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En relacién con el expediente de la referencia y dando |cumplimiento a la Ultima

providencia recaida sobre este asunto por medio del presente escrito me permito
manifestarles lo siguiente:

1. Con el unico propdsito de hacer mas expedito el trémiite de la presente solicitud
y sin consentir a las objeciones presentadas en el bficio de la SIC, adjunto
sirvanse encontrar un nuevo pliego de reivindicacion‘es para reemplazar a las
que se presentaron previamente. Las reivindicaciones propuestas estan
relacionadas, entre otras cosas, con formas cristélinas particulares de la
lenalidomida, p.ej., formas cristalinas A, B y E y composiciones farmacéuticas
que comprenden las formas cristalinas. En las reivindicaciones propuestas, el
término “cerca de” que aparece en las anteriores reivindicaciones 39 — 42, y
que corresponde a las reivindicaciones propuestas 19 — 22, ha sido eliminado.
Ademas, las anteriores reivindicaciones 15 — 22 y 27 — 38 han sido canceladas
sin la intencion de perjudicar los derechos del Solicitante de proseguir el objeto

cancelado en una o mas solicitudes divisionales.

2. Con el propésito de reforzar los argumentos a favor de la patentabilidad de la
materia aqui reclamada, me permito adjuntar tamt;ién una Declaracién del
Profesor William Jones, PhD, de la Universidad d‘e Cambridge, la cual se
encuentra debidamente legalizada y oficialmente traducida. El Profesor Jones
es Profesor del Departamento de Quimica de la Univérsidad de Cambridge y es
un experto en el campo de la quimica farmacéutica del estado sélido. En tal
sentido, la Declaracion es altamente relevante para la evaluacion de las formas

cristalinas de la lenalidomida que se reivindican' aqui. La sociedad que
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represento solicita de manera respetuosa que la Superintendencia de Industria

y Comercio considere la Declaracion del Profesor Jones.

El Oficio de la SIC alega que “el estudio de polimorfismo es una tarea habitual
en el campo de la farmacéutica en la preformulacion de preparaciones
farmaceuticas y que la variedad de formas cristalinas en un compuesto permite
variar las propiedades de solubilidad, estabilidad y otras”. El Oficio también
alega que “dentro de los estudios de preformulacion, a menudo se incluye un
trabajo riguroso para determinar la presencia de polimorfos en los
medicamentos y que los parametros investigados de forma habitual incluyen la
cantidad de polimorfos presentes, el grado relativo de estabilidad de los
diversos polimorfos, los intervalos de estabilidad térmica de cada polimorfo, las
solubilidades, los métodos de preparacién de cada forma, el efecto de la
micronizacion o tableteo y la interaccién con componentes de la formulacion y
una vez que se ha establecido que el compuesto presenta polimorfismo,
existen procedimientos a disposicion del preformulador para preparar las
diferentes formas en cantidades mas grandes para evaluacién adicional y
adaptacion... para su incorporacion a las formas fisiolégicas”.

El Oficio de la SIC sostiene que “por tanto, resultaria obvio para la persona
medianamente versada en la técnica disefiar una secuencia de cristalizacion o
recristalizacion en diferentes solventes, o con solventes en diferentes
proporciones, con el fin de obtener el polimorfo de interés, sobre todo si se
conoce el fundamento tedrico de la obtencion de cristales por diferencias de
solubilidad y cambiando pardmetros adicionales como temperatura, velocidad
de enfriamiento, agitacion, presion, evaporacion, etc., con el fin de obtener las
formas cristalinas reivindicadas”.

Mi representada no se encuentra de acuerdo con las anteriores afirmaciones
del Examinador porque el estado de la técnica no ensefia ni sugiere formas
cristalinas de la lenalidomida, mucho menos las formas cristalinas especificas
citadas como parte de las reivindicaciones en cuestion, p.ej., formas cristalinas
A, By E. En el momento de la radicacién de la presente solicitud, el estado
relevante de la técnica revela, en el mejor de los casos, la estructura quimica
de la lenalidomida. La mera revelacion de una estructura quimica no sugiere
ninguna forma cristalina del compuesto en particular. Por ejemplo, el mero
conocimiento de la estructura quimica de la lenalidomida no sugiere si la

lenalidomida puede ser precipitada como material cristalino, mucho menos las

/(/



o)

Castillo Gran & Asociados @

ABOGADOS

formas cristalinas especificas citadas como parte de las reivindicaciones en
cuestion. Las reivindicaciones pendientes de la presente solicitud se relacionan
con nuevas formas cristalinas de la lenalidomida, lo cual no habia sido ni
revelado ni sugerido por el estado de la técnica cuando se radico la presente
solicitud. Como lo explica en detalle el Profesor Jones, debido a la complejidad
molecular de la lenalidomida, en el momento en que se radico la presente
solicitud, una persona medianamente versada en el estado de la técnica no
podria haber predicho las formas cristalinas de la lenalidomida de las
reivindicaciones en cuestion. Ver la Declaracién del Profesor Jones en las
paginas 3—6y 8- 10.

En cuanto hace a la composicion quimica, algunas de las formas cristalinas de
la lenalidomida descritas en la presente solicitud contienen solvente (p.ej.,
agua) en el entramado cristalino. Por ejemplo, la Forma B de la lenalidomida es
un hemihidrato y la Forma E de la lenalidomida es un dihidrato. El hemihidrato
de la lenalidomida de las reivindicaciones en cuestién comprende cerca de 0,5
equivalentes molares de agua en forma de complejo en la estructura cristalina
por mol de la lenalidomida. La férmula empirica del hemihidrato, por tanto,
puede ser descrita como Cy3Hi3N3Os - (0,5 H,0). De manera parecida, el
dihidrato de la lenalidomida de las reivindicaciones en cuestién comprende
cerca de dos equivalentes molares de agua en forma de complejo en la
estructura cristalina por mol de la lenalidomida. Por tal razén, la formula
empirica del dihidrato cristalino reivindicado puede ser descrita como
C13H13N303-(2 H20). Estas férmulas empiricas no son descritas o sugeridas por
ninguna de las referencias citadas. La persona medianamente versada en la
técnica habria predicho que la lenalidomida puede existir como un hemihidrato
cristalino o un dihidrato cristalino. Por esta razén adicional, las formas

cristalinas reivindicadas no son obvias.

Una persona medianamente versada en el estado de la técnica no podria
haber obtenido facilmente las formas cristalinas de la lenalidomida de las
reivindicaciones en cuestién. La aseveracion en el Oficio de la SIC de que el
proceso para obtener las formas cristalinas reivindicadas de la lenalidomida es
“habitual” carece enteramente de respaldo y, contraria al estado de la técnica

vigente en el momento en que la presente solicitud fue radicada.

e
farmaceutico puede ser bastante dificil e impredecible. Con base Unicamente
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en el conocimiento de la estructura quimica de una molécula farmacéutica,
suele ser imposible predecir si la molécula va a formar, p.ej., un aceite, un
sélido amorfo, un solido cristalino, o una mezcla de los anteriores. En teoria, un
compuesto puede existir en formas no cristalinas, una forma cristalina, o
multiple formas cristalinas. Como lo explica el Profesor Jones, quien es un
experto en el campo de la quimica farmacéutica del estado sélido, la cantidad
de experimentaciéon requerida para verificar y entender la formacion de las
formas cristalinas de la lenalidomida es sustancial y extensa y el proceso dista
de ser habitual. Ver la Declaracion del Profesor Jones en las paginas 4y 6 — 7.

Ademas, las formas cristalinas de la lenalidomida de las reivindicaciones en
cuestion poseen propiedades superiores, como, p.ej., estabilidad fisica y vida
util prolongadas, lo cual no podria haber sido predicho por una persona
medianamente versada en la técnica. Sirvanse anotar que el estado de la
técnica no ensefia o sugiere estas propiedades beneficiosas de las formas
cristalinas de la lenalidomida citadas como parte de las reivindicaciones en
cuestion, incluidas estabilidad térmica, ausencia de higroscopicidad,
solubilidad, disolucién, estabilidad fisica y estabilidad mecanica a largo plazo,
todas las cuales pueden afectar la idoneidad de una forma cristalina en
particular para usarla como un material farmacéutico. Ver la Declaracion del
Profesor Jones en las paginas 10 — 13. Algunas de las superiores propiedades

de las formas cristalinas reivindicadas de la lenalidomida se resumen a
continuacion.

i. La presente solicitud revela datos sobre las propiedades beneficiosas e

inesperadas de estabilidad térmica asociadas con ciertas formas soélidas

reivindicadas de la lenalidomida. Estas propiedades no son ensefiadas o
sugeridas por los antecedentes citados del estado de la técnica. Por
ejemplo:

o Con respecto a la forma cristalina A de la lenalidomida, las curvas
diferenciales de calorimetria de barrido (DSC) (Fig. 4) y las curvas
del analisis gravimétrico térmico (TGA) (Fig. 4) reveladas en la
presente solicitud indican que la Forma A no sufre transiciones
térmicas significativas por debajo de cerca de 270°C, la temperatura
a la cual se funde. La ausencia de cualquier evento térmico
significativo por debajo de cerca de 270°C indica que la Forma A

posee estabilidad térmica inesperada y beneficiosa para muchos
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procesos  farmacéuticos, como secado, formulacion vy

almacenamiento.

o Con respecto a la Forma cristalina B de la lenalidomida, las curvas
diferenciales de calorimetria de barrido (DSC) (Figs. 9,42,43 y 44),
las curvas del analisis gravimétrico térmico (TGA) (Figs. 9,37,38 y
39) y los datos de espectroscopia térmica gravimétrica infrarroja (TG-
IR) (Fig. 10) reveladas en la presente solicitud indican que la Forma
B no sufre transiciones térmicas significativas por debajo de cerca de
146°C, temperatura a la cual pierde el agua de hidratacion. La
ausencia de cualquier evento térmico significativo por debajo de
cerca de 146°C indica que la Forma B posee estabilidad térmica
inesperada y beneficiosa para muchos procesos farmacéuticos,
como secado, formulacién y almacenamiento.

o Con respecto a la Forma cristalina E de la lenalidomida, las curvas
DSC (Figs. 24 y 45) y las curvas TGA (Figs. 24 y 40) para la Forma E
indican que esta forma cristalina no sufre transiciones térmicas
significativas por debajo de cerca de 90°C, temperatura a la cual
pierde agua de hidratacion. La ausencia de cualquier evento térmico
significativo por debajo de cerca de 90°C indica que la Forma E
posee estabilidad térmica inesperada y beneficiosa para muchos
procesos  farmacéuticos, como secado, formulacion y
almacenamiento. ‘

La estabilidad térmica suele ser reconocida como una importante propiedad
para el desarrollo exitoso de un compuesto farmacéutico. El hecho de que
las Formas A, B y E son térmicamente estables ilustra un aspecto clave del

nivel inventivo asociado con las presentes reivindicaciones.

. La presente solicitud también revela datos sobre las propiedades

inesperadas y beneficiosas de sorcién/desorcion de humedad asociadas
con ciertas formas sdlidas reivindicadas de la lenalidomida. Estas

propiedades no son ensefiadas o sugeridas por el estado de la técnica. Por
ejemplo:

o En lo que respecta a la forma cristalina A de la lenalidomida, la
isoterma de sorcién/desorcion de humedad (Fig. 5) revelada en la

presente solicitud indica que la Forma A no exhibe una ganancia de
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peso significativa (p.ej., menos de 1% por peso hasta cerca de 95%
de humedad relativa). Segun esto, la Forma A es sustanciaimente no
higroscopica.

o En lo que respecta a la Forma cristalina B de la lenalidomida, la
isoterma de sorcion/desorcion de humedad (Fig. 11) reveladas en la
presente solicitud indica que la Forma B no exhibe una ganancia de
peso significativa (p.ej., menos de 1 % por peso hasta cerca de 95%
de humedad relativa). Segun esto, la Forma B es sustancialmente no
higroscépica.

e En lo que respecta a la Forma cristalina E de la lenalidomida, la
isoterma de sorcién/desorcién de humedad (Fig. 25) revelada en la
presente solicitud indica que la Forma E no exhibe una ganancia de
peso significativa (p.ej., menos de 1% por peso hasta cerca de 95%
de humedad relativa). Segun esto, la Forma E es sustancialmente no
higroscépica.

La ausencia de higroscopicidad es una propiedad beneficiosa importante para
el desarrollo exitoso de un producto farmacéutico, que puede ser critica, p.gj.,
para la formulacién, el procesamiento y las consideraciones de
almacenamiento para un material farmacéutico. Ei hecho de que las Formas A,
B y E sean no higroscopicas ilustra un aspecto clave del nivel inventivo
asociado con las presentes reivindicaciones.

iii. La presente solicitud también revela datos concernientes a las propiedades
de solubilidad y disolucion asociadas con ciertas formas sodlidas
reivindicadas de la lenalidomida. Estas propiedades no son ensefiadas o
sugeridas por el estado de la técnica. Por ejemplo;

e En lo que respecta a la forma cristalina A de la lenalidomida, la
presente solicitud revela datos de solubilidad en las paginas 27 — 28
y en la Figura 51. Estos datos indican que la Forma A tiene una
solubilidad beneficiosa, hasta cerca de 6,2 mg/mL, en el medio de
disolucion seleccionado. Ver la Tabla 6 en la pagina 27. La presente
solicitud también contiene datos de una tasa de disolucién

beneficiosa para la Forma A en las paginas 28 — 30 y en las Figuras
53 - 54. |
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e En lo que respecta a la Forma cristalina B de la lenalidomida, la
presente solicitud revela datos de solubilidad en las péaginas 27 — 28
y en la Figura 52. Estos datos indican que la Forma B tiene una
solubilidad beneficiosa, hasta cerca de 5,8 mg/mL, en el medio de
disolucion seleccionado. Ver la Tabla 6 en la pagina 27. Ademas,
este estudio indica que la Forma B también tiene buena estabilidad
en agua. Ver la pagina 27, lineas 19-2 1 y la tabla 7 en la pagina 28.
La presente solicitud también contiene datos de una tasa de
disolucion beneficiosa para la Forma B en las paginas 28-30 y en las
Figuras 53-54.

e En lo que respecta a la Forma cristalina ;E de la lenalidomida, la
presente solicitud revela datos de solubilidad en las paginas 27-28.
Estos datos indican que la Forma E tiene una solubilidad beneficiosa,
hasta cerca de 4,7 mg/mL, en el medio de disolucién seleccionado.
Ver la Tabla 6 en la pagina 27. La presente solicitud también
contiene datos de una tasa de disolucion beneficiosa para la Forma
E en las paginas 28-30 y en las Figuras 53-54.

Los datos de una tasa beneficiosa de solubilidad y disolucion, como los que
se presentan para las Formas A, B y E en la presente solicitud, suponen un
importante indicador de biodisponibilidad suficiente para una forma sélida
de un compuesto farmacéutico. La biodisponibilidad, por su parte, es un
factor clave en la eficacia terapéutica de una forma sélida de un compuesto
farmaceéutico. Los datos de una tasa beneficiosa de solubilidad y disolucién
de las Formas A, B y E ilustran un aspecto clave del nivel inventivo
asociado con las presentes reivindicaciones.

. La presente solicitud también revela datos concernientes a las propiedades

de estabilidad fisica a largo plazo asociadas con ciertas formas solidas
reivindicadas de la lenalidomida. Estas propiedades no son ensefiadas o
sugeridas por el estado de la técnica. Por ejemplo:!

e En lo que respecta a la forma cristalina A de la lenalidomida, la
presente solicitud revela datos de estabilidad fisica a largo plazo en
condiciones particulares de estrés de temperatura/humedad en la
pagina 8, lineas 29-3 1. Estos datos indican que la Forma A
tipicamente no se convierte en una forma soélida diferente bajo dos
condiciones diferentes de estrés de temperatura/lhumedad relativa
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(temperatura ambiente/0% HR y 40°C/93% HR) durante un periodo
de hasta cerca de 85 dias.

o En lo que respecta a la Forma cristalina B de la lenalidomida, la
presente solicitud revela datos de estabilidad fisica a largo plazo en
condiciones particulares de estrés de temperaturathumedad en la
pagina 10, lineas 3-5. Estos datos indican que la Forma B no se
convierte en una forma sdlida diferente bajo dos condiciones
diferentes de estrés de temperaturahumedad relativa (temperatura
ambiente/0% HR y 40°C/93% HR) durante un periodo de hasta cerca
de 85 dias.

e En lo que respecta a la Forma cristalina‘ E de la lenalidomida, la
presente solicitud revela datos de estabilidad fisica a largo plazo en
condiciones particulares de estrés de temperatura’lhumedad en la
pagina 13, lineas 6-9, Estos datos indican que la Forma E
tipicamente no se convierte en una forma sdlida diferente bajo dos
condiciones diferentes de estrés de temperatura/humedad relativa
(temperatura ambiente/0% HR y 40°C/93% HR) durante un periodo
de hasta cerca de 85 dias.

La estabilidad fisica beneficiosa a largo plazo es un factor importante para el
almacenamiento y la vida Gtil de una forma sdlida de un compuesto
farmaceutico. Los datos beneficiosos de estabilidad fisica a largo plazo de las
Formas A, By E ilustran un aspecto clave del nivel inventivo asociado con las
presentes reivindicaciones.

v. La presente solicitud también proporciona datos en lo que respecta a
propiedades de estabilidad mecénica asociadas con ciertas formas sélidas
reivindicadas de la lenalidomida. Estas propiedades no son ensefiadas o
sugeridas por el estado de la técnica. Los datos de estabilidad mecanica
indican la idoneidad de una forma sélida en particular para ciertas
condiciones de procesamiento regularmente erhpleadas en el desarrollo
farmacéutico, como molido y tableteado. La presente solicitud revela datos
concernientes a la estabilidad mecanica de ias Formas A y B con respecto
a compresion y molienda. Ver la pagina 28, lineas 8-11 y la tabla 7. La
estabilidad mecénica beneficiosa revelada para las Formas A y B indica la
idoneidad para las condiciones tipicas de procesamiento que se encuentran
en operaciones de desarrollo farmacéutico. El hecho de que las Formas A y
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B tengan estabilidad mecanica beneficiosa ilustra un aspecto del nivel

inventivo asociado con las presentes reivindicaciones.

10.En resumen, las formas cristalinas reivindicadas poseen propiedades

1.

beneficiosas e inesperadas, las cuales no habrian sido predichas por una
persona medianamente versada en la técnica. Por esta razén adicional, las
formas cristalinas de la lenalidomida tienen nivel inventivo y representan un
avance tecnoldgico significativo. Segun esto, el objeto aqui reivindicado es
inventivo por esta razén adicional.

Teniendo en cuenta la sentencia proferida dentro del Expediente No. 7684 el
22 de Octubre de 2004 y acogida por esa Superintendencia mediante
memorando interno de fecha 22 de Diciembre de 2004 dirigido a los
funcionarios de la Delegatura de Propiedad Industrial, no se hace necesario
acompanar comprobante de pago por concepto de modificacion de la solicitud
por cuanto el nuevo pliego reivindicatorio se presenta a instancia de la

Superintendencia en cumplimiento de lo ordenado por el articulo 45 de la
Decision 486. |

Renuncio al término faltante de traslado, y les solicito ordenar la publicacion del
extracto.

De Ustedes Atentamente,

T.P. No. 68.995 del C.S.J.

Y
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11.

12.

13.

14.
- cualquiera de las reivindicaciones 7- 13, que esta hemihidratada.

Reivindicaciones

3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina que tiene un
patron de difraccion de rayos X en el polvo que comprende picos
aproximadamente a 8, 14,5 y 16 grados 26.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 1, en donde el patrén comprende picos en 7,9, 14,4 y 15,8 grados
26.

La 3-(4—amino-1-oxo-1 ,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacioén 1, en donde el patrén ademas comprende picos aproximadamente a
17,5, 20,5, 24 y 26 grados 26.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 3, en donde el patrén comprende picos en 17,6, 20,6, 24,1y 26,0
grados 26.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 1-4, la cual tiene un termograma de calorimetria
de barrido diferencial que comprende una endoterma con un maximo en cerca de
270°C. _

La 3-(4-amino-1-oxo0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 1-5, que no esta solvatada.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina que tiene
un patrén de difraccién de rayos X en el polvo que comprende picos
aproximadamente a 16,22 y 27 grados 26.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 7, en donde el patron comprende picos en 15,8, 22,2 y 26,7 grados
26.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicaciéon 7, en donde el patrén ademas comprende un pico aproximadamente
a 18 grados 26.

La 3-(4-amino-1-ox0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 9, en donde el patron comprende un pico en 18,2 grados 26.

La 3-(4-amino-1-oxo0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 7, que tiene un termograma de calorimetria de barrido diferencial
que comprende endotermas con maximos en cerca de 146°C y cerca de 268°C.
La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 7, la cual pierde cerca de 3,1% de volatiles con base en el peso
cuando se calienta a cerca de 175°C.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 7, que tiene aproximadamente 0,46 moles de agua por mol de 3-(4-
amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina que tiene
un patron de difraccion de rayos X en el polvo que comprende picos
aproximadamehte a 20,24.5 y 29 grados 26.

La 3-(4-amino-1-0x0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacién 15, en donde el patrén comprende picos en 20,0, 24,7 y 28.6 grados
20.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de la
reivindicacion 15 o 16 que tiene un termograma de calorimetria de barrido
diferencial que comprende endotermas con maximos en cerca de 99°C y cerca de
269°C.

La 3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 15- 17, la cual esta dihidratada.

La 3-(4-amino-1-o0x0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 1-1 8, la cual es mas de 80% pura.

La 3-(4-amino-1-ox0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 1-1 8, la cual es mas de 90% pura.

La 3-(4-amino-1-ox0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 1-1 8, la cual es mas de 95% pura.

La 3-(4-amino-1-o0x0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina de
cualquiera de las reivindicaciones 1 - 18, la cual es mas de 97% pura.

Una mezcla de la 3-(4-amino-1-o0xo0-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona
cristalina de cualquiera de las reivindicaciones 7-14 y la 3-(4-amino-1-ox0-1,3
dihidroisoindol-2-il)-piperidin-2,6-diona cristalina de cualquiera de las
reivindicaciones 15- 18.

Una composicion farmacéutica que comprende 3-(4-amino-1-oxo-1,3 dihidro-
isoindol-2-il)-piperidin-2,6-diona amorfa y la 3-(4-amino-1-oxo0-1,3 dihidro-isoindol-
2-il)-piperidin-2,6-diona de cualquiera de las reivindicaciones 1-18.

La composicion de la reivindicacion 24, la cual comprende mas de 50% en peso de
3-(4-amino-1-oxo-1,3 dihidro-isoindol-2-il)-piperidin-2,6-diona cristalina.

Una composicion farmacéutica que comprende la 3-(4-amino-1-oxo-1,3 dihidro-
isoindol-2-ii)-piperidin-2,6-diona cristalina de cualquiera de las reivindicaciones 1-
22 y un excipiente farmacéuticamente aceptable.

La composicién farmacéutica de la reivindicacién 26, en donde la composicion es

una forma de dosificacién en dosis unitaria.



DECLARATION OF PROFESSOR WILLIAM JONES, Ph.D.

Sir:
I, WILLIAM JONES, do hereby declare and state:

1. I am presently a Professor in the Department of Chemistry at the
University of Cambridge, which is located in Cambridge, England.

2. I have over 35 years of experience conducting research in the field of
chemistry. My academic and technical experience and honors, and a list of my publications,
are set forth in my curriculum vitae, a copy of which is attached as Appendix A. As indicated
by the publication list on my curriculum vitae, a significant portion of my current research

involves the field of pharmaceutical solid-state chemistry.

3. I have read and am familiar with the disclosure of International Patent
Application No. PCT/US2004/028736, which I will refer to as the “'736 Application” in this
Declaration. I'understand that the earliest filing date of the '736 Application is September 4,
2003.

4. In my opinion, the technolog’y described in the 736 Application relates
to pharmaceutical solid-state chemistry and polymorphism, particula;ly with respect to the
compound known as lenalidomide, which can be described by at least the following chemical
names: 3-(4-amino-1-oxo-1,3-dihydro-isoindol-2-yl)-piperidine-2,6-dione; 3-(4-amino-1-
oxoisoindolin-2-yl)piperidine-2,6-dione; 1-oxo-2-(2,6-dioxopiperidin-3-yl)-4-
aminoisoindoline; and 3-(1-o0xo0-4-aminoisoindolin-2-yl)piperidine-2,6-dione. The '736
Application provides a chemical name for lenalidomide at page 1, lines 29-30, and depicts
the chemical formula of lenalidomide at page 6, line 14. The chemical formula is also

provided here as Formula (I).

¢
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5. I'understand that Colombian Patent Application No. 06023144
corresponds to the 736 Application. I understand that an office action (which I will refer to
as the “Colombian Office Action” in this Declaration) has been issued by the Colombian
Patent Office in connection with this Colombian patent application. A copy of the Office
Action and an English translation are attached as Appendix B. Iunderstand that the
Colombian Office Action contends that lenalidomide crystal forms described in this
Colombian patent application are not innovative in view of the state of the art as of
September 4, 2003. I understand and believe that the state of the art as of that date includes
the information disclosed in U.S. Patent No. 6,281,230, which I will refer to as the '230
Patent in this Declaration. I understand that the Colombian Office Action also cites
Chapter 76 of the 17" Edition of REMINGTON’S PHARMACEUTICAL SCIENCES (which I will
refer to as the “Remington Reference” in this Declaration), which is published before

September 4, 2003.

6. I have read and am familiar with the set of claims, attached hereto as
Appendix C, which I understand will be submitted together with this Declaration and the
response to the Colombian Office Action. I have been asked to provide my opinion about
whether lenalidomide crystal forms described in the '736 Application are innovative in view

of the state of the art as of September 4, 2003.

7. In the following paragraphs, I will provide my opinion that the
lenalidomide crystal forms described in the 736 Application are innovative. Iwill support
my opinion by discussing the state of the art as of September 4, 2003, including the 230
Patent and the Remington Reference. I will also discuss unexpected properties associated
with particular lenalidomide crystal forms described in the '736 Application. Appendix D

provides copies of the references I have cited in this Declaration.

I. THE LENALIDOMIDE CRYSTAL FORMS OF THE '736 APPLICATION ARE
INNOVATIVE IN VIEW OF THE STATE OF THE ART

8. I understand that the Colombian Office Action contends that the
lenalidomide crystal forms described in the ‘736 Application are not innovative in view of the

state of the art as of September 4, 2003. As I explain in this Declaration, I disagree with this
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contention. It is my opinion that the lenalidomide crystal forms described in the '736
Application could not have been predicted or expected in view of the state of the art as of

September 4, 2003, including the 230 Patent and the Remington Reference.

A. The Existence of Particular Lenalidomide Crystal Forms Could Not Have Been
Predicted From the Chemical Name and Formula of Lenalidomide

9. The 230 Patent discloses a chemical name for lenalidomide at, e.g.,
column 9, lines 25-26, and a general chemical formula encompassing lenalidomide at column
4, lines 43-53. However, prior knowledge of the chemical namé and formula of
lenalidomide does not affect the novelty or innovation associated with the lenalidomide
crystal forms described in the ‘736 Application. As of September 4, 2003, based only on a
knowledge of the chemical name and formula of lenalidomide, an ordinary researcher would
not have been able to predict the formation of particular lenalidomide crystal forms or their
associated advantageous properties. It is my opinion that the crystal forms described in the
"736 Application represent an important advance toward facilitati;ng the use of lenalidomide

as a pharmaceutical material, and are innovative.

10. Tt appears that the Colombian Office Action contends that the
lenalidomide crystal forms of the 736 Application are not inventive because “the study of
polymorphism is a routine task in the field of pharmaceuticals in the pre-formulation of
pharmaceutical preparations, and that the variety of crystalline forms in a compound allows
the properties of solubility, stability, and others to be varied.” Specifically, the Colombian
Office Action contends that “it is a routine task for the expert (pre-formulator) to determine
whether the compound exists in one or more crystalline forms, the number of polymorphs
that may exist, and determine their character and physical and chemical characteristics . . .
once they had been characterized, there are procedures by which the pre-formulator may
prepare the various forms in larger quantities for additional evaluation . . . [tJherefore, the
development of polymorphic forms of a compound to improve its physical and chemical
properties is a problem which has already been solved in the state of the art, and is not

considered to be inventive.” I disagree with these contentions.
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11.  AsIexplain in this declaration, in my opinion, the chemical formula of
a particular organic compound does not disclose or suggest any specific solid form(s) in
which the compound may precipitate. Based only on a knowledge of the chemical formula of
a particular organic compound, it is generally not possible to predict whether the compound

will form an oil, an amorphous solid, a crystalline solid, or a mixture thereof.

12.  Predicting the nature of solid form(s) that might be generated for an
organic compound can be further complicated by the possibility of solvate formation.
Without detailed experimentation, an ordinary researcher cannot predict whether a particular
organic compound will crystallize with or without the incorporation of solvent (e.g., water) in
the crystal lattice. Determining whether a compound will crystallize as a solvate (e.g., a
hydrate) requires substantial experimentation and cannot be predicted based only on the

molecular formula of the compound.

13.  As aresult of the high degree of unpredictability in this field,
researchers must perform detailed experimentation to ascertain and understand the formation
of any crystal form(s) comprising a particular organic compound. The amount of
experimentation required to ascertain and understand the formation of crystal forms
comprising a particular organic compound can be substantial and extensive. The process is
certainly not routine. As I explain in this Declaration, this is true in the case of lenalidomide

crystal forms described in the '736 Application.

a. An Ordinary Researcher Could Not Have Predicted the Formation of the
Lenalidomide Crystal Forms Described in the '736 Application

14.  Each lenalidomide crystal form disclosed in the 736 Application is a
new material with new properties, representing a significant advance toward understanding
and controlling the solid-state chemistry of lenalidomide. In view of the state of the art as of
September 4, 2003, an ordinary researcher would not have predicted the particular crystal
forms described in the 736 Application, nor the particular conditions or experimental

variables for forming the crystal forms, such as temperature or solvent, for example.
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15.  As of September 4, 2003, an ordinary researcher could not have
anticipated whether under a given set of experimental conditions lenalidomide would
precipitate as, e.g., an oil, an amorphous solid, an unsolvated crystalline material, a solvated
crystalline material, or a mixture of one or more thereof. An ordinary researcher would also
have been unable to predict the number of lenalidomide crystalline forms, if any, that could
be obtained in the laboratory. I explained in 2006 that “it is not generally possible to
computationally predict the number of observable polymorphs of even the simplest
molecules.” Jones, W., et al., Mater. Res. Bull. (2006), 31:875-79, at 875 (emphasis added).
This statement applies to lenalidomide as of September 4, 2003.

16.  Interms of chemical composition, certain of the lenalidomide crystal
forms described in the '736 Application contain solvent (e.g., water) in the crystal lattice, an
unpredictable result that carries important implications for the development of a
pharmaceutical compound. Lenalidomide crystal forms containing solvent in the crystal
lattice have a different chemical composition from lenalidomide itself. For example,
lenalidomide Form B is a hemihydrate ('736 Application at page 9, lines 15-19) and
lenalidomide Form E is a dihydrate (736 Application at page 7, lines 20-21). Thus, whereas
the empirical formula of lenalidomide is C33H;13N303, the Form B crystal form of
lenalidomide has an empirical formula of C;3H13N303/2(H,0), and the Form E crystal form
of lenalidomide has an empirical formula of C;3H13N303-2(H20). As of September 4, 2003,
an ordinary researcher would not have predicted or expected these particular crystalline

solvates (e.g., hydrates), or others described in the 736 Application.

17.  Molecular complexity, including molecular flexibtility and the presence
of competing hydrogen-bond donors and acceptors, is an obstacle to the prediction of
possible crystal form(s) for a compound. See Day, G.M., et al., Cryst. Growth Des. (2004),
4(6):1327-40. The lenalidomide chemical formula, as shown in FIG. 1 below, possesses
both conformational flexibility and multiple hydrogen-bond donors and acceptors, each of

which would have complicated any attempt at predicting the crystal forms of lenalidomide as
of September 4, 2003.
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18.  In addition to molecular complexity, the number of molecule(s) in the
crystallographic asymmetric unit was a significant limitation to structure prediction as of
September 4, 2003. I explained in 2006 that “[t]he prediction of crystal structures with more
than one molecule in the asymmetric unit . . . represents a major challenge in the field of
crystal structure prediction.” Cruz Cabeza, A.J., et al., J. Am. Chem. Soc. (2006),
128:14466-67, at 14466. In practice, this means that the formation and stoichiometric ratio
of crystalline solvates, such as crystalline hydrates, were generally unpredictable as of
September 4, 2003. Many of the lenalidomide crystal forms disclosed in the '736
Application, including Forms B and E, comprise solvent in the crystal lattice. Itis my
opinion that the demonstrated and unpredictable propensity of lenalidomide to incorporate
solvent of crystallization would have represented a serious obstacle to the prediction of the
crystal forms described in the 736 Application. Determining whether lenalidomide would
crystallize as a solvate (such as, e.g., a hydrate) would have required substantial laboratory

experimentation and could not have been predicted or expected based on the chemical

formula of lenalidomide.
b. An Ordinary Researcher Could Not Have Predicted the Conditions Required
to Prepare the Lenalidomide Crystal Forms in the '736 Application

19. It is my opinion that as of September 4, 2003, an ordinary researcher
could not have predicted the conditions required to prepare the crystal forms of lenalidomide

disclosed in the '736 Application. Moreover, I believe that the lenalidomide crystallization
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conditions described in the '736 Application represent an important advance toward

facilitating the use of lenalidomide as a pharmaceutical material.

20.  The 736 Application describes special difficulties that the inventors
encountered in isolating pure lenalidomide crystal forms. The 736 Application explains that
multiple batches of lenalidomide solid material were obtained as “apparent mixtures of
polymorphs” of lenalidomide ('736 Application at page 17, line 20) and that various
crystallizations resulted in a product containing mixtures of lenalidomide crystal forms (‘736
Application at pages 19-21, Tables 1, 2, and 3). A reproducible, robust process for making
pure batches of a single crystal form is critical to the successful development and
manufacture of essentially all pharmaceutical compounds. Indeed, the '736 Application
explained the importance of deriving “strict polymorphic controls in the validation batches
and future manufacturing” of the lenalidomide active pharmaceu%ical ingredient (736

Application at page 17, lines 23-24).

21.  In view of the apparent propensity of lenalidomide to crystallize as a
mixture of polymorphs, the inventors faced special challenges in developing reproducible,
robust crystallization processes. For example, the '736 Application explained that
lenalidomide Form B appeared to be metastable, i.e., it was a kinetically controlled product of
crystallization that subsequently, over time, may convert into a mixture of Forms B and E
under certain conditions (‘736 Application at page 18, lines 13—18). As the 736 Application
describes, the inventors studied experimental variables including, for example, reaction scale,
crystallization solvent, slurry temperature, solvent volume, cooling period, holding period,
drying temperature, vacuum drying, filtration temperature, and filtration time (‘736
Application at pages 18-19). Before the inventors performed these studies, the effects of
each of these variables on the solid-state behavior of lenalidomide could not have been

predicted.

22.  Itis my opinion that the conditions described in the '736 Application
for obtaining pure batches of specific lenalidomide crystal forms, including the preferred
process parameters for Forms B and E, represent important advances that facilitate the use of

lenalidomide as a pharmaceutical compound.
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B. The Existence of Particular Lenalidomide Crystal Formis Could Not Have Been
Predicted from the 230 Patent and the Remington Reference

23. T understand that the Colombian Office Action contends that the
lenalidomide crystal forms of the 736 Application are not innovative in view of the 230

Patent and the Remington Reference. I disagree with this contention.

24, The 230 Patent does not describe or suggest crystal forms of racemic
lenalidomide, including the crystal forms described in the ‘736 Application. For example, the
230 Patent does not describe crystal forms of racemic lenalidomide, nor does it suggest
whether or not racemic lenalidomide may be prepared as a crystalline material. In particular,
the 230 Patent does not describe the particular crystal forms identified in the '736
Application. The 230 Patent also does not describe or suggest whether lenalidomide could
form crystalline solvates, such as, the particular crystalline hydrates described in the '736
Application, including Forms B and E. In addition, the '230 Patent does not describe or
suggest particular conditions for forming the lenalidomide crystal forms described in the '736
Application. Thus, in view of the 230 Patent, an ordinary researcher could not have

predicted or expected the lenalidomide crystal forms described in the '736 Application.

25.  The Remington Reference does not providg any specific information
relating to the lenalidomide crystal forms described in the '736 Application. For example, the
Remington Reference does not describe or suggest any particular'‘compound related to
lenalidomide, any particular crystal form of lenalidomide, or any particular condition for
preparing the lenalidomide crystal forms described in the '736 Application. At most, the
Remington Reference describes background information on drug formulation in general
terms, which does not provide specific guidance on how to obtain lenalidomide crystal forms,
and most certainly not those described in the '736 Application. Notably, the author of the
Remington Reference stated that “[w]e are in an era in the pharmaceutical industry where we
can no longer rely on past experience to formulate. We must have a thorough understanding
of the physical-chemical properties as well as the pharmacokinetic and biopharmaceutical
behavior of each drug substance being developed” (fourth paragraph of the Remington

Reference). Thus, an ordinary researcher would not expect that a procedure that allegedly
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crystallizes one compound could be applied with comparable success to another compound,

such as lenalidomide.

26.  Studies published by my own research group illustrate that the
crystallization behavior and solid-state characteristics of even structurally similar compounds
can be remarkably different. I co-authored a publication describing the crystallization
behavior of the pharmaceutical compounds carbamazepine and 10,11-dihydrocarbamazepine,
depicted below as Formulae (II) and (III). See Cruz Cabeza, A.J., et al., Cryst. Growth Des,
(2007), 7(1):100-07.

0~ NH,
Carbamazepine 10,1 1—dihydrbcarbamazepine
(I (110)

v

27.  The molecular formulae of these two compounds are very similar:
carbamazepine differs from the dihydro compound by only two hydrogen atoms (i.e., one
double bond). Despite this close molecular similarity, however, these molecules possess
significant differences in their solid-state characteristics and properties. For example, the
dihydro compound readily crystallizes from ethanol to yield a crystal form consisting of
hydrogen-bonded chains. However, even after extensive experimental effort that entailed
subjecting carbamazepine to 66 different solvents (including ethanol) and 5 different
crystallization protocols, a similar chain-like crystal form could not be obtained. Even our
attempts at seeding a saturated solution of carbamazepine with the chain-like crystal form of

the dihydro compound were unsuccessful.

28.  The scientific literature provides many other instances of great
differences in crystallization behavior arising between chemically similar molecules. For
example, three xanthine compounds with pharmacological activity—theophylline, caffeine,
and theobromine—differ by at most only one methyl group, as shown in Formulae (IV), (V),
and (VI), below.

SDI-78450v3
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29.  Despite the chemical similarity among these three compounds, they

possess important solid-state differences regarding, inter alia, their ability to crystallize as
hydrated crystal forms. Theophylline can form a relatively stable crystalline monohydrate.
Caffeine, by contrast, does not form a monohydrate, but instead forms a non-stoichiometric
0.8-hydrate. Theobromine, unlike the other two compounds, does not form a hydrated crystal

form at all. See, e.g., Bruns, S., et al., Thermochimica Acta (1984), 72:31-40, at 36.

30.  AsIhave illustrated with the preceding examples, one would not
expect that a crystallization procedure for one compound could be applied with comparable
success to another compound, even for compounds with similar structures. Accordingly, an
ordinary researcher would not expect that a procedure for crystallizing a compound other
than lenalidomide could be applied with comparable success to lenalidomide. It is therefore
my opinion that the lenalidomide crystal forms of the 736 Application are not described or

suggested by the 230 Patent or the Remington Reference.

II. THE LENALIDOMIDE CRYSTAL FORMS OF THE '736 APPLICATION POSSESS
SUPERIOR PROPERTIES UNEXPECTED FROM THE 230 PATENT AND THE
REMINGTON REFERENCE

31.  The lenalidomide crystal forms described in the 736 Application
possess unexpected properties. For this additional reason, the lenalidomide crystal forms

described in the ‘736 Application are innovative and represent a significant technological

advance.

32.  The "736 Application discloses advantageous properties associated

with particular lenalidomide crystal forms. It is my opinion that as of September 4, 2003, the

-10 -
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properties associated with these lenalidomide crystal forms would not have been reasonably
expected by an ordinary researcher based upon information in the 230 Patent and the

Remington Reference.

33.  Inoted in 2006 that “the physical form of an [active pharmaceutical
ingredient] represents a strategic opportunity for optimizing such physical properties as
solubility, dissolution rate, hygroscopicity, physical stability and chemical stability.” Jones,
W., et al., Mater. Res. Bull. (2006), 31:875-79, at 875. The '736 Application represents an
innovative step toward the optimization of lenalidomide as a solid-state pharmaceutical
material. Examples of unexpected properties associated with particular lenalidomide crystal

forms are summarized below.

34.  The 736 Application provides data re gardling thermal properties
associated with the lenalidomide crystal forms; these properties could not have been
predicted or expected based upon information in the '230 Patent and the Remington
Reference. For example, for certain crystal forms, the '736 Application provides DSC, TGA,
and/or TG-IR data (TG-IR is a thermal technique which couples TGA with IR spectroscopy
for analyzing emitted vapors, such as volatile solvents). Thermal data such as these indicate
the suitability of a particular crystal form for processing conditions regularly employed in
pharmaceutical development, such as drying, milling, and storage‘, among others. For
example, the DSC, TGA, and TG-IR plots for Form B, provided in the '736 Application at
Figures 9 and 10, indicate that Form B does not undergo significant thermal transitions below
about 146 °C, at which temperature it loses water of hydration. The 736 Application also
provides DSC and TGA data for other crystal forms, such as Forms A and E at Figures 4 and
24. These data indicate that certain lenalidomide crystal forms, such as Forms A, B, and E,
have beneficial thermal stability properties suitable for pharmaceutical processing and

storage.

35.  The 736 Application provides data regarding moisture
sorption/desorption properties associated with certain lenalidomide crystal forms; these
properties could not have been predicted or expected based upon information in the '230

Patent and the Remington Reference. Non-hygroscopicity is critical, e.g., for formulation,

-11-
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processing, and storage of pharmaceutical materials. For example, a moisture
sorption/desorption isotherm for Form B is provided in the '736 Application at Figure 11.
The 736 Application also provides moisture sorption/desorption data for Forms A and E at
Figures 5 and 25. The plots indicate that Forms A, B, and E are substantially non-
hygroscopic, suggesting that Forms A, B, and E possess properties desirable for the

development of a pharmaceutical product.

36.  The 736 Application provides data regarding solubility and dissolution
rate associated with certain lenalidomide crystal forms; these properties could not have been
predicted or expected based upon information in the 230 Patent and the Remington
Reference. Solubility and dissolution rate properties can be critical for assessing the
bioavailability and pharmacological efficacy of a solid form of a pharmaceutical compound.
For example, the "736 Application discloses Form B solubility data at pages 27-28 and at
Figure 52. These data indicate that Form B has appreciable solubility, about 5.8 mg/mL, in
the selected dissolution medium. See Table 6 at page 27. This study also indicated that the
undissolved Form B crystals did not convert to another solid form, therefore demonstrating
that Form B has good stability in water. See page 27, lines 19-21, and Table 7 at page 28.
The 736 Application reports dissolution data for Form B at pages 28-30 and at Figures 53—
54. The 736 Application also provides solubility and dissolution data for Forms A and E at
pages 27-28, pages 28-30, and at Figures 51 and 53-54. Beneficial solubility and
dissolution rate data, such as those provided in the '736 Application, may be used to assess
whether a particular solid form of a pharmaceutical compound will be bioavailable, an
important characteristic affecting the biological and therapeutic properties associated with a

solid form of a pharmaceutical compound. ’

37.  The'736 Application provides data regarding long-term physical
stability properties associated with certain lenalidomide crystal forms; these properties could
not have been predicted or expected based upon information in the 230 Patent and the
Remington Reference. Data such as these indicate the suitability of a particular crystal form
with regard to important storage and shelf-life considerations. For example, the '736
Application provides the results of long-term physical stability studies for Form B under

particular temperature/humidity stress conditions at page 10, lines 3-5. These data indicate
\

-12 -
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that Form B does not convert to a different solid form under two different conditions (room
temperature/0%RH and 40°C/93%RH) for a period of up to about 85 days. The 736
Application also provides similar long-term physical stability data for Forms A and E, at page
8, lines 29-31, and page 13, lines 6-9. These results indicate that‘Forms A, B, and E have
beneficial long-term physical stability suitable for long-term storage as a pharmaceutical

product.

38.  The '736 Application provides data regarding mechanical stability
properties associated with certain lenalidomide crystal forms; these properties could not have
been predicted or expected based upon information in the 230 Patent and the Remington
Reference. Mechanical stability data indicate the suitability of a particular solid form for
certain processing conditions regularly employed in phannaceutiéal development, such as
milling and tableting. For example, the 736 Application discloses data regarding the
mechanical stability of Forms A and B with respect to compression and grinding at page 28,
lines 8-11, and Table 7. The mechanical stability disclosed for Forms A and B indicates their
suitability for typical processing conditions encountered in pharmaceutical development

operations.

39.  Thus, lenalidomide crystal forms described in the 736 Application,
such as Forms A, B, and E, possess beneficial and unexpected properties. These specific
beneficial properties would not have been predicted or expected by an ordinary research as of
September 4, 2003. Accordingly, in my opinion, the claimed lenalidomide crystal forms are

inventive for this additional reason.

III. CONCLUSION

40.  In view of my analysis, I conclude that an ordinary researcher as of
September 4, 2003 would not have been able to predict the formation or properties of the
lenalidomide crystal forms described in the 736 Application, and that the lenalidomide
crystal forms of the '736 Application possess unexpected propegties, representing a significant
advance in the solid-state chemistry of lenalidomide. I therefore disagree with the Colombian
Office Action, and I conclude that the claimed lenalidomide crystal forms are novel and

innovative.

-13-
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41.  Ideclare further that all statements made in this Declaration of my own

knowledge are true, and that all statements made on information and belief are believed to be

true.

Respectfully submitted,

Date

Attachments:

Appendix A:
Appendix B:

Appendix C:
Appendix D:
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William Jones

Curriculum Vitae of Professor William Jones, Ph.D.
Copy of Office Action in Colombian Patent App. [No. 06023144 and an

English translation
Claims proposed for submission in Colombian Patent App. No. 06023144

Copies of references cited herein
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DECLARACION DEL PROFESOR WILLIAM JONES, PH.D,

Aprecxados sefiores:
Yo, WILLIAM JONES, por medio de la presente declaro y mamﬁesto

1.

En el presente sol Profesor del Departamento de Quimica de la Universidad de
Cambridge, situada en Cambridge, Inglaterra.

Tengo mas de 35 afios de experiencia en investigacion en el campo de la quimica. Mi
experiencia académica y técnica experiencia, los honores que he recibido y una lista de
mis publicaciones, aparecen en ni hoja de vida, una copia de la cual aparece anexa
identificada como Apéndice A. Como lo indica la lista de publicaciones de mi hoja de
vida, una parte significativa de mi investigacion actual involucra el campo de la
quimica farmacéutica del estado solido.

He leido y estoy familiarizado con la revelacion de la Solicitud internacional de patente
No. PCT/US2004/028736, a la cual me referiré como “Solicitud 736 en la presente
Declaracion. Entiendo que la fecha primera de radicacion de la Solicitud 736 es el 4 de
septiembre de 2003.

En mi opinion, la tecnologia descrita en la Solicitud 736 se relaciona con la quimica
farmacéutica del estado sélido y el polimorfismo, en especial en lo que respecta al
compuesto conocido como lenalidomida, el cual puede ser descrito con por lo menos
los siguientes nombres quimicos: 3-(4-amino-1-oxo-1,3-dihidro-isoindol-2-il)-piperidin-
2,6-diona; 3-(4-amino-1-oxoisoindolin-2-il)piperidin-2,6-diona; 1-0x0-2-(2,6-
dioxopiperidin-3-il)-4-aminoisoindolina; y 3-(1-ox0-4-aminoisoindolin-2-il)piperidin-
2,6-diona. La Solicitud 736 proporciona un nombre quimico para la lenalidomida en la
pagma 1, lineas 29-30 e ilustra la formula quimica de la lenalidomida en la pagina 6,
linea 14. La formula quimica también se da aqui como Formula (I).

0
":J;\ RY §
O
[ =NH
aHy O

I

Entiendo que la solicitud colombiana de patente No. 06023144 corresponde a la
Solicitud 736. Entiendo que un Oficio (al cual haré referencia como el “Oficio
colombiano” en la presente Declaracion) ha sido emitido por la Superintendencia de
Industria y Comercio en relacion con esta solicitud colombiana de patente. Se anexan
una copia del Oficio de la SIC y una traduccion al inglés que se identifican como
Apéndice B. Eitiendo que el Oficio colombiano alega que las formas cristdlinas de 1a
lenalidomida descritas en esta solicitud colombiana de patente carecen de nivel
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inventivo a la luz del estado de la técnica a 4 de septiembre de 2003. Entiendo y creo
que el estado de la técnica en esa fecha incluia la informacion revelada en la patente
estadounidense No. 6.281.230, a la cual me referiré como la Patente 230 en la presente
Declaracion. Entiendo que el Oficio colombiano también cita el Capitulo 76 de la 17*
Edicion de REMINGTON’S PHARMACEUTICAL SCIENCES (al cual haré alusion
como “Referencia a Remington” en la presente Declaracion), la cual fue publicada
antes del 4 de septiembre de 2003.

He leido y estoy familiarizado con el juego de retvindicaciones, que se anexa a la
presente en forma de Apéndice C, el cual entiendo que sera radicado junto con la
presente Declaracion y la respuesta al Oficio colombiano. Se me ha pedido que dé mi
opinion acerca de si las formas cristalinas de la lenalidomida descritas en la Solicitud
736 tienen nivel inventivo a la luz del estado de la técnica existente el 4 de septiembre
de 2003.

En los siguientes parrafos consignareé mi opinion de que las formas cristalinas de la
lenalidomida descritas en la Solicitud 736 tienen nivel inventivo. Respaldaré tal opinion
con una discusion del estado de la técnica prevalente el 4 de septiembre de 2003,
incluyendo la Patente 230 y la Referencia a Remington. También examinaré las
propiedades inesperadas asociadas con formas cristalinas particulares de la
lenalidomida descritas en la Solicitud 736. En el Apéndice D se dan copias de las
referencias que he citado en la presente Declaracion.

LAS FORMAS CRISTALINAS DE LA LENALIDOMIDA DE LA SOLICITUD
736 TIENEN NIVEL INVENTIVO A LA LUZ DEL ESTADO DE LA TECNICA

Entiendo que el Oficio colombiano alega que las formas cristalinas de la lenalidomida
descritas en la Solicitud 736 carecen de nivel inventivo a la luz del estado de la técnica
existente el 4 de septiembre de 2003. Como explico en la presente Declaracion, estoy en
desacuerdo con esa afirmacion. En mi opinion las formas cristalinas de la lenalidomida
descritas en la Solicitud 736 no podrian haber sido predichas ni eran de esperar a la luz
del estado de la técnica existente el 4 de septiembre de 2003, incluida la Patente 230 y
la Referencia a Remington.

. La existencia de Formas cnstalinas particulares de la lenalidomida No podria haber sido

predicha a partir del nombre quimico y la formula de la lenalidomida

La Patente 230 revela un nombre quimico para lenalidomida, p.ej., en la columna 9,
lineas 25-26 y una formula quimica general que abarca a la lenalidomida en la columna
4, lineas 43-53. No obstante, el conecimiento previo del nombre quimico y la formula
de la lenalidomida no afectan la novedad o el nivel inventivo que se asocian con las
formas cristalinas de la lenalidomida descritas en la Solicitud 736. Al 4 de septiembre
de 2003, con base unicamente en un conocimiento del nombre quimico y la formula de
la lenalidomida, la persona medianamente versada en la técnica no habria sido capaz de
predecir la formacidn de formas cristalinas particulares de la lenalidomida o sus

%
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10.

11.

12.

13.

propiedades provechosas asociadas. En mi opinion, las formas cristalinas descritas en la
Solicitud 736 representan un importante avance hacia la facilitacion del uso de la
lenalidomida como material farmacéutico y tienen nivel inventivo.

Parece ser que el Oficio colombiano alega que las formas cristalinas de la lenalidomida
de la Solicitud 736 carecen de nivel inventivo porque “el estudio de polimorfismo es
una tarea habitual en el campo de la farmacéutica en la preformulacion de
preparaciones farmacéuticas y que la variedad de formas cristalinas en un compuesto
permite variar las propiedades de solubilidad, estabilidad y otras”. Especificamente, el
Oficio colombiano alega que “es una tarea habitual para el experto (preformulador)
determinar s1 el compuesto existe en una o mas formas cristalinas, el nimero de
polimorfos que puedan existir y determinar su caracter y caracteristicas fisicas y
quimicas... una vez que han sido caracterizadas, hay procedimientos por medio de los
cuales el preformulador puede preparar las diversas formas en cantidades mas grandes
para evaluacion adicional... [pJor consiguiente, el desarrollo de formas polimorficas de
un compuesto para mejorar sus propiedades fisicas y quimicas es un problema que ya
ha sido resuelto en el estado de la técnica y no se considera inventivo”. Estoy en
desacuerdo con estas afirmaciones.

Como explico en la presente Declaracion, en mi opinion, la formula quimica de un
compuesto organico en particular no revela o sugiere ninguna forma solida especifica
en la cual el compuesto se pueda precipitar. Con base solamente en un conocimiento de
la formula quimica de un compuesto orgdnico en particular, en general no es posible
predecir si el compuesto va a formar un aceite, un solido amorfo, un sélido cristalino, o
una mezcla de los mismos.

Predecir la naturaleza de forma(s) solida(s) que pudieran haber sido generadas para un
compuesto organico puede resultar todavia mas complicado por la posibilidad de la
formacion de solvatos. Sin experimentacion detallada, la persona medianamente
versada en la técnica no puede predecir si un compuesto organico en particular se va a
cristalizar con o sin la incorporacion de solvente (p.gj., agua) en el entramado cristalino.
Determinar s1 un compuesto se va a cristalizar como un solvato (p.ej., un hidrato)
requiere sustancial experimentacion y no es posible predecirlo con base solamente en la
formula molecular del compuesto.

Como resultado del alto grado de imprevisibilidad en este campo, los investigadores
tienen que llevar a cabo experimentacion detallada para verificar y entender la
formacion de cualquier forma cristalina que comprende un compuesto organico en
particular. La cantidad de experimentacion requerida para verificar y entender la
formacion de formas cristalinas que comprende un compuesto organico en particular
puede ser sustancial y extensa. El proceso por supuesto dista de ser habitual. Como
explico en la presente Declaracion, esto es cierto en el caso de las formas cristalinas de
la lenalidomida descritas en la Solicitud 736.

Jaime L. raza F.
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Res. Minjusticia 1025 de 1995

A



a. La persona medianamente versada en la técnica no podria haber predicho la

Jormacion de las formas cristalinas de la lenalidomida descritas en la Solicitud
736

14. Cada forma cristalina de la lenalidomida revelada en la Solicitud 736 es un nuevo

15.

16.

17.

material con nuevas propiedades, que representa un significativo avance hacia el
entendimiento y el control de la quimica del estado solido de la lenalidomida. A Ia luz
del estado de la técnica existente el 4 de septiembre de 2003, la persona medianamente
versada en la técnica no habria predicho las formas cristalinas particulares descritas en
la Solicitud 736, ni las condiciones o variables experimentales particulares para la
obtencion de las formas cristalinas, como la temperatura o el solvente, por ejemplo.

A 4 de septiembre de 2003, la persona medianamente versada en la técnica no podria
haber previsto si dado un conjunto de condiciones experimentales la lenalidomida se
precipitaria como, p.ej., un aceite, un solido amorfo, un material cristalino no solvatado,
un material cnstalino solvatado, o una mezcla de uno o mas de los anteriores. La
persona medianamente versada en la técnica tampoco habria podido predecir el nimero
de formas cristalinas de la lenalidomida, si existen, que podrian haber sido obtenidas en
el laboratorio. En 2006 expligué que “en general no es posible predecir de forma
computacional el nimero de polimorfos observables incluso de las moléculas mas
simples”. Jones, W., et al., Mater. Res. Bull. (2006), 31:875-79, at 875 (el énfasis es
mio). La presente Declaracion se aplica a la lenalidomida prevalente el 4 de septiembre
de 2003.

En lo tocante a la composicion quimica, algunas de las formas cristalinas de la
lenalidomida descritas en la Solicitud 736 contienen solvente (p.ej., agua) en el
entramado cristalino, un resultado impredecible que comporta importantes
mmplicaciones para el desarrollo de un compuesto farmacéutico. Las formas cristalinas
de la lenalidomida que contienen solvente en el entramado cristalino tienen una
composicion quimica diferente de la lenalidomida misma. Por ejemplo, la Forma B de
la lenalidomida es un hemihidrato (Solicitud 736 en la pagina 9, lineas 15-19) y la
Forma E de la lenalidomida es un dihidrato (Solicitud 736 en la pagina 7, lineas 20-21).
Asi, aunque la formula empirica de la lenalidomida es CsHsN3Qs, la Forma cristalina
B de la lenalidomida tiene una formula empirica de C3Hy3N305- %(H;0) y la Forma
cristalina E de la lenalidomida tiene una formula empirica de C;3H;3N50;5-2(H,0). Al 4
de septiembre de 2003, la persona medianamente versada en la técnica no habria
predicho o esperado estos solvatos cristalinos en particular (p.ej., hidratos), u otros
descritos en la Solicitud 736.

La complejidad molecular, incluida la flexibilidad molecular y la presencia de donantes
y aceptores de enlaces hidrogeno competidores, supone un obstaculo para la prediccion
de posibles formas cristalinas para un compuesto. Ver Day, GM., et al., Cryst. Growth
Des. (2004), 4(6): 1327-40. La formula quimica de la lenalidomida, como se muestra en
la FIG. 1 mas adelante, posee tanto flexibilidad conformacional como multiples
donantes y aceptores de enlaces hidrogeno, cada uno de los cuales habria complicado
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cualquier intento de predecir las formas cristalinas de la lenalidomida existentes el 4 de
septiembre de 2003.

conformational }
* ﬂexibfﬁty_ v

E possible hydrogen-bond aéceptoré |
. e ycrogen-i ;
§ ** possible hydrogen-bond donors

Flexibilidad conformacional

* Posibles aceptores de enlaces hidrogeno

** Posibles donantes de enlaces hidrogeno I
FIG. 1

18. Ademas de la complejidad molecular, el nimero de molécula(s) en la unidad
cristalografica asimétrica fue una limitacion significativa a la prediccion de la estructura
existente el 4 de septiembre de 2003. En 2006 expliqué que “[I}a prediccion de
estructuras cristalinas con mas de una molécula en la unidad asimétrica... supone un
gran desafio en el campo de la prediccion de las estructuras cristalinas”. Cruz Cabeza,
Al etal, J. Am. Chem. Soc. (2006), 128: 14466-67, en 14466. En la practica, esto
significa que la formacion y el cociente estequiomeétrico de los solvatos cristalinos,
como hidratos cristalinos, en general eran impredecibles a 4 de septiembre de 2003.
Muchas de las formas cristalinas de la lenalidomida reveladas en la Solicitud 736,
incluidas las Formas B y E, comprenden solventes en el entramado cristalino. En mi
opinion la predisposicion demostrada e impredecible de la lenalidomida a incorporar
solvente de cristalizacion habria representado un serio obstaculo para la prediccion de
las formas cristalinas descritas en la Solicitud 736. Determinar si la lenalidomida
cristalizaria como un solvato (como, p.ej., un hidrato) habria exigido sustanciales
experimentacion de laboratorio y no podria haber sido predicho ni era de esperar con
base en la formula quimica de la lenalidomida.

a. La persona medianamente versada en la técnica no podria haber predicho las
condiciones requeridas para preparar las formas cristalinas de la lenalidomida
presentes en la Solicitud 736 }

19. En mi opinion, antes del 4 de septiembre de 2003, la persona medianamente versada en
la técnica no podria haber predicho las condiciones requeridas para preparar las formas
cristalinas de la lenalidomida reveladas en la Solicitud 736. Ademas, creo que las
condiciones de cristalizacion de la lenalidomida descritas en la Solicitud 736
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20.

21.

22.

23.

24,

representan un mmportante avance hacia la facilitacion del uso de la lenalidomida como
un material farmacéutico.

La Solicitud 736 describe dificultades especiales que los inventores encontraron para el
aislamiento de formas cristalinas puras de la lenalidomida. La Solicitud 736 explica que
se obtuvieron miltiples lotes del material sélido de la lenalidomida como “mezclas
aparentes de polimorfos” de la lenalidomida (Solicitud 736 en la pagina 17, linea 20) y
que diversas cristalizaciones dieron lugar a un producto que contenia mezclas de formas
cristalinas de la lenalidomida (Solicitud 736 en las paginas 19-21, Tablas 1, 2y 3). Un
proceso reproducible y robusto para obtener lotes puros de una tnica forma cristalina es
critico para el éxito en el desarrollo y la manufactura practicamente de todos los
compuestos farmaceuticos. En efecto, la Solicitud 736 explico la importancia de derivar
“controles polimorficos estrictos en los lotes de validacion y futura manufactura” del
ingrediente farmaceéutico activo de la lenalidomida (Solicitud 736 en la pagina 17,
lineas 23-24).

A la luz de la aparente predisposicion de la lenalidomida a cristalizar como una mezcla
de polimorfos, los inventores enfrentaron retos especiales para el desarrollo de procesos
reproducibles y robustos de cristalizacion. Por ejemplo, la Solicitud 736 explico que la
Forma B de la lenalidomida parecia ser meta-estable, es decir, era un producto de
cristalizacion cinéticamente controlado que mas adelante, con el paso del tiempo, se
puede convertir en una mezcla de Formas B y E en ciertas condiciones (Solicitud 736
en la pagina 18, lineas 13-18). Como lo describe la Solicitud 736, los inventores
estudiaron variables experimentales incluidas, por ejemplo, la escala de reaccion,
solvente de cristalizacion, temperatura de la lechada, volumen del solvente, periodo de
enfriamiento, periodo de retencion, temperatura de secado, secado al vacio, temperatura
de filtracion y tiempo de filtracion (Solicitud 736 en las paginas 18-19). Antes de que
los inventores realizaran estos estudios, no se habrian podido predecir los efectos de
cada una de estas variables sobre el comportamiento en el estado solido de la
lenalidomida.

En mi opinion las condiciones descritas en la Solicitud 736 para obtener lotes puros de
formas cristalinas especificas de la lenalidomida, incluidos los parimetros preferidos de
proceso para las Formas B y E, representan importantes avances que facilitan el uso de
la lenalidomida como un compuesto farmacéutico.

La existencia de formas cristalinas particulares de la lenalidomida no podria haber sido
prevista a partir de la Patente 230 y la Referencia a Reminrztop

Entiendo que el Oficio colombiano alega que las formas cristalinas de la lenalidomida
de la Solicitud 736 carecen de nivel inventivo a la luz de la Patente 230 y la Referencia
a Remington. Estoy en desacuerdo con esa afirmacion.

La Patente 230 no describe o sugiere formas cristalinas de lenalidomida racémica,
incluidas las formas cristalinas descritas en la Solicitud 736. Por ejemplo, la Patente
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26.

230 no describe formas cristalinas de lenalidomida racémica, ni sugiere si la
lenalidomida racémica puede o no ser preparada como un material cristalino. En
particular, a Patente 230 no describe las formas cristalinas particulares identificadas en
la Solicitud 736. La Patente 230 tampoco describe o sugiere st la lenalidomida podria
formar solvatos cristalinos, como, los hidratos cristalinos particulares descritos en la
Solicitud 736, incluidas las Formas B y E. Ademas, la Patente 230 no describe o sugiere
condictones particulares para la formacion de las formas cristalinas de la lenalidomida
descritas en la Solicitud 736. Asi las cosas, a la luz de la Patente 230, la persona
medianamente versada en la técnica no podria haber predicho o esperado las formas
cristalinas de la lenalidomida descritas en la Solicitud 736.

. La Referencia a Remington no da ninguna informacion especifica relacionada con las

formas cristalinas de la lenalidomida descritas en la Solicitud 736. Por-ejemplo, la
Referencia a Remington no describe o sugiere ningun compuesto en particular
relacionado con la lenalidomida, ninguna forma cristalina en particular de la
lenalidomida, o ninguna condicion particular para la preparacion de las formas
cristalinas de la lenalidomida descritas en la Solicitud 736. En el mejor de los casos, la
Referencia a Remington describe informacion de fondo sobre la formulacion de
farmacos en términos generales, sin dar orientacion especifica sobre como obtener las
formas cristalinas de la lenalidomida y casi con absoluta seguridad no las que se
describen en la Solicitud 736. Cabe anotar que el autor de la Referencia a Remington
afirma que [e}stamos en una era de la industria farmacéutica en la cual ya no podemos
basarnos en las experiencia del pasado para formular. Hemos de tener un encendimiento
detallado de las propiedades fisicoquimicas asi como del comportamiento
farmacocinético y biofarmacéutico de cada sustancia medicamentosa que se estd
desarrollando (cuarto parrafo de la Referencia a Remington). Asi pues, la persona
medianamente versada en la técnica no esperaria que un procedimiento que
presuntamente cristaliza un compuesto pudiera ser aphcado con exito comparable a otro
compuesto, como la lenalidomida.

Los estudios publicados por mi propio grupo de investigacion ilustran que el
comportamiento de cristalizacion y las caracteristicas del estado s6lido de compuestos
incluso similares en su estructura puede ser notoriamente diferente. Soy coautor de una
publicacion que describe el comportamiento de cristalizacion de los compuestos
farmacéuticos carbamazepina y 10,11-dihidrocarbamazepina, que se ilustran a
continuacion como Formulas (II) y (III). Ver Cruz Cabeza, A.J., etal., Cryst. Growth
Des. (2007), 7(1): 100-07.

NH;

Carbamazepina 10,11-dihidrocarbamazepina

) o

].)
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28.

29.

30.

Las formulas moleculares de estos dos compuestos son muy similares: La
carbamazepina difiere del compuesto dihidro solamente por dos atomos de hidrogeno
(es decir, un doble enlace). Sin embargo, a pesar de esta estrecha similitud molecular,
estas moléculas tienen significativas diferencias en sus caracteristicas y propiedades de
estado solido. Por ejemplo, el compuesto dihidro se cristaliza rapidamente en etanol a
dando una forma cnistalina compuesta por cadenas unidas por enlaces de hidrogeno.
Con todo, aun después de extensos esfuerzos experimentales que involucraron someter
a la carbamazepina a 66 solventes diferentes (incluido el etanol) y 5 diferentes
protocolos de cristalizacion, no fue posible obtener una forma cristalina similar parecida
a una cadena. Incluso nuestros intentos de sembrar una solucion saturada de
carbamazepina con la forma cristalina parecida a una cadena del compuesto dihidro no
rindieron frutos.

La bibliografia cientifica proporciona muchos otros ejemplos de grandes diferencias en
el comportamiento de cristalizacion que surgen entre moléculas con similitud quimica.
Por ejemplo, tres compuestos de xantina con actividad farmacologica (teofilina, cafeina
y teobromina) difieren maximo solo por un grupo metilo, como se muestra en las
Formulas (IV), (V) y (VI), que se presentan a continuacion.

g F o O o O
Hqc\{‘ )!\r N H;;C-\& N H“‘-re" N
o A L) A M
oy N o7 N o7y N
] i i
GH; CHy CHy
Teofilina Cafeina Teobromina
Iv) V) (VD

A pesar de la similitud quimica entre estos tres compuestos, ellos tienen importantes
diferencias en el estado solido en lo que respecta a, entre otras cosas, su capacidad de
cristalizar como formas cristalinas hidratadas. La teofilina puede formar un
monohidrato cnistalino relativamente estable. La cafeina, por contraste, no forma un
monohidrato, sino mas bien un 0.8-hidrato no estequiométrico. La teobromina, a
diferencia de los otros dos compuestos, no produce en absoluto una forma cristalina
hidratada. Ver, p.ej., Bruns, S, et al., Thermochimica Acta (1984), 72:3 1-40, en 36.

Como he ilustrado con los gjemplos precedentes, uno no esperaria que un
procedimiento de cristalizacion para un compuesto pudiera ser aplicado con éxito
comparable a otro compuesto, incluso en si tuvieran estructuras similares. Segin esto,
la persona medianamente versada en la técnica no esperaria que un procedimiento para
cristalizar un compuesto diferente a la lenalidomida pudiera ser aplicado con éxito
comparable a la lenalidomida. Por tanto, en mi opinion las formas cristalinas de la
lenalidomida de la Solicitud 736 no estan descritas o sugendas en la Patente 230 ni en
la Referencia a Remington.
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31.

32.

33.

34.

35.

LAS FORMAS CRISTALINAS DE LA LENALIDOMIDA DE LA SOLICITUD
736 POSESEN PROPIEDADES SUPERIORES E INESPERADAS CON
RESPECTO ALAPATENTE 230 Y LA REFERENCIA A REMINGTON

Las formas cristalinas de la lenalidomida descritas en la Solicitud 736 poseen
propiedades inesperadas. Por esta adicional razon, las formas cristalinas de la
lenalidomida descritas en la Solicitud 736 tienen nivel inventivo y representan un
avance tecnoldgico significativo.

La Solicitud 736 revela propiedades provechosas asociadas con formas cristalinas.
particulares de la lenalidomida. En mi opinion, antes del 4 de septiembre de 2003, las
propiedades asociadas con estas formas cristalinas de la lenalidomida no habrian sido
razonablemente esperadas por la persona medianamente versada en la técnica con base
en informacion de la Patente 230 y la Referencia a Remington.

Anote en 2006 que “la forma fisica un {ingrediente farmacéutico activo] representa una
oportunidad estratégica para optimizar propiedades fisicas tales como solubilidad, tasa
de disolucion, higroscopicidad, estabilidad fisica y estabilidad .quimica”. Jones, W, et
al., Mater. Res. Bull. (2006), 31:875-79, at 875. La Solicitud 736 representa un paso
mnovador hacia la optimizacion de la lenalidomida como un material farmacéutico en
estado solido. Ejemplos de propiedades inesperadas asociado con formas cristalinas
particulares de la lenalidomida se resumen a continuacion.

La Solicitud 736 proporciona datos concernientes a las propiedades térmicas asociadas
con las formas cristalinas de la lenalidomida; estas propiedades no podrian haber sido
predichas ni eran de esperar con base en informacion de la Patente 230 y la Referencia a
Remington. Por ejemplo, para ciertas formas cristalinas, la Solicitud 736 proporciona
datos de DSC, TGA y/o TG-IR (TG-IR es una técnica térmica que acopla TGA con
espectroscopia IR para analizar los vapores emitidos, como solventes volatiles). Los
datos térmicos como estos indican la idoneidad de una forma cristalina en particular
para las condiciones de procesamiento regularmente empleadas en el desarrollo
farmaceéutico, como secado, molido y almacenamiento, entre otras. Por ejemplo, las
graficas de DSC, TGA y TG-IR de la Forma B, que se dan en la Solicitud 736 en las
Figuras 9 y 10, indican que la Forma B no sufre transiciones térmicas significativas por
debajo de cerca de 146°C, temperatura a la cual pierde agua de hidratacion. La Solicitud
736 también proporciona datos de DSC y TGA para otras formas cristalinas, como las
Formas A y E en las Figuras 4 y 24. Estos datos indican que ciertas formas cristalinas
de la lenalidomida, como las Formas A, B y E, tienen propiedades beneficiosas de
estabilidad térmica adecuadas para procesamiento farmacéutico y almacenamiento.

La Solicitud 736 proporciona datos concernientes a propiedades de sorcion/desorcion
de humedad asociados con ciertas formas cristalinas de la lenalidomida; estas
propiedades no podrian haber sido predichas ni eran de esperar con base en informacion
de la Patente 230 y la Referencia a Remington. Ninguna higroscopicidad es critica,
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36.

37.

p.e}., para la formulacion, procesamiento y almacenamiento de materiales
farmacéuticos. Por ejemplo, una isoterma de sorcion/desorcion de humedad para la
Forma B se da en Ia Solicitud 736 at Figura II. La Solicitud 736 también proporciona
datos de sorcion/desorcion de humedad para las Formas A y E en las Figuras 5y 25.
Las graficas indican que las Formas A, B y E son sustancialmente no higroscopicas, lo
cual sugiere que las Formas A, B y E poseen propiedades deseables para el desarrollo
de un producto farmacéutico. ‘

La Solicitud 736 proporciona datos concernientes a la tasa de sotubilidad y disolucion
asociada con ciertas formas cristalinas de la lenalidomida; estas propiedades no podrian
haber sido predichas ni eran de esperar con base en informacion de la Patente 230 y la
Referencia a Remington. Las propiedades de la tasa de solubilidad y disolucion pueden
ser criticas para valorar la biodisponibilidad y eficacia farmacologica de una forma
sélida de un compuesto farmacéutico. Por ejemplo, 1a Solicitud 736 revela datos de
solubilidad de Ia Forma B en las paginas 27-28 y en la Figura 52. Estos datos indican
que la Forma B tiene solubilidad apreciable, cercana a 5,8 mg/mL, en el medio de
disolucion seleccionado. Ver la Tabla 6 en la pagina 27. Este estudio también indico
que los cnistales no disueltos de la Forma B no se convierten en otra forma soélida, lo
cual demuestra que la Forma B tiene buena estabilidad en agua. Ver la pagina 27, lineas
19-21 y tabla 7 en la pagina 28. La Solicitud 736 contiene datos de disolucion para la
Forma B en las paginas 28-30 y las Figuras 53-54. La Solicitud 736 también
proporciona datos de solubilidad y disolucion para las Formas A y E en las paginas 27-
28, paginas 28-30 y en las Figuras 5 1 y 53-54. Los datos de una tasa beneficiosa de
solubilidad y disolucion, como los que aparecen en la Solicitud 736, se pueden usar
para valorar s1 una forma solida en particular de un compuesto farmacéutico sera
biodisponible, una importante caracteristica que afecta las propiedades biolégicas y
terapéuticas asociadas con una forma solida de un compuesto farmacéutico.

La Solicitud 736 proporciona datos concernientes a las propiedades de estabilidad fisica
a largo plazo asociadas con ciertas formas cristalinas de la lenalidomida; estas
propiedades no podrian haber sido predichas ni eran de esperar con base en la
informacion de la Patente 230 y la Referencia a Remington. Datos como estos indican
la 1doneidad de una forma cristalina en particular con respecto a importantes
consideractones de almacenamiento y vida ttil. Por ejemplo, la Solicitud 736
proporciona los resultados de estudios de estabilidad fisica a largo plazo para lIa Forma
B en condiciones particulares de estrés de temperatura/humedad en la pagina 10, lineas
3-5. Estos datos indican que la Forma B no se convierte en una forma solida diferente
en dos condiciones diferentes (temperatura ambiente/0% HR y 40°C/93% HR) durante
un periodo de hasta cerca de 85 dias. La Solicitud 736 también propoiciona datos
similares de estabilidad fisica a largo plazo para las Formas A y E, en la pagina 8, lineas
29-3 1 y pagina 13, lineas 6-9. Estos resultados indican que las Formas A, B y E tienen
estabilidad fisica beneficiosa a largo plazo adecuada para almacenamiento a largo plazo
como producto farmacéutico.
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38. La Solicitud 736 proporciona datos concernientes a las propiedades de estabilidad
mecanica asociadas con ciertas formas cristalinas de la lenalidomida; estas propiedades
no podrian haber sido predichas ni eran de esperar con base en la informacion de la
Patente 230 y la Referencia a Remington. Los datos de estabilidad mecanica indican la
idoneidad de una forma sélida en particular para ciertas condiciones de procesamiento
regularmente empleadas en el desarrollo farmacéutico, como molido y tableteado. Por
ejemplo, la Solicitud 736 revela datos concemientes a la estabilidad mecanica de las
Formas A y B con respecto a compresion y molienda en la pagina 28, lineas 8-11 y
tabla 7. La estabilidad mecanica revelada para las Formas A y B indica su idoneidad
para condiciones tipicas de procesamiento encontradas en operaciones de desarrollo
farmaceéutico.

39. Asi las cosas, las formas cristalinas de la lenalidomida descritas en la Solicitud 736,
como Formas A, B y E, poseen propiedades beneficiosas e inesperadas. Estas
propiedades beneficiosas especificas no habrian sido previstas o esperadas por una
investigacion ordinaria realizada antes del 4 de septiembre de 2003. Segiin esto, en mi
opinion, las formas cristalinas reivindicadas de la lenalidomida son inventivas por esta
razon adicional.

IL  CONCLUSION

40. Teniendo en cuenta mi analisis anterior, concluyo que la persona medianamente versada
en la técnica existente antes del 4 de septiembre de 2003 no habria sido capaz de
predecir la obtencion o las propiedades de las formas cristalinas de la lenalidomida
descritas en la Solicitud 736 y que las formas cristalinas de la lenalidomida de la
Solicitud 736 poseen propiedades inesperadas, que representan un avance significativo
en la quimica del estado solido de la lenalidomida. Por tanto, estoy en desacuerdo con
el Oficio de la autoridad colombiana y concluyo que las formas cristalinas reivindicadas
de la lenalidomida cumplen los requisitos de novedad y nivel inventivo.

41. Ademas, hago constar que todas las declaraciones consignadas en la presente
Declaracion hechas con base en mi propio conocimiento son ciertas y que creo que
todas las declaraciones hechas con base en informacion y opinion son ciertas.

Respetuosamente,
Fecha William Jones

Anexos:

Apéndice A: Hoja de vida del Profesor William Jones, PhD

Apéndice B: Copia del oficio sobre la solicitud colombiana de patente. No. 06023 144 y su
traduccion al inglés

Apéndice C: Retvindicaciones propuestas para ser presentadas en Solicitud colombiana de
patente. No. 06023 144

Apéndice D: Copias de las referencias aqui citadas ﬁ /’:

Jaime 1. Pefiraza k.
Traductor e Intérprete Oficial
Res. Minjusticia 1025 de 1995



NEIL R. BURTON
Notario Publico

Francis House
112 Hills R_oad
Cambnidge CB2 1PH

CERTIFICADO NOTARIAL
Para: TODOS LOS QUE TENGAN ACCESO A ESTE DOCUMENTO

Yo, NEIL ROGER BURTON, con domicilio en 112 Hills Road, Cambridge, Notario
Publico debidamente autorizado, registrado y juramentado y con practica en el Reino Unido
de la Gran Bretaiia e Irfanda del Norte por la presente certifico que William Jones
(identificado con Pasaporte No. 060252426) comparecio ante mi y declaro y firmo el
documento que se anexa en mi presencia.

No acepto ninguna responsabilidad por el contenido del documento.

En testimonio de lo cual he estampado en esta mi firma y el sello oficial de mi despacho
hoy 3 de mayo de 2011 en 112 Hills Road, Cambridge, CB2 1PH, Inglaterra.

Firmado: (Hay una firma)
Neil R. Burton

Notario Pablico
Mi comision es vitalicia

Documento No. CNB/255/2011

{Hay una estampilla con grabado, un sello en altorrelieve y dos cintas verdes)

P

f

Jaime 1/ Pedraza E
Traductor e Intérprete Oficial
Res. Minjusticia 1025 de 1995



APOSTILLA
(Convencion de La Haya del 5 de octubre de 1961)

REINO UNIDO DE LA GRAN BRETANA E IRLANDA DEL RORTE:

T
el

{0139 138

A =

H S

1. Pais: Reino Unido de la Gran Bretafia e Ilanda del Norte SN o

\ R

o L

El presente documento publico o AT =

| =l = @
2. ha sido firmado por: Neil Roger Burton ‘ =
. . - E AJ.-

3. Quien obra en calidad de: Notario Publico

4. Porta el sello/estampilla de: el mencionado Notario Pablico
CERTIFICADO

S. En Londres

6. Eldia 11l de mayo del afio 2011

7. Por: el Secretanio de Estado Principal de Su Mayestad encargad e la
Exteriores y con la Mancomunidad Britanica de Naciones i

8. No.: 1868482
9. Sello/Estampilla

10. Firma
(Hay una firma y un sello)
G. Barrie-Shilson
Por el Secretario de Estado

Si este documento se va a usar en un pais que no hace parte de la Convencion de La
Haya del 5 de octubre de 1961, debera ser presentado ante la seccion consular de la
mision que representa a ese pais. Una apostilla o certificado de legalizacion solo
confirma que la firma, sello o estampilla que aparecen en el documento son auténticos.
No significa que el contenido del documento sea correcto ni que la Oficina de
Relaciones Exteriores y de la Mancomunidad apruebe dicho contenido.

P——

7b

Jdime 1. Pedraza F
Traductor e Intérprete Oficial
Res. Minjusticia 1025 de 1995



Appendix A

Curriculum Vitae of Professor William Jones, Ph.D.



Nationality:

Date of Birth:

Present Address:

Current Appointments:

‘ Education:

Professional History:

Professional
. Qualifications:

Curriculum Vitae \\\

Professor William Jones

British
October 25" 1949

Chemistry Department, University of Cambridge
Lensfield Road, Cambridge CB2 1EW,

Tel. 01223 336468

Fax 01223 336362

Email: wj10@cam.ac.uk

Head, Chemistry Department, Professor of Materials Chemistry
University of Cambridge

Professorial Fellow, Sidney Sussex College

BSc 1971 University of Wales (Aberystwyth)
PhD 1974 University of Wales (Aberystwyth)

MA 1980 University of Cambridge

Staff Demonstrator, University of Wales, Aberystwyth (1974/1975 and
1976/1978)

SERC Post-doctoral Associate, Cambridge (1978/1980)

SAIR, University of Cambridge (1980-1985)

ADR University of Cambridge (1985-1999)

Reader, University of Cambridge (1999-2006)

Fellow (1980), Admissions Tutor, Tutor and Senior Tutor, Sidney
Sussex College (1982-1992)

Fellow of the Royal Society of Chemistry (1987 onwards)
Chartered Chemist (1987 onwards)
Fellow of the Learned Society of Wales (2011)



Other Appointments:

Affiliations:

Awards:

Publications:

Scientific Committees:

Book “Organic Molecular Solids Properties and Applications’, CRC
Press, 1997.

Editorships: \\{]/

Book: "Supramolecular Organization and Materials Design” with C.
N. R. Rao, Cambridge University Press, 2001.

Journal: “Proceedings of the International Symposium on the
Chemistry of the Organic Solid State”, Molecular Crystals Liquid
Crystals, 2000.

Journal: European Editor of Journal of Crystal Engineering, Elsevier
Press. (2001-2004)

Journal: Editor of Materials Chemistry, Chemistry Central.

Peer reviewing:

Grant application reviewing for. EPSRC, Royal Society, Leverhulme
Trust, European Union, American Chemical Society. Publication
reviewing for numerous journals including those of the Royal Society
of Chemistry, the American Chemical Society, Nature and Science.

Promotion applications: numerous UK, EU and US Universities,
National University of Singapore, the UK Scientific Civil Service.

Royal Society of Chemistry, British Crystallographic Association,
Royal Pharmaceutical Society, University and Coliege Union.

Jacob London Fellow, Weizmann Institute, Israel, 1975/76
Corday Morgan Medal, Royal Society of Chemistry, 1983
Visiting Professor, State University of New York, 1988

380 articles; 2 Edited Books, various US and EC patents

Current and previous membership of various standing committees for
International Symposia including: International Conference on
Intercalation Compounds (every 2 years), International Conference
on the Chemistry of the Organic Solid State (every 2 years),
International Conference on lon-Exchange, IUPAC Conference on
Physical Organic Chemistry. Member of Scientific Committee for ad
hoc meetings of the Royal Society of Chemistry, The International
Union of Crystallography, The International Clay Minerals Society.



e

Professor William Jones

386

385

384

383

382

381

380

379

378

377

376

FULL LIST OF PUBLICATIONS

Observation of a two-dimensional halogen-bonded cocrystal at sub-monolayer
coverage using synchrotron X-ray diffraction

Chem. Commun., 2011, 47, 2526-2528

(Stuart M. Clarke, Tomislav Fri§¢i¢, W. Jones, Anasuya Mandal, Chenguang
Suna and Julia E. Parker)

Effect of Fluorination on Molecular Conformation in the Solid State: Tuning the
Conformation of Cocrystal Formers
CGD (11) (2011) 972-981

(T. Fri&cic, David G. Reid, Graeme M.Day, Meilinda J. Duer and W. Jones.)

Transmission Electron Microscopy of Pharmaceutical Materials
JPS (99) (2010) 9 4072-4083
(M. Eddleston, E. Bithell, and W. Jones.)

Benefits of cocrystallisation in pharmaceutical materials science: an update
JPP (62) (2010) 1547-1559
(T. Fris&i¢ and W. Jones.)

New solid forms of artemisinin obtained through cocrystallisation
CrystEngComm, (12) (2010) 4038-4041
(S. Karki, T. Fri§¢i¢, L. Fabian and W. Jones.)

A Three-Component Modular Strategy to Extend and Link Coordination
Complexes by Using Halogen Bonds to O, S and p Acceptors
ChemEurJ. (16) (2010), 7400-7403

(G. Lapadula, N. Judas, T. Fri§gi¢, and W. Jones)

Predicting stoichiometry and structure of solvates
ChemComm 46 (13) (2010) 2224-2226
(A. J. Cruz-Cabeza; S. Karki; L. Fabian, et al.)

Efficient synthesis of ordered organo-layered double hydroxides
Green Chemistry 12 (4) (2010) 688-695
(H. C. Greenwell, W. Jones, S. L. Rugen-Hankey et al.)

Formation of Tubular Crystals of Pharmaceutical Compounds

Crystal Growth & Design 10 (1) (2010) 365-370

(M. D. Eddleston and W. Jones)

Three-component Molecular Assembly using Mechanochemical Grinding
AnnChim SciMat 34 (6) 2009 415-428

(T. Frig¢i¢c and W. Jones)

Predicting Inclusion Behaviour and Framework Structures in Organic Crystals

-1-



pe

375

374

373

372

371

370

369

368

367

ChemEurJ 15 (2009) 13033 - 13040 \
(A. J. Cruz-Cabeza, G. M. Day, W. Jones)

Investigation into the intragranular structures of microcrystalline cellulose and
pre-gelatinised starch

European Journal of Pharmaceutics and Biopharmaceutics 74, 377-387
(2010)

(P. Laity, A. Cassidy, J. Skepper. W. Jones, R. Cameron)

Comparative study of the synthesis of layered transition metal molybdates
Journal of Solid State Chemistry 183 (2010) 198-207
(S. Mitchell, A. Gomez-Aviles, C. Gardner, W. Jones)

Improving Mechanical Properties of Crystalline Solids by Cocrystal Formation:
New Compressible Forms of Paracetamol

Adv. Mater., 21, 3905-3909 (2009)

(S. Karki, T. Fri§€ic, L. Fabian, P.R. Laity, G.M. Day, and W. Jones)

Following the surface response of caffeine cocrystals to controlled humidity
storage by atomic force microscopy

Int. J. Pharmaceutics 379 (2009) 59-66

(A. M. C. Cassidy, C. E. Gardner and W. Jones)

Testing the sensitivity of terahertz spectroscopy to changes in molecular and
supramolecular structure: A study of structurally similar cocrystals
CrystGrowthDes., 9 (3), 1452-1460 (2009)

(E. P. J. Parrott, J. A. Zeitler, T. Fri§&ié, M. Pepper, W. Jones, G. M. Day and L.
F. Gladden)

Recent Advances in Understanding the Mechanism of Cocrystal Formation via
Grinding

CrystGrowthDes, 9 (3), 1621-1637 (2009)

(T. Frid€i¢, and W. Jones)

Control and interconversion of cocrystal stoichiometry in grinding: stepwise
mechanism for the formation of a hydrogen-bonded cocrystal
CrystEngComm, 11, 470-481 (2009)

(S. Karki, T. Fri§¢i¢ and W. Jones)

The role of solvent in mechanochemical and sonochemical cocrystal formation:
a solubility-based approach for predicting cocrystallisation outcome
CrystEngComm, 11, 418-426 (2009)

(T. Frisci¢, S. L. Childs, S. A. A. Rizviand W. Jones)

Evidence for the formation of anhydrous zinc acetate and acetic
anhydride during the thermal degradation of zinc hydroxy acetate,
Zns(OH)a(CH3C02)2.4H20 to ZnO

Solid State Sciences 11, 330-335 (2009)

(T. Biswick, W. Jones, A. Pacula, E. Serwicka, J. Podobinski)



366

365

364

363

362

361

360

359

358

357

Structural Equivalence of Br and | Halogen Bonds: A Route
to Isostructural Materials with Controllable Properties

Chem. Mater., 20 (21), 6623-6626 (2008)
(D. Cingi¢, T. Fris¢i¢, and W. Jones)

The crystal structures of three novel lutidinium pamoate salts
CrystEngComm, 11, 254-260 (2009)
(D. A. Haynes, Z. F. Weng, W. Jones and W. D. S. Motherwell)

Molecular Polarization Effects on the Relative Energies of the Real and Putative
Crystal Structures of Valine

J. Chem. Theory Comput. 4, 1795-1805 (2008)

T. G. Cooper, K. E. Hejczyk, W. Jones, and G. M. Day)

Towards Prediction of Stoichiometry in Crystalline Multicomponent
Complexes

Chem. Eur. J. 14, 8830 - 8836 (2008)

(A. J. Cruz-Cabeza, G. M. Day, and W. Jones)

A cocrystallisation-based strategy to construct isostructural solids
New J. Chem., 32, 1776-1781 (2008)

(D. Cingi¢, T. Fri&gi¢, and W. Jones)

Applying Hot-Stage Microscopy to Co-Crystal Screening: A Study of
Nicotinamide with Seven Active Pharmaceutical Ingredients

Crystal Growth and Design, 8, 1697-1712, (2008)

(D. J. Berry, C. C. Seaton, W. Clegg, R. W. Harrington, S. J. Coles, P. N.
Horton, M. B. Hursthouse, R. Storey, W. Jones, T. Fri&éi&, and N. Blagden

The application of focused microwave irradiation coupled with freeze drying to
investigate the reaction of MgO and Al,O; slurries in the formation of layered
double hydroxides '

Green Chem., 10, 629-634, (2008)

(S. Mitchell, I. R. Baxendale and W. Jones)

A Stepwise Mechanism for the Mechanochemical Synthesis of Halogen-
Bonded Cocrystal Architectures

J. Am. Chem. Soc. 130, 7524-7525 (2008)

(D. Cingi¢, T. Fri§¢i¢ and W. Jones)

Guest-Directed Assembly of Caffeine and Succinic Acid into Topologically
Different Heteromolecular Host Networks upon Grinding

Crystal Growth and Design, 8, 1605-1609, (2008)

(T. Fri8€i¢, A.V. Trask, W. D. S. Motherwell and W. Jones)

Exploring the relationship between cocrystal stability and symmetry:
is Wallach's rule applicable to multi-component solids?
Chem. Commun., , 1644—-1646 (2008)

(T. Fri8¢i¢, L. Fabian, J. C. Burley, D. G. Reid, M. J. Duer and W. Jones)



356

355

354

353

362

351

350

349

348

347

3\b

Isostructural Materials Achieved by Using Structurally Equivalent Donors and
Acceptors in Halogen-Bonded Cocrystals

Chem. Eur. J. 14, 747 - 753 (2008)

(D. Cingi¢, T. Fri§¢i¢c and W. Jones)

Synthesis of organo-layered double hydroxides by an environmentally friendly
co-hydration route.

Green Chem., 9, 1299-1307 (2007)

(H. C. Greenwell, C. C. Marsden and W. Jones)

Database guided conformation selection in crystal structure prediction of
alanine

CrystEngComm, 9, 595-602, (2007)

(T. G. Cooper, W. Jones. D. S. Motherwell and G. M. Day)

Gaining Insight into the Structure and Dynamics of Clay-Polymer (P. Boulet, H.
C. Greenwell, R. M. Jarvis, W. Jones, P. V. Coveney and S. Stackhouse.)
Nanocomposite Systems Through Computer Simulation

Nanocomposites: lonic Conducting Materials and Structural Spectroscopies.
Eds: P. Knauth and J. Schoonman , Springer 2008.

Cocrystal architecture and properties: design and building of chiral and racemic
structures by solid—solid reactions.

Faraday Discuss., 136, 167-178, (2007)

(T. Fri&ei¢, and W. Jones)

Powder X-ray Diffraction as an Emerging Method to Structurally
Characterize Organic Solids

Organic Letters, 9(16), 3133-3136, (2007)

(S. Karki, L. Fabian, T. Fri§¢i¢, and W. Jones)

Lactonisation—a degradation pathway for active pharmaceutical compounds:
an in silico study in amorphous trehalose -
Phys. Chem. Chem. Phys., 9, 3999-4006 (2007)

(A. Simperler, A. Kornherr, R. Chopra, W. Jones, W. D. S. Motherwell and G.
Zifferer)

The glass transition temperatures of amorphous trehalose-water mixtures and
the mobility of water: an experimental and in silico study.
Carbohydrate Research, 342, 1470-1479 (2007)

(A. Simperler, A. Kornherr, R. Chopra, W. Jones, W. D. S. Motherwell and G.
Zifferer)

Screening for Pharmaceutical Cocrystal Hydrates via Neat and Liquid-
Assisted Grinding

Molecular Pharmaceuticals, 4(3), 347-354 (2007)
(S. Karki, T. Friggi¢, W. Jones, and W. D. S. Motherwell)

Space group selection for crystal structure prediction of solvates
CrystEngComm, 556-560, 2007



346

345

344

343

342

341

340

339

338

(A. J. Cruz Cabeza, E. Pidcock, G. M. Day, W. D. S. Motherwell and W. Jones)
http://www.rsc.org/delivery/_ArticleLinking/ArticleLinking.cfm?JournalCode=CE
&Year=20078&ManuscriptiD=b702073b&Iss=Advance_Article

A strategy for predicting the crystal structures of flexible molecules:
the polymorphism of Phenobarbital

Phys. Chem. Chem. Phys., 9, 1693-1704, (2007)

(G. M. Day, W. D. S. Motherwell and W. Jones)

The role of anhydrous zinc nitrate in the thermal decomposition of the zinc
hydroxy nitrates Zns(OH)s(NO3),.2H,0 and ZnOHNO3.H,0

Journal of Solid State Chemistry 180, 1171-1179, (2007)

(T. Biswick, W. Jones, A. Pacuta, E. Serwicka, J. Podobinski)

Solvent inclusion in form Il carbamazepine
Chem. Commun., 1600-1602 (2007)
(A. J. Cruz Cabeza, G. M. Day, W. D. S. Motherwell and W. Jones)

A synchrotron radiation study of the hydrothermal synthesis of layered double
hydroxides from MgO and AI203 slurries

Green Chem., 9, 373-378 (2007)

(S. Mitchell, T. Biswick, W. Jones, G. Williams and D. O’Hare)

Terahertz time-domain spectroscopy and the quantitativemonitoring of
mechanochemical cocrystal formation

Nature Materials, 6, 206-209 (2007)

(K. Lien Nguyeni, T. Fri§€i¢, G. M. Day, L. F. Gladden and W. Jones)

Importance of Molecular Shape for the Overall Stability of Hydrogen Bond
Motifs in the Crystal Structures of Various Carbamazepine-Type Drug
Molecules

Crystal Growth & Design, 7, 100-107, (2007)

(A. J. Cruz Cabeza, G. M. Day, W. D. S. Motherwell and W. Jones)

Oxidation of cyclooctane over metalloporphyrin-exchanged
Al,Si-mesoporous molecular sieves of HMS (MMS) type
Applied Catalysis A: General 313, 106-111 (2006)

(L. Matachowski, K. Pamin, J. Poltowicz, E. M. Serwicka , W. Jones,
R. Mokaya)

Polymorphism of Scyllo-Inositol: Joining Crystal Structure Prediction with
Experiment to Elucidate the Structures of Two Polymorphs
Crystal Growth & Design 6: 2301-2307 (2006)

(G. M. Day, Jacco van de Streek, A. Bonnet, J. C. Burley, W. Jones, and W. D.
S. Motherwell)

Exploring cocrystal—cocrystal reactivity via liquid-assisted grinding: the
assembling of racemic and dismantling of enantiomeric cocrystals

-5-



337

336

335

334

333

332

331

330

329

328

Chem. Commun., 5009-5011 (2006) \
(T. Frisgi¢, L. Fabian, J. C. Burley, W. Jones and W. D. S. Motherwell)

A one-pot synthesis of hybrid organo-layered double hydroxide catalyst
precursors.

Green Chemistry, 8, 1067-1072 (2006)
(H. C. Greenwell, W. Jones, D. N. Stamires, P. O'Connor, M. F. Brady)

Screening for Inclusion Compounds and Systematic Construction of Three-
Component Solids by Liquid-Assisted Grinding

Angew. Chem. Int. Ed., 45, 7546 ~7550, (2006)

(T. Fri&ci¢, A. V. Trask, W. Jones, and W. D. S. Motherwell)

Pharmaceutical Cocrystals: an emerging approach to physical property
enhancement.

MRS Bulletin, 31, 875-879 (20086)
(W. Jones, W. D. S. Motherwell and A. V. Trask)

Cocrystallisation of succinic and fumaric acids with lutidines: a systematic
study.

CrystEngComm, 8, 830-840, (2006)
(D. A. Haynes, W. Jones and W. D. S. Motherwell)

Prediction and Observation of Isostructurality Induced by Solvent
Incorporation in Multicomponent Crystals

JACS, 128, 14466-14467 (2006)

(A. J. Cruz Cabeza, G. M. Day, W. D. S. Motherwell and W. Jones)

In situ monitoring of crystal growth and dissolution of oriented layered double-
hydroxide crystals immobilized on silicon. '
J. Crystal Growth, 294, 53-59, (2006)

(A. Simperler, A. Kornherr, R. Chopra, P. A. Bonnet, W. Jones, W.D. S.
Motherwell and G. Zifferer)

Glass Transition Temperature of Glucose, Sucrose, and Trehalose: An
Experimental and in Silico Study

J. Phys. Chem. B, 110, 19678-19684 (2006)

(A. Simperler, A. Kornherr, R. Chopra, P. A. Bonnet, W. Jones, W.D. S.
Motherwell and G. Zifferer)

Correlation of melting points of inositols with hydrogen bonding patterns
CrystEngComm, 8, 589-600, (2006)

(A. Simperler, S. W. Watt, P. A. Bonnet, W. Jones and W. D. S. Motherwell)
Amide Pyramidalization in Carbamazepine: A flexibility problem in crystal
structure prediction?

Crystal Growth & Design 6: 1858-1866 (2006)
(A. J. Cruz Cabeza, G. M. Day, W. D. S. Motherwell and W. Jones)

Physical stability enhancement of theophyitine via cocrystallization.

-6-



327

326

325

324

323

322

321

320

319

318

0

Int. J. Pharmaceuticals, 320, 114-123, (2006)
(A. V. Trask, W. D. S. Motherwell and W. Jones)

Studies of the effects of synthetic procedure on base catalysis using hydroxide-
intercalated layer double hydroxides.

Catalysis Today 114, 397-402 (2006)

(H.C. Greenwell, P.J. Holliman, W. Jones and B.V. Velasco)

Cocrystal formation of 4-methyl and 4-chlorobenzamide with carboxylic acids:
Chlorolethyl interchange and crystal structure.

CrystEngComm, 8, 545-551, (2006)

(M.R. Edwards, W. Jones and W. D. S Motherwell)

myo-Inositol dihydrate: a redetermination
Acta Cryst. E62,02902-02904 (2006).
(A. Bonnet, W. Jones and W. D. S. Motherwell)

allo-Inositol
Acta Cryst. E62, 02578-02579 (2006)
(A. Bonnet, W. Jones and W. D. S. Motherwell)

Pamoic acid determined from powder diffraction data
Acta Cryst. E62, 01170-01172 (2006).

(D.A. Haynes, J. Van de Streek, J.C. Burley, W. Joneé and W.D. S.
Motherwell)

On the application of computer techniques to anionic and cationic clays: A
materials chemistry perspective.

J.Mater. Chem. 16, 708-723 (2006)
(H.C. Greenwell, W. Jones, P.V. Coveney and S. Stackhouse)

Understanding the influence of polymorphism on phonon spectra: Lattice
dynamics calculations and terahertz spectroscopy of carbamazepine
Journal of Physical Chemistry B, 110, 447-456 (2006)

(G. M. Day, J. A. Zeitler, W. Jones, T. Rades, and P. F. Taday)

Synthesis, characterisation and anion exchange properties of copper,
magnesium, zinc and nickel hydroxy nitrates

J. Solid State Chem., 179, 49-55 (2006)

(T. Biswick, W. Jones, A. Pacula, and E. Serwicka)

Investigating the latent polymorphism of maleic acid.
J. Chem. Soc., Chem.Comm., 54-56 (2006) ‘
(G. M. Day, A. V. Trask, W. D. S. Motherwell and W. Jones)

Screening for crystalline salts via mechanochemistry
J. Chem. Soc., Chem.Comm., 51-53 (2006)
(A. V. Trask, D. A. Haynes, W. D. S. Motherwell and W. Jones)



317

316

315

314

313

312

311

310

309

308

307

Achieving Polymorphic and Stoichiometric Diversity in Cocrystal Formation:
Importance of Solid-State Grinding, Powder X-ray Structure Determination, and
Seeding

Crystal Growth & Design 5; 2233-2241 (2005)
(A. V. Trask, J. van de Streek, W. D. S. Motherwell and W. Jones)

Occurrence of Pharmaceutically Acceptable Anions and Cations in the
Cambridge Structural Database

J. Pharm. Sci. 94, 2111-2120, (2005)

(D.A. Haynes, W. Jones and W. D. S. Motherwell)

The important role of solvent vapor in an organic solid state reaction
J. Chem. Soc., Chem.Comm., 30, 3808-3810 (2005)
(S. Nakamatsu, S. Toyota, W. Jones and F. Toda)

A systematic study of lutidine salts formed with the pharmaceutically acceptable
salt-forming agent, pamoic acid.

CrystEngComm, 7, 538-543 (2005)

(D. A. Haynes, W. Jones and W. D. S. Motherwell)

Preparation and characterization of Li-Al-glycine layered double hydroxides
(LDHs)-polymer nanocomposites.
Macromol. Symp. 222,65-71 (2005).
(N. S. Kottegoda and W. Jones)

3,5-Dinitrobenzoic acid-dimethyl sulfoxide (1/1)
Acta Cryst E 61: 0609-0611 Part 3 MAR 2005
(M. Abthorpe, A. V. Trask and W. Jones)

Pharmaceutical cocrystallization: Engineering a remedy for caffeine hydration
Crystal Growth & Design 5: 1013-1021 MAY-JUN 2005
(A. V. Trask, W. D. S. Motherwell and W. Jones)

Beyond the isotropic atom model in crystal structure prediction of rigid
molecules: Atomic multipoles versus point charges

Crystal Growth & Design 5: 1023-1033 MAY-JUN 2005

(G. M. Day, W. D. S. Motherwell and W. Jones)

Hydrate formation in NH"-containing salts of pharmaceutically acceptable
anions: A CSD survey

CrystEngComm., 7, 342-345 (2005)

(D. Haynes, W. Jones and W. D. S. Motherwell)

4-Methyl-3,5-dinitrobenzoic acid-dimethyl sulfoxide (1H)
. Acta Cryst E61, 01100-01102, (2005)
(A. V. Trask, M. Abthorpe and W. Jones)

Crystal Engineering of Organic Cocrystals by the Solid-State Grinding
Approach.

Top Curr Chem, 254, 41-70, (2005)

-8-



306

305

304

303

302

301

300

299

298 .

297

296

(A.V. Trask and W. Jones)

Selective polymorph transformation via solvent-drop grinding.
J. Chem. Soc., Chem.Comm.. 880-882, (2005)

(A. V. Trask, N. Shan, W. D. S. Motherwell, W. Jones, S. Feng, R.B. H. Tan
and K. J. Carpenter)

Hydrogen bonding preference of equatorial versus axial hydroxyl groups in
pyran and cyclohexane rings in organic crystals.

CrystEngComm, 7, 71-75, (2005)

(A. Bonnet, J. Chisolm, S. Motherwell and W. Jones).

Cyclohexene oxidation by Fe-, Co- and Mn-metalloporophyrins supported on
aluminated mesoporous silica.

Appl. Catalysis A-General, 275, 9-14 (2004)
(E. M. Serwicka, J. Poltowicza, K. T. Bahranowski, Z. Olejniczak and W. Jones)

A molecular dynamics simulation of the melting points and glass transition
temperatures of myo- and neo-inositol.

J. Chem. Phys. 121,9565-9573, (2004).
(S. W. Watt, J. A. Chisolm, W. Jones and S. Motherwell)

Supramolecular synthon competition in organic sulfonates: A CSD survey.
Cryst.Eng.Comm., 6, 584-588, (2004), -
(D. A. Haynes, J. A. Chisolm, W. Jones and W. D. S. Motherwell)

An Assessment of Lattice Energy Minimization for the Prediction of Molecular
Organic Crystal Structures. '

Crystal Growth & Design, 4, 1327-1340, (2004). »
(G. M. Day, J. Chisolm, N. Shan, W. D. S. Motherwell and W. Jones)

The crystal structure of an unstable polymorph of b-D-allose.
Cryst.Eng.Comm., 6, 535-539, (2004).

(P. A. Bonnet, J. van de Streek, A. V. Trask, W. D. S. Motherwell and W.
Jones) :

2-(p-Nitrophenoxy)tetrahydropyran
Acta Cryst., E60, 01923-01924, (2004).
(R. Chopra, N. Shan, W. D. S. Motherwell and W. Jones)

Indomethacin Methy! Ester. ‘
Acta Cryst., E60, 0508. (2004).
(A. V. Trask, N. Shan, W. Jones and W. D. S. Motherwell)

Solvent-drop grinding: green polymorph control of cocrystallisation
J. Chem. Soc., Chem.Comm., 890, (2004). ‘
(A. V. Trask, W. D. S. Motherwell and W. Jones)

A green chemistry approach to the synthesis of a crystalline organic inclusion
compound.



295

294

293

292

291

290

289 -

288

287

286

Green Chemistry. 5,728-730 (2003).
(N. Shan and W. Jones)

The structure of cyclohexane-1 ,3cis,Scis-tricarboxylic acid, determined from
powder X-ray diffraction data.

Crystal Engineering, 6, 57-67 (2003)

(H. Nowell, N. Shan, J. P. Attfield, W. Jones and W. D. S. Motherwell)

Identification of supramolecular templates: design of solid-state photoreactivity
using structural similarity.

Tetrahedron Lett., 44, 3687-3689, (2003)
(N. Shan and W. Jones)

A Density Functional Theory Study of Catalytic trans-Esterification by tert-
Butoxide MgAl Anionic Clays.

J.Phys.Chem B, 107, 3476-3485 (2003)

(H. C. Greenwell, S. Stackhouse, P. V. Coveney and W. Jones)

Quinolinium fumarate
Acta Cryst. E59, 397-398, (2003)
(N. Shan, E. Batchelor and W. Jones)

Computer simulation of interlayer arrangement in cinnamate intercalated
layered double hydroxides.

J. Mol. Struct. 647, 75-83 (2003)
(H. C. Greenwell, W. Jones, S. P. Newman and P. V. Coveney)

Supramolecular architectures of cyclohexane-1, 3cis, Scis-tricarboxylic acid in
acid:-base complexes ‘

New J. Chem, 27, 365-371 (2003)
(N. Shan, A. D. Bond and W. Jones)

Synthesis and characterization of super-microporous aluminosilicates prepared
via primary amine templating.

Nanoporous Materials Ili, Studies in Surface Science and Catalysis, 141,
141-150 (2002).

(E. Bastardo-Gonzalez, R. Mokaya and W. Jones)

New insights into the spatial distribution of aluminium in various mesoporous
aluminosolicates.

ChemPhysChem 3, 892-896 (2002)
(E. M. Serwicka, R. Mokoya, J. Poltowicz and W. Jones)

Co-crystal of 4,7-phenanthroline and carboxylic acids: synthon competition and
prediction.

Tetrahedron Lett., 43, 8721-8725 (2002)
(N. Shan, E. Batchelor and W. Jones)

Mechanochemistry and co-crystal formation: effect of solvent on reaction
kinetics.

-10-



285

284

283

282

281

280

279

278

277

276

J. Chem. Soc., Chem.Comm., 2372-2373 (2002)
(N Shan, F. Toda and W. Jones)

Structure prediction as a tool for solution of the crystal structures of metallo-
organic complexes using powder X-ray diffraction data.

Acta Cryst. B58, 233-243, (2002)

(A. D. Bond and W. Jones)

Supramolecular synthons in the co-crystal structures of 2-aminopyrimidine with
diols and carboxylic acids.

Tetrahedron Lett. 43, 3101-3104, (2002)
(N. Shan, A. D. Bond and W. Jones)

Crystal engineering using 4,4"-bipyridyl with di- and tricarboxylic acids.
Crystal Engineering, 5, 9-24, (2002) ‘
(N. Shan, A. D. Bond and W. Jones)

Influence of dicarboxylic acid structure on tape networks in co-crystals of 2-
pyridone.

Crystal Engineering, 5, 25-36, (2002)
(M. R. Edwards, W. Jones and W. D. S. Motherwell) |

Synthesis and X-ray crystal structure of bis(3-hydroxy-4-methyl-2(3H)-thiazole-
thiolato-Sz,O)bis(dimethylsulfoxide-O)M,M = cobalt(Il) and nickel(l).
Transition Metal Chemistry, 27, 407-410, (2002)

(A. D. Bond and W. Jones)

Templating Effects of Stearate Monolayer on Formation of Mg-Al Hydrotalcite.
Langmuir, 18, 1580-1586 (2002)
(J.X. He, S. Yamashita W. Jones and A. Yamagishi)

Molecular Dynamics Simulation of Cationic and Anionic Clays Containing
Amino Acids.

Langmuir, 18, 2933-2939 (2002)
(S. P. Newman, T. Di Cristina, P. V. Coveney and W. Jones)

Synthesis of the 3R, polytype of a hydrotalcite-like mineral.
J. Mater. Chem. 12, 153-155 (2002)
(8. P. Newman, W. Jones, P. O'Connor, and D. N. Stamires)

Moadification of the solid-state structure of bis(1-hydroxy-2(1H)-pyridinethiolato-
S%,0)zinc(ll): synthesis and characterisation of a molecular solid incorporating
3-hydroxy-4-methyl-2(3H)-thiazolethione.

J. Mater. Chem. 12, 324-332 (2002)

(A. D. Bond, F. Benevelli and W. Jones)

Bis[1-hydroxypyridine-2(1H)-thion-ato-S,O]copper(lI) |

Acta Cryst., C57, 1157-1158 (2001)
(A. D. Bond, N. Feeder, S.J. Teat and W. Jones)

-11 -



275

274

273

272

271

270

269

268

267

266

265

264

N

Controlling crystal architecture in molecular solids: the supramolecular
approach. In Supramolecular Organization and Materials Design,

Cambridge University Press, eds. W. Jones and C.N.R. Rao. Ch. 12, pp
295-331. (2001)

Layered double hydroxides as templates for the formgtion of supramolecular
structures. In Supramolecular Organization and Materials Design,

Cambridge University Press, eds. W. Jones and C.N.R. Rao. Ch. 9, pp 295-
331. (2001)

1,4-Benzenedimethanol
Acta Cryst., E57, 1233-1234 (2001).
(N. Shan and W. Jones)

Diphenic acid-acridine (1/1)
Acta Cryst., E57, 1075-1077 (2001).
(Z. Shaameri, N. Shan and W. Jones)

NTA-1,10-phenanthroline-water (1/1/1)
Acta Cryst., E57, 811-813 (2001).
(N. Shan, A. D. Bond and W. Jones)

Acridinium isophthalate
Acta Cryst., E57, 945-946 (2001).
(Z. Shaameri, N. Shan and W. Jones)

Bis[3-hydroxy—4-methyl-2(3H)—thiazolethiolato-Sz,O]—bis(methanol-O)cobalt(lI)
Acta Cryst., E57, 140-142 (2001).
(A. D. Bond and W. Jones)

4,7-Phenanthroline
Acta Cryst., E57, 145-146 (2001).
(A. D. Bond, N. Shan and W. Jones)

Sebacic Acid
Acta Cryst., E57, 141-142 (2001).
(A. D. Bond and M.R. Edwards)

Azelaic Acid
Acta Cryst., E57, 143-144 (2001).
(A. D. Bond, M.R. Edwards and W. Jones)

ESR characterization of vanadium centers supported on Al-containing
mesoporous silica.
Microporous and Mesoporous Materials, 50, 61-68 (2001)

(E. Bastardo-Gonzalez, W. Jones, K. Bahranowski, M. Labanowska and E. M.
Serwicka)

Hillock formation on copper at room temperature by cleaning in ammonia vapor.
App. Phys. Lett., 79, 2725-2727, (2001)

-12-



263

262

261

260

259

258

257

256

255

254

253

(P. J. Herley, A. L. Greer and W. Jones)

Divalent complexes of 3-hydroxy-4-methyl-2(3H)-thiazolethione with Co-Zn:
synthesis, X-ray crystal structure and the structure-directing influence of C-H...S
interactions.

J. Chem. Soc., Dalton Trans., 3045-3051, (2001)

(A. D. Bond and W. Jones)

Oxidation of cyclohexane over Mn(TMPyP) porphyrin-exchanged Al,SI-
mesoporous molecular sieves.

Applied Catalysis A, General 218, 211-217, (2001)

(J. Poltowicz, E. M. Serwicka, E. Bastardo-Gonzalez, W. Jones and R. Mokoya)

Super-microporous aluminosilicate catalysts via primary amine
templating.

J. Chem. Soc., Chem.Comm_, 1016-1017, (2001)

(E. Bastardo-Gonzalez, R. Mokaya and W. Jones)

New Approach to the Delamination of Layered Double Hydroxides.
J. Mater. Chem., 11, 1321-1323, (2001)
(T. Hibino and W. Jones)

Layered Double Hydroxide Intercalate of Metal-Chelate Complex - a
Novel Precursor for the Formation of a Mixed Metal Oxide.

Mol. Cryst. And Liq. Cryst., 356, 459-468 (2001)

(M. Kaneyoshi and W. Jones)

Crystal Engineering and Chloro-Methy! Intercahnge - a CSD Analysis.
Mol. Cryst. And Liq. Cryst., 356, 337-353 (2001)
(M. R. Edwards, W. Jones, W. D. S. Motherwell and G. P. Shields)

Synthesis and Characterisation of a Novel Zinc Pyrithione Hydrate.
Mol. Cryst. And Liq. Cryst., 356, 305-313 (2001)
(A. D. Bond and W. Jones)

Building Supramolecular Tapes.
Mol. Cryst. And Liq. Cryst., 356, 263-272 (2001)
(E. Batchelor, J. Klinowski and W. Jones)

Molecular Complexes beetween 2,2'-Biphenyl Dicarboxylic Acid and
Phenazine: Anhydrous and Hydrated Forms.

Mol. Cryst. And Liq. Cryst., 356, 131-142 (2001)

(Z. Shaameri and W. Jones)

Organic-Inorganic Hybrids Based on Anionic Clays.
Mol. Cryst. And Liq. Cryst., 356, 41-51 (2001)
(S. P. Newman and W. Jones)

Structural and textural properties of zinc(l)-chromium(lll) spinel oxides
prepared using a hydrotalcite-like compound.

-13-



252

251

250

249

248

247

246

245

244

243

Studies in Surface Science and Catalysis, 129 691-700 (2000)
(E. L. Crepaldi, P. C. Pavan, W. Jones and J. B. Valim)

Cr-doped Zr, Si-mesoporous molecular sieves as catalysts of CH,C1,
oxidation. ‘

Catalysis Today, 59, 241-248 (2000)

(J. Janas, R. Janik, T. Machej, E. M. Serwicka, E. Bielanska, E.
Bastardo-Gonzalez and W. Jones)

The solid-state structure of 3-hydroxy-4-methyl-2(3H)-thiazolethione:
prediction and measurement.

Tetrahedron, 56, 6617-6624 (2000)

(A. D. Bond, N. Feeder, S. J. Teat and W. Jones)

Solid-state study of cyclic thiohydroxamic acids: 1-hydroxy-2(1H)-
pyridinethione and 3-hydroxy-4-methyl-2(3H)-thiazolethione.

J. Phys. Org. Chem., 13, 395-404 (2000)

(A. D. Bond and W. Jones)

Restructuring of mesoporous silica: high quality large crystal MCM-41 via
a seeded recrystallisation route.

J. Materials Chemistry, 10, 1139-1145 (2000)

(R. Mokoya, W. Zhou and W. Jones)

A host-guest complex of diaquabis-[1-hydroxy-2(1H)-pyridinethionato-
0O,S]magnesium(ll) and 2,2'-dithio-bis(pyridine N-oxide)
Acta Cryst., C56, 436-437 (2000).

(A. D. Bond and W. Jones)

Crystal Engineering using co-crystallisation of phenazine with
dicarboxyllic acids.

J. Materials Chemistry, 10, 839-848 (2000)

(E. Batchelor, J. Klinowski and W. Jones)

Efficient post-synthesis alumination of MCM-41 usigng aluminium
chlorohydrate containing A1 polycations.

J. Materials Chemistry, 9, 555-561 (1999)

(R. Mokaya and W. Jones)

Comparative Study of Some Layered Hydroxide Salts Containing
Exchangeable Interlayer Anions.

J. Solid State Chem., 148, 26-40 (1999)

(S. P. Newman and W. Jones)

1-Hydroxy-2(1H)-pyridinethione
Acta Cryst, C55, 1536-1538 (1999)
(A. D. Bond and W. Jones)

Sodium (nitrilotriacetato) magnesate pentahydrate
Acta Cryst, C55, 1260-1262 (1999)

-14-



242

241

240

239

238

237

236

235

234

233

<K

(M. Kaneyoshi, A. D. Bond and W. Jones)

Cerium(lV) Phosphate: Characterisation and Intercalation of Amines

In Advances in lon Exchange for Industry and Research, eds P. A,
Williams and A. Dyer, published in RSC, 177-186 (1999)

(M. Kaneyoshi and W. Jones)

Computer Simulations of Layered Double Hydroxides

In Advances in lon Exchange for Industry and Research, eds P. A.
Williams and A. Dyer, published in RSC, 156-165 (1999)

(S. P. Newman, P. V. Coveney and W. Jones)

Organic Anion Intercalation in Layered Double Hydroxides

In Advances in lon Exchange for Industry and Research, eds P. A.
Williams and A. Dyer, published in RSC, 167-175 (1999)

(S. Bonnet and W. Jones)

Formation of Mg-Al layered double hydroxides intercalated with
nitrilotriacetate anions.

J. Materials Chemistry, 9, 805-811 (1999)

(M. Kaneyoshi and W. Jones)

Grafting of Al onto purely siliceous mesoporous molecular sieves
Phys. Chem. Chem. Phys., 1, 207-213 (1999)
(R. Mokaya and W. Jones)

Molecular Dynamics Simulations of the swelling of terephthalate  containing
anionic clays.

Molecular Simulation, 21, 183-189 (1999)

(S. J. Williams, P. V. Coveney and W. Jones)

A method for the synthesis of high quality large crystal MCM-41
J. Chem. Soc., ChemComm., 51-52, (1999)
(R. Mokaya, W. Zhou and W. Jones)

Exchange of interlayer terephthalate anions from a Mg-A1 layered double
hydroxide: formation of intermediate interstratified phases

Chemical Physical Letters, 296, 183-187 (1998)

(M. Kaneyoshi and W. Jones)

The influence of template extraction on the properties of primary  amine
template aluminosilicate mesoporous molecular sieves

J. Materials Chemistry, 8, 2819-2826, (1998)

(R. Mokaya and W. Jones)

Probing the surface acidity of lithium aluminium and magnesium  aluminium
layered double hydroxides

J. Materials Chemistry, 8, 1917-1925 (1998)

(I. C. Chisem, W. Jones, |. Martin, C. Martin and V. Rives)

-15-



232

231

230

229

228

227

226

225

224

223

Synthesis, characterisation and catalytic activity of LayMOx (M=Ni,

Co) perovskite-type particles intercalated in clays via

heterobinuclear complexes

Applied Clay Science, 13, 49-63 (1998)

(A. K. Ladavos, F. Kooli, S. Moreno, S. P. Skaribas, P.J. Pomonis, W. Jones
and G. Poncelet)

Design and synthesis of host-guest complexes through non-covalent
bonds

Tetrahedron Letters, 39, 5409-5412 (1998)
(V. R. Pedireddi, W. Jones, A. P. Chorlton and R. Docherty)

Aluminosilicate mesoporous molecular sieves with enhanced
stability obtained by reacting MCM-41 with aluminium chlorohydrate.
J. Chem. Soc., ChemComm., 1839-1840 (1998)

(R. Mokaya and W. Jones)

Al and Zr pillared acid-activated saponite clays: characterization and
properties.

J. Materials Chemistry, 8, 2119-2124 (1998)
(F. Kooli and W. Jones)

The interlayer arrangement of hydrated MgAl Layered Double

Hydroxides containing guest terephthalate anions: Comparison of
simulation and experiment.

J. Phys. Chem. B., 102,6710-6719 (1998).
(S. P. Newman, S. J. Williams, P. V. Coveney and W. Jones)

Chemistry of sulfate chloride perhydrates. Part 3: The properties of
4NaS04.NH4Cl.2H202.

J. Materials Chemistry, 8, 1911-1915 (1998).

(S. Cosgrove and W. Jones)

Citraconic acid
Acta Cryst. C54, 238-240 (1998)
(E. Batchelor and W. Jones)

Vibrational modes in layered double hydroxides and their calcined
derivatives

Chemical Physics, 236, 225-234 (1998).
(W. Kagunya, R. Baddour-Hadjean, F. Kooli and W. Jones)

Chemistry of sulfate chloride perhydrates. Part 2: Reperhydration by
H202. '

J Materials Chemistry 8, 419-424 (1998).
(S. Cosgrove and W. Jones)

Chemistry of sulfate chloride perhydrates. Part 1: Thermal decomposition

of 4Na2504.NaCl.2H202 and the formation of sodium sulfate(lil).
J Materials Chemistry 8, 413-417 (1998).

- 16 -



222

221

220

219

218

217

216

215

214

213

(S. Cosgrove and W. Jones)

Synthesis and characterization of polyoxovanadate-pillared Zn, Al layered
double hydroxides: an X-ray absorption and diffraction study.

Chemistry of Materials 37,1812-1820 (1998)

(C. Barriga, W. Jones, P. Malet, V. Rives and M. A. Ulibarri)

The synthesis, characterization and applications of layered double
hydroxides containing organic guests.

New J Chem. 105-115 (1998)

(S. Newman and W. Jones)

Supramolecular chemistry and the synthesis of pillared layered solids. In
The Latest Frontiers of the Clay Chemistry, Eds: A. Yamagishi, A.
Aramata, M. Taniguchi.

70-87 (1997).

(W. Jones, F. Kooli, J. Bovey and S. Newman)

Post-synthesis grafting of Al onto MCM-41
J. Chem. Soc., Chem. Commun. 2185-2186 (1997).
(R. Mokaya and W. Jones)

N-heptane hydroconversion over aluminosilicate mesoporous molecular
sieves.

Catalysis Letters. 49, 87-94 (1997)

(R. Mokaya, W. Jones, S. Moreno and G. Poncelet)

Physicochemical characterization and catalytic activity of primary amine
templated mesoporous aluminosilicate catalysts.

J. Catalysis, 172, 211-221 (1997)

(R. Mokaya and W. Jones )

Cation ordering in synthetic layered double hydroxides
Clays Clay Miner. 45, 803-813 (1997).
(M. Vucelic, W. Jones and G. Moggridge)

Insertion of electrochemically reduced Keggin anions into layered double
hydroxides. ‘

J. Materials Chemistry 7, 1937-1939 (1997)

(E. M. Serwicka, P. Nowak, K. Bahranowski, W. Jones and F. Kooli)

Systematic comparison of a saponite clay pillared with Al and Zr metal
oxides. /

Chemistry of Materials 9, 2013-2920 (1997)

(F. Kooli and W. Jones)

Characterization and catalytic properties of a saponite clay modified by
acid activation.

Clay Minerals, 32, 633-643 (1997)

(F. Kooli and W. Jones)

-17-



212

211

210

209

208

207

206

205

204

203

Reduction of Ni2*-Al3* and Cu2+-AI3+ |ayered double hydroxides to
metallic Ni and Cu via polyol treatment.

Chemistry of Materials 9, 2231-2235 (1997)

(F. Kooli, V. Rives and W. Jones)

Simulation of layered double hydroxide intercalates.
Adv. Mater. 9, 496-500 (1997)
(A. M. Aicken, |. S. Bell, P. V. Coveney and W. Jones)

Synthesis and properties of terephthalate and benzoate intercalates of
Mg-Al Layered Double Hydroxides possessing varying layer charge.
Chemistry of Materials 8, 1969-1977 (1997)

(F. Kooli, I. C. Chisem, M. Vucelic and W. Jones)

Reactivity and Crystal Design in Organic Solid State Chemlstry
in Organic Molecular Solids: Properties and Applications, Ed. W. Jones,
CRC Press 149-200 (1997)

Theoretical Methods for Crystal Structure determination

in Organic Molecular Solids: Properties and Applications, Ed. W. Jones,
CRC Press 113-148 (1997)

(R. Docherty)

Dependence of the properties of titanium-pillared clays on the host
matrix: a comparison of montmorillonite, saponite and rectorite
pillared materials.

J. Mater. Chem. 7, (1997) 153-158.
(F. Kooli, J. Bovey and W. Jones)

An alternative route to polyoxometalate-exchanged layered double
hydroxides: the use of ultrasound

J Materials Science Letters 16, (1997) 27-29.

(F. Kooli, W. Jones, V. Rives and M. A. Ulibarri)

Studies of layered and channel complexes using combined
thermogravimetry and mass spectrometry.

J. of Thermal Analysis, 50, 757-766 (1997).

(I. C. Chisem, S. D. Cosgrove and W. Jones)

Neutron diffraction of a complex of 1,8-bis(dimethylamino)naphthalene with 1,2-
dichloromaleic acid

Acta Cryst. B 52: 691-696 (1996)
(K. Wozniak, C. C. Wilson, K. S. Knight, W. Jones and E. Grech)

Catalytic properties of layered double hydroxides and their calcined derivatives

Inorg. Chem. 35: 5970-5974 OCT 9 (1996)
(W. Kagunya, Z. Hassan and W. Jones )

-18 -



202

201

200

199

198

197

196

195

194

193

192

N-Saccharinperacetic acid monohydrate and N-saccharinpentanoic acid
monohydrate.

Acta Cryst. C52,(1996) 2323-2326.

(N. Feeder and W. Jones)

3-Nitroacetophenone {
Acta Cryst. C52, (1996) 1454-1456 ‘
(N. Feeder, W. Jones, A. P. Charlton and R. Docherty)

Structures of four p-amidoperbenzoic acids
Acta Cryst. C52 (1996) 919-923
(N. Feeder and W. Jones)

Structure of five w-phthalimidoaliphatic carboxylic acids
Acta Cryst. C52 (1996) 913-919.
(N. Feeder and W. Jones)

Four w-phthalimidoaliphatic peracids
Acta Cryst. C52 (1996) 1516-1520.
(N. Feeder and W. Jones)

Direct Synthesis of Acidic Aluminosilicate Mesoporous Molecular Sieves.
MRS Proceedings, Microporous and Macroporous Materials, 431.
Eds. R.F. Lobo et al. (April 1996, pp 83-88).

(R. Mokaya and W. Jones).

Thermal Characteristics of Layered Double Hydroxide Intercalates -
Comparison of Experiment and Computer Simulation.

MRS Proceedings, (Spring 1996).

(I. S. Bell, F. Kooli, W. Jones and P. V. Coveney).

Creation of Crystalline Supramolecular Arrays: A Comparison of Co-
crystal Formation from Solution and by Solid-State Grinding.

J. Chem. Soc., Chem. Commun., 987-988 (1996)

(V. R. Pedireddi, W. Jones, A.P. Chorlton and R. Docherty).

Synthesis of Acidic Aluminosilicate Mesoporous Molecular Sieves Using
Primary Amines.

J. Chem. Soc., Chem. Commun., 981-982 (1996).

(R. Mokaya and W. Jones)

Acidity and Catalytic Activity of Aluminosilicate Mesoporous Molecular
Sieves Prepared Using Primary Amines. |

J. Chem. Soc., Chem. Commun., 983-984 (1996).

(R. Mokaya and W. Jones).

Creation of Crystalline Supramolecular Assemblies Using a C-H---0/0O-
H--N Pair-wise Hydrogen Bond Coupling.

-19-



191

190

189

188

187

186

185

184

183

J. Chem. Soc., Chem. Commun., 997-998 (1996).
(V. R. Pedireddi, W. Jones, A. P. Chorlton and R, Docherty).

Acidity and Catalytic Activity of the Mesoporous Atuminosilicate
Molecular Sieve MCM-41.

Catalysis Letters, 37, 113-120 (1996).

(R. Mokaya, W. Jones, Z. Luan, M.D. Alba and J. Klinowski).

The Incorporation of Benzoate and Terephthalate Anions into Layered
Double Hydroxides.
Synthesis of Porous Materials: Zeolites, Clays and Nanostructures,

Eds. M. L. Occelli and H. Kessler, Marcel Dekker Inc., New York, 641-
665 (1996).

(F. Kooli and W. Jones)

Preparation and Characterisation of Ti Pillared Acid Activated Clay
Catalysts. ;

Clay Minerals, 31 (1996) 501-506. !

(J. Bovey, F. Kooli and W. Jones)

ESCA, Solid-State NMR, and X-ray Diffraction Monitor the Hydrogen
Bonding in a Complex of 1,8-Bis(dimethylamino)naphthalene with 1,2-
Dichloromaleic Acid.

J. American Chem. Soc., 99, 14667-14677 (1995).

(K. Wozniak, H. He, J. Klinowski, W. Jones and T. L. Barr).

An ab initio approach to crystal structure determination using high-
resolution powder diffraction and computational chemistry techniques:
application to 6,13-dichlorotriphendioxazine.

Chemistry of Materials, 2322-2326, 1995.

(P. G. Fagan, R. B. Hammond, K. J. Roberts, R. Docherty, A. P.
Chorlton, W. Jones and G. D. Potts)

Direct synthesis of polyoxovanadate-pillared layered double hydroxides.
Inorg. Chem., 34, 6237-6238, 1995,
(F. Kooli and W. Jones).

Characterisation of Al-pillared Acid activated Clay Catalysts.
J. Mater. Chem,, 5, (11), 2027-2035 (1995).
(J. Bovey and W. Jones).

Intramolecular Hydrogen Bonding in N-Salicylideneanilines: X-Ray
Diffraction and Solid-state NMR Studies. ‘
J. Chem. Soc. Faraday Trans., 91, 77-85 (1995).

(K. Wozniak, H. He, J. Klinowski, W. Jones, T. Dziembowska and E.
Grech).

Aldol Condensation of Acetaldehyde using Calcined Layered Double
Hydroxides.

Applied Clay Science, 10 (1995) 95-102.

=20 -

\%‘\/



182

181

180

179

178

177

176

175

174

173

172

(W. Kagunya and W. Jones).

Studies of Copper Hydride: Part 2, Transmission Electron Microscopy.
J. Chem. Soc. Faraday Trans., 719-724 (1995).
(P. Herley, N. P. Fitzsimons and W. Jones).

Studies of Copper Hydride: Part 1, Synthesis and Solid-state Stability.
J. Chem. Soc. Faraday Trans., 713-718 (1995)
(N. P. Fitzsimons, W. Jones and P.J. Herley).

The Microstructure of Alumina Pillared Acid-activated clays.
Journal of Porous Materials, 1, 97-110 (1995).
(R. Mokaya and W. Jones).

Pillared Clays and Pillared Acid-activated Clays: A Comparative Study of
Physical, Acidic and Catalytic Properties.

Journal of Catalysis, 153, 76-85 (1995).

(R. Mokaya and W. Jones).

The Thermal Properties of Terephthalate and Benzoate Intercalated
LDH. J. Phys. Chem., 99, 8328-8337 (1995).
(M. Vucelic, G. D. Moggridge and W. Jones).

Some Insights into the Process of E-Beam Generation of Metal
Nanoparticles from Binary Metal Hydride and Azide Precursors.

MRS Symposium, on Beam-Solid Interactions for Materials Synthesis
and Characterization, Eds. D. E. Luzzi, T. F. Heinz, M. Iwaki, D. C.
Jacobson, (1995).

(P. J. Herley and W. Jones).

Pillaring of Layered Double Hydroxides Possessing Variable Layer
Charge with Vanadium Polyoxoanions. ,

MRS Symposium on Advances in Porous Materials, Eds.

S. Komarneni, D. M. Smith and J. S. Beck, Vol. 371, 143-149 (1995).
(F. Kooli, V. Rives, M. A. Ulibarri and W. Jones).

Five Salts of Berberine.
Acta. Cryst., C51, 1234-1240 (1995).
(B. M. Kariuki and W. Jones).

Three Polymorphs of Potassium 4-Sulphonato-benzoic Acid.
Acta. Cryst. C., C51, 867-871 (1995).
(B. M. Kariuki and W. Jones).

Potassium Hydrogen Phthalate Hemi-perhydrate.
Acta. Cryst. C51, 1128-1130 (1995).
(B. M. Kariuki and W. Jones).

Sodium 3-(2-chlorophenyl)Propenoate Dihydrate and
Tetraquamagnesium Bis[3-(2-hydroxyphenyI)Propenoate].

-21-



171

170

169

168

167

166

165

164

163

162

161

Acta Cryst. C51, 1051-1053 (1995).
(B. M. Kariuki, J. B. Valim, W. Jones and J. King).

9(10H)-Acridone
Acta. Cryst. C., C51, 267-268 (1995)
(G. D. Potts and W. Jones)

Attractive Inter- and Intramolecular N...O Interactions in N, N-
Dipicrylamine and its lonic Complexes. ‘

J. Phys. Chem,, 98, 13755-13765 (1994).

(K. Wozniak, H. He, J. Kiinowski, W. Jones and E. Grech).

The chemical and crystal changes accompanying the thermal-decomposition of
hexa-aquomagnesium monoperoxyphthalate.

Mol. Cryst. And Liq. Cryst., 248, 21-34 (1994)

(B. M. Kariuki and W. Jones)

Monohydrate Sodium and Hexa-aqua-magnesium p-Chloro-trans-
cinnamates. :

Acta. Cryst. C., C50, 1665-1667 (1994).

(B. M. Kariuki, J. Valim, W. Jones and J. King).

lon-Exchange Properties of Lithium Aluminium Layered Double
Hydroxides.

J. Mater. Chem., 4, 1737-1744 (1994).

(. C. Chisem and W. Jones).

Structure of 9(10H) - Acridone.
Acta Cryst. C., C51, 267-268 (1995).
(G. D. Potts).

Structures of four N-saccharinealiphatic acids.
Acta. Cryst., C50, 1118-1122 (1994)
(N. Feeder and W. Jones).

Structures of two saccharin peracids.
Acta. Cryst., C50, 1347-1349 (1994).
(N. Feeder and W. Jones).

Structures of two w-oxo-w (phenylamino) aliphatic acids.
Acta. Cryst., C50, 1732-1734 (1994).
(N. Feeder and W. Jones).

The Reversible Desorption of H202 from the Inclusion Channel Complex
4Na2S04-NaCl-2H2027.

J. Chem. Soc., Chem. Commun., 2255-2256 (1994).
(S. D. Cosgrove and W. Jones).

The Crystal Structure of Quinacridone: An Archetypal Pigment.
J. Chem. Soc., Chem. Commun., 2565-2566 (1994).

-22.



160

159

158

157

156

155

154

163

152

151

(G. D. Potts, W. Jones, J. F. Bullock, S. J. Andrews and S. J. Maginn).

Synthesis and structural characterization of LDH - organic intercalates.

Mol. Cryst. Liq. Cryst., 244, 155-160 (1994).
(M. Chibwe, W. Kagunya and W. Jones).

Effect of intermediates on the nature of polyvanadate - intercalated
layered double hydroxides.
Mol. Cryst. Liq. Cryst., 244, 167-172 (1994).

(M. A. Ulibarri, F. M. Labajos, V. Rives, W. Kagunya, W. Jones and R.
Trujillano).

Pillared acid-activated clay catalysts.
J Chem. Soc., Chem. Comm., 929-930 (1994).
(R. Mokaya and W. Jones).

The mechanism of chlorophyll adsorption on acid-activated clays.
J. Solid State Chem., 111, 157-163 (1994).
(R. Mokaya, W. Jones, M. Whittle and M. E. Davies).

Comparative study of the synthesis and properties of vanadate -
exchanged layered double hydroxides.
Inorganic Chemistry, 33, 2592-2599 (1994).

(M. A. Ulibarri, F. M. Labajos, V. Rives, R. Trujillano, W. Kagunya and
W. Jones).

Effect of alkyl chain length on acid - amide hydrogen bonding.
Mol. Cryst. Liq. Cryst., 240, 225-230 (1994).
(J. King).

Comparative study of crystal packing in amido-benzoic and amido-
perbenzoic acids.

Mol. Cryst. Liq. Cryst., 240, 231-239 (1994).

(N. Feeder and W. Jones).

The crystal structure of triphendioxazine as solved by a new ab initio
method utilising high resolution powder diffraction and computational
chemistry techniques.

Mol. Cryst. Liq. Cryst., 248, 277-289 (1994).

(P. G. Fagan, K. J. Roberts, R. Docherty, A. P. Chorlton, G. D. Potts and

W. Jones).

An investigation into the solid-state behaviour of anthraquinone and its
derivatives.

Mol. Cryst. Liq. Cryst., 240, 217-224 (1994).

(G. D. Potts and W. Jones).

The chemical and crystal changes accompanying the thermal
decomposition of hexa-aquomagnesium monoperoxyphthalate.
Mol. Cryst. Lig. Cryst. Sci. Tec. A, 248, 21-34 (1994).

-23.



150

149

148

147

146

145

144

143

142

141

(B. M. Kariuki and W. Jones).

The solid-state chemistry of acridizinium and 9-methylacridizinium salts.
Mol. Cryst. Liq. Cryst., 242, 227-240 (1994). ‘
(W. N. Wang and W. Jones).

Crystal structures of two w-phthalimidoaliphatic carboxylic acid
monohydrates.

Acta Cryst., C50, 820-823 (1994).

(N. Feeder and W. Jones).

Crystal structure of (N-benzoyl)-3-aminopropanoic acid and (N-4-
nitrobenzoyl)-6-aminohexanoic acid.

Acta Cryst., C50, 813-816 (1994).

(N. Feeder and W. Jones).

Structures of 6-oxo-6(phenylamino)hexanoic acid (two polymorphic
forms) and 4-oxo-4(N-methyl) phenylamino) butanoic acid.

Acta Cryst., C50, 816-820 (1994).

(N. Feeder and W. Jones).

Crystal structure of trimellitimide and N-ethyltrimellitimide.
Acta Cryst., C50, 824-827 (1994).
(N. Feeder and W. Jones).

Nanoparticle generation by electron beam induced atomisation of binary
metal azides.

NanoStructured Materials, 2, 553-562 (1993).
(P. J. Herley and W. Jones).

The generation of nanoscale metal particles from metal azides: A high
resolution electron microscopic study.

Zeit fur Physik D., 26 5159-160 (1993).

(P. J. Herley and W. Jones). -

The electron-beam sensitivity of binary metal azides.

Structure and Properties of Energetic Materials, Eds. R.W.
Armstrong, J.J. Gilman and D.H. Liebenberg, Mat. Res. Soc., 296,
87-92 (1993). .

(P. J. Herley and W. Jones).

Structure of hexa-aquacobolt hydrogenphthalate.
Acta Cryst., 49, 2100-2102 (1993).
(B. M. Kariuki and W. Jones).

Chlorophyll removal from oil using clays and pillared élays.
lon Exchange Processes: Advances and Applications, Eds. A. Dyer,

M.J. Hudson and P.A. Williams, Royal Society of Chemistry, 231-241
(1993).
(R. Mokaya and W. Jones).

-24.



140

139

138

137

136

135

134

133

132

Acid activation of clays and effect on adsorption properties.

lon Exchange Processes: Advances and Applications, Eds. A. Dyer,
M.J. Hudson and P.A. Williams, Royal Society of Chemistry, 243-252
(1993). :

(R. Mokaya and W. Jones).

Crystal structures and polymorphism in aliphatic para-amidobenzoic
acids. _

Acta Cryst., B49, 541-546 (1993).

(N. Feeder and W. Jones).

The microstructure of layered double hydroxides modified by controlled
anion intercalation.

Proc. NATO-ASI on Multifunctional Mesoporous Inorganic Solids,
Kluwer Academic Publishers 217-224 (1993)
(W. Kagunya and W. Jones).

Electron microscopic study of fine particles of beryllium.
J. Materials Sciences, 28, 1874-1878 (1993).
(P. J. Herley and W. Jones).

Pillared acid-activated clays: synthesis, characterisation and application
to chlorophyll adsorption.

Proc. NATO-ASI on Multifunctional Mesoporous Inorganic Solids,
Kluwer Academic Publishers 425-432 (1993).

(R. Mokaya and W. Jones).

Solid state 27Al NMR studies of LDH-intercalates.

Proc. NATO-ASI on Multifunctional Mesoporous Inorganic Solids,
Kluwer Academic Publishers 373-378 (1993) ‘
(M. Vucelic and W. Jones).

Preparation of alumina-pillared acid-activated clays and their use as
chlorophyll adsorbents.

J. Mater. Chem., 3, 381-387 (1993).

(R. Mokaya, W. Jones, M. E. Davies and M.E. Whittle).

Manganese porphyrins adsorbed on intercalated in different mineral

matrices; preparation and compared properties as catalysts of alkene
and alkane oxidation.

New., J. Chem., 16 71-80 (1992).

(L. Barloy, J.P. Lallier, P. Battioni, D. Mansuy, Y. Piffard, M. Tournoux,
J. B. Valim and W. Jones).

Chlorophyll adsorption by alumina-pillared acid-activated clays.
J. Amer. Oil Soc.,-70, 241-244 (1992).
(R. Mokaya, W. Jones, M. E. Davies and M. E. Whittle).

-25-



131

130

129

128

127

126

125

124

123

122

The synthesis, characteristics and applications of layered double
hydroxides.

Proc. NATO-ASI on Multifunctional Mesoporous Inorganic Solids,
Kluwer Academic Publishers 191-206 (1992).

(M. Chibwe, J. Valim and W. Jones).

i
The thermal characteristics of a synthetic hydrotalcite-ilike material.
J. Materials Chemistry, 2, 1069-1073 (1992). \

(L. Pesic, S. Salipurovic, V. Markovic, D. Vucelic, W. Kagunya and W.
Jones).

Electron microscopic study of ultra-fine particles of silver resulting from
the electron-beam-induced decomposition of silver azide.

J. Chem. Soc., Faraday Trans., 88, 3213-3216 (1992).

(P. J. Herley and W. Jones).

Aspects of the synthesis of copper hydride and supported copper
hydride. ‘

Catalysis Letters, 15, 83-94 (1992).

(N. P. Fitzsimons, W. Jones and P. J. Herley).

Synchrotron topography observations of a low temperature phase
transition in an organic crystal.

Mol. Cryst. Liq. Cryst., 211, 43-50 (1992).

(M. Dudley, R. Disalvo, J. Wu, D. Gordon-Smith and W. Jones).

Characterization of defects in p-terphenyl single crystals.
Mol. Cryst. Liq. Cryst., 211, 35-42 (1992).
(M. Dudley, R. Disalve, S.-Y. Hou, B. M. Foxman and W. Jones).

Photoactivity of cinnamate-intercalates of layered douple hydroxides
Mol. Cryst. Liq. Cryst., 211, 271-282 (1992). :
(J. Valim, B. M. Kariuki, J. King and W. Jones).

The attempted simulation of layered double hydroxide intercalates
through lattice energy minimisation.

Mol. Cryst. Liq. Cryst., 211, 257-270 (1992),

(J. King and W. Jones).

Hydrogen bonding in acid-amides: influence of variable alkyl chain
length.

Mol. Cryst. Liq. Cryst., 211, 111-124 (1992).

(N. Feeder and W. Jones).

The solid state chemistry and polymorphism of aquomfagnesium
hydrogen phthalates. : ‘

Mol. Cryst. Liq. Cryst., 211, 233-256 (1992).
(B. M. Kariuki and W. Jones).

226 -



121

120

119

118

117

116

116

114

113

The synthesis of nanoscale metal particles produced by the beam
induced decomposition of metal hydrides and azides in a transmission
electron microscope.

Specimen Preparation for Transmission Electron Microscopy of
Materials I, Eds. R. Anderson, J. Bravman and B. Tracy,

Mat. Res. Soc., 254, 223-232 (1992).

(P. J. Herley, N. P. Fitzsimons and W. Jones)

Composition and cation-vacancy distribution of cation-deficient Mn/Fe
spinel oxides.

J. Solid State Chem. 93, 443-453 (1991)

(J. M. Jimenez Mateos, W. Jones, J. Morales and J. L. Tirado)

Utilizing clays and other layered solids for the design of new materials.
University of Wales, Review.

Science and Technology, Vol. 8, 45-52 (1991).

(W. Jones)

Synthesis and characterisation of pillared acid-activated montmorillonites
in Synthesis of Novel Molecular Sieve Materials, Ed. R.L. Bedard,
Mat. Res. Soc., 1991, Vol. 233, 81-88.

(R. Mokaya, W. Jones, M. E. Whittle and M. E. Davies).

Photochemistry and photophysics in clays and other layered solids in
Photochemistry in Condensed Phases, Ed. V. Ramamurphy, VCH
(1991), 387-427.

(W. Jones)

Structure of phenazine.
Acta Cryst., C47, 1113 (1991).
(K. Wozniak, B. Kariuki and W. Jones).

Crystallographic studies of intra- and intermolecular interactions. Part
VII. Crystal and molecular structures of complex of acridine
pentachlorophenol: H-bonding effect on geometry of pentachlorophenol
moiety.

J. Mol. Struct., 248, 331-343 (1991).

(K. Wozniak, T. M. Krygowski, B. Kariuki and W. Jones).

Structure of 2,3-dimethylquinoxaline.
Acta Cryst., C46, 1946 (1990).
(K. Wozniak, T.M. Krygowski, B. Kariuki and W. Jones).

Crystallographic studies on sterically affected chemical species. Part Ill.
Molecular and crystal structure of 1,8-bis(dimethylamino) naphthalene
tetrafluoroborate. Analysis of distortion of geometry in the aromatic part
due to intramolecular hydrogen bonding.

J. Mol. Struct., 240, 111-118 (1990).

(K. Wozniak, T. M. Krygowski, B. Kariuki, W. Jones, and E. Grech).

227 -



112

11

110

109

108

107

106

105

104

103

Crystallographic studies of intra- and intermolecular interactions. Part IV.

Molecular and crystal structure of phthalazine semi-tetrafluoroborate:
intramolecular changes in geometry as a consequence of H-bonding.
J. Mol. Struct., 240, 119-125 (1990).

(K. Wozniak, T. M. Krygowski, B. Kariuki, W. Jones and E. Grech).

Crystallographic studies on sterically affected chemical species. Part II.
Molecular and crystal structure of 1,8-bis(dimethylamino)-naphthalene
tetrafluoroborate. Analysis of distortion of geometry in the aromatic part
due to intramolecular hydrogen bonding.

J. Mol. Struct., 240, 111-118 (1990).

(K. Wozniak, T. M. Krygowski, B. Kariuki, W. Jones and E. Grech).

Thermal decomposition of magnesium monoperoxyphthalate
hexahydrate.

Mol. Cryst. Liq. Cryst., 186, 45-52 (1990).

(B. Kariuki and W. Jones).

The synthesis, chemistry and catalytic applications of layered double
hydroxides in Pillared Layered Solids, Ed. |.V. Mitchell. Elsevier
Applied Sciences, 1990, 67-78.

(W. Jones and M. Chibwe).

The synthesis and catalytic applications of layered double hydroxides
Symposium on new catalytic materials; ACS Petroleum Chemistry
Division, Miami 1989, 34, 507-510 (1989).

(K. Chibwe, J. B. Valim and W. Jones).

The synthesis of polyoxometalate pillared layered double hydroxides via
calcined precursors.

Chemistry of Materials, 1, p 489 (1989).
(K. Chibwe and W. Jones).

The influence of exchangeable aluminium ion concentration and of layer
charge on the catalytic activity of montmorillonite clays

Catalysis Letters, 2, 125-128 (1989).

(J.H. Purnell, J. M. Thomas, P. Diddams, J. A. Ballantine and W. Jones).

Defect and phase analysis of scandium hydride by transmission electron
microscopy. . :

Materials Science and Engineering, A114, L1-L3 (1989).

(P.J. Herley and W. Jones).

Intercalation of organic and inorganic anions into layered double
hydroxides.

J.C.S. Chem. Communications, 926-927 (1989).
(K. Chibwe and W. Jones).

Crystal structures of hexa-aquamagnesium hydrogen phthalate and
hexa-aquamagnesium hydrogen phthalate dihydrate.

.28.



Acta Cryst., C45, 1297-1299 (1989).
(B. Kariuki and W. Jones).

102 Electron beam decomposition of copper hydride and the generation of
ultra fine particles of copper.
J. Materials Science Letters, 8, 1013-1015 (1989).
(P.J. Herley, W. Jones and G. R. Millward).

101 Ultra-fine particles of aluminium formed by electron-beam induced
decomposition of aluminium hydride.
Materials Letters, 7, 441-444 (1989).
(P.J. Herley, W. Jones and G. R. Millward).

100  Metal Hydrides as precursors for the generation of supported metal
particles and alkali metal whiskers.
Zeit fur Phys: Chem. Neue Folge, 164, 1151-1156 (1989).
(P. J. Herley and W. Jones).

99 Proceedings of XI Simposio Iberoamericano de Catalisis, Guanajuato
Mexico, 583-589 (1988).

(I. Rodriguez-Ramos and A. Guerrero-Ruiz).

98  The structure and properties of pillared clays .
Catalysis Today, 2, 357-367 (1988).
(W. Jones)

97 Synthesis and structure of DL-Camphor-10-sulponanilide and the N-
Methylthiadizinedioxide.
J. Chem. Soc. Pak., 9, 167-175 (1987).
(R. J. Cremlyn, L. Wu, C. R. Theocharis and W. Jones).

96 Plasmon spectra of light-metal hydrides.
Materials Letters, 5, 333-336 (1987).
(P.J. Herley, W. Jones, T. G. Sparrow and B. G. Williams).

95  Characterization of clays and pillared clays.
Solid State lonics, 24, 205-212 (1987).
(D. T. B. Tennakoon, J. M. Thomas, J. H. Ballantine and J. H. Purnell).

94  The solid state chemistry of acridizinium salts.
Tetrahedron, 43, 1273-1279 (1987).
(W. N. Wang and W. Jones).

93 Topotactic and topochemical photodimerization of benzylidenecyclopentanones.
In Organic solid state chemistry, Ed. G.R. Desiraju, Elsevier, 47-68 (1987).
(C. R. Theocharis and W. Jones). :

92  ESR and X-ray diffraction studies of diacyl peroxides in urea and aluminosilicate
hosts.

-29.



91

90

89

88

87

86

85

84

83

82

J Inclusion Phenomena, 5, 273-277 (1987).
(M. D. Hollingsworth, K. M. D. Harris, W. Jones and J. M. Thomas).

Single-crystal study of the solid-state polymerization of butadiynlenebis(m-
acetamidobenzene).

J Chem Soc., Perkin Trans i, 1965-1967 (1986).
(H. Nakanishi, H. Matsuda, M. Kato, C. R. Theocharis, and W. Jones).

Transmission electron microscopy of beam-sensitive metal hydrides.
Zeit fur Phys Chemie, 147 147-158 (1986).
(P.J. Herley and W. Jones).

Structural aspects of metal-oxide-pillared sheet silicates. An investigation by magic-
angle-spinning NMR, FTIR and powder X-ray diffractometry.

J Chem Soc. Faraday Trans |, 82, 3081-3095 (1986).

(D. T. B. Tennakoon, W. Jones and J. M. Thomas).

Trends and prospects in organic solid state chemistry.

In Advances in solid state chemistry Ed. C.N.R. Rao, Indian National Science
Academy, 363-378 (1986).
(W. Jones and J. M. Thomas).

Characterisation of clays and clay-organic systems. Cation diffusion and
dehydroxylation.

J Chem Soc. Faraday Trans |, 82 545-562 (1986). ‘
(D. T. B. Tennakoon, J. M. Thomas, W. Jones, T. A. Carpenter and S. Ramdas).

Structure of a 'doped' diacetylene that is polymerisable in the solid state
J C S Chem Comm., 1334-1336 (1985).

(C. R. Theocharis, H. Nakanishi, H. Matsuda, W. Jones, J. M. Thomas and M.
Kato).

Characterization of the Whisker-Like Products Formed by Hydriding Magnesium
Metal Powders. ‘

J. Appl. Phys., 58, 292-296 (1985).
(P. J. Herley, W. Jones and B. Vigeholm).

The Influence of Interlayer Water on Clay Catalysts: Interlamellar Conversions of 2-
Methylpropene.

Chemistry Letters., 763-766 (1985).
(J. A. Ballantine, W. Jones, J. H. Purnell, D. T. B. Tennakoon and J. M. Thomas).

Intercalates: Their Role in Heterogeneous Catalysis.

ACS Symposium Series on "The New Surface Science in Catalysis". Eds. M.L.
Delviney and J.L. Gland. 472-484 (1985).

(W. Jones, J. M. Thomas, D. T. B. Tennakoon, R. Schlogl and P. A. Diddams).

Study of the Crystal and Molecular Structure of the 9-Cyanoanthracene trans Dimer
and of its Monomerisation.

J.C.S. Faraday Trans. |, 81, 857-874 (1985).

-30 -



81

80

79

78

77

76

75

74

73

72

(C. R. Theocharis and W. Jones).

The Influence of the Preparation Method on the Stability of Graphite Intercalation
Compounds with Antimony Chloride in Air.

J. de Physique. 81, 877-886 (1984).

(R. Schiogl and W. Jones).

Synthesis, Characterization, and Catalytic Activity of Beidellite-Montmorillonite
Layered Silicates and their Pillared Analogues.

J.C.S. Chem. Comm., pp1340-1342 (1984).

(P. A. Diddams, J. M. Thomas, W. Jones, J. A. Ballantine and J. H. Purnell).

Evidence for the Formation of Single Crystals of Sodium Metal During the
Decomposition of Sodium Aluminium Hydride: An Electron Microscopic Study.
Materials Letters, 2, 377-379 (1984).

(W. Jones, T. G. Sparrow, B. G. Williams and P. J. Herley).

An Unusual Photo-induced Conformational Polymorphism: a Crystallographic Study
of Bis(p-methoxy)-trans-stilbene.

J.C.S. Chem. Comm., 1291-1293 (1984).

(C. R. Theocharis, W. Jones and C. N. R. Rao).

The use of mixed crystals for engineering organic solid state reactions: application
to benzylbenzylidenecyclopentanones. :

J American Chem Soc, 106, 3606-3609 (1984).

(C. R. Theocharis, G. R. Desiraju and W. Jones).

Gasification of potassium intercalated and impregnated natural graphites.
Fuel, 63, 1048-1058 (1984).

(E. Ferguson, R. Schlogl and W. Jones).

Efficient conversion of CO and H to acetylene at atmospheric pressure using a
graphite-based catalyst.

J.C.S. Chem. Comm., 464-466 (1984).

(W. Jones, R. Schlogl and J. M. Thomas).

The thermally induced phase transition of crystalline 9-cyano-anthracene dimer: a
single crystal study.

J.C.S. Chem. Comm., 369-370 (1984).

(C. R. Theocharis and W. Jones).

On the structure and properties of iron halide-graphite intercalates: A comparison of
the reactivity of free and graphite-intercalated iron(lll) chioride.

J.C.S. Dalton, 1283-1292 (1984).

(R. Schlogl and W. Jones).

Crystal and molecular structure of the product of a single crystal to single crystal
reaction.

J. Cryst & Spect. Res., 14, 447-455 (1984).
(W. Jones and C. R. Theocharis).

-31-



71

70

69

68

67

66

65

64

63

62

61

A

Reactions of platinum(ll) acetylides with organolithium compounds: Formation of
lithium-bridged dinuclear platinum(ll) complexes and of trioanoplatinate(il)
complexes.

J.C.S. Dalton Transactions, 747-756 (1984).
(A. Sebald, B. Wrackmyer, C. R. Theocharis and W. Jones).

The solid state photodimerization of 2,5-dibenzylidene-cyclopentanone (DBCP): A
topochemical reaction that yields an amorphous product.

J.C.S. Perkin Transactions I, 71-76 (1984).

(C. R. Theocharis, W. Jones, J. M. Thomas, M. Motevalli and M. B. Hursthouse).

Crystal structure of crystal violet lactone.
J. Cryst. Spect. Res., 14, 121-128 (1984).
(C. R. Theocharis and W. Jones).

Structural mimicry and the photoreactivity of organic solids.
J.C.S. Chem. Comm., 14431-1444 (1983). ‘
(W. Jones, C. R. Theocharis, J. M. Thomas and G. R. Desiraju).

Monitoring the course of intercalation by spectroscopic means. Insertion of gaseous
SbCl into graphite.

J.C.S. Chem. Comm., 1330-1332, (1983).
(R. Schlogl and J. M. Thomas).

Plasmon spectroscopy as an ultrasensitive microanalytical tool.
J.C.S. Chem. Comm., 1432-1434 (1983).

(T.G. Sparrow, B.G. Williams, W. Jones, J. M. Thomas, P. J. Herley and D. A.
Jefferson).

Transmission electron microscopic study of single crystals of Fe7C3.
J. Crystal Growth, 63, 125-134 (1983).
(M. Audier, P. Bowen and W. Jones).

The structure and stability of some metal halide graphite intercalates.
Synthetic Metals, 7, 133-140 (1983).
(R. Schlogl, W. Jones and H-P. Boehm).

Application of reduction products of iron chloride intercalates
as catalysts for the oxidation of SO2

Synthetic Metals, 7, 323-334 (1983).
(R. Schlogl, W. Jones, H-P. Boehm and W. Breimeier)

The characterization of clay-organic systems.
Clay Minerals, 18, 357-371 (1983).

(R. Schlogl, D. T. B. Tennakoon, T. Rayment, J. Klinowski, W. Jones and J. M.
Thomas).

A study in real and reciprocal space of the electron beam induced decomposition of
sodium aluminium hydride single crystals.

-32-



60

59

58

57

56

55

54

53

52b

52a

Materials Letters, 1, 131-136 (1983).
(P.J. Herley and W. Jones).

Observations on the structure, stability and transformations of the graphite: SbCls
intercalate.

Carbon, 21, 409-413 (1983).

(J. M. Thomas, R. Schlogl, W. Jones and P. Korgul).

The principles of chemical conversion of organic molecules using sheet silicate
intercalates.

Proc. Indian Acad. Sci., 92, 27-41 (1983).

(W. Jones, D. Tilak, B. Tennakoon, J. M. Thomas, L. J. Williamson, J. Ballantine
and J. H. Purnetl).

The microstructure, molecular constituents, and stability of the graphite-antimony
pentachloride intercalate.

J.C.S. Chem. Comm., 468-369 (1983).

(W. Jones, P. Korgul, R. Schlog! and J. M. Thomas).

Microstructure and stability of iron chloride graphites.
J.C.S. Faraday |, 79, 1793-1818 (1983).
(R. Schlogl, H. P. Boehm, P. Bowen, G. R. Millward and W. Jones).

The photodimerisation of crystalline 2,5 dibenzylidenecyclo-pentanone.
Mol. Cryst. Liq. Cryst., 93, 53-6047 (1983).
(C. R. Theocharis, J. M. Thomas and W. Jones).

Interpreting and predicting the photochemistry of solid cyclopentanone derivatives.
Mol. Cryst. Liq. Cryst., 93, 41-51 (1983).
(S. K. Kearsley, N. Moulden, W. Jones and J. M. Thomas).

Electron Microscopic and Mossbauer study of the iron carbides Fe3C and FesC2
formed during the disproportion of CO. 1

J. Crystal Growth, 64, 291-296 (1983).

(M. Audier, P. Bowen and W. Jones).

Structural characterisation of catalytically important clay-organic intercalates.
Mol. Cryst. Liq. Cryst., 93 147-155 (1983).
(D. T. B. Tennakoon, W. Jones, J. M. Thomas, T. Rayment and J. Klinowski).

The partitioning of non-apatite inorganic phos[phorus in sediments from lakes Erie
and Ontario

Canad. Mineral., 22, 357-365 (1984).

(P. G. Manning, T. Birchall and W. Jones).

The binding capacity of ferric hydroxides for non-apatite inorganic phosphorus in
sediments of the depositional basins of Lakes Erie and Ontario.

Canad. Mineral., 20, 169-176 (1982).

(P. G. Manning and W. Jones).

-33-



51

50

49

48

47

46

45

44,

43

42.

,K\J

Crystal and molecular structures of 2-(p-methylbenzyl)- and 2(p-chlorobenzyl)- 5-(p-
bromobenzylidene)cyclopentancne. Influence of chloro and methyl substitution on
solid-state reactivity.

J. Cryst. & Spectros. Res., 12, 377-389 (1982).

(C. R. Theocharis, W. Jones, M. Motevalli and M. B. Hursthouse).

A new approach to the determination of absolute configuration.
Nature, 296, 11 (1982).
(W. Jones)

Phonon spectroscopy of photochemical reactions in organic solids.
Photodimerisation of (2-benzyl-5-benzylidenecyclopentanone and
photopolymerization of 2,5-distyripyrazine.1

J. Phys. Chem,, 86, 1764-1767 (1982).

(J. Swiatkiewicz, G. Eisenhardt, P. N. Prasad, J. M. Thomas, W. Jones and C. R.
Theocharis).

A preliminary diffraction study of electron-beam induced decomposition in AlH3,

J. Materials Science Letters, 1, 163-166 (1982).
(P. J. Herley and W. Jones).

Ferric hydroxides in surficial sediments of the Great Lakes and their role in
phosphorus availability.

Canadian Mineralogist, 19, 525-530 (1981).
(P.G. Manning, T. Birchall and W. Jones).

Imaging the various stages in graphite-iron chloride intercalates.
Inst. Phys. Conf. Ser. No. 61, pp.399 -402 (1981).
(G. R. Millward, J. M. Thomas, W. Jones and R. Schlogl).

Preparation and characterization of new intercalates formed between graphite and
iron carbony! compounds. ’

J.C.S. Chem. Comm., pp.679-680 (1981).
(P. Bowen, W. Jones, J. M. Thomas, R. Schlog! and H-P. Boehm).

New intercalates of graphite: Sn Mossbauer spectroscopy and X-ray diffractometry
of lamellar compounds containing Me3SnCl and SnCla.

J.C.S. Chem. Comm., pp.677 (1981).
(P. Bowen, W. Jones, J. M. Thomas and R. Schlogl).

Crystal engineering of photodimerizable cyclopentanones. Comparison of chloro
and methyl substitution as solid-state steering groups.

J. Phys. Chem., 85, 2594-2597 (1981). ‘

(W. Jones, S. Ramdas, C. R. Theocharis, J. M. Thomas and N. W. Thomas).

Static and dynamic single-crystal x-ray diffraction studies of some solid-state
photodimerization reactions.

J. Phys. Chem., 85, 3636-3642 (1981).
(H. Nakanishi, W. Jones, J. M. Thomas, M. B. Hursthouse and M. Motevalli).

-34.



41

40

39

38

37

36

35

34

33

32

31

Mossbauer investigations of some chemical treatments of iron surfaces.
J.C.S. Dalton, 1450-1455 (1981).

(F.J. Berry, M. E. Brett, P. Bowen and W. Jones).

2-Benzyl-6-benzylidene-cyclohexanone - a photodimefizable crystal.
Acta. Cryst., B37, 758-760 (1981).
(H. Nakanishi, C. R. Theocharis and W. Jones).

2-p-Chlorobenzyl-5-benzylidene-cyclopentanone - a bhotodimerizable crystal.
Acta. Cryst., B37, 756-758 (1981).
(C. R. Theocharis, H. Nakanishi and W. Jones).

Diffusionless reactions in organic solids.

9th Int. Symp. on Reactivity of Solids, Cracow. Eds. K. Dyrek, J. Haber and J.
Nowotny, Elsevier 551-575 (1980).

(J. M. Thomas).

Mossbauer spectral studies of iron-enriched sediments from Hamilton Harbor,
Ontario.

Canadian Mineralogist, 18, 291-299 (1980).

(P. G. Manning, W. Jones and T. Birchall).

Monitoring the crystallographic course of a single-crystal-to-single-crystal
photodimerization by X-ray diffractometry.

J Chem. Soc., Chem. Comm., 611-612 (1980).

(H. Nakanishi, W. Jones, J. M. Thomas, M. B. Hursthouse and M. Motevalli).

Engineering organic crystals so as to control the photoreactivity of the reactants
and the crystallinity of the products.

J Chem. Soc., Chem. Comm., 610 -611 (1980).

(W. Jones, H. Nakanishi, C. R. Theocharis and J. M. Thomas).

Topochemical single-crystal-to-single-crystal photodimerization.
Chem. Phys. Letts., 71, 44-48 (1980).
(H. Nakanishi, W. Jones and J. M. Thomas).

Use of Mossbauer spectroscopy for catalyst characterization.
Characterisation of Catalysts, Eds. J. M. Thomas and R.M. Lambert (John
Wiley & Sons Ltd., 114-134 (1980). ‘

(W. Jones)

Electron Microscopy at Liquid Helium Temperatures.

In Electron Microscopy at Molecular Dimensions, eds. W. Baumeister and W.

Vogell, Springer , 208-225 (1980).
(G. M. Parkinson and J.M. Thomas).

An electron microscopic study of some 9-substituted a:‘nthracenes.
Inst. Phys. Conf. Series No. 52, pp.303-306 (1980).
(W. L. Rees, M. J. Goringe, J. M. Thomas and W. Jones).

-35.



30

29

28

27

26

25

24

23

22

21

20

2,5-Distryripyrazine (DSP) and 1,4-Bis[2-(2-pyridylvinyl)|benzene (P2VB) (4:6); a
photopolymerizable mixed crystal.

Acta. Cryst., B35, 3103-3106 (1979).

(H. Nakanishi, W. Jones and G. M. Parkinson).

Topochemically controlled solid-state polymerization.
Proc. Roy. Soc., A369, 307-325 (1979).
(H. Nakanishi, W. Jones, J. M. Thomas, M. Hasegawa and W. L. Rees).

Concerning the extent of solid-state metal exchange between
cobalt (1l) chloride and tris (oxinato) iron (I!).

Inorg. Nucl. Chem. Lett., 15, 191-193 (1979).

(H. E. Le May Jr, L. A. Ash and W. Jones).

The study of organic crystals by transmission electron microscopy.
Norelco, 26, 28-37 (1979).
(W. Jones)

Topotactic and topochemical conversions of distyrylpyrazine.
Israel J. Chem., 18, 261-265 (1979).

(H. Nakanishi, G. M. Parkinson, W. Jones, J. M. Thomas and M. Hasegawa).

The characterisation of dislocations in, and photoreactivity of, crystalline 9-
cyanoanthracene.

J.C.S. Faraday Il, 75, 806-809 (1979).

(W. L. Rees, M. J. Goringe, W. Jones and J. M. Thomas).

On the anomalous inertness to oxidation of the surface regions of vivianite: a 57Fe
conversion electron and transmission Mossbauer study.

J. Inorg. Nucl. Chem,, 41, 891-893 (1979).

(M. J. Tricker, L. Ash and W. Jones).

Depth-resolved 97Fe conversion electron Mossbauer of iron implantion in
aluminium.

J. Matls. Sci., 14, 751-754 (1979).
(W. Jones, M. J. Tricker and G. A. Gard).

Depth profiled 57Fe conversion electron Mossbauer spectra. A new method for
distinguishing overlayer and substrate signals.

Surface Sci., 79, L333-L336 (1979).

(M. J. Tricker, L. A. Ash and W. Jones).

Application of electron microscopy to organic solid-state chemistry.
Prog. Solid State Chem., 12, 101-124 (1979).
(W. Jones and J. M. Thomas).

The role of orientational defects in the photodimerisation of 1,5-dichloroanthracene.
Chem. Phys. Letters, 57, 468 470 (1978).
(S. Ramdas, W. Jones, J. M. Thomas and J. P. Desvergne).

=36 -



19

18

17

16

15

14

13

12

11

10

N

The study of topochemical conversions and phase transitions in organic crystals by
electron diffraction.

Inst. of Phys. Conf. Ser. No. 41, 172-177 (1978).

(G. M. Parkinson, W. Rees, M. J. Goringe, W. Jones, S. Ramdas, J. M. Thomas
and J. O. Williams).

On the nature of the solid state polymerization of distyrylpyrazine.
J. Chem. Research(s), 42-43 (1978).
(W. Jones)

Conversion electron Mossbauer spectroscopy and the study of surface properties
and reactions.

Applications of Surface Science, 2, 388 (1978).

(W. Jones, J. M. Thomas, R. K. Thorpe and M. J. Tricker).

Novel approach to the determination of the crystal structure of organic molecular
crystals: low temperature form of pyrene.

Chem. Phys. Letts., 54, 490-493 (1978).

(W. Jones, S. Ramdas and J. M. Thomas).

Electron microscopic study of the low temperature phase change in pyrene.
Molecular Crystals and Liquid Crystals, 41, 103-107 (1978).
(W. Jones and M. D. Cohen).

An electron microscopic study of some solid state polymerization processes.
Proceedings 35th EMSA Meeting, Boston, 1977 170-171.
(W. Jones, J. M. Thomas and D. A. Livesley ).

Electron microscopic study of some photo-induced reactions in organic solids.

Proceedings of the VIth European Congress on Electron Microscopy,
Jerusalem, 1976 (TAL, Jerusalem) 492-493.

Interaction of high energy electrons with organic crystals - problems associated with
the study of defects.

Surface and Defect Properties of Solids, 5, 65-80 (1976).

The electron-beam induced monomerization of dipara-anthracene.
J. Microscopy, 107, 151-154 (1976).
(W. Jones)

The characterization of dislocations in organic molecular crystals by transmission
electron microscopy.

Molecular Crystals and Liquid Crystals, 32, 39-42 (1976).

(W. Jones, J. M. Thomas, J. O. Williams, M. J. Goringe and L. W. Hobbs).

Electron beam induced transformation in an organic molecular crystal.
Materials Research Bulletin, 10, 1031-1036 (1976)
(W. Jones, J. M. Thomas and J. O. Williams).

-37-



Electron induced damage in organic molecular crystals: some observations and
theoretical considerations.

EMAG 75, Institute of Physics, Bristol 1975. (Developments in

Electron Microscopy, ed. J. A. Venables, Academic Press) 292-.

(G. M. Parkinson, M. J. Goringe, W. Jones, W. L. Rees, J. M. Thomas and J. O.
Williams). ‘

Characterization of extended faults in organic molecular crystals using the
transmission electron microscope.

EMAG 75, Institute of Physics, Bristol 1975 (Developments in Electron
Microscopy, ed. J. A. Venables, Academic Press) pp.325-.

(G. M. Parkinson, M. J. Goringe, W. Jones, J. M. Thomas and J. O. Williams).

Electron microscopy of organic crystals.
Pentacol, 13 (1975).
(W. Jones)

Electron and optical microscopic studies of a stress induced phase transition in 1,8-
dichloro-10-methylanthracene. '
Philosophical Magazine, 32, 1- (1975).

(W. Jones, J. M. Thomas and J. O. Williams).

Electron microscopic studies of extended defects in organic molecular crystals.
J. Chem. Soc. Faraday Il, 71, 138-145 (1975).

(W. Jones, J. M. Thomas, J. O. Williams and L. Hobbs).

Real space crystallography and defects in molecular crystals.
J. Materials Science, 10, 379- (1975).
(W. Jones and J. O. Williams).

Solid State Organic Chemistry.

Pentacol, Journal of Chemistry of the University of Wales, 12, (1974).
(W. Jones)

Electron and optical microscopic studies of photo-induced

reactions in aromatic solids.

Proc. 7th Int. Symp. Reactivity of Solids, 1972, ed. J. S. Anderson, F. S. Stone
and M. W. Roberts (Chapman and Hall, London, 1972) 515-524

(J. M. Thomas, J. O. Williams and W. Jones).



Appendix D

Copies of references cited herein

. Bruns, S, e al., Thermochimica Acta (1984), 72:31-40.

. Cruz Cabeza, A.J., et al.,J. Am. Chem. Soc. (2006), 128:14466-67.
. Cruz Cabeza, A.J., et al, Cryst. Growth Des. (2007), 7(1):100-07.

. Day, GM.,, et al, Cryst. Growth Des. (2004), 4(6):1327-40.

. Jones, W. er al., Mater. Res. Bull. (2006), 31:875-79.

. Remington’s Pharmaceutical Sciences, 17" ed., Chapter 76, Preformulation.

. U.S. Patent 6,281,230,



Thermochimica Acta, 72 (1984) 3140 31
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

THERMOCHEMICAL INVESTIGATION OF THEOPHYLLINE,
THEOPHYLLINE HYDRATE AND THEIR AQUEOUS SOLUTIONS

SABINE BRUNS, JOACHIM REICHELT and HEIKO K. CAMMENGA
Institut fir Physikalische und Theoretische Chemie,
Technische Universitit, Hans-Sommer-Str. 10,

0-3300 Braunschweig (F.R.Germany)

ABSTRACT

Theophylline, although structurally very similar to caffeine,
does not exhibit a solid state phase transition. In contrast to
caffeine, it forms a monohydrate, of which the quadruple point and
enthalpy of hydration have been determined. Furthermore, solubili-
ty and enthalpy of solution measurements are discussed.

INTRODUCTION

Purines are widespread in nature and play an important role in
animal.and human metabolism. Of the methylated dioxo-purines
caffeine, theophylline and theobromine are the most important,
Fig. 1, Theophylline, the subject of this paper, occurs inter alia
in green tea, maté and other plants and may be a by-product in the
decaffeination of coffee. It is an important drug in the treatment
of asthma and cardial diseases and is used as a diuretic., It shows

as well similarities with as distinct differences from its
7-methyl derivative caffeine.

MATERIALS

At 60°C, a saturated solution of theophylline (ICHM Pharmaceu-
ticals, Inc.) in dist. water was prepared, which on slow cooling
yielded fine, long needles of theophylline hydrate. After centri-
fuging the rest of adhering solution‘was removed by storing the
hydrate for several weeks at 92 % re}. humidity over a saturated
solution of Na2c03-10 H,0 ("conditioning"). Desiccation at 80°C

gave anhydrous theophylline. The purity was determined by DSC as
99,98 mol-%.
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THEQPHYLLINE HYDRATE
Composition

In the literature and pharmacopoe, theophylline and caffeine
are both reported to form monohydrates. Since we had previously
observed that caffeine in fact forms a 4/5-hydrate (ref. 1}, we
decided to check also the composition of theophylline hydrate.
Both isothermal and dynamic TG measurements, however, showed
that theophylline hydrate (if conditioned as described above) is
indeed a monohydrate. The compositions theophylline-Hzo and
caffeine.0.8 HZO found are in accord with the X-ray structural
analyses, see Fig. 2 (ref. 2, 3, 4).

Stability point

The stability point, often also referred to as the quadruple
point, is the temperature "}D up to which a hydrate is thermo-
dynamically stable in the presence of its own saturated solution
and vapour pressure. Literature data of A}D show considerable
discrepancies. From measurements of solubility resp. rate of
solution of theophylline hydrate and theophylline SHEFTER and
HIGUCHI deduce "’D = 73°C {ref. 5) and WADKE and REIER 450 =
73.6°C (ref. 6). ABOU-SHAABAN and SIMONELLI from TG and DTG
curves obtain a range 52...80°C (ref. 7). FOKKENS et al. have
undertaken powder X-ray diffraction, DSC and vapour pressure
measurements and report er = 63.8%1.3°C (ref. 8). We have deter-
mined the stability point in two ways. Theophylline hydrate was
encapsulated in hermetic crucibles and the reaction

hydrate (5) ~—» anhydrate {s) + sat. sola. (1) (1)

followed by DSC at various heating rates. Fig. 3 shows that the
extrapolated temperature of peak onset decreases with decreasing
heating rate. For vanishing heating rate, a value of 4} =
67...68°C can be deduced. This value was checked by isothermal
measurements: Samples of theophylline hydrate, enclosed in herme-
tically sealed crucibles, were held at constant temperatures for
periods of 6...13 days and subsequently analysed by DSC whether
the dehydration peak still showed up or not. Having approached
A}D first in greater steps, it was observed that after tempering
168 h at 66°C resp. 166 h at 66.9°C the hydrate was stable, where
as a sample held 189 h at 67°C to about 99 % had converted.
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Ne thus conclude that APy = 67.0%0.2°C.

Fig. 3 shows the dependence of A}D on the heating rate for the
hydrates of theophylline and caffeine. It is seen that the A}D—
curve for caffeine hydrate for vanishing heating rate by far does
not approach the stability point as determined by isothermal long-
time measurements, which yield A}D = 51.5°C. BOTHE and CAMMENGA
{(ref. 1, 9, 10, 11) have shown by DSC, X-ray diffraction and
solution calorimetry that during the dehydration of caffeine
hydrate besides the stable /3-caffelne a considerable fraction of
the metastable & -polymorph is formed, which subsequently recon-
verts to the /S-form. This obviously results in a kinetic hindrance
of the dehydration reaction. This example shows again that one
should be careful in deducing solid state transition temperatures
from DSC measurements even when having varied the heating rate.
Thus CESRRO and STAREC report nfD = B6°C for the stability point
of caffeine hydrate, which is 35°C too high (ref. 12)!

Enthalpy of dehydration
The enthalpy of dehydration was determined by DSC with samples
of &2 10 mg at a heating rate of 2 K-min‘1 in hermetically sealed
capsules. The data observed were corrected for sat. solution and
water vapour formation within the capsuleé as described previously
(ref. 1). For the enthalpy of dehydration we obtain AH; =
10.5%0.3 kd-mol~'. As is seen from Table 1, this is 50 % higher
than for caffeine hydrate. A higher value is expected from stronger
hydrogen bonding of the water molecules in the crystal lattice of
theophylline hydrate compared to that in caffeine hydraté, see
Fig. 2. Theophylline hydrate shows continuous chains of bound water
molecules whereas in caffeine hydrate the chains are interrupted.
Theobromine does not form a hydrate, whereas paraxanthine still
has to be investigated in detail.

ANHYDROUS THEQOPHYLLINE
Polymorphism

Caffeine shows a first order polymorphic phase transition at
140...141°C (ref. 9). GRABOWSKA and KALISZAN from structural con-
siderations have predicted polymorphism in a number of purines,
inter alia in caffeine and theophylline (ref. 13). DOSER believed
to have found some evidence for a polymorphic transition near
260°C, when theophylline was obtained by desiccation of its hydrate
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TABLE 1

Comparison of some thermochemical data of important purines.

The enthalpy of solution data are given in kd-mol'1

Property

Phase transition

AH:/kJ-mol'1

Melting point
(<]
aH_/kd mo1™

Thermal stability
{DsSc)

Hydrate (TG)

Quadruple point
aHp/kd mol”

Solubility in mol
per 1000 g of water
at 25°C

Anhydrate.
o

AHoo, c—so0, 298

BRso1, ¢, 298

Hydrate
LLPYY:

° [-]
BHso1, ¢ =0, 298° 44y

Theophylline

271.2°¢
30.9

medium

1 HZO
67°C
10.5

3.72-10"2

19.83

in prep.

30.6
30.3

Caffeine

141°C (DSC)
140°C (TMA)
4.1

236.1°C
21.6

very good

© 0.8 H,y0
51.5°C
7.06

1.092-10""

16.32

in prep.

36.7
23.38

Theobromine

348.5°C
{13.1)

poor

in prep.

in prep.

in prep.

in prep.
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(ref. 14). FOKKENS et al. report another uncertain observation®
(ref. 8, 158). We, however, found no evidence for a polymorphic
phase transition in theophylline: neither quick dehydration of the
hydrate nor fast crystallisation from non-aqueous solvents or
quenching of the melt resulted in a sample shdwing thermal events
other than melting. ‘

Fusion .
Melting of theophylline occurs at 271.5%0.5°C. The enthalpy of

fusion is 30.9%1.0 kJ-mol'1; this is about 40 % higher than for
caffeine.

Thermal stability

The thermal stability, which is of great importance inter alia
in food technology, has also been determined. Pure samples were
-in the absence of oxygen- encapsulated in hermetic aluminium
crucibles or sealed into glass ampoules. These were held isother-
mally for 1 h at various fixed temperatures, then cooled quickly
and analysed by computer-assisted DSC purity analysis. The thermal
stability is astonishing for organic compounds and markedly de-
creases in the order caffeine >theophyllined theobromine.

THEQPHYLLINE SOLUTIONS

FOKKENS has measured the solubility of theophylline hydrate
and theophylline in aqueous buffer solutions of pH=5 (ref. 8, 15).
Since it occured to him that a plot of his data gave no evidence
of a quadruple point, he fitted an equation

AHO [

In x =z -
¢ R- T

+ const. (2)

to all his data, from which he deduced an "enthalpy of solution®

of 43.1 kd-mol~'. We had found, however, tha aqueous caffeine
solutions are far from being ideal (ref. 11). This is due to
solvent/solute and solute/solute interactions, the latter result-
ing in molecular sandwiching between two or more purine molecules
("base-stacking"). Since one knows from osmotic coefficient measure-
ments that the activity coefficient is a strong function of con-
centration, the AH  from equation (2) is far from the last

]
enthalpy of solution of caffeine hydrate AHsol,cs,298

= 18.6 kJ-mOl-1. see Table 1. Furthermore, equation (2) is only a
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very rough fitting equation for solubility data of non-ideal
solutions, e.g. when the measurement accuracy i{s not good, Fig. 4.
As we have shown e.g. in the case of caffeine, a much better fit
for In x can often be obtained with a polynomial of second power
in 1/T (ref. 11). The same proved true for theophylline (Fig. 5)
and from this equation A HZéa = 30.6 kd-mol~! is calculated. If

In x for the solubility measurements of FOKKENS (ref. 8, 15) is
fitted by polynomials of second power in 1/T for theophylline
hydrate and anhydrate separately, the curves intersect at 66°C,
close to the stability point of N*D = 67°C as found by us, Fig. 6.

The enthalpy of solution at infinite dilution for the hydrates
is

Q o
AH oy o, 208 * A8Hp.

One obtains 30.3 k\]-mol'1 for theophylline hydrate and 23.38
kJ-mol'1 for caffeine hydrate. This is close to AHZQS in the case
of theophylline (30.6 kJAmol'1) but far from the value for caffe-
ine (36.7 kJ-mol'1), which means that the solute/solute inter-
actions in theophylline solutions must be much smaller. The much
higher solubility (and its high temperature increment) of caffeine
must thus be attributed to better "hase-stacking" of caffeline
molecules in solution. This is in accord with conclusions drawn
by GUTTMAN and HIGUCHI from their partition coefficient measure-
ments (ref. 16), which they defend against controversial but
doubtful results obtained by NMR (ref. 17).

Such structure/interaction relationships in purine and other
solutions are the subject of further studies under way in our
laboratory.
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Fig. 6. In this figure the solubility data of FOKKENS (ref. 8, 15)
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rately by polynomials of second power in 1/T. The intersection is
at 66°C, see text.-
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The prediction of erystal structures with more than one molecule
in the asymmetric unit (2 > 1) represents a major chaltenge in the
field of crystal structure prediction (CSP).! The increasingly
complex searchable phase space for crystal structures with multiple
crystallographically independent molecules results in a much higher
computational cost than tor 22 = 1, This is the case for even the
simplest multicomponent systeins. As a result, although the
properties of such systems (which include cocrystals, solvates.? and
salts)* are of key importance o the pharmaceutical industry, as
well as other areas of materials chemistry, their study has been
principally experimental—with the exception of only three studies
on the prediction of various sugar hydrates® and diastereoisomeric
salts. 57

Carbamazepine (C32), a first generation antiepileptic drug, is a
well-studied crystal system known to crystallize in various poly-
morphic forms.* CBZ is also well-known for its promiscuity in
forming cocrystals and solvates;® CBZ:acetic acid (AcOH) is one
of many. On the other hand, its 10,1 1-dihydro derivative (DHCBZ)
has very rarely been investigated, with no studies addressing its
cocrystallization/solvation tendencies. In a recent study,'0 we
rationalized how the small difference in molecular shape between
CBZ and DHCBZ induces the systems to hydrogen bond in
completely different manners: dimers are consistently observed in
all CBZ polymorphs,* whereas chains are preferred in the DHCBZ
ones. ' In this context, two main points are addressed in this
study: first, on the predictability of the crystal structures of these
fwo pharmaceutical molecules with AcOH, and second, on the
influence of the incorporation of AcOH in the crystal lattices on
the observed hydrogen bonding and crystal structures of these, to
date, very different crystal systems.

We initially generated crystal structures of 1'1 CBZ:AcOH in
six of the most common space groups (C2/¢, P2y, P2,2,2,, P2,/c,
P1, and R3) using a Monte Carlo simulated annealing sampling of
packing space, as implemented in the Polymorph Predictor package
in Cerius2.™* Because of the stochastic nature of the Monte Catlo
algorithin, independent searches in each space group were repeated
until no new structures were generated, requiring up to 15
independent vuns in some space groups. Such calculations required
approximately 2 months of computer time (on a single 600 MHz
SG1 machine). Meanwhile, an assessment of the space group
occurrences using the Cambridge Structural Database ™ (CSD) was
also undertaken. This assessment showed that more than 85% of
the observed multicomponent systems of nonchiral molecules with
AcOH crystallize within cither P2j/c or P1 space groups.'S This
information was then used for the prediction of our second system,
DHCBZ:AcOH. Limiting the calculations to these two space groups
reduced computational time significantly. Ranking of the crystat
structures was on the basis of lattice energy, using the W99 potential
and an atomic multipole model for the evaluation of intermolecutar

' Cambridge Crystatlographic Data Center.

14466 » J. AM. CHEM. SOC. 2006, 7128, 1446614467

Table 1. Crystal Structure Information for the Experimental and
Predicted CBZ:AcOH and DHCBZ:AcOH Crystal Structures. Both
Systems Belong to the P2:/c Space Group

CBZ:ACOH DHCBZ:ACOH
predicted exp, T= 100K predicted exp, T= 120K
E (k)/mol) ~175.73 —171.71
p(giem?) 1.295 1331 1.24) 1.300
a(A) 19.135 18.499 19.163 18.720
b ({\) 15.808 15.714 16.043 15425
< (A) 5.034 5.124 5215 5.299
A 93.49 96.53 94,78 9517
A) Density (giem’)
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Figure 1. Crystal structure prediction results for the two multicomponent
systems CBZ:AcOH (A) and DHCBZ:AcOH (B). Structures are classified
by fiydrogen bond motif: black dots show heterodimers, crossed squares
homodimiers, and open citcles other motifs te.g.. homo- or heterochains).

repulsion—dispersion and clectrostatic interactions, respectively,
Molecular flexibility die to amide pyramidalization was taken into
account during energy minimization in the same manner as reported
for our study of the pure CBZ polymorphs.'®

An experimental erystal structure of CBZ:AcOH (CSD refeode
UNEZIWY was known beforchand. For the DHCBZ:AcOH system,
o experimental work was undertaken until all calculations were
completed and a set of possible structures was established.
Subscquently, possible formation of crystals of DHCBZ with AcOM
was assessed by simple grinding!” of the two components. The
resulting structure was identified by comparison of the experimental
PXRD pattern with the simulated ones for the most stable predicred

10.1021/ja065845a CCC: $33.50 & 2006 American Chemical Saciety
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Figure 2. Overlay of the predicted (red) and experimentudly determined
(blue) DHCBZ:AcOH crystal structures.

crystal structures of the system. As final confirmation, single crystals
were grown from a solufion of DHCBZ in AcOH, and the structure
was confirmed by single-crystal XRD at 120 K (Table 1)
Excellent agreement between prediction and experiment was
obtained for the CBZ:AcOH system (Figure 1A). Not only was
the experimental structure found by the scarch method, but it also
emerged as the most stable wnong the thousands of possibilities

generated during the sampling of packing space. Upon analysis of

the DHCBZ:AcOH prediction results (Figure 1B), it was noticed
that the third most stable generated structure for DHCBZ:AcOH
was isomorphic with the experimental CRBZ:AcOH. Furthermore,
the energy gain predicted upon formation of the DHCBZ'A(‘()H
multicamponent erystal (Eppeazacon =~ Epuese = —352.7 kl/mol)
was of comparable magnitude to that of the known CB/_.[\L-OH
system (Ecpzacou — Ecnz = —60.8 klfmol),'® thereby sugpesting
a high likelihood of formation. The subscquent grinding experiment
revealed the formation of a DHCBZ:AcOH crystal structure which
was readily identified as the third most stable predicted structure,
the structure isomorphic with CBZ:AcOl (Figure 2). Although the

structure observed would not have been first choice in terms of

calculated stability, falling within the lowest three was encouraging,
and it still remains to be scen whether additional polymorphs.
corresponding to the two lower energy structures, may be produced.

From a crystal engineering point of view,”® analysis of the
hydrogen bond motifs in all of the hypothetical structures (Figure
1) may be considered a way of assessing the synthon preferences
in this type of multicomponent system. The amide—carboxylic acid
heterosynthon is notably most favored within the low-energy
structures of both systems (Figure 1); the calculations agree with
the synthon rationalization proposed by Fleischman et al.? for the
design ol a scries of CBZ cocrystals and solvates.

Remarkably, we noticed that even though small changes in
molecular shape appear to dictate the preference between chain and
dimer motifs for the CBZ and DHCBZ single-component crystals,

incorporation of AcOH resulted not only in the formation of

identical heterosynthons but also in isomorphic crystal structures
{Table 1 and Figure 3) for the two systems. In this case, the presence
of the second component overrides the influence of the change in
molccular shape on crystal packing and hydrogen bonding,

In conclusion, we have reported the first successtul prediction
of the crystal structures of multicomponent crystals of two
pharmaceutically active molecules, demonstrating that CSP methods
are useful in understanding multicomponent crystals; the methods
are, of course, subject to the same limitations as single-component
studies—limited accuracy of model potentials and our lack of
understanding of kinetic influences on crystal structure. Further-

’}" o

Figure 3. Unit ccll representations of the isomorphic CBZ:AcOH (left)
and DHCBZ:ACOH (right) crystal stractures.

more, we stress the fact that. although CBZ and DHCBZ show
very different hydrogen bonding and packing wrangements in their
respective single-component polymorphs, formation ot a multi-
component crystal with AcOH resufts in isomorphic structures.
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ABSTRACT: Carbamazepine, a first generation anticonvulsant, is known to crystatlize in various polymorphic forms. all of which
exhibit an anti-carboxamide hydrogen bond dimer motif. Furthernore, unless cocrystallized with carboxylic acids, these dimers are
also present in most crystal siructures of the known carbamazepine solvates. On the other hand, two derivatives of the drug
(oxcarbazepine and 10,1 I-dihydrocarbamazepine) have been reported to adopt hydrogen bond chain molifs in their crystal structures,
whereas the epoxy derivative (10,1 I-epoxycarbamazepine) shows a third mode of hydrogen bonding, svn-dimers. In order to rationalize

the differences in hydrogen bonding caused by the small changes in molecular structure, computational searches for the low-energy

crystal structures of these drugs were performed and hydrogen

bond patterns in both the hypothetical and experimentally determined

crystal structures were analyzed. In addition, interaction energies between pairs of molecules were caleulated using the SCDS-
PIXEL approach, which partitions the intermolecular interaction energy into its different contributions (Coulombic, polarization,
dispersion, and repulsion). The importance of ovetall molecutar shape and the influence that this has on the hydrogen bond arrangements

in these structures is emphasized.

1. Introduction

Carbamazepine (CBZ) is a first generation anticonvulsant
used in the treatment of epilepsy and trigeminal neuralgia,
Metabolized in the liver, the first step in its degradation consists
of the oxidation of the Cp—Cy; double bond (Figure 1) to the
carbamazepine 10.11-epoxide (ECBZ),! a metabolite responsible
for some of the side effects associated with consumption of the
drug.? The derivative 10,1 I-dihydro 10-0xo0 carbamazepine,
known as oxcarbazepine (OXCBZ), has been shown to have
several advantages as a drug, including improved efficacy and
tolerability and fewer side effects. 3

CBZ is an interesting system not only from a pharmacological
view but also as a model compound for the study of poly-
morphs, solvates,® and cocrystals.” To date, however. no reports
have appeared dealing with the possible polymorphs or co-
crystals of CBZ derivatives such as ECBZ and OXCBZ.
However, during preparation of the manuscript, a second
polymorph of one CBZ derivative, 10,1 I-dihydrocarbamazepine
(DHCBZ), was reported. (In this paper, where we refer to the
crystal structure of DHCBZ, we mean the first reported form,
unless otherwise indicated.) Four polymorphs are reported for
carbamazepine: form 1° (P, Cambridge Structure Database?
Refeode = CBZMZPNI1), form 11° (R3, CSD Refcode =
CBMZPNO3), form [1'" (P2/c, CSD Refcode = CBMZPNOI )
and form [V (C2/¢, CSD Retcode = CBZMZPN12). All the
polymorphs exhibit similar hydrogen bonding: that is anri-
carboxamide dimers (Figure 2). Furthermore, unless cocrystal-
lized with a carboxylic acid, most of the reported CBZ solvates
show a similar hydrogen bond anri-dimer motif” Recently,
however, crystal structure prediction studies for CBZ have
suggested that aasi-dimers and chains are of comparable
stability.©1? Despite an extensive experimental screen using high-
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Figure 1. Skeich of carbamazepine and numbering of some of the
atoms.

throughput crystallization methods,% no additional polymorphs
were obtained and, in particular, none exhibiting the chain motif,
Interestingly, we noticed that two derivatives of the drug,
OXCBZ (P2y/c, whose crystal structure was only recently
reported’®) and 10,1 1-dihydrocarbamazepine'* (DHCBZ)
(P2i/c, CSD Refcode = VACTAUOI) exhibit chain motifs in
their crystal structures (Figure 2), The epoxy derivative ECBZ)5
(Pben, CSD Refeode = ZIPTEX) shows a third mode of
hydrogen bonding, twisted syn-dimers (Figure 2).

The questions we address here are as follows: how can we
explain the dramatic influences that smal} changes in molecular
structure (remote from the hydrogen-bonding functional group)
have on the observed hydrogen bonding in the crystal sirucrures
and how “predictable” are the structures adopted by the various
derivatives?

Crystal structure prediction (CSP) is a growing area of
research whose main aim is to predict the observable crystal
structures of a compound starting from only a knowledge of
moleculur connectivity.!"~"% Such a powerful technique is of
great applicability especially in pharmaceutical sciences and
other areas (e.g,, fine chemicals and pigments). If the crystal
form used for drug delivery is not the most stable, phase
transitions may occur to another polymorph with unpredictable
and potentially serious changes in physical properties.'*~2! [y
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Figure 2. Carbamazepine (CBZ), 10,1 1-epoxycarbamazepine (ECBZ).
10,1 1-dihydrocarbamazepine (DHCBZ), and oxcarbazepine (OXCBZ)
molccular structures and hydrogen bond motifs observed in the crystals.

this study, we present crystal structure prediction caleulations
for ECBZ, DHCBZ, and OXCBZ and compare the results with
those recently reported for CBZ itself.'? Of special interest are
the CSP calculations for OXCBZ, because it is a second
generation antiepileptic drug currently in use and no studies
have been reported on the stability of the observed cryslal
structure or tendency for polymorphism. Additionally, the
distributions of hydrogen bond patterns, along with other
molecular interactions, are analyzed. SCDS-PIXEL?2 caleula-
tions of the strengths of these competing interactions are used
to rationalize their effect on the observed hydrogen bonding on
the various crystal structures. Finally, we discuss the importance
ol molecular shape and its influence on the hydrogen bonding
interactions for these molecules in the crystal structures,

2. Computational Methods

Motecular Models. All molecular models were treated as rigid
during the crystal structure search and laltice cnergy minimizations.
The initial molecwlar structures were taken from density functional
theory (DFT) isolated molecule geometry optimizations using the code
Dmoi3 as implemented in the Accelrys package Materials Studio”
using the PW91 functional®® and the double numerical polarized (DNP)
basis set.™

Model Potential. The repulsion—dispersion contributions to the
intermolecular potential were evaluated nging the W99 empirically
derived atom-—atom potential parameters’ = and interactions were
summed o a 15 A cutoff. The center of interaction for all hydrogen
atoms was shifted 0.1 A along the X—H bond (X = (', N, or 0) toward
the heavy atom; X—H distances were shortened by 0.1 A after DFT
optimization, These adjusted hydrogen atom positions were also used
as cenlers for the clectrostatic modet (see below).

Elcctrosiatic Models. Elecirostatic contributions to the intermo-
lecular potential were calculated from two models of the molecular
charge distribution: atomic charges and atomic multipoles. Atom
centered point charges were derived to reproduce the molecular
clectrostatic potential (ESP charges)™® using the fitting procedure
implemented in Dimiol3. Atomic multipoles up to [ = 4 (charge, dipole,
quadrupole, octupole, and hexadecapole) on cach atom were obtained
by performing a distributed  multipole  analysis®*  of a
B3P91/6-31G**(d.p) electron density using the C4DPAC code.™ These
atomic muitipoles were derived for the adjusted hydrogen atom sites
of the W99 model potential, from the wavefunction calculated before
shortening X—H distances. All charge—charge, charge—dipole, and
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dipole—dipole contributions to the lattice energy were evaluated using
Ewald summation, while higher order terms (up to R™%) were summed
1o a 15 A cutoff on whole molecules.

Crystal Structure Prediction. Crystal structures were generated in
the nine most common space groups (P2\/c, P1, P2,2.2, P2y, (e,
Pheca, Pama, Prna2y, and Phen), as well as in R, the space group of
one of the observed CIBZ polymorphs, using the simulated annealing
algorithm of Karlunkel and Gdanitz,®3¢ as implemented in the
Acceliys Polvmorph Predictor (PP) module of the Cerius® software
suite.’’ Searches were carried out with one molecule in the asymmetric
unit (7 = 1), followed by lattice energy minimization (W99 + LSP
charges) and clustering 1o remove identical structures. Up o lour
independent searches were performed within each space group until
the generation of structures converged. This initial clustering of
structures was performed using (he algorithm implemented in the
Cerius2 software. " The simulated anncaling adjustable parameters were
taken from previous studies.™

Refinement of the Caleulations. As described in a recent publica-
tion,'> apiide pyramidalization is an important flexibility problem to
consider in crystal structure prediction. For consistency in the mceth-
odology and improvement of the calculations, amide pyvamidalization
was considered in (he- same way as reported recently in our study for
CBZ.1? For further details and a diagram of the mcthodology, scc
Supporting Information. Final results presented here correspond to
crystal siructures (hat were tattice energy minimized with the molecular
model showing the optimal amide geometry (in each particular crystal
structure) using the W99 potential (for the description of dispersion
and repulsion) and the atomic multipole model (for the description of
the electrostatics) using the program DMARELY

Structure Comparison and Final Clustering. The COAMPACKY
algorithm was uscd for the final clustering and comparison of the
computer generated and the experimentally observed crystal structures
(taken from the Cambridge Structural Database®) with a tolerance of
(.15 A on atomic separations in a coordination sphere of 15 molecules,
a central molecule and its 14 nearest neighbors,

Synthon Calculatiopns—SCDS-PIXEL Method. The valence elec-
tron densities of the molecular models were caleulated with the package
Gaussian at the MP2/6-31G** level of theory using appropriate box
sizes and steps of 0.08.A in the calculations. Pixels were then condensed
into superpixels. Molecular clusters, taken from the various DAMARLEL
minimized crystal structures. were generated by using the appropriate
crystal symmetry operations. Single-point energy caleulations of those
molecular clusters were performed using the paramecters described by
Gavezzotti. V!

3. Results

3.1. Similarities and Dissimilarities of the Molccular
Structures in the Experimentally Observed Crystals. The
main chemical différences between the molecular structures of
CBZ and its derivatives are located in the azepine ring at carbons
10 and 11. While those atoms are double bonded in CBZ, they
are epoxidated in ECBZ (the oxygen of the epoxide lying below
the azepine ring), hydrogenated in DIICBZ, and carbonylated
at C10 and hydrogenated at C11 in OXCBZ. The four
derivatives are therefore chemically very different around the
azepine ring, but none exhibit any extra hydrogen bond donors,
although the carbonyl in OXCBZ could act as a hydrogen bond
acceptor.

From the point of view of the molecular shape, ECBZ retains
the symmetry and the shape of the azepine ring and is
superimposable on. the CBZ molecular structure (Figure 3),
although the extra Oxygen of the epoxy function constitutes an
important change in ferms of shape in the region below the
azepine ring. By comparison, however, there is a clear break in
the symmetry of the azepine ring in the other two derivatives
and therefore a distortion in the shape of the “buttertly” ring
system. Besides the hydrogen and oxygen atoms at Cl0,
DHCBZ and OXCBZ themselves are almost perfectly super-
imposable.
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(b)

Figure 3. Superposition of the molecular structures of (a) CBZ (blue)
and ECBZ, (b) DHCBZ (red) and OXCBZ, and (¢) CBZ (bluye) and
OXCBZ. The molecular structures were taken dircetly from the
experimentaltly solved crystal structures, CSD refcodes CBMZPNO2,
ZIPTEX, and VACTAU and the crystal structure of oxcarbazepine.

3.2. Molecular Models. When the symmetry of the azepine
ring is broken in the molecular structures of DHCBZ and
OXCBZ, the conformations obtained by a 180° rotation about
the N5—~C16 bond (Figure 1) are no longer related by inversion.
As a result, two molecular minima with different energies can
exist (we denote them as SYN and ANTI, Figure 4). The SYN
conformations are those where the NH, groups are located on
the same side as C10 (see Figure 1) whereas the ANTI
conformation represents the opposite arrangement. In both cases,
the SYN conformations are less stable than the ANTI conforma-
tons, by 1.67 and 4.17 ki/mol for DHCBZ and OXC(CBZ,
respectively (based on DFT calculations), Crystal structure
prediction calculations using the ANTI or the SYN conforma-
tions would give rise to two completely different sets of crystal
structures. After two independent crystal structure searches with
each conformer, the most stuble generated crystal structures for
the SYN sets were located 7 and § kJ/mol higher in total energy
than the most stable crystal generated with the ANTI conforma-
tions for DHCBZ and OXCBZ, respectively (see Supporting
Inforination). The crystals generated with the SYN conformation
were not, therefore, energetically competitive with those gener-
ated with the ANTI and were not considered further.

3.3, Crystal Structure Predictions. Crystal structures predic-
tion results on the four systems are shown in Figure 5, where
relative otal energy (lattice and con formational) versus packing
coefficient of the structures are classified by hydrogen bond
motifs. Computer-generated crystal structures within 5 kJ/nol
ol the global minimum for each molecule are available in CTF
format as Supporting Information.

All experimentally observed crystal structures (with the
exception of form [ CBZ, which has four molecules in the
asymmetric unit) were successfully generated during the CSP
calculations (circled struciures, Figure 3). Nevertheless, their
predicted stabilities, relutive to the alternative compuler-
generated crystal structures, vary among the four derivatives.
For CBZ, the lattice energy calculations successfully predict
two ol the polymorphs (form 11 and form [V): their lattice
energies are lowest among the predicted possibilities. along with
an energetically competitive third structure, which has not yet
been observed experimentally. QOn the other hand, form Il and
the energy-minimized form | polymorphs were predicted not
to be as stable (8.3 and 6.2 kJ/inol above the global minimum,
for further discussions see ref 12). Predictions were not as
successful for ECBZ, where the experimentally observed crystal
structure was found to be almost 5 kJ/mol above the global
minitnum in energy. To date, no other polymorphs have been
reported for this system, although predictions indicate that other
more stable crystal structures are possible. Interestingly for
DICBZ, there are two very similar (but distinct) and almost
isoenergetic generated structures (ranked number 2 and 3 in
the linal set of crystals) that match the experimentally observed
crystal structure within the tolerances used in the structure
comparison algorithm. These two apparent minima at 0 K would

Cruz Cabeza et al,

Figure 4. Molecular rodels of the AN and SYN conformations of
DHCBZ and OXCRZ.

probably converge 10 one free energy minimum at higher
temperatures and this “structure delocalization” may result in a
higher entropic contribution lowering its free energy relative
to other structures. Nevertheless, according 1o these results, there
is still a hypolhetical crystal structure predicted to be more stable
(at 0 K) than the struciure found in the CSD. In fact, while this
paper was in preparation, the report of a new polymorph of
DHCBZ was published.® To our satisfaction, this new poly-
morph corresponded to the global minimum structure from our
search. This polymorph shows the same type of hydrogen
bonding as the previously known crystal structure. By way of
contrast, for the oxo derivative OXCBZ, the experimenial crystal
was predicted 1o he the most stable, with no other compelitive
structures in a range of 2.5 kJ/mol. This observation is important
since it suggests that no polymorphs of competitive energy
appear to be possible, suggesting that if this drug is commercial-
ized with this form. no phase transformations fo another
polymerph would be expected.

Concerning the type of hydrogen-bond motifs (Figure 5),
while both anti-dimers and chains are found among the most
stable predictions for. CBZ, chains are notably favored for the
DHCBZ and OXCBZ crystal structures (all the stable crystals
up to 4 k/mol above the global minimum contain chains, Figure
5). Jris therefore not suprising that the experimentally observed
erystal structures of both DHCBZ and OXCBZ show hydrogen
bond chains. On the other hand. chains, anti-dimers, and other
types of motifs, where the epoxide oxygen is also involved as
dceeptor (see Supporting Information), were found among the
most stable of the ECBZ predicted structures. Unexpectedly,
the experimental crystal structure shows syn-dimers (Figure 2),
which are rarely found in any of the four sets of predictions
(crossed squares in Figure 5).

As a complementary analysis, the packing of the molecules
in the different structures is also of great interest: there are two
fundamental ways in which the azepine ring can pack, sandwich
herringbone and 7 stacking (Figure 6) [for further discussion
on packing similarities in the observed CBZ, crystal structures
and some of its analogues see ref 43],

The three most stable structures predicted for carbamazepine
(including form [T and form V) showed sandwich herringbone
mteractions between azepine rings whereas both form 1 and form
Il exhibited 7—x stacking interactions (Figure 7). This 7~z
stacking interaction is not favoruble in the case of epoxycar-
bumuazepine, because the cpoxyde oxygen lying below the
azepine ring sterically prevents this contact; thus a sandwich
herringbone arrangement is the most commonly found among
the most stable predicted crystal structures, in agreement with
the experimentally observed erystul structure. Both the P2iic
polymorph of DHCBZ and the erystal structure o OXCBZ, show
-1 stacking. We observed that the best st—2 stacked structures
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and {(d) oxcarbazepine,

Figure 6. Types of recognizable packing of the azepine rings:
sandwich herringbone (left) and sr— stacking (right).

are both 4.7 k)J/mol more stable than the best sandwich
herringbone structures in this case. Tt is to be noticed that the
recently discovered lower energy structure for DHCBZ has
neither of these packing patterns.

Finally, differences in the packing efficiencies of the four
sets of erystal structures are also noticed. We find that OXCBZ
packs more efficiently than the other derivatives with the
observed crystal structure having a packing coefficient of 0.714.
On the other hand, a large range of packing coefficients (from
0.677 to 0.710) is observed within the most stable crystal
structures predicted for CBZ. of which the P2y/¢ polymorph is
the most efficiently packed. For ECBZ, only two crystal
structures pack in an exceptionally efficient way (black squares
in Figure 5 at packing coefficients of 0.711). Neither of these
structures has been observed, but it would not be surprising if
the most stable of them was obtained alter crystatlization under
high-pressure conditions; high pressure has been used to access
high-density predicted crystal structures of other small mol-
ecules.* In comparing the packing efficiency of the different
hydrogen bond motifs, we find that structures exhibiting

A\
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hydrogen hond chains generally pack more efticiently than those
containing dimers, with the exception of CBZ where the
distinction in packing coefficient between chains and dimers is
less clear.

34. Synthon Calculations—SCDS-PIXEL method. Al-
though the geometries of molecular pairs taken from the crysfal
structures may not be energy minima when isolated from crystal
forces, single-point energy calculations of interaction energies
in such pairs may help us determine which interactions are
dominant in certain crystals and, therefore, which interactions
are more important during crystal formation, For example,
comparing the different interactions among polymorphic forms
may be an important factor in understanding why a particular
polymorph, over other possible ones, is observed under certain
conditions. Also, a comparison of the interaction energies of
the same motifs found in the crystal structures of the different

CBZ derivatives may clurify why chains are favored in the
crystal siructures of some derivatives but not others.

We took molecular pair geometries from CBZ form 111 (the
most stable polymorph) and the known crystal structures of
DHCBZ, OXCBZ, and ECBZ. For compuarison, we took
molecular pairs from the most stable predicted hypothetical
crystals with alternate hydrogen bonding to the observed
structures: CBZ structure ranked 2 (the most stable chain),
ECBZ global minimum (ansi-dimers), and the most stable
structures showing anti-dimers for DHCBZ and OQXCBZ (ranked
8 and 6, respectively). Interaction energies calculated with the
PIXEL method are summarized for these pairs in Table 1. The
interaction energies are given per molecule, which requires
halving the dimer interaction encrgy; the calculated interaction
between a pair of molecules taken from a chain is not halved
because each molecule would be involved in two such molecule—

|
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Tahle 1. Interaction Energies Per Molecule for the Most Stable (Experimental or Hypothetical) Dimers and Chains Calculated Using the
PIXEL Method

crystal Eeou Epat Egisp Erp Eromt

interaction” molecule structure packing” (kdimol) (kimoly (kdnol) {kJ/mol) (kJ/moh
anvi-dimers BZ form L1 SH ~327 -11.3 =6.0 25.2 ~24.8
ECBZ hiyp. rank | SH -292 —-9.6 —=6.1 218 —23.0
DHCBZ hyp. rank 8 h a4 -35.1 =116 6.4 288 ~24.2
axcBz hyp. rank 6 SH -27.2 -8.0 -5.8 17.8 -23.1
sen-dimers ECBZ Phen SH —17.8 —-52 —3.5 9.4 -19.0
chains CBZ hyp. rank 2 SH -21.5 -9.8 —158.5 222 -24.7
DHCRZ Pe A —258 —11.7 —16.4 254 ~18.6
OXCBZ /e T -255 - 10.9 - 16.4 3.8 ~28.9

“ For interaction energies per malecule, the calculated dimer energies wre divided by 2. # SH = sandwich hewringbone, - = a7 stacking of the

azepine rings.

molecule interactions in the complete chain. The chain energies
do not account [or next nearest neighbor interaction energies
(hydrocarbon—hydrocarben), but we expect these to be some-
what balanced by similar interdimer interactions in the crystal.

The caleulated interaction energies of the anti-dimer motifs
are very similar for all four derivatives (approximately —23 to
—25 kJ/mol). However this is not the case for hydrogen bond
chains, where the interaction energy is {ound to be favored for
DHCBZ and OXCBZ over CBZ by almost 4 k¥/mol. Chains
and dimers in the CBZ crystals show comparable interaction
energies (—24.8 and —24.7 kF/mol respectively), whereas chains
are clearly favored over dimers for both DHCBZ (by ~4.5 kJ/
mol) and OXCBZ (by ~-6 kJ/mol). These energies are in line
with the observations we made based on total lattice energies
of the observed and predicted crystal structures and show that
much of the energetic advantage for chains in DHCBZ and
OXCBZ results from the strength of the interaction between
hydrogen-bonded molecules. For dimers, this interaction energy
is dominated by the Coulombic contribution, which is weaker
in the chains, but compensated for by a greater dispersion energy
(Table 1). On the other hand, anri-dimer interaction energies
are also greatly favored (by ~4.5 kJ/mol) over the syur-dimers
in the ECBZ crystal structures.

4. Discussion

In light of the results described in sections 3.3 and 3.4, various
noteworthy points can be addressed in an overall comparison
of the four molecular systems.

4.1 On the Possible Latent Polymorphism of CBZ Deriva-
tives. Limiled by the type of calculations (static and at 0 K)
and unable to consider kinetic effects, we cannot yet predicl
the formation of metastable polymorphs and cannot computa-

tionally study growth condition effects on the occurrence of

polymorphs. Nevertheless, il the observed crystal structure
happens not to be the global minimum in a CSP calculation or
many structures are found to be of very similar lattice encrgy.
we may expect polymorphisin for the system. For example, we
are confident that no thermodynamically more stable poly-
morphs are to be expected for OXCBZ (because there are no
competitive structures within approximately 3 kJ/mol), whereas
for DHCBZ, we predicted a lower energy structure than the
known crystal structure, and this has now been experimentally
observed.®? Similarly, polymorphism in ECBZ is expected
according 1o the results of the CSP caleulations, where many
structures were found to be more stable in terms of lattice
energy, and the PIXEL calculations show that the anti-dimer
interaction is favored over the syn-dimer interaction (Table 1).

On the other hand, we also notice differences in the density
of generated structures (i.e., the number of energy minima in a
certain energy range above the global minimum) for the various

Figure 8. Unit cells of the crystal structures of dihydrocatbamazepine!

P2/, a

551 A b =916 A, ¢ = 2427 A) and oxcarbazepine'?
(PLiic. a

528 A, h=931 A, ¢ =24384 A).

i

derivatives; while many energetically competitive crystal struc-
tures are generated for CBZ and ECBZ (the two molecules
where symmetry around the azepine ring is maintained), the
number of generated strictures of low energy for DHCBZ or
OXCBZ (the two molecules where symmetry around the azepine
ring is broken) is much lower. To what extent is molecular shape
or molecular symimetry determining the nwinber of low-energy
packing possibilities and in a way its potential polymorphism?
Could we then state that OXCBZ is less likely to be polymorphic
than ECBZ? Unfortunately, definitive answers are not possible
at this stage of the calculations, and future work is also needed
in order to give an appropriate answer, because much experi-
mental work has focused on CBZ but very little for any of its
derivatives.

4.2. On Molecular Shape as the Most Important Factor
Dictating Molecular Packing. Interestingly, we noticed that
not only the hydrogen bond arrangements and the packing motifs
but also the observed crystal structures of DHCBZ (the P2y/c
polymorph) and OXCBZ were very similar, if not isostructural
(Figure 8). Indeed, if the DHCBZ molecule is replaced by that
of OXCBZ in VACTAUOI (the crystal structure of DIHCBZ)
and lattice energy minimized, the crystal structure of OXCBZ
is obtained and vice versa. This is an important observation
because, even though the molecular structures of both are
difterent chemically, nearly isomorphic crystals are observed.
This highlights the importance of overall molecular shape in
determining crystal packing; despite the opportunity for extra
hydrogen bonding in OXCBZ (using the carbonyl group). the
two geometrically superimposable molecules adopt the sume
crystal structure. Indeed. the most stable crysial structure in
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£

Figure 9. Comparison of the chain structures of the observed OXCBZ

and DHCBZ crystals and the hypothetical most stable chain structure
ol CBZ.

.
- 23884
L. N-O=3.137A

which the carbonyl oxygen does participate in hydrogen bonding
is 4.7 k)/mol less favored than the experimentally observed
crystal. Also, by examining the set of predicted crystal structures
of CBZ, we found a crystal structure close to isomorphic with
the crystal structure of DHCBZ and OXCBZ (relative energy
of about 2 kJ/mol above the monoclinic polymorphs). The
growth of this crystal structure was attempted without success
by seeding a saturated CBZ solution in ethanol with crystals of
DHCBZ.

4.3. On the Rationalization of the Observed Hydrogen
Bond Motifs. As Dunitz and Gavezzotti recently suggested,®
a detailed analysis of intermolecular motifs in virtual and
experimental crystal structures is a unique way of assessing
which motifs are common, which motifs are obligatory, and
which notifs are unlikely for u certain system. As stated
previously, both the CSP and PYXEL calculations indicated that
the chain motifs are favored over anfi-dimers in the most stable
generated crystal structures of DHCBZ and OXCBZ (the only
molecules where the azepine ring is distorted). This is not the
case for CBZ, where chains and anti-dimers are present in the
most stable predicted structures, nor for ECBZ where wnti-
dimers are more popular in the lowest energy region. llowever,
as shown by the PIXEL calculations, the caleulated interaction
energies of the anti-dimer motifs are very similar in all four
cases because the structural differences between the molecules
are remote from (he amide group and they do not affect the
dimer interaction. Rather than dimers being energetically
disfavored for DHCBZ and OXCBZ, it would appear, therefore,
that the small changes in molecular shape by the azepine ring
distortion favor the chain interaction. But, why do such smalt
changes in molecular shape favor chains over dimers and why
has a chain structure not been observed for CBZ, even after a
quite extensive experimental screening?f

Almost 40 years ago, Kitaigorodskii suggested that the
structure of a crystal is mainly dictated by repulsive forces, ¥ If
the chain structures of the different crystals are analyzed
caretully (Figure 9), important geometric differences can be
observed. For similar C,H—Cyr close contucts in all chain
structures (Figure 9), the observed OXCBZ and DHCBZ crystals
allow the best hydrogen bond contacts, leading to a 5 kJ/mol
advantage in Coulombic and polarization energy over chains
in CBZ. Furthermore, the predicted N—0 distance for the two
observed chain structures (OXCBZ and DHCBZ) lie in the
highest probability of the N—0 distance distribution of smide

Cruz Cabeza et al.

Figure 10, Histograms of N0 distances in the crystal structures of
amides (384 cntries, excluding dimer motifs) found in the CSD X

structures showing hydrogen bonds distinct to dimers in the
CSD. In contrast, the N—O distance in the predicted CBZ chain
stnueture lies in the tail of the histogram (Figure 10), suggesting
that it is energetically strained,

As pointed out in section 3.1, the changes in molecular shape
of DHCBZ and OXCGBZ with respect to CBZ are most important
around the azepine ring (Figure 3), since for DHCBZ and
OXCBZ. one of the benzene rings is twisted slightly inward.
This smalt deformation of the azepine ring allows these two
molecules to come closer in the chain structure and thus optimize
the hydrogen bonding. Similar optimal hydrogen bonds cannot
be formed in CBZ chains (and neither in ECBZ) without
generating very short, repulsive, CH—C close contacts.

This analysis offers an explanation (at least in part) as to why
the OXCBZ and DHCBZ chains are more stable than the CBZ
chain. Even though the tota! lattice energy of a chain structure
of CBZ is competitive with the observed forms 11 and V. the
geometrically straingd hydrogen bond chains might be at 4
disadvantage during crystallization. If it was found to be the
only stable structure by far, then it would be expected (o be
found experimentally under certain conditions. However, its
accessibility during nucleation is disfavored, because other
isoenergetic crystals showing stronger hydrogen bonding are
possible. This may explain why, even after extensive experi-
mental effort, crystal structures containing chains have not been
observed for CBZ.

5. Conclusions

Successful erystal structure prediction (CSP) calculations have
been presented for two of the CBZ polymorphs and the crystal
structures of OXCBZ and DHCRBZ. Additionally, imetastability
of the known ECBZ crystal structure is proposed, because both
CSP and PIXEL calculations suggest that neither the crystal
stnicture nor the s¥n-dimer interaction were among the most
favored possibilities. Analysis of the low-energy calculated
crystal structures helps rationalize why the small changes in
molecular structure result in completely different hydrogen
bonding arrangements in their crystal structures. F urthermore,
PIXEL calculations on the different hydrogen bond motifs
showed how the small distortion in the azepine rings in DHCBZ
and OXCBZ resulted in chain motif preference, because the
molecules were able to approach closer and therefore maximize
the hydrogen bond interaction in the hydrogen-bonded chains.
With a combined CSP und PIXEL calculation study. we have
shown how, although hydrogen bonds are crucial in the stability
of these crystal structures, it is indeed the repulsions and the
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molecular shape (even if the changes are very simall) that dictate
the final packing of the structures and, in the end, the hydrogen
bonding.
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ABSTRACT: Lattice energy searches for theoretical low-energy crystal fornis are presented for 50 small organic
molecules, and we compare the experimentally observed crystal forms to these lists of hypothetical polymorphs. For
each known crystal, the relative stability is calculated with respect to the glebal minimum energy structure, and we
determine the number of uncbserved structures lower in energy than the experimental form. The distributions of

calculations produce almost a third of the known crystals as the global minimum in energy, and approximately a
half of the known structures are within 1 kJ/mol of the global minimum. Molecules with no hydrogen-bonding capacity
are most likely to be found close to the global minimum in lattice energy, while increasing the number of possible
hydrogen-bond donor—acceptor combinations leads to less reliable predictions.

1. Introduction

Computational methods of predicting the most likely
crystal structures of a molecule from its atomic con-
nectivity alone could be of great value in several areas
of materials chemistry. The predicted properties of such
hypothetical polymorphs could be used as a screen for
molecular crystals with novel properties, such as a high
nonlinear optical response. Furthermore, the forecasting
of energetically competitive polymorphs may help avoid
the potentially disastrous problems associated with
unanticipated crystal forms appearing late in the pro-
cessing cycle of a pharmaceutical molecule.

The field of crystal structure prediction (CSP) has
benefited from many detailed studies of well-chosen
molecules, such as paracetamol! and p-dichlorobenzene,?
as well as collaborations comparing alternate method-
ologies for small sets of molecules.3~5 Surveys of larger
groups of molecules®~'! have also been valuable, but
have usually been limited to specific classes of mol-
ecules, often in the development of model potentials.
Such detailed studies of single molecules or small
families have the advantage of being able to fine-tune
the prediction methodology as well as the possibility of
performing extensive experimental investigations in
parallel with the theoretical study.

A more general survey does not allow for fine-tuning
of the method for each molecular system and so may
not give as reliable results for the individual molecules.
However, it can provide a broader picture that can
answer different questions:

(i) How often have experimentally observed crystals
not found the global free energy minimum (i.e., are

* To whom correspondence should be addressed. Tol: +44 (0) 1223
336468. Fax: +44 (0) 1223 336362, E-mail: wjl0@cam.ac.uk,

" University of Cambridge.

* Cambridge Crystallographic Data Centre.

kinetic products of crystallization) and, so, what success
rate can we expect from CSP by global minimization
methods?

(ii) Crystals of which types of molecules are mare
likely to be predictable by lattice energy minimization
(see the recent survey asking this question!?), and are
there molecular characteristics that make them ame-
nable to this most common of prediction methods?

(iii) Where the energy is not the sole factor determin-
ing the final crystal structure, what other caleulated
properties or nonenergetic descriptors can help deter-
mine the most likely observable structures generated
by CSP searches?

Differences in methodology among the growing num-
ber of prediction studies make these questions difficult
to answer through literature surveys. Predictions are
especially dependent on the model used to calculate
energies, and, indeed, different schemes for calculating
intermolecular energies can give contrasting results for
a given molecule. Pyridine is a good example—an atom—
atom model potential with electrostatics described by
atomic multipoles found that there are many lower
energy structures than the known polymorphs,!3 but by
calculating interaction energies for the same hypotheti-
cal crystals by the semiclassical density sums (SCDS)
pixel approach,'!% the global minimum does correspond
to one of the known forms.}® The approaches are
different and each describes certain contributions to the
interaction energy very well. The discrepancies are
therefore noteworthy and highlight the sensitivity of
crystal structure predictions to the approach used to
describe the intermolecular energy. Such variations in
results make it difficult to draw general conclusions
from individual studies of particular molecules. How-
ever, we hope that, over a large set of molecules, using
a consistent computational method, such variations will
not obscure the overall picture and we can make

10.1021/cg0498148 CCC: $27.50  © 2004 American Chemical Society
Published on Web 10/07/2004
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conclusions about the general approach to crystal
structure prediction. We have, therefore, performed a
study of a large group of organic molecules, with a
variety of shapes, sizes, and constituent functional
groups. This diverse group of molecules is limited only
by the criteria of being (a) small and reasonably rigid
(less than 25 atoms) and (b) composed of common atom
types, for which high-quality parameters are available
for the model potential.

There are numerous software packages that generate
lists of hypothetical ¢rystal packings for a given mol-
ecule, many of which are deseribed in Verwer and
Leusen’s review of crystal structure prediction meth-
ods. The problem of searching phase space is being
solved by the use of clever algorithms and the rapid
increase in available computing power. At least for
small, rigid molecules, the generation of all of the
plausible structures should now rarely be a stumbling
point, at least when there is only one symmetrically
independent molecule (Z’ = 1). Tt is the post-search
ranking of structures that is the main obstacle to
reliable crystal structure prediction for small, rigid
molecules. In the present study, we only consider the
lattice energy of the hypothetical erystals. However, the
collection of these predicted crystal structures can act
as a future test set for other methods of ranking the
probabilities of observing computed structures.

We chose to start with a form of model potential that
requires no particularly specialized modeling software—
the pairwise additive, isotropic repulsion—dispersion
model with the charge distribution described by atomic
point charges. Higher quality models, such as those
explicitly including polarization,!™!®# using atomic mul-
tipoles for more accurate electrostatics,'~2! anisotropic
atom—atom repulsion,>22 or more detailed partitioning
of the molecular charge density,’*1% are certain to yield
better results, but we leave the effects of such improve-
ments in the model for future study. Furthermore,
lattice energy calculations ignore the potentially impor-
tant effects of lattice vibrational energy differences,
especially the entropy — enantiotropic polymorphs are
proof that the temperature dependence of relative
stabilities is important. A computational study of
known polymorphs®® suggests that entropy differ-
ences of up to 15 J/inol'K between polymorphs are
possible, although almost two-thirds of polymorphic
pairs differ by less than 4 J/mal-K—just over 1 kd/mol
at room temperature. Inclusion of vibrational con-
tributions to the energy will be important in fine-
tuning the energy ranking of predicted structures,
but we have not calculated these contributions in this
work.

2. Choice of Molecules

As we have mentioned, we chose a set of small, rigid
organic molecules for our test set. Many practical
applications of CSP will need to deal simultaneously
with conformational flexibility and the search for close
packed structures of the molecule. This increases the
difficulty of the problem because all relevant conforma-
tions must be searched in the generation of the trial
crystal structures, and the models for the inter- and
intramolecular energies must be accurate and well
balanced. Some of the difficulties in combining inter-
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and intramolecular energy calculations have been high-
lighted by case studies of conformational polymor-
phism. 2428 Flexible molecule force fields are continually
improving, but, as we see from the results of recent blind
tests,®~% the added difficulties dramatically lower
the success rates of CSP for flexible molecules. With
this in mind, we initially chose to study rigid molecules
and we searched the Cambridge Structural Data-
base for suitable small molecules, using the following
criteria.

(1) Molecules containing only the elements C, H, N,
and O and a range of common functional groups,
molecular sizes, masses, and shapes.

(ii) We defined “small” as less than 25 atoms and only
took molecules that we judged as reasonably rigid. Some
of the molecules we chose do have a potentially flexible
torsion angle or rotation, but it was necessary to include
these to cover a range of functional groups (for example,
amide substituted aromatic rings). We are not address-
ing the problems related to molecular flexibility in this
work, so when choosing molecules with potentially
flexible functional groups, we only included molecules

. whose calculated gas phase conformation was close to

the conformation observed in the crystal, e.g., torsion
angles within about 5°. For example, the calculated out-
of-plane torsion angle of the amide group in benzamide
is about 21°, which is reasonably close the 25—-28°
observed in the various determinations of its crystal
structure.

(iii) The molecule must have at least one known
crystal structure with all atomic positions accurately
located and no disorder.

As a final criterion, we chose to limit ourselves to the
nine most common space groups: P2./c, P1, P212,2,,
P2;, C2/e, Phea, Pnma, Pna2y, and Pben; about 95% of
homomolecular organic crystals are observed in these
space groups.®® Furthermore, we have only considered
erystals with Z° < 1. While these restrictions would not
be necessary when studying a particular molecule, they
restrict the search space and allowed us to study a
greater number of molecules. As searching the less
common space groups is only a technical detail. the
exclusion of molecules that crystallize with less common
symmetries is a small sacrifice for allowing a larger
sample of molecular types and, so, more general results
and conclusions.

The set that we chose consists of 50 molecules (Table
1), ranging in molecular weights from 28 to 181 amu.
We deliberately chose some molecules that are known
to be polymorphic so that the total number of crystals
i8 62 (ignoring thiose in the less common space groups
that we are not considering). The sampling of space
groups within this set (58% P2/c, 11% Pbca, 10% P1,
6% Pna2,, 6% P2,2,2y, 5% P24, and 3% C2/c) is reason-
ably representative of what is observed in the CSD.”8

3. Computational Methods

One of our criteria for the choice of molecules was that
they were reasconably rigid, so that we could treat the
molecular structure as fixed during crystal structure
prediction. Crystal structure searches were performed
using idealized molecular structures, generated from
density functional theory calculations. We optimized the
gas-phase structure using the program Dmol3,%” with
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Table 1. Test Set of Small Organic Molecules and Results of the Crystal Structure Prediction

molecule ";g:;:::ll:r CSD Refcode ;?::; diagram N AE (KJ/mol)'
ETHLENOI P2/c 2 +0.06
ethylene C.H, . H,C=CH,

(ETHLENO?) (m3m)’

QQQCIVO1 P2/c 8 +0.55
acetonitrile CHN Nem—

(QQQCIV02) | (Cme2)? Q -0.20
methylamine CHN METAMI Peab HyC—NH, 3 +0.25
nitromethane CH,NO, NTROMA P22 H3C—NO, 4 +0.95

formamide CHNO FORMAM P2/ H.N __40 30 +1.55
2
o]
acetic acid CH, ACETAC Pna?, —< 3 +1.25
OH
TETROL I3 o 12 +140
tetrolic acid CHO0, +-<
TETROLO! P2, OH 4 +0.86
GLYCINO2 P2/c 2 +1.27
AN
glycine CHNO, GLYCIN P2, HaN" co, 98 +5.19
(GLYCINOT) (P3)*
H,N NO,
(Z)-2-nitroethenamine CHN,O, EDAWIP P2 /c = 8 +1.83
_ P
2-azetidinone CH,NO FEPNAP Pl HD/ 0 -0.61
. V"
1.2 4-triazole CHN, TRAZOL Phea - 3 +0.51
N
isoxazol-3-0 CHNO, NEZMUA P2 e oJOH 7 +2.23
succinic anhydride CHO, SUCANH P222, Oﬁﬁo 0 -3.18
H
succinimide CHNO, SUCCIN Phea W 12 +2.54
oxazolidine-2,5.dione C,HNO, OXAZDO C2/c¢ O{ F 11 +4.23
NH
vinylene carbonate CH,0, VINYLC P2Jc >=o 0 0.74
=}
i O -0
2-oxazolidinone CHNO, OXAZIL P e ~ Q -1.64
NH
5-methyl lidi °
~methy Z’fi":’c"a"" 4l CHNO, YOBQAH P2/c =0 31 +1.84
NH
O;
3.5-pyrazolidinedione CHN,0, DUNVEN P2lc \\H\'N/_ro 66 +5.06
1,2 dinc-3,5 n
.2.4-triazolidine-3,5- Oy O :
dione CHN,O, KOXRIY P2je = 45 +4.23
HN—NH
o
A
parabanic acid CHN,0, i PARBAC P2 /c HN\ NH 8 +2.44
| 2
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Table 1 (Continued)
molecule “}::::]:r CSD Refcode Eﬁ; diagram N AE (kJ/mol)’
bicyclo(3.2.00hept- . ED
\Grene CH, JIZREP P2/e 10 +0.48
XULDUD Pbca ' 0 -0.36
3,4-cyclobuty!furan CHO I:E)o
XULDUDOL P2jc 24% +2.48*
2 +0.16
BENZEN Pbca ) - 016
benzene CH, | 0 )
BENZENO3 P2jc ~ 112
with PV )
N
pyrimidine CHN, PRMDIN Pna2, O 5 +0.61
N
Only including observed
conformation
H ~xq 5 ‘ +0.61
m-hydroxybenzaldehyde |  CH,0, XAYCl Pna2, Q\O'
Including all 4 possible
conformalions
: 25 +2.24
MNPHOLOL | 1222, |~ NO, 3 +1.61
m-nitrophenot CHNO,
MNPHOL02 P2Jc 12 +2.70
NO,
o-nitrobenzaldehyde CHNO, NIBZAL P2, @[/ 10 +1.53
o
o~
N _-NH,
2-amino-4-nitropyridine CHNO, SEGRUR P2/c N I ¢ 43 +7.30
C s M At 3 v
NO,
AMNTPY P2/c N NH. 0 -1.18
2
2-amino-3-nitropyridine CJHNO, AMNTPY0L r2jc § [ 0 -0.67
~"“no
AMNTPY(02 rye 2 - -
HO, N
nicatinic acid C.H,NO, NICOAC P2 /e J—C) 0 -0.14
HO, ‘
isonicotinic acid C,H,NO, ISNICA Pl }—GM 6 +1.35
o
H,N
benzamide CHNO BZAMID P2 ’(}—@ 3n +315%
H,N =N
nicotinamide CHN,0 NICOAM P2/e 2——@ 0 -0.96
o ‘
PYRZIN P2/c 24 +2.72
PYRZINO1 P2/c H,N N, 104 * +5.88 *
pyrazinamide CHNO 2 }—Q
PYRZING2 P\ o N 59 +4.19
(PYRZINOS) (Pa)’
HXACAN Phea N " +3.33
paracetamol CHNO, \fT
HXACANO P2/c o oH 0 -1.32
MALEHYO0I P2fc 2 +0.84
1,2-dihydropyridazine- - - NTNH \
Y 6one CHNO, | MALEHYI0 I wo— Y=o 2 +0.55
MALEHY 12 P2 /¢ 19 +3.59
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Table 1 (Continued) )
molecule ";g::::]l:r CSD Refcode ;23;; diagram N AE (KJ/mol)

phthalide CHO, HEZQUY P2Jc B 2 +0.82
/O
o
indazolinone CHN,0 FADMIG P2Je ©[‘<N " 9 +2.22
NH

3-nitrobenzofuran CH,NO, NIVBUP Pi ©[§ 0 Q13
>
(]

NO,
T-nitroindazole CHNO, | FULKUS P2 e @H 0 0m
N
- H

" 4,5-dihydroS-oxo- |

Doiri N
(1,2,4)-triazolo CHNO QAIYD Pua2, %EJ N> 0 0.01

(l.S—u)pyrimidine_ Ny
e e+ et S
6-nitro-1,3-benzodioxin C.H.NO, GEYWIQ Pbca g\;@\ 1 +0.73
NO,
S R S U A SR
NN
1.8-naphthyridine CHN, NAPTYR P2/c I 0 -0.93
N
0 '
quinoline-2-carboxamide C HNO QUINCBI10 P ,..ZN)J\ l N 6 +2.15

3a,6a-dihydro-

. N
o\
isoxazolo(5,4)isoxazole CHNO, DIHIXL10 P2/ NCE/N

2 +0.68
norbornene CH, HOBBOP P2/c 4 +0.58
. %
bicyelo3.3. Dnonane- | (. 4y HEBBEY e 0 439
2,6-dione v
(o]
o
3-aza-
bicyclo(3.3.1)nonane- CH, NO, BOQQUT P2 /e NH 6 +3.37
2.4-dione N
(o}
Oy
3-diazabicyclo(3.3.1) .
CH,N,0, DOGTIC P22, HN NH 0 -0.30
nonane-2,6-dione
“o

! AE is the calculated energy difference between the experimentally observed crystal structure and the lowest energy unobserved
crystal structure. Niyyer is the number of predicted, but unobserved, crystal structures that are lower in energy than the experimentally
observed crystal structure. These measures are described in section 4.3. 2 Polymorphs in space groups that were not considered in this
work are listed in parentheses. ? For the high-pressure polymorph of benzene, we added the PV energy term to the calculated i
of all the predicted structures to determine its position in the ranked list of hypothetical structures, 4 AMNTPYO02 relaxed to the same
potential energy minimum as AMNTPYO01 (see text). *Indicates a crystal that was not located in the first four repeats of the simulated
annealing search and the search was repeated until the structure was found.

the PW91 functional?® and the double numerical polar- group could point away from (as is observed in the

ized (DNP) basis set.2? Several of the molecules in our known polymorphs) or toward the nitro group; both
list have multiple possible “rigid” conformations. For planar geometries are stable in the gas phase and

example, in m-nitraphenol, the proton of the alcohol separated by a ~5 kd/mol energy barrier. For the 11

N\
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molecules where there are such alternate conformations,
we optimized geometries for each conformer (see section

4)

3.1 Model Potential. Besxdes the molecular struc-
tures, the other main ingredient in crystal structure
prediction is a model for the interaction energies
between molecules. Much of the variability of results
in previous prediction studies rLsu'lts frow differences
in the choice of model potential.3~> As this choice is
crucial to the success of a study, we tested several
models on a subset of 15 ¢rystals from our test set.

There are many choices for the model potential, not
only in the functional form used, but in the approach
used to parametrize the function. As already mentioned,
we restricted ourselves to simple functional forms of
intermolecular potential in the present study, leaving
improvements requiring more specialized software and
increased computational expense to later investigations.
We chose a set of model potentials that we consider
suitable for the type of molecules that we are studying
here.

Two model potentials derived specifically for rigid
molecules were tested, both using the exp-6 (Bucking-
ham) functional form for nonbonded interactions.

(a) The FIT model uses the C, N, O, and nonpolar H
parameters from Cox and Williams’ work " The
parameters were fitted to reproduce the structures and
lattice energies of a large set of non-hydrogen-bonded
hydrocarbons, oxehydrocarbons and azahydrocarbons.
To complete the FIT model, parameters for polar
hydrogen atoms, H(—~N) and H(~O), were later fitted
hy Price and co-workers to sets of hydrogen-bonded
organic molecular crystals, in conjunction with an
accurate electrostatic model *2

(b} The W99 model32-3 is a more recent set of param-
eters, derived in much the same way as the FIT model,
but allowing the parameters for each atom type to
depend on the bonding environment of the atom. For
example, the parameters describing aromatic and ali-
phatic carbon were varied separately in the fitting
procedure. Another detail of the W99 model potential
is that the center of the interaction for all hydr ogcn
atoms is shifted 0.1 A along the X—H bond (X = C, N
0), toward the heavy atom. Thus, for all of our calcula-
tions with the W99 model, we foreshortened all DFT
optimized X—H bond lengths by 0.1 A

We also tested the use of the nonbonded parameters
from three flexible molecule force fields: Dreiding,
CVFF95 and COMPASS. '

(¢) Dreiding?® is the oldest of these three and one of
the most commonly used force fields for molecular
simulation. We tested the Dreiding-X variation of the
potential, which uses the same exp-6 functional form
as FIT and W99. A specific 1210 model for hydrogen
bonding is included within the Dreiding model, although
the use of an explicit expression for hydrogen bonding
is probably redundant when the repulsion, dispersion,
and electrostatic models are sufficiently accurate. Thus,
we tested the Dreiding model with and wnhout this
hydrogen bond term.

(d) CVFF95%-39 force field was developed specifically
for materials science applications and the nonbonded
parameters were parametrized to the erystal structures
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of small organic molecules, employing a 12—6 (Lennard-
Jones) form.

(e) The final model that we tested is COMPASS.*0 a
force field for condensed phase simulations. The non-
bonded parameters of the 9—6 model were parametrized
to structures and properties of the condensed phase. In
contrast to the normal approach of parametrization by
comparing lattice energy minimized models to experi-
ment, molecular dynamics simulations were used to
explicitly include temperature when fitting the model
to experiment.

Both CVFF95 and COMPASS can supply their own
atomic charges, based on bond increments. We tested
the models with their own charges as well as atomic
charges specifically fitted for each molecule. The charges
were derived by fitting to the molecular electrostatic
potential (ESP) of the DFT calculated charge density,
calculated within the Dmol3 program.?” The grid of
points used in the fitting was talken from the internal
and external atomic radii suggested in Dmol3 and
smoothly varying weighted fitting points across border
layers at the inteérnal and external edges of the area
around each atom.?” These ESP atomic charges were
used as the electrostatic model for the FIT, W99, and
Dreiding calculations.

To test the models, we took the known crystal
structures from the Cambridge Structural Database and
replaced the molecular structure with the DFT opti-
mized geometry. The crystal was then energy minimized
using the Cerius?2 software, keeping the DFT geometry
fixed. We measured the root-mean-squared change in
the lattice parameters a, b, and ¢ and used the overall
root-mean-squared change in the lattice parameters to
judge the performance of the potential (Table 2).

The ESP atomic charges are a clear improvement over
those calculated from transferable bond increments and
the cost of calculating the molecular electrostatic po-
tential for these small molecules is minimal. The best
performance was with the W99 model, which was
developed specifically for these types of molecules, while
COMPASS+ESP followed closely behind. We proceeded
with the W99+ESP model potential for all of the crystal
structure searches presented here. We only used struc-
tural comparisons to guide our choice of model potential
in this work, so are not making definite conclusions
regarding the accuracy of these models. Sublimation
enthalpies have been determined for a few of the
crystals in our list and these are given, along with the
W99-+ESP calculated lattice energies, in the Supporting
Information. There is good agreement for some of the
crystals, while the lattice energy underestimates the
sublimation enthalpy for several of the hydrogen-bonded
crystals, Previous studies!!*? suggest that an improved
electrostatic model would improve the agreement be-
tween lattice energies and sublimation enthalpies.

3.2 Crystal Structure Search. There are numerous
methods of generating the possible crystal packings of
a molecule,’® as compared in blind tests of crystal
structure prediction.?~3 Some of these methods build up
crystals from stable molecular clusters,”~* while others
search phase space systematically,®7+748 by Monte

Carlo,*®3% Molecular Dynamics,™ or genetic algo-
mthxmﬁ =57 or even completely randomly. 5859 Same of
these methods may be more efficient or more effective
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Table 2. Root Mean Squared %
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» Changes in Lattice Parameters on Energy Minimization for the Model Potentials Tested

Dreiding CVFF95 COMPASS

crystal with without hond increment ESP bond increment ESp

Refeode FIT W99 H-bond H-bond charges charges charges charges
ETHLEN 6.55 2.64 3.07 3.07 12.72 2.48 11.03 3.21
NTROMA 4.81 2.09 2.75 2.75 5.73 4.60 2.03 0.89
TRAZOL, (.88 4.68 6.87 6.22 17.09 6.78 21.17 5.67
NEZMUA H.64 3.80 3.03 2.50 3.37 2.19 4.19 2.22
OXAZIL 2.23 3.12 3.90 1.15 1.98 1.94 2.90 3.25
SEGRUR 2.35 2.55 2.00 1.93 5.59 211 6.11 3.53
o PYRZIN 2.34 1.09 2.60 2.42 4.95 3.83 2.70 3.53
1 PYRZIN 6.86 2.69 4.38 4.79 2.41 2.99 0.59 2.84
vy PYRZIN 5.23 2.80 261 2.89 0.40 0.92 1.72 1.73
O PYRZIN 4.92 2.79 3.36 4.13 6.26 1.85 6.67 1,98
HEZQUY 2.75 1.42 1.39 1.39 1.85 1.28 1.79 1.77
QAJYLS 6.57 3.50 2.83 2.83 17.72 4.23 12.62 4.31
GEYWIQ 2.25 1.38 1.41 141 2.43 1.80 7.78 0.92
QUINCB 2.45 0.97 1.56 2.27 2.3 2.72 1.96 2.22
HEBBEV 1.58 0.91 0.60 0.60 2.65 1.35 1.41 2.30
overall 4.65 2.66 3.18 3.04 7.91 3.12 7.83 2.96

for different types of molecules, but our aim is not to
compare search methods. Instead, we are interested in
the ranking of structures, given a list generated by one
of these types of searches. We chose the simulated
annealing algorithm of Karfunkel and Gdanitz,16.51-33
as implemented in the Accelrys Polymorph Predictor
module of the Cerius2 software suite.®® This search
method is well tested and seems to be effective for a
range of types of molecules.

The search consists of several steps and is repeated
separately for each space group.

(i) The first stage is the simulated annealing, during
which crystal structures are built and randomly modi-
fied. During a heating phase, high energy barriers can
be crossed and so the whole of the potential energy
surface is sampled. This is followed by a cooling phase,
during which the probability of crossing energy barriers
decreases.

(ii) After the simulated annealing, the resulting
structures are clustered to eliminate duplicates.

(iii) The hypothetical structures are energy mini-
mized.

(iv} The structures are clustered again to remove
duplicates that converged to the same minimum during
energy minimization.

There are several parameters that can be adjusted
during this routine. The simulated annealing is gov-
erned by the heating rate (7}), cooling rate (T, and two
parameters to signal the end of the heating phase: a
maximum temperature (Timay) and a limit on the number
of consecutive accepted structures, Nuceept. The heating
is ended when either the temperature reaches T, or
Nowept consecutive random moves are accepted. The
clustering is controlled by a tolerance on the measure
of similarity. The lower this number, the closer struc-
tures must be to be considered identical, so high
tolerances risk throwing away distinet crystals. During
the first clustering, a maximum number of structures,
Nuas, are chosen for energy minimization. Although it
is possible that a high energy trial structure can relax
to be one of the most stable crystals, the number of
energy minimizations can be limited, by discarding any
structures above N, in the energy ranked list follow-
ing the simulated annealing. The settings for the
parameters are a balance of computing time and con-

Table 3. Simulated Annealing and Clustering
Parameters

simulation parameter value used

heating rate, Ty, 0.025

cooling rate, 7. 0.001

maximum temperature, Toax 100000 K

maximum number of consecutive 12
accepted structures, Noceept

clustering tolerance 0.10

structures kept after clustering 10000

fidence that the search generates a complete set of
possible low-energy hypothetical crystals.

We took most of our settings from the default values
in the highest performance (and most computationally
intensive) settings provided by the Cerius2 sofiware.
The heating and cooling rates as well as maximum
temperature and number of consecutive accepted moves
in the heating were left unchanged (Table 3). We have
developed our own algorithm for the clustering of crystal
structures, so used the Cerius2 clustering with very
tight settings. The tolerance for comparing structures
was decreased to 0.10 from the default value of 0.13,
which resulted in very few structures being discarded.
We tested the performance of the search on a subset of
our molecules and found that, with this clustering
tolerance, the default number of structures to energy
minimize (1000 per space group), was too low, missing
about 5% of structures within 5 kJ/mol of the global
minimum in the final list. While doubling Np to 2000
lowered the number of missed structures to about 1%
of those in the lowest 5 kJd/mol, we decided to include
all distinct simulated annealing structures in the energy
minimization by increasing Ny« to 10000,

The simulation was repeated several times for a
subset of our molecules, combining final lists after each
repeat of the simulated annealing. We kept track of the
number of new structures in the low energy list after
each repeat and found that the search was converged
after three repeats for this subset of molecules. To he
more confident of adequately searching phase space, we
added an extra repeat and performed four searches for
each molecule in our set. On average, one repeat of the
search (simulated annealing, clustering, and energy
minimization) for the nine space groups took about 6—8
hours on our workstation fone 600 MHz processor of an
SGI Octane), so we used about 1 day of computing time
per molecule with the final settings.

&
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For those molecules with multiple rigid conforma-
tions, the search was repeated for any conformations
with molecular energy within 10 kd/mol of the most
stable. The low energy lists of crystals structures for
each conformation were then combined, using the sum
of molecular (gas-phase DFT energy) and lattice (from
the model potential) energies as a measure of their
relative stabilities.

3.3 Symmetry Constraints and Unstable Struc-
tures. Energy minimizers generally do not guarantee
that a minimum in the energy is found, but stop at any
stationary point (i.e., the forces are all zero to within
some tolerance). Such points on the potential energy
surface could be minima or saddle points, which are a
minimum in energy in at least one direction, but a
maximum along at least one other path. Such structures
are especially likely to be found when using space group
symmetry in the energy minimizations, as is done in
the energy minimizations within the Polymorph Predic-
tor package. Therefore, there may be many such cases
in the final lists we generate with Polymorph Predictor.
These saddle point structures are not observable crys-
tals, so must be removed from the lists of hypothetical
structures or pushed downhill toward the nearest
minimum on the energy surface. This task is automated
in another crystal structure modeling program,
DMAREL, 194! which can calculate elastic constants and
phonon frequencies for rigid molecules. Either an un-
stable elastic constant matrix or a negative phonon
frequency indicates that the structure is at a saddle
point. In either case, DMAREL performs a line search
in the direction of decreasing energy and resumes the
energy minimization at the lowest point along this path.

The final structures within 15 kJd/mol of the global
minimum from the Polymorph Predictor calculations
were reminimized using DMAREL, initially using space
group symmetry. Their stabilities (phonon frequencies
and elastic constants) were then checked and structures
were pushed to a minimum where required. In some
cases, the original space group symmetry is conserved,
but some structures required at least one symmetry
constraint to be removed to reach a stable minimum.
In these cases, all symmetry was removed from the
structure and we identified the remaining symmetry
after energy minimization. In some cases, this leads to
space groups that were not included in the initial
searches and even to structures with more than one
molecule in the asymmetric unit. As yet, only k = 0
phonon calculations are implemented in DMAREL, so
it is still possible that some structures at the end of this
procedure are unstable to unit cell doubling.

For comparison to the lists of predicted crystals, the
known crystal structures for each molecule were taken
from the CSD and lattice energy minimized, with the
molecular structure exchanged for the idealized gas-
phase geometry. A table of unit cell parameters for the
lattice energy minimized structures is available as
supplementary information.

3.4 Clustering. The list of optimized predicted
structures often contains several duplicate structures,
and it is helpful if these duplicates are removed to
produce a list of unique structures. To cluster our list,
we have developed an algorithm, COMPACK,® to
identify whether two crystal structures are the same
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to within specified tolerances. The algorithm avoids the
use of space group syimnmetry but rather defines a crystal
structure in terms of its molecular packing environment.
A molecule together with its coordination shell, say the
closest 14 closest molecules, is chosen to represent the
reference crystal structure. Relationships between these
molecules are described by distance and angle con-
straints which can then be searched for in a target
structure. Tolerances are placed on distances and angles
to control the level to which relative positions and
orientations of the molecules must match. This method
was also used to locate the position of the observed
structure within the predicted list.

4. Results and Discussion

4.1 Are All of the Experimental Structures Gen-
erated? Of the 62 crystals in the space groups that
we searched, all but four were located in the final
lists: benzamide (BZAMID), the monoclinic polymorph
of 3,4-cyclobutylfuran (3-oxabicyclo(3.2.0)hepta-1,4-
diene) (XULDUDO1), the 8 polymorph of pyrazinamide
(PYRZINOD), and form 1T of 2-amino-3-nitropyridine
(AMNTPY02). The result is pleasing; if we were study-
ing a particular molecule on its own, more than four
repeats of the simulated annealing would be run to be
more confident in having a complete search of phase
space. Furthermore, an experienced user of the software
could perhaps adjust other settings (e.g., the heating
and cooling rates) to further optimize the efficiency of
the search. All of the missed structures are in the space
group P2y/c. As this is the most common space group
for molecular organic crystals, it is probably a good idea
for future prediction studies to search this symmetry
more intensely than others. For three of these four
missed crystals, we added additional repeats of the
simulated annealing in P2y/c until the known structure
was found. FFor XULDUDO1, the known structure was
located in the fifth search, BZAMID in the 12th, and
PYRZINO1 in the 13th. The simulated annealing algo-
rithm clearly has difficulties with the latter two crystals;
they may inhabit narrow potential energy wells in
otherwise inaccessible areas of phase space. We have
not compared search methods in this work, but if the
cause of the difficulty in finding these structures is the
narrowness of the potential energy well, then other
search methods would probably have similar problems
in finding these crystal structures.

The four missed structures remind us that we have
not produced convplete sets of crystal structures for our
molecules; there may be other low-energy structures
missing. We know this in advance, hecause of our
limiting of the space groups considered. Furthermore,
few of the molecules have been subjected to polymorph
screens, so it is likely that undiscovered structures exist.
More extensive calculations could show up more unreal-
ized low-energy structures, while more extensive experi-
ments could discover more real polymorphs. We expect,
however, that the results of either would have a small
influence on the overall results of our study.

The lack of success with the remaining crystal (2-
amino-3-nitropyridine, AMNTPY02) is due to shortcom-
ings of lattice energy minimization with a simple model
potential. When relaxing the experimental crystal on
the W99+point charge potential energy surface, the

N
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Figure 1. Relaxing one of the acetic acid saddle point
(unstable) erystals.

stepped sheet structure relaxes to the energy minimum
of one of the other polymorphs (AMNTPYO01), with
planar hydrogen-bonded molecular sheets. The model
fails to reproduce the energy barrier between the two
forms, so we can only expect to be able to predict the
polymorph with the stable minimum. A similar obhserva-
tion was made with a similar trimorphic molecule,
2-amino-5-nitropyrimidine,® where a polymorph with
buckled hydrogen-bonded sheets collapses to another
known polymorph on energy minimization, even with
an elaborate model of the electrostatic interactions. Such
crystals, with closely related polymorphs, are a chal-
lenge for computer modeling. AMNTPY02 is excluded
from the results reported in the rest of this study.
Although we only searched nine space groups, the
structures do have the opportunity to adopt higher
symmetry space groups during energy minimization, or
lower symmetry space groups during the stability
checking and reminimizations (section 3.3). As a result,
we did find one known crystal structure that is not in
our list of space groups, the Cmec2, low-temperature
phase of acetonitrile was located in searches of both P2,
and Pna2; and is the global minimum of the lattice
energy search for this molecule (Table 1). Therefore, in
total (excluding AMNTPY02 and including the Cme?2,
polymorph of acetonitrile), we consider the prediction
of 62 crystal structures in the remainder of this study.
4.2 Reranking of Structures after Reminimiza.
tion. The use of DMAREL and the calculation of elastic
constants and phonon frequencies to test the stability
of the predicted structures proved to be very important.
Of the 50 molecules, the stability testing and remini-
mizations introduced new low-ene rgy crystal structures
I most cases. On average, 2 of the 10 lowest energy
structures for each molecule resulted from this process
and would not have been located had we not performed
these extra calculations beyond the initial energy
minimizations. The “top 10” list of structures of only 6
of the 50 molecules was unaffected by these calculations.
As an example, four of the 10 lowest energy crystal
structures of acetic acid were found during this process
and would have been missed if the search had been
stopped after the first energy minimizations immedi-
ately following the simulated annealing search. One of
these structures is shown in Figure 1. On the left is
structure 80 (counting upward from the global mini-
mum) of the list from Polymorph Predictor, an orthor-
hombic (Pben) crystal 4.48 kJ/mol above the global
minimum. The stability calculations showed that this
structure is unstable to breaking the symmetry con-
straints of the mirror plane that keeps the methyl
groups in close contact. The symmetry was relieved and
the lattice parameters shifted during energy minimiza-
tion to allow the methyl groups to reorient to the
symmetry relaxed structure on the right of Figure 1, a
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triclinic (P1, 2’ = 4) crystal 2.56 kJ/mol lower in energy
than its ortherhombic “parent” and seventh in the final
list.

4.3 Location of the Observed Structures in the
Ranked Lists. The locations of the observed crystal
structures in the lsts of predicted crystals (Table 1) are
described by their energy relative to the most stable
unobserved crystal in the list (AE) and the absolute
position of the observed crystals in the list, counting
upward from the global minimum. Instead of presenting
the position of the observed crystal by its absolute rank,
we report the number of lower energy hypothetical, hut
unobserved, crystal structures, Nigwer. In this way, a
“perfect” prediction yields a negative AE and N, =
0. Furthermore, all the known crystal forms for poly-
morphic systems can reach such a ranking simulta-
neously. The three structures that were not found in
the original search, but were located after an increased
number of simulated annealing repeats, are included
in Table 1 and are indicated with an asterisk.

A positive relative energy tells how much the experi-
mentally observed crystal is apparently less stable than
the theoretical global minimum structure, while a
negative value indicates that there are no lower energy
unobserved structures in the list. We illustrate this with
two contrasting results, using plots of the lattice energy
against density for the lowest energy structures to
summarize the results of the CSP for these two mol-
ecules (Figure 2). The upper plot shows the results for
bicyclo(3.3. 1)nonane-2,6-dione. For this rather bulky
molecule, the lowest energy structure corresponds to the
known crystal (CSD refeode HEBBEV ) and there are
no competing structures within 4.4 kJ/mol. For this
crystal, A is —4.4 kd/mol and Nypyer = 0; this erystal
is easily predicted and polymorphs seem unlikely.

The lower plotin Figure 2 summarizes results for the
much smaller 3,5-pyrazolidinedione. Here, there is no
large gap in energy separating any of the lowest energy
structures and, with the model potential used here, the
known crystal (refcode DUNVEN) is 67th in the list
(Niower = 66), 5.1 kd/mol above the global minimum.
With such sinall energy differences between structures,
this crystal is a much greater challenge for prediction
by lattice energy minimization. Furthermore, if the
energy calculations are correct, and entropy differences
between structures are small, the known crystal is
metastable to many more densely packed potential
polymorphs,

Of the 62 known erystals, 18 are predicted with lower
energy than any of the unobserved structures; 17 are
global minima and the two polymorphs of 2-amino-3-
nitropyridine rank 1 and 2 in energy. This represents a
success rate of 29% for such a “perfect” prediction. Of
these, most (12) are within 1 kJ/mol of the nearest
unobserved crystal and a further three are within 2 kJ/
mol; results as in Figure 2a, where the known crystal
is far more stable than any others, are quite rare. The
worst ranked crystal is the 8 form of pyvrazinamide
(refcode PYRZINOY); there are 105 lower energy hypo-
thetical crystals in the list. On relative energy, all of
the structures are within 7.3 kJ/mol of the global
minimum. The known crystal of 2-amino-4-nitropyridine
(CSD refeode SEGRUR) has this highest AE. Consider-
ing all of the predicted structures as potential poly-
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Figure 2. Predicted structures of (a) bicyclo(3.3.1)nonane-2,6-dione and (b) 3,5-pyrazolidinedione.

morphs, these results are consistent with estimates that
lattice energy differences between polymorphs are usu-
ally smaller than 10 kJ/mo).8465

Qur overall results are summmarized in Figure 3ab,
where the predictions are binned into intervals of 5 for
Nigwer and 0.5 kd/mol for AE. The distribution of relative
energies is better than we expected, with 35% of
structures either lower than any others or within 0.5
kJ/mol of the global minimum; 53% are within 1 kd/
mol. 56% of the observed crystals are separated by fewer
than five hypothetical structures from the global mini-
mum and 74% have Nywer = 10. These distributions
could be used to guide future prediction studies. For
example, if we wanted to construct a list of possibilities
for the crystal structure of a new molecule, with 90%
confidence that the real structure will occur in this list,
all structures within a cutoff of 4 kJ/mol above the global
minimum should be included as possibilities.

The distributions tail off fairly quickly at higher Niower
or relative energy and the results are encouraging for
the crystal structure prediction of small, rigid molecules.
The rate at which these distributions fall away is a
comhination of two factors. The modeling of energies is
fairly crude; lattice energies ignore temperature and

only approximate the energies at T = 0 K. Furthermore,
the simple form of model potential that we have used
has known limitations, so the errors in lattice energies
are probably as great as the relative energies that we
are calculating for many of the molecules. The second
factor is that metastable polymorphs do exist and it is
possible that more stable polymorphs are experimen-
tally realizable for some of the molecules in our set.
Hence, the relative energies that we calculate for some
of the higher ranked known crystals could be a realistic
measure of their metastability. To separate the effects
of modeling deficiencies and our incomplete knowledge
of the true number and stability of crystal forms, we
could perform extensive polymorph screens on all 50 of
the molecules. This is a mammoth task for this number
of molecules. Alternatively, by systematically improving
the theoretical basis of our energy ranking, we should
get to a point where we can confidently estimate the
proportion of erystals in our sample that are metastable.

4.4 Assessing the Importance of Alternate Con-
formations. For all but one of the molecules where
alternate conformations exist, the conformation in the
known crystal is the most stable in the gas phase (Table
4). Furthermore, for several of the molecules, the

N
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Table 4. Relative Energies of Alternate Molecular Conformations

conformational difference
from contormation in known erystal

molecule

molecular energy relative
to conformation found in
known crystal (kJ/imol)

m-hydroxybenzaldehyde 180° rotation of hydroxyl +0.33
180° rotation of aldehyde +0.37
rotation of hydroxyl and aldehyde ~3.27
nicotinic acid 180° rotation of COOH +1.01
nicotinamide 180° rotation of amide +3.40
paracetamol 180° rotation of hydroxyl +1.42
m-nitrophenol 180° rotation of hydroxyl +2.02
o-nitrobenzaldehyde 180° rotation of aldehyde +9.52
isoxazol-3-ol 180° rotation of hydroxyt : +17
1,2-dihydropyridazine-3,6-dione 180° rotation of hydroxyl +21.0
pyrazinamide 180° rotation of amide +39.5
quinoline-2-carboxamide 180° rotation of amide +45

conformational energy difference is too great to be
balanced by improved crystal packing. Where the mo-
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Figure 8. Distributions of the known crystals in our predicted
lists.

lecular energy difference is only a few kd/mol, these
alternate conformations can give competitive low-energy
crystals, so we performed the prediction for any confor-
mations more stable than, or within 10 kJ/mol of the
conformation in the known crystal. This meant extra
searches for six of our molecules, each in one extra
conformation, except m-hydroxybenzaldehyde, where
three extra conformations had to be searched, For all
of these molecules, the atomic charges were fitted
separately to the DFT calculated charge distribution for
each conformation.

For five of these molecules (nicotinic acid, nicotina-
mide, n-nitrophenol, o-nitrobenzaldehyde, and parac-
etamol), the global minimum lattice energy in the search
with the alternate conformation is less stable than with
the observed conformation. Hence, the alternate con-
formation is disfavored on both molecular and packing
energies. On the sum of lattice energy and gas-phase
monomer energy, the observed erystal is more stable
than any of those found for the alternate conformation,

50 the Nigwer and AE based on the known conformation
are unaffected.

The ranking of the known crystal was only affected
for m-hydroxybenzaldehyde. For this molecule, one of
the molecular conformations, with the hydroxyl and
aldehyde substituents rotated 180 degrees from their
orientation in the observed conformation, is predicted
to be significantly more stable than the observed
conformer. On lattice energy, the lowest energy crystal
predicted for this conformation is 1.6 kd/mol less stable
than global minimum with the observed conformation,
but is more stable on total (lattice + conformational)
energy. In fact, 18 predicted crystals with this molecular
conformation are more stable on total energy than the
known form (refcode XAYCLI). Of the two conformations
that are less stable in the gas phase, one packs poorly,
with worse lattice energies than the known crystal,
while the other (with just the aldehyde rotated with
respect to the known conformation) packs with better
lattice energies, which approximately balance the higher
molecular energy. On total energy, two crystals of this
conformation are lower in energy than the known form.
In all, by taking account of these additional conforma-
tions, there are an additional 20 calculated structures
lower in energy than the observed crystal and the
relative energy, AE, is increased by 1.63 kd/mol. This
ranking and relative energy were used in Figure 3a,b.

5. Discussion

5.1 Which Crystals Are Predictable? In addition
to the overall statistics on the performance of lattice
energy minimization for crystal structure prediction, we
hoped that our results would distinguish between types
of molecules that are more or less easily predicted than
others,

The search procedure used here has been very suc-
cessful at locating the experimentally observed crystal
structures, in all but a few cases—XULDUDO1, BZA-
MID, and PYRZINOL. 1t is difficult to say what the
reasons are for this, although we can speculate that the
potential energy well is narrow and difficult to access
via the simulated annealing search. That two of these
are arematic amides suggests that such molecules may
be problematic for the search routine, al though the other
two polymorphs of pyrazinamide and the crystal strue-
ture of nicotinamide were located without problems.

Besides these infrequent difficulties with the search-
ing of phase space, the success of crystal structure
prediction by lattice energy minimization depends on

\\,\/
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Figure 4, Density of structures in the lowest 5 kJ/mol (filled
bars) and lowest 5% in lattice energy (unfilled bars).

the number of predicted low-energy structures and the
computation of the relative energies of the predicted
crystal structures. We tried correlating several molec-
ular descriptors with the position of crystals in the
predicted lists. No easily quantifiable descriptor, such
as molecular mass or dipole moment, shows any cur-
relation with how well that molecule’s known crystal is
predicted. It seems reasonable to suggest that particu-

larly bulky molecules with very asymmetric shapes .

should have less possible ways to closely pack, so should
be more easily predictable. This is not an easily quanti-
tied molecular property, but can be judged by eye. We
deliberately included four similarly shaped molecules
in our set, chosen for their obvious bulkiness. The four
crystals (refcodes HOBBOP, HEBBEV, BOQQUT, and
DOGTIC) all rank quite well (Njywer = 4, 0, 6 and 0,
respectively). Although less so, 3a.6a-dihydro-isoxazolo-
(5,4Nsoxazole (refeode DIHIXL) also has a distinctive
bent shape and its Nigwe = 2.

The density of structures in the lowest energy part
of the list is a measure of the difficulty in predicting
the correct structure. A large number of structuresina
small energy range means small energy differences and,
s0, requires much more accurate energy calculations to
predict the correct order of stability. We counted the
number of structures within 5 kd/mol of the global
minimum for all of our molecules and the distribution
{filled bars in Figure 4) shows that about a third of
molecules have more than 100 distinct structures in this
small energy window. The median of this distribution
is about 67. Considering these densely packed lists, the
low overall values of Niwee are a testament to the
usefulness of the empirical atom—atom model potential.

We noticed that the smaller molecules with lower
lattice energies generally have more molecules in the 5
kJ/mol energy window, so we also present a distribution
that is less dependent on the size of the molecule and
magnitude of the lattice energy—the number of struc-
tures within 5% of the global minimum (white bars in
Figure 4). More than half of the molecules have between
10 and 40 structures in this relative energy range and
the median of the distribution is 33. Of the five bulky
molecules mentioned earlier, all but norbornene (refcode
HOBBOP) have fewer than 20 structures within 5% of
the global minimum. The distinctive shape of these
molecules may be a reason for their having few low-
energy close packed possibilities, helping their overall
predictability.

5.2 Consequences of Hydrogen Bonding on Pre-
dicting Crystal Structures. Apart from global mo-
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Figure 5. Distributions of (a) Niwer and (b) AE for hydrogen
bonding (filled bars) and non-hydrogen bonding (unfilled bars)
molecules.

lecular characteristics, local attributes may be impor-
tant in determining the predictability of a molecule's
crystal structure. Probably the most important such
attribute is the presence or absence of hydrogen-bond
donors and acceptors. Molecules with the ability to
hydrogen bond behave very differently from those whose
crystals have no such strong, directional interactions.
To examine differences between hydrogen-bonding and
non-hydrogen-bonding molecules, the distributions of
Niswer and AE were split into these two categories. For
this classification, the presence or absence of weak
C-H-+O interactions was ignored. Because of the
different numbers of each type of molecule in our test
set, the distributions are presented as percentages
instead of the absolute number of structures in each bin
(Figure 5):

Differences between the two classes of molecules are
striking. For 80% of non-hydrogen-bonded crystals,
there are five or fewer theoretical structures lower in
energy than the observed crystal structure and there
are never more than 25 lower in energy. In contrast,
less than half of hydrogen-bonded crystals have Nigyer
between 0 and 5 and all of the poorly ranked crystals
are heavily hydrogen bonded. Over half of the non-
hydrogen-bonded crystals are found as either global
minima or within 0.5 kJ/mol of the global minimum and
90% are within 1 kJ/mol (Figure 5b). Again, the distri-
bution is much flatter for the hydrogen-bonding mol-
ecules; we must consider predicted structures up to 4.5
kd/mol above the global minimum to include 90% of the
observed structures.

The differences in results for the two classes of
molecules are likely to be due partly to the increased
difficulty in modeling the energies of hydrogen-honded
crystals. Such strong interactions involve very close
contacts with hydrogen atoms, so the calculations are
especially sensitive to slight changes in molecular

O
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Figure 6. Ranking of the observed hydrogen bonding crystals
versus the number of hydrogen bond acceptor—donor combina-
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geometry. The dominant contribution of electrostatics
to these interactions also means that the simple atomic
point charge model used here limits the quality of
calculated energies far more for crystals with hydrogen
bonding. Such a simple representation of the charge
distribution cannot describe important features such as
lone pairs, which dictate the directionality of hydrogen
bonds and relative energies of different hydrogen-bond
motifs. Thus, the errors in relative lattice energies are
greater for molecules with hydrogen-bonding ca pability.
As a result, molecules with a plurality of competing
hydrogen-bond motifs are a greater challenge for CSP.
For each molecule, a measure of the number of compet-
ing hydrogen hond options can be roughly quantified as
the number of possible hydrogen-bond acceptors/donors
pairwise combinations (NVaceeptor N acceptor ~ Naonoy .
While this measure ignores differences in extended
motifs, our results strongly suggest that molecules with
more hydrogen-bonding possibilities have a higher
likelihood of a poor lattice energy ranking (Figure 6).

While much of the difficulty with hydrogen-bonding
molecules results from limitations of the model for the
interaction energies, the distributions in Figures 5 and
6 could reveal a reality of crystallization. It seems
sensible that strong, directional interactions lead to
higher barriers between valleys on the potential energy
surface. Such higher energy barriers facilitate the
trapping of a crystal in a local energy minimum, possibly
leading to the growth of metastable polymorphs. This
is a likely contributor to our results, but we must reduce
the errors in our modeling methods to confidently
describe real differences between classes of molecules—
higher quality energy calculations are desirable and are
the subject of current investigations.

6. Conclusions

Lattice energy minimization, the most widely used
method for the prediction of crystal structures, gives
promising results for rigid organic molecules. This study
of a diverse set of 50 molecules shows the success rate
that can be achieved when using a carefully param-
etrized, but simple form of model potential—ahout half
of all molecules can be found among the five lowest
energy predicted structures, or within 1 kJ/mol of the
global minimum in lattice energy. Due to differences in
the details of modeling methods, these statistics would
have been difficult to determine from a survey of the
literature.’?

Crystal Growth & Design, Vol. 4, No. 6, 2004 1339

We might expéct that certain molecular characteris-
tics affect the predictability of a crystal and there is
some evidence that more bulky melecules have less
possibilities for low-energy packing, so are easier to
predict than those with simple shapes. However, the
greatest difference in types of molecules is the presence
or absence of hydrogen-bonding sites. The known crys-
tals of almost all non-hydrogen-bonding molecules are
at. or within 1 kJ/mol of, the global minimum. These
relative energies are certainly well within the expected
errors due to the model potential and omission of
thermal effects in lattice energy calculations. There is
a much greater variability of ranking for molecules with
hydrogen bonding, with up to approximately 100 com-
puted structures lower in energy than the known
crystal. While part of this variability may be due to
deficiencies in the modeling, the results do point toward
a greater propensity for the formation of metastable
polymorphs of hydrogen-bonded molecules. Investiga-
tions of the effect of improving the model potential and
thermodynamic basis of the calculations are required
to determine the true proportion of metastable crystals
in our test set, which we hope is reasonably representa-
tive of all small organic molecules in the Cambridge
Structural Database.
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Cocrystals: An
Emerging Approach
to Physical Property
Enhancement
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Introduction

On average, about a decade of research
and development is expended in the dis-
covery and commercialization of a new
pharmaceutical product. Initial R&D ef-
forts center on the identification of a suit-
able molecular structure, physical form,
and formulation. Whereas the molecular
structure of the active pharmaceutical in-
gredient (API) of a drug substance is se-
lected to optimize therapeutic properties,
selecting the physical form of an APl rep-
resents a strategic opportunity for opti-
mizing such physical properties as
solubility, dissolution rate, hygroscopicity,

physical stability, and chemical stability."-

Most APls are dosed as solids, and most
solid APIs exist in the crystalline form.
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Frequently, however, the APl does not
crystallize on its own or it crystallizes into
one or more crystal forms that possess un-
desirable physical properties. In either case,
an alternative crystal form is typically
sought. Various options include’ single-
component and multiple-component mod-
ifications of an APY, including pol ymorphs,
salts, solvates, and hydrates. In addition to
these established crystalline APl modifica-
tions, pharmaceutical cocrystals, or crys-
talline molecular complexes involving an
API, have recently attracted interest as
an alternative approach.

This article outlines how pharmaceuti-
cal cocrystals offer an alternative ap-
proach to physical property optimization

during crystal form selection. Important
design strategies for making cocrystals are
described, along with some recent examples
of using cocrystals to enhance specific
physical properties. Cocrystal screening

and synthesis are also covered, particu-

larly using solid-state grinding and
solvent-drop selective cocrystal synthesis,

Solid-State Modifications of APls
Polymorphs

A polymorph is “a solid crystalline phase
of a given compound resulting from the
possibility of at least two different arrange-
ments of the molecules of that compound
in the solid state.”? Different polymorphs
of a given compound each possess a
unique set of physicochemical properties,

. and many, if not most, compounds exhibit

polymorphism to some extent."* Some
compounds exist in more than ten crystal
form modifications® At present, it i not
generally possible to computationally pre-
dict the number of observable polymorphs
of even the simplest molecules,® and as a
result, the use of high-throughput screen-
ing methods to search for new polymor-
phic forms has become an important tool
in form screening.®

Hydrates and Solvates

Frequently during erystallization, sol-
vent may be taken up and incorporated as
part of the crystal structure. Most solvents,
however, are biologicall_v toxic; as a ve-
sult, most solvate-containing crystals are
avoided in the development of the solid
form of an APL

An important exception is the subclass
of APT hydrates, which are well known in
pharmaceutical products.™ It has been es-
timated that one-third of pharmaceutical
molecules are capable of forming hy-
drates.”” As a result of process-induced
stresses, such as changes in temperature,
pressuire, or relative hwmidity, hydrates
bften convert into anhydrous crystal
forms. This conversion from hydrate to
anhydrate can result in significant changes
in physical properties and can present
major issues, for example, during storage,
where hydrate conversion can compromise
dosage form appearance and integrity.

Pharmaceutical Salts

Salt formation is a common approach to
modifying the properties of an AP].""13
Balt formation is an acid-base reaction be-
tween the APl and an acidic or basic
substance, It is an attractive strategy, be-
€ause most pharmaceutical compounds
possess either acidic or basic functionality,
and the widespread use of salt formation
is evidenced by the large number of mar-
keted crystalline salts of APIs.™
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Phanmaceutical Cocrystals

A more recent approach to pharmaceu-
tical physical property optimization is
pharmaceutical cocrystal formation. A
cocrystal may be thought of as a crys-
talline complex of two or more neutral
molecular constituents bound together in
the crystal lattice through noncovalent
interactions, often including hydrogen
bonding,

The application of cocrystallization to
the pharmaceutical industry provides in-
herent benefits as compared with salt for-
mation in at least two ways. The first is
that, at least in theory, all types of mole-
cules can form cocrystals, including weakly
ionizable and non-ionizable APls, which
are fraditionally considered to present a
higher risk in terms of physical property
optimization because they have either
limited or no capacity for salt formation.

A second benefit is that, whereas for
toxicological reasons only 12 or so acidic or
basic counterions are explored in a typical
APl salt screen,'*® there are many poten-
tial counter-molecules that may be used in
cocrystal synthesis. (A counter-molecule
may be defined as the species cocrystallized
with the APL) The U.S. Food and Drug Ad-
ministration manages several lists of sub-
stances that have precedence as food in-
gredients (e.g., the FDA’s GRAS list, a list
of substances “generally recognized as
safe”), with the total amount of substances
numbering in the thousands. Although the
increased scope of cocrystals is a benefit
in that it suggests a greater likelihood of
achieving a desirable physical property
profile for an AP! physical form, it also
presents a challenge in terms of screen-
ing efforts, even with high-throughput
screening,

To maximize efficiency in screening for
cocrystals, therefore, improved rational
cocrystal design and more efficient cocrys-
tal screening protocols are needed.

Synthon Approach to Cocrystal
Design

The formation of cocrystals has been
studied for some time in academic re-
search, and various important studies
aimed at understanding cocrystal design
have been published.

In warly studies, Etter and co-workers
proposed several “hydrogen-bond rules,”
including the observations that (1) all good
proton donors and acceptors are used in
hydrogen bonding, and (2) the best donor
typically pairs with the best acceptor in a
given crystal structure!® The combined
use of the hydrogen-bond rules with a
geometric analysis (known as graph-set
analysis') assisted Etter and co-workers
in implementing rational cocrystal design
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in the synthesis of many new supramolec-
ular structures.

Allen et al. demonstrated a quantification
of the “robustess” of a certain class of
intermolecular arrangements (commonly
called motifs, or synthons) involving strong
hydrogen-bonded bimolecular ring motifs.
Their analysis invoived examining trends
within the Cambridge Structural Database
(CSD), a searchable repository containing
more than 300,000 simall-molecule crystal
structures.” They assessed the robustness
of a motif in terms of its “formation prob-
ability,” that is, the observed frequency of
motif formation among all structures con-
taining the necessary functional group
components. A higher formation probabil-
ity suggested a greater utility in a cocrys-
tal design scheme.

By relying on robust intermolecular in-
teractions with demonstrated solid-state
reproducibility, synthon-based cocrystal
design has become increasingly important
to the synthesis of new cocrystal materials.
In the future, automated searches for for-
mation probabilities pertaining to the mo-
lecular structure of an API of interest will
be an important step toward rational
pharmaceutical cocrystal design.

Pharmaceutical Cocrystals and
Physical Property Enhancement

During the past few years, the focus on
pharmaceutical cocrystals has increased
significantly.™ In 2002, Oswald et al. demon-
strated cocrystallization of the analgesic
drug pmace(amol (acetaminophen) with
six different counter-molecules, each of
which was capable of acting as a hydrogen-
bond acceptor?  Shortly thereafter,
Zaworotko and co-workers reported cocrys-
tals of the APIs ibuprofen, Aurbiproten, and
aspirin with several hydrogen-bond ac-
ceptors? These examples served as early
proof that a series of cocrystals with com-
mon hydrogen-bonding features may be
obtained with APls. Aside from melting
point data, however, these reports focused
essentially on structural features without
addressing the functional properties that
these cocrystals might offer. Additionally,
from an industrial standpoint, these
were only model systems, in that the
non-APl components were, in most cases,
not known to be safe for human
ingestion.

In a subsequent paper, Zaworotko and
co-workers reported on a series of cocrys-
tals of the APl carbamazepine, a drug used
in the treatment of epilepsy, with a variety
of different counter-molecules, including
several that are biologically nontoxic, in-
cluding acetic acid, nicotinamide (vitamin
By), and the well-known sweetener sac-
charin.? The report brought to light the

| vanet'v of possible counter-molecules that
" may form muystdls with a single APL
Despite the increase in reports contain-
ing new pharmaceutical cocrystal struc-
tures, however, only a limited number of
studies have directly addressed the real-
ization of physical property moditication.
One report of a pharmaceutical cocrystal
with enhanced dissolution properties in-
volved cocrystals of several nontoxic €,
{four-carbon) 1,4-dicarboxylic acids with
itraconazole, an antifungal drug with very
low aqueous solubility in its cryslallme
free base form.” The cocrystals reportedly
resulted from a high-throughput crystal
form screen of itraconazole, and the acids
in the study were known to be biologically
nontoxic at common pharmaceutical dosage
levels." Single-crystal data were reported
for one of the cocrystals, a 2:1 itraconazole:
succinic acid cocrystal (Figure 1), whene
it was observed that the diacid spanned
two itraconazole molecules via OH-N
hydrogen bonds. All of the cocrystals
demonstrated an enhanced dissolution
profile as compared with itraconazole free
base, and in some cases the dissolution
profiles of the cocrystals approached that
of amorphous itraconazole, which itsetf
had been developed for the specific aim of
enhancing the dissolution rate of the APL
The same study also emphasized the
value of performmg,, high-throughput
cocrystal screening in addition to imple-
menting rational design methodology. In
the itraconazole:succinic acid cocrystal,
the diacid formed a hydrogen bond with
the five-membered triazole ring rather
than with the most basic site on the drug
molecule, the nitrogen of the six-
membered piperazine (pK, = 3.7). This
example appeared to violate the best-
donor-best-acceptor hydrogen-bond rule
in preference for what may have been a
geometric consideration: attempts to
cocrystallize itraconazole with dicar-
boxylic acid chain lengths other than C,,
including malonic (C;). glutaric (C), and
adipic (Ce) acids, were reportedly unsuc-
cessful. Until it becomes possible to confi-
dently predict which counter-molecules
will form cocrystals with a given APL high-
throughput screening will continue to be
of tremendous value to this research field.
A second demonstration of dissolution
rate enhancement via cocrystallization
involved three pharmaceutical cocrystals
of the API fluoxetine, the active ingredient
in the antidepressant drug Prozac.® This
case was of particular interest from the
standpoint of cocrystal design: the re-
searchers formed cocrystals by combining
a carboxylic acid with the hydrochloric
acid (HCD salt of fluoxetine, generating
three novel cocrystals of salts. For example,
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Figure 1. Crystal packing diagram and corresponding unit cell of the 2: 1 itraconazole:

succinic acid cocrystal.™ Carbon atoms are large and

gray, hydrogen atoms are smalf and white, nitrogen atoms are blue, oxygen atoms are red, and chlorine atoms are green.

fluoxetine:HCI salt was cocrystallized
with succinic acid to form a succinic acid
cocrystal of the fluoxetine:HCl salt, with a
stoichiometry of 2:2:1 fluoxetine:chloride::
succinic acid (see Structure 1). Significant
differences in the measured dissolution
rates of each of the three cocrystals were
observed, such that individual cocrystals
were tound to exhibit rates above, below,
and comparable with that of the crystalline
HClI salt. In general, multiple-component
cocrystals (and cocrystals of salts) with
more than two components are evidence
of the wide supramolecular diversity that
may be achieved via cocrystal design.
The issue of physical stability en-
hancement via cocrystallization” was

£, Fa
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N
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Structure 1. Hydrogen-bond amangement
in the crystal structure of succinic acid
cocrystal of fluoxetine : HCI salt; taken
from crystal structure data.®
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addressed using caffeine as a model API,
Caffeine is known to exhibit solid-state
physical instability as a function of rela-
tive humidity (RF); its stable anhydrous
polymorph undergoes conversion to a crys-
talline hydrate upon exposure to high RH,
and the hydrate loses water below a criti-
cal RH and reverts to the anhydrate. This
form of physical instability limits the
processing and storage conditions of an
APT in development. Caffeine also has a
limited salt-forming capacity attributable
to its weak basicity (its conjugate acid has
a reported pK, of 3.6), meaning that it is
capable of forming salts only with strong
acids. Only one pharmaceutically accept-
able salt of caffeine had been reported in
the CSD), a caffeine HC| salt that existed as
a dihydrate.

A cocrystallization study was initiated
to obtain a series of cocrystals of caffeine
that could be measured with regard to RH
stability.* A strategy was devised whereby
caffeine cocrystallization was attempted
with several pharmaceutically acceptable
dicarboxylic acids of various chain lengths.
The strategy relied upon a caffeine-acid
hydrogen-bond interaction that satistied
the hydrogen-bond rules, forming a motif
that exhibited a good degree of robustess
in the CSD.

Six cafteine: dicarboxylic acid cocrystals
were reported, and the results of storing

cocrystal materials at several RH condi-
tions were described. One cocrystal (the
2:1 caffeine :oxalic acid cocrystal, Figure 2),
was physically stable at all RH conditions
and all time points actoss the study. This
cocrystal material was also fully stable
upon slurrying in water, The stability of

! the caffeine:oxalic acid cocrystal is partic-

ularly remarkable given that both caffeine
and oxalic acid, as pure materials, are
known to convert to crystalline hydrates.
The reason for this stability is currently
being studied.

Supramolecular Synthesis via
Solid-State Grinding
Solid-state grinding is the act of m ixing,
pressing, and crushing materials manually
ob
-a

: L

LA

N

e

- {

~e

Figure 2. Hydrogen bonding ina 2:1
caffeine : oxalic acid cocrystal. Carbon
atoms are large and gray, hydrogen atoms
are small and white, nitrogen atoms are
blue, and oxygen atoms are red.
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with a mortar and pestle or mechanically
in a mill. A common means of parti-
cle size reduction, solid-state grinding may
also be performed on a mixture of mate-
rials to induce covalent or supramolecular
reactivity. In the context of pharmaceutical
cocrystals, solid-state grinding has emerged
recently as a viable synthetic alternative to
solution-based crystallization methods. In
certain cases, pharmaceutical cocrystal
synthesis by solid-state grinding offers en-
hanced Sdt.dl\’ltv as compared with that
of solution crystallization. Moreover, the
simplicity of the technique in revealing
the cocrystallization potential between
two molecular species suggests applica-
tion in cocrystal screening efforts.

Caira and co-workers provided an early
demonstration of the application of solid-
state grinding to pharmaceutical cocrystal
synthesis in a study of six cocrystals of the
sulfa drug sulfadimidine with various car-
boxylic acids, including anthranilic acid
(AA) and salicylic acid (SA).* Addition-
ally, a remar kable preference was demon-
strated for one particular cocrystal, the
sulfadimidine: AA cocrystal. In a grinding
competition experiment, a sulfadimidine:
SA cocrystal, for which the crystal struc-
ture had been previously determined, was
ground in the presence of AA. The result
was a displacement of SA by AA as the
cocrystal partner of sulfadimidine. Be-
cause of the common hydrogen-bonding
pattern_in both cocrystals, the authors
based their explanation for the preference
on the relative strengths of hydrogen bond-
ing in the ingoing homomeric acid crystals.
In extending these results to pharmaceuti-
cal processing considerations, it can be
imagined that a grinding competition ex-
periment such as the one just described
mlght be used to assess the stability of a
given pharmaceutical cocrystal material in
the presence of excipients (i.e., substances
other than the pharmacologically active
drug in the final drug product) that may
be encountered in the course of a formula-
tion process.

With regard to the caffeine cocrystals
described in the previous section, whereas
single crystals were obtained by solution
growth, it was reported that most cocrys-
tals could also be prepared by grinding to-
gether the reactants in a ball mill. This
finding was not unexpected: solid-state
grinding has been repeatedly retied upon
as a viable synthetic methed for organic
cocrystals. Solid-state grinding was often
used by Etter and co-workers as a means
of preparing cocrystal materials for the in-
vestigation of hydrogen-bond preferences.
Furthermore, in a number of instances
they reported that certain cocrystal modi-
fications could be formed only by the
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grinding method. These and other ex-
amples of this phenomenon were recently
sumimarized.*

The ability of solid-state grinding to re-
veal alternative cocrystal modifications
would be particulatly useful in pharma-
ceuticals, where unforeseen polymorphic
transformations can bring disastrous con-
sequences, including the withdrawal of a
pharmaceutical pmdud from the mar-
ket.® For example, in a model system of
cocrystals with caffeine and several mono-
carboxylic acids, solid-state grinding gen-
erated crystal forms which were initially
inaccessible from solution. In experiments
involving caffeine and trifluoroacetic acid,
cocrystal material synthesis was initially
found to be pusmbk only via grinding,
Two 1:1 polymorphs were identified and
could be prepared separately dt_pundmg
upon the quantity of starting material in
the grinding jars. The structure of each
was solved from powder x-ray diffraction,
(PXRD) data. Subsequently, by using
seeds obtained by grinding, cocrystal ma-
terial of each polymorph was prepared by
solution growth methods. This seeding
method was used to obtain a single crystal
for one of the structures, which contirmed
the initial PXRD structure sotution of that
polymorph.”

Enhanced Supramolecular
Selectivity via Solvent-Drop
Grinding

A modification to the solid-state grind-
ing experiment has enabled enhanced
supramolecular selectivity in certain cocrys-
tal systems. Termed “solvent-drop” grind-

ing, this method allows for stoichiometric

and polymorphic selectivity in two mode!
cocrystal systems.

Solvent-drop grinding involves the
grinding of two materials together, as with
solid-state grinding, but with the addition
of a minor guantity of solvent (typically a
few tenths of one equivalent of solvent per
mole of starting material). The added sol-
vent acts in what may be described as a
catalytic role, in that the quantities em-
ployed are small and the solvent is not a
component of the final cocrystal product.

The usefulness of solvent-drop grinding
was first demonstrated in the context of
cocrystallization rate enhancement in a
system involving several cocrystals of ni-
trogenous bases with a cyclohexanetricar-
boxylic acid derivative, all of which were
initially prepared by solution growth. It
was found that some cocrystals could be
readily prepared by solid-state grinding,
whereas others exhibited only minor
cocrystal content after grinding together
starting matesials for a significant time.

For those that did not proceed to completion

upon solid-state grinding, it was found
that solvent-drop grinding could be used
to prepare an essentially phase-pure
cocrystal material after significantly re-
duced periods of time.®

Solvent-drop grinding was then found
to enable selective polymorphic synthesis
between two 1:1 C«]HLlnC.blulm‘lL acid
cocrystals (Forms Land IT).* The two poly-
morphs, which shared an identical sheet-
like hydrogen-bonding arrangement and
differed primarily in terms of the stacking
of sheets, were first found to precipitate
concomitantly from solution. In an effort
lo prepare each polymorphic modification
separately, grinding was explored as a
method of cocrystal synthesis. [t was
found that solid-state grinding of caffeine
and glataric acid produced predomi-
nantly Form [ and that solvent-drop grind-
ing with polar solvents (cyclohexane,
hexane, and heptane) also produced Form 1
in the absence of Form [I. Alternatively,
phase-pure Form I could be prepared by
the grinding of starting materials in the
presence of more polar solvents (acetoni-
trile, chlovoform, and water). A possible
factor that may have had a role in this ob-
served selectivity was the observation of a
potential nonpolar cleavage plane in the
Form [ polymorph. Examples have also
been reported of stoichiometric selectivity
via solvent-drop grinding.®

In addition to the ability of solvent-drop
grinding to provide for polymorphic and
stoichiometric selectivity in cocrystalliza-
tion, the technique has also been demon-
strated as a way of interconverting crystal
forms of polymorphic organic materials,
such as succinic acid and anthranilic
acid.* In the case of succinic acid, grind-
ing of the stable polymorph in the pres-
ence of nonpolar solvents was found to
result in significant quantities of the
metastable polymorph, hitherto known to
crystallize only at high temperatures. AA,
a trimorphic system, underwent intercon-
versions between the three different poly-
morphs depending upon the solvent that
was added in minor guantities to the
grinding experiment. A schematic depict-
ing the interconversions among AA poly-
morphs is provided as Figure 3.

Solvent-drop grinding has also found
application with regard to cwsta]hm salt
synthesis with pharmaceuticals.® Salt
screening is an important aspect of physi-
cal property optimization, as well as intel-
lectual property protection, for many API
candidates. Much effort, increasingly using
high-throughput robotics, is expended in re-
vealing all potential salts (and polymorphs
of salts) to ensure that the salt selection is
made from the widest knowledge of po-
tential candidates ®
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Figure 3. Interconversions among
anthranilic acid (AA) polymorphs via
solvent-drop grinding.

Conclusions and Outiook

Physical property improvement via
cocrystallization will be of increasing im-
portance in the area of pharmaceutical
solid form selection in the near future.
Several hurdles remain, however, before
this technique can become Fully imple-
mented in the industry.

The wide number and variety of possi-
ble counter-molecules that may be consid-
ered in a cocrystal screen with an APl is a
significant benefit of this approach, but
offers challenges in terms of screening ef-
forts. There is a tremendous number of
potential counter-molecule combinations
to be explored in a given cocrystal screen,
especially if ternary systems are to be con-
sidered (e.g., three-component cocrystals
and cocrystals of salts). Current crystal
form screening methodology, to a certain
extent, applies a predetermined set of
crystallization variables to any system
under study. This unguided approach
could generate an insurmountable number
of different cocrystal synthetic possibilities.

In screening for cocrystals, it is therefore
necessary to develop a guided screening
methodology. This approach may include
an initial stage during which potential
counter-molecules for an API are automat-
ically pre-screened and ranked using in-
formatics tools such as the CSD, described
in the earlier section Synthon Approach to
Cocrystal Design. Counter-molecules that
are capable of forming more robust
hydrogen-bond motifs with the APl may
be ranked higher in terms of likelihood of
cocrystal formation. In subsequent experi-
mental efforts, higher-ranking cocrystal
counter-molecules might justify increased
experimental screening resources with the
APl of interest.

In consideration of the typically small
quantity of material available during the
development stages of an APL it also
appears necessary to improve experimen-
tal screening methodology to facilitate
cocrystal sareening efforts. Solution-based
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techniques, which are most common in cur-
rent polymorph and salt screens, require a
small amount of sample per experiment,
but entail a large number of experiments
to cover variables such as solvent system
choice, concentration, and heating or cool-
ing profiles, among others. Techniques
such as solid-state grinding, as well as the
developing approach of solvent-drop
grinding, appear to offer a highly efficient
altemative for offering evidence of whether
two materials will cocrystallize. Other
techniques, such as crystallization from
the melt using techniques such as thermal
microscopy and differential scanning
calorimetry, may also offer the opportu-
nity to screen for cocrystals with minimal
expenditure of APl material and reduced
experimental effort.

This two-step cocrystal screening ap-
proach, involving an informatics-based
ranking of counter-molecules followed
by targeted, efficient cocrystal screening
methodology, remains to be fully demon-
strated. Nonetheless, as examples mount
that indicate the ability of cocrystals to
overcome the physical property short-
comings of APl candidates, a guided ap-
proach to pharmaceutical = cocrystal
screening should become increasingly im-
portant for the successful implementation
of cocrystallization in the pharmaceutical

industry.
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CHAPTER 76

Preformulation
Lovis ) Ravin, MAD
Assisiont Dfn(::.nm‘ Department, SmithKiine Bechman Corparation

The attention presently being given to multi-sourced
pharmaceutical products regarding their equivalency places
gnuchemphaaiaontheformulaﬁonofﬂwpmducm In some
Imtanga, the bioavailability of a drug formulation represents
8 quality parameter of enormous proportions. Ttisa matter
of record that with certain drugs, depending on the formula-
tion, the rate at which the drug substance bacomes available
can vary significantly from very high to none atall. As are-
sult, the effectiveness of these formulationa will range dra-
matically from that expected to no effect. Unfortunately,
most examples are less dramatic and fall somewhere in be-
tween. The difference in the bicavailability of these drug
products is less readily disceinible, but none the less real.
This has led to a great deal of confusion and information
which, though understood by the sclentist, is unclear and
jumbled to the practitioner. That information which is
availablé also has been interpreted differently by different
individuals or groupe, depending very often on the motivation,
viewpoint, and attitude of the intsrpreter,

The fact of the matter is that drug products do indeed vary
in their bioavailability characteristics and this variation, in
most instances, is related directly to formulation consider-
ations. To optimize the performance of drug products it is
necessary to have a complets understanding of the physical-
chemical properties of drug substances prior to formulating
them into drug products. The development of an optimum
formulation is not an easy task and many factors readily in-
fluence formulation properties. Drug substances are rarely
a a8 chemical entities, but are almost always given
in some kind of formulation. These may vary from a simple
solution to a very complex drug delivery system. The com-
plexity usually is not intentional, but rather is determined by
the properties that are expected from or built into the dosage
form and by the resulting composition that is required to
achieve these qualities.

The high degree of uniformity, the physiological avail-
ability, and the therapeutic quality expected of modern me-
dicinal products usually are the results of considerable effort
and expertise on the part of the formulating pharmacist.
These qualities are attained by careful selection and control
of the quality of the various ingredients employed, by ap-
propriate manufacturing according to well-defined Pprocesses
and, most important, by adequate consideration of the many
variables that may influence the composition, atability, and
utility of the product. In dealing with the formulation of new
products it has become necessary to apply the best research
methods and tools in order to develop, produce, and control
the potent, stable, and effective dosage forms which make up

our modern medical armamentarium.

The pharmaceutical formulator has need for specialized
areas of science in order to acquire scientific information about
the drug substance which is necessary to develop an optimum
dosage form. Weminanaminﬂnpharmaceuticnlimiuatry
where we can no longer rely on past experience to formulate.
We must have a thorough understanding of the physical-
chemical properties as well as the pharmacokinetic and bio-
pharmaceutical behavior of each drug substance being de-

veloped. In short, we must learn a3 much as possible about
the drug lubqtu;ce' very early in its development. This re-
qQuires an interdisciplinary approach at the preformulation
stege of development. Fig 76-1 depicts a schematic diagram
which indicates that the development of any drug product
requiru & multidisciplinary approach involving basic science
during the preformulation stage followed by applied science
during the development stage.

This chapter will discuss the phynical-chemical evaluation
that takes place during the preformulation stage of develop-
ment. l;: ldﬁ.ﬁon, consideration will be given to some ape-
cialized formulation ingredienta that ma uire discretion
ndcssncton e

may be described as a stage of development
during which the physical pharmacist characterizes the
plw.liul-chemical properties of the drug substance in question
which are considered important in the formulation of a stable,
effective, and safe dosage form. Such parameters as crystal
aize and shape, pH-solubility profils, pH-stability profile,
polymorphiam, partitioning effsct, drug permeability, and
disaclution behavior ars evaluated. During this evaluation
possibls interactions with various inert ingredienta intended
for use in the final dosage form are also considered. The data
obtained from this evaluation are integrated with data ob-
tained from the preliminary pharmacologic and hiochemical
studies and provide the formulating pharmacist, with infor-
mation that permits selection of the optimum dosage form
containing the most desirable inert ingredienta for use in its
development. i :

Preformulation work ia usually initiated after a compound
has shown sufficient activity to merit further testing in hu-
mans. When this decision is made, the various disciplines

to generate data essential for properly evaluating the
performance of the drug substance. A stability-indicating

ical assay method is very important. Since this often
takes considerable time, it ia sometimes necessary to rely on
thin-layer chromatographic procedures to determine if a drug
molecule is degrading. Accelerated testing procedures are
utilized to promote breakdown of the compound being tested.
Attempts are made to isolate and characterize the breakdown
products in order to identify the mechanism of breakdown.
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Fig 7€-1.  The wheets of product development.
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This information provides a lead to the development phar-
macist in his efforts to formulate the product.

During a preformulation study it is neceasary to maintain
some degree of flexibility. Problem areas must be identified
early. For example, selection of a suitable salt form is critical.
Toxicity studies are usually scheduled early. Consequently,
if the salt form under conaideration has some deficiencies they
should be pointed out 8o that alternate salts may be prepared
and evaluated prior to beginning toxicity studies.

When preformulation studies are initiated, the chemical
is ususlly in short supply. Twenty-five grams of chemical is
an ample supply, but many preliminary evaluations have been
done with less. The initial supply usually originates as excess
from batches prepared by the medicinal chemists. They
usually have preliminary data such ae melting point, spectral
data, and structure of the compound. The direction taken
for the evaluation is determined by the structure and the in-
tended dosage forms to be developed. For example, one
would not waste time detarmining the stability of a solution
of & compound if there was no interest in a liquid dosage form.
Many areas must be critically evaluated for each compound,
and it is essential that problem areas be ideatified early,
otherwise delays could occur if a problem surfaced during the
development phase for the compound. Some consequences
of poor preformulation work are: (1) possible use of unsat-
isfactory salt form; (2) poor stability of the active ingredient;
(3) testing compound of marginal activity; (4) increased de-
velopment costs; (5) increased development time. When
preformulation studies are completed, the data are compiled
and transferred to the development pharmacist, who, in turn,
utilizes this information to plan his development work on the
finished dosage forma. :

Phyéldal Propaertles

Description

Since chemical is in short supply at the outset of most
preliminary evaluations, it is extremely important to note the
general appearance, color, and odor of the compound. These
characteristics provide a baais for comparison with future lota.
During the preparation of scale-up lots the chemist usually
refines or alters the original chemical synthetic route. This
sometimes results in a change in some of the physical prop-
ertiss. When this takes place, comparisons can be made with
earlier lota and decisions made regarding solvents for recrys-
tallization.

Taste usually warrants some consideration, especially if the
drug is intended for oral use in pediatric dosage forms. In
such cases consideration should be given to ths preparation
of alternate salt forms or possible svaluation of excipients that
mask the undesirable taste.

Microscopic Examination

Each lot of chemical, regardless of size, is examined mi-
croscopically and a photomicrograph takan. The microscopic
examination gives a gross indication of particle size and
characteristic crystal properties. These photomicrographs
are useful in determining the consistency of particle size and
crystal habit from batch to batch, especially during the early
periods of chemical synthesis. If a synthesis step is changed,
they also give an indication of any effect the changs may have
on crystal habit. One must keep in mind that the photomi-
crograph only gives a qualitative indication of particle size
distribution; it ia alwayas necesaary to do a particle size analysis
for a more accurate picture of the distribution of particles in
any particular batch of chemical

Particle Size

The uses of pharmaceutical products in a finely divided
form are diverse. From knowledge of their particle size, such
drugs as griseofulvin, nitrofurantein, spironolactone, procaine
penicillin, and phenobarbital have been formulated so as to
optimize activity, Other drugs, formulated in suspension or
emulsion systems, in inhalation aerosols, and in oral dosage
forms, may contain finely divided material 8s an essential
component. One of the basic physical properties common to
all thess finely divided substances is the particle size distri-
bution, ie, the frequency of occurrence of particles of every
size, What is of practical interest is usually not the charac-
teristica of single particles but rather the mean characteristica
of a large number of particles. It must be emphasized, how-
ever, that knowledge of size characteristics is of no value unless
adequate correlation has been established with functional
properties of specific interest in the drug formulation. Many
inveatigations demonastrating the significance of particle aize
are reported in the literature. It has been shown that disso-
lution rate, absorption rate, content uniformity, color, taste,
texture, and stability are dependent to varying degrees on
particle size and distribution. In preformulation work it is
important that the significance of particle size in relation to
formulation be established early. Preliminary physical ob-
servations can sometimes detect subtle differences in color.
If this can be attributed to differences in particle size distri-
bution it is important to define this distribution and recom-
mend that more attention be given to particle size in preparing
future batches of chemical. This effect is also evident when
preparing suspenaiona of poorly soluble materials. One may
obeerve batch-to-batch differences in the color of a suspension
which can be related to differencea in particle size. Some-
times, when small particles tend to sgglomerate, a subtle
change in color or texture may be evident.

Sedimentation and flocculation ratee in suspensions are in

" part governed by particle size. In concentrated deflocculated

suspensions the larger particles exhibit hindered settling and
the smaller particles gettle more rapidly.. In flocculated
suspensions, the particles are linked together into flocs which
settle according to the size of the floc and porosity of the ag-
gregated mass. Flocculated suspenaions are preferred since

they have less tendency to cake and are more rapidly dis- -

peraible. Thus it is apparent that the ultimate height, H,,,
of sediment as a suspension settles depends on particle size.
The ratio H,/H, or the degree of suspendibility as affacted
by particle size is valuable information for the formulator in
order to prepare a satisfactory dosage form.

The rate of dissolution of small particles is usually faster
than that of larger ones because rata of dissolution is depen-
dent on the specific surface area in contact with the liquid
medium. This is usually described by the modified Noyes-
Whitney equation for dissolution rate dA/dt.

dA _ _
TR KS(C, ~ ©)

where A is the amount of dnig in solution, X is the intrinsic
dissolution rate constant, S is the surface area, C, the con-
centration of a saturated solution of the drug, and C is the
drug concentration at time t. The surface area of an object,
regardlsss of shape, varies inversely with its diameter and
confirms the above effect of particle size on dissolution rate.
Solubility has also been observed to be dependent on particle
siza. Dittert et al! reported data for an experimental drug,
4-acetamidopheny! 2,2,2-trichloroethyl carbonate, which
demonstrated that the dissolution rate and in turn biocavail-
ability were affected by particle size. Although the ultimate
amount of drug in solution may not be significant with respect
to the dose administered, thé formulator should be aware of
this potential. With poorly aoluble drugs it is extremely im-
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portant that these factors be taken into i
de;'llgn of the e ptors nto account during the
oW properties of drugs can be influenced by particle size
and particle gize reduction to extremely small sizes (legs than'
10 «m) may be inadvisable for some drug substances. En.

surface . electrical charges sometimes impart undesirable
propemeg to the drug. For example, adsorbed air at the

-part)cle surface may prevent wetting of the drug by
surrounding fluid, and electrically induced agglomeration of
fine particles may decrease exposure of the drug surface to
surrounding dissolution medium, Such effects act as disso-
lution rate-limiting stepe since they minimize maximum drug
surface-liquid contact.

Crystal growth is also a function of particle size. Finer
particles tend to dissolve and subsequently recrystallize and
adhere to larger particles, This phenomenon is referred to
as Ostwald ripening. . Protective colloid syatems can be uti-
lized to suppress this nucleation. Preformulators can gen-
erate information conceming the effectiveness of different
colloids that is extremely important to the formulator when
he is given the task of preparing a suspension deaage form.

Particle size reduction may be deleterious for some drug
substances, Increasing surface area by milling or other meth-
ods may lead to rapid degradation of a compound. Drug
subatances may also undergo polymorphic transformation
during the milling process. The preformulator must always
be cognizant of these potential problems and whenever the
decision is made to reduce particle size, the conditions must
be controlled and the stability profile evaluated, If a problem
does arise, it is the responaibility of the preformulator to note
it and attempt to resolve it prior to turning the drug substance
aver to the formulating pharmacist.

Gastrointestinal absorption of a poorly soluble drug may
be affocted by the particle size distribution. If the dissolution
rate of the drug is less than the diffusion rate to the site of
abeorption and the absorption rats itself, then the particle size
of the drug is of great importance. Smaller particles should
increase dissolution rate and thus bring about more rapid
gastrointestinal absorption. One of the first observations of
this phenomenon was made with sulfadiazine. Blood-level
determinations showed that the drug in suspension containing
particles 1to 3 um in size was absorbed more rapidly and more
efficiently than from a suspension containing particles 7 times
larger. Maximum blood levels were about 40% higher and
occurred 2 hours earlier. Increased bicavailability with
particle sizs reduction has also been observed with griseoful-
vin. The extent of absorption of an oral dose increased 2.5
times when the surface area was increased approximately
six-fold. Micronized griseofulvin permits a 50% decrease in
dosage to obtain a satisfactory clinical response,

On the other hand it was found that with nitrofurantoin
there was an optimal average particle size that minimized gide
effects without affecting therapeutic response. In fact a
commercial product containing large particles is available.

For chloramphenicol, particle size has virtually no effect on
total absorption but it significantly affects the rats of ap-
pearance of peak blood-levels of the drug. After adminis-
tration of 50-um particles, as well as 200-um particles, peak
levels occurred in 1 hour; with 400-um particles peak levels
occurred in 2 hours; with 800-um particles peak levels ac-
curred in 3 hours. All four preparations had the same phys-
iological availability, which implies that the absorption of
chloramphenicol occurs unifarmly over a major portion of the
intestinal tract.

Reduction of particle size may also create adverse responses.
For example, fine particles of the prodrug trichloroethyl
carbonate were more toxic in mice than regular and coarse
particles.? Increasing the surface area for water-soluble drugs
and possibly for weakly hasic druga appears to be of little

PREFORMULATION 1411

microscopy, sedimentation, and stream scanning.

Sieving or Screening—Sieving or screening is probably
one of the oldest methods of sizing particles and is still com-
monly using to determine the size distribution of powders in
the size range of 325 mesh (44 um) and greater. These data
usually serve as a rough guideline in evaluating raw materials
with regard to the need for milling. The basic disadvantages
of screen analysis are the largé sample size required and the
tendency for blinding of the screens due to static change or
mechanical clogging. The advantages include simplicity, low
cost, and little skill requirement.

Microscopy—Microscopy is the moet universally accepted
and direct method of determining particle-size distribution
of powders in the subsieve range. The method is tedious and
time-consuming. The preparation of the slide for counting
particles is important because the sample must represent the
particle size distribution of the bulk sample. Extreme care
must be taken in obtaining a truly representative sample from
the bulk chemical. The cone and quartering technique usu-
ally gives s satisfactory sample. The sample should be
properly suspended, dispersed, and thoroughly mixed in a
liquid which has a different refractive index from the particles
being counted. A representative sample is mounted on a slide
having a calibrated grid. For counting, random fields are
selected on the slide and the particles are sjzed and counted.
Between 500 and 1000 particles should be counted to make
statistical treatment of the data meaningful,

Sedimentation—Sedimentation techniques utilize the
dependence of velocity of fall of particles on their size. Ap-
plication is made of the Stokes equation (see page 314) which
describes a relationship between the rate at which a particle
settles in a fluid medium to the size of that particle. Although
the equation is based on spherical-shaped particles, it is widely
used to determine the weight-size distribution of irregu-
larly-shaped particles. Data obtained by this procedure are
usually reliable; however, the result may not agree with those
obtained by other methods because of the limitations of the
shape factor. .

The Andreasen Pipette Method is most commonly used
for sedimentation studies. Exact volumes are withdrawn at
prescribed times and at a specified liquid depth. The liquid
is evaporated and the residue of powder is weighed. The data
are utilized in the Stokes equation and a weight-aize distri-
bution is calculated. Precautions must be observed with thia
method. Proper dispersion, consistent sampling, temperature
control of the suspending medium, and concentration should
be achieved in order to obtain consistent results.

Stream Scanning—Stream scanning is a technique in
which a fluid suspension passes through a sensing zone where
the individual particles are electronically sized, counted, and
tabulated. The great advantage of this technique is that data
can be generated in relatively short perfods of time with rea-
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sonable accuracy. Literally thousands of particles can be L AN o
countad in seconds and used in determining the size distri- o
bution curve. The data are in a number of particles per class _

interval and can be expressed mathematically as the arith-
metic mean diameter and graphed accordingly. Fig 76-2il-
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lustrates a plot of typical data obtained for NBS Standard

Reference Material No 1003.

The Coulter Counter and the HIAC Counter are widely
used in the field of particle size analysis in the pharmaceutical
industry. They can be used to follow crystal growth in sus-
pensions very effectively. Fig 76-3 shows the change in
particle size with time for an aqueous suspension of Form 1
of an experimental drug. It appears that the growth of the

icles decreases significantly after six hours. The photo-
micrograph shown in Fig 76-4 depicts the significant increase
in particle size after six hours. Further treatment of the data
as shown in Fig 76-5 enables one to eatablish rates of growth
for suspended particles. Simply reading off the intércepts
at the 1%, 2% or 3% oversize and plotting this increase in di-
ameter with time enables one to calculate the rate of growth
of particles in a suspension. This is shown in Fig 76-6.

" Partitioning Effect

If an excesa of liquid or solid is added to a mixture of twe
immiscible liquids, it will distribute itself between the two
phases so that each becomes saturated. If the substance is
added to the immiscible solvents in an amount insufficient
1o saturate the solutions it will still distgibute between the two
layers in a definite concentration ratio. 1f Cyand Cs are the
equilibrium concentrations of the aubstance in solvent 1 and

. solvent 2 the equilibrium expression becomes

G

Ca v
The equilibrium constant k is known as the distribution ratio
or partition coefficient. Biologically, in order for a pharma-
cological response to occur it is necessary that the drug mol-
ecule cross a biological membrane. The membrane, consisting
of protein and lipid material, acts as a lipophilic barrier to
most drugs. The resistance of this barrier to drug transfer is
related to the lipophilic nature of the molecule involved. (See
Chapter 37, on Drug Absorption, Action, and Disposition.)

Understanding the partitioning effect and the dissociation
constant enables one to estimate the site of absorption of a

s ek 1 L
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Fig 76-3. Change in particie size with time for an aqueous suspension
of Form 1 of experimental drug.

new chemical entity. If one assumes the stomach to have a
pH range of 1.0 to 3.0 and the small intestines to have a pH
range from b to 8, in most cases acidic drugs (pK, 3) will be
more rapidly absorbed in the stomach whife more basic drugs
(pX. 8) will be absorbed mare rapidly in the intestinal tract.
There are, however, exceptions. Some compounds have low
partition coefficients and/or are highly ionized over the entire
physiological pH range, but still show good bioavailability.

Paolymorphism.

A polymorph is a solid crystalline phase of a given com-
pound resulting from the possibility of at least two different
arrangements of the molecules of the compound in the solid
state. The molecule itself may be of different shape in the two
polymorphs, but that is not necessary and indeed, certain
changes in shape involve formation of different molecules and
hence do not constitute polymorphism. Geometric isomers
or tautomers, even though interconvertible and reversibly so,
cannot be called pelymorphs although they may behaveina
confusingly similar manner.

A aafe criterion for classification of a system as polymorphic
is the following: Two polymorphs will be different in crystal
structure but identical in the liquid or vapor states. Dynamic
isomers will melt at different temperatures, as do potymorphs,
but will give melts of different composition. In time each of
these melts changes to an equilibrium mixture of the two
jsomers with température-dependent compositions. Some
reported cases of polymorphism are undoubtedly dynamic
isomerism, since the two behave quite similarly.
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Fig 76-4. Photornicrographs showing change in crystal sizs for a suspention of Form | of sxperimental drug.

Polymorphism is the ability of any element or compound
to crystallize ea more than one distinct crystalline apecies, eg,
carbon as a cubic diamond or hexagonal graphite. Different
polymorphs of a given compound are, in general, as different
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Fig 76-6. Change In cunuiative count with time for an aqueous sus-
pension of Form | of axperimentat drug.

in structure and properties as the crystals of twa different
compounds. Solubility, melting point, density, hardness,
crystal shape, optical and electrical properties, vapor pressure,
stability, etc. all vary with the polymoephic form. In general,
it should be poasible to obtain different crystal forma of a drug
substance and thus modify the performance properties for
that compound. To do so0 requires a knowledge of the be-
havior of polymorphs. There are numercus revisws on the
subject of polymorphism. 1n addition, numerous indications
of the importance of polymorphism in pharmaceuticals are
reported in the literature. The work of Kuhnert-Brandstattar
et al with steroids, barbiturates, and antihistaminee probably
represents the most intensive study of polymorphism and
drugs. In England, Mesley et al, using infrared spectroscopy
described the polymorphism of stercids, barbiturates, and
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sulfonamides. Preformulation studies usually include rig-
orous studies to determine the presence of polymorphs in new
drug substances being prepared for preliminary investigation
in test animals. Some of the parameters routinely investi-
gated are the number of polymorphs that exist, relative degree
of stability of the various polymorphs, presence of a glassy
atate, stabilization of metastable forms, temperature stability
ranges for each polymorph, solubilities, method of preparation
of each form, effect of micronization or tableting, and inter-
dction with formulation ingredients.

The initial task of the preformulator is to determine
whether or not the drug substance being evaluated exista in
more than one crystailine form. The following procedures
?m ut;ually followed to cause crystallization of a metastable

orm:

(a}  Melt complately a small amount of the compound on « slide and
oheerve the aolidification between crossed polars. If, aftar spontanecus
freezing, a transformation Becurs spontaneously or can be induced by
seeding or scratching, the compound probably exiats in at loast two poly-
morphic forms. [t is essential to prevent nucleation of the stable form b
inducing aupercooling. Supercooling can be induced by using a sma
sample size, by holding the melt for approximately 30 seconds about 10*
above the melting point; by carefully setting aside the compound without
physical shock before observing it; and by tapid cooling of the com-

pound. .

(b) Heat a sample of tha compound on a hot stage and abserve whather
a solid-golid transformation occurs during heating. .

(c) Sublime a small amount of the compound and attempt to induce
& tramsformation between the sublimate and the original sample by mixing
the two in a drop of saturated solution of one of them. If the two are
polymorphs, the more stable one will be more insoluble and will grow at
the expense of the mare soluble metastable form. This process will con-
tinue until the metastahls form is completely tranaformed to the atabla
form. If the samples are not polymorphs, one may dissolve but the other
will not grow. 1f the twao are identical forms nothing will occur.

(d) Maintain an excees of the compound in a amall aimount of solvent
held near the melting point of the compound. Isolate the suspanded solid.
Care should be taken to maintain the tempersture during this step. Test
:}ni isolated material with an original sample using the procedure outlined
n {¢).

(¢) Recrystallize the ecompound from solution by shock-cooling, and
abserve a portion of the pracipitated matatial suspended in a drop of the
mather liquor, . The drop may then be seeded with the original compound
to check for solution phase £ tion. If the precipitate is a different
polymorph, a solution phase transformation should take place.

Once it has been established that polymorphism occurs
there are procedures which enable the preformulator to pre-
pare the various forms in larger quantities for further evalu-
ation and suitability for incorporation into dosage forms.

Once a compound has been ahown to exist in more than one
crystalline form, a number of techniques are available to
identify the different polymorphic phases present. Each of
these techniques could be successful in identifying the phase,
but a combination of methods provides a means for isolation
and identification of each crystalline modification. In order
to confirm the presence of more than one crystalline form of
a compound it is advisable to identify the modifications
present by more than one method. Using only one method
for confirming the presence of polymorphs may somatimes
be misleading.

Microscopy-—Optical crystallography is used in the identification of
polymorphs. Biles in his review of cryatallography discusses this appli-
cation. Crystals exist in isotropic and anisotropic forms, When isotropic
crystals are present the velocity of light ia the same in all directiona while
anisatropic crystals have two or three different light velocities or refractive
ir;ldicu. This method requires the aervices of a trained crystallogra.

er.

P Hot-Stage Methods— The polarizing microacope fitted with a hot or
cold stage is very useful for investigating polymorphs. An experienced
microscopist can quickly tel) whether polymorphs exist; the degree of
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Fig 76-7. Dilatometric curves, theobroma oil, siowly and rapidty
cooled,

lattice is characteristic for a given polymorph. This method has the ad-
vantage over other identification techniquea in that the sample is examined
as presented. Some care ehiculd be ised in reducing and maintaink
particle stzs control. A very small sample size is noeded and the method
is nondestructiva, This method has bean used by several investigators
in identifying polymorphs in pharmaceuticals.

Infrared Spectroscopy-—This procedure ia useful in identification
of orphs. Solid samples must be used since polymorphs of a com-
pound hava identical spactra in solution. The technique can be used for
both qualitative and quantitative identification.

Thermal Methods--Differential scanning calorimetry and differential
thermal analysis have been used extousively to identify polymorphs. In
both methods, the heat los or gain resulting from physical or chemical

occurring in a sample is recorded as a function of temperature as
the substance is heated at a uniform rate. Enthalpic changes, both en-
dothermic and exothermic, are caused by phase transitions. For exampla,
fusion, sublimation, solid-soid transition, and water loss generally produce
endothermic effects while cryntallization produces exothermic effects.
Thermal analysi bles ane to calculate the thermodynamic parameters
for the sy being evaluated. Guillory cbtained the heats of fusion
for sulfathiazole and methylprednisolone. Ravin et al. utilized differential
scanning calorimetry to follow the rate of conversion of sulfathiazole
polymorphs. :

Dilatometry--Dilatometry measures the change in volume caused by
thermal or chemical effects. Ravin and Higuchit utilized dilatometry to
follow the melting behavior of theob oil by ing the specific
volume of bath rapidly and slowly cooled theobroma oll as a function of
increasing tamperature. The p of the metastable form was shown
by a contraction in the t ture range of 20° to 24°. This is illustrated

stabllity of the motastable forms; transition temperatures and melting
points; rates of tranaition under various thermal and physical conditions
and whether to pursue polymorphism aas a route to an Improved dosage
form. Kodlers and McCrona discuss thess methods in detail.

X-Ray Powder Diffraction—Crystalline materials in powder form
give charmcteristic X-ray diffraction pattarns made up of peaks in certain
positions and varying intensities. Bach powder pattern of the crystal

in Fig 76-7. Dilatomatry is ext ly accurate; ho , it is exiremely
tedious and time sumi Tt is not widely used.

Proton magnetic resonance, nuclear magnetic resonance
and electran microscopy are sometimes used to study poly-
morphism.

Polymorphs can be classified into one of two types: (1)
Enantiotropic—one polymorphic form can be reversibly
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Fig 76-8.  Thermograma for Farma I, 1° and Il of SK&F 30097.

changed into nnot.her one by varying the temperature or
pressure, eg, sulfur. (2) Monotropic—one polymorphic form
is unstable at all temperatures and pressures, eg, glyceryl
stearates. At aspecified temperature and pressure only one
polymorphic form wiil be thermodynamically atable. How-
ever, other metastable forma may exist under the same con-
ditions. These metastable forms will convert to the stable
lattice structures with time. The first indication of the sig-
nificance of a polymorphic transformation in a pharmaceutical
system was noted with novobiocin. The amorphous form of
novobiocin was found to be well absorbed; however, when
formulated into & suspension a reversion of the metastable
form {orthe more stable crystallme farm occurred multmg in
poor abeerption... . -

Aﬂor it has been detarmlned thnt adrug subsumcq does
exist in more than one crystalline form, the conditions under
which each ¢an be produced should be established. In this
manner, proper crystallizing conditions can be maintained
from batch to batch to ensure a uniform and acceptable raw
material. Recrystallization solvent, rats of crystallization,
and other factors may cause one crystal form to dominate.
During the preliminary investigation to establish these con-
ditions it is necessary to monitor the forms prepared. For
examplé, during the preliminary work with an indole dariva-
hv‘, differential. scanning calorimetry, X-ray analysis, and

infrared analysis were utilized to establish that polymorphs
were present and that they could be prepared satisfactorily.
Figa 76-8,-76-9, and 78-10 show the respective data for this
conclusion.. When polymorphs are shown to be present, ex-
periments should be designed to determine whether or not the
properties differ sufficiently to alter their pharmaceutical or
biological behavior. -

Dissolution tests can be utilized initially to show differences
in apparent equilibrium solubilities provided a discriminating
solvent system is utilized. Fig 76-11 illustrates dissolution
date for two polymorpbs of an indole derivative which had
similar dissolution in the medium used; however, when a more
discriminating dissolution medium was used it was possible
to show differences in their dissolution characteristica. This
is illustrated in Fig 76-12. From the data presented for the
indole derivative it was concluded that there would be no
appreciable difference in the availability of the two forms if
they were to ba adininistered orally in a solid dosage form.
Subsequent testing in animals confirmed this. The Nemst
equation relates the rate of concentration increase to the
solublhty of u dissolving solid and is commonly written aa:

‘de _ AD
at Vh (€. -
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whore A is the area of the dissolving mterfnce of the nolld D
is the diffusion coefficient of the solute in tha solvent, V is the
volume of tha salvant, A is the thickness of the diffusion layer
and C, and C; are concentration of the solute at saturation and
at time ¢ respectwe)y The equation reduces to‘ ‘
de L AD c

-dt Vh '
for the experimental conditions where C, > C;. Since Disa
property of the solute molecule and the salvent, it is inde.
pendent of the solid state form. The experimental conditions
can be selected such that A, V and h can be maintained con-
stant in measuring the disaolutlon rates of different poly-
morphic forms. The dissolution rate is then directly pro-

LR R « 2 0®m 8§ w8 =
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Fig 78-10. Infrared spactra of Forms |, |* and If of SK&F 30097.
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‘ e that the maximum values obtained were good appminm.tiom ,
S 43 - sonM it of the solubility of the verious forma. Therefore obtaining
f i . data at several temperatures would enable one to calculata the A
:.‘ thermodynamic quantities involved in the transition from the {
: metastable to the stable form. A plot of the solubility data

as a function of temperature in a typical van't Hoff fashion
is shown in Fig 76-16. The straight-line relationship enables
one to calculate the heats of solution for the various forms and
also by extrapolation to approximate the transition temper-

n‘:uea for the various forms. These values are shown in Table
L :

At constant temperature and presaure, the free energy
differences between the polymorphs tan be calculated by:
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Table —Thermodynamic Vakues Calculated for Polymorphe A, 8,

and C of Chioramphenicol Paimitate
Transk
tion
Temp.
(°C.)
to Heat of .

Poly. Formn Sokuaton, AGy, ASxs ASeww
movph A kcal./mole cal./rmole® a.s.u. es.u.*
A — 218 —_ —_ —
B 88 16.4 ~T74 ~18 -17
C 50 17.2 ~465 -13 -14

¢ Calculated foe the conversion to Polymorph A.

- C, Polymorph A
AG =RTIn C, Polymorph B
This equation relates the solubility, C,, of the polymorphic
forms at a particular temperature, T, to the free energy dif-
ferences, AG;. Table I also contains the free energy differ-
ences calculated for the polymorphs. The enthalpy changes
can also be determined for the various transitions by sub-
tracting the heat of solution derived for the stable form from
that of the métastable form. Alsoat any particular temper-
ature, T, the entropy for the transition of polymorphs can be
evaluated by the following relationship:

AS, = AHa._.',;‘— AG

The values computed for the transitions are also included in
Table I. At the transition temperature the AG; is equal to
zero and the entropy can be caleulated neglecting the free
energy term in the above equation.

The thermodynamic relationships discussed are based on
the assumption that Henry's Law is obeyed. Knowledge of
theae thermodynamic relationships enables the preformulator
to select more rationally the more anergetic polymorphic form
of the drug being investigated for further pharmacological
studies and also to have a preliminary assessment of its
probable stability.

When a preformulation group inadequately investigates
polymorphic drug forms, problems may develop during the
development stage. Crystal growth in suspensions resulting
in poor uniformity, poor appearance, poor bioavailability,
transformation occurring during milling or granulation re-
sulting in changes in the physical and biological characteris-
tics, inadequate pharmacologic response, and poor chemical
stability are typical problems that will become evident.

Solubility -

In dealing with new drug substances, it is extremely im-
bortant to know something about their solubility character-
istics, especially in aqueous systems since they must possess
some limited aqueous solubility to elicit a therapeutic re-
sponse. When a drug substance has an aqueous solubility leas
than 1 mg/mL in the physiologic pH range (1-7), a potential
bioavailability problem may exist and preformulation studies
should be initiated to alleviate the problem. Equilibrium
solubility of the drug substance should be determined in a
solvent or solvent system which does not have any toxic effects
on the test animal. This is done by placing an excess of drug
in a vial with the solvent. The vial is agitated at constant
temperature and the amount of drug determined periodically
by analysis of the supernatant fluid. Equilibrium is not
achieved until at least two successive samples have the same
result. Experience with solubility determinations would in-
dicate that equilibrium is usually attained by agitating over-
night (approximately 24 hours). Solubllity determinations
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can be conducted at several temperaturea since the resultant
drug products will ultimately be subjected to a wide variation
in temperature.

If the solubility of the drug substance is less than the re-
quired concentration necesaary for the recommended dose,
steps must be taken to improve its solubility. The approach
taken will usually depend on the chemical nature of the drug
substance and the type of drug product desired. If the drug
substance is acidic or basic, its solubility can be influenced by
pH. Through the application of the Law of Mass Action, the
solubility of weakly acidic and basic drug substances can be
predicted as a function of pH with a considerable degree of
accuracy, utilizing the following equations for the weakly
acidic and basic drugs,

Weak Acid Weak Base
| K, - H+
S“'K'(”(T{‘ﬁ) b,=K.(1+LE;-l)

There are many drug substances for which pH adjustment
does not provide an appropriate means for effecting solution..
Very weakly acidic or basic drugs may require a pH that may
be outside the accepted tolerable physiological range or may
cause stability problems with formulation ingredients. For
example, an experimental indole had an equilibrium solubility
at pH 1.2 of approximately 50 mg/mL, However, when the
PH of this system was increased to approximately 2.0 the
solubility decreased to less than 0.1 mg/mL. In cases like this
one or with nonelectrolytes, it is necessary to utilize some other
means of achieving better solubility.

Cosolvent systems have been utilized quite effectively to
achieve solubility for poorly soluble drug substances under
investigation. Propylene glycol, glycerin, sorbitol, and
polyethylene glycols have enjoyed a wide range of success in
this area. They have been very usefu] and generally accept-
able for improving solubility. Additional solvents, such as
glyceryl formal, glycofurol, ethyl carbonate, ethyl lactate, and
dimethylacetamide have been cited in a review article by
Spiegel and Noseworthy,® however, it must be emphasized
that with the possible exception of dimethylacetamide all of
these solvénts have not been utilized in oral products and their
acceptability may be doubtful. The number of vehicles
readily available to improve solubility is rather limited yet the
frequency of their use is rathet high. Solubilizing a new drug
substance can improve its availability. For example, when
a triazinoindole was administered in a 0.02% solution it
showed an equivalent response in antiviral activity to a 2.5%
suspension. Information generated early in the preformu-
lation stage can result in a refinement of the dosage regimen
and allow for a more accurate estimation of the effective
dose.

Cosolvents usually serve a two-fold purpose in many
pharmaceutical liquid products. Not only do they effect so-
lution of the drug substance but also they improve the solu-
bility of flavoring constituents added to the product. Ideally
in determining the appropriate ratio of cosolvents to achieve
the concentration one must achieve, it is recommended to
effect solution at the concentration desired and then place the
solution at 5° and allow it to equilibrate. If precipitation
occurs under these conditiona it may be necessary to alter the
cosolvent ratio.

Use of surfactants of various types—nonionic, cationic,
anionic—as solubilizing agents for medicinal substances s
widespread (sse Chapter 20, on Colloidal Dispersions, page
287, for illustrations of apecific uses). The effect of Triton
WR-1339 in solubilizing several stercids is shown in Fig
78-18." The effect of an anionic, a cationic, and a nonionic
surfactant on the solubility of an antianginal compound beirg
considered for clinical triala is shown in Fig 76-17. From such
data investigators may be guided in selecting solubilizing

Q\
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Fig 76-18. The stfect of varying concentrations of Triton WR-1339
In water on the solubitity of some anti-inflammatory steroids.

agents for use in preparations to be studied in humans, but
it must be emphasized that the acceptability of a particular
solubilizing agent is dependent also on other factors that de-
termine its suitability for the intended use. For example,
surfactants are known to interact with some preservatives and
thereby decroase preservative action, for which reason the
preformulator should always recommend some type of bic-
logical test to demonstrate that the activity of the drug sub-
stance being studied is not reduced when it is solubilized by
a surfactant. ) )

Complexation phenomena can sometimes be utilized to
impart solubility characteristics,. However, the degree
of association and the extent to which solubility can be in-
creased is generally not adequate for use in pharmaceutical
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Fig 76-17.  Effect of surfactant concemration on the solubliity of SKAF
33134-A.

products. In addition, many complexing agents have phyai-
ological activity. The most noteworthy example of the utility
of complexation to enhance solubility is the PVP-iodine
complex. Hydrotropy can sometimes be utilized to enhance
solubility. High concentrations of urea, salicylates, and
xanthines have been used successfully on several occasions.
Again, the concept is available but the increase in solubility
normally observed is not adequate for use in pharmaceutical
products.

Salt Formation

Salt-forming agents are often chosen empirically by the.

pharmaceutical chemist primarily on the basis of the cost of
raw materials, the ease of recrystallization, and the percentage
yield, Unfortunately there is no reliable way of predicting the
influence of a particular salt species on the behavior of the
parent compound in dosage forms. Furthermore, even when
many salts of the basic compound have been prepared there
are no effective screening techniques which make the sslection
process of the salt an easier task for the pharmacist. The basic
considerations which may have some influence on salt selec-
tion are physical and chemical stahility, hygroscopicity,
flowability, and solubility. :

The number of salt forms available to the chemist is large.
Table I lists the eations and anions present in FDA-approved

Table #—FDA-Approved Commerclally Marketed Salts.

Anion Percont* Anlon ‘Porcent®
Acetate - 1.28 lodide - 2.02
Benzenesulfonate 0.25 Isethionata! 0.88
Benzoate 0.51 Lactate 0.76
Bicarbonate 0.13 Lactobionate 0.13
Bitartrate 0.63 Malate . 0.13
Bromide 4.68 Maleate 3.03
Calcium edetate 0.25 Mandelate 0.38
Camsylata® 0.26 Mesylate 202
Carbonate 0.38 Methylbromide 0.78
Chloride 4.17 Methylnitrate 0.38
Citrate 3.03 Mothylsulfats 0.88
Dihydrochloride 0.51 Mucate 0.13
Edetate 0,25 Napsylate 0.25
Edisylats* 0.38 Niteate . 0.64
Eastolate* 0.13  Pamoate (Embonats) 1,01
Faylate* 0.13 Pantothenate 0.25
Fumarats 0.25 Phoaphate/diphosphate ©  3.16
Gluceptats’ 0.18 Polygalacturonate 0.13
Gluconate 0.51 'Salicylate 0.88
QGlutamate - ' 026 Stéarate 0.25
Glycollylarsanilate? 013 Subacetate 0.38
Hexylrosorcinate 0.13 Succinate 0.38
Hydrabamine® 0.26 Sulfate 7.48
Hydrobromide 1.90 Tannate 0.88
Hydrochloride 42.98 Tartrate 3.54
Hydroxynaphthoate 0.25 - Teoclate’ 0.13

. Triethiodide 0.13

Catlon Percont Catlon Porcent®

Organic: Moetallic:
Benzathine® 0.68 - Aluminum 0.68
Chloroprocaine 0.33 Caleium 10.49
Choline 0.33 Lithium 1.64
Diethanolamine 0.98.  Magpesium 1.81
Ethylenediamine 0.68 Potassium 10.82
Meglumine! 2.29 Sodium 61.97
Procaine 0.66 Zinc 2.85
¢ Parcent is based on iber of anjonic or cationlc salts in use through
1874. % Camph ;‘(‘ ¢ 1,2-Ethanedisulfonate. ¢ Lauryl suifate,
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commercially marketed salts of pharmaceutical agents.® The
monoprotic hydrochlorides have been the most frequent
choice of the available anionic salt-forming radicals, while
sodium has been the most predominant cation. During pre-
formulation evaluation it is extremely important to establish
that the particular salt form in question will have properties
that will result in a minimum of problems during the devel-
opment of the dosage forms. Since toxicity studies are ususlly
initiated soon after a compound has been designated for fur-
ther studies in man it is important that the salt form selected
has been given a critical evaluation to determine whether or
not its properties are suitable,

Since physical and chemical stability are vital to any
pharmaceutical product it 8 imperative that the preformu-
lator evaluate both parameters. A systematic determination
of the thermal stability, solution stability (at several pH’s) and
light senasitivity of the drug substance provides essential input
toward the selection of the most auitable derivative. Studies
are usually initiated early to identify problems. Samples of
the salts in question are usually placed under oxaggerated
conditions of heat anq light in the presence and absence of
moisture and subsequently analyzed to determine the amount
of breakdown. In many instances stability-indicating ana-
lytical methods may not be available. In these cases it is
necessary to resort to thin-layer chromatography to establish
a qualitative assessment of stability. At the same time sam-
ples are placed under high-humidity conditions and weighed
periodically to determine the degree of hygroscopicity of the
compounds. Compounds that have a tendency to adsorb or
absorb moisture may present flowability problems during
encapsulation.

Solubility characteristics are also evaluated. When a
particular salt form has very good solubility (greater than 10%)
it is sometimes difficult to prepare a suitable granulation using
an aqueous granulating fluid, especially for high doses.
Granulations prepared by these methods will not dry satis-
factorily or the granulation will not flow uniformly from the
hopper, tesulting in large weight variation during the com-
pression stage. A critical evaluation of this type with different
salt forms has been proven quite effective in enabling the
preformulator to maks the selection of the salt form of choice
for further development.

Chemical Propodloo

The evaluation of the physical and chemical stability of a
new drug substance is an important function of the prefor-
mulation group. The initial work should be designed to
identify those factors that may result in an alteration of the
drug substance under study. The physical pharmacist can
initially anticipate the possible type of breakdown that &
compound will be subjected to by examination of the chemical
structure of the compound.  For example, esters and amides
are senaitive to hydrolytic degradation while acridanes and
catecholamines are sensitive to oxidation degradation. With
this preliminary knowledge he can mare effectively design his
studies to identify the problems early. At this point the pri-
mary concern is not the pathway or mechanism of degrada-
tion. A stability-indicating method of analysis is usually not
available early in the preformulation phase. Techniques such
as thin-layer chromatography, diffuse reflectance, and ther-
mal analysis can be utilized to provide data to assess prelim-
inary stability. Sometimes the preliminary evaluation is
complicated by the presence of impurities. It is essential that
the drug under study be pure before any stability tests are
undertaken. The presence of impuritiea can lead to erroneous
conclusions in the preformulation evaluation.

Drug Substance Stability-—It is extremely important to
determine the stability of the bulk chemical as early as pos-
sible. One would hardly expect to prepare stable dosage
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forms with a chemical substance that was not stable in the
pure state. Samples of the chemical are usually subjected to
various conditions of light, heat, and moisture in the presence
and absencs of oxygen. The chemical is placed in sealed vials
with and without moistute and atored at various elevated
temperatures which may vary to some degree from laboratory
to laboratory. Light sensitivity is measured by exposing the
surface of the compound to light. Sunlamps are sometimes
used to exaggerate light conditions. Hygroscopicity is eval-
uated by placing the chemical in open petri dishes at relative
humidities from 30 to 100%. The samples are monitored
regularly for physical changes, moisture pick-up and chemical
degradation.

Most drug substances are either stable at all conditions, or
stable under special conditions of handling, or unstable with
special handling, or unstable. When drug substances are
found to have some stability problems, then it may be im-
portant to define the pathway of degradation and initiate
studies to stabilize the compound with appropriate addi-
tivea. :

At this point it may be advisable to consider some of the
mors prominent reactions accounting for instability of new
drug substances. Obviously, some compounds will not un-
dergo any appreciable decompasition if kept dry and away
from air in a sealed container. We must always assume that
the new drug subetance is in some kind of formulation envi-
ronment that may lead to instsbility problems.

Hydrolytic Degradation—Hydrolysis is probably the
degradative process most frequently encountered in the for-
mulation of new drugs. It is safe to assume that most new

. drugs will be exposed to water at some stage during proceasing

or during storage; hence, hydrolysis may occur unless the
conditions are optimum. Hydrolysis occurs with esters,
amides, salts of weak acida and strong bases, and thioesters
among others. A few drug compounds that undergo hydro-
lytic degradation are procaine, penicillin, aspirin, and chlo-
rothiazide.

From a kinetic standpoint hydrolysia reactions are sec-
ond-order reactions because the rata is proportional to the
concentration of two reactants. However, in aqueous solu-
tions since water is usually present in excess and at relatively
constant concentration, the reactions are treated experi-
mentally as monomalecular or first-order reactions. This
simplification permits calculations of the extent of decom-
position under precise experimental conditions by less com-
plicated means. Extrapolation of the exaggerated rates to
room temperature makes it possible to more expeditiously
establish shelf-life stability of potential new drug products.

‘The rate of hydrolysis can be affected by temperature and
by hydrogen or hydroxyl ion concentration when the hydro-
lytic process is dependent on pH. Fig 76-18 shows the

% Corbuterol Remaining

10 1 1 Il 1 i L
100 200 300 400 500 600
Tima(minutes)

Fig 76-18. Effect of pH on cartiuterol degradation at 86° (i =
0.5).
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Fig 76-19. Typical Arrhenlus-type plol depicting the temperature
dependency of carbiuterol hydrolysis at pH 4.0 and 10.0.

peeudo-first-order behavior as a function of pH for carbuterol
in aqueous solution at constant ionic strength at 85°. . The
effect of temperature is illustrated in Fig 76-19 for carbuterol
at pH 4.0 and 10.0 rey vely.? When we are concerned with
solids, the amount of moisture present is minimal. When a
physical pharmacist has a drug substance that undergoes
hydrolytic degradation, he usually designa studies to establish
the conditions of pH and buffer concentration where mini-
mum decomposition occurs. There is sometimes a wide range
of pH adjustment that a drug substance can tolerate. For
example, idoxuridine was shown to have maximum stability
over a pH range from 2 to 8. Fig 76-20 shows the pH-stability
profile.1® Another drug substance, carbuterel, hydrolyzed
by an intra-molecular process showed maximum stability over
awide pHrange. Even though these compounds had a wide
range of pH for optimum stability in aqueous solution they
could not be formulated and provide producta with satisfac-
tory shelf lives without special cosolvent systems and/or
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Fig 78-20. Piot showing pH-rate prafile for hydrolysis of idoxuridine
8 80°. Circles reprasent experimental results.  Solid line corresponds
to theoretical pHrate profite.  Broken line desgignates contribution of
k1, kg, and ky at any pH vatue.
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Fig76-21. pH-Rate profile of cotazolin degradation in squeous soktion -

at 80° (4 = 0.5). Soidline: theoretical profile; circies:  exporimental
profile; squares: rates uncorracted for buffer effect,

special storage conditions. Cefazolin was shown to have a
narrow pH range for maximum stability as indicated in Fig
76-21.1t  Buffering aqueous solutions to provide a pH for
optimum stability can lead to stability problems. Stability
is sometimes affected by buffer concentration, for example,

carbuterol stability was shown to be affected by phoaphate
buffer concentration.

Another manner in which the physical pharmacist.can .

overcome an instability due to hydrolysis is to recommend the
preparation of an insoluble salt form or to prepare a solid
dosage form. Insoluble chlorothiazide is stable in neutral
aqueous suspensions but solutions of the sodium salt at rela-
tively high pH's decompose rapidly. Frequently the re-
placement of water by some other solvent such aa aleohol or
the polyhydroxy solvents reduces the hydrolytic rate of deg-
radation for some systems. Acetylsalicylic acid suspensions
containing high concentrations of sorbitol improved stability.
Ampicillin was also shown to be more stable when the con-
centration of alcohol was increased. Higuchi and his asso-
ciates greatly reduced the hydrolytic rate of degradation for
aromatic esters by forming molecular comploxes.

It has also recently been shown that stability of some
compounds may vary depending on whéther or not they exist
in the micellar or nonmicellar atate. 'Recently Koatanbauder
showed a difference in the chemical stability of penicillin that
existed in the micellar state from that in the monomeric
state,

Oxidatlon—Oxidative degradation is as important as hy-
drolysis in the preliminary stability evaluation of new drug
substances. Studies should be initiated to establish the oxi-
dative route, then steps should be taken to determine what
additivea can minimize the degradation. Oxidative degra-
dation is common with many drug compounds. Ascorbic ecid,
epinephrine, vitamin A, chlorpromazine, isoproterenol,
morphine, resorcinol, and unaaturated fats and oils are subject
to oxidative degradation. The oxidation reaction depends
on ssveral factors, including temperature, oxygen concen-
tration in the liquid, impurities present, and the concentration
of the oxidizable component. The temperature effect in so-
lutions is usually minimal; however, in the dry state it is more
pronaunced sincs other factors such as moisture dictats its
stability behavior.




Initially it is important to establish that oxidation is taking
place. Solutions of the drug substance in question are ex-
posed to various exaggerated conditions of light and oxygen
tension in amber and flint-glass containers, Samples are
analyzed for degradation. When it has been established that
the oxidative route is the principal pathway for degradation,
apprapriate additives are utilized to determine what effect
they might have on the stability. pH sometirnes is critical
8ince a great number of oxidation-reduction processes depend
on the concentration of hydrogen or hydroxyl ions. Light
usually accelerates the degradation, thus the storage of
products in dark containers does much to preserve stability,
Photochemical changes many times involva the formation of
other reactive compounds or free radicals which function to
propagate the decomposition, once started. Auto-oxidation
may occur in the absence of light when susceptible materials
such as fats and oils are stored in the presence of air. The
auto-oxidation of phenolic compounds is of special signifi-
cance since compounds siich as epinephrine and isoproterenol
degrade in this manner. Heavy metal ions, eg, cupric and
fertic, accelerate the oxidation of ascorbic acid and the phe-
nothlazines. Frequently only trace quantities of these iona
occurring as impurities may be sufficient to cause an increased
rate of decomposition. This can be a consistent problem since
many of the so-called inert ingredients may have heavy metal
contaminants,

‘The oxygen concentration in solution is a factor in many
cases and often depends upon the temperature of storage or
the solvent employed. Oxygen Is more soluble in water at
lower temperatures 8o that oxygen-dependent reactions can
sometimes proceed more rapidly at the lower temperatures.
Ascorbic acid is more stable in 90% propylene glycol or in USP
syrup than in water, presumably bécause of the lower oxygen
concentration in these vehicles. Oxidative degradation is an
extremely complex process since the overall rate is dependent
upon several factors. Preparations sensitive to oxidation are
sometimes stabilized by effectively removing the oxygen and
by the addition of suitable additives. Nitrogen flushing has
been utilized succesafully for this purpose. A wide variety of
reducing agents and compounds to sequester metals and in-
hibit chain reactions have been employed for stabilization, but
relatively few are acceptable for parenteral products. Of-
tentimes it is necessary to combine ingredients and adjust pH
to maximize stability. Detailed kinetic studies have been
reported for the oxidative decomposition of prednisolone.

The physical pharmacist has a difficult task with oxidative
degradation. He must design experiments initially that will
encompass many variables. Preparing samples at several
congentrations containing antioxidants plus sequestering
agenta at several pH levels and placing them in flint or amber
containers with and without nitrogen is commonplace pro-
cedure. The subsequent evaluation of these limited data is
critical. Light-sensitivity studies with several formulations
of prochlorperazine resulted in the selection of a stable for-
mula. In astudy with idoxuridine it was shown that placing
the aqueous golution in an amber container was sufficient to
protect the product from oxidative degradation.

Drug Substance-Excipient Interaction—Drug sub-
stance-excipient studies are designed to determine a list of
excipients that can be used routinely in the final dosage forms,
Lactose, sucrose, calcium sulfate, dicalcium phosphate, starch,
and magnesium stearate are some of the substances routinely
tested in combinations. Some basic observations with the
drug substance and/or its salt form can sometimes dictate
what excipients can be used. For example, one would not
consider using eucrose or lactose if the drug substance being
considered is a primary amine. This system has the potential
for interaction to form a colored compound readily detected
by a color change.

Various means have been utilized for detecting potential
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na. ‘This has

mc;rﬂo sasily be detarmined.

. Mixtures containing at Jeast two levels of drug concentra.
tion with excipients are sealed in vials wntairﬂrnugs% water in
half of the samples. These vials are stored under exaggerated
conditions of light and heat for various time periods. The
resultan_t samples are ohserved physically and analyzed by an
appropriate technique to get a qualitative determination. At
this peint in the stability evaluation, which is a preliminary
screening process, it is not Receossary to know exactly how
much has degraded. It is an all-or-none type effect. The
search is for the excipienta that have no effect on the stability
of the active ingredient. ]

When solution interactions are being investigated and no
incompatibilities are evident, it is wise to recommend an in
vivo experiment to evaluate availability. On oceasion inter-
action may occur in solution that is not detectable with routine
procedures. For example, clindamycin wag found to interact
:;"tlh cyclamates and interfere with the absorption of the

g

Other Changes—Optically active substances may loge
their optical activity without a structural change. If the en-
tiomorphic compounds possess different degrees of physio-
logic action, such changes may result in reduced therapeutic
effecta. Epinephrine has been shown to undergo racemization
under various acidic and basic conditions, Although the
potential for this to become evident during a preformulation
evaluation is rare, one ahould always be aware of this possi-
bility. Polymerization is also a remote poasibility. Darkening
of glucose solution is attributed to polymerization of the
breakdown product, §-hydroxymethylfurfural. Isomeriza-
tion, which is the procesa involving the change of ane structure
into another having the same empirical formula hut with
different properties in one or more respects, can also occur,
Again, the occurrence is rare. Deamination and decarbox-
ylation can sometimes occur. "This type of change would be
easily detected since the resultant degradation products would
have completely different properties.

Permeabiliity

A preformulation evaluation should Include studies to as-
sess the passage of drug molecules across biological mem-
branes. These membranes act as lipid barriers to most drugs
and permit the abeorption of lipid-soluble substances by
passive diffusion. Lipid-insoluble substances can croaa the
barrier only with cansiderable difficulty. The pH-partition
theory explains the interrelationship of the dissociation
constant, lipid solubility, pH at the absorption site, and the
absorption charactsristics of drugs across membranes. The
theory has evolved following a series of investigations in lab-
oratory animals and man and is the basls of much of the cur-
rent understanding of absorption of drugs.

Data obtained from basic physical-chemical studies de-
acribed earlier may give the preformulation scientist an in-
dication of possible absorption difficulties. Experimental
techniques are available that can be utilized to give a more
accurate assessment of absorption problems. An in vitro
system that has been used extensively consista of an aque-
ous/organic solvent/aqueous system which has the advantage
of being simple, allows for accurate PH control, membrane
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thickness, and other variables. [t can be described mathe-
matically in precige terma. However, the interpretation and
correlation of data are limited when applied to biological
systems.

Another in vitro procedure, the everted sac technique, is
a simple and reproducible method for determining the ab-
sorption characteristics of drugs. Isolated segments of rat
small intestines are everted and filled with a solution of the
drug being evaluated and the passage of drug through the
membrane is determined. This technique has been used to
measure the permeability of a number of drug subetances.!?
It can also evaluate both passive and active transport of drugs,
The fact that the preparation has been removed from the
animal and its normal blood supply is a distinct disadvan-

The in situ technique developed by Doluisio, et al'® for the
study of membrane permeability appears to overcome the
disadvantages of the everted sac technique. Since the in-
testine ia not removed from its blood supply the results would
be expected to he similar to those obtained in intact animals,
A disadvantage of the technique is that the procedure does not
aceount for the loss of fluid from the solution by absorption
in the intestine. Nonabsorbable markers, ie, phenol red, can
be added to the drug solution to solve this problem.

The techniquea described can give the preformulation sci-
entist an indication of poasible absorption problems or suggest
that little or no difficulty will be obeerved in the passage of a
particular drug product throught the biological membranes.
This information, along with eventual atudies in man, serves
to establish poasible in vitro/in vivo correlation for dissolution
and bioavailability. These data are important in establishing
quality control specifications for the products which will en-
surg consistent biological performance from subsequent
lota.

Formulation In_grodlonia

Although preliminary screening of commonly used excipi-
ents with new drug subatances has become routine in prefor-
mulation studies, there are occasions when problems arise
because of the interaction with additives such as preservatives,
stabilizers, dyes, and possibly flavors. A discussion of some
problems that have rigen is in order to make formulators aware
that they should be concerned about the potential for inter-
action whenever another ingredient is added to a formula-
tion.

Preservatives—FEach time a liquid or semisolid pharma-
ceutical dosage form is prepared it is necessary to include a
preservative in the formulation. Such preservatives as so-
dium benzoate, sorbic acid and the methyl and propyl eaters
of p-hydroxybenzoic acid have been utilized in these systems
for many years. There have been reports that the parabens
have been inactivated when used in the presence of various
surface-active agents and vegetable guma. This loss of ac-
tivity might be due to the formation of complexes between the
preservative and the surfactant. Kostenbauder utilized a
dialyeis technique to demonstrate an interaction between
polysorbate 80 and the methyl and propyl esters of p-hy-
droxybenzoic acid. This observation becomes critical if the
level of preservative added is borderline with reapect to the
preservative activity threshold. The desired preservative
effect may not be achieved unless an excess of the preservative
is added to compensate for that which is complexed. It has
also been shown that molecular complexes form when the
p-hydroxybenzoates are mixed with polyethylene glycol,
methylcellulose, polyvinylpyrrolidone, and gelatin, The
degree of binding was lesa than that observed with polysorbate
80. Sorbic acid also interacta with the polysorbates but does
not interact with the polyethylene glycols. The quaternary
ammonjum compounds are also bound by polysorbate 80 to

reduce their preservative activity. Benzyl alcohol was alsg
shown to be adsorbed by certain types of rubber stoppers,
Subeequent work has shown that buty! rubber does not in-
teract with benzyl alcahol.

Antfoxidants—During the preformulation evaluation of
compounds that are sensitive to oxidation it is often com.
monplace to add several levels of antioxidant concentrations
to aqueous systems in order to determine the relative effac.
tiveness of the antioxidants. Sodium bisulfits and ascorbic
acid are two antioxidants that enjoy widespread usage in
pharmaceutical systems. Sodium bisulfite yields a colorless
water-soluble salt when it is oxidized. 1t is also a very reactive
ion. It will add to double bonds, react with aldehydes and
certain ketonea and contributes in bisulfite cleavage reactions,
Many of the reactions with bisulfite are irreversible and the
resulting sulfonic acids frequently are biologically inactive,
Epinephrine has been shown to interact with bisulfite to form
a bisulfite addition product. Other sympathomimetic drugs,
principally the ortho- or para-hydroxybenzyl alcohol deriv-
atives, also react with bisulfite in a similar manner. The
meta-hydroxy alcohol did not react. Sometimes these in-
toractions are reversible as in the case with the adrenocort-
icosteroid molecules. .

Ascorbic acid on the other hand is relatively nonreactive.
However, when mized with compounds having a primary
amine nucleus there is the tendency for interaction to form
a highly colored Schiff base. One must be aware of this pos-
sibility when selecting a suitable antioxidant.

Suspending Agents—Occasionally it will be necessary to
consider usk of a suspending agent to prepare some prelimi-
nary suspension preparations for stability evaluation prior to
starting toxicity testing. The physical pharmacist should be
aware of the potential for these additives to react with the drug
substance being evaluated. Anionic water-soluble compounds
such as sodium carboxymethylcellulose, alginic acid, carra-
geenin and other hydrocolloids, although generally considered
inert, frequently interact in solution with drug compounds.
Carboxymethylcellulose and carrageenin form complexes or
poasibly salts with many medicinal agenta including procaine,
chlorpromazine, benadryl, quinine, chlorphaniramine, neo-
mycin, and kanamycin. In some instances the formation of
the complex imparted better stability to the system. When
this problem is suspect it is important to conduct appropriate
tests to insure that an interaction does not take place in the
system being evaluated. .

Dyes—Although preformulation tests are usually con-
ducted long before any consideration of coloring the intended
dosage forms, they should not be overlooked. Dyes are
chemical in nature and contain reactive sites capable of
causing incompatibilities. Several studies have demonstrated
that certified dyes do react with drug substances. Sugars such
as dextroee, lactose and sucrose were found to increase the rate
of fading of FD&C Blue #2. Insoluble complexes were also
formed when quaternary ammonium compounds were for-
mulated with FD&C Red #1 and Blue #1.

Summary

The preformulation evaluation of new drug substances has
become an integral part of the development process. A
thorough understanding of the physical-chemical properties
of the new drug substance under study provides the devel-
opment pharmacist with data that are essential in designing
stable and efficacious dosage forms. Many of the problems
discussed and the solutiona offered in this chapter resulted
from application of scientific training of present-day phar-
maceutical scientists. Their diverse skills, creative aptitudes,
and initiative provide the pharmaceutical industry with the
essential ingredionts to develop drug products that help

-
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ISOINDOLINES, METHOD OF USE, AND
PHARMACEUTICAL COMPOSITIONS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This is a divisional of Ser. No., 09/230,389, now
abandoned, which is based on PCT/US97/13375 filed Jul.
24, 1997, which is a continuation of Ser. No. 08,690,258
filed Jul. 24, 1996, now U.S. Pat. No. 5,635,517, which is a
continuation of Ser. No. 08/701,494 filed Aug. 22, 1996 now
U.S. Pat. No. 5,798,368, and provisional application Ser.
No. 60/048,278 filed May 30, 1997.

DETALLED DESCRIPTION

The present invention relates to substituted 2-(2,6-
dioxopiperidin-3-yl)phthalimides and subslituted 2-(2,6-
dioxopiperidin-3-yl)-1-oxoisoindolines, the method of
reducing levels of tumor necrosis factor @ in a mammal
through the administration thereof, and pharmaceutical com-
positions of such derivatives.

BACKGROUND OF THE INVENTION

Tumor necrosis factor o, or INFa, is a cylokine which is
released primarily by mononuclear phagocyles in response
o a mumber immunostimulators. When administered to
animals or humans, it causcs inflammation, fever, cardio-
vascular effects, hemorrhage, coagulation, and acute phase
responses similar to those seen during acute infections and

shack states. Excessive or unrcgulated TNFa production ~

thus has been implicated in a number of discase conditions.
These include endotoxemia and/or toxic shock syndrome
{'Tracey et al., Narure 330, 662—664 (1987) and Hinshaw ct
al,, Circ. Shock 30, 279-292 (1990)}; cachexia {Dezube et
al,, Lancet, 335 (8690), 662 (1990)} and Adult Respiratory
Distress Svndrome where TNFa concentration in cxcess of
12,000 pg/mL have been detected in pulmonary aspirates
from ARDS patients {Millar et al., Lancer 2(8665), 712-714
(1989)}. Systemic infusion of recombinant TNFo also
resulicd in changes typically secn in ARDS {Ferrai-
Baliviera et al,, Arch. Surg. 124(12), 1400-1405 (1989)}.
TNFa appears to be involved in bone resorption discascs,
including arthritis. When activated, leukocytes will produce
bone-resorption, an activily to which the data suggest TNFa
contributes. {Bertolini et al., Narure 319, 516-518 (1986)
and Johnson et al, Endocrinology 124(3), 1424-1427
(1989).} TNFo also has been shown to stimulate bone
resorption and inhibit bone formation in vitro and in vivo

through stimulation of osteoclast formation and activation S

combined with inhibition of osteoblast function. Although
TNFa may be involved in many bone resorption diseases,
including arthritis, the most compelling link with discase is
the association between production of TNTFaq by tumor or

host lissues and malignancy associaled hypercalcemia s

{Calci. Tissue Int. (US) 46(Suppl.), $3-10 (1990)}. In Grafi
versus Host Reaction, increased serum TNFe levels have
been associated with major complication following acute
allogenic bone marrow transplants {Holler et al., Blood,
75(4), 1011-1016 (1990)}.

Cerebral malaria is a lethal hyperacute ncurological syn-
drome associated with high blood levels of TNFa and the
most severe complication occurring in malaria patients.
Levels of serum TNFa correlated dircctly with the severity
of disease and the prognosis in patients with acute malaria
attacks {Grau et al, N. Engl. J. Med, 320(24), 1586-1591
(1989)}.
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Macrophage-induced angiogenesis TNFe is known 1o be
mediated by TNFa. Leibovich et al. {Nalurq, 329, 630632
(1987)} showed TNFo induces in vivo capillary blood
vessel formation in the rat cornea and the developing chick
chorloallantoic membranes al very low doses and suggest
TNFa is a candidate for inducing angiogenesis in
inflammation, wound repair, and tumor growth. TNFa. pro-
duction also has been associated with cancerous conditions,
particularly induced tumors {Ching et al., Brir, J. Cancer,
(1955) 72, 339-343, and Koch, Progress in Medicinal
Chemistry, 22, 166-242 (1985)}. :

TNFa also plays a role in the area of chronic pulmonary
inflammatory diseases. The deposition of silica particles
leads 1o silicosis, a disease of progressive respiratory failure
caused by a [ibrotic rcaction. Antibody to TNFe completely
blocked the silica-induced lung fibrosis in mice {Pignet et
al, Nature, 344:245-247 (1990)}. High levels of TNFa
production (in the serum and in isolated macrophages) have
been demonstrated in animal models of silica and asbestos
induced fibrosis {Bissonnette et al., Inflammation 13(3),
329-339 (1989)}. Alveolar macrophages from pulmonary
sarcoidosis paticnts have also been found 1o spontancously
release massive quantities of TNFa as compared with mac-
rophages from normal donors {Baughman et al., J. Lab.
Clin. Med. 115(1), 3642 (1990)}.

TNFa is also implicated in the inflammatory response
which follows reperfusion, called reperfusion injury, and is
a major cause of tissue damage afier loss of blood flow
{Vedder et al., PNAS 87, 2643-2646 (1990)}. TNFa also
alters the properties of endothelial cells and has various
pro-coagulant activities, such as producing an increase in
tissue factor pro-coagulant activity and suppression of the
anticoagulant protcin C pathway as well as down-regulating
the expression of thrombomodulin {Sherry et al,, J. Call
Bial. 107, 1269-1277 (1988)}. TNFct has pro-inflammatory
activities which together with its carly production (during
the initial stage of an inflammatory event) make it a likely
mediator of lissue injury in several important disorders
including but not limited 1o, myocardial infarction, stroke
and circulatory shock. Of specific importance may be
TNFa-induced expression of adhesion molecules, such as
intercellular adhesion molecule (ICAM) or endothelial leu-
kocyte adhesion molecule (ELAM) on cndothelial cells
{Munro et al,, Am. J. Path. 135(1), 121-132 (1989)}.

TNFa blockage with monoclonal anti-TNFa antibodies
has been shown 10 be beneficial in rheumatoid arthritis
{Elliot ¢t al, Inr. J. Pharmac. 1995 17(2), 141-145} and
Crohn’s discase {von Dullemen et al., Gastroenterology,
1995 109(1), 129-135}

Moreover, it now is known that TNFa. s a potent activator
af retrovirus replication including activation of 11T V-1. {Duh
etal,, Proc. Nat. Acad. $ci. 86, 5974-5978 (1989); Poll ¢t al.,
Proc. Nar. Acad. Sci. 87, 782-785 (1990); Monto et al.,
Blood 79, 2670 (1990); Clouse et al,, J. Immunol. 142,
431438 (198Y); Poll et al., AIDS Res. Hum. Retrovirus,
191197 (1992)}. AIDS results from the infection of T
lymphocytes with Humian Immunodeficiency Virus (HIV).
At least three types or strains of HIV have been identified,
te., HIV-1, HIV-2 and HIV-3. As a consequence of HIV
infection, T-cell mediated immunity is impaired and infected
individuals manifest severe opportunistic infections and/or
unusual neoplasms. HIV entry into the T lymphocyte
requires T lymphocyte activation. Other viruses, such as
HIV-1, HIV-2 infect T lymphocytes after T cell activation
and such virus protein expression and/or replication is
mediated or maintained by such T cell activation. Once an
activated T lymphocyte is infected with HIV, the T lympho-
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cyte must continue to be maintained in an activated state to
permil HIV gene expression and/or HIV replication.
Cytokines, specifically TNFa, are implicated in activated
T-cell mediated HIV protein expression and/or virus repli-
cation by playing a role in maiataining T lymphocyte
activation. Therefore, interference with cytokine activity
such as by prevention or inhibition of cytokine production,
notably TNFa, in an HlV-infected individual assists in
limiting the maintenance of T lymphocyte causcd by HIV
infection.

Monocytes, macrophages, and rclated cells, such as
kupffer and glial cells, also have been implicated in main-
tenance of the 11V infection. These cells, like T cells, are
targets for viral replication and the level of viral replication
is dependent upon the activation state of the cells. {Rosen-
berg et al, The Immunopathogenesis of LIV Infection,
Advances in Immunology, 57 (1989)}. Cytokines, such as
TNFa, have been shown to activate HIV replication in
monocytes and/or macrophages {Poli et al., Proc. Natl.
Acad. Sci., 87, 782-784 (1990)}, therefore, prevention or
inhibition of cytokine production or activity aids in limiting
HIV progression for T cells. Additional studies have iden-
tificd TNFa as a common factor in the activation of HIV in
vitro and has provided a clear mechanism of action via a
nuclear regulatory protein found in the cytoplasm of cells
(Osborn, ¢t al., PNAS 86 2336-2340). This evidence sug-
gests that a reduction of TNFa synthesis may have an
antiviral effect in HIV intections, by reducing the transcrip-
tion and thus virus production.

AIDS viral replication of latent HIV in T cell and mac-
rophage lines can be induced by INFa {Folks el al., PNAS
86, 2365-2368 (1989)}. A molecular mechanism for the
virus inducing activity is suggested hy TNFa's ability to
activate a gene regulatory protein (NFxB) found in the
cytoplasm of cells, which promotes HI'V replication through
binding 10 a viral regulatory gene sequence (LTR) {Osborn
¢t al,, PNAS 86, 2336-2340 (1989)}. TNFa in AIDS asso-
ciated cachexia is suggested by clevated serum TNFa and
high levels of spontancous TNFa production in peripheral
blood monocytes from patients {Wright et al., J. Immunol.
141(1), 99-104 (1988)}. INFa has Leen implicated in
various roles with other viral infections, such as the cytome-
galia virus (CMV), influenza virus, adenovirus, and the
herpes family of viruses for similar reasons as those noted.

‘The nuclear factor kB (NFkB) is a pleiotropic transcrip-
tional activator (Lenardo, et al.,, Cell 1989, 58, 227-29).
NF«B has been implicated as a transcriptional activator in a
varicty of discasc and inflammatory states and is thought to
regulate cytokine levels including but not limited to TNFa

and also to be an activator of HIV transcription (Dbaiba, et s

al., J. Biol. Chem. 1993, 17762-66; Duh et al., Proc. Natl.
Acad. Sci. 1989, 86, 5974-78; Bachelerie et al., Nature
1991, 350, 709-12; Boswas et al., J. Acquired Immune
Deficiency Syndrome 1993, 6, 778-786; Suzuki el al, Bio-
chem. And Bioplys. Res. Comm. 1993, 193, 277-83; Suzuki
et al, Biochem. And Biophys. Res Comm. 1992, 189,
1709-15; Suzuki et al., Biochem. Mol. Bio. Int. 1993, 31(4),
693 700; Shakhov et al., Proc. Natl. Acad. Sci. USA 1990,
171, 35-47; and Staal et al., Proc. Natl. Acad. Sci. USA
1990, 87, 9943-47). Thus, inhibition of NFxB binding can
regulate transcription of cytokine gene(s) and through this
modulation and other mechanisms be useful in the inhibition
of a multitude of discase states. The compounds described
herein can inhibit the action of NFxB in the nuclcus and thus
are useful in the treatment of a variety of diseases including
bul not limited to rheumatoid arthritis, rheumatoid
spondylitis, osteoarthrilis, other arthritic conditions, septic
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shack, septis, endotoxic shock, graft versus host disease,
wasting, Crohn’s discase, ulcerative colitis, multiple
sclerosis, systemic lupus erythrematosis, ENL in leprosy,
HIV, AIDS, and opportunistic infections in AIDS. TNFa and
NFkB levels are influenced by a reciprocal feedback loop.
As noted above, the compounds of the present invention
affect the levels of both TNFa and NFkB.

Many cellular functions are mediated by levels of adenos-
inc 3',5'-cyclic monophosphate (cAMP). Such ccllular func-
tions can contribute to inflammatory conditions and discases
including asthma, inflammation, and other conditions (L.owe
and Cheng, Drugs of the Future, 17(9), 799-807, 1992). It
has been showan that the elevation of cAMP in inflammatory
leukocytes inhibits their activation and the subsequent
release of inflammatory mediators, including TNFea and
NF«B. Increased levels of cAMP also leads to the relaxation
of airway smooth muscle.

Decreasing TNFa levels and/or increasing cAMP levels
thus constitules a valuable therapeutic strategy for the treat-
ment of many inflammatory, infectious, immunological, and
malignant diseases. These include but are not restricted to
septic shock, sepsis, endotoxic shock, hemodynamic shock
and sepsis syndrome, post ischemic reperfusion injury,
malaria, mycobacterial infection, meningius, psoriasis, con-
gestive heart failure, fibrotic disease, cachexia, graft
rejection, oncogenic or cancerous conditions, asthma,
autoimmune disease, opportunistic infections in AIDS, rheu-
matoid arthritis, rheumatoid spondylitis, ostcoarthritis, other
arthritic conditions, Crohn’s disease, ulcerative colitis, mul-
tiple sclerosis, systemic lupus erythrematosis, ENL in
leprosy, radiation damage, oncogenic conditions, and hyper-
oxic alveolar injury. Prior efforts directed to the suppression
of the effects of TNFa have ranged from the utilization of
steroids such as dexamethasone and prednisolone to the use
of both polyclonal and monoclonal antibodies {Beutler et
al., Science 234, 470~474 (1985); WO 92/11383}.

DETAILED DESCRIPTION )

The present invention is based on the discovery that
certain classes of non-polypeptide compounds more fully
described hercin decrease the levels of TNFa.

In particular, the invention pertains to (i) compounds of
the formula:

in which:

one of X and Y is C==0 and the other of X and Y is C=0
or CH,;

(i) each of R*, R? R?, and R*, independently of the others,
is halo, alkyl of 1 to 4 carbon atoms, or alkoxy of 1 to
4 carbon atoms or (ii) one of R}, R% R?, and R* is
—NHR? and the remaining of R?, R%, R3, and R" are
hydrogen;

R® is hydrogen or alkyl of 1 to 8 carbon atoms;

R® is hydrogen, alkyl of 1 to 8 carbon atoms, benzyl, or
halo;

provided that R® is other than hydrogen if X and Y are
C=0 and (i) each of R*, R?, R?, and R" is fluoro or (ii)
one of RY, R?, R3, or R* is amino; and



US 6,281,230 B1

5

(b) the acid addition salts of said compounds which contain
a nitrogen atom capable of being protonated.

Aprelerred group of compounds are those of Formula | in
which each of R!, R®, R? and R, independently of the
others, is halo, alkyl of 1 1o 4 carbon atoms, or alkoxy of 1
o 4 carbon atoms, and R® is hydrogen, methyl, cthyl, ar
propyl. A second preferred group of compounds are those of
Formula I in which one of R*, R, R?, and R” is —NH., the
remaining of RY, R*, R, and R* arc hydrogen, and R® is
hydrogen, methyl, cthyl, or propyl.

Unless otherwise defined, the term alkyl denotes a uni-
valent saturated branched or straight hydrocarbon chain
containing from 1 to 8 carbon atoms. Representative of such

alkyl groups are methyl, cthyl, prapyl, isopropyl, butyl,

isobutyl, sec-butyl, and tert-butyl. Alkoxy refers to an alkyl
group bound to the remainder of the molecule through an
ethereal oxygen atom. Representative of such atkoxy groups
arc mcthoxy, ethoxy, propoxy, isopropoxy, butoxy,
isobutoxy, sec-butoxy, and tert-butaxy. Preferably R*, RZ,
R?, and R* are chloro, fluoro, methyl or methoxy.

The compounds of Formula 1 arc used, under the super-
vision of qualified professionals, to inhibit the undesirable
effects of TNFa. The compounds can be administered orally,
rectally, or parenterally, alone or in combination with other
therapeutic agents including antibiotics, steroids, etc., to a
mammal in nced of treatment.

"The compounds of the present invention also can be used
topically in the treatment or prophylaxis of topical disease
states mediated or cxacerbated by c¢xcessive TNFa
production, respectively, such as viral infections, such as
those caused by the herpes viruses, or viral conjunctivitis,
psoriasis, atopic dermatitis, etc.

The compounds also can be used in the veterinary treat-
ment of mammals other than humans in need of prevention
or inhibition of TNFa production. TN mediated discases
for treatment, therapeutically or prophylactically, in animals
include disease states such as those noted above, but in
particular viral infections. Examples include feline immu-
nodeficiency virus, cquine infectious anaemia virus, caprine
arthritis virus, visna virus, and maedi virus, as well as other
lentiviruses.

Compounds in which one of R!, R?, R?, R* is amino and
R* and R, as well as the remainder of R?, R?, R3, R, are
hydrogen, as for example, 1,3-dioxo-2-(2,6-dioxopiperidin-
3-yl)-4-aminoisoindoline or 1,3-dioxo-2-(2,6-
dioxapiperidin-3-yl)-5-aminoisoindoline are known. See,
e.g. Jonsson, Acta Pharma, Succica, 9, 521-542 (1972),

The compounds can be prepared using methods which are
known in general. In particular, the compounds can be
prepared through the reaction of 2,6-dioxopiperidin-3-
ammonium chloride, and a lower alkyl ester of
2-bromomethylbenzoic acid in the presence of an acid
acceptor such as dimethylaminopyridine or tricthylamine.

Rl

RY COOQaikyl

R? CH,Br
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- [
CIHN " H
RS !
[o]

The substituted benzoate intermediates are known or can
be obtained though conventional processes. For example, a
lower alkyl ester of an ortho-toluic acid is brominated with
N-bromosuccinimide under the influence of Jight to yield the
lower alkyl 2-bromamethylbenzoatc.

Alternatively, a dialdehyde is allowed to react with 2,6-
dioxopiperidin-3-ammonium chloride:
Rl

R? CHO

R? CHO

CI'H,N™

R6

In a further method, a dialdehyde is allowed to react with
glutamine and the resulting 2-(1-oxoisoindoiln-2-yl)glutaric
acid then cyclized to yicld a 1-0x0-2-(2,6-dioxopiperidin-3-
yl)-isoindoline of Formula I:

RJ
R CHO
+
R? CHO
R‘
CIHaN_ COOH
Rb ——
CONH,
1
R o
R? R
COOH
I -— N
RJ
R*

CONH,

Finally, an appropriately substituted phthalidimide inter-
mediale is selectively reduced:
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Amino compounds can be prepared through catalytic
hydrogenation of the corresponding nitro compound:

ON

The nitro intermediates of Formula TA are known or can
be obtained though coaventional processes. For example, a
nitrophthalic anhydride is allowed to react with
a-aminoglutarimide hydrochloride {alternatively named as
2,6-dioxopiperidin-3-ylarmmonium chloride} in the pres-
ence of sodium acetate and glacial acetic acid to yield an
intermediate of Formula TA in which X and Y are both

“=0),

In a second route, a lower alkyl ester of nitro-ortho-toluic -

acid is brominated with N-bromosuccinimide under the
influence of light to yield a lower alkyl 2-(bromomethyl)
nitrobenzoate. This is allowed to react with 2,6-
dioxopiperidin-3-ammonium chloride in, for example, dim-
ethylformamide in the presence of triethylamine to yield an
intermediate of Formula 11 in which one of X is C==0 and
the other is CH,.

Alternatively, il one of Ry, R,, Ry, and R, is protected
amino, the protecting group can be cleaved to yield the
corresponcling compound in which one of R, R, Ry, and R
is amino. Protecting groups utilized hercin denote groups
which generally are not found in the final therapeutic
compounds but which are intentionally introduced at some
stage of the synthesis in order to proftect groups which
otherwisc might be altered in the course of chemical
manipulations. Such prolecting groups are removed at a later
stage of the synthesis and compounds bearing such protect-
ing groups thus are of importance primarily as chemical
intermediates (although some derivatives also exhibit bio-
logical activity). Accordingly the precise structure of the

protecting group is not critical. Numerous reactions for the s

formation and removal of such protecting groups are
described in a number of standard works including, for
example, “Protective Groups in Organic Chemistry”, Ple-
num Press, London and N.Y., 1973, Greene, Th. W. “Pro-

tective Groups in Organic Synthesis”, Wiley, New York, s

1981; “The Peptides”, Vol. 1, Schroder and Lubke, Academic
Press, London and New York, 1965; “Methoden der orga-
nischen Chemic”, Houben-Weyl, 4th Edition. Vol.15/1,
Georg Thieme Verlag, Stutigart 1974, the disclosures of
which are incorporated herein by reference. An amino group
can be protected as an amide utilizing an acyl group which
is selectively removable under mild conditions, especially
benzyloxycarbonyl, formyl, or a lower alkanoyl group
which is branched in 1-or o position to the carbonyl group,
particularly tertiary alkanoyl such as pivaloyl, a lower
alkanoyl group which is substituted in the position « to the
carbonyl group, as for example trifluoroacetyl.
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The compounds of the present invention possess a center
of chirality and can exist as optical isomers. Both the
racemates of these isomers and the individual isomers
themselves, as well as diastereomers when there are two
chiral centers, are within the scope of the present invention.
The racemates can be used as such or can be separated into
their individual isomers mechanically as by chromatography
using a chiral adsorbent. Alternatively, the individual iso-
mers can be prepared in chiral form or separated chemically
from a mixturc by forming salts with a chiral acid, such as
the individual enantiomers of 10-camphorsulfonic acid,
camphoric acid, a-bromocamphoric acid, methoxyacetic
acid, tartaric acid, diacetyltartaric acid, malic acid,
pyrrolidone-5-carboxylic acid, and the like, and then freeing
one or both of the resolved bases, optionally repeating the
process, so as obtain cither or both substantially free of the
other; i.e., in a form having an optical purity of >Y5%.

‘The present invention also pertains to the physiologically
acceptable non-toxic acid addition salts of the compounds of
Formula I. Such salts include those derived from organic and
inorganic acids such as, without limitation, hydrochloric
acid, hydrobromic ‘acid, phosphoric acid, sulfuric acid,
methanesulphonic acid, acctic acid, tartaric acid, lactic acid,
succinic acid, citric acid, maleic acid, maleic acid, sorbic
acid, aconitic acid, salicylic acid, phthalic acid, embonic
acid, enanthic acid, and the like.

Oral dosage forms include tablets, capsules, dragees, and
similar shaped, compressed pharmaceutical forms contain-
ing from 1 to 100 mg of drug per unit dosage. Isotonic saline
solutions containing from 20 to 100 mg/ml. can be used for
parenteral administration which iocludes intramuscular,
intrathecal, intravenous and intra-arterial routes of admin-
istration. Rectal administration can be effected through the
use of suppositories formulated from conventional carriers
such as cocoa butter.

Pharmaceutical compositions thus comprise one or more
compounds of the present invention associated with at least
one pharmaccutically acceptable carrier, diluent or excipi-
ent. In preparing such compositions the active ingredients
are usually mixed with or diluted by an excipient or enclosed
within such a carrier which can be in the form of a capsule
or sachet. When the excipient serves as a diluent, it may be
asolid, scmi-solid, or liquid matcrial which acts as a vehicle,
carrier, or medium for the active ingredient. Thus, the
compositions can be in the form of tablets, pills, powders,
clixirs, suspensions, cmulsions, solutions, syrups, soft and
hard gelatin capsules, suppositories, sterile injectable solu-
tions and sterile packaged powders. Examples of suitable
excipients include lactose, dextrose, sucrose, sorbitol,
mannitol, starch, gum acacia, calcium silicate, microcrys-
talline cellulose, polyvinylpyrrolidinone, cellulose, water,
syrup, and methyl cellulose, the formulations can addition-
ally include lubricating agents such as talc, magnesium
stearatc and mineral oil, wetting agents, emulsifying and
suspending agents, preserving agents such as methyl- and
propylhydroxybenzoates, sweetening agents or flavoring
agenis.

The following examples will serve to further typify the
nature of this invention but should not be construed as a
limitation in the scope thereof, which scope is defined solely
by the appended claims.

EXAMPLE 1
1,3-Dioxo-2+(2,6-dioxopiperidin-3-y1)-5-
aminoisoindoline

A mixture of 1,3-dioxo-2-(2,6-dioxopiperidin-3-yl)-5-
nitroisoindoline {alternatively named as N-(2.6-
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dioxopipcridin-3-yl)-4-nilmphlhalimidc} (1 g, 3.3 mmol)
and 10% Pd/C (0.13 g) in 1,4-dioxane (200 mL) was
hydrogenated at 50 psi for 6.5 hours. The catalyst was
filtered through Celite and the filtrate concentrated in vacuo.
The residuc was crystallized from cthy! acetate (20 mL) to
give 0.62 g (69%) of l,3-dioxo-2-(2,()-dioxopiperidin-3-yl)~
5-aminoisoindoline {alternatively named as N-(2,6-
dioxopipcridin-3-yl)-4-aminophlhalimide} as an orange
solid. Recrystallization from dioxane/ethyl acetate gave 0.32
g of yellow solid: mp 318.5-320.5° C.: HPLC (nova Pak
C18,15/85 acetonitrile/0.1% H,P0,) 3.97 min (98.22%): ‘H
NMR (DMSO-d,;) 511.08(s, 1H), 7.53-7.50 (d, J=8.3 Hz,
1H), 6.94(s, 1H). 6.84-6.81(d, J=8.3 Hz,1H), 6.55(s,211).
5.05-4.98(m, 1H), 2.87-1.99(m, 4H); '*C NMR (DMSO0-
de) 8172.79, 170.16. 167.65, 167.14, 155.23, 134.21, 125.22
116.92,116.17, 107.05, 48.58, 30.97, 22.22; Anal. Caled for
Ci3Hy N30, €, 57.14; H, 4.06; N, 15.38. Found: C, 56.52-
H, 4.17; N, 14.60.

In a similar fashion from L-ox0-2-(2,6-dioxopiperidin-3-
yl)-5-nitroisoindoline, 1-0%0-2-(2,6-dioxopiperidin-3-yl)-4-
nitroisoindoline, 1-0xo—2-(2,6-diox0piperidin-3-y1)-6-
nitroisoindoline, l-0x0-2-(2,6-dioxopiperidin-3-y1).7-
nitroisoindolinc, and 1,3-diox0-2-(2,6-dioxopiperidin-3-yl)-
4-nitroisoindoline, there is respectively obtained 1-oxo-2-
(2,6-dioxopiperidin-3 -yh)-5-aminoisoindoline, L-0x%0-2-(2,
6-dioxopiperidin-3-yl)-4-aminoisoindoline, t-0x0-2-(2,6-
dioxopiperidin-3-yl)-6-amin0isoindolinc, 1-0x0-2-(2,6-
dioxopiperidin-3-yl)-7-aminoisoindoline, and 1,3-dioxo-2-
(2,6-diox0pipcridin-3-yl)-4-aminoisoindolinc, respeclively,
upon hydrogenation.

EXAMPILE 2

1,3-Dioxo-2-(2,6-dioxopiperidin-3-yl)-5-
nitroisoindoline

A mixture of 4-nitrophthalic anhydride (1.7 2, 8.5 mmol),
a-aminoglutarimide hydrochloride (1.4 g, 8.5 mmol) and
sodium acetale (0.7 g, 8.6 mmol) in glacial acetic acid (30
ml.) was heated under reflux for 17 hours. ‘The mixture was
concentrated in vacuo and the residue was stirred with
methylene chloride (40 mL) and water (30 mL). The aque-
ous layer was separated, extracted with methylene chloride
(2x40 mL). The combined methylene chloride solutions
were dried over magnesium sulfate and concentrated in
vacuo to give 1.4 g (54%) of 1,3-dioxo-2-(2,6-
dioxopiperidin-3-yl)-S-nilroisoindoline as a light brown
solid. An analytical samplc was obtained by recrystallization
from methanol: mp 228.5-229.5° C,; 'H NMR (DMOSO-
d;) 811.18(s, 1H), 8.69-8.65(c\,d J=1.9 and 8.0 Hz, 1H),

8.56(d, J=1.9 Hz, 1H), 8.21(d, H=8.2 Hz, 1H), 5.28(dd s

J=5.3 and 12.8 Hz, 1H), 2.93-2.07(m, 4H); 3C NMR
(DMSO-dg) 8172.66, 169.47, 165.50, 165.23, 151.69,
135.70, 132.50, 130.05, 124.97, 118.34, 49.46, 30.85, 21.79;
Anal. Caled for C,3HgN,O4: C, 51.49; H, 2.99; N, 13.86.
Found: C, 51.59; H, 3.07; N, 13.73.
1-0xo-2-(2,6-dioxopiperidin-3-y])-5-nitroisoindoline,
1-0x0-2-(2,6-dioxopiperidin-3-yl )-4-nitroisoindoline.
l-oxo-2-(2,6-di0xopipcridin-3-y1)-6-nilroisoindoline, and
1-oxo-2-(‘2,6-dioxopiperidine-3-yl)-7-nilroisoindoline can
be obtained by allowing 2,6-dioxopiperidin-3-ammonium
chloride to rcact with methyl 2-bromomethyl-5-
nitrobenzoate, methyl 2-bromomethyl-4-nitrobenzoate
methyl 2-bromomethyl-6-nitrobenzoate, and methyl
2-bromomethyl-7-nitrobenzoate, respectively, in dimethyl-
formamide in the presence of tricthylamine. The methyl
2-(bromomethyl)nitrobenzoates in turn are obtained from
the corresponding methyl esters of nitro-orthotoluic acids by
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conventional bromination with N-bromosuccinimide under
the influence of light,

EXAMPLE 3

1-Ox0-2-(2,6-dioxopiperidin-3-y1)-4,5,6,7-
tetratuoroisoindoline

A mixture of 16.25 g of 2,6-dioxopiperidin-3-ammonium
chloride, and 30.1 g of methyl 2-bromomethyl-3,4,5,6-
tetrafluorobenzoate, and 12.5 g of triethylamine in 100 mL
of dimethylformamide is stirred at room temperature for 15
hours. ‘The mixture is then concentrated in vacuo and the
residue mixed with methylene chloride and water. The
aqueous layer is separated and back-extracted with methyl-
enc chloride. The combined methylene chloride solutions
are dried over magnesium sulfate and concentrated in vacuo
to give 1-0x0-2-(2,6-dioxopiperidin-3-yl)-4,5,6,7-
tetrafluoroisoindoline. ‘

In a similar fashion 1-0x0-2-(2,6-dioxopiperidin-3-yl)-4,
5,6,7-tetrachloroisoindoline, 1-0x0-2-(2,6-dioxopiperidin-
3yl)-4,5,6,7-lclramclhylisoindoline, and 1-0x0-2-(2,6-
dioxopipcridin-3-yl)-4,5,6,7-lelramclhnxyisoindolim: are
oblained by substituting equivalent amounts of
2~bromomclhy1-3.4,5,6-te\rach]orohenzoale,
2-bromomclhyl-3,4,5,()-lelramelhylbenzoale. and
2-|)mmnmclhyl-3,4,5,6-lclramelhnxyhcnmate, respectively,
for 2-bromomethyl-3,4,5,6-tetrafluorobenzoate.

EXAMPLE 4

N-Benzyloxycarbonyl-a-methyl-glutamic Acid

To a stirred solution of a-methyl-D,L-glutamic acid (10 g,
62 mmol) in 2 N sodium hydroxide (62 mL) at 0-5° C. was
added henzyl chloroformate (12.7 8, 74.4 mmol) over 30
min. After the addition was complete the reaction mixture
was stirred at room temperature for 3 hours, During this time
the pH was maintained at 11 by addition of 2N sodium
hydroxide (33 mL). The reaction mixture was then extracted
with ether (60 ml.). The aqueous layer was cooled in an ice
bath and then acidified with 4N hydrochloric acid (34 mL)
to pH=1. The resulting mixture was extracted with cthyl
acctate (3x100 mL). The combined ethyl acelate extracts
were washed with brine (60 mL) and dried (MgS0,). The
solvent was removed in vacuo to give 15.2 g (83%) of
N-benzyloxycarbonyl-aa-methylglutamic acid as an oil: 'H
NMR (CDCI,) 88.73(m, SH), 5.77(b, 1H), 5.00(s, 2,
2:45-2.27(m, 4H), 2.0(s, 3H).

In a similar fashion from (a-ethyl-D,L-glmamic acid and
a-propyl-D,L-glutamic acid, there is obtained
N-benzyloxycarhonyl-a-elhylglulamic acid and
N-benzyloxy-carbonyl-a-propylglutamic acid, respectively.

EXAMPLE S

N-Benzyloxycarbonyl-a-methyl-glutamic Anhydride

A slirred mixture of N-benzyloxvearbonyl-a-methyl-
glutamic acid (15 g, 51 mmol) and acetic anhydride (65 mL)
was heated al reflux under nitrogen for 30 min. The reaction
mixiure was cooled to room temperature and then concen-
trated in vacuo to afford N-benzylearbonyl-a-
methylglutamic anhydride as an oil (15.7 g) which can be
uscd in next reaction without further purification: ‘H NMR
(CDCly) 8744-7.26 (m, SH), 5.32-5.30 (m 2H), 5.11 (s,
1H), 2.69-2.61 (m, 2H1) 2.40-2.30 (m, 2H), 1.68 (s, 3H).

In a similar fashion from N-benzyloxycarbonyl-a-
ethylglutamic acid and N-benzyloxycarbonyl-a-
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propylglutamic acid, there is obtained N-henzylcarbonyl-«-
cthylglutamic anhydride and N-benzylcarbonyl-a-
propylglutamic anhydride, respectively.

EXAMPLE 6

N-Benzyloxycarbonyl-a-methylisoglutamine

Astirred solution of N-benzylearbonyl-ci-methylglutamic
anhydride (14.2 g. 51.5 mmol) in methylene chloride (100
mL) was cooled in an ice bath. Gaseous ammonia was
bubbled into the cooled solution for 2 hours. The reaction
mixture was stirred at room temperature for 17 hours and
then extracted with water (2x50 ml.). The combined aque-
ous extracts were cooled in an ice bath and acidificd with 4N
hydrochloric acid (32 mL) te pH 1. The resulting mixture
was extracted with cthyl acetate (3x80 ml). The combined
cthyl acetate extracts were washed with brine (60 mL) and
then dried (MgS0,). The solvent was removed in vacuo to
give 11.5 g of N-benzyloxycarboryl-a-amino-a-
methylisoglutamrine: 'H NMR (CDCL/DMSQ) 87.35 (m,
SH) 7.01 (s, 1H), 6.87 (s 1H), 6.29 (s, 1H), 5.04 (s,
2H)2.24-1.88 (m, 4H), 1.53 (s, 3H).

In a similar fashion from N-benzylcarbonyl-a-
ethylglutamic anhydride and N-benzylcarbonyl-a-
propylglutamic anhydride there is obtaincd
N-benzyloxycarbonyl-a-amino-a-ethylisoglutamine and
N-benzyloxycarbonyl-a-amino-a-propylisoglutamine,
respectively.

EXAMPLE 7

N-Benzyloxycarbonyl-a-amino-a-
methylglutarimide

A stirred mixture of N-benzyloxycarbonyl-a-
methylisoglutamine (4.60 g, 15.6 mmol), 1,1'-
carbonyldiimidazole (2.80 g, 17.1 mmol), and
4-dimethylaminopyridine (0.05 g) in tetrahydrofuran (50
ml.) was heated to retlux under nitrogen for 17 hours, The
reaction mixture was then concentrated in vacuo to an oil.
The oil was slurried in water (50 ml.) for 1 hour. The
resulting suspension was filtered and the solid washced with
water and air dried 1o afford 3.8 g of the crude product as a
white solid. The crude product was purified by flash chro-
malography (methylene chloride:ethyl acetate 8:2) to afford
2.3 g (50%) of N-benzyloxycarbonyl-a-amino-a-
methylglutarimide as a white solid: mp 150.5-152.5° C; 'H
NMR (CDCl,) $8.21 (s, 111), 7.34 (s, 5H), 5.59 (s, 11), 5.08
(s, 2H), 2.74-2.57 (m, 3H), 2.28-2.25 (m, 1H), 1.54 (s, 3H);

3C NMR (CDCly) 8174.06, 171.56, 154.68, 135.88, .

128.06, 127.69, 127.65, 66.15, 54.79, 29.14, 28.70, 21.98;
HPLC: Waters Nova-Pak C18 column, 4 micron, 3.9x150
mm, 1 mL/min 240 nm, 20/80 CH,CN/0.1% H,PO,(aq),
7.56 min (100%); Anal. Caled For C H,,N,O,; C, 60.86;
H, 5.84; N, 10.14. Found: C, 60.88; H, 5.72; N, 10.07.

In a similar fashion from N-benzyloxycarbonyl-a-amino-
a-cthylisoglutarmine and N-benzyloxycarbonyl-a-amino-
o-propylisoglutamine there is obtained
N-benzyloxycarbony-a-amino-o-a-ethylglutarimide and
N-benzyloxycarbonyl-a-amino-a-propylglutarimide,
respectively.

EXAMPLE 8

o-Amino-e.-methylglutarimide hydrochloride

N-Benzyloxycarbonyl-o-amino-a-methylglutarimide
(2.3 g, 8.3 mmol) was dissolved in ethanol (200 mL) with
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gentle heat and the resulting solution allowed to cool to
room temperature. To this solution was added 4N hydro-
chloric acid (3 ml) followed by 10% Pd/C (0.4 g). The
mixture was hydrogenated in a Parr apparatus under 50 psi
of hydrogen for 3 hours. To the mixturc was added water (50
mL) to dissolve the product. This mixture was filtered
through a Celite pad which was washed with water (50 mL).
The filtrate was concentrated in vacuo to afford a solid
residue. The solid was slurried in ethanol (20 mL) for 30
min. The slurry was filtered to afford 1.38 g (93%) of
a-amino-a-methylglutarimide hydrochloride as a white
solid: 'HH NMR (DMSO0-dg) $11.25 (s, 1H), 8.92 (s, 3H),
2.84-2.51 (m, 2H), 2.35-2.09 (m, 2H), 1.53 (s, 3H); HPLC,
Waters Nova-Pak C, 4 column, 4 micron, 1 m1./min, 240 nm,
20/80 CH,CN/0.1% H,PO,(aq), 1.03 min (94.6%).

1n a similar fashion from N-benzyloxycarbonyl-a-amino-
a-cthylglutarimide and N-benzyloxycarbonyl-a-amino-a.-
propylglutarimide there is obtained a-amino-a-
cthylglutarimide hydrochloride and a-amino-a-
propylglutarimide hydrochloride, respectively.

EXAMPLE 9

3-(3-Nitraphthalimido)-3-methylpiperidine-2,6-
dione

A stirred mixture of ct-amino-ce-methylglutarimide hydro-
chloride (1.2 g, 6.7 mmol), 3-nitrophthalic anhydride (1.3 g,
6.7 mmol), and sodium acetate (0.6 g, 7.4 mmol) in acetic
acid (30 mL) was heated to reflux under nitrogen for 6 hours.
The mixturc then was cooled and concentrated in vacuo. The
resulling solid was slurried in water (30 mL) and methylenc
chloride (30 mL.) for 30 min. The suspension was filtered,
the solid was washed with methylene chloride, and dried in
vacuo (60° C., <1 mm) to atford 1.44 g (68%) of 3-(3-
nitrophthalimido)-3-methylpiperidine-2,6-dione as a off-
white solid: mp 265-266.5° C.; '"HMR (DMSO-dy) 811.05
(s, LH), 8.31(dd, J=1.1 and 7.9 Hz, 11I), 8.16-8.03 (m, 2H),
2.67-2.49 (m, 3H), 2.08-2.02 (m, 1H), 1.88 (s, 3H); *°C
NMR (DMS0-d;) 8172.20, 171.71, 165.89, 163.30, 144.19,
136.43,133.04, 128.49,126.77,122.25, 59.22, 28.87,28 49,
21.04, HPLC, Water Nova-Pak/C,q column, 4 micron, 1
mL/min, 240 nm, 20/80 CH,CN/0.1% H,PO(aq), 7.38
min(98%?). Anal. Caled For C,,H;;N;0,: C, 53.00; H, 3.49;
N, 13.24. Found: C, 52.77; H, 3.29; N, 13.00.

In a similar fashion from a-amino-a-cthylalutarimide
hydrochloride and a-amino-a-propylglutarimide hydro-
chloride there is obtained 3-(3-nitrophthalimido)-3-
ethylpiperidine-2,6-dione and 3-(3-nitrophthalimido)-3-
propylpiperidine-2,6-dione, respectively.

EXAMPLE 10

3-(3-Aminophthalimido)-3-methylpiperidine-2,6-
dione

3-(3-Nitrophthalimido)-3-methylpiperidine-2,6-dione
(0.5 g, 1.57 mmol) was dissolved in acetone (250 mL) with
gentle heat and then cooled to room temperature. To this
solution was added 10% Pd/C (0.1 g) under nitrogen. The
mixture was hydrogenated in a Parr apparatus at 50 psi of
hydrogen for 4 hours. The mixturc then was filtered through
Celite and the pad washed with acctone (50 mL). The filtrate
was concentrated in vacuo to yield a yellow solid. The solid
was slurried in cthyl acetate (10 mL) for 30 minutes. The
slurry then was filtered and dried (60° C., <t mm) to afford
0.37 g (82%) of 3-(3-aminophthalimido)-3-
methylpiperidine-2,6-dione as a yellow solid: mp 268-269°
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C.; 'TH NMR (DMSO-dg) 510.98(s. 1H), 7.44 (Ud, 1=7.1 and
7.3 He, 1H), 6.99 (d, J=8.4 Hz, {H), 6.94 (d, J=6.9 Hz, 1H),
6.52(s, 2H), 2.71-2.47 (m, 3H), 2.08-1.99 (m. 1H), 1.87 (s,
3H); *C NMR (DMSO-d;) 5172.48, 172.18, 16951,
168.06, 146.55, 135.38, 131.80, 121.51, 110.56, 108.30,
58.29, 29.25, 28.63, 21.00; HPLC, Water Nova-Pak/C,,
column, 4 micron, | mL/min, 240 nm, 20/80 CH,CN/0.1%
H3PO,(aq), 5.62 min (99.18%). Anal. Calcd For
C,4H,35N;0,: C, 58.53; H, 4.56; N, 14.63. Found: C, 58.60;
H, 4.41; N, 14.36.

In a similar fashion from 3-(3-nitrophthalimido)-3-
ethylpiperidine-2,6-dione and 3-(3-nitrophthalimido)-3-
propylpiperidine-2,6-dione there is obtained 3-(3-
aminophthalimido)-3-ethylpiperidine-2,6-dione and 3-(3-
aminophthalimido)-3-propylpiperidine-2,6-dione,
respectively.

EXAMPLE 11

Methyl 2-bromomethyl-3-nitrobenzoale

A stirred mixture of methyl 2-methyl-3-nitrobenzoate
(17.6 g, 87.1 mmol) and N-bromosuccinimide (189 g, 105
mmol) in carbon tetrachloride (243 mL) was heated under
gentle reflux with a 100 W light bulb situated 2 ¢m away
shining on the reaction mixture overnight. After 18 hours,
the reaction mixture was cooled to room temperature and
tiltered. ‘The filtrate was washed with water (2x120 mL),
brine(120 mL), and dried (MgSO,). The solvent was
removed in vacuo to give a yellow solid. The product was
purificd by flash chromatography (hexanc:cthyl acctate 8:2)
to give 22g (93%) of methyl 2-bromomethyl-3-
nitrobenzoate as a yellow solid: mp 69-72° C.: ‘H NMR
(CDCl,) 88.13-8.09 (dd, J=1.36 and 7.86 Hz, 1H),
7.98~7.93 (dd, J=1.32 and 8.13 Hz, 1H), 7.57-7.51 (N
J=7.97 Hz, 1H), 5.16 (s, 2H), 4.0 (s, 3H); '*C NMR (CDCl,)
365.84, 150.56, 134.68, 132.64, 132.36, 129.09, 53.05,
22.70; HPLC: Waters Nova-Pak C,5 column, 4 micron, 1
mL/min, 240 nm, 40/60 CH,CN/0.1% H,PO (aq), 8.2 min
99 %. Anal. Calcd for CoHgNO,Br: C, 39.44; H, 2.94; N,
5.11, Br, 29.15. Found: C,39.51; H, 2.79; N, 5.02; Br, 29.32.

EXAMPLE 12
3-(1-Oxo-4-nitroisoindolin-1-y1)-3-
methylpiperidine-2,6-dione

To a stirred mixiure of a-amino-a-methylglutarimide
hydrochloride (2.5 g, 14.0 mmol) and methyl

2-bromomethyl-3-nitrobenzoate(3.87 g, 14.0 mmol in dim-
ethylformamide (40 mL) was added triethylamine (3.14 g,

30.8 mmol). The resulting mixture was heated to reflux s

under nitrogen for 6 hours. The mixture was cooled and then
concentrated in vacuo. The resulting solid was slurried in
water (50 mL) and CH,Cl, for 30 min. The slurry was
filtered, the solid washed with methylene chloride, and dried

in vacuo (60° C., <1 mm) to afford 2.68 g (63%) of s

3-(1-0x0-4-nilroisoindolin-1-yl)-3-melhylpiperdine-2,6-
dione as a off-white solid: mp 233-235° C.. 'H NMR
(DMSO-d;) 810.95 (s, 1H), 8.49-8.46 (d, J=8.15 Hz, 1H),
8.13-8.09 (d, J=7.43 Hz, 111), 7.86-7.79 (1, J=7.83 Hz, 1H),
5.22-5.0 (ddl. J=19.35 and 34.6 Hy, 2H), 277-249 (m, 3H),
2.0-1.94 (m, 1H), 1.74 (S, 3H); *C NMR (DMSO-d,)
8173.07, 172.27, 164.95, 143.15, 137.36, 135.19, 130.11,
129.32, 126.93, 57.57, 48.69, 28.9, 27.66, 20.6; HPLC,
Waters Nova-Pak C, 4 columa, 4 micron, 1 mL/min, 240 nm,

20/80° CHyCN/O.1% H,PO (aq), 4.54 min 99.6%. Anal. s

Caled for C,,H,3N,04: C, 55.45; H, 4.32; N, 13.86. Found:
C, 52.16; 11, 4.59; N, 12.47.
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By substituting equivalent amounts of c-amino-ct-
cthylglutarimide hydrochloride and a-amino-a.-
propylglutarimide hydrochloride for a-amino-a-
methylglutarimide hydrochloride, there is obtained
respectively 3-(1-ux0-4-ni&roisoindolin-1-y])-3-
ethylpiperidine-2,6-dione and 3-(1-0x0-4-nitroisoindolin-1-
y1)-3-propylpiperidine-2,6-dione.

EXAMPLE 13

3-(1-Ox0-4-aminoisoindolin-1-y1)-3-
methylpiperidine-2,6-dione

3-(1-0x0-4-nilroisoindn]in-1-yl)-3-melhylpipcridine-2,()-
dione (1.0 g, 3.3 mmol) was dissolved in methano! (500 mL)
with gentle heat and allowed 10 cool to room temperature. To
this solution was added 10% Pd/C (0.3 g) under nitrogen.
The mixture was hydrogenated in a Parr apparatus at 50 psi
of hydrogen for 4 hours. The mixture was filtered through
Celite and the Celite washed with methanol (50 mL). The
filtrate was concentrated in vacuo to an off white solid. The
solid was slurried in methylcne chloride (20 mL) for 30 min.
The slurry was then filtered and the solid dried 60° C., <1
mm) to afford 0.54 g (609%) of 3-(1-0x0-4-aminoisoindol in-
1-yl)-3-methylpiperidine-2,6-dione as a white solid: mp
268-270° C; 'H NMR (DMSO-d,) $10.85 (s, LH),
7.19-7.13 (1, J=7.63 Hz, 1H), 6.83-6.76 (m, 2H), 5.44 (s,
2H), 4.41 (s, 2H), 2.71-2.49 (m, 31), 1.9-1 .8 (m, 1H), 1.67
(s, 3H); *C NMR (DMSO0-dy) 8173.7,172.49, 168.0, 143.5,
132.88,128.78,125.62,116.12, 109.92, 56.98, 46.22,29 04,
27.77, 20.82; HPLC, Waters Nova-Pak/C18 column, 4
micron, 1 mL/min, 240 nm, 20/80 CH,CN/0.1% H,PO (aq),
1.5 min (99.6%); Anal. Calcd for C,HsN,0;: C,61.53; H,
5.53; N, 15.38. Found: C, 58.99; H, 5.48; N. 1429,

From 3-(1-0x0-4-nilroisoindolin-1-yl)-3-c|hylpiperidine-
2,6-dione¢ and 3-(1-0xo-4-nilroisoindolin-l»yl)-3-
propylpiperidine-2,6-dione there is similarly obtained 3-(1-
0x0-4-aminoisoindolin-1-yl)-3-ethylpiperidine-2,6-dione
and 3-(1-oxo-4- aminoisoindolin-1-yl)-3-propylpiperidine-
2,6-dione, respectively.

EXAMPLE 14

S-4-Amino-2-(2,6-dioxopiperid-3~yl)isoindoline~l,3-
dione

A. 4-Nitro-N-¢thoxycarbonylphthalimide

Ethyl chloroformate (1.89 g 19.7 mmol) was added drop-
wise over 10 min to a stirred solution of 3-nitrophthalimide
(3.0 g, 15.6 mmol) and tricthylamine (1.78 g, 17.6 mmol) in
dimethylformamide (20 mL.) at 0-5° C. under nitrogen. The
reaction mixture was allowed 10 warm 10 room temperature
and stirred for 4 hours. The mixture was then slowly added
to an agitated mixture of jce and water (60 ml). The
resulting slurry was filtered and the solid was crystallized
from chloroform (15 mL) and pet ether (15 mL) to afford 3.1
8 (75%) of the product as an off-white solid: mp 100-100.5°
C.; 'HNMR (CDCL,) 88.25(d, J=7.5 Hz, 1H), 8.20(d, J=8.0
Hz, 1H), 8.03(t, J=7.9 Hz, 111), 4.49(q, J=7.1 He, 2H),
1.44(1, J=7.2 Hz, 3H); *>C NMR (CDCI,) 8161 .45, 158.40,
147.52, 145.65, 136.60, 132.93, 129,65, 128.01, 122.54,
64.64, 13.92; HPLC, Walers Nova-Pak/C18, 3.9x150 mm, 4
micron, 1 mL/min, 240 nm, 30/70 CH,CN/0.1% HLPO,(ag),
5.17 min(98.11%); Anal. Caled for CyHgN,O,: C, 50.00; H,
3.05; N, 10.60. Found: C, 50.13; H, 2.96; N, 10.54.
B. t-Butyl N-(4-nitrophthaloyl)-L-glutamine

A stirred mixture of 4-nitro-N-
ethoxycarbonylphthalimide (1.0 g, 3.8 mmol), L-glutamine
t-butyl ester hydrochloride (0.90 g, 3.8 mmol) and triethy-
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lamine (0.54 g, 5.3 mmol) in tetrahydrofuran (30 ml.) was
heated to reflux for 24 hours. The tetrahydroturan was
removed in vacuo and the residue was dissolved in meth-
ylene chloride (50 mL). The methylene chloride solution
was washed with water (2x15 mL), brine (15 mL) and then
dried (sodium sulfate). The solvent was removed in vacuo
and the residue was purified by flash chromatograph (7:3
methylene chloride:ethyl acetate) to give 0.9 g (63%) of a
glassy material: 'H NMR (CDCl,) 88.15(d, J=7.9 Hz, 2H),
7.94(t, J=7.8 Hz, 1H), 5.57(b, 2H), 4.84(dd, J=5.1 and 9.7
Hz, 110), 2.53-2.30(m, 4H), 1.43(s, 9H); HPLC, Wasters
Nova-Pak/C18, 3.9x150 mm, 4 micron, 1 mL/min, 240 nm,
30/70 CH,CN/0.1% H;PO,(ag), 6.48 min(99.68%); Chiral
Analysis, Daicel Chiral Pak AD, 0.4x25 Cm, 1 ml./min, 240
nm. 5.32 min(99.39%); Anal. Caled for C,;H,,N,0;: C,
54.11; H,5.08; N, 11.14. Found: C, 54.21; H, 5.08; N, 10.85.
C. N-(4-Nitrophthaloyl)-L-glutamine

Hydrogen chloride gas was bubbled into a stirred 5° C.
solution of t-butyl N-(4-nitrophthaloyl)-L-glutamine (5.7 g,

15.1 mmol) in methylene chloride (100 mL) for 25 min. The 2

mixture was then stirred al room temperature for 16 hours.
Ether (50 mL) was added and the resulting mixture was
stirred for 30 min. The resulting slurry was filtered to yield
4.5 g of crude product as a solid, which was used directly in
the next reaction: *H NMR (DMS0-d,) 88.36(dd. J=0.8 and
8.0 Hz, 1H), 8.24(dd, J=0.8 and 7.5 Hz, 11}, 8.11(t, }=7.9
Hz, 1H), 7.1%(b, 1H), 6.72(b, 1H), 4.80(dd, J=3.5 and 8.8
Hz, 1H), 2.30-2.10(m, 4H). )
D. (S)-2-(2,6-dioxo(3-piperidyl))-4-nitroisoindoline-1,3-
dione

A stirred suspension of N-(4-nitrophthaloyl)-L-glutamine
(4.3 g, 13.4 mmol) in anhydrous methylene chloride (170
mL) was cooled 10 —40° C. (IPA/dry ice bath). Thionyl
chloride (1.03 ml., 14.5 mmol) was added dropwise to the
mixture followed by pyridine (1.17 mL, 14.5 mmol). After
30 minutes (riethylamine (2.06 mL, 14.8 mmol) was added
and the mixture was stirred at =30 to -40° C. for 3 hours.
The mixture was allowed to warm to room temperature,
filtered and washed with methylene chloride to afford 2.3 g
(57%) of the crude product. Recrystallization from acetone
(300 mL) afforded 2 g of the product as a white solid: mp
259.0-284.0° C.(dec.); 'l NMR (DMSO-d,) 811.19(s, 1H),
8.34(d, J=7.8 Hz, 1H), 8.23(d, J=7.1 Hz, 1H), 8.12(t, J=7.8
Hz, 1H), 5.25-5.17(dd, J=5.2 and 12.7 Hz, 1H), 2.97-2.82
(m, 1H), 2.64-2.44(m, 2H), 2.08-2.05(m, 1H); *C NMR
(DMSO0-d,) 8172.67, 169.46, 165.15, 162.50, 144.42,
136.78,132.99, 128.84, 127.27, 122.53,49.41, 30.84, 21.71;
HPLC, Watcrs Nova-Pak/C18, 3.9x150 mm, 4 micron, 1
mL/min, 240 nm, 10/90 CH,CN/0.1% H,PO (aq) 4.27

min(99.63%); Anal. Caled for C,3HgN;O4: C, 51.49; H, s

2.99; N, 13.86. Found: C, 51.67; 11, 2.93; N, 13.57.
E. S-4-Amino-2-(2,6-dioxopiperid-3-yl)isoindoline-1,3-
dione

A mixture of (8)-3-(4"-nitrophthalimido)-piperidine-2,6-

dione (0.76 g, 2.5 mmol) and 10% Pd/C (0.3 g) in acetone 55

(200 mL) was hydrogenated in a Parr-Shaker apparatus at 50
psi of hydrogen for 24 hours. The mixture was filtered
through celite and the filtrate was concentrated in vacuo. The
solid residue was slurricd in hot ethyl acetate for 30 min and
filtered to yield 0.47 g (69%) of the product as a yellow
solid: mp 309-310° C.; 'H NMR (DMSO-d,) 811.10 (s,
1H), 7.47(dd, J=7.2 and 8.3 Hz, 1H), 7.04-6.99(dd. J=6.9
and 8.3 Hz, 2H), 6.53(s, 2H), 5.09-5.02(dd, J=5.3 and 12.4
t1z, 1H), 2.96-2.82(m, LH), 2.6-2.46(m, 2H), 2.09-1.99(m,
1H); C NMR (DMSO0-dg) 8172.80, 170.10, 168.57,
167.36, 146.71, 13544, 131.98, 121.69, 11098, 108.54,
48.48. 30.97, 22.15; HPL.C, Waters Nova-Pak/C18, 3.9x150

30

35

h

<

45

60

16
mm, 4 micron, 1 ml/min. 240 am. 1585 CH;CN/0.1%
H;PO,(aq) 4.99 min(98.77%); Chiral analysis, Daicel Chiral
Pak AD, 0.46x25 cm. 1 ml./min, 240 nm. 30/70 Hexane/IPA
9.55 min (1.32%), 12.55 min (97.66%), Anal. Caled for
C,3H,;;N;0,: C, 57.14; H, 4.06; N, 15.38. Found: C, 57.15;
H, 4.15; N, 14.99.

EXAMPLE 15

R-4-Amino-2-(2,6-dioxopiperid-3-yl))isoindoline-1,
3-dione
A. t-Butyl N-(4-nitrophthaloyl)-D-glutamine
A stirred mixture of 4-nitro-N-ethoxycarbonyl-
phthalimide (5.9 g, 22.3 mmol), D-glutamine t-butyl ester
(4.5 g, 22.3 mmol) and triethylamine (0.9 g, 8.9 mmol) in

s tetrahydrofuran (100 mL) was rcefluxed for 24 hours. The

mixture was diluted with methylene chloride (100 ml.) and
washed with water (2x50 mL), brine (50 mL) and then dried.
The solvent was removed in vacuo and the residue was
purified by flash chromatography (2%/ CH,OH in mcthyl-
ene chloride) to afford 6.26 g (750%) of the product as a
glassy material: 'H NMR (CDCL,) 88.12(d, J=7.5 Hz, 2H),
7.94(dd, J=7.9 and 9.1 Hz, 1H), 5.5((b, 1H), 5.41(b, 1H),
4.85(dd, J=5.1 and 9.8 Hz, 1H), 2.61-2.50(m, 2H),
2.35-2.27(m,2H), 1.44(s, 911); *C NMR (CDCl,) §173.77,
167.06, 165.25, 162.51, 14507, 135.56, 133.78, 128.72,
127.27, 123.45, 83.23, 53.18, 32.27, 27.79, 24.42,; HIPLC,
Waters Nova-Pak/C18, 3.9x150 mm, 4 micron, | mL/min,
240 nm, 25/75 CH,CN/0.1%1,P0 (aq) 4.32 min(99.74%);
Chiral analysis, Daicel Chiral Pak AD, 0.46x25 cm, 1
ml/min, 240 om, 55/45 Hexane/IPA 588 min(99.68%);
Anal. Caled for C;H oN;0,: C, 54.11; H, 5.08; N, 11.14.
Found: C, 54.25; H, 5.12; N, 10.85.
B. N-(4-Nitrophthaloyl)-D-glutamine

Hydrogen chloride gas was bubbled into a stirred 5° C.
solution of t-butyl N-(4-nitrophthaloyl)-D-glutamine (5.9 g,
15.6 mmol) in methylene chloride (100 mL) for 1 hour then
stirred at room temperature for another hour. Ether (100 ml.)
was addced and stirred for another 30 minutes. The mixturce
was filtered, the solid was washed with ether (60 ml.) and
dried (40° C., <1 mm Hg) to afford 4.7 g (94%) of the
product: ‘*H NMR (DMSO-dy) 88.33(d, I=7.8 Hz, 1H),
8.22(d. J=7.2 Hz, 1H), 8.11(1, J=7.8 Hz, 1H), 7.19(b, 1H),
6.72(b, 1H), 4.81(dd, J=4.6 and 9.7 Hz, 1H), 2.39-2.12(m,
4H); *C NMR (DMSO-dy) 17321, 169.99, 165.41,
162.73, 14445, 136.68, 132.98, 128.80, 127.23, 122.52,
51.87, 31.31, 23.87.
C. (R)-2-(2,6-dioxo(3-piperidyl))-4-nitroisoindoline-1,3-
dione

A stirred suspension of N-(4'-nitrophthaloyl)-D-
glutamine (4.3 g, 13.4 mmol) in anhydrous methylene
chioride (170 mL.) was cooled to -40° C. with isopropanol/
dry ice bath. Thionyl chloride (1.7 g, 14.5 mmol) was added
dropwise followed by pyridine (1.2 g, 14.5 mmol). After 30
min, tricthylamine (1.5 g, 14.8 mmol) was added and the
mixture was stirred at =30 10 -40° C. for 3 hours. The
mixture was filtered, the solid washed with methylene
chloride (50 mL) and dried (60° C., <1 mm lg) to give 2,93
g of the product. Another 0.6 g of the product was obtained
from the methylene chloride filtrate. Both fractions were
combined (3.53 g) and recrystallized from acetone (450 mL)
to afford 2.89 g (71%) of the product as a whitc solid: mp
256.5-257.5° C.,, '"H NMR (DMSO-d,) 311.18(s, 1H), 8.34
(dd, J=0.8 and 7.9 Hz, 1H), 8.23(dd, J=0.8 and 7.5 1z, 11I),
8.12(t, 3=7.8 Hz, 1H), 5.22(dd, J=5.3 and 12.8 Hz, 1H),
2.97-2.82(m, 1H), 2.64-2.47(m, 2H), 2.13-2.04(m, 111);
3C NMR (DMSO-d,) 8172.66, 169.44, 165.14, 162.48,
144.41, 136.76, 132.98, 128.83, 127.25, 122.52, 4941,
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30.83, 21.70; HPI1.C, Waters Nova-Pak/C18, 3.9x150 mm, 4
micron, 1 mL/min, 240 nm, 10/90 CH,CN/A0.1%H,PO (aq)
3.35 min(100%); Anal. Calced for CsHoN;O: C, 51.49; H,
2.99; N, 13.86. Found: C, 51.55; H, 2.82; N, 13.48.
D. (R)—4-Amino-2-(2,6-diox0pipcrid-3-yl)isoindoline-l,3-
dione

A mixture of R-3-(4"-nitrophthalimido)-piperidine-2,6-
dione (1.0 g, 3.3 mmol) and 10% Pd/C (0.2 g) in acetone
(250 mL)) was hydrogenated in a Parr-Shaker apparatus at 50
psi of hydrogen for 4 hours. The mixture was filtered
through celite and the fitrate was concentrated in vacuo. The
resulting yellow solid was slurried in hot ethyl acetate (20
mL) for 30 min to give after filtration and drying 0.53 ¢
(59%) of the product as a yellow solid: mp 307.5-309.5° C;
'H NMR (DMS0-d,)) 311.06(s, 1H), 7.47(dd, J=7.0 and 8.4
Hz, 1H), 7.02(dd, J=4.6 and 8.4 Hz, 2H), 6.53(s, 2H),
5.07(dd, J=5.4 and 125 Hz, 1H), 2.95-2.84(m, 1H),
2.62-2.46(m, 2H), 2.09-1.99(m, 1H); '*C NMR (DMSO-
dg) 8172.78, 170.08, 168.56, 167.35, 146.70, 135.43,
131.98, 121.68, 110.95, 108.53, 48.47, 30.96, 22.14; HPLC,
Waters Nove-Pak/C18, 3.9x150 mm, 4 micron, 1 mk./min,
240 nm, 10/90 CH,CN/0.19%H,PO,(aq) 3.67 min(99.68%);
Chiral analysis, Daicel Chiral Pak AD, 0.46x25 cm, 1
ml./min, 240 nm, 30/70 Hexane/IPA 7.88 min (97.48%);
Anal. Caled for C),H\N;O,: C, 57.14; H, 4.06; N, 15.38,
Found: C, 57.34; H, 3.91; N, 15.14.

EXAMPLE 16

3-(4-Amino-1-oxoisoindolin-2-yl)piperidine-2,6-
dione

A.Methyl 2-bromomethyl-3-nitrobenzoate

A stirred mixture of methyl 2-methyl-3-nitrobenzoate
(14.0 g, 71.7 mmol) and N-bromosuccinimide (153 g, 86.1
mmol) in carbon tetrachloride (200 mL) was heated under
gentle reflux for 15 hours while a 100 W bulb situated 2 cm
away was shining on the flask. The mixture was tilicred and
the solid was washed with methylene chloride (50 ml). The
filtrate was washed witn water (2x100 mL), brine (100 mL)
and dried. The solvent was removed in vacuo and the residuc
was purified by flash chromatography (hexanc/cthyl acetate,
8/2) to afford 19 g (96%) of the product as a yellow solid:
mp 70.0-71.5° C.; ‘H NMR (CDC1,) 88.12-8.09(dd, J=1.3
and 7.8 Hz, 1H), 7.97-7.94(dd, J=1.3 and 8.2 Iz, 1H),
7.54(t, J=8.0 Hz, 1H), 5.15(s, 2H), 4.00(s, 3H); **C NMR
(CDCl,) 8165.85, 150.58, 134.68, 132.38, 129.08, 127.80,
53.06, 22.69; HPLC, Water Nove-Pak/C18, 3.9x150 mm, 4
micron, 1 mL/min, 240 nm, 40/60 CH3CN/0.1%I-13PO4(aq)
7.27 min(98.92%); Anal. Calcd for CoHGNOBr: C, 39.44;
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H, 2.94; N, 5.11; Br, 29.15. Found: C, 39.46; H, 3.00; N,

5.00; Br, 29.11.
B. 1-Buyl N-(1-oxo-4-nitroisoindolin-2-yl)-L-glutamine
Triethylamine (2.9 g, 28.6 mmol) was added dropwise to
a stirred mixture of methyl 2-bromomethyl-3-nitrobenzoate
(3.5, 13.0 mmol) and L-glutamine L-butyl ester hydrochlo-
ride (3.1 g, 13.0 mmol) in tetrahydrofuran (90 mL). The
mixture was heated to reflux for 24 hours. To the cooled
mixture was added methylene chloride (150 mL) and the
mixture was washed with water (2x40 ml), brine (40 mL)
and dried. The solvent was removed in vacuo and the residue
was purified by flash chromatography (3% CH,0H in meth-
ylene chloride) 10 afford 2.84 g (60%) of crude product
which was uscd direetly in the next reaction: 'H NMR
(CDCly) 38.40(d, J=8.1 Hz, 1H), 8.15(d, J=7.5 liz, 1),
7711, J1=7.8 Iz, LH), 5.83(s, 1H), 5.61(s, 1H), 5.12(d,
J=19.4 Hz, LH), 5.04-4.98(m, 1H), 4.92(d, J=19.4 Hz, 1H)
2.49-2.22(m, 4H), 1.46(s, 9H); HPLC, Waters Nova-Pak/
C18, 3.9x150 mm, 4 micron, 1 ml./min, 240 nm, 25/75
CH;CN/0.1%H,P0,(aq) 6.75 min(99.94%)
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C. N 1-Oxo-4-nitraisoindolin-2-yl)-I -glutamine

Hydrogen chloride gas was bubbled into a sticred S° C.
solution of t-butyl N-(l-0x0-4-nilro-isoindolin-2-yl)-L-
glutamine (3.6 g, 9.9 mmol) in methylene chloride (60 mL)
for 1 hour. The mixture was then stirred at room temperature
for another hour. Ether (40 mL) was added and the resulting
mixlure was stirred for 30 minutes. The slurry was filtered,
washed with ether and dried to afford 3.3 g of the product:
'H NMR (DMS0-d,) 38.45(d, J=8.1 11z, 1H), 8.15(d, J=7.5
Hz, 1H), 7.83(t, J=7.9 Hz, 1H), 7.24(s, 1), 6.76(s, 1H),
4.93(s, 2H), 4.84-4.78(dd, J=4.8 amd 10.4 Hz, 110),
2.34-2.10(m, 4H); '*C NMR (DMSO0-d,)) 6173.03, 171.88,
165.96, 14335, 137.49, 134.77, 130.10, 129.61, 126.95,
53.65, 48.13, 31.50, 24.69; Anal. Caled for C,3H3N,04: C,
50.82; H,4.26; N, 13.68. Found: C, 50.53; H, 437,N,13.22,

; D.(S)-3-(1-Ox0-4-nimrm'soindolin-2-yl)piperidine—Z,G-dione

A stirred suspension mixture of N-(1-0x0-4-
nitroisoindolin-2-yl)-L-glutamine (3.2 g, 10.5 mmol) in
anhydrous methylene chloride (150 mL) was cooled to ~40°
C. with isopropanol/dry ice bath, Thionyl chloride (0.82 mL,
11.3 mmol) was added dropwise 10 the cooled mixture
followed by pyridine (0.9 g, 11.3 mmol). Aficr 30 min,
triethylamine (1.2 g, 11.5 mmol) was added and the mixture
was stirred at -30 to ~40° C. for 3 hours. The mixture was
poured into ice watet (200 mL) and the aqueous layer was
extracted with methylenc chioride (40 mL). The methylene
chloride solution was washed with water (2x60 mL.), brine
(60 mL) and dried. The solvent was removed in vacuo and
the solid residuc was slurried with cthyl acctate (20 mlL) to
$ive 2.2 5 (75%) of the product as a white solid: mp 285°C.;

H NMR (DMSO-d,) 811.04(s, 1H), 8.49-8.45(dd, J=0.8
and 8.2 Hz, 1H), 8.21-8.17(dd, J=7.3 Hz, 1H), 7.84(1,1=7.6
Hz, 1H), 5.23-5.15(dd, J=4.9 and 13.0 llz, 1H), 4.96(dd,
4=19.3 and 32.4 Hy, 2H), 3.00-2.85(m, 1H), 2.64-2.49(m,
211), 2.08-1.98(m, 1H); >C NMR (DMSO-dy) 6172.79,
170.69, 165.93, 14333, 137.40, 134.68, 130.15, 129.60,
127.02, 51.82, 48.43, 31.16, 22.23; HPLC, Waters Nove-
Pak/C18, 3.9x150 mm, 4 micron, | mL/min, 240 nm, 20/80
CH,CN/0.1%H,P0,(aq) 3.67 min(100%); Anal. Caled for
Cy3Hy,N;04: C, 53.98; H, 3.83; N, 14.53. Found: C, 53.92,
H, 3.70; N, 14.10.

E. (S)-3-(.l-Oxo-4-aminoisoindolin-2-yl)piperidinc-2,6
dione

A mixture of (8)-1-(1-0x0-4-nitroisoindolin-2-y1)
piperidine-2,6-dione (1.0 g, 3.5 mmol) and 10% Pd/c (0.3 g)
in methanol (600 mL) was hydrogenated in a Parr-Shaker
apparatus at 50 psi of hydrogen for 5 hours. The mixture was
filtered through Celite and the filtrate was concentrated in
vacuo. The solid was slurried in hot ethyl acetate for 30 min
, filtered and dried 1o afford 0.46 g (51%) of the product as
a white solid: mp 235.5-239° C,; '"H NMR (DMSO-d)
311.01¢s, 1H), 7.19(1, J=7.6 Hz, 1H), 6.90(d, J=7.3 Hz, 1H),
6.78(d, J=7.8 Hz, tH), 5.42(s, 211), 5.12(dd, J=5.1 and 13.1
Hz, 1H), 4.17(dd, I=17.0 and 28.8 Hz, 2H), 2.92-2.85(m,
IH), 2.64-2.49(m, 1H), 2.34-2.27(m, 1H), 2.06~-1.99(m,
1H); **C NMR (DMSO-d,) 617285, 171.19, 168.84,
143.58, 132.22, 12879, 125.56, 116.37, 110.39, 51.48,
45.49, 31.20, 22.74; HPLC, Waters Nova-Pak/C18, 3.9x150
mm, 4 micron, -1 mL/min, 240 nom, 10/90 CH;CN/
0.1%H,P0,(aq) 0.96 min(100%); Chiral analysis, Daicel
Chiral Pak AD, 40/60 Hexane/l PA, 6.60 min(99.42%); Anal.
Caled for C,,H,5N,04: C, 60.23; H, 5.05; N, 16.21. Found:
C, 59.96; H, 4.98; N, 15.84.

EXAMPLE 17
3-(4-Amino- 1 -oxoisoindolin-2y1)-3-
methylpiperidine-2,6-dione

A. N-Benzyloxycarbnnyl-3-amino-3-melhylpiperidine-2,()—
dione
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A stirred mixture of N-benzyloxycarbonyl-c-methyl-
isoglutamine (11.3 g, 38.5 mmol), 1,1'-carbonyldiimidazole
(6.84 g, 42.2 mmol) and 4-dimethylaminopyridine (0.05 g)
in tetrahydrofuran (125 mL) was heated to reflux under
nitrogen for 19 hours. The reaction mixture was concen-
trated in vacuo to an oil. The oil was slurried in water (50
mL.) for 1 hour then filtered, washed with water, air dried to
afford 7.15 g of white solid. The crude product was purified
by flash chromatography (2:8 ethyl acetate:methylene
chloride) to afford 6.7 g (63%) of the product as a white
solid: mp 151-152° C.; 'H NMR (CDCL,) 88.24 (s, 1H),
7.35 (s, SH), 5.6 (s, 1H), 5.09 (s, 2H), 2.82-2.53 (m, 311},
2.33-2.26 (m, 1H), 1.56 (s, 3H), "*C NMR (CDCl,) 3174 4,
172.4, 154.8, 1369, 128.3, 1278, 127.7, (5.3, 54.6, 29.2,
29.0, 22.18; HPLC: Waters Nova-Palk/C,q column, 4
micron, 3.9-150 mm, 1 ml/min, 240 nm, 20/80 CH,CN/
PO, 6.6 min. 100%). Anal. Caled for C; H (N;O,.
Theory: C, 60.86; H, 5.84; N, 10.14. Found: C, 60.94; H,
5.76; N, 10.10.
B. 3-Amino-3-methylpiperidine-2,6-dione

N-benzyloxycarbonyl-3-amino-3-methylpiperidine-2,6-
dione (3.0 g, 10.9 mmol) was dissolved in ethanol (270 mL)
with gentle heat and then cooled to room temperature. To
this solution was added 4 N HCl (7 mL)) followed by 10%
Pd/C (0.52 g). The mixturc was hydrogenated under 50 psi
of hydrogen for 3 hours. 'To the mixturc was then added
water (65 ml.) to dissolve the product. The mixiure was
filtered through a cclitc pad and the cclite pad washed with
water (100 mL). The filtrate was concentrated in vacuo to a

solid residue. This solid was slurried in ethanol (50 mL) for 3

30 min. The slurry was filtered to afford 3.65 g (94%) of the
product as a white solid: *H NMR (DMSO-dg) 811.25 (s,
1H), 8.9 (s, 3H), 2.87-2.57 (m, 2H), 2.35-2.08 (m, 2H), 1.54
(s, 311); HPLC (Waters Nova-Pak/C,, column, 4 micron, 1
ml/min, 240 nm, 15/85 CH,CN/H;PO,,,, 1.07 min,
100%).
C. 3-Methyl-3-(4-nitro- L-oxoisoindolin-2-yDpiperidine-2,6-
dionc

To a stirred mixture of a-amino-o-methyl-glutarimide
hydrochloride (2.5 g, 14.0 mmol) and methyl
2-bromomethyl-3-nitro benzoate (3.87 g, 14 mmol in dim-
cthylformamide (40 mL) was added triethylamine (3.14 g,
30.8 mmol) under nitrogen. The mixture was heated to reflux
for 6 hours. The mixture was cooled and then concentrated
in vacuo. ‘Yhe solid residue was slurried in water (50 mL)
and methylene chloride for 30 min. The slurry was filtered
and the solid washed with methylene chloride and dricd (60°
C., <1 mm). Recrystallization from mcthanol (80 mL)
yielded 0.63 g (15%) of the product as an off white solid: mp
195-197° C.; 'H NMR (DMSO0-d;) 810.95 (s, 1H),
8.49-8.46 (d, J=8.2 11z, 11]), 8.13-8.09 (d, J=7.4 liz, LII),
7.86-7.79 (t, J=7.8 1z, 1H), 5.22-5.0 (dd, J=19.4 and 34.6
Hz, 211), 2.77-2.49 (m, 3H), 2.0-1.94 (m, 1H), 1.74 (S, 3H),
13C NMR (DMSO0-d,) 8173.1, 172.3, 165.0, 143.2, 137 4,

135.2, 130.1, 129.3, 1269, 57.6, 48.7, 289, 27.7, 206, s

HPLC (Waters Nova-Pak/C,; column, 4 micron, 1 ml/min,
240 nm, 20/80 CH,CN/H,PO,,p, 4.54 min, 99.6%); Anal
Caled. For C,,H,3N;0s; C, 55.45;11,4.32; N, 13.86. Found:
C, 55.30; H, 4.48; N, 13.54.
D. 3-Methyl-3-(4-amino-1-oxoisoindolin-2yl)piperidine-2,
6-dionc
3-Methyl-3-(4-nitro-1-oxoisoindolin-2-yl)piperidine-2,6-
dione (1.0 g, 3.3 mmol) was dissolved in methanol (500 mL)
with gentle heat and then cooled to room temperature. To
this solution was added 10% Pd/C (0.3 g) under nitrogen.
The mixture was hydrogenated in a Parr-Shaker apparatus at
50 psi of hydrogen for 4 hours. The mixture was filtered
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through celite pad and the celite pad washed with methanol
(50 ml). The filtrate was concentrated in vacuo to a off
white solid. The solid was slurried in methylene chloride (20
mL.) for 30 min. The sturry was filtered and the solid dried
(60° C., <1 mm). The solid was to recrystallized tfrom
methanol (3 times, 100 mL/time) to yield 0.12 (13.3%) of
the product as a white solid: mp 289-292° C.; 'H NMR
(DMSO-d,) 810.8S (s, 1), 7.19-7.13 (1, }=7.6 Hz, 1H),
6.83-6.76 (m, 2H), 5.44 (s, 2H), 4.41(s, 2H), 2.71-2.49 (m,
3H), 1.9-1.8 (m, 1H), 1.67 (s, 3H); °C NMR (DMSO-d,)
8173.7, 1725, 168.0, 1435, 132.9, 128.8, 125.6, 116.1,
109.9, 57.0, 46.2, 29.0, 27.8, 20.8; HPLC (Waters Nova-
Pak/C,; column, 4 micron, 1 ml/min, 240 nm, 20/80
CH,CNH,PO, .5, 1.5 min, 99.6%); Anal. Caled. For
C,.H,sN;05; C, 61.53; H, 5.53; N, 15.38. Found: C, 61.22;
H, 5.63; N, 15.25.

EXAMPLE 18

Tablets, each containing 50 mg of 1,3-dioxo-2-(2,6-
dioxopiperidin-3-yl)-3-aminoisoindoline, can be prepared in
the following manner:

1,3-dioxo-2-(2,6-dioxo- 50.0 g

piperidin-3-yl}-5-amino

isoindoline

lactosc 0.7
wheat starch 15¢g
polyethylene glycol 6000 50g
talc S0g
magnesium stearate 18 g
demineralized water q..

The solid ingredients are first forced through a sieve of 0.6
mm mesh width. The active ingredient, lactose, talc, mag-
nesium stearate and half of the starch then are mixed. The
other half of the starch is suspended in 40 mL of water and
this suspension is added to a boiling solution of the poly-
cthylene glycol in 100 ml. of water. The resulting paste is
added to the pulverulent substances and the mixture is
granulated, if necessary with the addition of water. The
granulate is dricd overnight at 35° C., forced through a sieve
of 1.2 mm mesh width and compressed to form tablets of
approximately 6 mm diameter which are concave on both
sides.

EXAMPLE 19

Tablets, each containing 100 mg of 1,3-dioxo-2-(2,6~
dioxopiperidin-3-yl)-S-aminoisoindoline, can be prepared in
the tollowing manner:

1,3-dioxo-2-(2,6-dioxo- 1000 g
piperidin-2-y1)-5-amino-

isoindoline

lactose 1000 g
wheat starch 470 g
magnesium stearate 30¢g

Al the solid ingredients are first forced through a sieve of
0.6 mm mesh width, The active ingredicnt, lactosc, magne-
sium stearate and half of the starch then are mixed. The other
half of 1he starch is suspended in 40 mL of water and this
suspension is added to 100 mL of boiling, water. The
resulting paste is added to the pulverulent substances and the
mixture is granulated, if necessary with the addition of
water. The Granulate is dried overnight at 35° C., forced

\Q?\
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through a sicve of 1.2 mm mesh widih and compressed to
form tablets of approximately 6 mm diameter which are
concave on both sides.

EXAMPLE 20

Tablets for chewing, ¢ach containing 75 mg of 1-0x0-2-
(2,6-dioxopiperidin-3-yl)-4-amin0isoind0|ine, can be pre-
pared in the following manner;

1-0x0-2-(2,6-dioxo- 5.0¢g
piperidin-3-yl)-d-amino-
isoindoline

mannitol 2300
lactose 180.0 g
tale 210g
glycine 125¢g
stearic acid 100 g
saccharin 15y
5% gelatin solution q.s.

All the solid ingredients are first forced through a sieve of
0.25 mm mesh width. The mannitol and the lactose are
mixed, granulated with the addition of gelatin solution,
forced through a sieve of 2 mm mesh width dried at 50° C.
and again forced through a sieve of 1.7 mm mesh width.
l-0xn—2»(2,6-dioxopipcridin-3-yl)-4-aminoisoindoline, the
glycine and the saccharin are carcfully mixed, the mannitol,
the lactose granulate, the stearic acid and the talc are added
and the whole is mixed thoroughly and compressed to form
tablets of approximately 10 mm diameter which are concave
on both sides and have a breaking groove on the upper side.

EXAMPLE 21

Tablets, each containing 10 mg of 1-0x0-2-(2,6-
dioxopiperidin-3-yl)-5-aminoisoindoline, can be prepared in
the following manner.

1-0x0-2-(2,6-dioxo- 100g
piperidio-3-y1)-S-amino

isoindoline

lactose 285 g
cornstarch 175¢g
polyethylene gtycol 6000 50g
talc 250 g
magnesium steamte 4l g
dentineralized water q.s.

The solid ingredients are first forced through a sieve of 0.6

mm mesh width. Then the active imide ingredient, lactose,
talc, magnesium stearate and half of the starch are intimately
mixed. The other half of the starch is suspended in 65 mL of
water and this suspension is added to a boiling solution of
the polyethylene glycol in 260 ml, of water. The resulting
paste Is added to the pulverulent substances, and the whole
is mixed and granulated, if necessary with the addition of
water. The pranulate is dried overnight at 35° C., forced
through a sieve of 1.2 mm mesh width and compressed to
form tablets of approximately 10 mm diameter which are
concave on both sides and have a breaking noich on the
upper sidc.

EXAMPLE 22

Gelatin dry-filled capsules, each containing 100 mg of
1-oxo~2—(2,6-diox0piperidin-3-yl)-6-aminoisoindolinc, can
be prepared in the following manner:
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1-0x0-2-(2,6-dioxo- 1000 g
piperidin-3-yl)-6-amino-
isoindoline
microcrystalline cellulose 300g
sodium lauryl sulfate 208
magaesium stearate 8.0 g

The sodium lauryl sulfate is sicved into the 1-ox0-2- 2,
6-dioxopiperidin-3-y1)-6-aminoisaindoline through a sieve
of 0.2 mm mesh width and the two components are inti-
mately mixed for 10 minutes. The microcrystalline cellulose
is then added through a sicve of 0.9 mm mesh width and the
whole is again intimately mixed for L0 minutes. Finally, the
magnesium stearate is added through a sieve of 0.8 mm
width and, after mixing for a further 3 minutes, the mixture
is introduced in portions of 140 mg each inlo size 0
(elongated) gelatin dry-fill capsules.

EXAMPLE 23

A 0.2% injection or infusion solution can be prepared, for
example, in the following manner:

1-ox0-2-(2,6-dioxo- 50¢
piperidin-3-yi)-7-amino-

isoindoline

sodium chloride S

phosphate buffer pH 7.4

3000 g
demineralized water

o 2500.0 ml.

l-Oxo-2-(2,6-dioxopipcridin-3—yl)-7-aminoisoindoline is
dissolved in 1000 mL of water and filtered through a
microfilter. The buffer solution is added and the wholc is
made up to 2500 mL with water. To prepare dosage unit
forms, portions of 1.0 or 2.5 mL each are introduced into
glass ampoules (cach containing respectively 2.0 or 5.0 mg
of imide).

EXAMPLE 24

Tablets, each containing 50 mg of l-0x0-2-~(2,6-
dioxopiperidin-3-yl)-4,5,6,7-lelraﬂuoroisoindn]ine, can be
prepared in the following manner.

1-0x0-2-(2,6-dioxo- 500 g
piperidin-3-yl}-4,5,6.7-
tetafluoroiseindoline

lactose S0.7g
wheat starch 75 g
polyethylene glycol 6000 50g
tale S0g
magnesium stearale 18 g
demineralized water q.5.

The solid ingredients are first forced throu gh asieve 0f 0.6
mm mesh width. The active ingredient, lactose, talc, mag-
nesium stearate and half of the starch then are mixed. The
other half of the starch is suspended in 40 ml, of water and
this suspension is added 10 a boiling solution of the poly-
cthylene glycol in 100 mL of watcr. The resulling paste is
added to the pulverulent substances and the mixture is
granulated, if necessary with the addition of water, The
granulate is dried overnight at 35° C., forced through a sieve
of 1.2 mm mesh width and compressed to form tablets of
approximaiely 6 mm diameter which are concave on both
sides.
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EXAMPLE 25
.. . -continued
Tablets, each containing 100 mg of 1-0x0-2-(2,6- .
dioxopiperidin-3-y1)-4,5,6,7-tetrachloroisoindoline, can be cornstarch ‘ 17.5¢
prepared in the following manner: . I::]‘CYC”‘Y‘C“C glycol 6000 723 8
; 508
magnesinm stearate 40g
demineralized water qs.
1-ox0-2-(2,6-dioxopiperidin-3-yl)- 1000 g
45,6, telmehloroisoindoline The solid ingredients are first forced through a sieve of 0.6
lucrose 1000 ¢ 10 . . N . .. . R
wheat starch 470 g mm mesh width. Then the active imide mgrcdler}t,.laclose
magaesium stearate 30g talc, magnesium stearate and half of the starch are intimately

All the solid ingredients are first forced through a sieve of

0.6 mm mesh width. The active ingredient, lactose, magne- |

sium stearatc and half of the starch then are mixed. The other
half of the starch is suspended in 40 mL of water and this
suspension is added to 100 mL of boiling water. The
resulting paste is added to the pulverulent substances and the
mixture is granulated, if necessary with the addition of
water. The granulate is dried overnight at 35° C., forced
through a sieve of 1.2 mm mesh width and compressed to
form tablets of approximately 6 mm diameter which are
concave on both sides.

EXAMPLE 26

Tablets for chewing, each containing 75 mg of 1-0x0-2-
(2,6-dioxopiperidin-3-y1)-4,5,6,7-tetrafluoroisvindoline, can
be prepared in the following manner:

1-0x0-2+(2,6-dioxo- 7508
piperidin-3-y1)-4,5,6,7-tetru-
fiuoroisoindoline

miannitol 2300 g

lactose 150.0 g

tale 2i0g

glycine 125 g

stearic acid 100 g

saccharin 15¢
' 5% gelatin solution q.s.

All the solid ingredients are first forced through a sieve of
0.25 mm mesh width. The mannitol and the lactose are
mixed, granulated with the addition of gelatin solution,
forced through a sicve of 2 mm mesh width, dried at 50° C.
and again forced through a sieve of 1.7 mm mesh width.
1-0x0-2-(2,6-dioxopiperidin-3-yl)-4,5,6,7-
tetraftuorojsoindoline, the glycine and the saccharin are
carefully mixed, the mannitol, the lactose granulate, the
stearic acid and the talc are added and the whole is mixed
thoroughly and compressed to form tablets of approximately
10 mm diameter which are coacave on both sides and have
a breaking groove on the upper side.

EXAMPLE 27

Tablets, each containing 10 mg of 1-0x0-2-(2,6-
dioxopiperidin-3-yl)-4,5,6,7-tetramethylisoindoline, can be
prepared in the following manner:

1-0x0-2-(2,6-dioxo- 100 g
piperidin-3-y1)-4,5.6,7-
tetramethylisoindoline
Iactose

n
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mixed. The other half of the starch is suspended in 65 mL of
waler and this suspension is added to a boiling solution of
the polyethylene glycol in 260 mL of water. The resulting
paste is added to the pulverulent substances, and the whole
is mixed and granulated, if necessary with the addition of
water. The granulate is dried overnight at 35° C., forced
through a sieve of 1.2 mm mesh width and compressed to
form tablets of approximately 10 mm diameter which are
concave on both sides and have a breaking notch on the
upper side.

EXAMPLE 28

Gelatin dry-filled capsules, each containing 100 mg of
l-ox0-2-(2,6-dioxopiperidin-3-yl)-4,5,6,7-
tetramethoxyisoindoline, can be prepared in the following
manner:

1-0x0-2-(2,6-dioxopiperidin-3- 1000 g
y1)-4,5,6,7-tetramethoxy-

isoindoline

microcrystalline cellulose nog
sodium lauryl sullate 20g
magnesium stearate 30¢g

The sodium laury! sulfate is sieved into the 1-0x0-2-(2,
6-dioxopiperidin-3-y1)-4,5,6,7-tctramethoxyisoindoline
through a sieve of 0.2 mm mesh width and the two com-
ponents are intimately mixed for 10 minutes. The microc-
rystalline cellulose is then added through a sieve of 0.9 mm
mesh width and the whole is again intimately mixed for 10
minutes. Finally, the magnesium stearate is added through a
sicve of 0.8 mm width and, after mixing for a further 3
minutes, the mixture is introduced in portions of 140 mg
each into size 0 (elongated) gelatin dry-fill capsules.

EXAMPLE 30

A 0.2% injcction or infusion solution can be preparced, for
example, in the following manner:

1-0%0-2-(2,6-dioxopiperidin-3-yl)- shg
4,5.6,7-tetrnfluoroisoindoline
sodium chloride 25¢g

phosphate buffer pH 7.4

3000 g
demineralized water

to 2500.0 mL

1-0x0-2-(2,6-dioxopipcridin-3-yl1)-4,5,6,7-
tetrafluoroisoindoline is dissolved in 1000 mL of water and
filtered through a microfilter. The bufter solution is added
and the whole is made up to 2500 ml. with water. To prepare
dosage unit forms, portions of 1.0 or 2.5 mL each are
introduced into glass ampoules (each containing respec-
tively 2.0 or 5.0 mg of imide).
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EXAMPLE 31
Tablets, cach containing 50 mg of 1-0x0-2-(2,6-dioxo-3-

meIhylpipcridin-3-y1)-4,5,6,7-tetraﬂuoroisoindoline, can be
prepared in the following manner:

1-0%0-2-(2,6-dioxo-3-methyl S0.0g
piperidin-3-y1)-4,5,6,7-

tetmfluoroisoindoline

lactose 507g
whent slarch 15¢
polyethylene glycol 6600 Sog
lalc S0g
magnesium stearate 18¢g
demineralized water g.s.

The solid ingredicnts are first forced through a sieve of 0.6
mm mesh width, The active ingredient, lactose, talc, mag-
nesium stearate and half of the starch then are mixed. The

other half of the starch is suspended in 40 ml. of water and 2

this suspension is added to a boiling solution of the poly-
ethylene glycol in 100 mL of water, The resulting paste is
added 1o the pulverulent substances and the mixture is
granulated, i nccessary with the addition of water. The
granulate is dried overnight at 35° C., forced through a sieve
of 1.2 mm, mesh width and compressed to form tablets of
approximalely 6 mm diamcter which are concave on both
sides.

EXAMPLE 32

Tablets, each containing 100 mg of 1-0x0-2-(2,6-
dioxopiperidin-3-yl)-4-aminoisoindoline, can be prepared in
the following manner:

1-ox0-2-(2,6-dioxo- 1000 g
piperidin-3-yl)-4-amino

isoindoline

lactose Mo g
wheat starch 470g
magnesium stearate 30g

All the solid ingredicnts are first forced through a sicve of
0.6 mm mesh width. The active ingredients lactose, mag-
nesium stearate and half of the starch then are mixed. The
other half of the starch is suspended in 40 mL of water and
this suspension is added 10 100 mL of boiling water. The
resulting paste is added to the pulverulent substances and the
mixture is granulated, if neccssary with the addition of
water. ‘The granulate is dried overnight at 35° C., forced
through a sicve of 1.2 mm mesh width and compressed to
form tablets of approximately 6 mm diameter which are
concave on both sides.

EXAMPLE 33
Tablets for chewing, each containing 75 mg of 2-(2,6-

dioxo-3-methylpiperidin-3-yl)-4-aminophthalimide, can be
prepared in the following manner:

2-(2,6-dioxo-3-methylpiperidin- 750
3-yl)-4-uminophthalimide

mannitel 2300 g
lactose 1500 g
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26
-continued
talc 210g
glycine 125g
stearic acid 10.0g
saccharin 15¢
5% gelatin solution Q.8

All the solid ingredients are first forced throngh a sieve of
0.25 mm mesh width. The mannitol and the laclosc are
mixed, granulated with the addition of gelatin solution,
foreed through a sicve of 2 mm mesh width, dricd at 50° C.
and again forced through a sieve of 1.7 mm mesh width.
2-(’2,6-Dioxo-3-mclhylpiperidin-3-yl)-4-amin0phtha|imide,
the glycine and the saccharin are carcfully mixed, the
mannitol, the lactose granulate, the stearic acid and the falc
are added and the whole is mixed thoroughly and com-
pressed to form tablets of approximately 10 mm diameter
which are concave on both sides and have a breaking groove
on the upper side.

EXAMPLE 34

Tablets, each containing 10 mg of 2-(2,6-
dioxoethylpiperidin-3-yl)-4-aminophthalimide, can be pre-
pared in the following manncr:

2-(2,6-dioxoethylpiperidin-3-yi)- 100.0 g
4-aminopht halimide

factose 3185g
corstarch 175 ¢
polyethylene glycol 6000 S0g
tale 28 g
magnesium slearale 40¢g
deminernlized water q.s.

The solid ingredients are first forced through a sieve of 0.6
mm mesh width. Then the active imide ingredient, lactose,
tale, magnesium stearate and half of the starch are intimately
mixed. The other half of the starch is suspended in 65 mL of
water and this suspension is added to a boiling solution of
the polyethylene glycol in 260 ml. of water. The resulting
paste is added to the pulverulent substances, and the whole
is mixed and granulated, if necessary with the addition of
water. The granulate is dried overnight at 35° C., forced
through a sieve of 1.2 mm mesh width and compressed to
form tablets of approximately 10 mm diameter which are
concave on both sides and have a breaking notch on the
upper side.

EXAMPLE 35

Gelatin dry-filled capsules, cach containing 100 mg of
1-0x0-2-(2,6-dioxo-3-methylpiperidin-3-y1)-4,5,6,7-
tetrafluoroisoindoline, can be prepared in the following
manner:

1-ox0-2-(2,6-dioxo-3-

100.0 g
methylpiperidin-3-yl}-4,5,6,7-
tetrafluoroisoindoline
microcrystalline cellulose 300g
sodium tnuryi sulfare 20g
magnesium stearale 80g

The sodium lauryl sulfate is sieved into the 1-0x0-2-(2,
6-dioxo-3-methylpiperidin-3-y1)-4,5,6,7-
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tetrafluoroisoindoline through a sieve of 0.2 mm mesh width
and the two components are intimately mixed for 10 min-
utes. The microcrystalline cellulose is then added through a
sieve of 0.9 mm mesh width and the whole is again
intimately mixed for 10 minutes. Finally, the magnesium
stearate 1s added through a sieve of 0.8 mm width and, after
mixing for a further 3 minutes, the mixture is introduced in
portions of 140 mg each into size 0 (elongated) gelatin
dry-fill capsules.

EXAMPLE 36

A 0.2% injection or intusion solution can be prepared, for
example, in the following manner: '

1-ox0-2-(2,6-dioxo-3-methyl 50 ¢
piperidin-3-yt)-4,5,6,7-tetraftucro-

isoindoline

sodium chloride 25 g

phosphate bulfer pH 7.4

000 g
demincralized water

to 2500.0 mlL

1-0x0-2-(2,6-dioxo-3-methylpiperldin-3-y1)-4,5,6,7-
tetrafluoroisoindoline is dissolved in 100 mL of water and
filtered through a microfilter. The buffer solution is added
and the whole is made up to 2500 mL with water. To prepare
dosage unit forms, portions of 1.0 or 2.5 mL each are
introduced into glass ampoules (each containing respec-
tively 2.0 or 5.0 mg of imide).

What is claimed is:

1. A method of treating inflammation, inflammatory dis-
casc or autoimmune discase in a mammal which compriscs
administering thereto an cffective amount of a compound of
the formula:

NH

in which R% is hydrogen or methyl.
2. The method according to claim 1 in which said com-
pound has the formula:

NH,

3. The method according to claim 2 wherein said disease
is rheumatoid arthritis.

4. The method according (o claim 2 wherein said discasc
is osteoarthritis.

5. The method according to claim 2 wherein said disease
is inflammatory bowel disease.

6. The method according to claim 5 wherein said inflam-
matory bowel discase is Crohn’s discase.

7. The method according to claim § wherein said inflam-
matory bowel disease is ulcerative colitis.

8. The methad according to claim 2 wherein said disease
is an arthritic condition.
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9. The method according to claim 2 wherein said discase
is sepsis.

10. The method according to claim 2 wherein said disease
is lupus.

11. The method according to claim 2 wherein said disease
is ¢rythema nodosum leprosum.

12. The method according to claim 2 wherein said com-
pound is administered orally or parenterally.

13. The method according to claim 2 wherein said com-
pound is administered in combination with a therapeutic
agent.

14. The method according to claim 2 in which said
compound is administered in the form of a physiologically
acceptable non-toxic acid addition salt.

15. The method according to claim 2 in which said
compound has the R-configuration.

16. The method according to claim 2 in which said
compound has the S-configuration.

17. The method .according to claim 2 in which said
compound is administered in a single or multiple dosage
regimen as a pharmaceutical composition containing from 1
to 100 mg. of said compound.

18. A method of treating an oncogenic or canccrous
condition in a mammal which comprises administering
thereto an cftective amount of a compound of the formula:

N NH

NH,

in which R® is hydrogen or methyl.
19. The method according to claim 18 in which said
compound has the formula:

NH

NH,

20. The method according to claim 19 wherein said
compound is administered orally or parenterally.

21. The method according to claim 19 in which said
compound is administered in combination with a therapeutic
agent.

22. The method according to claim 21 wherein said
therapeutic agent is a steroid, ncoplastic agent or antibiotic.

23. The method according to claim 19 in which said
compound is administered in the form of a physiologically
acceplable non-toxic acid addition salt.

24. 'The method according to claim 19 in which said
compound has the R-configuration.

25. The method according to claim 19 in which said
compound has the S-configuration.

26. The method according to claim 19 in which said
compound is administered in a single or multiple dosage
regimen as a pharmaceutical composition conlaining from 1
to 100 mg. of said compound.

* * * * w®
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