 uM
mientras que su andlogo oxigenado 1c presentd una capacidad de inhibicidén cinco veces
superior. Una tendencia similar se observa en todos los productos ensayados. En cuanto al
sustituyente en posicidn 2, un grupo fenilo mantuvo la actividad (1e) y un anillo furdnico
proporciond el compuesto mas activo, 1g. La desproteccion de los metoxilos del anillo A (1h)
también mantuvo la actividad. En el mismo sentido, cuando se introdujo un anillo aromatico
en posicién 1 (series 2 y 3), las pirido[2,1-a]-1Q (2b, 3b) inhibieron la CRM con potencias
moderadas, mientras que sus respectivos analogos oxazino[2,3-a]-1Q (2c, 3c) mostraron una
mayor actividad. La presencia de un atomo de bromo sobre el anillo aromatico no afectd

significativamente a su actividad (ver Articulo 6).

Comparando con el compuesto de referencia, rotenona (un potente inhibidor del
complejol, altamente tdxico), tanto las pirido[2,1-a]-IQ como las oxazino[2,3-a]-IQ mostraron
actividadinhibidora de laCRM con potencias moderadas. Dado que la mayoria de inhibidores
de la CRM con potenciales aplicaciones en terapéutica actian en el rango alto nanomolar o
bajo micromolar, estos compuestos ensayados, y especialmente las oxazino[2,3-a]-IQ, pueden

considerarse inhibidores efectivos de la CRM.
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Articulo 7: “Synthesis of new antimicrobial pyrrolo [2,1-alisoquinolin-3-ones” (En:

Bioorganic & Medicinal Chemistry 2012, 20, 6589)

Las pirrolo[2,1-a]isoquinoleinas (1Q), MSA poco frecuentes en la naturaleza, presentan
una estructura original y han mostrado una cierta actividad antimicrobiana. La bdsqueda de
nuevos antibidticos y antifingicos que puedan sustituir a farmacos poco eficaces, a causa de
las resistencias generadas porlos microorganismos, fue lo que nosimpulsé arealizarla sintesis

de nuevas pirrolo[2,1-a]-1Q con actividad antimicrobiana.

Existen diversos métodos de sintesis de pirrolo-1Q. Nosotros hemos desarrollado un
nuevo procedimiento basado en una doble ciclacién intramolecular a partir de B-
fenilacetamidas (Figura 28). Mediante este método, las pirrolo-IQ fueron obtenidas con

buenos rendimientos.

Cl Cl Cl
Cl
\omH ~o _N ~o NH
Eo 0 ToJ|TT N
o} o
2
o

o 2a

Figura 28. Mecanismo de ciclacién de pirrolo[2,1-a]-1Q.

Utilizando este procedimiento, realizamos lasintesis de tres series de pirrolo[2,1-a]-1Q

(Figura 29). Entre ellas, se sintetizé el compuesto natural trollina (3b).
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Figura 29. Pirrolo[2,1-a]-1Q antimicrobianas.

Los 13 compuestos sintetizados fueron evaluados como bactericidas y antifingicos,
mediante la técnica de difusion en agar. En lo que respecta a los test bactericidas, nuestros
compuestos fueron ensayados frentes a diversas especies bacterianas patégenas humanas:
Bacillus cereus, Staphylococcus aureus,Enterococcus faecalis, Salmonella typhi, Escherichia coli

y Erwinia carotovora.
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En general, pudimos observar que la introduccion de un grupo lipofilico en posicion 8
y/o 9 resulté adecuada para aumentar la actividad antimicrobiana, en comparacion con los
compuestos con hidroxilos libres en estas posiciones, como en el caso del compuesto 1by de
la trollina (3b) (Figura 29). El compuesto que presentd unaactividad masrelevante fue 2a, que
posee un atomo de cloro en posicién 8 y un grupo metoxilo en posicion 9. Este compuesto
demostré actividad bactericida frente a todas las ce pas ensayadas. Ademas, mostré el mayor
halodeinhibicionfrentea S. aureusy E. carotovora de entre todas las pirrolo-1Q sintetizadas.
En el caso de estalltima, lapotenciabactericidade 2afue equiparable ala del compuesto de

referencia (tetraciclina).

La actividad fungicida fue comprobada frente a algunas cepas de hongos
fitopatégenos: Aspergillus parasiticus, Trichoderma viride, Fusarium culmorum, Geotrichum
candidumy Phytophthora citrophthora. Dentro de la serie 1, las pirrolo-IQ mds activas fueron
1a y su andlogofluorado 1e. Estos compuestos mostraron una potencia similar entre ellos, lo
gue sugiere que el grupo O-bencilo en posicién 8de las pirrolo-1Q contribuye positivamente a
sus propiedades antifungicas, independientemente de que contenga o no un grupo halégeno.
El compuesto 2a, el mas activo en los ensayos bactericidas, demostré un efecto antifungico

moderado.
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Summary — Results and Discussion

In the present Thesis, we have developed several synthetic routes in order to obtain
different scaffolds of isoquinolines (1Q) alkaloids and hexahydroindenopyridines (HHIP). In
addition, we have made their corresponding pharmacological tests, based on results previously
obtained for these compounds with synthetic and/or natural origin and other structurally
similarcompounds. It has been observed, throughout many years, 1Q alkaloids are one of the
active secondary metabolites (ASM) most abundant in nature and with highest
pharmacological interest, isolated in species of Annonaceae family. Azafluorenones are pyridin
alkaloids with antimalarial properties also present in Annonaceae, which inspired us for the
synthesis of HHIP.

We have developed the synthesis of these new drugs for the following biological
targets:

a)- IQ with affinity towards Dopaminergic Receptors D; y D,.
b)- HHIP with affinity towards Melatoninergic Receptors MT; y MT,.
c)- IQ with antimicrobial activity.

d)- 1Q with antitumor activity.

This Thesisiscomposed of seven articles which have been classified in three chapters:

Chapter 1: Isoquinoline Alkaloids with Affinity for Dopaminergic Receptors —Molecular

Modeling on Dopaminergic Receptors: Articles 1, 2 and 3.

Chapter 2: Indenopyridine Alkaloids with Affinity for Melatoninergic Receptors:

Articles 4 and 5.

Chapter 3: Isoquinoline Alkaloids with Antimicrobial and Antitumor Activities: Articles

6 and 7.
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Chapter 1

Article 1. “2,3,9- and 2,3,11- Trisubstituted tetrahydroprotoberberines as D,

dopaminergic ligands ” (in: European Journal of Medicinal Chemistry, 2013, 68, 150)

Dopamine-mediated neurotransmission plays animportantrole in the central nervous
system. A disorder in the dopaminergic system may cause neurological and psychiatric
disorders as schizophrenia or Parkinson’s disease. Therefore, there is an increased interest in
the discovery of novel dopaminergic ligands, with high affinity for D; and D, dopamine

receptors (DR), as potential drugs in the therapy of these neurological disorders.

Tetrahydroprotoberberines (THPB) are natural compounds which exist in different
plant species as MSA. This kind of 1Q alkaloids contains several pharmacological activities
including affinity for DR. In orderto improve the binding affinity towards DR, a synthetic route
was developed to obtain three series of THPB. Finally, we synthesized 11 molecules to assay

(Figure 19).

HO

HO

serie 3 11 OH

serie 2

Figure 19. Series of THPB.

There are different methods for synthesizing THPB. We carried out a synthetic route
that consists in five steps. The first step is a Henry reaction, whereby the B-nitrostyrene is
obtained. Thisis followed by areduction reaction to achieve the phenylethylamine, which was
treated with the corresponding acid chloride to give the corresponding phenylacetamide.
Next, a Bischler-Napieralski cyclodehydration followed by the imine reduction will result in the
benzyl-THIQ. This compound is the starting material to obtain our THPB of interest by means

of Mannich cyclization.
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In the presentwork, we have studied the influence of A- and D-ring substituents of the
THPB synthesized towards DR. It was observed that the presence of a hydroxyl group in A-ring
increased the affinity for both D, and D, DR in comparison with blocked oxygenated function
analogues. The presence of a chlorine atom in the A-ring increased the affinity for D, DR and
decreased the selectivity over D, DR. Furthermore, it was observed that the presence of a
methylenedioxy group in 2 and 3-positions decreased the selectivity over D, DR. On the other
hand, it was observed that substituentsin the D-ring also produced changes in the affinity for
DR. The presence of a hydroxyl group in 9-position, increased the affinity for D, and D, DR.
Amongthe 11 THPB tested, the most active molecule was 9f, while a hydroxyl group in the 11-

position substantially decreased the affinity for both DR ( Figure 20).

9f: (R1= OH; R,=H)
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Figure 20. Displacement curves of the specific binding of D, and D, DR ligands by the
compounds 9e and 9f. Data were displayed as mean + SEM for 3-5 experiments.
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Molecular modeling studies were carried out to better understand the interaction
between the synthesized drugs and the D, DR. These studies were performed using molecular
dynamics simulations and quantum mechanical calculations of three of the most active THPB
(9¢c, 9d and 6b). In these simulations it was concluded that the most important interactions in
the drug-receptor binding are: the interaction between Asp 114 and the protonated amine
with positive charge of the THPB and the interaction between Ser 193 and/or Ser 194 and
catechol group of the A-ring. In addition, we observed that 9d is the drug with better
interaction of the three molecules tested, since this compound has a high energy of interaction

with D, DR.

Furthermore, cell toxicity assays were performed on human neutrophils by MTT and
flow cytometry assays. In this study we observed that none of THPB synthesized were

cytotoxic.

Article 2. “Synthesis of hexahydrocyclopenta[ijlisoquinolines as a new class of a

dopaminergic agents” (in: European Journal of Medicinal Chemistry, 2015, 90, 101)

THIQ are natural compounds presentin many plant species. The isoquinoline alkaloids
were biosynthesized fromtyrosine and dopamine, therefore we have been studied the affinity

of these synthesized compounds towards DR.

In the Article 2, we have developed the synthesis of a series of tricyclic alkaloids called
1,2,3,7,8,8a-hexahydrociclopent[ijj]-isoquinolines (HCPIQ), in order to optimize and improve

the affinity for D, and D, DR.

The synthetic route of this class of compounds begins with the synthesis of the
phenylacetamide by Schotten-Baumann conditions. The second step is the Bischler-Napieralski
cyclodehydration to obtain the corresponding imine, which after reduction will result in the
THIQ. The last step is an intramolecular cyclization by Friedel-Crafts conditions and using

Eaton’s reagent to generate the cyclopentane ring (Figure 21).
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(c) NaBH,4; M eOH, rt, 2h; (d) Eaton’s reagent (P,05-CH3SO3H, 1:10 wiw), refluxe, 15h; () CH,Cl,, BBrs3, rt, 2h; (f)

methanol, formaldehyde, formic acid, refluxe, 1h, followed of NaBH,, refluxe, 1h;(g) CH3CN, K,COg,allyl chloride,
refluxe, 10h.

Figure 21. Synthetic scheme of HCPIQ.

It was observed that all the HCPIQ synthesized were able to displace the specific
radioligands ([*H]-SCH 23390 (D) and [*H] raclopride (D,)) from its D, and D, DR binding sites,
respectively. Asinthe case of THPB, the hydroxyl group produces greater binding activity than
their corresponding blocked oxygenated function analogues. The HCPIQ 3a, 3c and 3e had
outstandingly affinity values for D, DR, being 29, 13 and 18 nM respectively. In addition, it was
observedinall seriesavery high selectivity forthe D, DR. The most selective compounds were

3a and 3c, with a ratio D,/D, of 2465 and 1010 respectively.

In this work, we also assayed cell toxicity on human neutrophils by MTT assay, and we

found that HCPIQ synthesized did not show cytotoxicity.
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Article 3. “3-Chlorotyramine Acting as Ligand of the D, Dopamine Receptor.
Molecular Modeling, Synthesis and D, Receptor Affinity” (in: Molecular informatics, 2014, in

press)

This study was carried out in three steps. Firstly, molecular dynamic simulations (MD)
to evaluate the molecular interactions between the compounds and the D, DR were
performed. Secondly, a reduced model system for the binding pocket was used. Finally, the
most representative complexes obtained in the previous steps were further analyzed
theoretically by Density Functional Theory (DFT) calculations with the Quantum Theory of

Atoms in Molecules (QTAIM) approach to the electron density distribution analysis.

Figure 22. Dopamine and chlorinated analogues

From the relative binding energies obtained in the MD simulations, it can be observed
that the replacement of the OH group in meta respect to the aminoethyl chain by a chlorine
atom (Figure 22, compound 3) increases the affinity towards D, DR when compared with DA
(1). In contrast, the replacement of the OH group in para position (2) resulted in the opposite

effect.

As it was earlier suggested in previous articles of Prof. Ricardo D. Enriz’s group which
collaborates actively with ourresearch group, the stronginteraction with the carboxylic group
of an aspartate is very important for ligand’s binding, since the interaction with the Asp 114
was maintained forall the tested complexes (Figure 23). On the other hand, Val 115 can form
several interactions with the DA aromaticring. Inregard to otherserine residues of the binding
site, Ser 197 is the residue that exerted the largest contribution to the interaction energy for
complex with 1 and 2. In addition, Ser 193 showed the most important contribution in the
complex with compound 3. Finally, the residue decomposition analysis exhibited a significant
contribution of Phe 389. The contribution of this residue was greaterfor 1/D, DR or compound

3/D, DR complexes than for compound 2/D, DR complex.
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Figure 23. Interaction energies for compound 3.

Chapter 2.

Article 4. “Synthesis of new melatoninergichexahydroindenopyridines” (in: Bioorganic

& Medicinal Chemistry Letters, 2014, 24,3534)

Hexahydroindenopyridines (HHIP) are alkaloids with a novel scaffold which generates a
new class of compounds with a potential utility as therapeutic agents. HHIP possess several
pharmacological activities such as antispermatogenic and serotoninergic activity, among

others.

In order to obtain HHIP with different substitutions on important positions of this
skeleton, 1-, 7-, and 8- positions, and to make an extensive study on the capacity of these
compounds to bind to the melatonin receptors MT, and MT,, the following syntheticroute was

developed (Figure 24).
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Reagents and conditions: (a) piperidine, TiCl,, dry toluene, N, rt, 3 days; (b) 3-bromopropylamine hydrobromide,
dry DMF, 110 °C, 8 h; (c) NaBH,, EtOH, rt, 16 h.

Figure 24. Synthetic route for synthesis of HHIP 1b and 2b.

Therefore, the commercially available 1-indanone substituted in 5- and/or 6- position
was the starting material which was treated by catalytic reaction with TiCl, and pyridine to
obtain the corresponding enamine. This was subjected to a cyclization by reaction with 3-
bromo-propylamine hydrobromide followed of areduction reaction with sodium borohydride
to give the HHIP scaffold. Then, we made afunctionalization of the nitrogen atom in the HHIP
to obtain the compounds capable of mimicking melatonin’s behavior onits receptors. Thus, we

synthesized N-acetylated, carbamates and N-alkylated derivatives by classical conditions.

Preliminary melatoninergic binding affinity studies of synthesized HHIP showed that
the appropriately functionalized skeleton is a pharmacophore with capacity to bind to

melatonin receptors MT; and/or MT,, which could provide new sleep-inducing agents.
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Article 5. “Efficient synthesis of hexahydroindenopyridines and their potencial as

melatoninergic ligands” (in: European Journal of Medicinal Chemistry, 2014, 86, 700)

Melatoninisa neurohormone involved in cell, neuroendocrineand neurophysiological
processes. It has been observed that alterations in melatoninergic system can produce
diseasessuchasinsomniaordepression. Thus, researchin thisfield aims at creating new drugs

with a high affinity for melatonin receptors (MT).

Hexahydroindenopyridines (HHIP) are tricyclic alkaloids with structure related to
melatoninand with other marketed drugs such as Agomelatine (Valdoxan®) used in insomnia.
For thisreason, ourgroup paid attention to obtain the HHIP compounds with a high af finity for

the MT receptors (Figure 25).
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Figure 25. Melatonin, Agomelatine and HHIP.

In this article, we synthesized 25 HHIP, classified into four series, with a different
substitution at the 7- and 8-position (A-ring), according to the indanona used as starting
material. Then, we prepare the corresponding derivatives by functionalization of nitrogen

atom of the secondary amine.

All synthesized molecules were evaluated as MT, and MT, melatoninergic ligands by
binding assays. Thus, we can observe that compound 4g was able to displace the specific
radioligand to MT,; and MT, (2-[**°I]-melatonin) in the nanomolar range (Ki MT; =670 nM and
Ki MT, = 190). Furthermore, it was concluded that compound 2e was selective for MT; (Ki MT,

= 500 nM) and compound 2f was selective for MT, (Ki MT, =380 nM) (Figure 26).
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Figure 26. HHIP with affinity for MT, and MT, receptors.

Chapter 3.

Article 6. “Synthesis of pyrido[2,1-alisoquinolin-4-ones and oxazino[2,3-
alisoquinolin-4-ones: New inhibitors of mitocondrial respiratory chain” (in: European Journal of

Medicinal Chemistry 2013, 69, 69)

Mitochondrial electron transport chain comprises the enzymatic respiratory complexes
(I-1V), the coenzyme Q (ubiquinone) and cytochrome c. Mitochondria play essentialrolesin the
ATP synthesis, ROS metabolism and apoptosis. It is important that cells preserve an
appropriate level of intracellular ROS to keep redox balance and signaling cellular proliferation.
Some anticancer agents have the ability to inhibit mitochondrial electron transport and/or
increase superoxideradical generation in tumor cells, resulting in cell apoptosis through ATP

levels reduction and/or cell-damaging.

Benzo[a]quinolizidine is an important heterocyclic framework that can be found in
numerous bioactive compounds. Benzo[a]quinolizidines are structurally related to some
mitochondrial respiratory chain (MRC) inhibitors (mycotoxins, such as circumdatins) and we
have carried out their synthesis as target of this study. Among the different depicted
approaches, we have applied the Pemberton’s method that uses dioxins as acyl-ketenes
precursors. Therefore, taking advantage of the chemical diversity generated by this procedure,

different pyrido[2,1-alisoquinolines and oxazino[2,3-a]isoquinolines were obtained.

Several imines were prepared using Bischler-Napieralski cyclization and then reacted
with dioxinones. The major product obtained relied on the pH of the medium. Under neutral
conditions, the formation of pyridones was clearly favored, and under basic conditions
oxazinoneswere preferentially formed. Following this procedure, we synthesized three series
of compounds, starting fromthe three different imines to get a total of 11 compounds. Then,

their potential effect on respiratory chain inhibition was evaluated.
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Figure 27. Pyrido[2,1-a]- and oxazino [2,3-a]-IQ MRC inhibitors.

In general, oxazino[2,3-a]-1Q-4-ones seemed to display greater activity than their
respective pyrido[2,1-a]-1Q-4-ones analogues. Forinstance, while compound 1c(Figure 27) ICs,
was 1.36 uM, its pyridine analogue (1b) showed a decrease NADH oxidase activity (1Cso = 8.33
UM). By contrast, the size and nature of the substituent at 2-position of the oxazine did not
seem to affect NADH oxidase activity. In this regard, not only the existence of a phenyl group
(1e) keptthe activity butthe presence of a furan ring at C2 position provided the most potent
compound 1g. Moreover, the deprotection of the methoxyl groups in the A ring to obtain a
catechol 1h, maintained the activity. On the otherhand, whenthe aromaticring was placed on
C1 position (series 2and 3), the pyrido- and oxazino-1Q-4-ones were ableto inhibit respiratory

chain without any noticeable influence of the halogen group.

Compared with the highly toxic compound, rotenone (a high-affinity inhibitor of
complex 1), the pyridine and oxazinone derivatives showed a moderated inhibitory activity.
Given that most of the respiratory chain inhibitors with potential therapeuticinterest actin
the high nanomolar and low micromolar ranges, these compounds and especially the

oxazinone derivatives, can be considered effective inhibitors of the whole respiratory chain.
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Article 7: “Synthesis of new antimicrobial pyrrolo [2,1-alisoquinolin-3-ones” (in:

Bioorganic & Medicinal Chemistry 2012, 20, 6589)

Pyrroloisoquinolines are secondary active metabolites scarce in nature, which present
an original structure with certain antimicrobial properties. Inasmuch, the discovery of new
antimicrobial agents hasturnedintoaclearneedinthe last few years, due to the development

of resistance to classic drugs as a consequence of their extensive use.

Althought several methods have been employed for the synthesis of these
compounds, we have applied anew methodology based on double intramolecular cyclization,
conducted by Bischler-Napieralski cyclodehydration from an ester phenylethylamide. It

involves the subsequent reduction of the imine intermediate (Figure 28).
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Figure 28. Mechanism of cyclization of pyrrolo[2,1-alisoquinolines.

Using this method we performed the synthesis of three series of compounds with
pyrroloisoquinoline structure, obtaining a total of 13 different molecules (Figure 29). The

natural product trolline (3b) was synthesized, among other compounds.
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Figure 29. Antimicrobial pyrrolo[2,1-alisoquinolines
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All the synthesized pyrrolo[2,1-alisoquinolines were assayed in vitro for their ability to
inhibitbacterial and fungal growth. In the antimicrobials assays, our compounds were tested
against several human pathogenicbacteriaas well as economically important phytopathogenic
bacteria and/or fungi. The bacterial agents were: Bacillus cereus, Staphylococcus aureus,

Enterococcus faecalis, Salmonella typhi, Escherichia coli and Erwinia carotovora

In general, alipophilicgroup at the 8- and/or 9- position seemed to provide moderate
activity compared with that displayed by a free hydroxyl group such as 1b and trolline (3b)
(Figure 29). The most noteworthy compound was 2a, which possessed both a chlorine atom
and a methoxyl group at the 8- and 9- position, respectively. This compound exerted
bactericidal activity against all tested strains. Furthermore, 2a showed a potency within the

range displayed by the reference compound tetracycline.

Fungicide activity was tested against some phytopathogen fungi strains: Aspergillus
parasiticus, Trichoderma viride, Fusarium culmorum, Geotrichum candidum and Phytophthora
citrophthora. Compounds 1a, 2a, 1c and 1le inhibited fungal growth in vitro. In series 1, the
most active compounds were 1a and its fluorinated analogue 1e, which showed similar
potency. Consequently, it seems that the benzylic moiety located at the 8-position on the
pyrroloisoquinoline structure contributed positively to its antifungal properties regardless the
presence of a halogen atom. By contrast, compound 2a, which was the most potent

bactericidal agent against human pathogens, only exerted a moderated antifungal activity.

Therefore, 8-chloro-9-mtehoxy compound (2a) was the most relevantin bactericidal

assays and 8-benzyl-pyrroloisoquinolines 1aand 1e in the fungicidal assays.
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Conclusiones

1. Se han sintetizado 11 derivados de estructura 2,3,9- y 2,3,11-tetrahidro-
protoberberinas (THPB) con afinidad por las familias de RD D, y D,, a través de una
ciclacién de Mannich de un intermedio 1-bencil-tetrahidroisoquinoleina (Articulo 1).
De los resultados de REA se pudo establecer que: i) los grupos hidroxilo libres en el
anillo A, incrementan la afinidad por ambos tipos de RD; ii) la presencia de un atomo
de cloro enelanilloAfavorece la afinidad por los RD Dg; iii) en cuanto a la sustitucién
enelanilloD, la presenciade un grupo hidroxilo en posicién 9aumenta la afinidad por
los RD D,, siendo la 2,3-metilendioxi-9-hidroxi-THPB (compuesto 9f) y la 2,3,9-
trihidroxi-THPB (compuesto 9d), los mas activos; mientras que un hidroxilo en posicion
11, disminuyela afinidad por ambos RD. Por otra parte, los estudios de modelizacion
molecular mostraron que el compuesto 9d se comporta como un agonista D, ya que
los residuos de Serina parecen cruciales para la unién y activacién a este receptor.

Ademas, ninguna de las THPB trisustituidas sintetizadas mostraron citotoxicidad.

2. Seis derivados de un esqueleto isoquinoleinico novedoso, las hexaciclopenta-
isoquinoleinas (HCPIQ), fueron sintetizadas através de una ciclaciénintramolecular de
Friedel-Crafts de un intermedio (Z)-1-estiril-THIQ, utilizando el reactivo de Eaton
(Articulo 2). Las HCPIQ sintetizadas mostraron gran afinidad por los RD D,, destacando
los compuestos catecélicos 3a (7-fenil-5,6-dihidroxi-HCPIQ), 3c (1-metil-7-fenil-5,6-
dihidroxi-HCPIQ), y 3e (1-alil-7-fenil-5,6-dihidroxi-HCPIQ), con unos valores de afinidad
de rango nanomolar frente a los RD D,, y una importante selectividad por dichos RD,

situandose el ratio D,/D, entre 2500y 400.

3. Los estudios de modelizacién molecular sobre 3-clorotiramina, nos ha permitido
conocerlaimportanciaque tiene la carga negativa del aspartato sobre el ligando que
se une al receptor (Articulo 3). El grupo acido carboxilico terminal interacciona con el
grupo amino protonado del ligando en cuestion. Ademas, el resto serina también
contribuye a la estabilizacion puesto que interacciona con los grupos fendlicos del

ligando.
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Las hexahidroindenopiridinas (HHIP) son un tipo de esqueleto triciclico muy poco
frecuente en la naturaleza, pero con semejanza estructural con la melatonina,
neurohormona implicada en procesos fisioldgicos como el suefio. Las HHIP fueron
sintetizadas partiendo de indanonas comerciales, mediante unareaccidn catalitica con
TiCl, y piridina, y posterior ciclacion de la enamina correspondiente con un
bromoalquilamina y reduccién. A continuacidn se prepararon derivados HHIP con

objeto de estudiar su afinidad por los receptores de la melatonina (Articulo 4).

Las HHIP sintetizadas con grupos carbamatos, mostraron una importante afinidad por
los receptores melatoninérgicos. El compuesto 4g (7-cloro-8-metoxi-1-N-
etilcarboxamida-HHIP) presentd afinidad tanto por el receptor MT, como por el MT,.
Sin embargo, los derivados amidicos mostraron selectividad por uno de los dos
receptores: el compuesto 2e (7,8- metilendioxi-2-N-acetamida-HHIP) fue selectivo para
MT, con una Ki = 500 nM, mientras que el compuesto 2f (7,8-metilendioxi-N,N-

dietilacetamida-HHIP) lo fue para MT, con un valor de Ki =380 nM (Articulo 5).

Finalmente, sintetizamos 1Q con esqueletos diversos, unas con capacidad para inhibir
la cadena respiratoria mitocondrial (CRM), otras con actividad antibacteriana o
antifungica. A) Las piridoy oxazino-isoquinoleinas se sintetizaron mediante ciclacion
de Bischler-Napieralski, haciendo reaccionar la imina resultante con diversas
dioxinonas. En general, las oxacino-IQ mostraron mayor capacidad para inhibir los
complejos de la CRM, que los correspondientes pirido-1Q (Articulo 6). B) Las pirrolo-
isoquinoleinas (pirrol-1Q) fueron sintetizadas mediante un nuevo procedimiento
basado en una doble ciclacién intramolecular a partir de fenilacetamidas. De las
moléculassintetizadas, el compuesto 2a(8-cloro-9-metoxi-pirrol-1Q), disustituido en el
anillo A, fue el que mostré mayoractividad antibacteriana, frente a diversas bacterias
patégenas; mientras que los compuestos monosustituidos en el anillo A, 1a (8-
benziloxi-pirrol-1Q)y 1e (8-(4-fluorobenziloxi)-pirrol-1Q), resultaron los mas potentes

frente a cepas de hongos fitopatdgenos (Articulo 7).
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Conolusions
Conclusions

Eleven derivatives of 2,3,9- and 2,3,11- tetrahydroprotoberberine (THPB) structure
with affinity for DR families D, and D,, have been synthesized through Mannich
cyclization of an intermediate 1-benzyl-tetrahydroisoquinoline (Article 1). It was
established from REA studies that: i) free hydroxyl groups on A-ring, increase the
affinity for both types of DR; ii) the presence of halogensin the A-ring such as chlorine
atom, favors affinity for D, DR; iii) concerning D-ring substitution, the presence of a
hydroxyl group at 9-position increases the affinity for D, RD, being 9-hydroxy-2,3-
methylenedioxy-THPB (compound 9f) and 2,3,9-trihydroxy-THPB (compound 9d) the
most active compounds; while a hydroxyl group at 11-position, decreases the affinity
for both DR. In addition, molecular modeling studies showed that the compound 9d
behaves as an agonist D, because the serine residues seem to be crucial for binding
and activation of this receptor. Finally, none of the synthesized trisubstituted THPB

showed any cytotoxicity.

Six isoquinoline derivatives with a novel skeleton, the hexacyclopentaisoquinoline
(HCPIQ), were synthesized by intramolecular cyclization of Friedel-Crafts acylation of
an intermediate (Z) -1-styryl-THIQ using Eaton's reagent (Article 2). The synthesized
HCPIQshowed high affinity for D, DR. It was noteworthy the catecholic compounds 3a
(7-phenyl-6,5-dihydroxy-HCPIQ), 3c (1-methyl-7-phenyl-6,5-dihydroxy-HCPIQ), and 3e
(1-allyl-7-phenyl-6,5-dihydroxy-HCPIQ), with nanomolar affinity values for D, DR, and

also a significant selectivity with a D,/D, ratio between 2500 and 400.

Molecular modeling studies of 3-chlorotyramine allowed us to know the importance of
negatively charged aspartate on the ligand that binds to the receptor (Article 3). The
terminus carboxylic acid group interacts with the protonated amine group of the
ligand. In addition, the serineresidue also contributes to stabilization since it interacts

with the ligand phenolic groups.
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Goonolusions

The hexahydroindenopyridines (HHIP) are a type of unusual tricyclic skeleton in
nature, but with structural similarity with melatonin, a neurohormone involved in
physiological processes such as sleep. The HHIP were synthesized starting from
commercial indanones, by catalytic reaction with TiCl, and pyridine, and subsequent
cyclization of the corresponding enamine with a bromoalkylamine and reduction. Then
HHIP derivatives were obtained in orderto study their affinity for melatonin receptors

(Article 4).

The HHIP synthesized with carbamate groups showed a significant affinity for
melatoninergicreceptors. Compound 4g (7-chloro-8-methoxy-1-N-ethylcarboxamide-
HHIP) displayed affinity for both MT,; and MT, receptors. However, the amide
derivatives showed selectivity for one of the two receptors: Compound 2e (7,8-
methylenedioxy-2-N-acetamide-HHIP) was selective for MT; with a Ki of 500 nM, while
compound 2f (7,8-methylenedioxy-N, N-diethylacetamide-HHIP) was for MT, with a Ki
of 380 nM (Article 5).

Finally, we synthesize 1Q with varied skeletons, some of them with ability to inhibit
mitochondrial respiratory chain (MRC), and others with antibacterial or antifungal
activity. A) pyrido- and oxazino-isoquinolines were synthesized by Bischler-Napieralski
cyclization, treating the resulting imine with a variety of dioxinones. In general,
oxazino-1Q showed greater ability to inhibit the complexes of the MRC than the
corresponding pyrido-1Q (Article 6). B) pyrrolo-isoquinolines (pirrol-1Q) were
synthesized by a novel process based on a double intramolecular cyclization from
phenylacetamides. Among synthesized molecules, compound 2a(8-chloro-9-methoxy-
pirrol-1Q), disubstituted on A-ring, exhibited the highest antibacterial activity against
various pathogenicbacteria; while compounds monosubstituted on A-ring, the 1a (8-
benzyloxy-pirrol-1Q) and 1e (8-(4-fluorobenzyloxy)-pirrol-1Q), were the most potent

against phytopathogenic fungi strains (Article 7).
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Espectros en CDCl; de "H-RMN (500 MHz) y **C-RMN (125 MHz) de 1b
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Espectros en CDCl; de "H-RMN (500 MHz) y "*C-RMN (125 MHz) de 1g



@ymdem Fepresontatioss

=
~

T L8 TaL ) X Y X
T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm)
170 160 150 140 130 120 110 100 80 70 60 50 40 30 20

90
f1 (ppm)

Espectros en CDCl; de *H-RMN (500 MHz) y **C-RMN (125 MHz) de 2b
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Espectros referentes a los Articulos 7
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Espectros en CDCl; de *H-RMN (500 MHz) y **C-RMN (125 MHz) de 1a
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Espectros en CDCl; de "H-RMN (500 MHz) y **C-RMN (125 MHz) de 3a
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Espectros en CDCl; de *"H-RMN (500 MHz) y **C-RMN (125 MHz) de 3¢



