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1.  Me refiero al auto dictado por ese Despacho notificado por fljacién en lista de 23 de
Agosto de 2007. |

2. Con el fin de dar respuesta a las objecibnes expuestas por el sefior Examinador en su
Concepto Técnico nimero 1324 en contra de los requisitos de Claridad de la
Solicitud, Novedad y Nivel Inventiva, me permito dirigir su atencién a las siguientes
modificaciones y argumentos técnicos, por medio de los cuales se superan completamente '
dichas objeciones.

En relacién con la objecién en contra de la claridad de la reivindicacién 49, segun la
cual "los sustituyentes P y P, estan definidos en términos de adjetivos calificativos, no con
significados técnicos especificos e inequivocos y debe quedar plenamente establecido que
estén enteramente sustentados en la descripcién”, me permito dirigir la atencién del sefior
Examinador al hecho de que con el fin de dar cumplimiento a sus sugerencias, el
solicitante ha modificado dicha reivindicacién de manera tal que se ha reemplazado la
expresion "P; y P, son en cada caso un grupo protector”, por la expresion modificada "Py
es un grupo Boc o carbobenciloxi y P; es un alquilo C;.¢ 0 alquilo C,.¢ sustituido”,
definiendo de esta forma los sustituyentes en mencién mediante significados de
caracter técnico, especifico e inequivoco, tal como ha sido solicitado en su Concepto
Técnico y de manera completamente clara pafa una persona versada en la materia.

En conexién con lo anterior, me permito sefialar que el sustento para la anterior
modificacidn se encuentra en la pagina 32, lineas 13 a 16, del capitulo descriptivo.

Por otra parte, el sefior Examinador ha manifestado dentro de sus objeciones en
contra de la claridad del capitulo reivindicatorio de la ‘presente solicitud que "La
reivindicacién 51 no es clara, porque reclama materia ya reclamada sin ninguna
caracteristica técnica particular, solamente se rellena el texto de la reivindicacién con usos
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y métodos de tratamiento". En relacién con la objecién anteriormente mencionada, me
permito manifestar que, debidamente autorizado por mi representado, el solicitante
ha decidido cancelar la reivindicacién 51 actualmente presentada, con el fin de dar
respuesta completa y satisfactoria a sus objeciones a este respecto.

De conformidad con lo anterior, me permito manifestar que teniendo en cuenta que en
el nueVo capitulo reivindicatorio presentado se han definido claramente las connotaciones
que pueden tomar los sustituyentes Py y P, y que se ha eliminado la reivindicacién 51,
se entienden superadas todas las objeciones de claridad realizadas por el sefior
Examinador respecto a dicho requisito.

Finalmente, me permito manifestar que las modificaciones realizadas al capitulo
reivindicatorio en mencién no amplian de manera alguna el alcance de la invencion
en concordancia con lo establecido en el Art. 34 de la Decision 486, 2000, toda vez que tal
como se menciond en el parrafo anterior, dichas modificaciones corresponden a la
adecuada definicién de grupos sustituyentes en términos que no resulten ambiguos y a la
eliminacién de una reivindicacién, lo que evidentemente corresponde a una restriccion de
la materia objeto de la solicitud bajo estudio respecto a la forma como se encuentra
actualmente presentada.

4.  ANTECEDENTES:

En el estado de la técnica se conoce que la molécula-1 de adhesién a células
vasculares (VCAM-1), correspondiente a un miembro de la familia de supergenes de la
inmunoglobulina (Ig), se expresa en endotelio activado pero no en reposo. Por su parte, se
ha reconocido que Ja integrina VLA-4 (a4B;), que se expresa en muchos tipos de células,
incluyendo los linfocitos circulantes, eosindfilos, baséfilos y monocitos, pero no en
neutréfilos, es el principal receptor de la VCAM-1,

Lo anterior es importante porque los anticuerpos de VCAM-1 o de VLA-4 pueden
bloguear la adhesién de estos leucocitos mononucleares, asi como de las células de
melanoma, al endotelio activado in vitro. En este sentido, los anticuerpos de ambas
proteinas han sido eficaces para inhibir la infiltracion de leucocitos y prevenir el dafio de
los tejidos en varios modelos animales de inflamacién. Mas adn, se ha demostrado que los
anticuerpos monoclonales anti-VLA-4 bloquean la emigracién de células T en la artritis
inducida por adyuvantes, previenen la acumulacién de eosinéfilos y la bronconstriccién en
modelos de asma, reducen la parélisis e inhiben la infiltracion de monocitos y linfocitos en
encefalitis autoinmune experimental.
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De la misma manera, se ha demostrado que los anticuerpos monoclanes anti-VCAM-
1 prolongan el tiempo de supervivencia de los aloinjertos cardiacos, y estudios recientes
han demostrado que los anticuerpos monocionales anti-VLA-4 pueden prevenir la insulitis y
la diabetes de ratones diabéticos no obesos y pueden atenuar de modo significativo la
inflamacion en caso de modelo de colitis de monos tamarinos del algodonero. Finalmente,
se ha demostrado ademds que la VCAM se expresa en células del endotelio del tejido
inflamado del colon en un modelo de enfermedad intestinal inflamatoria de ratas sometidas
a TNB/etanol (Gastroenterology 1999, 116, 874-883).

Por todo lo anterior, en el estado de la técnica se reconoce que los compuestos que
inhiben la interaccién entre integrinas que contienen o4 y la VCAM-1 pueden ser muy (Gtiles
como agentes terapéuticos para el tratamiento de enfermedades inflamatorias crénicas,
tales como la artritis reumatoide, la esclerosis muitiple, el asma y las enfermedades
intestinales inflamatorias, por lo que resulta altamente deseable poder contar con
sustancias que presenten caracteristicas inhibitorias de la interaccion entre las integrinas
mencionadas.

En este sentido, la presente solicitud surge como una alternativa novedosa e
inventiva en el esfuerzo por proporcionar compuestos que tengan tal efecto inhibitorio,
toda vez que tal como se desprende de las ensefianzas consignadas en la memoria
descriptiva de la misma, los compuestos ahora revelados y reivindicados por el solicitante
poseen efectivamente la actividad buscada como antagonistas de la integrina o.4B;.

5. NOVEDAD:

De conformidad con las objeciones expuestas por el sefior Examinador en su
Concepto Técnico, la presente invencion carece de novedad frente a las ensefianzas del
documento citado WO 99/43642 (D1), dado que "los compuestos de a solicitud en estudio
caen dentro del alcance de la materia descrita en la anterioridad, especialmente en las
pags. 4 y 5; pag. 12 renglén 25; pag. 13 renglén 31; reivindicacién 1 y 8. Donde se
establece que R1 es un grupo heteroaromatico opcionaimente sustituido, el grupo
aromatico es piridil, sustituido con hidroxi, que forma el tautometo (sic) ceto-enol.
Por lo tanto esta oficina considera que la solicitud en estudio no tiene novedad” (resaltado
fuera de texto).

Sobre este particular, me permito dirigir la atencién del sefior Examinador al hecho
de que, si bien existen algunas semejanzas estructurales entre los compuestos de Ia
férmula (I) de la referencia WO 99/43642 (D1) y aquellos de la féormula general
expuesta en la reivindicacién 1 de la presente solicitud, debe hacerse notar que, a
diferencia de las ensefianzas reveladas en D1, los compuestos de la presente invencién

]
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solicitud.

Por el contrario, el documento D1 no enseiia ni describe al menos un
compuesto especifico de esta naturaleza, es decir, que incluya la mitad 4-(2-oxo-
'3-piridinil)fenilalanina, ya que en_todos los ejemplos alli revelados, el grupo
fenilo y el otro grupo heteroaromatico, cualquiera sea su naturaleza y definicién
(piridinilo, fenilo, etc.), estidn siempre separados por un grupo quimico gue

¥
Grupo 2-0x0-3-piridinil Rs N 0 )
enlazado directamente a a4
posicién 4 del anillo fenilo

Enlace directo posicion 4 del
anillo fenilo

Finaimente, ninguno de los ejemplos de dicha referencia ensefia o sugiere la
presencia de un grupo oxo sobre el grupo heteroaromatico, mucho menos que dicho grupo
oX0 se encuentre en la posicién adyacente respecto al dtomo de carbono del sisterna
heteroaromético piridinilo enlazado directamente con el anillo aromatico y mucho menos
que dicho sistema heteroaromatico sea especificamente 2-oxo-3-piridinilo, lo cual es
completamente diferente a contar con un grupo hidroxilo como un posible sustituyente
sobre un grupo heteroaromético cualquiera y en cualquier posicion, tal como es ensefiado
en las paginas 12, 13 y las reivindicaciones 1 y 8 sobre las cuales hace énfasis el sefior
Examinador,

En este punto, resulta importante sefialar al sefior Examinador que, para que se
presente la posible tautomeria ceto-enol que sUpuestamente se puede presentar, es claro
que la condicidon necesaria para ello es que el grupo hidroxilo tiene que estar en una
posicién adyacente al heterodtomo del sistema heteroaromatico (en nuestro caso,
adyacente al dtomo de N del anillo de piridilo), lo cual no es sugerido ni ensefiado en
ningun aparte de D1.
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S estado de la t‘cnica"‘ (resaltado fuera de textm)

: Temehdo en c:uenta lc» ar\temr, és comp!etamente clam que D1 no revela nmgun
compuesto especaﬁcc qua caiga dentm del alcanc:a de la presente SOUCitUd y por lo tanto
la presente mvencncm as nov&dosa frente a dichp doaumanto

|

; $obm este ,Iparticular, atentamente mp permita dmglr Ia atencién del sefior
. Bxaminador al Manual Andino de Patentes, relevante pubhcacién preparada por la
. Secretarfa General de la Comunidad Andma, el* cual establece en su acpite "Andlisis de la
Novedad" varios aspectos que pueden sar utilps para entender que la presente invencién
~ se ajusta al sentir de los paises Andinos en lo que se relaciona con la novedad de las
mvenciones Por ejempla. el m&ncwnado I\ﬁanuai establece que "Para determmar la

| por elemento de /a mvsncién tal camo est'é p’eﬁmda por Ias reivindicaciones con Ios del

| En este sentido, es clam que ei sanar Bxammador fallaria en el andlisis de novedad
que ha mahzad "[para fa presenta mvencién, pcrqua esté citando un documento que no
g contxene expi tamente todas tas caractarfst#cas técnicag estructurales esenciales de los

;:ompuestcs tal c:nmo han sido rewind;cadas por el solicitante. Es decir, el sefior
oo Examinador estaﬂa considarando una referencia que, si bien se desarrolia en el mismo

campo de aplic:ac:;én, no constituye una antic::pac::én relevante para deswrtuar la novedad
- de la presente sohmtud i | | '

Adlcionalmente, el mnsmo Manual establec;e “Sz todas las caractenst:cas técnicas de la

A 3 ralvmdzcaz:ion independianm se ancuentran d!escritas én un mismo antecedente y ademés

o “timamente reiaawnadas, Bl objeto de dicha reivindicacién carece de
i novedad. S; zma c:aractﬁristic:a, aunqua sea banal, no se encuentra contenida enel
: anﬁecedente, Ia reivmd’imién es mamaw:"z (resaltade fuera de texto) "

: A partir de los planwamlenws anterformente expuastos, es completamente claro
‘ entonces que el Unico documehto c:tado témc relevante para desvirtuar el requisito de
novedad no cumple ¢con tal funmén, dado due no ravela todas las caracteristicas téchicas

- : esenciales de la invencion reivmdi»:ada, tsar‘an‘tenatmas que, lejos de ser banales, son
. especificas y esancialea para asagumr 1a aétrv;dad antagonista de integrina alfa4-betal

E que presentan los compuastos re\relados por el sohcitante

! Ibid, pégina 61,
2 Ibid, phgina 62. - -
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En consecuencia, todo lo expuesto demuestra ei caracter novedoso de la
presente invencién con respecto a las ensefianzas del documento D1 citado, toda
vez que el mismo no revela de manera directa y nada ambigua las caracteristicas
estructurales propias y especificas de los compuestos ahora ensefiados, tal como
son reivindicados en la presente invencion.

6.  NIVEL INVENTIVO:

Finalmente, en su Concepto Técnico niimero 1324, el sefior Examinador manifiesta
que la presente solicitud carece de nivel inventivo porque "es bien conocido (sic) la
naturaleza quimica de los deﬁvados de acil fenilalanina” y por lo tanto "es evidente para
una persona del nivel medio derivar, la invencién del estado de la técnica con lo ensafiado
en las anterioridades”.

En relacién con lo anterior, el solicitante considera que es de la mayor importancia
dirigir la atencién del sefior Examinador nuevamente al hecho de que los compuestos de la
presente solicitud siempre tienen un grupo oxopiridinilo unido directamente al grupo
fenilo, asi como también que D1 no enseiia ning(n compuesto especifico que tenga
un grupo oxopiridinilo unido directamente al grupo fenilo, siendo ésta una
importante diferencia estructural que no es sugerida de ninguna forma en dicha referencia,
ya que por ejemplo, en el Ejemplo 2d de D1, el cual corresponde al compuesto mas
cercano a los compuestos de la presente solicitud entre todos los compuestos alli
revelados, el grupo plrldmllo, que no contiene un sustituyente oxo, _unido_al
itlo . i , atilenoxi, diferencia a la que, adicionalmente,
no podria llegar en forma obvia o evidente una persona versada en la materia tal como se

demostrarad mas adelante.

En conexion con lo anterior, el solicitante considera que la presente invencion es
inventiva frente a las ensefanzas de D1 con base en las siguientes dos razones
principales:

1) La férmula general (I) revelada en D1 es extremadamente amplia, y claramente
cubre un considerable nimero de grupos de compuestos que no son activos como
antagonistas de la integrina alfad-betal. Por ejemplo, los compuestos de la férmula
(1) en_donc :  alk® es un alqu amificado o _R? es metilo o R es

lquilo inferi inactivo (‘ﬁlley, Jeffersonw Chen, L., Sidduri, Achyutharao;
Fotohui, Nader. The Discovery of VLA-4 Antagonists; Current Topics in Medicinal
Chemistry, (2004), 4, 14, ver especialmente las paginas 1513-1515). De la misma
manera, investigaciones més profundas y extensas en ésta drea no han revelado
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excepciones a esta regla, tal como se desprende de los articulos de Tilley, Jefferson
W., VLA4 Antagonists; Expert Opinion on Therapeutic Patents(2002), 12(7), 991~
1008; Yang, Ginger X., Hagmann, William K., VLA-4 antagonists: potent inhibitors of
Jymphocyte migration. Medicinal Research Reviews (2003), 23(3), 369-392; Tilley,
Jefferson W., Chen, L., Sidduri, Achyutharao; Fotohui, Nader. The Discovery of VLA-4
Antagonists; Current Topics in Medicinal Chemistry, (2004), 4, 14 (de los cuales me
permito anexar copia simple).

Al parecer, los autores de D1 eran conocedores de estas consideraciones respecto a
la relacién estructura-actividad para derivados de acilfenilalaninas antagonistas de
VLA-4, tal como se desprende del hecho de que la reivindicacion 5 del citado
documento (D1) esté dirigida a compuestos en donde mes 1y alk? es -CH,-, y més
atn cuando se sefiala, tal como en la reivindicacién 6 del mismo, que tanto R? y R®
deben ser ambos hidrégeno. (Con respecto a R?, resulta relevante sefialar que los
cientificos de Celltech afirmaron que “el amino acido o-NH es importante para la
actividad". (Brand, S.; De Candole, B. C.; Brown, J. A.; Org. Lett, 2003, 5, 2343~
2346, ver especialmente el segundo parrafo de la pagina 2344, copia anexa al
presente memorial).

Por lo tanto, una persona versada en la materia que estuviera en la blsqueda de
novedosos antagonistas de integrina alfa4-betal podria reconocer, después de un
nimero sustancial de experimentos, gue Unicamente los compuestos

fé6rmula general (I) expuesta en la reivindicacion 1 de dicho documento D1,

En este sentido, cobra mucha mas importancia el hecho de que la reivindicacion 9 de
D1 especifica al grupo enlazante —(Alk*),(L)s de la Férmula (I) como ~CH,0~,
~S$0,NH-, -C(0)0-, 0 ~-C ON(RN)-. De la misma forma, resulta pertinente resaltar
que los compuestos en donde -(Alk');(L!)s corresponda a un enlace directo, tal

como es necesario para los compuestos de la presente invencién, no_es

donde finen lo ores de L* para el nlazan ncionado.

Por lo tanto, considerando el gran nimero de compuestos cubiertos por la férmula
general (I), el hecho de que un nimero sustancial de compuestos de dicha formula
general (I) es inactivo y la tendencia de que los compuestos que realmente son
activos se mencionan Unicamente en las reivindicaciones dependientes, es claro que
una persona versada en la materia no pensaria en nuevos antagonistas de integrina

alfad-betal en donde el enlazante~(Alk*)r(L!)s sea un enlace sencillo.
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De otra parte, los compuestos de la presente invencién siempre tienen un grupo
oxopiridinilo unido directamente al grupo fenilo mediante un enlace sencillo,
siendo ésta una condicién que no solo no puede desprenderse en forma evidente
del documento D1, sino a la que la persona versada en la materia no podria llegar
a partir de las ensefianzas que el estado de la técnica pone a su disposicion, tal como
los articulos anteriormente mencionados, en los que no_existe_indicacién o

sugerencia_ al a_acerca de es articularidad ructural, Gn 0
compuestos de la presente invencién. En efecto, a partir de la revisién de tales

articulos cientificos, el sefior Examinador podrd apreciar que no existe un solo
ejemplo en donde se presente la combinacion de sustituciones estructurales
que den origen a un grupo 4-(2-oxo-3-piridinil)fenilalanina, lo que corrobora
en forma contundente que para llegar a dicho tipo de derivados, la persona versada
en la materia tendria que realizar un esfuerzo intelectual y experimental
considerable, demostrando asi que el objeto de la presente si posee el nivel
inventivo requerido, no solamente frente al documento D1, sino sobre las
ensefianzas generales del estado de la técnica relacionado con los
compuestos de acilfenilalanina antagonistas de VLA-4,

Ahora bien, de otra parte, el documento D1 revela ciertos métodos especificos para
la preparacién de los compuestos de la formula general (I) en donde el enlazante
~(Alk')¢(L')s es ~CH,0~, ~SO;NH~, ~C(0)0-, 0 ~CON(R,)- (pdginas 24 a 25 de la
descripcién del documento D1), mas no hace mencién alguna a las condiciones de
sintesis especificas que son requeridas para preparar compuestos en donde dicho
grupo enlazante corresponde a un enlace directo, y menos aun, en donde el sistema
heteroaromético corresponde a una mitad 2-oxo-3-piridinilo. En este sentido, es
claro que D1 no revel étodos para la preparaciéon de compuestos

de la _presen licitud, e ialment ivados de 4-(2-oxo-3-
piridinil)fenilalanina, y mucho menos de manera tal que una persona versada en
la materia pueda prepararios de forma evidentemente derivada de las ensefianzas de

dicho documento.

En este sentido, el solicitante desea resaltar que es claro el hecho de que los
métodos generales para la formacion de enlaces arilo-arilo existian en el estado de la
técnica incluso antes de D1, tal como por ejemplo, el articulo de revision de
Stanforth, Stephen P. Catalytic cross-coupling reactions in biaryl sintesis,
Tetrahedron (1998), 54 (3/4), 263-303, del cual me permito anexar copia como
referencia de este hecho.

e A g n
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Sin embargo, con el fin de preparar los compuestos de la presente invencién, el
acoplamiento tiene que ocurrir en un sitio adyacente a un grupo carbonilo,
hecho gque no_se encuentra bien referenciado ni documentado en la
literatura. Mds aln, cada compuesto requiere cuidado particular y atencién en los
detalles para su sintesis. La eleccién particular de los reactivos, catalizador y
condiciones de reaccién no son de caracter rutinario y esto es particularmente cierto
para aquellos anillos que implican una cierta demanda estereoquimica, una poderosa
atraccién electrdnica o la presencia de grupos'sensibles, tal como es el caso de los
compuestos de la presente invencion. '

Por ejemplo, aunque la investigacion cuidadosa condujo a la sintesis exitosa de los
compuestos de la presente solicitud en donde R® es hidrégeno, este proceso fue
demasiado exigente y, mds aun, los procedimientos que fueron exitosos para una
clase de derivados, no resultaban extrapolables a otras clases de compuestos en
donde, por ejemplo, R® corresponda a ~CHs- 0 ~CF3. Mds aln, con el fin de preparar
los compuestos de la presente solicitud, algunos de los materiales de partida, como
por ejemplo, la iodopiridona 2, no habian sido previamente descritos y, en
consecuencia, tuvieron que ser sintetizados.

i
HsC N O

/

CF3

2

Por lo tanto, el solicitante considera que los compuestos de la presente invencién no
pueden prepararse con base en la descripcidén del documento D1 de manera
evidente, mas alan, sin una carga considerable de dificultad, incluso si la persona
versada en la materia utiliza el conocimiento general que existe en
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este campo para ello. En consecuencia, si bien la formula general (I) de D1 presenta
algunas semejanzas estructurales con los compuestos de la presente invencién,
dichas semejanzas no pueden ser consideradas como una revelacion técnica
relevante capaz de desvirtuar la altura inventiva que efectivamente poseen los
compuestos de la presente solicitud.

Anexo me permito presentar:

(8) Recibo nimero 07 - 90,494 expedido por la Superintendencia de Industria y
Comercio, que acredita el pago de las modificaciones mencionadas;

(b) Copia del nuevo capitulo reivindicatorio, que reemplaza el originalmente
presentado en el cual se han realizado las modificaciones expuestas
anteriormente;

(¢) Copia informal de las paginas 8, 9, 24 y 25 del documento D1 citado, en las
que se resalta que dadas las definiciones expuestas para el grupo enlazante, no
es posible tener al menos una sugerencia acerca de un compuesto como los
revelados por el solicitante, asi como tampoco acerca del método de sintesis de
los mismos; y

(d) Copia informal de los articulos cientificos de Tilley, Jefferson W., VLA4
Antagonists; Expert Opinion on Therapeutic Patents (2002), 12(7), 991-1008;
Yang, Ginger X., Hagmann, William K., VLA-4 antagonists: potent inhibitors of
lymphocyte migration. Medicinal Research Reviews (2003), 23(3), 369-392;
Tilley, Jefferson W., Chen, L., Sidduri, Achyutharao; Fotohui, Nader. The
Discovery of VLA-4 Antagonists; Current Topics in Medicinal Chemistry, (2004),
4, 14, en los cuales se resaltan los apartes mencionados a lo largo del presente
memorial en cuanto a las ensefianzas estructurales del estado de la técnica
para los derivados de acilfenilalanina antagonistas de VLA-4, y del articulo de
revision de Stanforth, Stephen P. Catalytic cross-coupling reactions in biaryl
sintesis, Tetrahedron (1998), 54 (3/4), 263-303, relacionado con los métodos
de formacién de enlaces arilo-arilo.

10



JOSE LLOREDA CAMACHO & CO. T

_..Calle 72 No. 5-83 Piso 5, Bogota, D.C. _ Tel: 6089700 _Fax 6089701

r

8. En vista de todo lo anterior, ruégo a usted proceder a estudiar nuevamente la

solicitud a la luz de las argumentaciones presentadas y de las modificaciones
realizadas y conceder el privilegio de patente solicitado.

Sefior Superintendente,

T.P. 37.172
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- REIVINDICACIONES

1. Un compuesto de la férmula

en la que R; es un grupo de la férmula Y-1

Re B2y,

en la que Ry Yy Rz, con independencia entre si, sén
hidrégeno, alquilo Ci.s, alcoxi Ci;.g, cicloalquilo Cz;.,, fenilo
o naftilo, arilalquilo (en donde arilo es fenilo o naftilo), |
nitro, ciano, (alquilo Ci.¢)-tio, (alguilo C;-.¢)-sulfinilo,
(algquilo Ci.¢)-sulfonilo, alguilcarbonilo Cj;¢, halbdgenoc o
perfluor- (alquilo Ci¢), y por lo menos uno de Ry, Y Raz es
diferente de hidrdégeno, y Ras es hidrdgeno, alquilo Ci.g,
alcoxi Ci.¢, fenilo o naftilo, nitro, ciano, (alguilo C;.) -
gulfonilo o haldgeno, o bien

R, es un grupo de la férmula Y-2 gque es un anillo
heterocaromético de cinco o seis eslabones, unido a través
del atomo de carbono al carbonilo de la amida, dicho anillo
contiene uno, dos o tres heteroAtomos elegidos entre N, O y
S v uno o dos &tomos de dicho anillo estén sustituidos con
independencia entre si por alqguilo C;¢, cicloalquilo C;.q,

haldgeno, ciano, perfluor-(alquilo C;.¢), fenilo o naftilo y
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por lo menos uno de dichos atomos sustituidos esté
adyacente al &tomo de carbono unido al carbonilo de la
amida, o bien

R; es un grupo de la férmula Y-3 que es un anillo de 3-7

eslabones de la formula

en la que Rys es alquilo Ci.e, alguenilo Ci;.i0 sin sustituir o
sustituido por flfor, o un grupo de la férmula Rag- (CHz)e-,
Rye es fenilo, naftilo, hetercarilo, azido, ciano, hidroxi,
alcoxi Ci.¢, (alcoxi Ci.¢)-~carbonilo, alguilcarbonilo Ci,
(alquilo Ci.e) -tio, (alguilo Cy.¢)-sulfonilo, (alguilo Cj.4)-
sulfinilo, perfluor-{(alquilcarbonilo Ci.¢), nitro, o bien Ry
es un grupo de la f£é6rmula -NRzsRze, €n la que Ry es
hidrégeno o alquilo Cj.¢, Ras es hidrégeno, alquilo Ci.,
(alcoxi  Ci-¢) ~carbonilo, algquilcarbonilo  Ci.g, aroilo,
perfluor- (alquilcarbonilo C1-5) ~amino, (alguilo Ci-g) -
sulfonilo, (alguilo Ci.¢)-~aminocarbonilo, arilaminocarbonilo,
o bien Rz v Rze junto con el &atomo de nitrégeno al que estan
unidos forman un anillo heteroc¢iclico saturado de 4, 5 & 6
eslabones que contiene un heterodtomo adicional, elegido
entre O, S8 y N-Ry, Q es _ -CHz) ¢O~, - (CHz)sS-,
~{CHy) gN (Rz7) =, ~(CHz)¢-,

Ry es H, alguilo Ci.e, fenilo, mnaftilo, alquilcarbonilo
Ci.6, aroilo o (alcoxi Ci.¢)-carbonilo,

R es H, alqgquilo Ci, fenilo, naftilo, alguilcarbonilo
Ci.s, aroilo o (alcoxi Ci.g)-carbonilo, los atomos de carbono
del anillo estén sin sustituir o sustituidos por alquilo Ci¢
© halégeno, "e" es un nlmero entero de 0 a 4 y "f" es un
nGmero entero de O a 3y

R; es hidrégeno o alguilo Cis, alquilo Ci¢ sustituido,
fenilo, naftilo, fenilo-(alguilo Cig)o naftilo-(alquilo
Ci-g) i

L ]
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Rs es hidrégeno, haldgeno, alquilo Ci-g, fenilo o
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naftilo y puede incluir ademés al trifluormetilo;

R, es hidrégeno, halégeno, alquilo C;.4, fenilo o naftilo;

Rs es hidrégeno, alquilo Ci¢, alcoxi Cie, trifluormetilo u
OH;

R¢ es hidrégeno, alquilo Ci.s, (alguilo C;.¢)-carboniloxi-
(alguilo Ci-6),

o bien Rs es un grupo de la férmula P-3

Rao
| e
(R4 (c%&nm P3

en la que Ri; €8 hidrégeno o alguilo Cj.¢, Rsz es hidrdgeno,
alquilo Ci.s, fenilo o naftilo, Rz es hidrdgenc o alguilo Ci.
¢, "h" es un nimeroc entero de 0 a 2, "g" es un nimero entero
de O a 2, la suma de h v g se sitla entre 1 y 3;

o bien Ry es un grupo de la férmula P-4

. | "
—(GHz)h"ﬁ“(GHng‘Cﬂ' -

en la 'que Rz, g vy h tienen 1los significados recién
definidos,
Q' es O, S, -(CHy);-O0 un grupo de la fdrmula N-Ris, Rss €8
hidrégeno, alquilo C;., alguilcarbonilo Ci.¢, (alcoxi Ci.g) -
carbonilo, "j" es el nGmero O, 1 & 2, y
R; es hidrégeno, cloro, alcoxi Ci¢ © alguilo Cie; © bien las
sales farmacéuticamente aceptables de los mismos.

2. Un compuesto segin la reivindicacidn 1, en el que
Rs es hidrégeno, halégeno, alguilo Ci.¢, fenilo o naftilo.

3. Un compuesto segln la reivindicacién 1 & 2, en el
que Ry es Y-3 v Q es - (CH2):0-, -(CHz)e8- o -(CHp)¢-.

4. Un compuesto seglin la reivindicacién 3 en el que

Rs es hidrdgeno, algquilo C;.¢ o trifluormetilo.
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5. Un compuestod seglin la reivindicacidén 1 6
2, en el que R; es un grupo Y-1 en el que Rz; Yy Ryz con
independencia entre si son hidrdégeno, alquilo C;.¢ © haldgeno
y Rzs es hidrdgeno, alguilo C;.¢ o alcoxi Ci.

6. Un compuesto seglin la reivindicacidén 5 en el que
Ry ¥ Rz con independencia entre si son hidrdgeno, alquilo
Ci-¢ © halégeno y Ry es hidrdégeno o alcoxi Ci.¢ y Rz es fenilo
o naftilo- (alquilo Ci.¢) .

7. Un compuesto seglin la reivindicacién 1 6 2, en el
que R; es un grupo de la férmula Y-3 en la que Ry es un
grupo de la £6rmula Rz~ (CHz)e-, en la que Rz es alcoxi
Ci-6s QO es -(CHy)e~, "e" es un nimero entero de O a 4 y "f¢
eg un nimero entero de O a 3.

8. Un compuesto segln la reivindicacién 1 & 2, en el
gque R; es un grupo de la fé‘:rmula Y-3 yv R; es hidrdgeno,
alquilo Ci.s, alguilo Ci.¢ sustituido, fenilo-(algquilo Cie) ©
naftilo- (alquilo Ci-e) .

9. Un compuesto seglin la reivindicacién 8, en el que
R; es un grupo de la férmula Y-3 en la que Rzs es un grupo de
la férmula Rge~ (CHz)e-, en la gue Ry es alcoxi Cis, Q es -
(CH.)¢-, "e" es un nlimero entero de O a 4 y "f" es un nimero
entero de O a 3; Y Ry es fenilo-(alquilo C;.¢) o naftilo-
(algquilo Ci.¢) .

~ 10. Un compuesto seglin la reivindicacién 1 & 2, en el
que |
R, es hidrégeno, alquilo Cis, fenilo-(alquilo C;¢)o naftilo-
(alquilo Ci-g) ; '
R; es hidrdgeno;
R, es hidrégeno o haldgeno;
Ry es hidrégeno, alguilo Ci.¢, © trifluormetilo, o© alcoxi
Ci-67
R¢ es hidrdgeno o alquilo Ci.s; ¥
R; es hidrbgeno, cloro, alcoxi Ci.¢ © alquilo Cj.¢.

11. Un compuesto segin la reivindicacién 10, en el que

R; eg un grupo de la férmula Y-1.
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12. Un compuesto - segln la reivindicacién 11,

50

en el que R; es un grupo de la férmula Y-1 en la que Ry ¥

Rz: con independencia entre si son hidrégeno, alquilo Cis ©
halégeno y Ry, es hidrégeno, alquilo Ci.¢ o alcoxi Ci.

13. Un compuesto segln la reivindicacién 12, en el que
Ry es un grupo Y-1 en el gue Ry es hidrdgeno y R; es fenilo-
(alquilo Ci.¢) o naftilo-(alquilo Ci.g).

14. Un compuesto segin la reivindicacidn 10, en el que
R; es Y-2. |

15. Un compuesto segﬁnllavreivindicacién 10, en el gque
Ry es un grupo de la'férmula Y-3. ‘

16. Un compuesto sgegin la reivindicacidén 15, en el que
R; es un grupo de la férmula Y-3 en la que Rgs es un grupo de
la férmula Ry~ (CHz)e-, en la que Rys es alcoxi Ci.6, Q
es -(CHy)g¢-, "e" es un ntmero enteroc de O a 4 vy "f" es un
nimero entero de O a 3.

17. Un compuesto segin la reivindicacidn 10, en el que
Ry eg hidrdgeno, alguilo Ci.s, fenilo-{(alquilo Ci.¢)o naftilo-
(alquilo Ci.¢);

R; es hidrégeno;

R, es haldgeno;

Rs es hidrdbgeno;

R¢ es hidrdgeno o alguilo Cbg; vy |

R, es hidrdgeno, cloro, alcoxi Cij.¢ © alquilo Ci6.

18. Un compuesto segln una cualguiera de las
reivindicaciones 1, 3 6 4, en el que R; es un grupo de la
férmula Y-1 o un grupo de la férmula Y-3; |
R; es hidrdégeno, alquilo Ci.¢ o fenilo o mnaftilo-(alquilo
Ci-6}:

Ry es hidrdgeno, algquilo Cy.s, fenilo-(alquilo Ci.g) ©
naftilo- (algquilo Ci.s;);

Ry es hidrdgeno o haldgeno;

Rs es hidrdgeno, algquilo Cy.¢, © trifluormetilo;

R¢ es hidrégeno, alquilo Ci.s, (alquilo Ci.)-carboniloxi-
(algquilo Ci.¢) © un grupo de la férmula P-3 o un grupo de la
férmula P-4; y

Ry es hidrdgeno o alquilo Ci.g.
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19. Un compuesto gsegln la reivindicacidén 18,
en el que
R, es alquilo Cj.s, fenilo-(alguilo C;.¢) o© naftilo-(algquilo
Ci-g) 7
Rs es hidrégeno, ‘alquilo Ci.e, (alquilo Ci.¢)-carboniloxi-
(alquilo Ci¢) © un grupo de la férmula P-3; y
R, es hidrdégeno.

20. Un compuesto segin la reivindicacidén 19, en el que

R, es Y-1 en el gue Ry, ¥y Ry son hidrdgeno, haldgeno o

alquilo Ci.¢ ¥ Rzs es hidrdgeno o alcoxi Cis, O bien Ry es un
grupo de la férmula Y-3 eﬁ la qgue Rys €8 un grupo de la
fédrmula Rge-(CHy)e-, en la que Rzs es8 alcoxi Cie, Q es
- (CHp) £-, "e" es un nimero entero de 0 a 4 y "f' es un
nimero entero de O a 3.

21. Un compuesto seglin la reivindicacién 20, en el que
R, es algquilo Cj.¢; Ry es hidrdégeno; R; y Rs son alquilo Ci¢ ©
trifluormetilo.

22. Un compuesto seg(n la reivindicacidén 21, en el que
R¢ es hidrégeno.

23. Un compuesto seglin la reivindicacidén 22, en el que
Ry es Y-1. |

24. Un compuesto segln la reivindicacidn 23, en el que
Rzz v Rpa son haldgeno o alguilo Cj.g. _

- 25. Un compuesto segln la reivindicacién 24 que es
N-[(2,6-diclorofenil)carbonill-4-[1,6-dimetil-4-trifluorme-
til) -2-o0oxo-3-piridinil] -L-fenilalanina;
N-[(2-etil-6-metilfenil) carbonil] -4~ [1,6-dimetil-4-trifluor
~metil) -2-oxo-3-piridinil] -L-fenilalanina;
N~[(2—(1~metileti1)-6—meti1fenil)carbonil]~4-[1}6-dimeti1w4~
(trifluormetil) -2-0x0-3-piridinil] -L-fenilalanina;
N-[(2-cloro-6-metilfenil)carbonil] ~4-[1,6-dimetil-4-~
(trifluormetil) -2-oxo-3-piridinil] -L-fenilalanina;
N-[(2,6-diclorofenil)carbonil] -4-[1,4-dimetil-6-
(trifluormetil) -2-ox0-3-piridinil] -L-fenilalanina; o
N-[(2-cloro-6-metilfenil) carbonil] -4-[1,4-dimetil-6

(trifluormetil) -2-oxo-3-piridinil] -L-fenilalanina.
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26, Un compuesto seglin la reivindicacién 22
en el que
Ry es Y-3.

27. Un compuesto segin la reivindicacién 26, que es
N-[[1-(2-metoxietil)ciclopentil]carbonil]-4-[1,6-dimetil-4~
(trifluormetil) -2-oxo-3~piridinil] -L-fenilalanina.

- 28. Un compuesto segﬁn la reivindicacién 21 én,el que
R¢ es alquilo Ci.g.

'29. Un compuesto seglin la reivindicacidn 28 que es
éster etilico de la N-[(2,6-diclorofenil)carbonil]-4-[1,6-
dimetil-4- (trifluormetil) -2~oxo~3-piridinil) -L-fenilalanina;
éster etilico'de la N-{(2,6-diclorofenil)carbonil]~4-1[1,4-
dimetil-6- (trifluormetil) -2-0xo-3-piridinil) -L-£fenilalanina;
dater etilico de N-[(2-cloro-6-metilfenil)carbonil]~4-[1,6-
dimeti1?4-(trifluormetil)«2~oxo-3-piridinil)~L~fenila1anina
. v
éster etilico de N-[(2-cloro-6-metilfenil)carbonil]-4-[1,4-
dimetil-6- (trifluormetil) -2-oxo-3-piridinil) ~-L~fenilalanina.

30. Un compuesto seglin la reivindicacién 21 en el que
Re es (al@uilo Cy-¢) ~carboniloxi~ (alquilo Ci.6) .

31. Un compuesto segfin la reivindicacidén 30 que es
éster 1-{acetoxi)etilico de la N-[(2,€-dicloro-
fenil)carbonill-4-[1,6-dimetil-4- (trifluormetil) ~2-0x0~3~
piridinil) -L-fenilalanina;
éster  1-(acetoxi)etilico de la N-[(2,6-diclorofe-
nil)carbonill-4-~{1,4~-dimetil~6- (trifluormetil) -2-oxo-3-piri-
dinil)-L~fenilalanina; '
éater 1- (acetoxi)etilico de la N-[(2-cloro-6-
metilfenil)carbonil] -4~ [1,6-dimetil~-4~ (trifluormetil) -2-o0x0-
3-piridinil) -L-fenilalanina o
éster 1- (acetoxi)etilico de la N-[(2-cloro-6-
metilfenil)carbonil] -4-[1,4-dimetil-6-~ (trifluormetil)-2-oxo-
3-piridinil) -L~-fenilalanina.

32. Un compuesto segln la reivindicacidn 21 en el que
R¢ es un grupo de férmula P-3, en la que Ri; es hidrdgeno,

Rsz ¥ R3s son alquilo Ci.¢, uno de "h" y "g" es distinto de 0.

35

O
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33. Un compuesto geglin la reivindicacidén 32
que es éster 2—[(N,N—dietil)amino]etilico de la N-((2,6~
dicloro-fenil)carbonil]l ~4-[1,6-dimetil-4- (trifluormetil) -2~
oxo-3-piridinil) -L-fenilalanina; |
éster 2-[(N,N-dietil)aminoletilico de la N-[(2,6-
diclorofenil)carbonil] <4-[1,4-dimetil-6~ (trifluormetil) -2~
ox0-3-piridinil) -L-fenilalanina;
éster 2~[(N,N-dietil)aminojetilico de la N-[(2-cloro-6-
metilfenil) carbonil] -4-[1,6-dimetil-4~- (trifluormetil) -2-
oxo-3-piridinil) -L-fenilalanina o |
éster 2-[(N,N-dietil)amino]etilico de la N-[(2-cloro-6-
metilfenil)carbonil] -4-[1,4-dimetil-6- (trifluormetil) -2-oxo-
3-piridinil) -L-fenilalanina.

34. Un compuesto segln la reivindicacién 20 en el que
R¢ es8 hidrégeno.

35. Un compuesto segln la reivindicacidn 34, en el que
Ry es alguilo Ci.s; Rz es hidrdgeno; R; es hidrdégeno o
haldgeno y Rs es hidrdgeno o alquilo Ci.s.

36. Un compuesto segln la reivindicacién 35, en el que
R; es Y-1. |

37. Un compuesto segln la reivindicacidén 36, en el que
Rz2 ¥ Rpz son alquilo Ci¢ © haldgeno y Rz es hidrdgeno.

38. Un compuesto segin la reivindicacién 37 que es N-
[(2-cloro-6-metilfenil)carbonil] -4- (5-cloro-l-metil-2-oxo-3-
piridinil)-L-fenilalanina;
N-[(2-cloro-6-metilfenil)carbonil] -4~ (1-metil-2-oxo-3-
piridi-nil)aL*fenilalanina;.
N-[(2-cloro-6-metilfenil) carbonil] -4-(1,4-dimetil-2-ox0-3-
piridinil) -L-fenilalanina.

39. Un compuesto segln la reivindicacidén 36 en el que
Rz2 Y Rzz son haldgeno y Ra, es hidrdégeno.

40. Un compuesto segln la reivindicacidén 39 que es la
N-[ (2, 6-diclorofenil) carbonil] -4~ (1,4-dimetil-2-oxo-3-
piridi-nil) -L-fenilalanina.

41. Un compuesto segin la reivindicacidén 36 en el que

Rzz ¥ Raz son haldgeno o hidrégeno y Ras es alcoxi Ci.g.
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42. Un compuesto seglin la reivindicacidén 41
que es N-[(2-bromo-5-metoxifenil)carbonil] -4~ (1-metil-2-oxo-
3-piridinil) -L-fenilalanina o
N- [ (2-bromo-5-metoxifenil) carbonil] -4~ (5-bromo-1-metil-2-
oxo—3*piridinil)~L*fenila1anina.

43, Un compuesto segin la reivindicacidn 35, en el que
Ry es Y-3.

44. Un compuesto segin la reivindiéacién 43 que es la
4-(5-cloro-1-metil-2-0x0-3-piridinil) -N-[[1-(2-metoxietil)
ciclopentil] carbonil] -L-fenilalanina. _

45. Un compuesto de la reivindicacién 19, en el que
Rzz ¥ Rz son halégeno o alquilo Ci.s, Rze €8s hidrdgeno o
alcoxi Cl1-6, Rzs es un grupo de la férmula Rze- (CHz)e-, en la
que Ry es alcoxi Cig, Q e8 - (CHy)e-, "e" es un nlmero entero
de 0 a 4 y "f" eé un nimero entero de 0 a 3.

46. Un compuesto gegin la reivindicacidén 45 en el que
R, es fenilo-(alquilo Ci.s) o naftilo-(alquilo Ci¢); Rs es
hidrégeno, R, es haldgeno y Rs, R¢ Y R; son hidrdgeno.

47. Un compuesto seglin la reivindicacién 46 en el que
Ry es Y-1.

48. Un compuesto segln la reivindicacidén 47 que es
la 4-(l-bencil-5-cloro-2-oxXo-3-piridinil) -N-[(2-cloro-6-~
metilfenil}carbonill] -L-fenilalanina; o
la 4-(l-bencil-5-cloro-2-~0xo-3-piridinil)-N-[[1-(2-
metoxietil)ciclopentillcarbonil] ~-L-fenilalanina.

49. Un compuesto de la £4rmula II

et

NLEE
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en la que R;-Rs v R, tienen los significados definidos
en la reivindicacién 1 y P; es un grupo Boc o carbobenciloxi
y P, es un alquilo Ci.s o alguilo Ci.¢ sustituido.

50. Una composicién farmacéutica que consta de un
compuesto segﬁn una cualquiera de las reivindicaciones 1-48
o una sal farmacéuticamente aceptable del mismo y un
excipiente farmacéuticamente aceptable.

<:§?. Un procedimiento de fabricacidén de una composicidn
farmacéutica que consiste en incorporar un compuesto segin
una cualquiera de las reivindicaciones 1-48 o una sgal
farmacéuticamente aceptable del mismo y un excipiente
farmacéuticamente aceptable a una forma de administracidén

galénica.
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(57) Abstract

)]

Phenylalanine derivatives of formula (1) are described: wherein R is a carboxylic acid or a derivative thereof; L! is a linker atom or
group; Ar is an optionaily substituted aromatic group; and the salts, solvates, hydrates and N-oxides thereof, The compounds are able to
inhibit the binding of alpha4 integrins to their ligands and are of use in the prophylaxis and treatment of immune or inflammatory disorders.
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r and s, which may be the same or different, is each zero or an integer 1,

R2 and RP, which may be the same or different is each an atom or group
-L2(CHg)pL3(Re)q in which L2 and L3 is each a covalent bond or a linker
atom or group, p is zero or the integer 1, q is an integer 1, 2 or 3 and RC s
a hydrogen or halogen atom or a group selected from straight or branched
alkyl, -OR9 [where RY is a hydrogen atom or an optionally substituted
straight or branched alkyl group], -SRY, -NRJRe, {where Re is as just
defined for RY and may be the same or different], -NOg2,-CN, -CQ3RY,

-S03H, -SO2RY, -OCOzRd, -CONRER®, -OCONRIRe, -CSNRARe, -CORA,

-N(RY)CORe, N(RY)CSR®, -S02N(RY)(R®), -N(RI)SO2R®, -N(RY)CONRER
[where Rf is a hydrogen atom or an optionally substituted straight or
branched alky! group], -N(R9)CSNReR or -N(R4)SONRERf;

Alk2 is a straight or branched alkylene chain;

m is zero or an integer 1;

R2 is a hydrogen atom or a methyl group;

R3 is a hydrogen atom or a straight or branched alky! group;

Ar is an optionally substituted aromatic group;

and the salts, solvates, hydrates and N-oxides thereof.

It will be appreciated that compounds of formulae (1) and (1a) may have
one or more chiral centres. Where one or more chiral centres is present,
enantiomers or diastereomers may exist, and the invention is to be
understood to extend to all such enantiomers, diasteromers and mixtures
thereof, including racemates. Formuiae (1) and (1a) and the formulae
hereinafter are intended to represent all individual isomers and mixtures
thereof, uniess stated or shown otherwise.

In the compounds of formulae (1) and (1a), derivatives of the carboxylic
acid group R include carboxylic acid esters and amides. Particular esters
and amides include -CO2Ak* and -CON(R#4)2 groups as described herein.

llll\'l'.\ll'ten in the compounds of formulae (1) and (1a) L1 is present as a linker
atom or group it may be any divalent linking atom or group. Particular
examples include -O- or -8- atoms or -C(0)-, -C(0)0O-, -C(8)-, -S{0)-,
-5(0)2-, -N(R4)- [where R4 is a hydrogen atom or a straight or branched

alkyl group], -CON(R#4)-, -OC(O)N(R4)-, -CSN(R%)-, -N(R4)CO-,

PCT/GBY99/00589
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N(R)C(0)0-, -N(RHCS-, -S(O)N(R4)-, -S(0)aN(R4)-, -N(R#)S(O)-,
N(R4)S(0)2-, -N(R4)CON(R4)-, -N(RHCSN(R4)-, -N(R4)SON(R4)- or
-N(R*)SO2N(R4)- groups. Where the linker group contains two R4
substituents, these may be the same or different.

AlkZ in the compounds of formulae (1) and (1a) may be for example a
straight or branched Cq.3alkylene chain. Particular examples include
-CHg~, ~-CH(CHa3)-, -C(CH3)2- and -(CH2)2-~.

When R3 and/or R4 in the compounds of formula (1) is a straight or
branched alkyl group it may be a straight or branched C1.g alky! group, e.g.
a C1.3 alkyl group such as a methyi or ethyl group.

When Alk! in compounds of formula (1) is an optionally substituted aliphatic
chain it may be an optionally substituted C4.1g aliphatic chain. Particular
examples include optionally substituted straight or branched C1.g alkylene,
C2-5 alkenylene, or C2.g alkynylene chains.

Heteroaliphatic chains represented by Ak include the aliphatic chains just
described but with each chain additionally containing one, two, three or
four heteroatoms or heteroatom-containing groups. Particular
heteroatoms or groups include atoms or groups L4 where L4 is as defined
above for L1 when L1 is a linker atom or group. Each L4 atom or group
may interrupt the aliphatic chain, or may be positioned at its terminal
carbon atom to connect the chain to the atom or group R1.

Particular examples of aliphatic chains represented by Aik! include
optionally substituted -CHz-, -CHzCHz-, -CH(CH3)-, -C(CH3)z-,
-(CH2)2CHz-, -CH(CH3)CHz-, -(CH2)3CHz-, -CH(CH3)CH2CH>-,
~CH2CH(CH3)CHz-, -C(CH3)2CHz~, -(CH2)4CHz-, -(CH3)5CHz-, -CHCH-,
-CHCHCHz-, -CH2CHCH-, -CHCHCH2CHz-, -CH2CHCHCHo-,
-(CH2)2CHCH-, -CC-, -CCCHz-, -CH2CC-, -CCCH2CHo~, -CHoCCCHo-,
or -(CH2)2CC- chains. Where appropriate each of said chains may be
optionally interrupted by one or two atoms and/or groups L4 to form an
optionally substituted heteroaliphatic chain. Particular examples include
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for example ethyichloroformate, prior to reaction with the amine of formula

(3).

intermediates of formulae (2), (3) and (4), or compounds of formula (1),
may be manipulated to introduce substituents to aromatic or
heteroaromatic groups or modify existing substituents in groups of these
types. Typically, such manipulation may involve standard substitution
approaches employing for example alkylation, arylation, heteroarylation,
acylation, thioacylation, halogenation, sulphenylation, nitration, formylation
or coupling reactions. Alternatively, exisitng substituents may be modified
for example by oxidation, reduction or cleavage reactions. Particular
examples of such reactions are given below. Where these are paticularly
described in relation to the generation of the group R1(Alk1){L1)s-, it will
be appreciated that each reaction may also be used to introduce or modify
RS and/or RS substituents in for example Ar groups as appropriate.

Thus in one example, a compound wherein R1(Alk?)¢{L")s- is a -L1H group

may be alkylated, arylated or heteroarylated using a reagent R1 (Alk1)eX in
which R? is other than a hydrogen atom and X is a leaving atom or group
such as a halogen atom, e.g. a fluorine, bromine, iodine or chlorine atom
or a sulphonyloxy group such as an alkylsulphonyloxy, e.g. trifluoro-
methylsulphonyloxy or arylsulphonyloxy, e.g. p-toluenesulphonyioxy group.

The reaction may be carried out in the presence of a base such as a
carbonate, e.g. caesium or potassium carbonate, an alkoxide, e.g.
potassium t-butoxide, or a hydride, e.g. sodium hydride, in a dipolar aprotic
solvent such as an amide, e.g. a substituted amide such as
dimethylformamide or an ether, e.g. a cyclic ether such as tetrahydro-
furan.

in another example, a compound where R1{Alk?){L1)s is a -L1H group is a
hydrogen atom may be functionalised by acylation or thiocacyiation, for
example by reaction with a reagent R1(Alk1),L1X [wherein L1 is a -C(0)-,
C(S)-, -N(R4)C(0)- or N(R4)C(S)- group), in the presence of a base, such
as a hydride, e.g. sodium hydride or an amine, e.g. triethylamine or N-
methylmorpholine, in a solvent such as a halogenated hydrocarbon, e.g.

PCT/GB9%/00589
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dichloromethane or carbon tetrachloride or an amide, e.g.
dimethylformamide, at for example ambient temperature, or by reaction
with R1(AIK1)COzH, R1(AIK)4COSH or an activated derivative thereof, for
example as described above for the preparation of esters of formula (2).

In a further example a compound may be obtained by sulphonylation of a
compound where RY(AK"){L1)s is an ~OH group by reaction with a reagent

such as chlorine atom] in the presence of a base, for example an inorganic
base such as sodium hydride in a solvent such as an amide, e.g. a
substituted amide such as dimethylformamide at for example ambient
temperature. "

in another example, a compound where R1(Ak1){L1)s is a -LTH group,
may be coupled with a reagent R1OH (where R is other than a hydrogen
atom) or R1AIk1OH in a solvent such as tetrahydrofuran in the presence of
a phosphine, e.g. triphenylphosphine and an activator such as diethyl,
diisopropyl- or dimethylazodicarboxylate to yield a compound containing a
R1(Alk1);0- group. |

In a further example, ester groups }COzR“ or ~-CO2Alk# in compounds of
formuta (1) may be converted to the corresponding acid [-CO2H] by acid-
or base-catalysed hydrolysis depending on the nature of the grousp R4 or
Alk4. Acid- or base-catalysed hydrolysis may be achieved for example by
treatment with an organic or inorganic acid, ¢.g. trifiucroacetic acid in an
aqueous solvent or a mineral acid such as hydrochloric acid in a solvent
such as dioxane or an alkali metal hydroxide, e.g. lithium hydroxide in an
aqueous alcohol, e.g. agueous methanol,

| SO :

In & second example, -OR7 [where R represents an alkyl group such as
methy! group] groups in compounds of formula (1) may be cleaved to the
corresponding alcohol -OH by reaction with boron tribromide in a solvent
such as a halogenated hydrocarbon, e.g. dichloromethane -at a low
temperature, e.g. around -78°C. |

PCT/GB99/00589
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VLA-4 expressing cells [12]. Intracellular adhesion molecule
(ICAM)-4, is a member of the intracellular adhesion molecule
subgroup of the immunoglobulin superfamily and is
exprissed on erythroid cells. Unlike other members of the
class, ICAM-4 lacks the I/LETP/S consensus motif and binds
the VLA-4 integrin via an, as yet undefined epitope [13},

The integrin o,f3; also interacts with the same epitope as
VLA-4 in both VCAM and the C5-1 region of fibroneetin
and with the mucosal addressin cell adhesion molecule-1
(MAJCAM). However, the opposite is not true; VLA-4 does
not interact with MAACAM. The expression of MAdCAM is
limpited to high endothelial venules of gut associated lym-
phoid organs and lamina propria venules and fs invalved in
the trafficking of 0,f}; bearing lymphocytes to these mucosal
tissues 14].

Integrins are involved in two-way signalling. The cyto-
plasmic tail of VL.A-4 is linked to intracellular cytoskeletal
proteins and kinases {15-17. While the details of this signal-
ling process are largely unknown, the affinity of VLA-4 for
its Hgands can be modulated by intracellular pathways
linked to chemokine interactions with G-protein-coupled
receptors on leukocytes in a process referred to as inside-out
signalling (1819}, In addition, binding of leukocytes to
VCAM or fibronectin causes marked changes in cell mor-
phology and is crucial for regulating cell motility {outside-in
signalling) [20,. Both the o and P subunits are required for
tigand binding, with affinity determined by their juxtaposi-
tion under control of their contacts with proteins associated
with the eytoskeleton [21].

Until recently, little was known about the structure of
integring, Structural studies, including electron microscopy,
support an extended extracellular domain with a bulbous
head domain {22. A B propeller motif in which the seven N-
terminal repeats are arranged in a torus has been proposed for
the o subunit 23] and a series of epidermal growth factor
(EGF) repeats have been postulated on the stalk portion of
the B chain [24. A homology model of the putative metal lon
dependent adhesion site (MIDAS) domain of the B chain
based on known structures of the comparable doinaing of
CD11b together with a model for ligand binding, have
recently been proposed [25]. In an exciting development for
the field, a 3.1 A resolution crystal structure of the related
o34 integrin appeared confirming the presence of the pro-
posed structural features. {26} A structure of a complex of ¢4
with a cyclic peptide containing the signature Arg-Gly-Asp
maotif is now also available. This structure reveals that the lig-
and bridges the heterodimer with the agpartic acid moiety
binding to a metal lon in the MIDAS domain on the B-subu-
nit and the guanidine of the arginine binding two aspartic
acids within the B-propeller domain of the ¢-subunit [27). It is
likely that comparable recognition elements exist on 0B, for
its ligands. These studies, as well as mutagenesis and biochern-
ical experiments, indicate that the subunits are conformation-
ally mobile, moving between high and low affinity states in
response to physiological stimudi (28,28},

2, Possible disease targets

In response to inflammatory stimull, locally released chemok-
ines and cytokines activate VLA-4 and the related integrin
LFA-1 on the surface of circulating leukocytes and upregulate
the expression of VCAM-1 on endothelial cells, respectively.
While VLA-4 is constitutively expressed on leukocytes, CD4+
T cells {301 and eosinophils (31, it may be upregulated in
response to inflammation. Contact between E-, L- and P-
selecting and their carbohydrate ligands on leukocyte and
endothelial surfacss, in concert with VCAM, cause leukocytes
to stick and begin to roli when in coritact with blood vessel
walls {32:34). This process provides an opportunity for firm
adhesion to occur between these leukocytes and VCAM-1,
expressed oni the endothelial cell surface, and leads to a flat-
tening of the cslls, followed by their transmigration from
blood vessels to the extracellular matrix. Here they bind
fibronectin and possibly other elernents of the extracellular
matrix and migrate along a chemokine gradient to the site of
inflammation. Since many inflammatory diseasés are charac-
terised by an influx of lymphocytes and leukocytes, there is
keers interest in the pharmaceutical industry 1o find and test
compounds with the potential to attenuate this process.

Although the ligand for LFA-1, ICAM-1 is also expressed
on endothelial cells and is involved in mediating leukocyte
adheston, expression of ICAM-1 is not as tightly regulated
and thus, the LFA-1/ICAM interaction is less specific. Com-~
pounds that inhibit this interaction are being targeted to neu-
trophil-mediated diseases, particularly psoriasis. The role of
ICAM receptors in regulating cell trafficking has recently
been reviewed [35,36].

2.1 Asthma

Asthma 15 an Inflammatory disesse characterised by accuwmu-
lation of activated CID4+ T cells and eosinophils in lung air-
ways, resulting in the resiriction of airflow and hyper-
reactivity of airway smooth muscle. VCAM expression and
levels of soluble VCAM are increased in asthma patients
137.38]. Furthermore, antibodies directed against VLA-4 block
eosinophil accumulation, hyper-reactivity and inflammation
In mouseé [38.40], rat (41} and guinea-pig 142 models of allergic
asthma. More recently, the peptide VLA-4 antagonist
Bio1211, (1) 131 was shown to block late phase airway
response and to attenuate carbacol induced airway hyperre-
sponsivity in a sheep model of allergic asthma.

2.2 Atherosclerosis

Recent data support an important role for upregulated
endothelial VCAM-1 in monocyte migration into the subinti-
mal space during the carly stages of atherosclerosis [44-48),
Mice in which the forth domain of VCAM-1 was knocked
out (VCAM-1P4YD4D) are viable, but produce only 2 ~ 8% of
the VCAM-1 or VCAM-1 mRNA levels produced in the wild
type. When crossed with low density lipoprotein (LDL)
receptor null mice, the resulting LDLR7 VCAM:1D4¥D4D

992 o Expert Opin. Ther, Patents (2002) 12(7)
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animals were paired with LDLR™~ VCAM** littermates and
fed a high cholesterol diet for 8 weeks. While lipoprotein and
cholesterol levels were comparable in the two groups, the
extent of the atherosclerotic lesions in the aorta was signifi-
cantly reduced in the LDLR" VCAM-1DD4D mice 7],
Treatment of normal or LDLR7 mice on an atherogenic diet
with a peptide mimetic derived from the LDV sequence over
the course of 3 weeks significantly reduced the amount of
lipid accumulation in their aortic sinuses 48],

Protein expression levels of VCAM-1 and other pro-inflam-
matory proteins have been related to oxidative stress and it is
suggested that antioxidants may be of benefit in discase states,
such as atherosclerosis, mediated by the VCAM/VLA-4 inter-
action [491. Probucol (2) is under development in Japan for res-
tenosis [50] and closely related compounds, including the
development candidate AGI 1067 (3), have been patented by
AtheroGenics as inhibitors of MCP-1 and VCAM-1 gene
expression (201,202]. Phase Ila clinical trials for restenasis have
been completed in 305 patients treated with 70, 140 and
280 mg doses of AGI 1067 or probucol, comparing coronary
artery Jumen size 6 weeks after angioplasty, using intravascular
ultrasound. The 280 mg dose proved effective and a larger,
1-year trial is now underway using this dose [201. Workers
from AtheroGenics have also described the inhibitory effect of
dithiocarbamates, for example pyrrolidine dithiocarbamate
(4) 151] and the nitrobenzene derivatives related to compound
5 1523 on VCAM-1 expression. The potential contribution to
their overall pharmacological profile from VCAM-1 expres-
sion inhibition is not clear from the available data on these
antioxidants; however, this area is worth watching.

2.3 Multiple sclerosis

Multiple sclerosis (MS) and Guillain-Barre syndrome are
autoimmune diseases of the central and peripheral nervous
systems, respectively characterised by an infiltration of acti-
vated T cells and demylination leading to neuronal degenera-
tion. Anti-VLA~4 and anti-B; antibodies have been shown to
be effective in a number of animal models of experimental
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autoimmune encephatomylitis (EAE) (53], although the timing
of treatment administration may be critical [54-57. Recently,
preliminary results of the first human trials of the anti-0,
antibody, natalizumab, were reported and will be summarised
in Section 3.2.

2.4 Rheumatoid arthritis

Treatments directed to VLA-4 and o,; integrins may have a
role in rheumatoid arthritis, inflammatory bowel disease and
reperfusion injury. Fibroblast-like synovial cells express
VCAM-1 and are involved the chemotaxis and survival of B
and T cells, which mediate rheumatoid arthritis [58-60. Anti-
bodies to VLA-4 were effective in rat models of adjuvant
arthritis {61] and, as noted in the following sections, a few
small molecule VLA-4 antagonists have also shown efficacy in
animal models as well. The possible role of VCAM/VLA-4 in
joint inflammation has recently been reviewed [62].

2.5 Inflammatory bowel disease and Crohn's disease
Inflammatory bowel disease is thought to be mediated, at least
in part, by VCAM and MAdCAM expressed locally in gut
mucosal tissues [63]. Antibodies against ctgf3; have been shown
to reduce the spontanecus develapment of ulcerative colitis in
the cotton top tarnaran {64} and inflammation in mouse mod-
els of colitis [65,66]. Anti-VCAM is also active in the mouse
dextran sulfate sodium (DSS)-induced colitis model [67]. As
summarised below, the humanised anti-(t; monocional anti-
bady natalizumab has been shown to be effective in the treat-
ment of Crohn's disease in a small Phase II clinical trial.

2.6 Reperfusion injury

Recent publications indicate a possible role for VL.A-4 in car-
diac [68.69], renal {70} and cerebral [71] reperfusion damage. In
the former case, murine neutrophils were shown to express
VLA-4 after penetrating the extracellular atrix. Although
these studies suggest VLA-4 is niot important for adhesion in
this case, it may be involved in the coupling of superoxide
release with cell-cell contact.

Expert Opin. Ther. Patenits (2002) 12(7 993
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2.7 Haematopoiesis and fetal development

In addition 1o the above, VCAM/VLA-4 interactibns play a
role in regulatinig the trafficking of haematopoletic cells {72,73]
‘and may help render myeloma and lymphoma cells resistant
to apoptosis [74-76]. VCAM expression is required for embryo-
genesis; VCAM knockout mice display placental and heart
defects and, with the exception of a very small percentage who
develop to adulthood, die by embryonic day 11.5 ~ 12.5
(778, However, animals in which the VCAM-1 gene was
deleted after birth are viable and show defects in the homing
of haematopoietic cells to bone marrow [79.80. Mice in which
VCAM expression is markedly attenuated are viable [44] and
while there is little published information on possible repro-
ductive toxicity of compounds targeting VLA-4 or 0,8, sev-
eral companies have drugs undergoing chronic studies in
Phase II, suggesting that these compounds are free of major
reproductive Habilities.

3. VCAM/VLA-4 inhibitors

3.1 Antisense molecules

The VCAM-1 antisenise aligonucleotide ISIS 18155, given at
8 mg/kg, v, inhibits the number of rolling lymphocytes and
the inflammation scores in a rat model of indomethacin
induced ileitis. Lower doses were not effective [81]. The orally-
active oligonucleotide directed against oy, ISIS 107248 is
being developed for MS by Antisense Therapeutics under
license from ISIS Pharmaceuticals [302). According to a com-
pany press release, clinical trials shotld start during 2002.

3.2 Antibodies as drugs - natalizumab
Natalizumab (Antegren™, Protein Design Labs) is a mono-
clonal antibody humanised from a murine anti-0Y antibody
and is currently under joint development by Biogen and Elan
Pharmaceuticals (82 Pharmacokinetic studies have been car-
ried out in patients with MS at doses of 0.1 ~ 6 mg/kg, iv.
The compound exhibits a long half-life, 70 - 177 b at doses
of 1 and 6 mg/kg and a dose-dependent area under curve
(AUC). Only mild adverse effects were obsarved consisting of
transient headache and fatigue 83,84

A group of 72 patients with relapsing-remitting or secondary
progressive MS were treated with an 1v. infusions of 3 mg/fkg
natalizumab or placebo at weeks 0 and 4 and were followed for
24 weeks, Patients were evaluated for general wefl being and
MS symptoms every two weeks for the first eight weeks and
then every four weeks. Magnetic resonance imaging revealed a
significant reduction in new active (1.8 vs 3.6 per patient) and
new enhancing lesions (1.6 vs 3.3 per patient) during the first
12 weeks of the study, with no differenice in the secorxd
12 weeks. The number of treated patients with acute exacerba-
tions was not different from placebo during the first 12 weeks,
but was significantly higher during the 12 week follow-up (14
vs 3) 185303 A Phase 11 clinieal trial is starting in which 2100
relapsing-remitting MS patients will be treated for 2 years with
natalizumab either alone or in combination with IFN-B.

A Phase 11 study was cattied out in a group of 244 patients
with moderately severe Crohn's disease (CDAI, Crohn’s Dis-
ease Activity Index, scores of 220 - 450), Treatment groups
received placebo, a single 3 mg/kg infusion or two infusions
of 3 or 6 mg/kg of natalizumab four weeks apart and were fol-
lowed for 12 weeks. Patients were assessed by means of the
CDALI and changes in quality of life as reflected in an inflam-
matory bowel disease questionnaire (IBDQ). The treatment
group that received 3 mg/kg showed an impioveinent in the
CDAI score of » 70 points by week two, which was main-
tained throughout the study. Remission as defined by a CDAI
score of < 150 was achieved by 46% of the patients who
received 3 mig/kg, compared with 27% in the placebo treated
group. There were also significant responses as determined by
IBDQ scores at weeks 6 and 12 in the patients who received
two infusions of natalizumab [86,87.303). Side effects were gen-
erally mild and included headache, nausea, asthenia and uri-
naty tract infections. A Phase III trial was scheduled to begin
at the end of 2001, Five of ten ulcerative colitis patients
achieved a positive clinical response in a small safety trial of a
single 3 mg/kg Lv. dose [88]. It s not clear whether further
work in ulcerative colitis s ongoing with this drug. It is
encouraging that patients exposed to natalizumab for up to six
months do not exhibit significant side effects and that there is
a suggestion of efficacy in MS and Crohn’s disease.

3.3 Small molecules as drugs

There has been intense interest among pharmaceutical com-
panies over the past decade in discovering and evaluating
new candidate VCAM/VLA-4 inhibitors. The early work on
peptide derivatives, mostly based on varfants of the LDV
sequence, has been published and led to a concerted effort
particularly directed to phenyluriedo-LDV mimetics. Acyl-
phenylalaninés constitute the second major class of active
compounds, many of which are capable of inhibiting both
VLA-4 and c1,; mediated interactions with varying degrees
of selectivity.: In addition, there are individual reports of
compounds of other chemical classes, which are surnmarised
in Section 3.3.4. Although reports are starting to appear in

‘peer-reviewed: journals, many of the fiovel structures are

only available through the patent literature and poster pres-
entations at scientific meetings. In the sections that follow,
the binding data cited are gathered under widely different
protocols and are not useful for directly comparing com-

_pounds, except when they are members of a series froin one

organisation. -

3.3.1 Cyclic peptide derivatives

An early publication from Tanabe Research (89} reported the
eyclic peptide 6, which was presumably originally designed
as a constrained RGD mimic and is a potent inhibitor of
both the VLA-4 and 0iB; integrins. NMR analysis indicates
that the N-terminal amino acid is disordered, but that the
ring systern exists in a well-defined, relatively planar confor-
mation [90]. Subsequently, in a series of papers, scientists
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from Genentech and Roche reported extensive structure~
activity and structural studies around this compound, lead-
ing to the potent and simplified N-terminal tyrosine deriva-
tive, compound 7 (91,92, A further enhancement in potency
was gained by incorporation of constraint into the tyrosine
to give compound 8, which is ~ 1000-fold more potent in a
VCAM-VLA-4 ELISA type binding assay than the lead
compound 6 [203],

From an extensive series of cyclic peptides built around
the LDV motif, AstraZeneca chemists prepared the cyclic
hexapeptide 9 (ZD7349), which potently inhibited the
binding of MOLT-4 cells to VCAM (IC5q = 260 nM) and to
fibronectin (ICs) = 330 nM) [93. Further profiling of com-
pound 10 in animal models indicates that it inhibits the
development of ovalbumin-induced delayed type hypersen-
sitivity (D'TH) in mice when given via osmotic mini~pumps
at a rate of 0.01 mg/kg/day s.c.. asa 3 - 10mg/kg s.c. injec-
tion 4 h prior to challenge or as an i.v. bolus 20 h after chal-
lenge. ZD7349 given chronically to mice in a 14 day mini-
purip at 10 mg/kg/day also inhibited the development of
collagen-induced arthritis at 3 mg/kg/day and delayed the
onset of symptoms in an EAE model.

ZID7349 was chosen for development of a prototype
depot formulation through incorporation into a 50:50
poly(d.l-lactide-co-glycolide) depot form suitable for s.c.
implantation. Unlike some potent compounds in the series,
for example, compound 10, which was unstable at pH 3
{94}, compound 9 has adequate stability and is released from
the polymer matrix at a steady-state over the course of
17 days 021

3.32 Linear peptides ~ LDV mimics

The 10-amino acid fibronectin CS-1 derived peptide
GPEILDVPST inhibits the binding of 9Cr labelled Jurkat
cells to the CS-1 25-mer (IC; = 150 uM). Arrhenius et al.
examined a series of truncated analogues and showed that the
minimal fragment retaining activity was the sequence ILDVP
(ICs5= 250 uM) (5). Replacement of isoleucine with phenyla-
lanine and inversion of the steréochemistry of the C-terminal
proline lead to the sequence: FLDVp (ICg = 25 pM),
prompting a more extensive investigation of analogues based
on LDV and culminating in the identification of the N-terri-
nal phenyl acetyl analogue compound 11 (ICs = 0.5 uM).
Compound 11 at 6 mg/kg, was active in inhibiting oxazolone
induced DTH in the mouse over 24 h [204], It also inhibits
both the early and late phase increase in bronchial resistance
in sheep sensitive to ascaris suurmn, as well as the development
of hyper-reactivity in these anirals after b.i.d. treatment with
30 mg/kg of compound 11 by aerosol for 3 days and 30 min
prior to and 4 h postchallenge on day 4 [96].

CY9701 (11} is an analogue in which an N-methyl group
and C-terminal piperazines were added to irnprove proteolytic
stability. CY9701 (100 mg/kg, intranasally, 5 min before oval-
bumin challenge) decreased eosinophil influx to the lung,
bronchial hyperresponsiveness and the concentration of 1L-4,
11-5 and eotaxin in the bronchoalveolar lavage fluid in a
mouse allergy model 72 h after antigen challenge [97].

Biogen medicinial chemists systematically varied both ends
of the molecule and discovered that addition of a urea termi-

nating in Z-methylphenyl led to a marked increase in.

potency. The profound role of the phenylureidophenylacetyl-
moiety is evident from its adoption into LDV mimics by
many pharmaceutical companies. Addition of a C-terminal
proline gave Bio1211 (1), which is a highly selective inhibitor
of VLA-4 mediated binding (ICg = 4 nM). It is ~ 500-fold
more selective for VLA-4 than o, integrins and is inactive
in binding assays for inhibition of 0ts;, 5B, B, and
oy B, After a single nebulised dose of 0.1 mg/kg to sheep
sensitised to ascaris suumn, Bio 1211 inhibited the early phase
and virtually eliminated the late phase increase in bronchial
resistance 24 h after challenge [431. Bio 1211 was licensed to
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Merck and taken into the clinic for the treatment of asthma
by aerosol administration; however, efficacy results in Phase

WL trials were disappointing,

A very interesting observation made by Biogen scientists
working with 3H-Bio1211 is that its dissociation constant and
off-rate for binding to Jurkat cells is highly dependent on the
affinity state of the integrin. Iz vitro, this is modulated by cat-
ion concentrations, In the presence of 1 mM Ca? and 1 mM
Mg?* the K, of Bio1211 was 20 ~ 40 nM and improved to
100 pM in the presence of 2 mM Mn?. A further enhance-
ment of K, to 18 pM was observed when the binding experi-
ments were run in the presence of 2 mM Mn?* and 10 mg/ml
of the activating antibedy TS2/16, The effect is due exclu-
sively to modulation of the off-ratés; or-rates did not vary
widely among experiments, Similar results were observed for
Jurkat cells binding to the CS-1 peptide or to an Ig-VCAM
conjugaté suggesting that regulation of off-rates by retal ion
concentrations and likely by the activation state of cells
expressing VLA-4 may be general o8],

More recently the same group at Biogen discovered that

'binding of the related, more potent ligand, compound 13

(Bio7662) is not dependent on the activation status of the
celis, Furthermore, there is a complex interplay between the
binding affinity of Bio 7662, 13, and that of Ca®* suggest-
ing that conformational changes needed to accommodate
ligand and metal ion binding are thermodynamically
linked. Binding of Bio 7662 exposes an epitope associated
with integrin activation, termed the ligand induced binding
site (LIBS) suggesting that it may be capable of inducing
signalling (99]. It will be very interesting to determine the
significance of this behaviour and whether it is also exhib-
ited by other compounds.

Several companies have pursued related phenylureidophen-
acyl-LDV mimics; the most advanced of these is TVL-745
(14), which Aventis has taken into the clinic as an inhaled

antiasthmatic agent. [IVL-745 is a potent inhibitor of Ramos
cell-fibronectin and ~VCAM-1 binding with little effect on
0B, or oBrmediated adhesion (100l VCAM-1 binding to
human lymphocytes and eosinophils [101,102] and the prolifer-
ation of human T cells induced by culture in the presence of
immobilised anti-CD3 and rh-VCAM-1 are inhibited in a
concentration-dependent rmanmer [103]. When administered
4 —~ 6h prechallenge or < 4 h postchallenge, inhaled 3 ~
10 mg/kg doses of IVL-T45 prevented typical Jung his-
topathological changes and eosinophil accumulation in aller-
gic Brown-Norway rats challenged with ovalbumin [104]. A
number of related compounds reported in Aventis patents
include compounds 15 ~ 18 [205-208].

The 3-fluoroprolinol (19) described in a Daiichi patent was
active in VCAM-VLA-4 binding assays and demionstrated
bivavailability of 16 and 59% in the mouse and the rat,
respectively, after doses of 10 mg/kg, p.o. At a dose of 50 mg/
kg, p.o., t.id for 2 days compound 19 inhibited eosinophil
accumulation in bronchoalveolar lavage fluid of mice sensitive
to ascaris suum by 46%. At a dose of 5.0 mg/kg, b.id., it also
limited pulmonary eosinophila in rats induced over 24 h by
treatment with compound 48/80 [200]. AstraZeneca has also
been active in this area; one representative compound is the
diether 20 (210},

Groups from Pfizer, Novartis and Bayer have each pub-
lished selective examples of their efforts in the area. As part of
an effort to reduce the peptidic character, chemists from
Novartis focused on substitution of the glycine nitrogen, lead-
ing to derivatives such as compound 21, which are essentially
equipotent to the reference Bio 1211 and highly selective for
VLA-4 over other integrins, including o,8y [105. Compound
22 was one of the most interesting of a series of oxazole, iso-
oxazole and thiazole derivatives prepared at Pfizer. It was
~ 7-fold more potent than 12 in a Jurkat cell based binding
assay and was effective after s.c. or intra-tracheal administration
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in a mouse allergen challenge model at doses at which Bio
1211 was inactive [106. The piperidine acetic acid derivative
23 was selected from a series of analogues at Bayer for further
evaluation based on its in vitro profile. Although it has a rea-
sonable half-life, there were no detectable plastna levels after
oral administration {107]. In a varfation on the diphenylurea
theme, the benzoxazoles 24 [211] and 25 (212} have been
reported in the patent literature, but with insufficient biologi-
cal data to assess their relevance.

Texas Biotechnology has reported a series of ureas, includ-

(ICsy = 0.4 ~ 1.5 nM) of VLA-4 binding to the CS-1 peptide
and > 1000-fold selective for VLA-4 over of; 1108110,
TBC3486 (26) appears to be the lead compound; 3 mg/kg
intranasally and 3 and 10 mg/kg, ip. were effective in a
mouse lung inflammation model and compound 26 is also
active in a mouse adjuvant arthritis model, The related ana-
logue, compound 27 has an ICy; value of 7 nM in the VLA-
4/CS-1 binding assay [213]. Texas Biotechnology has licensed
their VLA-4 programme to Schering-Plough and is collabo-
rating with them on selecting candidates for development for
the treatment of asthma,

ing cornpounds 26 ~ 29, which are very potent antagonists
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3.3.3 Acylphenvylalanines
Acylphenylalanines constitute a second major class of VLA-4

antagonists, The acylphenylalanine core seerns to be critical
for activity but tolerates a remarkably broad array of substitu-
ents in the 4-position and on the phenylalanine nitrogen
atomn. Also, unlike the LDV mimics, which are generally
highly selective for VLA-4, many members of the acylpheny-
lalanine class are dual inhibitors of the VLA-4/VCAM and
o,8,/MAdCAM interaction, depending on ‘their particular
substitution pattern. Since relative activities are determined
using different cell lines that express VLA-4 (typically Ramos

.or Jurkat cells) or o, (RPMI 8866 cells), it is not possible to

quantitate them, except by comparison of different com-
pounds in the same assays. Several companies, including
Roche [111] and Merck {112, have used combinatorial or high
through put chemistry effectively to elaborate early hit struc-
tures resulting from their screening efforts,

From a series of thiaproline-tyrosine esters and ethers, the
2,6-dichlorobenzyl ether, compound 30 (CT 5219) was
among the most potent in a Jurkat cell-VCAM-1 binding
assay (ICgp = 35 nM). It was inactive against other integrins,
except 0By (IC5o = 190 nM), and was highly stable towards
plasma esterases. Given to sheep at doses of 0.03 ~ 3 mg/kg,
iv., CT 5219 inhibited both the early and late phase increases
in airways resistance caused by administration of antigen in a
dose-dependent manner, and also inhibitéd the increase in
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airways hyper-reactivity at the higher doses {113} It has poor
oral bioavailability in rats and sheep and is subject to rapid
elimination, particularly in rats [114].

In an atterpt to understand the factors driving the phar-
macokinetics of members of the acylphenylalanine class,
Kopka et al. 1115) at Merck studied the pharmacokinetics of
the simple derivative 31. Oxidation of the proline ring and
hydroxylation of the aromatic ring were observed during
in vitro metabolism experiments with rat liver microsomes
and hepatocytes; however, the compound is excreted in the
bile largely unchanged in vivo. The only major identifiable
metabolite was the acyl glucuronide. Only those diastereom-
ers derived from (8)-phenylalanine were active in a Jurkat cell
binding assay. Side by side comparison of all four possible
stereoisomers of compound 31 in the rat indicated that ail
four have moderate to good oral bicavailability (22 - 91%)
and high clearance (30 — 84 ml/min/kg) as shown in Table 1.
1t is particularly interesting to note that clearance is not more
closely linked to stereochemistry at either chiral centre. The
results of further pharmacokinetic investigation of compound
31 in rat, dog, sheep and monkey are summarised in Table 2.
These data suggest that oral bioavailability is achievable in this
class but that clearance could be promblematic [115).

Elan Pharmaceuticals and Wyeth Research, formerly Amer-
jcan Home Products, have been collaborating on VLA-4/
VCAM antagonists for some time. The piperidine (32,
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Table 1. Pharmacokinetic evaluation of all four diastereomers of 31 in rat”,
isomer VCAM-Ig/Jurkat ICg nM  F(%)* C, (mi/kg/min)  Vdss (/kg) t,z ()
5S(31) 1.0 59 30 1.25 1.0
RS 2,055 26 60 35 0.7
RR 28,450 9N 62 5.6 28
SR _ o1z 22 84 ‘ 20 _ 0.8
“Reproduced with permission from [115).
fdoses: 1 mg/kg, i.v.; 2 mglkg p.o.
Table 2. Pharmacokinetic evaluation of compound 31 in various species’.
Species F(%)! | €, (mi/kg/min) Vdss (/kg) b0
S-DRat 59 30 1.25 1.0
Beagle dog 39 15.4 26 6.7
Rhesus monkey 23 16.3 27 7.9
Sheep 42 20 4.2 6.9

*Reproduced with permission from [115].
*doses: 1 mglkg, Lw.: 2 mglkg p.o.

CT767) is an important lead compound. Introduction of the
piperidine ring lowers protein binding as dernonstrated by
carrying out the Jurkat cel/FHTUVEC assay in the presence and
absence of serum (116,17 The collaboration has produced
many patents covering members of the acyiphenylalanine
class, although their broad scope and absence of assay data
makes their significance difficult to judge.

Many investigators have identified the 2,6-dichloroben-
zoylaminoe moiety as a highly favourable substituent for the 4-
position of various acyl phenylalanines. Among them are the
camphoric acid derivative TR-9109 (33) from Tanabe Sei-
yaku [118], N-(1-substitutedcycloalkylcarbonyl)-derivatives 34
and 35 214,119). the N-benzylpyro-L-glutarmyl derivative 36
1120}, N-(2,6-disubsitutedbenzoyl)- 37 [121] and the substituted
ureido (38) i215] groups, all of which give low nanomolar irihi-
bition of the Ramos cell-VCAM interaction, Crystal struc-
tures of analogues related to compounds 35 and 37 reveal
compact gauche(-) conformations which are consistent with a
bivactive conformational model of such compounds based on

the NMR structure of the cyclic peptide 6. Other 4-substitu-
ents which are associated with high potency in the sarne assay
include the imide (39) [122) and the imidazolidinone (40).
216]. Hoffman-La Roche has demonstrated that the phenyla-
lanine NH is not involved in receptor recognition with the
publication of the activity of the benzolactam 41 [123]. Squaric
acid analogues have been explored in place of the aroyl- or
alkanoy-moieties by a number of organisations, an example is
the amide 42 [124].

Several organisations have described carbamates derived
from N-acyltyrosines. Typical among these compounds is the
phenoxy-acetyl-leucyl analogue 43 (217 from GlaxoSmithK-
line. A series of N-prolyl derivatives, including compound 44
1125] from Merck and the squaric acid analogue 45 [218] from
Wyeth Research, represent further examples of structure types
associated with potent activity in cell-based assays. Com-
pound 43 was reported to reduce both eosinophil infiliration
and alrway hyper-reactivity in a guinéa-pig asthma model
when admindstered intratracheally at 0.2 mg/kg 0.5 h before
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and 6 h after ovalbumin challenge. GlaxoSmithKline has an
inhaled VLA-4 antagonist in clinical trial (GW559090),
which may be compound 43 or a close analogue. Both Roche
and Novartis have disclosed 4-(substituted aminocarbonyl)-
MN-acylphenylalanines and their activities as VLA-4 antago-
nists in cell based assays. Representative compounds include
46 [126] and 47 (218, In the case of Roche, it appears that the
reversed amides prepared from 4-aminophenylalanines, such

* a3 compounds 32 — 38 are a more interesting class based on

their relative potencies.

TR14035 (48) [220] represents the first example of a new
variation on the acylphenylalanines in which the 2,6-dichio-
robenzamide typical of many of the more potent analogues is
replaced by a phenyl ring with a hydrogen bond acceptor in
the ortho position. The increased lipophilicity thus gained
translates into improved oral bicavailability. In rats, F = 60%,
ty3 = 5 h and in dogs, F = 25%, ty; = 2.5 h (127]. Like other
acylphenylalanines, TR14035 is cleared rapidly, largely
through biliary excretion. ICg values in Jurkat cell-CS-1 and
RPMI cell-CS-1 assays for VLA-4 and 3, inhibitory activi-
ties were 56 and 6 nM, respectively, suggesting that TR14035
is somewhat selective for otsB; over VLA-4, Consistent with
this finding, it also potently inhibits RPMI celt/VCAM and
MAdJCAM interactions.

In addition, TR14035 inhibited the DNFB delayed type
hypersensitivity in the mouse at doses of 10 - 100 mg/kg, p.o.
and MLN cell migration to the DSS induced inflamed colon
of mice at doses of 10 — 25 mg/kg, p.o. A dose of 30 mg/kg,
po, bid. over 29 days caused a significant decrease in paw
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swelling relative to controls in a rat peptidoglycan/polysaccha-
ride (PGPS) model of polyarthritis. Tanabe Seiyaku has
Ticensed TR14035 to GlaxoSmithKline worldwide, except for
parts of Asia, and it has been renumbered by the GlaxoSmith-
Kline organisation SB-683698. This compound has com-
pleted Phase I human trials with Phase I] expected to start in
2002 for asthma, inflammatory bowel disease, rheurnatoid
arthritis and MS [304). '

Competing companies particularly Merck, have been
actively pursuing biphenyl derivatives discovered from a com-
binatorial library follow-up to initial screening hits, One pub-
lication from Merck describes phenylsulforylprolyl- and
azacyclobutylbiphenylalanines, such as compounds 49 and
50. These compounds have ICg; values very close to those of
Bio 1211 and TR14035 used as standards in a Jurkat cell-
VCAM-Ig conjugate binding assay, and are at least 100-fold
selective over 0,,f3,/RPMIB866 cell binding. They have mod-
erate to poor oral bicavailability and generally rapid clearance
approaching hepatic blood flow in rats. Compound 49 stood
out in this series as having a 33% oral bioavailability in rats
and low clearance (5 ml/kg/min). Oral bioavailability in dog
and monkey were low, 4 and 17%, respectively, and clearance
was mmoderate, 25 and 12 ml/min/kg, respectively. The
favourable clearance in the rat is the likely consequence of its
high protein binding, which is » 99.5% in both rat and
human plasma [128].

Further work from the Merck laboratories on the related
thiaproline series characterised by compounds 51 and 52,
indicated that inhibition of o,f}; is relatively independent of
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thiaproline stereochemistry and the size of the thiaproline acyl
group. On the other hand, activity in the 0By assay is sensi-
.ive to both stereochemistry and the size of the N-acyl group,

suggesting the ratio of the two activities can be modulated by
design. The N-acetyl-Sthiaproline derivative 52 was the most
potent of the dual-acting inhibitors [129].

Merck chemists have also explored substitutions for the
proline and thiaproline rings in this series. The tetrahydro-
furan 53 combines good potency in the o3, cell based bind-
ing assay, moderate selectivity over (fyB; binding (24-fold)
and moderately good pharmacokinetics in Sprague-Dawley
rats (F = 42%, Cp = 58 ml/min/kg, t;, = 3.4 h) (130]. Further
work indicates that a wide variety of substituents are tolerated
in the l-position of the tetrahydrofuryl moijety [131) and that
the oxygen atom of the tetrahydrofuran can be replaced with
carbon {132]. Additional N-substitutions described by Merck
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include the N-arylprolyl derivative 54 [133] and the N-pyri-
midinyl analogue 55 {134]. Hoffman-La Roche has explored
heterocyclic analogues of the biphenylalanines; compound 56
is an example of this class [221,222].

3.3.4 Miscellaneous

There are a number of individual reports of other chemical
classes reported to inhibit VLA-4 VCAM-1 binding that
should be monitered. Many are either very weak inhibitors rel-
ative to the LDV and acylphenylalanine derivatives noted in
the previous sections, or they are described in the patent litera-
ture with no associated biological data, One exception is docu-
mented in a recent publication from Merck describing a series
of orally bicavailable B-phenylalanines with good potency. An
example is compound 57 (F = 52%, C; = 26 ml/min/kg, ICs,
=< 1 nM in a Jurkat cel/'NVCAM binding assay) [135]. Typical
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novel squaric acid-containing structures appearing in recent
patents from Celltech R&D are compounds 58 [223,224] and 59
(225. The alloc amino acid derivative 60, reported in a recent
Pfizer patent application, represents an interesting structural
variation, although there is no comparative data with other,
better characterised compound classes as yet (226]. The bicyclic
peptide mimetic 61 and related compounds have been
described as 0,4, antagonists in patents from Moleculometics
[227,228]. Finally, a patent from Ranbaxy describes sugars such as
compound 62, which is reported to be active in a Jurkat cell/
human VCAM binding assay (IC5 = 7.5 nM) and is|also
highly effective in the mouse DINFB delayed hypersensitivity
assay when administered Lv., s.c. or p.o..[229]. It remains to be
determined whether compounds of this class work largely or
solely through effects on VLA-4 or whether other mechanisms
are involved.

4, Expert opinion

There is a great deal of anticipation concerning the poten-
tial role of VLA-4/VCAM-1 inhibitors with and without
concomitant inhibition of o,B; mediated interactions in
the treatment of human inflammatory diseases. Early inter-
est in this field focused on linear and cyclic peptides|and
some were considered for development. Currently, mono-
clonal antibodies, such as natalizumab, LDV mimics|and
acylphenylalanines aré recéiving the bulk of the attention.
Since 1998, a large number of patents have been published
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on small molecule inhibitors and these are now being fol-
lowed up by publications that help to clarify the areas of
true interest. Most of these publications are directed to the
discovery of active molecules; there is little data on their
efficacy in animal models of inflammatory disease. One
area where a deeper understanding needs to be developed is
the desired selectivity between ,B; and 0,487 inhibition for
safety and efficacy in different inflammatory diseases. In
addition, the finding that the off-rate of certain compounds
is dependent on the activation status of the target cells sug-
gests that there may be an important difference between the
pharmacodynamic and the pharmacokinetic effects of these
cornpounds.

Clinical trials are presently underway, sponsored by Bio-
gen/Elan (monoclonal antibody), Merck (@ LDV mimic
and possibly an acylphenylalanine), Aventis (at least two
LDV mimics), GlaxoSmithKline (two acylphenylalanines)
and Roche (acylphenylalanine). Qther companies who may
have compounds in or near clinical trials include Wyeth in
collaboration with Elan and Texas Biotechnology in collab-
oration with Schering-Plough. Early reports, largely from
Biogen/Elan suggest that patients tolerate chronic blockade
of 0, integrins and show signs of clinical efficacy in Crohns
disease and MS. Natalizumab has a long half-life in
hurmans, snabling once monthly dosing, whereas clearance
and exposure after oral dosing are critical concerns judging
from published work on the small melecule inhibitors
described to date.

62 (Ranbaxy)
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Abstract: Circulating lymphocytes normally migrate through extravascular spaces in relatively
low numbers as important members of the immunosurveillance process. That is until signals are
received by endothelial cells that there is an underlying infection or inflammatory condition. These
vascular surface cells in turn overexpress and present ligands to circulating lymphocyte adhesion
molecules. Upon encountering this higher density of ligands, lymphocytes, which had been
leisurely rolling along the vascular surface, now become more firmly attached, change shape, and
migrate through tight junctions to the sites of infection or inflammation. If the initiating events are
not resolved and the condition becomes chronic, there can be a sustained extravasation of lympho-
cytes that can exacerbate the inflammatory condition, which in turn will continue to reeruit more
inflammatory cells resulting in unwanted tissue destruction. It is for the attenuation of this cycle of
sustained inflammatory cell recruitment that very late activating antigen-4 (VLA-4) antagonists are
being developed. Most lymphocytes, except neutrophils, express VLA-4 on their surface and they
interact with endothelial vascular cell adhesion molecule-1 (VCAM-1), It is this interaction that
VI.A-4 antagonists are intended to disrupt, thus, putting an end to the cycle of chronic inflammation,
which is the hallmark of many diseases. This review will provide an update of VL.A-4 antagonists
that have appeared since early 2001 and will discuss some of the issues, both positive and negative,
that may be encountered in their development. @ 2003 Wiley Periodicals, Inc. Med Res Rev, 23 No. 3,
369-392, 2003

Key words: VLA-4; a4Pl; very late antigen 4; CD49D/CD29; VCAM-1

1. INTRODUCTION

The integrin VLA-4 (o4B), very late activating antigen-4) is a non-covalent heterodimer of the o,
(155 kDa) and B;-(150 kDa) subunits. VL.A-4 is constitutively expressed on most mononuclear
lymphocytes, including eosinophiles, monocytes, and basophils but is thought to be absent on
circulating neutrophils. A counterligand for VLA-4 is vascular cell adhesion molecule-1 (VCAM-1),
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which is 2 member of the immunoglobulin superfamily, and is found on endothelial cells. Its
expression is upregulated in response to pro-inflammatory cytokines and chcmokmes A recent
discussion of the biological aspects of theVLA-4/VCAM interaction is recommended.’ It includes
a comprehensive description of various immune defense mechanisms and a deétailed discussion of
the mechanisms of cell adbesion, cellular immune response, and the role of VL.A-4 in this complex
machinery. The following discussion on VLA~4 biology includes some of the basic concepts and
terminology useful to medicinal chemists and is intended to complement recent reviews, 13 The
major focus of this review is to provnde an update of the many recent disclosures of novel VLA-4
inhibitors.

4. Integrins

Integrins are o,P beterodimeric, transmembrmle receptor molecules consisting of &+ and B-subunits
found in certain o and B combination on every mammalian cell type except red blood cells. There are
fifteen o~ subunits and eight B-subunits that are non-covalently linked and expressed on the surfaces
of cells in various combinations. The integrin name was derived from their role in “integrating” the
extracellular matrix with the cytoskeleton. The integrin superfamily is divided into three families: the
“very late activation” (VLA) family (§,), the leucam family (B,), and the cytoadhesin family (Bs).
Beta subunits 48 are not yet classified into families.’ The P1 integrins were also known as VLA due
1o their delayed appearance on T-cells after activation.

In a highly simplified scenario, binding interactions between lymphocytes flowing in the blood
stream and the endothelial surface are mediated by a variety of adhesion molecules, including the
selectins and VCAM-1.% These binding intéractions serve to slow the flow of lymphocytes in a process
described as rolling and tethering. At endothelial surfaces adjacent to inflammatory sites, the greater
density of VCAM-1 expression appears to lead to firm attachment and arrest of rolling cells. This is
followed by rapid cytoskeletal rearrangement of the bound lymphocyte, diapedesis through
endothelial tight junctions, and migration to the inflammatory sites. VLA-4 also binds tightly to an
alternatively spliced segment of ﬁbronectm, termed CS-1. This interaction seems to provide firm
adhesion within the extracellular matrix. This interaction with fibronectin has been linked in multiple
functional processes such as progenitor lymphocyte differentiation, T-cell proliferation, and trig-
gering of intracellular signals such as tyrosine phosphorylation of proteins in T- and B-cell.”

Another closely related o, integrin, the cuﬁ-, heterodxmer, also interacts with the same epitopes as
VLA-4 in VCAM-1, although the interaction is weaker.® The primary counterligand for B, is the
mucosal addressin cell adhesion molecule—l (MadCAM) located in the gut. Both o4 integring (2,8
and o4B,) interact with the spliced CS-1 region in plasma fibronectin, 8 The desire to develop specific
VLA-4 antagonists with appropriate pharmaceutical properties has been challenging. This review
will concentrate primarily on selective inhibitors of the VCAM-1/VLA-4 interaction and their
therapeutic potential in treating a variety of inflammatory diseases.

B. VIA-4/VCAM-1 Adhesion

As a part of immune surveillance process, lymphocytes are recruited to specific sites of infection
and/or inflammation. Normally lymphocytes circulate in the blood stream with only low numbers
extravasating through the endothelial wall to extravascular sites. At the sites of inflammation, the
local release of inflammatory mediators such as cytokines (tumor necrosis factor alpha (TNFo)
and interleukin-1 (I1-1)) and chemokines from activated T-cells and resident monocytes
stimulate adjacent endothelial cells to overexpress cell adhesion molecules on their vascular surface.
The elevated and prolonged expression of VCAM-1 had been observed in vitro as well as in the
vasculature in vivo, both in experimental models and human diseases such as allograft rejection,
atherosclerosis, allergic rhinitis, asthma, and cutaneons delayed hypersensitivity reaction.? Rolling
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0 Like most mtegrms, VLA_-4 exxsts in “low” and “tngh” ty states. It is believed that the initial
. contact of VLA-4 with VCAM-1 i§ through-low affinity, ’multi~valent binding interactions.'®'® As
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e Iymphocyws bcgm to adhem mow sn'ongly wa the selectins ancl their carbohydrate ligands and are

. aryested by stronger binding interactions. with mtegrms Interactions with integrins, apical

. chemokines, and shear forces applied from the ever flowing blood contribute to events that lead to

pe . integrin clustering, cywskeletal rmangement, and evemuai migrauon into target tissues via tight

" intracellular junctions.®
" The mechanism of these dynamm eveuts has been ‘emergmg over many years; the details of

" which are still not completely elucidated. An adhesion pmss has been proposed that lymphocytes

extravasate by a sequence of tethering, rolling, arresting, and migration, Circulating lymphocytes

i3 " normally conduct surveillance by a loosely “tether and roll” mechanism on the endothelium surface,

' Upon encountering stimulatory signals, a rapid oonversim? of the rollmg behavior to firm *“adhesion”
‘seertis to take place. A recent study demonstrated that surface-bound chemokines can mgnal and

"+ 'modulate the activity of lymphocyte integrins during injtial contact with the vascular: ligand." In
% fact the activation of the integrin by the chemokines at the leukocyte-endothelium contact zone -
' “takes place within mil

] iseconds. Chemokine s;gnalmg triggers the lymphocyte to cluster VLA-4
- along the contact surfaee which rapidly increases the effective concentration of VLA-4/VCAM-1

'- interaction (clustenng) This study found that it is the type and expression level of the G prowm* 7

" coupledt receptors (GPCRs) that are activated, rather than the cell type upon which VLA is
expressed or the activation state of the VILA-4 that dictate the ability of the GPCR to enhance VLA~

" tether. On the other hand, it had been demonstrated earliet that high affinity VLA-4 subsets are

required for 'the firm adhesion, A mutant VLA-4 with the reduced affinity supported rolling

. and tethering but failed in adbesion.*> Another recent‘ study established that in T-lymphocytes -

o resting T-cell leukemia Jurkat cells P56 i respons;ble for upregulation of integﬁn affinity.’*

: - - ‘The affinity re,gulatmn under physiological conditions was described in another report. 13 The binding
© . affinities and associat:on and dissociation kinetics in red] time were measured to examine affinity
- regulation in response to divalent cations and’ physiological mediators in two cell lines and blood

 leukocytes. The results support the idea that o4-infegrin exhibit multiple affinity states and affinity
changes are regulated by the dissociation rate and con:formation ‘The changes in affinity occur
within seconds and are reversible in response to aham?kmes and chemoatiractants. The affinity
change on different cell Hines appeais to be similar, with mmparable affinities and off rates in response
Loete different sumuli However, the durauan of the afﬁmty change vary clependmg on the nature of
4 the stixnuli i : : :

" mentioned above, activation of the lymphogyte is thought to affect a conformational change i inVLA-4
1o a stronger, higher affinity state. Activated states of VL.A-4 may also be induced by various stimuli

- ‘including antigens, anti-T-cell antibodles, pharbol esters, the dzvalent catxon manganese (an“"‘ ), and

‘selected B1-specific antibodies >
" 'The terms “low’! and “high” afﬁmty states are relaiive tetms and should ot be constred to

" define two separate and distinct states of activation. Recent studies with a fluorescent labeled
 BIO1211 analog suggast that the physiologmaliy relevant state of activation lies somewhere between -

2 “low” of resting state and the Mn®* or antibody activated state.”* The addition of Mn>* to TS2/16,

. an activating antibody, produces an activated state that is higher than either Mo+ or TS2/16 alone. -
o “Thus, there appears to be a continuuim ofacnvaﬁon states betweeﬂ restmg or unactivated integrin anda

series of “high” afﬁmty states. :
: When comparing. the potency of VLA-4 mhxbxtors from one laboratory to another, assay
conditions must be taken into consideration. A compound that appears potent under Ma** activa-

- - tion may be rn‘uch Iess potent varsus the restmg or Ca ) /Mg conditions, Even within a single

-
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laboratory, the observed Kd values for BIO1211 ranged from 20 to 40 nM in the resting or Ca** Mg*+
state of the integrin to 100 pm in the activated state when binding was measured after activation by
Mn>* plus the integrin-activating monoclonal antibody TS2/16.%* Also, it is difficult to compare
potencies from binding assays that employ a mono- or bivalent ligand with cell adhesion assays
that may employ varying and undetermined densities of ligands (CS-1 or VCAM-1) on a plate.
These ligand densities may in turn affect activation states. In terms of physiological relevance,
given the role that shear forces may play in the activation of VL.A~4 bearing cells, it is difficult to
imagine that the static binding or cell adhesion assay conditions that are generally employed to assess
inhibitor potencies will faithfully predict absolute potencies expected in vivo (serum protein binding
and clearance mechanisims notwithstanding). Within a given laboratory, any assay will only give
relative potencies among a series of inhibitors. Across laboratories, it would be useful if a *“standard”
inhibitor, such as BIO1211, were used as a positive control to make more useful comparisons among
different inhibitor classes.

D. Therapeutic Potential for VLA-4 Antagonists

Although steroids and other anti-inflammatory drugs with broad-spectrum activities are effective
in treating numerous inflammatory discases, long-term usage is known to have unacceptable side
effects, such as greater risk of infection caused by impairment of phagocytic leukocyte migration and
function. Therefore, it is desirable to develop drugs that more selectively inhibit specific cellular
functions without affecting normal immune surveillance in the treatment of chronic inflammatory
disorders.

As discussed above, leukocyte recruitment into the inflamed tissue is an essential physiologic
process. However, this beneficial response can also lead to a chronic and detrimental inflammatory
process. Since it appears that leukocyte infiltration is a key factor in the pathogenic process of
many allergic and inflammatory disorders, finding inhibitors that target VL.A-4 has been the focus of
many pharmaceutical companies. The association of VLA-4/VCAM-1 in numerous animal models
of human diseases is well documented. The positive Phase II clinical results thus far reported for the
anti-oy, antibody, natalizumab (Antegren®), in multiple sclerosis and Crobn’s disease confirm a role
for VLA-4 (and/or o4 ;) in these diseases. Other potential human diseases for a VLA-4 antagonist for
which there is supporting evidence in associated animal models are listed in Table I along with
selected references.

Table I, Potential Therapeutic Targets and Associated Animal Models for VLA-4 Antagonists

Selected
Potential disease target Animal model references
Multiple sclerosis Experimental allergic encephalomyeliis in mice and rats 23-26
Asthma Bronchial hyperresponsiveness in rice, rats, sheep, and guinea pigs 27-33
inflammatory arthritis Adjuvant-induced arthritis in rats 34-36
Type-1 diabetes Adopiive autoimmune diabetes in the NOD mouse 37-3¢9
Qrgan transplantation rejection Cardiac allograft survival in mice 40,41
Inflammatory bowel disease Spontanedus chronic colttis in cotton-top tamaring 42
Contact dermatitis ) Allergic contact hypersensitivity in mice 43,44
Nephritis Acute nephrotoxic nephritis in mice 45
Turnor metastasis Melanocyte tumor progression in mice 46
Thyrolditis Experimental autoimmune thyroiditis in mice 47
Restenosis Ischemic tissue damage following arterial occlusion in rats 48
Aliergies Inhibition of TH2 T-cell cytokine production in mice? 49

Atherosclerosis LDLR™ vs. LDLR™"* mice fed high fat diet 50-52
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2. VLA-4 ANTAGONISTS
A. Cyclic Peptides

Constrained peptide derivatives that contain the essential binding sequences found in VCAM-1 (IDS)
and fibronectin (LDV) have afforded a variety of potent VLA-4 antagonists. Previous mutagenesis
studies of VCAM-1 implicated Arg36 to be an important contact residue. Surprisingly, deletion of Arg
in 1a (Fig. 1) actually improved affinity in 1b.%® In addition to Arg, Asp has also been implicated as an
essential binding contact residue for o,B;-mediated cell adhesion to fibronectin and VCAM-1. Again
the aspartic acid residue in analog 2a could be replaced by alanine or serine as shown in 2b and 2¢
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Figure 1. Cyclic peptides.
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(Fig. 1). Although 2¢ inhibited o5, binding to fibronectin, it is over 1,000 times more potent as
an inhibitor of the ayB;/VCAM interaction. More importantly, the in vive activity of 2¢ was
demonstrated in a mouse model of lymphocyte gut homing to Peyer’s patches. The lack of structural
similarity between peptides 1 and 2 and the VCAM-1 CD-loop led to the conclusion that these cyclic
peptides are not mimics of VCAM-1 and that they bind a4y in a different orientation or at a different
site relative to the VCAM-1 CD-loop. A constrained tyrosine introduced in 3 further improved
affinity.

Although a loss of activity was observed when Asp-Pro were simultaneously replaced in the
cyclic peptides,™ the possibility of a replacement of the Asp-Pro moiety was investigated.>* An
NMR-based conformation model of 2a was used as a starting point and each potential spacer was
computed using the molecular modeling package Sybyl™. Based on the modeling results, a series of
compounds were then synthesized. As predicted by the modeling result, compound 4 was found to be
approximately 17-fold more potent than 2a while possessing a more simplified structure.

Concerned that the disulfide linker might be a metabolic liability, the corresponding carbacyclic
structure 5 was also prepared, which led to a significant loss of activity,>® However, the replacement of
one of the sulfur atoms in the disulfide 6a with a carbon atom, together with the incorporation of a
constrained tyrosine as in 6b was found to be well tolerated.*

Cyclic peptides using the LDV binding motif present in the 25-amino acid fibronectin peptide
CS-1 and the related binding epitope present in domain 1 of VCAM-1 within the region Arg-Thr-Gln-
Tle-Asp-Ser-Pro-Leu-Asn have been reported, including the earlier examples of cyclo(Melle-Leu-
Asp-Val-dAla-dAla) and Ac-cyclo(dLys-dlle-Leu-Asp-Val).””-*® They were reported to be active in
an in vivo inflammation model at a dose of <0.1 mg/kg/day when administered continuously by a
subcutaneous mini-pump. These compounds were found to be inactive after a bolus subcutancous
injection. In addition, their stabilities at pH 3 were less than desirable and they were quickly released
from a polymer depot formulation. v

Cyclic peptides were identified which were compatible with biodegradable polymer formu-
lations, for example, poly(dl-Lactide-co-glycolide). The design principles were to use cyclo(lle-Leu-
Asp-Val-NH(CH,)sCO) and cyclo(lle-Leu-Asp-Val-D-Ala-D-Ala) as starting points, keep the Leu,
Asp, and Val residues intact, and replace the rest of the amino acids and linking-group residues with
various hydrophobic and basic amino acid residues. The premise was that hydrophobic and basic
groups may also bring additional interactions with the polymer chain and the free carboxyl end groups
of the polymer. These additional interactions should in turn reduce the rate of drug release from the
polymer. These efforts afforded many more potent inhibitors. Their improved stability was evident
in that many new peptides were also found to be efficacious when administered by a bolus sub-
cutaneous injection (0.1, 1.0, and 10 mg/kg) 4 hr before ovalbumin challenge, in the delayed-type
hypersensitivity (DTH) model. The optimized compound cyclo(MePhe-Leu-Asp-Val-D-Arg-D-Arg)
(ZD7349) was found to be active in two mouse models of inflammatory diseases: type II collagen-
induced arthritis (CIA) and experimental antoimmune encephalomyelitis (EAE). ZD7349 signi-
ficantly reduced the severity of CIA and delayed the onset of EAE. Finally, ZD7349 was tested in a
prototype depot formulation and found to be released from the polymer matrix at a steady state over
the course of 17 days. ZD7349 had been reported to be in preclinical development.™

B. Linear Peptides-LDV Mimetics

The progression of the earlier ILDVP to the LDV analogs and more recently to the phenyl-
ureidophenacyl moiety as LDV mimetics was recently reviewed.” Several of these compounds
demonstrated efficacy in animal models and were advanced into the clinic. Since the publication of the
most recent review, extensive work to find less peptidic analogs has been investigated. In this section,
only those publications and patents pertaining to linear LDV mimetics disclosed from 2001 to the
present will be discussed.
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" agsay pmeedum such as leukocyte adhesion in rats DTH in motse, and anti-asthmatic action to the
. guinea-pigs were described, but biological results were not disclased Some of the potentially labile
'amide linkages were eliminated while maintaining potency.®" Urea 8 is among the more potefit
. compounds (ICsp ='0. 9 nM, Ramos cell assay) reported in this patent application.
S0 These LDV peptidomimetics were divided into three regions: the aromatic cap, & suitable spacer, .
“and a B-caxbuxylate mimetic of Asp36 as illustrated in9.A hbrary consisting approximately 200

compotinds was synthesized.* Diamines were chosen as spacers in positioning the aromatic cap and

the B-acid. The diphenyl urea cap was found to be essential for potency and that the para linked urea is
~ superiorto the corresponding meta analog, Consistent with the discovery of BIO1211, improvements
 inactivity were observed upon incorporation ofth¢ ortho-methyl substituent and even more strikingly

upon. introduction of the 3 -methoxy moiety in the phenylacetyl portion as in'9, The central amide

_ ’ - .appears to bé.a key pha:macophore in this series sor perhaps is imposing a particular conformation,
- . which is mnual for V‘LA—4 a::;tlvxty Subsmutio#l at the owposition to the acid resulted ina tznfold
- improvement in poteney 3

- Similarly; while lceepmg the b;s«a;ylurea porﬁon constaut, zhe posiuon of the acid on the phenyl

 ring and the distance between the acid and phenyl were varied.® The most potent compound 10 had
o anlCso of 0.5 M in & Jurkat cell assay, While tétaining the biaryl-urea, the possibility of finding
> antagonists comprising a more rigid and less polar- acid head group was further explored. A vanety of
piperidiny! carboxylic acids with the associated c¢nfonnauonal constraints wers prepared.® One of -

the most potent compound 11 exhxbxted an ICs of 0.30 M in a Jurkat assay against VL.A~4 and is

~ highly selective (not active for integnns Py qr B although, the activity for a.By was not

discussed), The unbound fraction was found to be P 6% using intraperitoneal administration in mice,

. The systemac exposure was low after oral dosing,|

An mtemsmg variant to the Ore Common phenyl phenylacetic urea moiety was disaovered &

- 'The potency of benzoxazole 12 is 05 uM orless ih the Ramios cell assay. It is interesting to note that
... although these compounds mrigmaxed as LDV mitetics, the isopropyl side chain is not essential for
i potency and is generajly abse.nt Related benzoxé(zole replacements for the bxs»aryl urea had been

*reported earlier, %7 ...

Diazepine derivatives 13 were claimed as VLA sntagonists (VCAM-1g ICs=0.35 1.

‘ These cotapounds offer a different constiaint than that seen in 1012, They seem to. place the
- carboxylic acid in a very diﬁ’emm spaae from the pipenﬁme analogs. They are reported to have
- excellent. oral bioavailability. -

Concerned with the pepudic nature of many of the earlier LDV mlmic:s, the possibility of

e generatmg antagonists that would retain nanomolar potency while eliminating peptidic features was
oy ® The most potent examples of this effors are 14a~14d. The selectivity of these compounds
. -against the integrin &P, is far better than previously reported peptide analogs (more than 1,300-fold
Ui differential). In another patent, 24 analogs of this émcmre class were clmmed without disclosure of
. any biological data.”

In an effort to unpmv@ oral bioavaxlabllity cbf tbe LDV trimer, the aspartic acid moiety was

3 incorporated. into & heferocyt:le and the valine was removed, thus reducing the number of -
metabolically Jabile amide bonds.”! Compounds were scereened for VLA=4 antagonist activity in a

Jurkat cell ELISA assay and a human eosinophil wlbbmdiﬂg scintillation proximity assay (SPA).

(e Tsonagole, isoxazoline, oxazole, and thiazole wesp equally potent (15a~15d). Modification of the
7. length of the propionic acid side chain was found to be detrimental to potency. However, potency was
© - again improved with the introduction of an ortho-methoxyphenylurea asin 15e, Compounds 15a, 15¢,

and 15e were also evaluated in an allergic mouse, model, measuring the effect on bronchoalveolar

* lavage fluid eosinephil influx after antigen challengg Compounds 15, 15¢, and 15¢ were found to be

i
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Figure 2. Linear Peptides-LDV Mimetics.
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efficacious with an EDsy of 20, 100, and 2 pg/kg, respectively, when dosed by intra-tracheal
instillation. At a similar dose, BIO1211 was inactive. Compound 15e was found to be efficacions
following systemic administration (58% inhibition @ 10 mg/kg, sc).

Ureas of general formula 16 were claimed as VLA-4 antagonists.” The specifically claimed
compound 16a is stated to have inhibited MOLT-4 cell adhesion with an ICs value of 84 nM and a
second derivative is stated to bave shown an ICsq of 87 1M in the same assay. Apparently, some
potency was lost when the urea was replaced with anilinobenzoxazole.” One of the specified
compounds 17 was stated to have ICsq value of 1.1 uM in the same assay.

C. N-Acylphenylalanine Derivatives

The N-acylphenylalanines constituie a major new ¢lass of VLA-4 antagonists, As VL.A-4 programs
have progressed, the number of publications in this area continued to increase at an accelerated
pace. As a result, only publications since 2001 are described in this next section. This class can
be subdivided into phenylalanines having substituents in the 4-position as shown in Figure 3 and
biphenylalanines as shown in Figure 4. |

Many investigators have identified the 2,6-dichlorobenzoylamino moiety as a favorable
substituent at the 4-position of various N-acylphenylalanines.” Approximately, 200 compounds were
described in a patent application and tested for their VL.A-4 antagonistic activity which ranged from
0.01 to 2,000 nM. One of the most potent compounds 18a exhibited an ICs 0of 0.01 nM in a soluble
VCAM-Ig assay.” In a later patent, new urea and thiourea derivatives were claimed.”® One of the
preferred structure 18b had an ICs, value of 0.014 nM for inhibiting HL-60 ¢ell growth in a cell
proliferation assay. The structure can be further simplified by eliminating the urea moiety as in 18¢,
which still had an ICso value of 0.1 nM for inhibiting HL-60 cell growth.”’

Another example of the 2,6-dichlorobenzoylamino 4-substituted phenylalanines is the
benzazepinone 19.7 The incorporation of benzazepinone in 19 was intended to mimic the bioactive
conformation of its acyclic parent (ring-opened structure of 19 as shown). However, 19 is ap-
proximately sevenfold less potent thai its conformationally more mobile parent.

Replacement of the 2,6-dichlorobenzoylamino moiety with 3,5-dichloro-pyridylamide asin 20a
enhances the affinity of VL.A~4 binding.” However, rapid clearance of 20a was observed and there
was evidence pointing to an active transport mechanism. Postulating that the a-amido group was
responsible for the rapid clearance of this series of compounds, its replacement became the focus of
further investigation, Indeed the 3-cyclobutene 1,2-dione analog 20b was found to be potent and had
an improved pharmacokinetic profile. The 3,5-dichloropyridylamide was also incorporated into a

series of bicyclic amino acid derivatives.®® One of the most potent compounds 21 had ICso 0f 7 nMin &

Ramos cell assay. |

Another variant of this design feature is compound 22 which was found to be somewhat
more specific for 0yB7 (ICso=1.2 nM) than for a,B; (ICso==27 nM).*' It is noteworthy that the
corresponding 2,6-dichlorobenzy] ether derivatives were approximately 100-fold less potent than 22.
This structure was simplified to offer improved selectivity and retained potency. %2 Compound 23 was
one of the specifically claimed and had ICs, values of 1.0 and 18 nM for 4B and a5, respectively.

In an effort to improve the pharmacokinetics profile of this clags of compounds, elimination
of the amide N-H via incorporation of the nitrogen atom into a cyclic imide was investigated.® The
most potent compound 24 (ICsp = 0.52 nM) is only twofold less potent than the corresponding acyclic
2,6-dichlorobenzoylamino parent. Reduction of the phthalimide to the corresponding lactam
provided a compound that was 25-fold less active. The presence of the second carbonyl group of the
imide may cause the phthalimido group to rotate with respect to the phenylalanine aromatic ring thuus
providing a comparable nonplanar conformation as in the 2,6-dichlorobenzoylaming group.
Pyridones were also claimed in another patent.®* One of the specifically claimed compounds was 25
which had an ICs values of less than 100 1M in VLA-4/VCAM-1 cell-based screening in both a,B,
and o,f7 assays.

2%
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VLA-4 ANTAGONISTS . 379

0 cooH a OR
o
e p i Q Qm

o}
¥ "N” TCOOH R JKN
H

o~ ACO0H 30a n =0, R=0OMe
Q\,N l NJLN OEt 30b n=1, R=cyclopropyl
c o H H o

Et

=C

31
Figure 3. (Continued)

A series of 4-acylaminophenylalanine derivatives typified by 26 was also reported as potent
VLA-4 antagonists.®® The working hypothesis was that the cyclic peptide core (2a in Fig. 1) and
4-acylaminophenylalanine may share key pharmacophores, such that one can overlay the five-
membered pyrrolidinone ring and the C-terminal carboxylic acid in structure 2a and 26 and then place
the aromatic ring of 26 in the region of the disulfide bridge of the cyclic peptide. This hypothesis was
supported in that 26 (ICs0==4 nM) was reported to be equally potent to the cyclic peptide 2a.

Related benzoate derivatives 27 were claimed as both ¢4f3; and a7 inhibitors.* Compounds of
the invention inhibited VLLA-4 binding in vitro with ICsq values as low as 1 nM. Introduction of a
carbamate at the 4-position was reported to be key in maintaining potency for both o4 and a7 X7
For example, compound 28 was reported to be a potent dual o,B1/a,B7 antagonist (ICs = 0.13 nM vs.
ICS() =192 HM) .

Patent applications claiming various formulation and delivery methods for 29 have appeared.®®
Compound 29 was reported to be an antagonist of both ouB,and ayf;.% The methods claimed
included dry powder formulations and a device for administering 29 as an inhaled aerosol for the
treatment of inflammatory diseases, especially asthma. Aqueous suspensions of 29 suitable for
nebulization are also described. >’

Through modification of the ring size and substitution of the phenyl ring, B-amino acids
as illustrated by structure 30 were discovered as potent antagonists while maintaining a good
pharmacokinetic profile (30a: ICs0 =0.49 nM, 30b: IC5o==0.85 nM).?2 A 4-substituent on the B-
phenyl ring capable of hydrogen bonding seems to be preferred for potency. It was presumed that the
unnatural B-amino acid derivatives may be less favorable substrates for carboxypeptidase. This was
confirmed by the observation that no hydrolysis products were detected in rat plasma, bile, and urine
samples unlike the corresponding o-amino acid derivatives.

A series of pyridone ureas as VL.A-4 inhibitors has been claimed in a recent patent application.*®
TBC-4746 had been selected as the pre-clinical lead (structure not disclosed). Compound 31 was
among one of the more potent compounds claimed and had an ICs of 3 1M in Ramos cell assay.

An aspartate residue, located on a B-turn connecting the C and D B-strands of VCAM-1, is critical
for binding of VCAM:1 to VLA-4.*% The sequence LDV may share a receptor-binding site on
VLA-4 with an RGD sequence, which has been exploited for the identification of potent inhibitors
of other integrins, notably B3, and o, B3. 77 These two motifs (LDV and RGD) are now widely
accepted as a common binding feature among many integrin ligands. The aspartate residue is thonght
to be critical for binding due to its ability to direct coordination to a bound cation, notably calcium.”
Screening of a carboxylate-containing library led to the discovery of a series of sulfonylated di-
peptides such as 32 (Fig. 4).*° The first and second amino acid preferred the (S) configuration. Many
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Figure 4. Biphenylalanine derivatives.

polar substituents on the distal ring of the 4-biphenylalanines were potency enbancing. The
optimization of the pharmacokinetic profile of these compounds proved to be much more challenging.
When a methyl group on the central proline of 32a was introduced, the resulting compound 32b
showed a reduced plasma clearance and better bioavailability, presumably due to minimized cleavage
of the amide bond in vivo. The methoxy compound 32b was potent and selective (IC5o=0.08 nM in
a soluble VCAM-Ig binding assay). The introduction of a cyano group as in 32c improved the
pharmacokinetic profile still further in rats (F% ==33, Cl, =35 ml/kg/min, t,,=1.5 hr). However,
compound 32¢ was found to be highly protein bound (> 99.5% in human and rat plasma) and much
less potent in a plasma shift assay where plasma was added to the binding assay, suggesting that the
attractive pharmacokinetic profile of 32¢ was largely due to protein binding.

In an effort to reduce protein binding, a variety of substituted phenylalanine derivatives were
prepared. The compounds showed excellent potency with a wide variety of substituents on the phenyl
ring. Heteroaryl ring substitution for phenylalanine was also well tolerated. The unsubstituted
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compourd 33 was found to have modest to good bioava.llablhty in all four species (rat, dog, monkey,
and sheep).'® The clearance rates across all speci¢s were moderate, with acceptably long half-lives.
However, protein binding was still high (99.5% in human and rat plasma).

Tetrahydrofuroyl phenylalanine derivatives were also reported to be potent VLA-4 antago-
nists.'® In rhesus monkey, compound 34a exhibited excellent oral bioavailability and low plasma
clearance (F =51%, Cl, = 3 mI/kg/min). Again, protein binding may be a factor contributing to the
apparent low plasma clearance as indicated by a tenfold shift in the ICso which was observed when the
binding assay was run in the presence of 5% plasma. In an effort to reduce plasma protein binding and
improve the specificity for VLA-4 versus &437, a systeinatic study of substitution at the a-carbon of
the tetrahydrofuran ring was undertaken. % The' ether analog 34b was equipotent to the methyl
compound and had a reduced plasma protein binding. However, this reduction in protein binding also
resulted in a significant loss in rat pharmacokinetics (F = 2%; Cl, = 81 ml/kg/min). Substitution with
acyl groups as typified by 34c provided a significant increase in potency and a significant decrease in
protein binding which again resulted in a poor pharmacokinetic profile.

In working with thioprolines, a hypothes1s that one of the three major binding sites in VLA-4 is
larger than that in o4y was supported. 102 When R is large, for example, a 3,5-dichlorobenzene-
sulfonyl group in 354, it is a potent (ICso = 0.3 nM) VLA-4 antagonist but is less active against o,
(ICsp == 306 nM) because the S1 site of o437 is smaller than that of VI.A-4 and unable to accommodate
the large R group, When R is small, such as an acyl group in 35b, the result is a dual VLA-4
(ICsp == 0.20 nM) and 6487 ICs0 = 2.1 nM) antagonist.

The central amide bond that is a common feature in almost all of the reported VL.A-4 antagonists
is also important in maintaining good potency. It was postulated that the amide carbonyl may be
serving as a hydrogen bond acceptor and the amide nitrogen may be serving as a hydrogen bond donor.
To test the hypothesis that the amide bond hydrogen was providing a key binding interaction with
VLA-4 and to move away from peptide-like inhibitors of VL.A=4, a series of aryl amines and
heteroaryl amines were prepared and tested. ' Pyrinudme 36 was found to be potent against VLA-4
(ICsq = 0.4 nM) and its potency was attributed to the aminopyridine hydrogen atom more effectively
mmnckmg the amide N-H rather than binding interactions between substituents on the pyrimidine
ring and the VLA-4. Despite the elimination of the amide bond, the pharmacokinetic profile of
this comogound was poor. Related pyridine, pymmdme, and triazine derivatives afforded similar
results.’

Through systematic modifications at each of the three phenyl rings, the discovery of (TR-14035)
37 as a balanced dual oyf/aBy antagonist was recently reported (ICsq 0sf-/asBy = 7/87 nM), 77108
2,6-dicholoro substitution on the first ring was optimal. 2,6-disubstitution at the distal ring was also
necessary to maintain potency implicating the importance of a twisted conformation of the bipheny!
system. Attempts to replace the metabolically labile methoxy groups resulted in loss of potency.
Compound 37 is highly selective when tested against os0ty, otgtty ttytis, and oo, It has been shown to
be orally absorbed in several animal species, was selected for clinical development, and has
completed Phase I studies in healthy volunteers in Europe. The introduction of alkoxy substituents
at the 4'-position of the biphenyl nucleus of 3‘7 was found to reduce clearance and improve
bioavailability.

The central N~sulfonyl~prolyl group of 32-33 ‘was replaced with cyclic B-amino acids to afford
VLA-4 and tesf; antagonists.'™ One of the preferred compounds 38 inhibited adhesion of Jurkat cells
to VCAM-1 with an ICso of less than 0.5 uM.

D. Unique Structures With Undisclosed Biologicél Dm

“Enamine derivatives were claimed to be potent (ICso less than 1 pM) and selective (no or minimal

inhibitory action on integrins of other subgroups) inhibitors of &4 integrins. 10 The enamines as
illustrated by the general structure 39 (Fig. 5) are clalmedto possess the additional advantage of good
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pharmacokinetic properties, especially low plasma clearance, although no specific data were
provided. Thiapiperidines of general formula 40 are claimed as VI.A-4 antagonists but their potency
was not disclosed.!!! Similar thioprolines or six-membered heterocycles were claimed as inhibitors
of both a,B, and osB7.!1? One or more these compounds 41 were claimed to give an ICso of less than
1 nM in a VCAM-Ig assay.

Recognizing that peptidyl inhibitors are prone to poor absorption, poor solubility, and are subject
to metabolism in vivo (both systemically and locally when administered directly into the lung), efforts
were devoted to disguise the central amide bond as an oxazole. Two-structural classes of isoxazoles
42 wete claimed.''* However, neither the potency nor the PK properties was disclosed. Squaric acid
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Figure 5. Unigue structures with undisclosed biological data.
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derivatives 43 have been reported as inhibitors for both 0B, and «B;.'"* The Het group is an
optionally substituted bicyclic fused ring, heteroaromatic group, benzimidazole, or substituted
isoquinoline.’*~"1¢ The potency of these compounds was not discussed. However, it was emphasized
in both patents that many peptidic and non-peptidic carboxylic acids of therapeutic interest are subject
to high hepatic clearance from plasma. These squaric acids compare favorably with functionally
equivalent integrin binding compounds in which the squaric acid framework is not present because
they are not rapidly or extensively extracted by the liver and have low plasma clearance (Cl, < 10 ml/
min/kg in rats). Pyrimidinyl phenylalanines like the one illustrated in structure 44 are claimed to have
an ICsq less than 100 nM for both 4By in VCAM, VL A-4 Ramos cell assay and o By (MadCAM/
RPMI cell assay).’!”

Approximately 400 examples of inhibitors of o4 integrins were claimed in a patent
application,'*® One of the most potent compounds (ICsy is less that 0.02 pM in VCAM-Ig assay)
was 45 with equal potency to wufy. Tyrosine derivatives of the general formula 46 have been
disclosed.!’® They generally exhibit inhibitory activity against o integrins with an ICs, of less
than 1 pM.

596
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 B-alanine derivatives 47 were claimed as mtegnn inhibitors.'* It is interesting to note that in
47 and 48, the common amide bond is replaced by hetemaryls such as pyrimidines and triazines. The
preferred compounds of 47a generally have ICso Values in the «,B; and aufy assay of 1 uM and
below. Some selectivity was evidentin that in the othér assays featuring o integrins of other subgmups
the same. compounds had ICso values of 50 uM mnd above. The corresponding &-amino acid
derivatives 47h were claimed in a separate patent and are expected to have ICs; values of 15 uM or
less.'! A third variation was claimad as represented by stricture 47¢ which have ICsg value of 1 uM
or less in the 0., and 0,37 assay.** Structures 48a a,t)d 48h represent the specified compound in two
patents, There was no disclosure of specific biologtcal data, but the compounds age stated to display
IC'so values of less than 15 M in the binding assay. #>1%

The central amide bond was replaced by amidme 49 which was specifically claimed and
exemplified by synthesis but with no specific bmlogical data.'®® Novel alkanoic acids are claimed as
LDV mirnics,"*® Compounds are broadly divided intg alkanoic acids linked via an afomatic unit to
a phenyl urea or (2~methylphenylmm)benmxamle Compound 50 is one of the specifically
claimed. Qver 500 mdane derivatives were claimed as VL.A-4 inhibitor with ICs values ranging from
100 nM to 100 M. " ¥The conipounds were assessed in an alrway inflammation animal mode! butno
results wete presented. 51 is one of the five specxﬁcalliy claimed compounds.

B-Ureido~p-pheny] acid derivatives 52 were claimed in a patent application,'** Biological data
were not presented. Fluorenyl derivative 53 was ona of the several specifically claimed VLA4
antagonists from & patent application.'® It is an interesting structure because it locks the two phenyl
ring in a rigid planar conformation while other data suggest that the two distal aromatic rings need to
be perpendicular to each other. However, no biological data were given to assesfss its potential, Fipally,

substituted bxphenylalafﬁne derivatives 54 were clalmed as, a4 mhib;tors 0 Biological data were not
presented, R T

I
[
{
!

3. POTENTIAL LIABILITIES OF VLA-4 INi,‘IIBITION
A Developmenwissuw o : i

Pharmacological antagomsm of VLA—4 during certain stages of development may have dire con-
sequences if the results of gene knockout expenmems are recapitulated. Gene kuockouts of
the integrin a-sublinit or the ligand VCAM-1 in hmpozygous null mice resulted in embryo-
lethality.'*'~'35 This lethality apparently arose from the failure of specific tissue fusion events during
two critical stages of development. Defects in chﬁﬂo-allaﬁtoac fusion in the knockout mice prevented
- placentation, Furthermore, there were defects in epi-myocardial fusion during coronary vascular

* development. VLA-4 and its ligand VCAM-1 have been localized to the chorion and epicardium and
the allantois and myocardium, respectively during cnncal stages of chorio-allantoi¢ and epicardial
myocardial fusion. Inhibition of VLA-4 during these fusion events might be expected to cause severe
disruption of placentation and organogenesis. Initiation| of chorio-allantoic fusion occurs in the
~ mouse at an early stage of development (gestation days GDQ through 10). In humans, the expected
-+ sensitive period for anti-VLA-4 affects on placentation and coronary vessel development would be

early in the first trimester of pregnancy, probably before the prégnancy was confitmed,

~ Results of formal developmental and reproductive tzoxicity studies of VLA-4 antibodies or
inhibitors have not been publisbed, Disription of chotio-allantoic fusion in an ex vivo model of rat
embryo development with VLA-4 antibodies and inhibitors bas recently been reported.'* Barly
“neurulating rat embryos (GD9 and 10) were cultored and eﬁ;cposed to exocoelomic microinjection of
TA2, a VLA-4 blocking antibody, or cultured with a series of potent small tolecule inhibitors of
VLA-4. An inhibitor with affinity only for the an"'—activatad or “high affinity” state of VL.A-4 did
ot cause any defects in chorio-allantoic fusion, whereas the antibody and dual inhibitors of both the
Mn“‘«aauvated and unactzvated or “low affinity” Ca®*, Mgz*astate of VLA caused abnormal
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fusion of these tissues. A dose titration of one particularly potent inhibitor (Mn** ICsq = 70 pM; Ca®*,
Mg+ ICso = 60 pM) had a no effect level (NOEL) of only 156 nM. The activation state selectivity of
inhibitors, the contribution of protein binding, and further developmental issues were also discussed.
This ex vivo model is not a replacement for in vive studies since there are neither maternal barriers nor
mechanisms for clearance of the compounds; the embryos are literally awash in inhibitors. Thorough
developmental and reproductive toxicity studies are necessary to convincingly assess the potential for
embryonic toxicities of VLA-4 inhibition.

B. Effects on Hematological Processes

VLA-4 plays a critical role in hematopoetic development of lymphocytes. =38 VLA-4 s present on
bone marrow-derived hematopoietic cells.'3~'* Likewise, its ligands VCAM-1 and CS-1 are found
on bone marrow stromal cells.'*? VLA-4 and VCAM-1 expression are regulated during skeletal
muscle differentiation and their interaction appears to be important in the generation of secondary
myoblasts.'*> Hematopoietic processes have been blocked in vitro by antibodies to VLA-4 or
VCAM. 4% Inereases (1.5-2-fold) in circulating hematopoietic stem cells have been observed
in vivo after administration of antibodies to VLA-4 or VCAM-1.246"2%° Chimeric mice that are
deficient in the expression of the &, sub-unit also exhibit changes in hematopoietic processes.'>"'>>

It would appear that VL.A-4 plays an important role in the normal development of lymphocytes,
erythrocytes, and myocytes. Transient increases in white blood counts may be of little consequence
given the normal, daily variation. However, the long-term consequences of sustained increases
in lymphocyte counts for any individual are unknown. The impact on normal host defense processes
will need to be evaluated in carefully controlled clinical studies of VLA-4 antibodies and small
molecule inhibitors.

4. SUMMARY

Realization of the therapeutic potential of inhibiting the binding of integrins to their respective ligands
has met with mixed success. Several &,B3, antagonists have proved to be medical and commercial
breakthroughs while others have been withdrawn from further consideration for lack of efficacy and/
or unacceptable side effects. Effective control of coagulation vig inhibition of platelet aggregation
is clearly a delicate balance. It is still too early to assess the clinical potential of o, B; antagonists in
osteoporosis, arthritis, and/or cancer as these vitronectin antagonists are just now eniering more
advanced clinical trials. Likewise, VL.A-4 antagonists are only beginning to enter later efficacy trials
in the clinic. The early success of natalizumab in the treatment of multiple sclerosis and Crohn’s
disease offers hope that inhibition of VLA-4 will be effective in treating these inflammatory
conditions. The contribution of migrating lymphocytes to chronic inflammatory diseases as such may
be found in asthma and arthritis is as yet unsubstantiated in clinical trials. The ongoing studies with
advanced compounds will hopefully affirm the enormous effect that many researchers have con-
tributed to the emerging field of VLA-4 antagonists.
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The Discovery of VLA-4 Antagonists

Jefferson W. Tilley*, Li Chen, Achyutharao Sidduri and Nader Fotouhi

Roche Research Center, 340 Kingsland St., Nutély, NJ 07110, USA

Abstract: Starting with a cyclic peptide of moderate potency as a VL A-4 antagonist, highly potent and conformationally
defined cyclic peptides were developed incorporating a constrained tyrosine and an achiral Asp-Pro spacer. N-Acyl
phenylalanine derivatives were also discovered to have VL.A-4 antagonist activity. During the course of development of
this series, we fonnd that the active acylphenylalanines mimic the pharmacophores present in the cyclic peptides and
hypothesized that they bind to the same site on VLA-4. This insight guided our optimization strategy. Based on the
emerging SAR, as well as insights from the recent X-ray crystal structure of the integrin cvP3 bound to a RGD containing
cyclic peptide, we propose a binding model for these compounds.

INTRODUCTION

The integtin VLA-4 (a,B;) interacts with vascular cell
adhesion molecule (VCAM), which is conditionally
expressed on endothelial cells in the presence of
inflammatory cytokines, as well as with the intercellular
matrix protein fibronectin, VL.A-4 is expressed on a variety
of leucocytes including B-cells, T-cells, basophils and
¢osinophils and is involved in the recrujtment, activation and
survival of these cell types. Interest in modulation of the
VCAM/VLA-4 integrin interaction developed in - the
.Hoffmann-La Roche laboratories with the publication of
several papers suggesting that antibodies against VLA-4
inhibited leukocyte trafficking and contact hypersensitivity
in rodents [1-4] and were active in rodent models of
rheumatoid arthritis [5-7], asthma [8,9], and inflammatory
bowel disease. [10,11] Furthermore peptides that mimic the
CS-1 connecting sequence of fibronectin were also known to
be capable of inhibiting VCAM/VLA-4 binding and of
suppressing the development of arthritis symptoms in rats.
{12,13] The later results were particularly encouraging as
they suggested that, like other integrin-integrin receptor
interactions, the VCAM/VLA-4 interaction might be
susceptible to interruption by small molecule inhibitors.
More recently, positive results of two clinical trials of the
humanized anti-alpha4 antibody, Natalizumab, in Crohn’s
disease and multiple sclerosis were published, validating the
potential for alpha4 integrin entagonists in human disease.
[14,15]

CYCLIC PEPTIDES
The publication of an early patent application by the

Tanabe organization desecribing a series of cyclic peptides.

provided us with a starting point for a chemistry effort. In
particular, Tanabe workers indicated that the peptide 1 was
an effective antagonist of VCAM/VLA~4 binding and that
related cyclic peptides inhibited the interaction of the
integrin «5p1 with the matrix protein fibrinogen. [16,17]

*Address correspondence to tlﬁs aﬁthor at Roche Research Center, 340
Kingsland St., Nutely, NJ 07110, USA; Tel: 973-235-4660; Fax: 973-233-
6084; Email: Jefferson. Tilley@roche.com
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Since workers from Tanabe demonstated that VLA-4, like
other integrins known at the time, including «SB1 and
a2bP3a recognized the peptide sequence Arg-Gly-Asp, [18]
we believed that the activity of 1 was associated with this
sequence as well.
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Together with our colleagues at Genentech, we initiated
structure-activity studies on 1 in order to validate the above
assumption and to map the essential pharmacophores
responsible for VLA-4 inhibition. Compounds were assayed
for VLA-4 antagonist activity using a solid-phase, dual-
antibody ELISA in which VLA-4 derived from Ramos cells
was allowed to compete for bound recombinant human
VCAM in the presence of serial dilutions of test compound.
VLA-4 bound to VCAM-1 was detected by a complex of
anti-B1 antibody and HRP-conjugated anti-mouse IgG:
chromogenic substrate (K-Blue). |19] A secondary, cell
based assay was also established in which fluorescently
labeled Ramos cells were allowed to compete - for
immobilized VCAM. As our work progressed, we noted that
we needed to achieve potencies of £ 1 nM in the ELISA
assay to observe consistent sub-uM potericy in the more
stringent Ramos cell based assay where it is necessary {0
disrupt a matrix of interactions across the cell surface.

We established early that the N-terminal FCA-arginine
present in 1 could be replaced with a surprisingly diverse
array of acyl groups. One of the most potent examples of
them was the tyrosine derivative, 2. [20] Our Genentech
coworkers further found that the aspartic acid moiety was
also dispensable and could be replaced with a variety of
amino acids and linear spacers. For ¢xample, the alanine
analogue 3 is equipotent with the initial lead compound.
Taken together, our structure-activity studies suggested that
a free carboxylic acid at the C-terminus, one of a variety of
N-acyl groups and a hydrophobic moiety, represented by the
thiaproline in 1 and the prolines in 2 and 3, were essential
pharmacophores.

We were intrigued by the possibility of incorporating
these results in the design of Asp-Pro dipeptide replacements
that intregrate both a hydrophobic portion capable of
mimicking the proline interaction as well as a suitable spacer
to maintain the appropriate geometry and conformational
constraints of the cyclic peptide ring system. Cyclic peptides
related to 1 are rather well defined conformationally. For
example, NMR studies of 1 revealed that although the
position of the N-terminal residue was indeterminate, the
ring is well defined, forming essentially two families of
conformers, which differ only in the directionality of the
disulfide linkage as shown in Fig. (1a). The ring system is
nearly planar with the two amide bonds within the ring
oriented perpendicular to the ring plane in opposite
directions to minimize the net dipole. As a consequence,
both are highly solvent exposed. ‘

Since the ring conformation seems well conserved, we
were primarily concemed with the positions of the
hydrophobic groups relative to the exocyclic bonds leading
to the N-terminal residue and the C-terminal carboxyl group
which are defined by the ring geometry. Thus, we modeled
analogues by displaying a single member of the most
populated conformer family of 1 and manually building in
potential spacers using the molecular modeling package
Sybyl. Each new structure was minimized, subjected to a
short molecular dynamics run and reminimized using the
maximin function within Sybyl., The suitability of individual
mimetics was evaluated visually by inspecting their overall
effect on ring conformation.

Tilley et al,

As a result of this effort, a series of 1-(aminoalkyl)
cyclopentane carboxylic acids was designed as easily
accessible, achiral dipeptide mimetics. As illustrated in Fig.
(1b), modeling experiments suggested that a derivative
incorporating the 1-(2-aminoethyl)cyclopentane carboxylic
acid linker, 4 offered the best opportunity to preserve the
ring conformation. Incorporation of shorter spacers caused a
considerable shift in the key vectors and thus changed the
relationship between the critical N-terminal tyrosine and the
C-terminal carboxyl group. Thus a series of homologous 1-
(aminoalkyl)cyclopentane carboxylic acid spacers was
synthesized and incorporated into analogues of 3. As shown
in Table 1, the data support the modeling predictions that the
aminoethyl derivatives 4 and 6 are preferred over their
homologues 5 and 7. [21] It is interesting to note that while 1
has a 14-membered ring, the ring in analogue 4 is one atom
smaller.

An additional finding by the Jackson group at Genentech
was that incorporation of a constraint in the N-terminal
tyrosine provided an additional enhancement in potency as
exemplified by 8, which consists of a mixture of
diasteromers. [20] Incorporation of this constraint into the
peptide mimics described above led to the syrithesis of 9
which had the expected enhancement in potency. Since 9
represents a relatively compact, low molecular weight
structure with only three independent chiral centers and three
amide bonds, we were intrigued to explore whether it could
be further manipulated to improve its drug-like properties.
We hypothesized that replacement of one of the sulfur atoms
in the cyclic disulfide with a carbon atom, together with
modification of the N-termihus of the cyclic core would
reduce the metabolic liabilities that may be associated with a
structure such as 9, while retaining the desired biological
activity. We also reasoned that since the geometry of the
disulfidle may be different from that of a thicether, the
overall ring size might also affect the activity. However,
molecular modeling suggested that carbon replacement
would have minimal impact on the N- and C-terminal
vectors as well as the position of the cyclopentyl moiety. We
were thus encouraged to prepare the thioether analogues 10,
incorporating the best features discovered so far to determine
their effect on the VCAM/VL.A-4 interaction.

b.

Fig. (1). () Overlay of the two most populated conformer families
of 1 as determined by NMR. Of 42 lowest energy conformers, 28
are represented by the green structure and 13 by the grey. The
major differences among family members are in the position of the
N-terminal residues which are not shown. (b) Overlay of the NMR
structure of core ring system of 1 (green) and two spirocyclic
systems where - the Asp-Gly is substituted with I-
(aminomethyl)cyclopentane carboxylic acid (light grey) er 1-(2-
aminoethyleyclopentane carboxylic acid (orange).
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Table 1. Structure-Activity of Cyclic Peptide Derivatives with Asp-Pro Spacers.

¢
$=35 OH
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The results of this study are summarized in Table 2.
Replacement of a single sulfur atom by carbon, without
altering the ring size resulted in only a relatively modest
decrease in potency. More interestingly, there was 2
significant difference between the effects of substitution of
the N-terminal sulfur atom and the C-terminal sulfur. In fact,
the thioether 13 was at least 5 fold more potent than its

positional isomer 11, while only 4-5 fold less potent than the
parent disulfide 9 in the ELISA assay. [22] A similar trend is
evident in the cell-based assay, although the differences are
more pronounced. It is possible that the C-terminal sulfur
atom makes a key hydrophobic contact with the receptor,
and consequently, its replacement with a carbon atom results
in a suboptimal interaction.
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}Table 2. Activity of Cyclic Thioethers VCAM/VLA-4 Assays.
OH
. ﬂ o
x’\(u\on
O, NH
(o] (o)
Solid Phase Assay Ramos Cell Assay
No. X bl
ICsp (M) ICsp (M)
9 _ 88 0.1 ) 1.5
1 CH,S _ 2.7 220
1_2 _ CHSCH, 35 -
13 SCH, 05 20

These cyclic peptides are highly polar, likely a
consequence of the conformation of the ring system placing
the amide bonds in a highly solvent exposed orientation.
Pharmacokinetic studies of selected compounds from this
class indicated that they were rapidly cleared and would not
be useful as orally active drugs. However, we were interested
in exploring this series further as possible inhaled agents and
to better define the potency limits achievable with a small
molecule VLA-4 antagonist. To this end, we elected to
investigate a stereo defined synthesis of the constrained
tyrosine and its incorporation into analogues of 9. An
efficient synthesis of (28,3R)-3-(4-hydroxyphenyl)proline 18
was developed employing as a key step, a sterco selective
Michael addition of the Schollkopf reagent 15 to the
hydroxyphernyleinnamic ester 14 as shown in scheme 1. 23]

This intermediate was employed in the synthesis of 20 and a
similar route was used in the preparation of 21-23.

Assay data for this series of compounds is shown in
Table 3. From this data, it is readily apparent that (+)-trans-
isomers 20, 22 and 23 are highly preferred over the ()-cis-
and (-)-traus- isomers, independent of the nature of
substitution on the N-términal nitrogen. The activity is
rematkably sensitive to the presence of the 4-hydroxyl
group. For example, the corresponding phenyl derivative 24
is more than 300-fold less potent than 20 in the Ramos cell
based assay. Compounds 20, 22 and 23 represent the most
potent VLA-4 antagonists we have seen and represent a
benchmark for our small molecule program.

In order to utilize this information in future design
efforts, it would be necessary to localize the tyrosine
hydroxyl group with respect to the key pharmacophores
incorporated into the ring system. In an attempt to derive this
information, we examined 20 by NMR. The seventeen
lowest energy conformers are shown in Fig. (2a). As
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Table 3.
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Effect of Stereochemistry of Constrained Tyrosine Derivatives on Potency as VLA-4 Antagonist Activity.

OH
0
N R S____s/\HLOH
/
o 0
H

11011

Compd Stereoisomer R ELISA ICs nM Ramos ICy aM
L : - 34 e 65
19 ®)-cis Ac 1.70 » 32
20 (+)-trans Ac 0.14 0.24
21 (-)-trans Ac 17 24
22 ‘ (H)-trans H 0.19 0.15
23 - (M)-wrans Pivaloyl 0.14 0.18

anticipated based on our results with 1, the ring system is
conformationally well defined. Although the N-terminal
residue has essentially free rotation about the exoeyelic N-C
bond, the position of the tyrosine hydroxy! group falls into a
fairly narrow region relative to the other key pharma-
cophores. The effect of adding the constraint to the tyrosine
is highlighted by comparison with the unconstrained
analogue, 6 as illustrated in Fig. (2b). Careful examination of
the S-membered ring of the constrained tyrosine moiety
reveals that it too exists in at least two rapidly interchanging
conformations, which are not reflected in the conformations
shown in Fig. (2a).

E 1t

This work demonstrated that molecules of MW <600 are
capable of exquisitely potent VLA-4 antagonist activity.
Large potency gains are possible by optimizing the N-
terminus of these molecules, but lacking additional
information, development of a detailed understanding of the
three-dimensional relationship of the pharmacophores is

extremely challenging. In the next section, we will describe
our efforts to apply these leamnings in the context of the
acylphenylalanine class of VL.A~4 antagonists.

ACYLPHENYLALANINES

At the same time the SAR studies on the cyclic peptide
leads were initiated, and guided by the belief that the
argining and aspartic acid were important residues that
constituted the binding epitope, we searched our collection
for compounds that incorporated the elements of a guanidine
and a carboxylic acid separated by a spacer. As shown in
chart 2, the acid 25, which had been prepared as a member of
a series of intereukin 2 antagonists, [24] was found to be a
weak VLA-4 antagonist, ICso 7 pM. Since we had access to
a large number of related compounds, we were able to
quickly establish that the guanidine did not contribute to the
activity and that potency could be improved by variation of
both the N-acyl and the 4-substituents. The thiaproline and
proline analogues 28 and 29 were prepared in recognition
that the acylphenylalanines might be interacting with the
same binding site as the cyclic peptides. Combining these
modifications with the 4-carboxypentynyl- substitution
present in 27 led to the relatively potent inhibitors 30 and 31.
The sensitivity of potency to the structural features
mentioned and consistency of these results provided us with
confidence that the acylphenylalanines constituted a bona
fide lead series.

To facilitate our SAR studies, we divided the lead
molecule into three parts as shown in Fig. (3) and clioose to
investigate the “N-Cap”, the “Core” and the “Distal” regions

r s>



1514 Current Topics in Medicinal Chemistry, 2004, Vol 4, No. 14
N

Fig. (2) (2) Overlay of the 17 lowest energy conformers of 20 as determined by NMR. (b) Overlay of the 20 low energy conformers of 6. In
both Fig.s, the black balls represent the location of the tyrosine oxygen atoms.

separately. SAR studies on the “Core” as summarized in Fig.
(4) indicated that this portion of molecule is very sensitive to
modification. The carboxylic acid and S-stereochemistry are
absolute requirements for activity and substitution of
hetereocyelic rings for the phenyl or addition of an alkyl
group to either the alpha- or beta-carbons of phenylalanine
led to a marked reduction in potency. Alkylation of the
amide nitrogen atom also led to a loss of activity, but since
this substitution has significant conformational effects, as
indicated by our molecular modeling experiments, we were
unable to conclude whether the amide NH was playing a role
in receptor recognition.

We focused next on “N-Cap” optimization and chose to
incorporate building blocks selected from a set of readily

2o O,

27, XCSO 0.64 }I.M

- 25 g0 7 pM

/

26 lC5o 1.4 }I.M

N
LA

available low molecular weight carboxylic acids as shown in
scheme 2. The N-Fmoc-4-substituted phenylalanines,
selected from intermediates available from our IL-2
program, were coupled to Wang résin under standard
conditions. After removal of the protecting group, the
carboxylic acids were coupled to the free amino group of the
phenylalanine  derivatives under standard conditions,
followed by acid cleavage to provide 68 analogs of N-
acylphenylalanine.

Compounds which had an average of greater than 80%
inhibition at 10 pM and MW < 500 were selected for ICs
determination. The results indicate that both N-aroyl (37 and
39) and N-alkanoyl (35 and 36) analogues of phenylalanine
showed mid-nanomolar inhibition. The most potent

7
COH

CO,H

AN .

e gl
< i
<N N *COM

30 X == C.‘I“!z, ICSO O.ZS;LM
31 X = § 1Cs, 0,14 pM
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28 X =8, 1Cs00.67 M
29 X= CHz, ngQ 0.52 }IM

Chart 2. Early discovery work in the acylphenylalanine class of VCAM/VLA-4 antagonists.
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Fig. (3). Regions of the acylphenylalanine system considered separately for lead optimization.
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Fig. (4). Summary of siructure-activity siudies carried out on the acylphenylalanine core.

compound from this library was 35, which was derived from
N-benzylpyroglutamic acid, with an ICs, of 46 nM.
Combination of this acyl group with the 4-hexynoate
substituent gave 40 with an ICso of 20 nM. [25] This “N-
cap” was incorporated into our first generation of libraries
intended to explore the “distal” region.

One intermediate, the 3-hydroxymethyl analogue 42
prepared as part of our follow up to this work, yielded an X-
tay crystal structure shown in spacefilling form in Fig. (5b).
This structure represents a low energy conformation that
may reflect the bioactive conformation of compounds related
to 35. Interestingly, a comparison of the X-ray structure of

42 with the most populated ring conformer of the cyclic
peptide 1 revealed a high degree of overlap with the 5-
membered proline and pyroglutamyl rings and the carboxyl
groups. In this overlay shown in Fig. (5¢), the phénylalanine
benzene ring extends to the area of the disulfide bond of 1.
This finding supports our hypothesis that the cyclic peptides
related to 1 and the acylphenylalanines under investigation
bind to the same site on VLA-4.

Combining our earlier observation that the disulfide is
sensitive to substitution and herice, could be involved in
binding with the observation that the benzene ring of the
acylphenylalanines is intolerant of even conservative

R2 R.2

1.R,CO,H, HETU,

DIEA, DMF
2. TFA -
fo) OH
O §e
Q
° R0

Series:
aR= = O(CH,)4CH;
bh.R2= {CH2)3CO2H
eR*= s (CH3)3C02CH3

Scheme 2
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Table4. Inhibition Activity of VA4 Antagonists.
Compd R; R; VCAMNLA—4 ELISA
% Inb (10 uM) 1Cq (M)
34 O =N wm O(CH,)4CH; 90 0.87
CH; /
35 Q"\ __/ — O(CH;):CHa 97 0.046
@
36 H,N \D‘\H/ = (CH,)3C0,CH; 99 0.135
N
CH;O/
k7] H2N802-—©— = (CH,), CO,CH, . 9 0317
c &
I
38 I /> - —t— (CH,)CO,H 80 0.187
CH;
CH,
39 — O(CH,),CH; 0.245
CHy CH
40 ~/ === (CH,),CO;H 0.020
o 3
8
)
41 HaN I === O(CH2)4CHs 0.060
N
CH,0”

¥
e X £

v 7
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C.

Fig. (5). (a) Structure of 42. (b) Spacefilling view of the X-ray crystal strudture of 42. (c) Overlay of one of lowest energy
conformational families of 1 with the X-ray derived conformation of 42.

changes led to the conclusion that these moieties do
contribute to the overall binding energy and are not mere
scaffolding. If this conclusion is correct, then the 3- and 4-
positions of the phenylalanine benzene ring point to the
region of the N-terminal group present on the cyclic peptides
which is critical for high potency. Base on these
considerations, we focused our efforts into exploring and
optimizing these substitutions.

A sample of some of the phenyl ring substitutions that
were explored is shown in Chart 3. One of the most

0=
Ra, Rs
Q
. i -l
NS
0 0
T ROl
R—t R—§— N NS
Il R
0
0
O;EN(Y vj Y

5_4
Chart 3. Compilation of phenylalanine substituents explored
during SAR studies.

interesting groups of compounds to emeérge from this effort
was the benzoylamino derivatives. For this series,
substitution in the 4-position is preferred over the 3-position.
[26] The data indicate that a number of these compounds
combine sub-nM ICses in the ELISA assay with low nM
activity in the Ramos cell assay. The most potént compounds
feature an electron deficient aromatic rings with at least one
bulky ortho substituent. The presence of these elements is
more important than their identity. For example the 2-nitro-
(43), the 2-methoxy-5-nitro- (44) and the 2,6-dichloro- (45)
analogues all have similar profiles [27].

Table5. Activity of N-benyzlpyroglutamyl Phenylalanine
Derivatives.
Compd ELISA IC50 nM Ramos Cells IC50 nM
43 _0.87 33
44 0.82 28
45 0.37 12

Development of an ex vivo binding assay based on our
standard ELISA assay enabled us to readily quantitate blood
levels. To our disappointment, this assay procedure revealed
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b. | c.

Zm

Cl

OH

CHy

Fig. (6). 2) structure of 46-48. b) Spacefill model of the X-ray crystal structure of 46. ¢) Overlay of modeled structure of the cyclic peptide 1

 47), and 48.

that compounds related to 43-45, all exhibited rapid
clearance from mouse plasma after iv administration. More
detailed experiments with one member of the series revealed
that the molecule was cleared intact in the feces, suggesting
that rapid metabolism was not the problem. All of these
compounds are quite polar with LogD values around -2 at
pH 7.4. Evaluation of a variety of compounds incorporating
some of the other “distal” groups shown in Chart 3 in an
attempt to increase lipophilicity without seriously
compromising potency led to several compounds with lower
molecular weight and higher LogD, but little improvement in

clearance. Thus we concluded that the required carboxyl
group and the N-benzylpyroglutamic acid moiety itself was
at least partly responsible for the observed fast clearance.
This result prompted us to explore further optimization of
“N-Cap” region of the molecule through the incorporation of
more lipophilic acyl groups.

To this end, compounds 47 and 48 were designed based
on the hypothesis that an intramolecular CH-zn interaction
may facilitate the N-acylphenylalanines adoption of a gauche
(=) . conformation which mimics the core structure of the
potent peptide VCAM/VLA-4 inhibitors such as 1. The

Table 6. VCAM/VLA-4 Binding Inhibition of  N-[(l-alkyDcycloalkanoyl]-4-[((2,6-dichlorophenyl)carbonyl)amino]-L-
phenylalanine Derivatives.
Compd R ELISA Ramos
ICx M ICs nM
Me
49 % 1.0 134
MeO
50 \/é 0.26 i2
MeD
51 \/2§ 0.61 17

x
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(Table 6. Contd....

Compd R ELISA Ramos
ICs nM 1Cs sM

MeO

52 \/\/6 0.32 29
HO.

53 \/\6 0.50 27
NC

54 \/\/é 0.52 39

¢ .
55 H ,\/é 1.1 150
MeS .
56 \/6 0.29 62
Me(, 3

57 \/6 0.8 75
Me0,8

58 1.8 528
MeS

59 \/\/é 1.1 94

Me028
60 \/\/6 0.15 8

published X-ray crystal structure of N-phenylacetyl-L-
phenylalanine (46) features a gauche (-) conformation of the
phenylalanine and an edge-to-face interaction between the
two benzene rings as shown in Fig. (6). [28] The methylene
hydrogens of 46 were morphed into a cyclopentane ring and
the resulting compound 47 was minimized using the Sybyl
molecular modeling program. Both 47 and 48 proved to be
potent VCAM/VLA-4 antagonists prompting us to expand
the series to look more carefully at optimization of the “N-
caps™. [29]

The structure and activity of a selection of the
homologous cycloalkyl [30] derivatives that were prepared
during the course of this effort are shown in Table 5 and the

aryl [31] derivatives are depicted in Table 6. Many of these
compounds are very potent and these results demonstrate
that VLA-4 antagonists accommodate a variety of acyl
substitutents on the phenylalanine nitrogen. Some of these
compounds have the anticipated improved clearance. The
pharmacology of these compounds will be described in detail
in future publications.

In order to provide more insight into the observed
structure-activity relationships, we obtained crystal structures
of the intermediate methyl esters 83 and 84 shown in Fig. (7)
as space filling models. These structures are consistent with
our general hypothesis that the acylphenylalanines adopt a
gauche () conformation that mimics the pharmacophore



1520 Current Topics in Medicinal Chemistry, 2004, Vol 4, No. 14

Al

Table7. VCAM/VLA-4 Binding Inhibition of Nearoyl-4-[((2,6-dichlorophenyDcarbonylamino]-L-phenylalanine Derivatives.

Cl
f
Cl 0
N OH
Rl
R
g | P
" Compd R R ELISA Ramos
1Cs uM 1Cs nM
61 Br H 049 45
62 OCH; H 8.6 6,800
63 NHCH; H 1.9 1,000
64 ~ CFs H 16 650
65 SCH;, H 0.40 100
66 SO,CH; H 33 160
67 C(CH)s H 1.9 74
48 CH, 6-CH, 13 84
68 CH; 6-C;Hs 030 10
69 CH; 6-n-CsHy 0.42 17
70 CH; 6-i-C3Hy 1.2 23
7 CH; 6-F 0.44 85
72 CH, 6-Cl 0.30 12
73 CH; 6-Br 0.20 9
74 i-CsHy 6-i-CaHly 11 460
B ¥ 6-F 2 67
76 F 6-CF 0.40 85
771 Cl 3-CH; 14 1,300
78 cl 5-CH, 11 460
79 Cl 4-OH 046 33
- 80 c1 4-OCH; 1.9 350
81 cl 4-S0,CH, 0.25 9.5
82 cl 4Br 1.60 1,300

displayed by the cyclic peptides. There have also been a
number of publications from other laboratories on VLA-4
antagonists from the acylphenylalanine class [32].
Compounds 84-87 [19,32-33] constitute a representative
selection of key structures and emphasize the diversity of
substitution tolerated on both the phenylalanine nitrogen and
4-positions. We have not yet succeeded in finding the elusive

hydroxyl binding site observed among the cyclic peptides
related to 4 even though the search drove much of our
exploration of diversity in the acylphenylalanine ¢lass. It
remains to put these observations into the context of integrin
structure and attempt to draw conclusions that may be useful
in guiding the design of future antagonists.
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Fig. (7 (a and ¢) Structures of 83 and 84. (b and d) spacefilling representation of the X-ray crystal structure of 83 and 84 respectively.

It has long been hypothesized that integrin ligands bind at
the interface between the alpha and beta chains. Recently the
structure of a complex between the integrin avB3 with a
cyclic peptide containing the signature Arg-Gly-Asp motif
became available. This structure confirms that the ligand
bridges the heterodimer with the aspartic acid moiety
associated with a metal ion in the MIDAS-like domain
on the B-subunit and the guanidine of the arginine binding

two aspartic acids within the B-propeller domain of the a-
subunit [34].

We hypothesize that ligands for VLA-4 bind in a similar
manner to the RGD mimics. Thus the requisite carboxylic
acid present in all peptide and phenylalanine antagonists
could interact with a metal ion in the MIDAS-like domain on
the beta chain. This domain could further provide an
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1. INTRODUCTION

1.1 General Aspects and Overview
Biaryls (Ar!-Ar2) and their homologues such as teraryls, oligoaryls and polyaryls are an important class of
. organic compound; the biaryl unit is represented in several types of compounds of current interest including
i natural products, polymers, advanced materials, liquid crystals, ligands and molecules of medicinal interest. In
view of the tremendous importance of biaryls, a number of catalytic methods for forming these molecules from
two monoaryl precursors in a cross-coupling reaction have been developed over the last two decades.
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basic nature. There dre however, a few isolated examples where aryllithiums have been used
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" This Report will review the development of modern catalytic methods in biasyl synthesis and wil provide &

ofl 45 réparting methods which have not yet found

The four most. commonly used catal

‘Suzuki reactions. These reactions enable the preparation of both symmetrical and unsymmetrical biaryls in o

cross-coupling reaction anid invariably procesd using either nicks! or palladium catalysts. )
“The Kharasch reaction began to achieve importance as's method for biaryl synthesis in the mid to laté
‘ 5X, X = halogen) is generally reacted with an aryl

19705, In this reaction an aryl Grignard reagent (AriMgX, X en) is | 1 an ary
** halide (Ar2X) in the presence of an appropriate catalyst t yield the biatyl (Arl-Ar?). Other functionalised

' Gl gent in this reaction, for example, phenolic derivatives such as triflates,

% asyls can also partrer the Grignard re

mesylates and ethiers have been used as well as thiophenolic derivatives such as sulphides and sulphones. One

disadvantage of the Kharasch reaction is that the polar nature of the Grignard reagent precludes the use of

several types of functional groups in the coupling partner such as aldehydes, ketones, esters snd nitro groups.
“The Negishi reaction utifises arylzinc reagents (Ar'ZiX, X = halogen) and ary! halides or wifiates (Ar2X, X
= halogen or triflate) and began to. assume importance in the mid 1970's. Uniike the Kharasch reaction,

‘. functional groups such as aldehydes, ketones, esters, aminies and nitro groups ede are tolerated in the coupling
partner of the arylzing reagent. Although arylmagnesium and arylzinc reagents are precursors to biaryls in the

i reactio {lithiums afe not generafly used due to their highly polar and
‘ : successfully in
o8 illusttated by the formation of compounds 1-8 (Seheme 1).}4
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~ In the fate 1970 the Stille reaction started to be used in biaryl synthesis and this reaction uses

arylstannanies (ArlSnR3, R = Me, Bu) and aryl halides or triflates (Ar%X, X = halogen or triflate) as the

" coupling pariners. This reaction is extremely versatile, proveeds under neutral conditions and can tolerate 2 -

wide range of substituents on both coupling partners. ‘Thus, substituents which are not compatible with the
] and Negishi reactions are often tolerated in the Stille reaction. The major disadvantage of the Stille

' reaction is the toxiclty of the organotin reagents and byproducts.

- 'The early 19805 saw the advent of the Suzuki reaction. The Suzuld reaction, like the Stille reaction, has
proved extremely versitile and has found  extensive! use in natural product synthesis. Boronic acids
[ArB(OH),] are the usual substrates in this reaction together with aryl halides of triflates (Ar2X, X = halogen
or triffate) although esters of boronic acids and arylboranes are ffequently used. -
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1.2 Catalysts and Catalytic Cycles

Numerous palladium and nickel catalysts have been employed in the Kharasch, Negishi, Stille and Suzuki
reactions. The catalyst is frequently added as a metal(Il) complex from which the catalytically active metal(0)
species is generated in situ. The palladium(0) complex, Pd(PPh3)4 is one example of a preformed catalyst
which has found widespread application in cross-coupling reactions. Palladium black has been successfully
used as a catalyst on several occasions and water soluble catalysts have been developed for cross-coupling
reactions in agueous solution. Metals possessing chiral ligands have been used for the preparation of biaryls
with axial chirality (atropisomers).

Most catalysts are associated with arylphosphine ligands and one of the consequences of using such ligands
is the formation of 'scrambled’ products in which the aryl group of the phosphine ligand has become
incorporated into the product. In most cases this is not a major problem but two examples where considerable
'scrambling' has been observed in a Stille reactiont and a Suzuki reaction® are illustrated in Scheme 2.
Arylphosphine ligands are often responsible for chain termination reactions in the synthesis of polyaryls and
“igandless' catalysts have therefore been advocated for use in polymerisations.6

Other side reactions which are sometimes encounted to varying extents are homocoupling reactions and
reductions and these reactions will be discussed at relevant points in the text.

The structures of ligands contained in this Report are given in Section 8.

MeO MeO
Q SnMe, Br—@—OMe ——— Ar
Pd(PPh3)4

Ar = 4-MeOCgHy; 22% +
Ar=Ph; 55%

O\I .
B e e o
MeQ  OMe

Pd(PPh3)4/NaCO3  MeO  OMe

Ar=3,4-(QCHy0)CgHy; 54% +
Ar=Ph; 27%
Scheme 2

The catalytic process associated with the Kharasch, Negishi, Stille and Suzuki reactions can be represented
as shown in Scheme 3 which illustrates these reactions with an aryl halide (Ar2X, X = halogen) as one of the
coupling partners in a palladium catalysed reaction. Potential ligands of the palladium(0) intermediates have
been omitted for clarity and the processess depicted in Scheme 3 can obviously be extended to nickel catalysed
reactions and substrates other than aryl halides, for example aryl triffates. When aryl triflates are used, lithivm
chloride is an essential additive in the Stille reaction.

All the reactions shown in Scheme 3 have three common steps; firstly an oxidative addition of the catalyst
to the aryl halide giving an intermediate Ar2[Pd]X; secondly a transmetallation step to yield a diarylated
palladium moiety, Ar2[Pd]Ar); and finally a reductive elimination from the diarylated palladium compound
giving the biaryl product and the palladium(0) catalyst which re-enters the catalytic cycle.
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Pd(0)

Ar2X — Ar2[Pd)X —7L> ' Ar2[Pd]Ar! _l‘... Ar2.Arl

Pd(0) ArlMX

R3SnX Pd(0)

Ar2x — Ar2[Pd]X _72_. Ar2[Pd]Ar] --L. Ar2-Arl

Pd(0) Ar!SnR3

BOH)4" Pd(0)

X
ArX — A2[PdIX 72- Ar2[PdJOH —7L- Ar2[Pd]Arl _L. Ar2-Arl

Pd(0) -OH ArlB(OH);”
Scheme 3
2. THE KHARASCH REACTION

2.1 Chemoselectivity and Regioselectivity

The reaction of 4-bromochlorobenzene with phenyhnagnesmm bromide catalysed by PdPh(PPh3)I gave 4-
chlorobiphenyl 6 (73%) showing that the bromo substituent can be selectively coupled in the presence of a
chloro substituent.” With these reagents and either NiCly or Ni(dppe)Cly as the catalyst the mono phenylated
product 6 (18-71%) has been reported together with the diphenylated product, para-terphenyl 13 (3-37%)
with the mono: diphenylated ratio depending upon the reaction conditions and the reagent stoichiometries. 22.
Tolylmagnesium bromide and 4-bromochlorobenzene gave higher yields (38-87%) of the biaryl 15 with various
catalysts with very little of the corresponding teraryl product being formed (3-12%).8 This Grignard reagent
and 2-bromochlorobenzene afforded only 2-chloro-2'-methylbiphenyl 14 (32-49%).8 The iodo substituent in 4-
fluorcicdobenzene was also selectively replaced with phenylmagnesium bromide in a PAPh(PPh3)I catalysed
reaction giving 4-fluorobiphenyl 8 (74%).7

The preferential replacement of a methylthio group over an isopropylthio group has been reported as
illustrated for the formation of biaryl 9 from phenylmagnesium bromide and the ortho-disulphide, 1,2-
(MeS)(PriS)CgHy in the presence of Ni(PPh3)Cly as the catalyst.? A chloro substituent can also be
selectively teplaced in the presence of an isopropylthio group as exemplified by the formation of all three
isomeric biaryls 9-11 (65-84%) from 1,n-CI(PrS)CgH4 using Ni(PPh3);Cl; as the reaction catalyst.10

In dihaloaryls, where both halogen substituents are in identical chemical environments, it is often possible to
replace only one halogen substituent in the Kharasch reaction. Thus, in a [Ni(triphos)CIJPFg catalysed
reaction, 1,2-dichlorobenzene and phenylmagnesium bromide gave 2-chlorobiphenyl 4 (53%) together with
some of the diphenylated product, ortho-terphenyl 12 (17%).11 Biaryl 4 (79%) has also been obtained from
phenylinagnesium chloride and 1,2-dichlorobenzene with Pd(dppf)Cl, as the catalyst and this Grignard reagent
and 1,3-dichlorobenzene gave 3-chlorobiphenyl 5 (85%) in an analogous reaction.!? Similarly, 1,2-
dibromobenzene and phenylmagnesium bromide gave biaryl 7 (75%) with very little (2-3%) of ortho-terphenyl
12 being formed in a Pd(dppb)Cly catalysed reaction, 13

Examples of the selective replacement of one halogen in heterocyclic dihalo compounds are provided by
formulae 16-18.13-13 Thus, phenylmagnesium bromide reacted with 2,5-dibromo-3,4-dimethyithiophene in the
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presence of PA(PPh3)s giving product 16 (72%),13.138 2-thienylmagnesium bromide and 2,5-
dibromothiophene yielded the bithienyl 17 (53%) in a Pd(dppf)Cly catalysed reactionl4 and 2,6-
dichloropyridine and 2-thienylmagnesium bromide gave the heterobiaryl 18 (55%) with Pd(dppb)Clz as
catalyst.!3 Other substituents besides halogens can also be replaced with some selectively: 1,4-
dimethoxybenzene and phenylmagnesium bromide gave a mixture of 4-methoxybipheny! (33%) and para-
terphenyl 13 (24%) in a Ni(PPh3)2Cl; catalysed reaction. 16

Me Me
' Me
Ph ¢ | |
R R (] N
Br Ci
16 18

4 R=2-Cl 9 R=2-8p¢ 14R=2-Cl

§ R=3-Cl 19RrR=3-8P¢ 15R=4-Cl

6 R=4Cl 41 p=yggpd M

7 R=2-Br _ S S

8 Rosp 12R=2Ph Br
= 13R=4-Ph 17

2,4-Bis(isopropylthio)toluene reacted regiospecifically with phenylmagnesium bromide in benzene at 50°C
[Ni(PPh3),Cly catalyst] yielding biaryl 19 (55%) in which the less sterically crowded isopropylthio group had
been replaced.® A 1:1 mixture of 2-thienylmagnesium bromide and 2,3-dibromothiophene afforded the bithienyl
derivative 20 (82%) with Pd(dppf)Cly as the catalyst whereas with a 2:1 mixture of these reagents the
terthiophene 22 (85%) was produced.}¥ A 3:1 mixture of this Grignard reagent and 2,3,5-tribromothiophene
resulted in the displacement of only the 2- and 5- bromo substituents yielding the terthiophene 21 (89%).14

The 2-bromo substituent in 2,5-dibromopyridine can be selectively replaced as illustrated by the formation
of the heterobiaryls 23 (95%) and 24 from 2,5-dibromopyridine and 2-thienyimagnesium bromide and 1-
methyl-2-indolylmagnesium bromide respectively in Pd{dppb)Cl, catalysed reactions. 13

Br
\ / Br
S Salel®
Spr Me
19

WR=H 22 23 24
21 R = 2-thienyl

2.2 Steric Considerations :

The palladium catalysed Kharasch reactions of mesitylmagnesium bromide and either bromobenzene or
jodobenzene can give good yields of the biaryl 25.3:7.17 With chlorobenzene as the coupling partner, only low
yields of this product are obtained.17.18 Mesitylmagnesium bromide can also be coupled successfully with 2-
bromonaphthalene in a Ni(dppe)Cly catalysed reaction giving biaryl 26 in moderate (45%) yield.!8 Binaphthyi
derivatives such as compounds 27-29 (55-79%) have been prepared from 2-methyl-1-naphthylmagnesium
bromide and an appropriate bromonaphthalene coupling partner using Ni(PPh3),Cly as the catalyst.1?

An excess of phenylmagnesium iodide reacted with 1,8-diiodonaphthalene giving 1,8-diphenylnaphthalene
30 in 70% yield. This reaction occurred in a mixture of ether and benzene at -10 to -15°C with Ni(acac)) as
the catalyst.20

In cases where both coupling partners possess ortho substituents the yields of biaryls are generally not
good. Thus, 2-methoxyphenylmagnesium bromide and 2-bromotoluene gave a fow yield (8%) of biaryl 31 with
0.02 equivalents of Pd(PPhy)q as the catalyst but the yield could be increased to 39% when a stoichiometric
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quantity of this catalyst was used.’ The biaryl 32 was formed (42%) from the reaction between 2-
tolylmagnesium bromide and sulphone 33 in a Ni(acac) catalysed reaction in THF at 200C.2!

R iP l'zNC;l)
Ph
SeRata RSy
Ph
Me

25 Ar=Ph 27R=H 30 31R=0Me 33
26 Ar = l-naphthyl 28R=Me 32R=CONPry
23R =0Me

Several groups have reported the synthesis of the chiral binaphthyl 28 with a range of enantiomeric excesses
(ee's). Early examples used chiral nickel catalysts and gave poor ee's as well as low yieldsi7.22 whereas later
examples gave good ee's (95%) and yields (69-77%).23.24.242 With a chiral palladium catalyst, only low yields
and poor ee's were obtained 2’ ;

Chiral temaphthyls have been prepared from 2-methyl-l1-naphthylmagnesium bromide and
dibromonaphthalenes using & mixture of NiBry and the chiral ligand, (S)-(R)-PPFOMe, as the catalyst.?6 Thus,
this Grignard reagent with 1,4-dibromonaphthalene afforded an 86:14 mixture (74%) of the ternaphthyl 34
(95% ¢¢) and its corresponding meso isomer, and 1,5-dibromonaphthalene gave an 84:16 mixture (89%) of
compound 35 (99% ee) and its meso isomer.

. In an enantio position-selective cross-coupling reaction, the pro-R triflate group in biaryl 36 was replaced by
phenylr;x:gnesium bromide yielding the teraryl 37 (87%, 93% ee) in a Pd[(S)-phephos]Cly catalysed reaction at
~309C.

m

36R=0Tf
37R=Ph

2.3 General Survey of the Kharasch Reaction
The normal coupling partner for a Grignard reagent in the Kharasch reaction is an arylhalide but a number
of other partners have been used. Thus, 2-phenyinaphthalene 38 has been prepared from phenylmagnesium
bromide and the following compounds: 2-methoxynaphthalene 39 [77% yield, Pd(PPh3)yClo?® or
Ni(PPh3);Clp 16 as the catalyst]; tosylate 40 [60% yield, Ni(PPh3)aCla16 as the catalyst]; phosphate 41 [75%
yield, Ni(acac)22? as the catalyst] and the tetrazoy! ether 42 [55% yield, Ni(PPh3),Cl230 as the catalyst]. 1-
. Phenylnaphthalene 43 has been prepared from phenylmagnesium bromide and either 1-bromonaphthalene [91%
yield, Ni(dppe)Clpl® as the catalyst] or 1-methoxynaphthalene [70% yield, Pd(PPh3)yCla2® or
Ni(PPh3)Clp16 as the catalyst]. {-Naphthylmagnesium bromide and bromobenzene also gave compound 43 in
excellent yield (98%) using Ni(dppe)Cly as the catalyst.18 3,4-Dimethoxynaphthalene and phenylmagnesium
bromide afforded 3,4-diphenylnaphthalenc 44 (45%) in either nickel or palladium catalysed reactions.16.28
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Carbamates have also been used as coupling partners with Grignard reagents as exemplified by the
formation of biphenyls 45 (80%) and 47 (73%) from the reaction of carbamates 46 and 48 respectively with
phenylmagnesium bromide/chloride in Ni(acac)y catalysed reactions.3!

The synthesis of 4-methylbiphenyl provides several examples of arylthiol coupling partners. Thus, 4-
tolylmagnesium bromide reacted with both thiophenol and thioanisole in Ni(PPh3);Clp catalysed reactions
giving 4-methylbiphenyl in 62% and 74% yields respectively,’2 and with phenyl ert-butylsulfone giving this
product (80%) in a Ni(acac)y catalysed reaction.21:212 Diphenylsulfide, diphenylsulfoxide and diphenylsulfone
also gave this product (53-74%).32 Homocoupled and reduced byproducts are sometimes formed in significant
quantities when aryl terr-butylsulfones are used as coupling partners with aryl-Grignard reagents 21,212 The
quaternary salt 49 and phenylmagnesium bromide also afforded 4-methylbiphenyl (31%) in a Kharasch reaction
catalysed by Ni(dppp)Cl2®3 and this Grignard reagent and the tetrazoyl ether 50 gave 4-methoxybiphenyl in
moderate yield (49%) with Ni(PPh3)2 as the catalyst.30

Para-terphenyl 13 has been prepared from phenylmagnesium bromide and 1,4-disubstituted benzene
derivatives such as 1.4-dibromobenzene (>80%),34 14-dimethoxybenzene (24%),16.28 the bissulphides 51
(89%),9 and 52 (84%)? and the 1,4-bisphosphate 53 (80%).2% The corresponding 1,2- and 1,3-bissulfide
derivatives of compound 52 also yielded meta-terphenyl (77%) and ortho-terphenyl 12 (67%).% Compound 12
has also been obtained from 2-iodobiphenyl and phenylmagnesium bromide (70-90%) with various nickel
catalysts. 16

Biphenyl has been prepared in high yield from iodobenzene and phenylmagnesium bromide using various
palladium catalysts, including palladium black.35 Phenylmagnesium bromide also coupled with 4-
fluoroiodobenzene giving 4-fluorobiphenyl 8 (92%, PdCly catalyst) and 3-fluoroiodobenzene similarly gave 3-
fluorobiphenyl (85%). However, 2-fluoroicdobenzene decomposed via benzyne formation when treated with
this Grignard reagent.35

Ph R R
O OO Q. O
Ph OMOM NHBoc
38R=Ph 43 44 45 R=Ph 47 B.= Ph

39R=0Me 46 R=0CONEtz 48R~ 0QCONEY

40 R = 0S04(4-MeCgHa)
41 R = OP(O)OEt
ML—O—NMe;' I MeQ
49 5

N\
42R=0 N
Ph

o Ph"N*N“
RS—O—SR (Eto)zP(O)O—Q‘OP(O)(OB}z
51R=Bu 5
52R=pd

Table 1 illustrates some representative examples of the phenylation of heterocyclic compounds with
phenylmagnesium bromide/chloride and other substituted Grignard reagents similarly gave arylated
heterobiaryls. 2-Phenylthiophene has also been prepared from 2-thienylmagnesium bromide and bromobenzene
[Ni(dppp)Cly catalyst, 56% yield] but with chlorobenzene the yield is poor (17%).3% 1-Methyl-2-phenylpyrrole
has been prepared (87%) from bromobenzene and 1-methyl-2-pyrrolylmagnesium bromide in the presence of
Pd(dppb)Cl5 as the catalyst.2 .

. 47
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Table 1. Phenylation of Heterocycles using the Kharasch Reaction

Het-X + PhMgBr/Cl -  Het-Ph

Het X Catalyst __ Yield (%) _ Reference
2-thienyl Br Ni(dppp)Chy 98 36
3-thienyl Br Ni{dppe)Cly 80 37
2-furyl Br Ni(dppe)Cly 82 33
3-furyl Br Ni(dppe)Cly 93 38

Ph .
I| H SMe Ni{dppe)Cly 90 39
Ph” N ’
2-benzothiazoyl SH, SMe Ni(dppp)Cly 79-98 40
. Cl Ni(PPh3)2Cly 70 41
2-pyridyl SH, $Me Ni(dppp)Cly 79-88 40
o OCONEty Ni(acac)z 30-80 31
3-pyridyl Br Ni(PPh3);Cly 54 42
" oTf Ni(acac)y 65 31
! OCONEty Ni(acac) 72 31
4-pyridyl OCONEty Ni(acac)y 81 31
2,6-diphenyl-4-pyridyl SMe Ni(PPh3),Cly 87 43
5/6/7/8-isoquinolyl Br,Cl Ni(dppp)Cla 69-85 44
4,6-dimethylpyrimid-2-yl SH, SMe Ni(dppp)Cly 43-94 40
Ly
NT A
R
R=H SMe Ni(dppp)Cly 68 45
R = protected sugar Cl Ni(dppp)Ciy 40 46
NHTMS
FLJINH Br Ni®PPhy)Cly 15 47
NN
R
R = protected suga

Numerous bithienyl and terthienyl derivatives have been prepared using the Kharasch reaction. These
compounds are often precursors of oligo and polythiophenes which have been used extensively as conducting
polymers. Terthiophenes also exhibit phototoxic properties and have thus received attention because of their
biological activities. Thus, 2,2"bithienyl 54 has been prepared in kigh yield (81-90%) from 2-thienylmagnesium
bromide and bromothiophene in a Ni(dppp)Cly catalysed reaction36:4% and the dimethyl derivative 35 (83%)
has similarly been prepared.48 2 3-Bithienyl (77-100%)36:49 and 3,3'-bithienyl (88%)4 have also been
prepared in nickel catalysed cross~coupling reactions.

Terthiophenes are often prepared from a dibromothiophene and a thiophene derived Grignard reagent and
yields are generally excellent.1449.49% For example, the parent compound, 2,252 -terthiophene 56 (u-
terthienyl) has been prepared (80-86%) in a Ni(dppp)Cly catalysed reaction, 36,48 The alkylated detivative 57
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of a-terthiophene 56 has been prepared in excellent yield (92%) as a precursor to soluble sexithiophenes®® and
other alkylated bi- and terthienyls have been synthesised.5!

“The symmetrical selenium containing biaryl 60 has been prepared (85%) from the bromoaryl precursor 58
and the Grignard reagent 59 in 2 Pd(PPh3)q catalysed reaction.52 Related sulfiir containing heterocycles also
underwent similar nickel catalysed cross-coupling reactions. 52

2,2Bipyridy! has been prepared in low yield (13%) from 2-bromopyridine and 2-pyridylmagnesium bromide
with Ni(dppp)Cla as the catalyst.36

A number of heterobiaryls possessing two different types of heterocyclic ring have been prepared using the
Kharasch reaction. Examples include the thienylpyridines 61 (78%)% and 62 (70%),3 the thienylquinoline 63
(49%)36 and the thienylisoquinoline 64 (69%),5¢ all of which were synthesised from 2-thienylmagnesium
bromide and the appropriate bromoary! coupling partner in nickel catalysed reactions.

Numerous teraryls possessing three different types of heterocyclic ring have been prepared using two
sequential Kharasch reactions,!5 The bisthienylpyridines 65 and 66 have been prepared in a nickel catalysed
reaction in good yield from 2,6-dibromopyridine and 2-thienylmagnesium bromide or 3-methyl-2-
thienylmagnesium bromide as appropriate. These teraryls have been prepared as intermediates in the synthesis
of 'donor-acceptor’ polymers 67,55

S84 R=H S8 R=H
S5R=Me §7R=CjoHy)
S 8
61 2-substiuted 63 4 6SR=H 67
62 4-substituted 66 R=Me

The quaterthiophenes 69 (75%)6 and 70,5! which possess alkyl substituents to enhance solubility, have
both been prepared in a Ni(dppp)Cly catalysed reaction from the dibromo precursor 68 and the appropriate 3-
or S-alkylthienylmagnesium bromide. The quinquethiophene 72 (83%) has been synthesised from the
terthiophene 71 and thienylmagnesiurm bromide in a Ni(dppe)Cly catalysed reaction.5” A number of 'capped'
oligothiophenes have also been prepared.53.58

The Kharasch reaction has beén used in polymer synthesis. Poly(para-phenylene) has been prepared from
1,4-dibromobenzene and magnesium metal vig 4-bromophenylmagnesium bromide using Ni(bpy)Cly as the
redction catalyst in THF at reflux.3% Alkylated poly(para-phenylene) derivatives have also been prepared.5%
1,3-Dichlorobenzene and 4,4'-dibromodiphenylether were similarly polymerised and o-linked polythiophene
has been prepared from 2,5-dibromothiophene using this methodology.50 The bis-Grignard reagent, 1,4-
CgH4(MgBr)3, gave polymer 73 with 2,5-dibromothiophene and polymer 74 with 2,6-dibromopyridine.51.62
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69 R=3-CyaHps 7
70 R=5-CipHas

D AN DO ;
Yy ) n =N
7 73 74

3. THE NEGISHI REACTION

3.1 Chemoselectivity and Regioselectivity

All three isomers of the iodotriflate 75 reacted with a number of arylzinc compounds 76 at the iodo
substituent in a palladium catalysed reaction yielding biaryls 77 (72-88%).63 The pyrimidine derivative 78 gave
biaryl 79 (79%) when reacted with 3-methoxyphenylzinc chloride in a Pd(PPh3)4 catalysed reaction.64 In a
regioselective reaction, 3,4-dimethoxyphenylzinc chloride reacted at the 4-bromo substituent of methyl 3,4
dibromobenzoate giving biaryl 80 (53%) in a palladium catalysed reaction.5

Cl M0 Br
e W T e Wil v Uel
. - MeO CO,Me
R Mes
75 76
77

78R=I 80
79 R=3-MeQCgHy

3.2 Steric Considerations :

The tolerence of the Negishii reaction to steric effects is illustrated by the formation of the biaryls 81
(80%)66:67 and 83 (50%)068 in Ni(PPhy)4 and Pd(PPhs)y4 catalysed reactions respectively. In these two biaryls,
the feft-hand fragment is derived from the corresponding arylzine chloride and the right-hand fragment from
the appropriate aryl iodide. Thus, ortho disubstituted aryl iodides undergo the Negishi reaction in useful yields.
In the former reaction, the imine 81 is not isolated but is hydrolysed to the corresponding aldehyde which was
then used in the synthesis of (-)-Steganone 82. If the corresponding aryl bromide replaced the aryl iodide in the
latter reaction, the yield of product 83 was low (16%).

' rO MeO OMe gf.) MeO OMe : MeO .
0 Me @ @ OMe MOMO OMe
M
C N ,‘.
eHii 0™\
81 83
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3.3 General Survey of the Negishi Reaction

Table 2 illustrates some representative examples of the formation of simple biaryls using the Negishi
reaction. The reactions generally proceed in good yield and substituents such as nitrile, ester and cyano groups,
which are not tolerated in the Kharasch reaction, couple smoothly in the Negishi reaction. In addition to aryl
halides as the usual coupling partner of the arylzinc reagent, other partners such as aryl triflates and
fluorosulfonates have been used,

‘Table 2. Synthesis of Biphenyls using the Negishi Reaction

Rl R2 R R2
O o —

Rl R2 X Y Catalyst _ Yield (%) _Reference
H H Cl  OSOpF  Pd(PPh3)s 95 69
H 4-OMe Cl 0SOoF  Pd(PPh3)4 56 69
H 4-OMe Cl I Ni(PPh3)4 85 70
H 4-CHO cl Br  Pd(PPh3)yCly 92 71
H 4-CN Cl Br Ni(PPh3)4 90 70
H 4-CO9Me Cl Br Ni(PPh3)4 70 70
H 4-NO, cl 1 a 90 70
4-Cl 3-NO; Br OTf  Pd(dba)y/dppf 84 63
2-Me 4-NOy cl Br Pd(PPh3)4 78 72
3-Me 3-Me Cl I Ni(PPh3)4 95 70
2-CN 3-CO9Et Br Br Pd(PPh3)4 93 73
4-CN 4-CN Br Br Pd(PPh3)4 95 73
4-CN 2-CO;Me Br 1 b 84 63
4-CN 4-CO4Et Br 1 Pd(PPh3)y 82 73
3-COaMe 4-CN Br Br Pd(PPh3)4 82 73
4-COoEt 4-CN 1 Br Pd(PPh3)4 30 73
4-CO9Et 4-CO4Et 1 I Pd(PPh3)4 94 73
2-CONMe, 3-COyMe ct OTf  Pd(PPh3)4 81 74
2-CONMey 3-NO; cl OTf  Pd(PPhg)s 80 74

Me
) Jj\Me H o« 1 PA(PPh3)4 7 74
0

" 2-Me cl { Pd(PPh3)q 66 74
" 4-COyMe ¢l I Pd(PPh3)4 70 74
" 3-NO, Cl I Pd(PPh3)g 54 74

4 P4(PPh);Cl, + DIBAL, b Pd(dba)y/ tris(2-furylphosphine

Simple biaryls possessing an amine substituent can also be prepared using Negishi methodology as
exemplified by the preparation of 2-amino-4'-methyl-3-cyanobiphenyl {72% yield, Pd(dppf)Cly catalyst] from
é-iodoanthranilonitrile and 4-tolylzinc bromide,”

The Negishi reaction has been used to prepare a diverse variety of heterobiaryls. In furan chemistry, 2-
furylzine chloride has been coupled with aryl bromides,”6.77 aryl triffates?® and aryl fluorosulfonates? yielding
products of general structure 84 in which the aryl group is a substituted benzene or naphthalene moiety. These
reactions are usually catalysed by Pd(PPh3)4 and give good yields of products. Additionally, 2-phenylfuran has
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been prepared from both 2-iodofuran and phenylzine chioride (91%) and from iodobenzene and 2-furylin
chloride (89%) in Pd(PPhy)4 catalysed reactions.” 2-Furylzine bromide and 6-iodoanthranilonitrile gave the
amine 85 (98%) in a Pd(dppf)Cly catalysed reaction.” \ _
A number of heteroquaterphenoquinones 87 have been prepared from biaryls 86 (X= 0,5,5¢,NR).30 Biaryls

86 (75-79%) were synthesised from the appropriate iodophenot and heteroarylzinc chloride precursors in
Pd(PPhs)y4 catalysed reactions. The arylated thiophene 88 [63%, Pd(PPhi3)4 catalyst] has been prepared from
2-thienylzinc bromide and the appropriate 4-bromoaniline derivative, Compound 88 was subsequently used in
the synthesis of the teraryl 90 in & second Negishi reaction of the arylzinc derivative 89 and 4-
bromonitrobenzene. This teraryl 90 was then used for the synthesis of non-linear optical (NLO) polyimides.8!

A number of 1,3-oxazoylzinc chloride derivatives have been coupled with aryl iodides or triflates in
palladium catalysed reactions.32 For example, 1,3-0xazo-5-ylzinc chloride with either 1-iodonaphthaleas or its
corresponding triflate afforded biaryl 91 in 78% and 83% yields respectively.

The organozinc reagent 92 was coupled in good yield [82%, Pd(PPh3)4 catalyst] with S-hydroxy-2-
iodobenzo[}furan giving the chromium tricarbony! complex of Moracin M 93.83

88R=H N 92 93
89 R = ZnCl Ar = l-naplithyl
90 R = 4-NOsCgHy

The phenylation of indolylzinc halides with aryl iodides has attracted considerable attention. Thus, the
indolylzine halides of general structure 94 (R = CHo0Me, CO9Bu, SOzPh and COaLi) reacted with
iodobenzene in a series of Pd(PPh3)4 catalysed reactions yielding the 2-phenylindole derivatives 95 gerierally in
moderate to good yields, When R = CO5Li, this group is lost on work-up giving the product 95 (R = H).34-36
Organozine reagents 94 (R = SOoPh) have also been reacted with & wide range of substituted 2-pyridyl halides
yielding products 96 in palladium catalysed reactions.87.88 3.Aryl-1-phenylsulfonylindole derivatives have also
been prepared using similar methodology,36 including the thiazole derivative 97 which was the precursor to the
natural product, Camalexin 98.34 ‘

Phenylpyridine derivatives 99 and substituted phenylpyridines have been successfully prepared using the
Negishi reaction usually in good yield?4.89.90.902 and 3.phenylquinoline was synthesised (96%) from 3-
quinoloylzine iodide and iodobenzene with Pd(PPh3)4 as the catalyst.%® The purine derived zinc compounds
100 (R = CHoPh or protected sugar) have been phenylated with iodobenzene (52-80%) giving products 101
using Pd(dba) as the catalyst in the presence of tris(2-firyl)phosphine.?! Substituted iodobenzenes similarly
coupled with compound 100.9!

§o0
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A diverse range of biaryls in which both aryl fragments are heteroaryl groups have been prepared using the
Negishi reaction. The synthesis of heteroaryl substituted indoles has already been discussed above and a further
example is compound 104 which was obtained from precursors 102 and 103 in 47% yield in 2 Pd(PPh3)4
catalysed reaction.92 Biaryl 104 was subsequently used in the synthesis of Eudistomin U 105.

NHCO,Bv
F

ZnCl  Br
N

. N,
SO,Ph SO,Ph
102 103 104 105

The two heteroary! pyrrole derivatives 107 (71%) and 108 (73%) have been prepared from the zinc reagent
106 and the appropriate heteroaryl bromide using Pd(dppb)Cly as the catalyst.2 2-Furylzine chloride and the
appropriate pyridyl triflate afforded biaryl 109 (81%)78 in a Pd(PPh3)4 catalysed reaction and the furylzinc
chloride 110 and 4-chloropyridine gave the fluorescent heterocycle 111 (64%)76 with Pd(dppb)Cly as the
catalyst. The imidazole derivatives 113 [60-93%, Pd(PPh3)4 catalyst] were prepared from zinc reagents 112
(R = Me, CH30Et, SO;NMey) and 2-bromopyridine.3

Teraryl analogues of the selenium containing heterocycle 60 have been prepared in low yield by the Negishi
reaction2 and the teraryl 65 has been synthesised in good yield (76%) from 2-thienylzinc chloride and 2,6-
dibromopyriding in a Pd(PPh3)4 catalysed reaction.?* 2-Thienylzinc bromide also reacted with the
bromopyrimidine derivative 114 yielding the biaryl 115 [35%, Ni(PPh3)4 catalyst] which, after removal of the
TMS groups, gave uracil analogues.%%

2,3"-Bipyridyl (81%) was synthesised from 3-pyridylzinc iodide and 2-bromopyridine in a Pd(PPh3)4
catalysed reaction.89 Pyridylzinc halides have also been coupled with a number of halo- quinolines. Thus, 2-
pyridylzinc bromide and 3-iodoquinoline afforded 3-(2-pyridyl)quinoline in moderate yield (53%) in a
PA(PPh3)4 catalysed reaction and 3-pyridylzinc iodide and 2-iodoquinoline gave 2-(3-pyridyl)quinoline (73%)
with this catalyst.?® Several substituted pyridylzinc halides were reacted with 6-haloquinol-2-one derivatives in
Pd(PPh3)4 catalysed reactions giving a series of substituted 6-pyridylquinol-2-ones (36-96%).%6

The bis-organozinc chloride 116 reacted with bromobenzene in a palladium catalysed reaction giving the
oligomer 117 (87%) and with 1 4-dibromobenzene yielding the polymer 118 (94%). The thiophene analogue
73 of this polymer was also synthesised using a Negishi reaction.97 Substituted o-linked polythiophenes?8-100
and poly(para-phenylene)!% have been prepared using the Negishi reaction. Pyridyl-capped thiophene
oligomers have also been prepared in moderate yield.53



. P. Stanforth / Tetrahedron 54 (1998) 263-303

OTMS
R
Q Q—O o R R—N j’:)j’
™SO N
106 R = ZnCl 110 R=ZnCl 112 X =ZnC1 114 R=Br '
107 R = 2-pyridyl 111 R = 4.pyridyl 113 X = 2-pyridyl 115 R = 2-thieny}
108 R = 3.thienyl
116 R=ZnC]
117 R=Ph

4. THE STILLE REACTION

4.1 Chemoselectivity and Regioselectivity

The thiazole derivative 120 (R = Me) reacted with 4-bromochlorobenzene selectively at the bromo
substituent yielding biaryl 121 (80%) in a Pd(PPh3)5Cly catalysed reaction!®! and the pyrimidine derivative
122 gave product 123 (60%) with stannane 119 (R = Bu) with this catalyst.!V2 The stannane 124 couples
[Pd(PPh3)4 catalyst] selectively with halogenated pyrimidine and purine derivatives in good yield selectively at
the stannyl group in a Stille reaction, and not at the boron mozety in a Suzuki reaction.103,104 The boron-
containing biaryl products of these reactions ave of potential use in 10B neutron capture therapy.

The dibromoimidazole 125 reacted at the 2-bromo substituent with PhSnMeg giving heterocycle 126 (58%)
in a Pd(PPh3),Cly catalysed reaction. 105

Br. __.N
( &sm:,. C )\Q\ Me— }R Bu33n—©— o MeIr«?—R
' Bn

119 X=CH 121 122R~= l i24 125R=DBr
120 X=N 123 R = 2-thienyl 126 R=Ph
4.2 Steric Considerations

A number of ortho substituted biphenyls of general structure 129 have been successfully prepared in
Pd(PPh3)oCly catalysed Stille reactions of the triflates 127 and PhSnBuj or stannane 128.106.107 For example,
triflates 127 (R! = OMe) and 127 (R] = COxMe) gave biphenyls 129 (R! = OMe, RZ = H) (74%) and 129
(R! = COyMe, R2 = H) (87%) respectively with PhSnBusz. However, when the more sterically demanding
stannane 128 was reacted with these triflates, only the former triflate gave a product 129 (R = R2 = OMe)
which was isolated either in low yield (33%) or in moderate yield (49%)198 when CuBr was present as a co-
catalyst. 4-Methy!-2,2',6,6"tetramethoxybiphenyl-4'-carbaldehyde 130 has also been obtained (25%) in a
related Stille reaction.108 Mesityl bromide has been successfully arylated in a Stille reaction!®? and the
phenylation of both 2,4-dinitroiodobenzene and 2,4,6-trinitroiodobenzene has been achieved. 110

It is of particular interest to note that compound 83 could not be synthesised using a Stille reaction whereas
a Negishi reaction gave a moderate yield of this compound and 4 Suzuki reaction afforded a good yield 68
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4,3 General Survey of the Stille Reaction

Arylstannanes possessing a tributyltin or trimethyltin moiety are the most commonly used biaryl precursors
in the Stille reaction, Arylstannanes with fluorinated alkyl substituents have recently been developed for biaryl
synthesis. 11} Arylstannoates, prepared from potassium hydroxide and ArSnCl3 have been used to prepare
biphenyl derivatives in good yield in an aqueous Stille reaction.!12.113 The Stille reaction is often improved by
the addition of copper salts!!4-116 and one explanation for this observation is that transmetallation of the
arylstannane by the copper salt occurs yielding a more reactive organocopper reagent.

The coupling partner of the arylstannane is usually an aryl halide or an aryl triflate. When triflates are used,
lithium chloride is almost always necessary as a co-reagent. Other coupling partners have also been used less
frequently; for example diazonium salts!17 and hypervalent jodine reagents. 118

Of particular current interest is the fact that the Stille reaction is also amenable to solid phase synthesis and
the synthesis of biphenyl derivatives in solid phase reactions has been reported in several recent
publications. 119-121

Table 3 illustrates a selection of Stille reactions which have yielded biphenyls as products. A number of

Table 3. Synthesis of Biphenyls using the Stille Reaction

R R2 R 2 R2
O+ O — OO

Rl R2 R X Catalyst Yield (%) _ Reference
H H Ph Br BnPd(PPh3),Cl 78 122
H H Bu IPh* BF4- Pd/C 95 118
H 4-Me Bu No* BF4 a 59-66 117
H 4-NOg Me I ArPd(PPh3 )1 83 1o
H 4-COMe Me OTf Pd(PPh3)4 85 123
H 4-COMe Me/Bu OTf  Pdy(dba)3/AsPhy  74-82 124
H 4-COMe Bu b c 72 125
4-Cl 4-CHO Bu Br Pd(PPh3)4 75 109
4-Cl 4-COMe Bu Br Pd(PPh3)4 89 109
4-Me 4-CN Bu Br Pd(PPh3)4 92 109
4-Me 4-NO, Bu Br . Pd(PPh3)4 68 109
4-Me 4-COMe Bu Br Pd(PPh3)4 90 109
2-OMe 4-COMe Bu Tf Pdy(dba)3/AsPh3 88 124
4-OMe 4-NO3 Bu OMs Pd(PPh3)4 48 126
4-OMe 4-NO3 Bu OTf Pd(PPh3)4 74 123
2-CHO 4-COMe Bu OTf __ Pdo(dba)y/AsPhy 25 124

a PA(OAc), or Pd(dba)y. b OSO(4-FCgHy). ¢ PA(OAC)y/ PhyPMe
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different palladium catalysts have been used and yields are generally good to excellent. Both 1-
phenylnaphthalene 43 and 2-phenylnaphthalene 38 have been prepared in good yield [Pd(dba);/PPh3 catalyst]
from the appropriate naphthyl triflate and PhSnBu3 127 and the trifiates derived from salicylaldehyde!28 and
substituted ethyl salicylates!29 have also been coupled with stannanes.

Byproducts resulting from the transfer of methyl or butyl groups from the stannanes ArSnMe3 or ArSnBu3
respectively to the coupling partner are frequently observed in the Stille reaction. One illustrative example!30 is
the reaction of the anthraquinone triflate 131 with PhSnMe3 in a Pd(dppf)Cly catalysed reaction which gave a
2:1 mixture (85%) of phenylated product 134 and methylated product 132. With PhSnBujy the reaction was
more selective affording a 4:1 mixture (71%) of phenylated product 134 and butylated compound 133. Other
anthraquinone triflate derivatives were successfully phenylated.

S-Arylninhydrin derivatives with improved chromogenic and luminescent properties have been prepared
using Stille and Suzuki methodologies. In one Stille reaction, bromide 135 reacted with 2-
tributylstannytbenzo[]thiophene [Pd(PPh3)4 catalyst] yielding product 136 (73%).131

0O OH

0
131 R=OTf R
132R=Me R OMe  j3sR=Br
133R=Bu OMe 136 R = 2-benzo[b]thienyl
134 R="Ph ,

Numerous heterobiaryls possessing one heterocyclic and one carbocyclic moiety have been successfully
prepared using the Stille reaction as indicated in Table 4 (following page). The entries listed in Table 4 have
been grouped into two types depending upon whether a heteroaromatic (method A) or carbocyclic aromatic
(method B) stannane precursor was used and generally either synthetic method gave good yields.

The arylstannane, PhSnMe3, has also be generated in sity from bromobenzene and Me3SnSnMes. In the
presence of 2-pyridyl triflate and Pd(PPh3)4 as the catalyst, 2-phenylpyridine (55%) is produced. Other
bromobenzene derivatives also gave moderate yields (35-50%) of substituted 2-phenylpyridines and 3-
bromopyridine and 2-bromothiophene similarly yielded 2,3-bipyridyl (53%) and 2-(2-thienyl)pyridine 61 (63%)
respectively, 138

The Stille reaction has been used to synthesise reaction templates. Thus, the bis-stannane 137 and pyridine
derivative 138 yielded the teraryl 139 [(60%), Pd(PPh3)7Cl; catalyst] which was then converted in three steps
into the template 140. This template was designed to hydrogen bond the substrates 141 and 142 prior to
nucleophilic substitution of compound 141 with compound 142.139

Ph
I
Me;Sn SnMe; AcHN™ °N
137 138
Ph
R
AcHN,_ N, _N
Bn Bn |
| l
0 y NH; HbN 0
141 R=NHy

140 142 R =Br
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Table 4. Synthesis of Heterobiaryls using the Stille Reaction

HetSnR3  + x—@ A . Het—@ q--?m—- HetX + R3Sn—®
Y Y Y

AR Het Y R X Catalyst __ Yield(%) Ref..
A 2-thienyl H Bu IPh* BF4 PdCly 87 118
B 2-thienyl H Bu I Pd/C 77 114
A 2-thienyl 2-COpMe  Bu i Pd(PPh3)aCla 81 101
A 2-fury) 4COoMe  Me I Pd(PPh3);Cly 73 101
A l-methyl-2-pyrrolyt H Me I Pd(PPh3)2Cly 54 101
Me
B 7{ H Bu 1 Pd(PPh3)2Cly 58 132
O\N Me
A / H M I Pd(PPh 80 133
Me,(;&jc e (PPh3)e
A " 4.COMe Me 1 Pd(PPh3)4 100 133
A l-methylimidazol-2-y! H Bu Br Pd(PPh3)2Cly 89 134
A . 2/3/4-CHaR®  Bu Br Pd(PPh3)sCly  24-69  134a
P
by
B Me r:)\f H Me Br Pd(PPh3),Cly 60 105
Bn
Ph
B — 4-Cl Bu CUBr/OTf Pd(PPh3)4 or 7-90 135
N_N Pd(PPh3);Cly
8
A 2-benzo{H]thieny! 4-COPh Bu I Pd/C 60 114
A 2-benzothiazoyl H Bu Br Pd(PPh3)Cly 75 134
B 2-benzothiazoyl H Bu cl Pd(PPh3),Cla 86 134
A 2-benzoxazoyl H Bu Br Pd(PPh3),Cly 75 134
A 2-pyridy! 4-COpMe  Me I Pd(PPh3)2Cly 95 101
B 2-quinolyl H. Bu  OTf  Pd(PPh3)yCly 88 136
B 8-quinolyl H Bu b ¢ 68 125
B 2-isoquinolyl H Bu  OTf  Pd(PPh3)Ch 53 136
N N
B b y H By « PA(PPh3)Cly  73-81 137
RNT TN
H
R=H,NH;

aR = P(O)YOEty. b 0SO4(4-FCgHy). ¢ PA(OAC)y/ PhyPMe

- 5’( |
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Materials for use in the nanotechnology field have been prepared using Stille methodology. The ‘molecular
brake' 144 has been synthesised from the bipyridyl precursor 143 as shown in Scheme 4. The bipyridyl moiety
of heterocycle 144 can coordinate to a suitable metal and thus activate the 'brake'.140

% Pd(PPh3)4

The Stille reaction has been used to prepare a number of arylated quinoline derivatives of medicinal interest
and two relevant examples include the preparation of compound 146 [95%, Pd(PPh3)4 catalyst], an
intermediate in the synthesis of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR) inhibitors, from
triflate 145 and 4-FCgH4SnBu3!4! and the preparation of the anti-bacterial quinolones 148 [5-74%,
Pd(PPh3)2Cly catalyst] from bromides 147 and appropriate pyridylstannanes. 142

Several groups have reported the synthesis of 2-arylated indole derivatives in excellent yields from a 2-
stannylated indole and an aryl halide. 143145 Numerous arylated pyrimidines,102,146.147.147a pyrazines and
pyrazine N-oxides!48.149 have been prepared using a Stille reaction.

Scheme 4

Me. _Me 0
CHO F CO,Et
145 R=OTf l 147 R.=Br
146 R = 4-fluorophenyl 148 R = substituted
N™ R R .
N! pyridyl

A diverse variety of biaryls in which both aryl fragments are heterocyclic moieties have been prepared using
the Stille reaction and some representative examples are shown in Table 5 (following page). The yields of
products are gencrally good to excellent and Pd(PPh3)4 or Pd(PPh3),Cly are usually employed as the reaction
catalysts.

The fused tricyclic heteroaromatic compounds 149155, 150156 and 151'53 have been prepared using the
Stille reaction as shown in Scheme 5. The initially formed biaryls were not isolated but the adjacent aldehyde
or protected aldehyde and substituted amine substituents underwent cyclisation giving the products. Other
isomers of the heterocycles shown in Scheme 5 have also been prepared in a similar fashion,!57.158 In the
synthesis of compound 149, it was noted that the yield was increased from 43% to 78% by the addition of CuQ
and the formation of compound 151 was promoted by the addition of Agy0.
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Table 5. Synthesis of Heterobiaryls using the Stille Reaction

Het!SnR3 + Het2X —» Het!-Het?

Het! Het2 R X  Catalyst ___ Yield (%) Reference
2-thienyl 2-thieny] Bu 1 Pd(PPh3)7Cly 80 150
2-thienyl 2-thienyl Bu IPh* BF4 PdCly 94 18
2-thienyl 2-quinolyl Bu OTf Pd(PPh3)4 7 136
2-thienyl Bu I Pd(PPh3)Cly 7 150

OHCQ“{
2-thienyl Bu I Pd(PPh; )2 Cl 79 150
y ook ,[;)4 (PPh3)2Cly
N N)
2-thieny! i B | P | 76-81 137
eny! " ’LN N u C Pd(PPh3)7Cly 3
H
R=H,NH;
RQ’Q\i 2/3/4-pyridyt  Me Br Pd(PPh3)4 77-82 151
R= Me, By
m Me
Me—y Bu I Pd(PPh3yCl;  84-85 132
X=0S8 Ou?™Me
2/4/5-thiazoyl ~ 2/4/5-thiazoyl ~ Me Br Pd(PPh3)4 59.77 152
Me ,@\{ 3-pyridyl Me Br Pd(PPh3)4 100 133
" 2-quinoloyl ~ Me Br Pd(PPh3)4 92 133
) NO,
2-pyridyl m Bu Br Pd(PPh3)4 51 153
S
2-pyridyl 2-thiazoyl Bu Br Pd(PPh3)4 60 153
2-pyridyl 4-pyridy! Bu Br Pd(PPh3)4 70 153
213/4-pyridyl  2/3/4-pyridyl  Me Br Pd(PPh3)4 5971 154
3-quinolyl 2-pyridyl Me Br Pd(PPh3)g4 79 154

" A’ﬁ
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NHAc Me;Sn

CHo  Pd(dppb)Ch/CuO, 78% N
S HBU3
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CHO NHCOB

N nMe; ! -
‘ * B PA(OYAR0, 24%
\) NHCOBw

Scheme 5
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¥

Pd(PPh3)4, 59%

The Stille reaction has also been successfuilly used in the preparation of teraryls, oligoaryls and polyaryls. In
the thiophene field, a-terthiophene 56 (61%)150 has been synthesised from 2,5-diiodothiophene and 2-
tributylstannyithiophene; methoxy-substituted ter-, quater- and quinquethiophenes have been prepared;15?
thiophene tetramers and seximers possessing 2-hydroxyethyl substituents-have been synthesised as potential
precursors of water soluble thiophene oligomers!60.16] and trimethylsilyl-capped oligothiophenes have been
reported.162 Long-chain alky! and alkoxy derivatives of polymer 73163164 have been reported and thiophene-
containing photorefractive polymers have been prepared.!63 Several types of ‘donor-acceptor’ polymers have
also been synthesised using the Stille reaction. 166

Dihalo- thiophenes, thiazoles and pyridines have been coupled to stannanes derived from furan, thiophene,
selenophene and thiazole yielding a plethora of teraryls.67 Terthiazoles,!52 terpyridines,!68
quaterpyridines'69.170 and oligopyridines! 70 are also available using the Stille reaction.

The Stille reaction has enjoyed considerable success in the synthesis of a large number of natural products
which possess a biaryl moiety. In the formulae which follow, the letters ‘a’ and ‘b’ have béen used to denote
the origin of the aryl-aryl bond in each of the natural product synthesis and the yields refer to the biaryl
formation step. The chiral 9,10-dihydrophenanthrenediol unit 153 of pradimicins and benanomicins has been

. prepared (48-88%) from the precursors 152 (R = Br, I, OTY) in a Pd(PPh3)4 catalysed reaction in the presence

of either (Me3Sn)y or (Bu3Sn)2.1702 One of the R substituents in compounds 152 is converted into the
appropriate stannyl group by the tin reagent and a subsequent Stille reaction then occurs. The pentacyclic
benzo{a]naphthacenequinone natural products G-2N 154 (R = H) and G-2A 154 (R = CO3H) have both been
prepared from a common precursor, ester 154 (R = COyMe), which was synthesised in 44% yield using an
intramolecular Stille reaction.17! In this reaction, the arylstannane coupling partner was generated in situ from
the corresponding aryl bromide with (Me3Sn);. The naphthylisoquinoline alkaloid, Pindikamine A 156 has
been prepared in several steps from the precursor 155 which was synthesised using a Stille reaction,172 A
stanny! analogue of compound 92 has been used in the synthesis of Moracin M 93 82
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152 153

steps
snsismmiiirfi.

2 see text 2~OT¥, b=SnBu3
(Me38n)y/ Pd(PPhz)4, ¥% Pd(PPh3);Cly/ PPhy / CaBr, 63%

In the area of pyridine natural products, Dimethy! Sulfomycinamate 157, the methanolysis product of the
antibiotic Sulfomycin I has been prepared.173.174 The 2-stannylthiazole coupling partner of the pyridine triflate
was prepared in situ from the corresponding bromothiazole in this coupling reaction. Several model coupling
reactions were also investigated. The terpyridyl, Nicotelline 158 has been prepared from 3-bromopyridine and
2,4-bis(trimethylstannyl)pyridine. 134 The quinoline derivatives 159 and 161 have both been converted into the
cytotoxic alkaloid Amphimedine 160175 and the non-natural isomer, Isoasididemin 163,176 of the pentacyclic
alkatoid Ascididemin 162 respectively. The synthesis of compound 161 also provides another example of
chemoselectivity in the Stille reaction; the quinolyl precursor to compound 161 reacted at the triflate group and
not at the 6-bromo substituent. Continuing the theme of quinoline chemistry, the alkaloid Dubamine 164123
and the pyridylquinoline 165177 have also been prepared using Stille methodology. Compound 165 and related
derivatives were prepared as analogues of the anti-tumor antibiotic Streptonigrin.

157 158 159
2=OTf, b=Br(sec ted) a=Bt, b=8nMes a=0Tf, b=8nMe3
(Bu3Sn)y/ PA(PPhs)y/ Pd(PPh3),Ch, 35% PA(PPh3), 48% Pd(PPhy)g, 87%
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N
T
{BuCOHN
Ph
161 162 X=CH, Y=N 165
a=OTf, b=SuMe; 163 X=N, Y=CH a=OTf, b=8nMe3 a<SnMe3, b=OTF
Pd(PPhg)y/ CuBr, 60-64% Pd(PPh3)y, 79% PA(PPh3)4, 67%

The lactones, Schumanniophytine 167 and Isoschumanniophytine 169 have both been prepared from the
pyridylchromones 166 and 168 respectively.!”® The indole alkaloid, Hippadine 172 has been prepared by two

. methods. In one method,}7 the biaryl 170 was prepared using a Stille reaction and was subsequently

converted into Hippadine 172 and in another method an intramolecular cyclisation (68% yield) of a dibromo
precursor in the presence of (Bu3Sn); (which transforms one bromo substituent into a tributylstanny! group)
was used.!30 Pratosine 173 was also prepared from biaryl 170.179 Phenylation of the carbazole triflate
precursor of compound 175 with PhSnMes resulted in the loss of the CO2Buf group giving Hyellazole 174
directl);.sm Micrococcinic acid 176 has been prepared using Stille methodology to form all of the aryl-aryl
bonds. 182

N N
| I
7 ~coMe © B0 O Me 0g0 OlMe
BnO o Me O O._Me
Steps steps
) = b a0 ~Fon I om o
COzMﬁ
OH O OH O
166 167 168 169
a=SuMes, b=br ) #=SnMey, b=Br

PA(PPh3)Cly, 36%

OMe
O
N T
170 R=-CHy- 172 R=-CHj- 174 R=H, 63%
a=SnBug, b=Br a~b=Br (scc tex) 175 R = CO2Bu*
Pd(OAc)y Plo-tolyly B3N, 63% (BujSn)y/ PA(PPh3)Chy, 68% a~0S0,CF3, b=SnMe;
Pd(PPh
171 R=Me 173R=Me Fers
a~SnBuj, b=Br

Pd(OAcYy/ Ploolyly/ B3N, 65%
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176 Micrococcinic acid
5, THE SUZUKI REACTION

5.1 Chemoselectivity and Regioselectivity

Phenylboronic acid reacted with 4-bromochlorobenzene exclusively at the bromo substituent giving 4-
chlorobiphenyl 6 (74%) in a Pd(PPh3)4 catalysed reaction.}®3 Mesitylboronic acid coupled with 2-
chloroiodobenzene (94%) and 2-bromoiodobenzene (56%) [Pd(PPh3)4 catalyst, Ba(OH)g base] giving the
biphenyl derivatives 177 and 178 respectively.!84 Both 3-bromoiodobenzene and 4-bromoiodobenzene have
been coupled sequentially with meta-tolylboronic acid and then phenylboronic acid yielding methylated meta-
and para-terpheny! derivatives respectively in good yield.!35 3-Bromo-5-iodobenzonitrile reacted with 4-(n-
pentyl)phenylboronic acid at the iodo substituent [Pd(PPh3)4 catalyst] affording the bipheny! derivative 179 in
74% yield.136 Other boronic acids similarly coupled with 3-bromo-5-iodobenzonitrile, 186,187 Only a low
selectivity was observed when boronic acids were reacted with 2,5-dibromobenzonitrile in a 1:1 ratio but with
a 2:1 ratio of reactants coupling occurred at both bromo substituents giving terphenyls in moderate yield. 186
Although alky] substituted derivatives of 4-bromophenylboronic acid polymerise yielding alkylated poly(para-
phenylenes), 138 4-bromophenylboronic acid and the iodoaniline 180 gave the biphenyl product 181 in a Suzuki
reaction, 139 One bromo substituent in 1,3,5-tribromobenzene can be selectively replaced by phenylboronic acid
giving 3,5-dibromobiphenyl in 67% yield.13?

Me NC

A

cO
(S
GO,JN'OR ‘

MeR A
1717R=Cl 179 180 R=1}
178 R = Br 181 R = 4-BrCgHy

2,4-Dibromothiophene reacted regiospecifically with both 2- and 3-thienylboronic acids giving the bithienyls
182 (35%) and 183 (65%) respectively in a Pd(PPh3)y catalysed reaction.!90 2,3,5-Triiodothiophene and 2-
thienylboronic acid afforded the terthiophene derivative 184 (60%) in which two of the iodo substituents have
been replaced. 190

The pyridylborane 185 reacted selectively [Pd(PPh3)g4 catalyst] at the bromo substituent of pyridine
derivative 187 in a Suzuki reaction rather than at the stannyl group in a Stille reaction giving the bipyridyl 188
in 86% yield. 191 With 2,3-dichloropyridine and 2,4-dichloropyridine this borane 185 reacted selectively at the
2-positions affording bipyridyls 189 (92%) and 190 (57%) respectively. 19 2, 6-Dichloropyridine can be mono-
arylated with borane 185 giving bipyridy! 191192 and 2, 6-dibromopyridine gave bipyridyl 192 (67%) and 6-
bromo-2,4"-bipyridyl (57%) with boranes 185 and 186 respectively.1%3 2, 5-Dichloropyridine was selectively
phenylated (71%) at the 2-position by phenylboronic acid yielding 2-chloro-6-phenylpyridine in a Pd(dppb)Cl;
catalysed reaction.194.195 In pyrimidine chemistry, the iodo substituent of compound 78 has been replaced in
preference to the chloro substituent in 2 Suzuki reaction using phenylboronic acid 64
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182 R = 2-thienyl 184 185R=3-BEt; 187R=Br 189 R=3-Cl

183 R = 3-thienyl 186 R=4-BEt; 188 R=3-pyridyl 190 R = 4-Cl
191 R=6-Cl
192 R=6-Br

5.2 Steric Considerations

The synthesis of compounds 177 and 178 in a Suzuki reaction illustrates that bipheny! derivatives possessing
three ortho substituents are readily available. The related biphenyl derivatives 193,184 194184.196 and 195197
have also been prepared using Suzuki methodology and further examples of the preparation of biphenyls
possessing three ortho substituents in natural product chemisiry are given below in Section 5.3. The most
commonly used base in the Suzuki reaction is NagCO3 and this base is often ineffective with sterically
demanding coupling reactions. If Ba(OH); or K3POy is used in sterically demanding reactions, good yields of
products are usually obtained. 196

The boronic acid 196 and 2-bromo-3-methylpyridine gave the biaryl 198 [Pd(PPh3)4 catalyst, KOBuf base]
in 83% yield. This compound was subsequently demethylated affording the phenolic derivative 197 which,
after resolution, was used as a chiral ligand for the enantioselective addition of EtyZn to arylaldehydes. 1?8 The
bis-borane 199 and 3-bromopyridine gave product 200 in high yield in a PA(PPh3)4 catalysed reaction,19?

Me OMe R Me R R
w0 i S
MeR uw Bu! N
193 R=0OMe 196 197R=H 199 R = BEty
:gg g: ggg 198 R =0OMe 200 R = 3-pynidyl

Chromium tricarbonyl complexes of bromobenzene derivatives have been coupled with boronic acids yielding
biaryls with axial chirality in Pd(PPh3)4 catalysed reactions in the presence of NayC03.200 Thus, compound
201 and boronic acid 203 afforded product 205 (96%) whereas compound 202 and boronic acid 204 gave
biaryl 206 (43%). Other chromium tricarbonyl complexes and boronic acids similarly gave related biaryl
products. Complex 207 reacted with phenylboronic acid in the presence of the chiral ligand, (S)-(R)-PPFA,
yielding a 73:27 mixture (55%) of compound 208 (69% e¢) and the corresponding achiral diphenylation
product.?0! Similar results were obtained with 2-tolylboronic acid although the ee was lower.

X Me CHO CHO QCI
OMe OMe Me OMe

Cr(CO)s CrCO) CHCO) _—
A

201 X = Me 203 R =Me 205 206
202X=CHO 204 R=CHO Ph

M
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5.3 General Survey of the Suzuki Reaction
The preparation of biphenyls using Suzuki methodology is well documented in the literature and some
representative examples are given in Table 6. The yield of biphenyl products are invariably good to excellent.

Table 6. Synthesis of Biphenyls using the Suzuki Reaction

Rl R2 R! R2
Orm - O — OO

Rl R2 R X Catalyst Base __ Yield (%) Reference
H H OH OTf  Pd(PPh3)s  K3PO4 83 202
H 4-0H OH I Pd(OAc); NayCOs3 80 203
H 4OMe  O(CHy;0 I Pd(dppe)Cly  TIOH 82 204
H 4-CHO OH Br  Pd/C+PPhy NayCO3 9 205
H 2/3/4-COzH OH 1 Pd(OAc); NapCO3  60-95 202,206
H 4-COyMe OH Br  Pd(PPh3)g NayCO3 94 183
H 2-NOy OH Br  Pd(PPh3)s NayCOj 98 197
4-F H OH i PdOAc)y NaCO3  >95 207
4-F 4-CHO OH Br  Pd/C+PPhy  NayCOj 84 205
4-Me 4-OMe OH OTf  Pd(PPh3)y K3POy 85 208
4-Me 4-S03Na OH Br a NaCO;3 78 209
4-Me 4-NOy OH OTf Pd(PPh3)y  K3PO4 82 202, 208
2-CHO 4-Me OH I Pd(PPhz)y NayCO3  54P 196
2-CHO 4-Me O(CHy30 1 Pd(PPh3)y  K3PO4 89 196
2-CHO 2-NOy OH Br  Pd(PPh3)y  Et3N 82 210
2-CONPriy H OH Br  Pd(PPh3)q NayCO3 82 211
2-CONPrly  2-CONEty OH Br  Pd(PPh3)q4 NayCO3 44 21
3-NO, H OH Br  Pd(PPh3)4 NayCO3 95 197
4-NOp_ 4-COMe OBu Br___Pd(PPh3)s  ThCO3 90 204

a PA[PhyP(3-504H.CgHy)ls, b deboronylation also occurs giving benzaldehyde (39%)

In addition to the biphenyls listed in Table 6, other more highly substituted biphenyls,212-218.213a related
compounds such as arylated naphthalenes,207.219 arylated binaphthyls22® and phenanthrenes?1® have also been
prepared using the Suzuki reaction. Appropriately ortho substituted biphenyls have been synthesised as
precursors to phenanthrols?14 and nitrofluorenones.215 Biphenyl derivatives can also be prepared using solid
phase synthesis. 121,221,222

Other applications of the Suzuki reaction in biphenyl chemistry include the preparation of butylated
hydroxybiphenyls as anti-oxidants,?23 S-arylninhydrin derivatives from compound 135 and arylboronic
acids, 31 and liquid crystals,186.187.224.225 Bipheny! derivatives have also been synthesised for the medicinal
chemistry field; examples include amino acid analogues??6-228 and N.methyl-D-aspartate (NMDA)
antagonists, 229

Borates such as PhyBNa are frequently used as coupling partners of arylhalides in the Suzuki reaction and
several bipheny] derivatives have been prepared using this methodology.203.230 Borates of general structure
ArlXB(OR)y~ Li* (X = Me, Bu) gave biphenyls (Arl-Ar2) with mesylates (Ar20Ms) in Ni(PPh3)aCly
catalysed reactions.231
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The reaction of phenylboronic acid with esters of general structure 209 (R = Me, CF3, Ph, 4-FCgHy, 4-
MeCgHy) has been studied. The best yield of methyl biphenyl-d-carboxylate was obtained with the triflate 209

(R =CF3).232
MeOzc—QOSO,R 209

The fluoride anion can also be used as a base in the Suzuki reaction. Thus, phenylboronic acid has been
reacted with a range of bromobenzene derivatives [Pd(PPh3)4 catalyst] in the presence of a variety of fluoride
sources (Et4NF, BugNF, CsF or KF) and biphenyls were produced generally in good yield.233

There are many examples of the synthesis of heterobiaryls possessing one heterocyclic and one carbocyclic
ring. In pyridine chemistry for example, borane 185 has been coupled [Pd(PPhs)4 catalyst] with bromoaryls
210 (R = 2- or 4-Cl, Me, OMe, COMe, CO;Me, NO3) affording heterobiaryls 211 in 53-87% yield234 and

borane 186 also gave heterobiaryls 212 (R = 2- or 4-Me, CO;Me, NOp) in 47-77% yield. 193 Other arylated
pyridines, 185.202.204,208.209,211.235.236 pyrazines, 185.194236.237.238 pyrimidines, 185.19¢ quinolines, 19235241

imidazoles,!05 furans, 2412 thiophenes,210.211 indoles,242-244.2448 and porphyrins?45-247 have similarly been
prepared using the Suzuki reaction.

R N ‘R R
210 211 212

The preparation of heterobiaryls using the Suzuki reaction in which both aryl moieties are heterocycles has
attracted considerable attention and some illustrative examples of the synthesis of parent heterobiaryls are
shown in Table 7. The catalyst in all of the reactions cited in Table 7 was Pd(PPh3)4 and the yields of
products are generally good to excellent. Numerous substituted detivatives of the heterocycles listed in Table
7 have also been prepared.

Table 7. Synthesis of Heterobiaryls using the Suzuki Reaction

Het!lBR; + Het?X -  Hetl-Het?

Het! Het? R X Base  Yield (%) Reference
2-thienyl 3-thienyl OH Br NasCO3 40-70 248
3-thienyl 2-thienyl OH Br NazCO3 72 249
3-thienyl 3-thienyl OH Br NayCOs 70 248,249
2-thienyl 2/3/4-pyridyl OH Br NanCOs3 57-68 250
3-thienyl 2/3/4-pyridyl OH Br NayCO3 69-74 250
S-indolyl 2/3-furyl OH Br NaHCO3 65-82 242
S-indolyl 2/3-thienyl OH Br NaHCO3 78-86 242
S-indoly} 2/3/4-pyridyl OH Br NaHCO3 65-90 242
3-pyridyl 2-pyridyl Et CVBr KOH 82-85 192
4-pyridyl 2/3-thienyl Et Br NazCO3 66-67 193
4-pyridyl 3-pyridyt Et Br NayCO3 64 193
4-pyridyl 2/3-quinoloyl Et __ Br NazCO4 70-74 193
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A number of uracil analogues have been synthesised as potential anti-viral agents using the Suzuki
reaction.95:251.252 For example, pyrimidine derivatives 213 and 214 have been coupled with heteroaryl boronic
acids, HetB(OH), (Het = 2/3-thienyl, 2/3-selenyl efc) giving biaryls 215 and 216 respectively which, after
removal of the O-protecting group, give uracil analogues. Heteroaryl bromides can also be coupled with
boronic acid 217 giving products 216.95 The pyrrole-containing immunosuppressive-agent undecylprodigiosine
220 has been synthesised using a Suzuki reaction of boronic acid 218 and triflate 219.253 The Boc group of
boronic acid 218 is fost during the coupling process.

OR oR OB
S SN e BB,
RO” °N RO™ °N BuO” °N )
Boc
213R=Bn 215R=Bn 217 218

214R=By 216R=BY

Scheme 5 illustrated how the Stille reaction could be applied to the synthesis of tricyclic heterocycles. The
Suzuki reaction has also been employed in the synthesis of tricyclic heterocycles by cyclistion of biaryl
precursors and heterocyles 221,254 222,255 223,255 224184 and 225256257 provide representative examples
(Scheme 6). Substituted phenanthridines and phenanthridinones have also been prepared using similar
methodologies.258 :

Terpyridyls, 193 quateropyridyls!6? and a plethora of teraryls!6? with three heterocyclic rings have been
prepared using the Suzuki reaction.

The Suzuki reaction has found widespread application in polymer chemistry. Poly(para-phenylene)
derivatives,259 alkyl substituted poly(para-phenylenes), 138.260-262 water soluble poly(para-phenylenes)263 and
polyphenylene dendrimers264.265 have all been prepared. Polymers possessing alternating substituted biphenyl
and binaphthyl moieties have also been prepared?6 and the preparation of 'graphite ribbons’ from alkynyl
substituted poly(para-phenylenes) has been reported.267 A series of butylated oligonaphthalenes have been
synthesised268 and chiral polynaphthols have been reported.26? In heterocyclic chemistry, alkylated polymers
of 2-phenylpyrrole2™ and trimethylsilyl-capped oligothiophenes have been prepared.162



290 ‘ S. P. Stanforth / Tetrahedron 54 (1998} 263303 A i@
B(OH), N
MeO + ) ey MO m
T
NHCOBY  © T | pa@piy)y/KoCO3.

}
56-771% H
il. pyridinium chloride/ heat

Br (HO),B
oo oy =
NHCOMe OHC” ™S  pa(PPha)y/
NaHCO3, 44%

B(OH), I
@ fTy —
' CHO !BuCONH™ §

B\ l

o
el
NaHCO3, 5%
L oD O =
CHO AcNH Pd(PPh3)y/ .
NE j ;cx

222

223

K3POgq, 9%

B(OH), I ‘
Q + i ——
NHCOBY  OHC” !  Pd(PPh3)y/

1 K3POy, 94%

25

Scheme 6

The Suzuki reaction has found extensive application in natural product chemistry and some illustrative
examples are now described. The fluorenone derived natural product, Dengibsinin 227 has been prepared from
the biphenyl precursor 226 which was prepared using a Suzuki reaction.27! The synthesis of biphenyl 226,
which possess three ortho substituents provides a further example of the tolerance of the Suzuki reaction to
steric effects. The phenanthrene derived compound, Gymnopusin 229 has been prepared from biphenyl 228272
and Ismine 231 was synthesised from biphenyl 230258 The aglycone 233 of the benzonaphthopyrone
antibiotics 234 has been synthesised from biaryl 232273 and other lactones such as Autumnariol have similarly
been prepared.274
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226 227 228 229
a=B(OBu), b=1 a=Br, b=B(OH)
Pa(dppfiCly/ K3POy, 50% Pd(PPhy)y/ NagCO3, 75%

steps

1BocHN g ™ MeHN
CONHMe
0
230 231 232 233R=H
. a=B(OH),, b=Br a=B(OH)y, b=1 234 R = sugar
PA(O¥ Nay(O04, 75% Pd(PPhy)y/ Nay(05. 61%

Examples of the synthesis of alkaloids using the Suzuki reaction include the preparation of Imeluteine 236
from biphenyl 238,271.271a Eypolauramine 238 from biaryl 237,275 Ellipticine 240 from heterocycle 239,276
the quaterpyridine 242, an isomer of Nemertelline 241277 and the teraryl, Nortopsentin A 243.278 Nemertelline
241 has been prepared (68%) using Stille methodology from bipyridyls 188 and 190.19! The quaterpyridine
structure 242 had originally been assigned to Nemertelline 241 and its synthesis was undertaken for this reason.
The alkaloids Dubamine 164 and Hippadine 172 have both been prepared using the Stille reaction as outline in
Section 4.3 and the Suzuki reaction has also been applied to the synthesis of these two heterocycles!94.240.279
as well as related alkaloids such as Ungerimine.27?

The synthesis of Michellamines such as the atropisomers Michellamine A 244 and Michellamine B 245 has
attracted considerable interest.68.280.281 In one synthesis of compounds 244 and 245, a bis-Suzuki reaction
was employed to form the quateraryl skeleton from tetrahydroisoquinolyl and binaphthyl precursors.280

Analogues of Micheliamine B 245 have also been prepared. 282
coNBt2 0
l
“Mi
CONEtz e N ©
OMe

236 237 238
=B, b=B(0H)2 a=Br, b=B(OH),
PA(PPHiy)y/ Nay003, 93% PA(PPhy)y/ NayCO3

stegs MeO

® b_CONP,
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239 240 241 X=N,Y=CH
a=Br, b=B(OH) 242X=CH Y=N
PA(PPh3)y Naz 003, 99% a=Cl b=BEt,

Pd(PPhs)y, 64%
Br
H
Br N 4 =
N
;N Tw
N
H 243

6. OTHER CROSS-COUPLING REACTIONS

Aryl silanes such as compound 24633 and related compounds?34.285 underwent a fluoride promoted cross-
coupling reaction with aryl halides or triflates in the presence of a palladium catalyst yielding biaryls. For
example, compound 246 and 2-iodoanisole afforded 2-methoxybiphenyl (45%) and 3-methoxybiphenyl (83%)
was obtained from 3-iodoanisole and silane 246.

Organomercury compounds (lArzHg) have been coupled with aryl iodides (Arl) in the presence of a -
palladium catalyst giving biphenyl derivatives in good yield. 4-Nitrobiphenyl (98%) and 4'-X-4-nitrobiphenyls
(X= Cl, Me, OMe) (97-99%) have been synthesised using this chemistry286 and heterobiaryls have similarly
been prepared.287
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In copper chemistry, compound 247 reacted with a number of 4-substituted aryl iodides yielding products
248 (R = Cl, OMe, COMe, CN, NO3) in good yield (70-90%).288 The catalyst was PAPh(PPh3))l and both
the yield rate of reaction was accelerated by the presence of BugNI. The role of the BugNI was to form a more
reactive organocopper intermediate, [mesitylCul] BugN*.

Me Me
O oo 3O
Me Me
246 247 248

7. REVIEW ARTICLES

There are a substantial number of review articles of various lengths and detail in the literature which have
Sections describing catalytic cross-coupling reactions in biaryl synthesis.137.289-311 Many of these reviews
consider cross-coupling reactions in a broader sense, for example the cross-coupling of aryl and vinyl moieties
and of two different vinyl moieties but these reactions are usually mechanistically closely related to the
reactions covered in this Review. Several of these reviews also give historical developments of catalytic cross-
coupling reactions.

8. LIGAND ABBREVIATIONS AND STRUCTURES

The structure of ligands considered in this review are given in Table 8 (following page). It should however
be appreciated that an extensive number of other ligands have been used in catalytic cross-coupling reactions.

9. CONCLUDING REMARKS

It is clear that the transition metal mediated coupling route to biaryls and heterobiaryls has come of age and
is routinely employed in laboratories throughout the world. It is however appropriate within the context of this
Review to broadly summarize the relative advantages and disadvantages of the Kharasch, Negishi, Stilie and
Suzuki reactions so that a judicious choice from these reactions can be made by the practitioner when
contemplating the preparation of a biaryl molecule.

In terms of overall functional group compatibility, the Stille and Suzuki reactions tolerate a wide range of
functional groups and biaryls possessing ¢lectronically different aryl fragments are amenabie to synthesis using
these methodologies. The Suzuki reaction is especially suited to sterically crowded biaryls. Both the Stille and
Suzuki reactions can tolerate water and both arylstannanes and arylboronic acids are relatively ¢asy to prepare.

For structurally uncomplicated biaryls possessing functional groups which can tolerate Grignard reagents,
the Kharasch reaction is often a useful preliminary method to try if the Grignard reagent and its coupling
partner are readily available.
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Table 8. Ligand Abbreviations and Structures
Abbreviation Structure __Name
acac MeCOCH=C(O-)Me acetylacetonate
dba PhCH=CHCOCH=CHPh dibenzylideneacetone
bpy O—Q 2,2"-bipyridy!
N N
dppe PhaPCHaCHyPPhy 1,2-bis(diphenylphosphino)ethane
dppp PhyPCHCHoCHoPPhy 1,3-bis(diphenylphosphino)propans
dppb PhoPCHaCHoCH2CHPPhy 1,4-bis(diphenylphosphino)butane
. 1,1%bis(diphenylphosphino)ferrocene
dppf thp_@ Fe -@~Pth is(diphenylphosphino)
s~Fh . . . .
(S)-phephos Paa (5)-2-(dimethylamine)-1-(diphenylphosphino)-3-
PhP NM phenylpropane
($)-(R)y-PPFA ($)-N, N-dimethyl-[(R)-2-
(diphenylphosphino)ferrocenyl]ethylamine
(S)-(R)}-PPFOMe "'Fe "@ (5)-1-[(R)-2-(diphenylphosphino)ferrocenyl]ethyl
PPhy methyl ether
Me~T'y
MeO
triphos (PhyPCHyCH2)PPh bis{2-(diphenylphosphino)ethyl]phenylphosphine
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" Figure 2. Proposed out 10 3-ainocSilobic A-onLonit,

‘investigation and embarked upon development of a robust:

.method which would grant access to 5 and its analogues.
Acoordmgly, gem-disubstituted 3-ethoxy-2-cyclobutene-

‘1-ones were readily accessed by the cycloaddition of a

.. disubstitoted ketene, generated in situ by dehydrohalogena-

&

" Figwe L. Poten small melecule VLA-4 antagonisi.

. small molecule are 27 and 3 8 wtuch are reportedly under-
. going clinical evaluation. for the treatment of asthia and are

currently in phase 1 and phase 2, respectively.

Of the numerous inhibitors reported in this class, it is clear
that a high degree of diversity in the N-acyl substituent is

tolerated, although these are generally hydrophobic, and that
the amino acid a-NH is important. for activity. We have

J recently described the discovery of squaric acid derivatives
‘Jincluding CT7015 (4) as VLA4 anragomsrs9 that illustrate
these observations. :

As part of a search for a unique class of VLA-4 antagomsts

distinct from 4,'we hypothesized that the combination of a

hydrophabw spzrocyclxc substituent, such as that in 1, in the "
-context of & rigid planar scaffold such as that provided by .
" the 3,4-diamino-3-cyclobuten-1;2-dione {squaramide) group

of 4, wonld provide potent compounds with an advantageous
pharmacokinetic profile. We believed that the 3-amino-2-
cyclobuten-1-one analogues typified by 5 would be the most
appropriate compounds to test this “hybridization” hypothesis

. (Figure 2) and investigated the syhtheSis of these by
¥ - condensation of an ot-amino ester with a cyclobuta-1, 3-dione

or its enol ether.®
We felt that this mtagumg structural element thus far
unwilized in the. pharmaceutical arena, warranted further

() Sixear, L; Gudmundsson, K. S.; Martin, R.; Liang, J.; Nomura, S.;

Jayakumar, H.; Teegarden, B. R.; Nowlin, D. M.; Cardarelli, P. M.; Mah,

J‘l’ OR.ZO(SJ(lmmﬂ 's.; : Griffith, R. C.; Lazarides, E. Bzoorg Med. Chem. 2002,

(8} Chen, L.; Tilley, J.; Trilles, R. V.; Yun, Weiya, Y.; Fry, D Cook,

(132 Rg;ian, K. Schvnnge, Vi Campbell R. Bioorg. Med. Chem. Len, 2002,
1

- {9) Porter, 1. R. Archxbald,s C.; Childs, K. Cmchley,b Head, J. C.;
Lmsley, IM,; Parton, T.A.H; Robmson, M. K.; Shock; A.; Taylor, R, I.;
Warrellow, G. J.; Alexauder,R.P Langham B. Bioorg. Med. Chem. Le!r.

. 2002,.12, 1051.

(10) Wasserman, Martin, and Moore have each reported the synthas:s
of a single-example of the title compound using this.approach, the lagter
within the context of the preparation. of an amino-substituted naphthol,

- see! (a) Wasserman, H. FL; Piper, J. U5 Debmlow, E. V., 1. Org. Chem.
- 1973, 38, 1451, (b) Hasek, R. H; Gott, P. G.; Martin, T, C..J. Org. Chem,

6-;1’24 29, 2510. (c)Tumbuﬂ,P Mooxe.H.W J. Org Chem. 1995, 60,
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tion of the cotresponding acid chloride, and ethoxyacétylene,
according to a previously recognized phenomenon'! (Scheme
1). For example, the reaction of cyclohexanecarbonyl

Scheme L Synthesis of Cyclobuta-1,3-diones
) R't'.oﬁt e R1 o
RS _eoci &) = OEt O BJHO j:/r
Rz - ELO, NEta
‘A 0 o
6a-l £ Tad - 8a-l
R1 . R2 7 vield(%) 8
CH, CH, a ™ 91
CH, Ph b 45 85
CH, Bn ¢ 86 o8
(R1=R2)  -(CHy) d 70 99
(CHy)g e 8 92
<(CH)e t 87 95
-(CHz)zNAC(CHQ)z g 67 87
ACH),O(CH),- B 58 87
ACH S0, (CH,),- 1 57 68
CHLHCHCH, ] 73 85
«CHCHOMe(CH,),- k 65 o4
-(CH.‘,)QCH‘Bu(CHz), 1 & - 90

chioride and NEt; (1.5 equiv) in the presence of ethoxy-
acetylene!? (2.0 equiv) in Et,0 afforded 3-ethoxyspiro[3.5]-
non-2-en-1-one (7e) in 81% yield.

The reaction time can be reduced from a reported 21 days
at 5 °C1% to less than 48 h by heating the reaction 1o reflux
temperature, Although feasible, no apparent dimerization of
the intermediate ketenés was obscrved at this elevated
temperature. The novel spirocyclic examples 78—} were
prepared using an analogous transformation with comparable
yields being obtained. In all cases examined, the cycloadducts
were found to be stable and were conveniently purified by
columix chromatography on silica gel.

Various attempts. to-convert enolether 7e directly to the

' desired 3-amino derivative (i.e., 5) by substitution with

L-phenylalanine ethyl ester as a test substrate were frustrat-

(11) Arens, J. B Advances in Organic Chemistry Methods and Results, '

Raphael, R. A, Taylor, E. C., Ed.; Interscience Publishers; New York,
1960' Vol. 2, pp 117-212, Martin, J. C. U.S. Patent 3 288 854, 1966,

“(12) Ethcxyacetylene was purchased from Lancaster Chemical Co. as
an approximately S0%wiw solutio in hexanes. Yields 7a—1 were calculated
based upon the amount of acid chloride used. -

Org. Letz Vol. 5 Ne. 13, 2003,
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T ingly. unproductwe Wi were consequenﬂy forcedwexamme & R

 formation of the- desrred vinylogous amides by. combmanon. ‘

" of .an ‘amine’ with' a: cyclobuta-1,3-diope. To. this - end,

S cyciobutenones a1 conld be hydrolyzed to: cyciobutadmnes .
© 8a~1in good yield- by tredtment’ mchM HChat20.°C for. -
24 hi A notable aspect of these conversions is that hydrolysis -

‘proceeds without detriment to the four-membered carbocycle,

in.contrast to anglogues lac]ang gemmal substxfuuon at C4
which undergo a‘facile ring-opening under these comimons
1o give B-ethoxycrotonic acids.'® .

In an -effort to expand the scope of the nng~fonmng
process, we attempted substitution at the 2-position of the
cyclobutenone by employing a variety of substituted alkoxy-
acetylenes. Consequently, cycloaddition precursors 9a,b were

prepared directly by alkylation of the acetyhde anion of

ethoxyacetylene (1.1 equiv of "Buli; 2.2 equiv of HMPA)
with benzyl bromide and n-hexyl iodide, respectively,
according to literature procedure.’® Alkynes 9¢—e were
prepared by reaction of chloroacetaldehyde dibutylacetal with
2.2 equiv LDA/HMPA followed. by alkylation with the
appropriate alkyl bromide, RBr."* Alkynes 9a—e were also
found to undergo cycloaddition with dimethylketene to give
enol ethers 10a—e (Scheme 2), and these were hydrolyzed
without incident under similar conditions to give diones
11a—e.

Synthesis of Trisubstinuted Cyclobuta-1,3-diones

Scheme 2,

a) Preoci b H,0 :
) rgc-jj( ) Hy Hscj:—_/(
ELO.NEBY, 7 N - o7 r
9a-¢ A 10a-e ' 11a-e
R R 10 vield (%) 1
Et Bn a. 75 - 65
Bt "Hex b 61 98
"By CHy, ¢ 45 85
"By Et d 58 70
"By By e

&1 &4

In all cases described, the expected regiochemistry of the
cycloaddition was corplete and no regioisomeric material
was detected.

Subsequent reaction of cyclobuta+1,3-diones 8a—i with the
phenylalanine derivative 12 was found to proceed with
suprising speed when mixed in THF at room temperature,
%0 give the desired vinylogous amide derivatives 13a—1 in
<24 h¥ (Scheme 3, conditions a). Contrastingly, those
reactions involving C-2 susbstituted cyclobuta-1,3-diones
11a—e were wholly unreactive with 12 under these condi-
tions and required heating at 100 °C in nitromethane for 48
h to achieve complete conversion to the cotresponding
analogues 13m—q (Scheme 3, conditions b).

(13) Pons, J-M.; Kocienski, P, Tetrahedron Lett. 1989, 30, 1833. 9a
and 9b were p in 99% and 92% yields, respectively.

(14) A modification of the method reported in: Newman, M. 8.; Geib,
3. R,; Sulick, W. M. Org. Prep. Proced. Int. 1972, 4, 89.

{15) Contrastingly, the reaction of 4 with cyclopenta—l 3-dione required

several days for completion under these conditions.
Org. Lett, Vol &, No. 73, 2003

Lt Ry
R1 R2 R3 yield (%) 13
CH, CH, H a a 93
CH, Ph H a b 5
CH, Bn H a ¢ 8
"(CHz)f . H . a d 86
«{CH,)s H g e 95
«CHp)e H a f 86
“CH)LNAG(CH),- H & . @ 67 ..
{CH,L0CH;) H a h ¢
“CHLSOCH) H 2 PR
LCHCHSCHCH, H a2  .j 69
-(CH,),CHOMe(CH,),» H & kK 87
{CH),CHBU(CH),- H & 1 84
CH, - CH, Bn b m &9
CH, CHy ‘Hex » n 72
CH, (CH, Me b o 70
CH, 'CH, Et b p 73
CH, © CH, ®Pr b q 75

We speculate that this may either be a steric phenomenon

- or alternatively that the C2 substituent stabilizes the relatively

unreactive enolic form of the dione, reducing the relative
concentration of the reactive dicarbonyl tautomer. Interest-
ingly, the condensation reaction of meso-diones 8b, ¢ and
k, which contain prochiral centers, gave inseparable diaster-
eomeric products with the reaction showing only weak
diasteroselectivity (<30%). Contrastingly, dione 8l reacted
to give compound 131 as a single isomer, the stereochemistry
of which we were unable to determine conclusively.

With the intention of providing access to novel C-2
substituted versions of 5, we surveyed the reactivity of 13¢
10 a variety of electrophiles and the results of this study are
summarized in Scheme 4. In keeping with' the observation
that 7a undergoes bromination,'® vinylogous amide 13e was
found to be rapidly convertible to the 2-bromo analogue 14¢
in 95% yield, by reaction with bromine or NBS in THF at
room temperature (Scheme 4). Chlorination and iodination
are achieved using NCS and NIS respectively and fluorina-
tion was performed using Selectfluor'® to give 14b, 144, and
14a, respectively. The thioalkyl substituents of 14ef were
introduced by reaction with the appropriate sulfenyl chlo-
rides, which were produced in situ by reaction of the
corresponding disulfide and SO,CL'7 prior to addition of 13f.
Compound 14b can arise as a minor bypeoduct of these
reactions, presumably through chlorination of 13e by un-

2(§2)Bmka ; Murtagh, V.; 'I‘sm()poulOllS,E.f FIuomeChml%l :
(17) Still, L W. J.; Kuney, G. W.; McLean, D. J. Org. Chem. 1982, 47,
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of ,,.'yhodicieMdto actids: aparuczpamma'z a

. ‘:;Sulle—type reacnoii would aliow-moré:convenient parallel
synthesis-of C2-substivated corapounds, thereby circumvent- ..
_ing the:need to synthesize individual acefylenes. To this end,

- 140  undérgoes a Pd(PPhs)-catalyzed Stille coupling with
o ,,'-vabmylstannylpyndmc and tributylstannyl-1;4-pyridazine

TN
o 136 °°z‘5‘ A4z, Rt COzR E
L 15a-m R’H -
' reagmtsandconditmns B yzetd14(%)
aSeaaeﬁiuomTHchm E- ', 80
b NCS,THE, 1, 30min - I~ 50
€ Br, NEt, THF, 0°C, 20min - B 98
d. N8, THE, 1t Smin i 86
& CISCH,, THF/DCM, rt, 20min  SMa- 84,
o £ CISPr, THERCM, t, 20min §Pr 87 -
- g CISPh, THFIDCM rt, 30min &Ph, - &1
: ? ciaNM . SePh g
Mt CH N,
‘j,%(omh,ocm.-wocm oH 8B
. N S
. { 7
, k Kd (\}ocm 1t 24n "-r-(s:) N ,8' |
LN
3 rcm%;‘] -s4 ] s
' He . Y-
o N , -~ Ney
m °‘8""<'N.g ‘ ~sX.h &
He we

reacted SO;Cl, although this side-reaction could be avoided
by using an excess of disulfide during the sulfenyl chloride
preparation step.

.~ Compounds 14gh were prepared in an analogous fashion

by reaction with commercially available phenylsulfenyl and
-selenenyl chioride. A: dimethylaminomethyl group.can be

+ inroduced onto 13¢ by reaction with Eschenmoser’s salt
, [HzC“N(M@)f I}, Hydroxylation of the unsubstituted

vmyhc carbon was achieved by oxidation with Pb(QA¢) to
give compound 14j. z-Electrophiles are also found to react
with the aucleophilic amino-cyclobutenone system as evi-
denced by reaction of 13¢ with 1 ;3-dithienium tetraflyoro-
borate to give 14k. The heterocyclic sulfenyl chlorides nsed
in reactions:1 and m were prepared in-situ directly. from the
correspond:mg heterocyclic mercaptans by reaction with NCS
in THF"® and these were found to react predmtably wirh 13e

0o give 14lan.

o 41% and . 53%. vield, raspecnvely, as- representauve '

examples of this strategy. . -
A% a prelude to biological tesung, ethyl esters 14a~m were

'.rezqmr&d to be converted to their corresponding acids 15a-

m, and this could be achieved by reaction with IM LiOH in. -
THF, in high yield (>85%). It is noteworthy that the
aminocyclobutenone coré of all compounds were found to
be stable under these basic conditions (with the exception
of 14f), an. indication of the “amidic” stabilization of the

" ¢naminone mofety. The ability of carboxylic acids 15a~m

to-disrupt bmdmg of VLA4 to VCAM was evaluated in 2
cell based assay using E6.1 Jurkat cells (human T-cell line)

. and immobilized VCAM-1 in the presence of 1%BSA

{bovine serum albumin), and all demonstrated an ICso < 1

- uM. Notably compound 14m has ‘an ICsy of 3 nM in this
~assay. A fuller analysis of the biological properties of

compounds 15a—m and their congeners shall be reported in

" due course.

In summary, we have devéloped the synthesis of a variety

of highly functionalized 3-amino-2-cyclobutenones by con-
. densation of an amine with a ¢cyclobuta-1,3-dione as the key
. step. These uncommon functional groups have subsequently
“shown potential application as squaramde isosteres in a

bwlogxcal context,

Acknowledgment. We thank Dr. Richard Taylor and

“Barbara Mason for providing spectral and analytical data and

Dr. Tony Shock and Paul Hale for cell assay data.

1 Supporting Information Available: Preparative methods
and spectral and analytical data for compounds 7e~1, 13a~
q, and 14a—m. This material is available free of charge via
the Internet at http://pubs.acs.org.

bwwom‘

(i8) 1~Methyltctt‘azole~5~sulfenyl chlonde has been pxevmusly prepared
by chlorination of the toescaptan with chiorine. Sée: Postle, S. R. U.S.
Patent 4 387 158, 1983,
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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIVISION DE NUEVAS CREACIONES

Radicaciéon No. 02-105332
Clasificacién Internacional (IPC): A61K31/4412, 31/198
Concepto Técnico No. -

Patente de Invencion X
Via Nacional T

Fecha de Presentacién Internal.  06/12/1999

Como resultado del examen definitivo, realizado con fundamento en el articulo 48
de la Decision 486 de la Comisién de la Comunidad Andina, se le comunica:

1. Documentos estudiados

1.1. Descripcion: Folios: _5_a_141_  (como se radico iniciaimente)
1,2 Relvindicaciones: Folios_142_a _155_ (como se radicé inicialmente)
Folios_349_a _358  (con modificacion)
13 Prioridad: Folios: 156_ a _245, us
60/169090

2 Objeto de la invencién

»
La presente solicitud cuyo titulo es “4-PIRIDIk-N-ACIL-L-FENILALANINAS,” el
_objeto son los compuestos derivados de acido (2S)—2-(benzoilamino_)-3-[4—-(2-oxo~
1,2-dihidropiridin-3-yl)fenillpropanoico, de férmula:
Ry

Utiles para el tratamiento de enfermedades cuyos sintomas y/o lesiones se
atribuyen a la unién de la molécula ACAM-1 con las células de expresion del VLA-
4.

465



467

El objeto de la invencion se puede clasificar seg(n la clasificacién internacional
como AB1K 31/4412, 31/118.

Las Reivindicaciones 1-49: reclaman un compuesto de la formula:
Ry

Reivindicacién 50 reclama composiciones farmacéuticas que contienen el
compuesto de la férmula referida.

Reivindicacion 51 se refiere a un procedimiento de fabricacion de una composicion
farmacéutica.

2 Determinacion del Estado de la Técnica (art. 16 de la D 486 de la C.AN)

ltem | Documento | Fecha  de | Titulo
publicacién
D1 | WO9943642 | 02-sep-1999 Phenylalanine _ derivatives  as
inhibitors of ALPH4 integins

12. Analisis de patentabilidad (segin requisito) (articulo 14 D486)
12.1 Novedad (articulo 16 D486)

» La anterioridad D1 ensefia derivados de acilfenil alanina de formula 1:

-
R’ {ﬂilk1 }w{u ]m‘—{ i}— M{Hz Jm
Rh

(3= N(R*COAr
R (1)

Y composiciones usadas como inhibidores de integrinas ALPF4, especialmente
en las pgs. 4 y 5; pg 12 renglon 25; pg 13 renglén 31; reivindicacion 1 y 8. Donde
se establece que R1 es un grupo heteroaromatico opcionalmente sustituido, el
grupo aromatico es piridil, sustituido con hidroxi, que forma el tautometo ceto-enol,



sin embargo no se establece plenamente los sustﬁuyenteé" tal como los
compuestos que ahora se reclaman en la solicitud en estudio, por lo tanto esta
-oficina puede considerar que los compuestos son nuevos, cumpliendo. con lo
~estipulado en el art. 16 de la Decision 486 de la Comisién de la Comunidad
Andina. |

12.2 Nivel inventivo (articulo18 D486)

No se habian descritb con anticipacién loét derivados (2S)-2-(benzoilamino)-3-[4-
(2-0x0-1,2-dihidropiridin-3-yl)fenillpropanoico, con los sustituyentes que se

reivindican y si bien es cierto que la naturaleza quimica acil fenilalanina y sus

analogos conservan los efectos farmacoldgicos como inhibidores de integrinas
ALPF4, no se deiva de manera evidente del estado de la técnica que el grupo 2-

oxo-3-piridinil se enlazara directamente a la posicién 4-del fenilo, sin tener en .

medio otro sustituyente, lo cual no se deriva evidentemente del estado de la
técnica mas proxima. Por lo tanto se puede decir que la solicitud en estudio posee
" nivel inventivo.

123 Aplicacion industrial (articulo?9 D 486)

Los compuestos derivados de (2S)-2-(benzoilamino)-3-]4-(2-oxo-1,2-dihidropiridin-
3-yl)fenil]propancico de la presente solicitud son susceptibles de la sintesis de los,
en las cantidades requeridas por la industria farmacéutica, para producir
medicamentos, por lo tanto se considera que tiene aplicacion industrial.

12.4 Respecto a la reivindicacion 51, referente a un procedimiento de fabricacion
de un medicamento, no aparece sustentado en la descripcion ningtn nuevo
procedimiento para la fabricacién de medicamentos, que involucre etapas,
condiciones o cualquiera de sus caracteristicas como procedimiento de
fabricacion, que sea un aporte al acervo tecnoldgico, por lo tanto la reivindicacion
en referencia no es aceptada, ademas de ser el proceso que universalmente debe
ser aplicado, para obtener cualquier composicién que consiste en incorporar a una
.. mezcla el componente de interés.

13 Conclusién:

En consecuencia y -‘por'_tod_d lo expuesto anteriormente, se recomienda Conceder
las reivindicaciones: 1 a 50 (folios: 349 a 358) y Negarlo para la reivindicacion 51.

Bogota, D.C., enero 08 de 2008
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