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Como resultado del Examen de Fondo realiz

la Decisién 486 de la Comisién de la Comunidad Andina, se cemunica:

4 Doeumentca eﬁtudladea

i Capitulg Il

/079444
10/Qctubre/2008

do, con fundamento en el Articulo 45 de

Descripeion; - ' Folios 48a74  27/Abrili2010 R
Reivmdlcacuones Folios 75a7f - 27/Abrill2010

' Dibujos: B Folios 79287  27/Abril/2010

. Prioridad: US 60 979 643 " 12/Octubre/2007 -

2. Analisis de la P’ho"rid"ad |

Se acepta la relvmdicacmn de pnondad porg
del plazo estabtecide (Art. 9 D 486) y su cent
prioridad reivindicada.

3. Objete de la iavgneiéﬁ

Titulo de la solicitud: “Forma cristalina
henzimidazol-4-carboxamida”.

El problema planteado en esta solicitud cor
formas cristalinas de 2-((R)-2-metil-pirrolidin
(ABT-888) que se puedan elaborar de maner,

|
Para resolver este problema técnico la solig
cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-1H
cuando se mide a -100°C en el sistema cristalin
con radiacion a 0.7107 A, se caracteriza por I¢

' |
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bycde8218A+0. OOZA 8.218 A+ 0.002Ay 36.06 A+ 0.002A, respectivamente y
valores o, B y y de 90°.

El objeto de la presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP). C07D487/04, A61K31/4184, A61P35/00.

4. Excepcion a la Patentabilidad (Art 20 D 486 literal (d))

El objeto de la reivindicacién 4 no es patentable de‘ acuerdo coh el Art citado.
5. De la Solicitud de Patente

Reivindicaciones (Art 30 D 486, Art 22 PCT)

La reivindicacién 1 presenta un error en la traduccion, porque contiene la palabra
“and”. Se solicita realizar la correccion correspondiente.

Las reivindicaciones 1 - 3 y 5 no son claras cuando emplean el término
“aproximadamente” porque es impreciso, por lo cual no permite dlstinguir la invencién
del estado de la técnica.

La reivindicacion 2 no es clara porque se refieren a una forma cristalina pero esta no
se caracteriza apropiadamente debido a que no presenta el patrén de difraccion de
rayos X en mono cristal, el patrén de difraccion de rayos X en polvo (DRXP) con por
lo menos los 20 picos correspondientes a las intensidades de los haces difractados ¢
a los espacios interplanares dpq seguin los indices de Miller (hkl) medidos de acuerdo
con el angulo de difraccién de Bragg 20 en el intervalo mas representativo
comprendldo entre 5° hasta 80°, las espectroscopias Raman e IR, la espectroscopia
RMN-C™, o, los métodos de analisis térmico: TGA, DTA y DSC. Se solicita
caracterlzar Ia forma cristalina de acuerdo a lo que se encuentre debidamente
soportado en la descripcion.

Las reivindicaciones 3 y 5 no son claras porque aunque hacen referencia a la
eomposicion farmacéutica y al proceso de obtencion de la forma cristalina de la
reivindicacién 1 respectivamente, no se encuentra declarada la dependencia a esta
reivindicaciéon; ademds, se encuentran definidas por caracteristicas técnicas
esenciales de una forma cristalina sin que corresponda a lo encabezado en cada una
de ellas. Se sugiere declarar la dependencia de las reivindicaciones 3y 5 a la
reivindicacion 1, eliminando de ellas la descripcion de la forma cristalina.

La reivindicacion 5 no es clara cuando define el proceso de obtencion de la forma
cristalina de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida por la
disolucidon del compuesto en un solvente, sin definir el solvente, lo cual es impreciso,
no permite distinguir la invencion del estado de la técnica, asf como tampoco indica la
manera, el método o las condiciones esenciales en que se deba realizar esta etapa
del proceso. Se solicita definir claramente los solventes empleados en esta etapa, asi
como las condiciones en que debe realizarse, de acuerdo a lo que esté soportado en
la descripcién.

La reivindicacion 5 no es clara cuan emplea la expresion “hacer que la forma
cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida exista en
la mezcla, dicha forma cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamlda cuando se aisla y se mide a aproximadamente -100°C en el sistema
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eristalino tetragonal y grupo espacial P43212 con radiacion a 0.7107 A, se caracteriza
por los parametros de valores reticulares a, by c de 8.218 A £ 0.002A, 8.218 A +
0.002Ay 38.06 A £ 0.002A , respectivamente y valores a, By y de 90°”, porque es un
resultado a alcanzar, no definen al proceso porque la invencion no queda definida por
el resultado a alcanzar, puesto que la|reivindicacién incluiria ne sélo la solucién
propuesta por el solicitante, sino todas las alternativas presentes o futuras que
lleguen a ese resultado. Ademas, no describe el proceso por sus caracteristicas
esenciales como una etapa o alguna condicién especifica en la que debiera
realizarse. Se sugiere reemplazarlo por las caracteristicas esenciales, estructurales o
funcionales, que contribuyen a la obtencién de ese efecto, de acuerdo a lo soportado
en la descripeién.

La reivindicacién 6 no es clara cuando emplea el término “aislamiento de la forma
cristaling” porque es impreciso, no perite distinguir la invencién del estado de la
tecnica, no indica la manera, el método ¢ las condiciones esenciales en que se deba
realizar esta etapa del proceso. Se solicita definir claramente el método de
aislamiento de la forma cristalina de| acuerdo a lo gque esté soportado en la
descripcién, ' ‘

La relvindicacién 7 no es clara porque aungue hace referencia al proceso de
obtencion de la forma cristalina de Ia reivindicacion 1, no se encuentra declarada la
dependencia a esta reivindicacion. Ademas, emplea los términos “cristalizar” y
“recristalizar” sin definir, las condiciones icomo los solventes, sus properciones, entre
otras, que permitan a la persona del oficio versada en la materia reproducir la
invencién, Se splicita declarar la dependencia de la reivindicacion 7 a la 1, asf como
definir claramente las condiciones en las que se debe llevar a cabo la cristalizacién o
la re-cristaiizacién para llegar al objeto|de la invencién, de acuerdo a lo que esté
debidamente soportado en la descripeion. ' ;

f
8, ﬁat@rmma?ién del Estado de la Téenica
El estado de Iai técnica se determiné con base en la fecha de presentacién de la

solicitud de prieridad 12 de octubre de 2007 y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

_Wem | Documente |  [Thulo | Fachade Publicacion_
o ‘ 1H-benzimidagole-4-carboxamides | - o
: _ substituted|with a guaternary . 5 :
Dt |/82006/220289 carbon at the faposition are potent 12/0ctubre/2006
N R ——— PARPinhibitors | —_—
b2 Atloule’ | Crystalinesolds [ 2001
D1

hitp.//worldwide.espacenet.cam/publicationDetails/biblio?CC=US&NR=2006229289&
KC=&FT=E&locale=eng_EP, divulga (reivindicaciones 11y 17).el compuesto 2-((R)-2-
metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida, y composiciones farmacéuticas
que lo contienen. :

D2 (Folios 116 - 121) ensefia el estudio del pelimorfismo como una tarea rutinaria
dentro del campo farmacéutico en la pr@?@.rmu!asién de preparados farmacéuticos y
que la variedad de formas cristalinas de|un compuesto permiten variar propiedades

Bolids; AdVanead D

20017322 Tolls

S Vippagunta 8, et 8l; Crjsta
116-121, _
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como la solubilidad, estabilidad, velocidad de disolucién entre otras, asi como su
earacterizaciéon mediante los parametros dered a,bycy los respectlvas valores de

aByy. |
7. Examen de Patentabilidad (Art 14 D486)
Nivel Inventivo (Art18 D486)

La reivindicacién 1 consiste en la forma cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-
1H-benzimidazol-4-carboxamida, la cual, cuando se mide a -100°C en el sistema
cristalino tetragonal y grupo espacial P432,2 con radiacion a 0.7107 A, se caracteriza
por los parametros de valores reticulares a, b y ¢ de 8.218 A £ 0. 002A, 8.218 A +
0.002A y 36.06 A + 0.002A , respectivamente y valores a, 8 y y de 90°.

Comparacion de las caracteristicas técnicas esenclales, con las del estado de la técnica:

6araetaristicas esenclales D1 ; b2
‘ ' ' Ensefia que el fenomeno de
_ Compuesto 2-((R)- | polimorfismo (formas cristalinas)
‘ spali HRY.5-metil. | 2-metil-pirrolidin-2- | es la capacidad de eualquier
Fﬁ;;iiingﬁ;ﬂ'ﬁb eqnzi riied afo?-(i) 2-metl- | ji)-1H-benzimidazol- | elemento © compuesto para
2 arboxa rhi da ' ' 4-carboxamida cristalizar en mas de un sistema
(reivindicaciones 14 | cristalino y es un trabajo habitual
y 17) en el campo de preformulacién
farmacéutico.
Cuando se mide 3'-100°C en el sistema
cristalino tetragonal y grupo espacial Ensefia la caracterizacion de
P4;2,2 con radiacién a 07107 A se » . formas cristalinas mediante les
caracteriza por los parametros de valores | No se menciona arametros de red a. b y € v los
reticulares a, b y ¢ de 8.218 A + 0.002A, fes ectivos valores de ay y
8.218 A = 0.002A y 36.06 A £ 0.002A . pectivos valores de a. By .
respectivamente y valores a, By y de 90°

Aproximacion método problema-solucién para polimorfos (formas cristalinas)
" 1. Determinacién del estado de la técnica méas cercano:
El documento D1 se considera el estado de la técnica cercano a la invencion definida
en la reivindieacién 1 porque divulgan el compuesto 2-((R)-2-metil-pirrolidin-2-il)-1H-
benzimidazol-4=carboxamida (reivindicaciones 11y 17).

2. Determinacién de las diferencias técnicas de la invencién con respecto al
estado del estado de la iécnica mas cercano:

La diferencia en_tre la invencién definida en la reivindicacion 1 y el compuesto del
documento D1, consiste en que revelan de manera especifica una forma cristalina
caracterizada por los parametros de red del sistema cristalino monoclinico.

3. Determinacién del efecto técnico obtenido por las diferencias técnicas de la
invencién con respecto al estado de la técnica mas cercano:

Segun la descnpc:on de la solicitud efecto técnico que logra la dlferenma es
proporeionar una forma cristalina 2-((R)-2-metil-pirralidin-2-il)-1H- benzimldazol-4-
carboxamida con distintas propledades fisicas y mecanicas.

4. Establecimiento del problema técnico ObjethO a solucionar con base en el
estado de la técnica mas cercano:

El problema técnico objetivo que pretende resolver esta invencion se puede formular
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cristalinas del eompuesto 2-((R)-2-metil-
mida con distintas propiedades fisicas y

como la necesidad de obtener formas
pirrolidin-2-il)-1H-benzimidazol-4-carboxa
mecanicas. '

5. Comprobaéién de la solucion al problema téecnico objetivo de la solicitud:

En ninguna parte de la descripcion se encﬂ:

mecanicas superioras de la forma cristali‘ a respecto del compueste del estado del
arte. Por lo anterior, no se puede comprobar la selucion al problema técnico objetivo
planteado en la solicitud porque no se realiza una comparacién técnica de las
propiedades del compuesto de la invencidn y del estado de ia téchica mas eercano
que pueda ser reproducido por la persong del oficio versada en la materia.

entra soporte de las propiedades fisicas y

Por lo tanto se puede concluir que no existe un efecto técnico probado, porque no se
demuestra las ventajas relacionadas con las propiedades fisicas y mecanicas
reclamadas en la actual solicitud, con respecto a la forma sélida del compuesto
divulgado en D1.

Por lo tanto se puede concluir que no existe un efecto técnico probado, porgue no se

demuestra las ventajas relacionadas con

las propiedades fisicas y mecanicas

estabilidad de la'forma cristalina del compuesto 2- -((R)-2-metil-pirrolidin-2-il)~1H-

benzimidazol-4-carboxamida reclamada en
solida del mismo compuesto divulgada en
i

6. Evaluar si habria sido obvio soluci

la actual solicitud, con respecto a la forma
D1. ,

onar el problema téenico objetive por Ia

.. .. o
invencién reivindicada:

De tal manera gue la solucion al problema técnico planteado por la invencion
reclamada se considera obvia porque la anterioridad D2, ya divulga que Ias diferentes
formas cristalinags para un mismo compuesto difieren en sus propiedades
fisicoquimicas tales como la solubilidad| estabilidad, velocidad de disolucién,
higroscopicidad, biodisponibilidad entre otras, y es ademas una préctica habitual en
estudios de preformulacion dentro de ios cuales se incluyen rigurosos trabajos para
determinar su presencia en los medlcamajtos con el fin de evitar su inestabilidad o
falta de efectividad (fl 116, pg. 4). Una vez establecido que el compuesto (en este
caso aplicable al compuesto 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamida) presenta polimorfismo, exis

preformulador puede preparar las diversas

ten. procedimientos con los cuales el
formas en cantidades mas grandes para
su evaluacion adicional y adecuarlas para i
i

ncorporar en las formas.
También es conocido en el campo técnico gle los polimorfos son diferentes arreglos
estructurales dentro de un cristal de una misma molécula o sustancia, por lo tanto
una persona del oficio normalmente versada en la materia, conociendo que en D1ya
se divulga una forma sélida de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamida, y que en D2 se conoce que el fendmeno de polimorfismo se da
ampliamente en ios medicamentos de uso farmacéutico, esta persona se encontraria
motivada a utilizar métodos como los revelados en D2 para identificar las formas
polimorficas de la molécula en cuestién, que ademds pueden ser analizadas por
métodos de cnstalograﬁa conocidos (fls 116y 118, pgs. 5-6 y 13 - 14), De tal manera,
no es posible concluir que la identificacion de la forma cristalina 1 reclamada en Ia
actual solicitud envuelva actividad inventiva,lcomo quiera que la molécula misma ya
era conocida con anterioridad; es decir, Ia identificacién de la forma ecrigtalina
reclamada ya sea mediante los parémetros de reda, by ¢ y los respectivos valores
de «, B y v o caracterizada por la técnica de IDRX, no representa un avance técnico
real y tampoco un salto cualitativo a la regla técnica porque el efecto asociado no fue
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demostrado en la descripcidn de la solicitud, comoquiera que no se encontrd alguna
prueba o ensayo que permitiera determinar las ventajas reales de la forma cristalina 1
de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida con respecto a la
forma sélida del mismo compuesto conocida con anterioridad que permita probar, un
efecto realmente inesperado asociado con las propiedades fisicas y mecanicas.

En consecuencia, una persona del oficio normalmente versada en la materia,
encentraria la sugerencia o motivacién suficiente aplicando los métodes vy
conocimientos que se tiene sobre el polimorfismo revelados en D2, a la forma sélida
de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida divulgada en D1, con
el fin de determinar la existencia de la forma cristalina 1 del mismo compuesto, tal
como la reivindicada.

De acuerdo con lo expuesto, la reivindicaciéon 1y sus dependientes 2 - 3 no cumplen
con el requigito de nivel inventivo (Art. 18).

La reivindicacién 5 consiste en un proceso para hacer |a forma cristalina 1 de 2-((R)-
2-metil-pirrolidin-2-il)- 1H-benzimidazol-4-carboxamida, que comprende: proveer una
mezcla que comprende 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida y
solvente, en donde la 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida se
disuelve completamente en el solvente.

Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales 7 D1 D2
Proceso para hacer la forma cristalina 1 de ﬁ)'_(ﬁ)_fég?g;ggg:g'_n"z' _
2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol- carboxamida No se mengiona
4-carb9xam|da), que comprende: | (reivindicaciones 14 y 17) .
Proveer una mezcla que comprende 2-((R)- Los polimorfos se
2-metil-pirrolidin-2-il)-1H-benzimidazol-4- crean como
carboxamida) y solvente, en donde la 2-((R)- . consecuencia de un
2-matii-pirrolidin-2-il)-1H-benzimidazol-4- No se menciona proceso de agregacion
carboxamida) se disuelve completamente en ' en una solucién (fl 1186,
glsovente o P9 8)

El documento D1 se considera el estado de la técnica cercano a la invencién definida
en la reivindicaeién 2 porque divulga el compuesto 2-((R)-2-metil-pirrolidin-2-il)-1H-
benzimidazol-4-carboxamida.

La diferencia entre la invencion, definida en la reivindicacion 5 y lo divulgado en D1
consiste en que ensefia el proceso para hacer la forma cristalina 1 de dicho
compuesto.

El efecto que logra el incluir esta caracteristica es que proporciona un proceso para la
obtencién de la forma cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamida.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencion se
puede formular como la necesidad de suministrar un proceso para la elaboracién de
una forma cristalina de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida.

Sin embargo, es de conocimiento comin para la persona del oficio versada en la
materia que la formacién de formas cristalinas se da por un proceso de agregacién
molecular del compuesta en una solucién del mismo, tal como también lo ensefia D2
(fl 116, pg. 5, col. derecha).

Expediente  10-49261  1er Art 45




| | 114

En censecuencia, la persona del eficio normalmente versada en la materia, se veria
 suficientemente motivada a disolver el ompueste 2-((R)-2-metil-pirrolidin-2-il)-1H-
benznm|dazol-4~carboxam|da en un solvente, segun lo divulgado en D2, para llegar
asl al objeto de la reivindicacién 5 de la solicitud., por lo cual se considera obvia.

Conclusion: Ia reivindicacion 5 cumple el requisito de novedad (Art. 16), pero no
cumple con el requisito de nivel inventivo (Art, 18).

Ademas, D2 ensefia que la forma cristalina se puede aislar por cristalizacion (fl 118,
pg. 5). Pueste que la reivindicacién dependiente 6 no menciona earaeteristicas
inventivas adicionales tampoco se puede considerar inventiva.

La reivindlcaciér’% 7 consiste en un proceso para haeer a forma cristalina 1 de 2-((R)-2-
metil-pirrolidin-2+il)-1H-benzimidazol-4-carbaxamida, que comprende hacer reacclén
de una sal &cida o didcida de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamida y una base y cristalizar o recristalizar la 2-((R)-2-metil-pirrolidin-2-il)-1H-
benzimidazol-4-¢arboxamida en la forma cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-
1H-benzimidazol-4-carboxamida, cristalizar o recristalizar la forma eristaiina 1 de 2-
((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida a partir de un forma sélida,
semisélida, cera o aceite de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-

carboxamida que se mezcla con uno 0 mas de un solvente de la reaccion de
6esprotonacrén

Comparacion de lag caracteristicas téc;mcas esenctales con las del Estado de Ia Téemea

Caracteristicas esenciales | D1 _ b2

' J 24(R)-2-metil-pirralidin-2-
Proceao para hacer la forma cristalina 1 de’ i1 H-benzimidazoi-d-

2+((R)-2-metil-pirrolidin-2-i)-1H-benzimidazol- | 1./ o 1o

4-carboxamida), gue comprende: (v

No se menciona
reivindicaciones 14y 17) ‘

hacer reaceion de una sal acida o didcida de
2-((R)-2-matil- pwrondinrz—:l) 1H-henzimidazol- | Nao se menciona No se menciona
4-carboxamida y una hase ’ '

eristalizar o recristalizer a partir de un forma ' :
golida, semisdlids, cera o aoeite de 2- ((R}-2~ , . Los polimerfes se

maetil-pirralidin-2-il)-1H-benzimidazol-4- crean come
carboxamida en |3 forma crigtalina 1 de 2- Nd se menciona eonsecuencia de un
{(R)-2-metil-pirralidini2-il)-1H-benzimidazal-4- | " ™ 7 proceseo de agregacion
carboxamida que sg mezcla con uno © mas en una seluclon (fl 116,
de un solvente de Ia reaccion de C pg. 5)

desprefonagion

El documento D1 se considera el estado d% la' técnica cercano a la invencién definida

en la reiwndieacian 2 perque divulga el compuesto 2-((R)-2-metil-pirrolidin-2-il)-1H-
benzimidazol-4-carboxamida.

La diferencia entré la invencién, definida eh la reivindicacién 5 y lo divulgado en D1
eongiste en que ensefia el proceso para hacer la forma cristalina 1 de dicho
compuesto en el meduo de reaccion de obtencidn del mismo cempuesto por la adicion
de uno o méas solventes en donde cristaliza la forma cristalina 1, objeto de la
invencion. | ‘

El efecto que logra'el incluir esta caracteristica es que proporciona un proceso para la
obtencién de la forma cristalina 1 de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamida. :

|
Per lo tanto, el prablema técnico ebjetiva que pretende resclver esta invencion se
puede formular como la necesidad de suministrar un proceso para la glaboracion de
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una ferma cristalina de 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida.

Sin embargo, es de conocimiento com(in para la persona del oficio versada en la
materia que |a formacién de formas cristalinas se da por un proceso de agregacién
molecular del compuesto en una solucién del mismo, tal como también 1o ensefia D2
(fl 116, pg. 5, col. derecha). Es decir, aunque la obtencién de la forma sélida del
compuesto sea por la reaccién de su sal con una base, e fundamento de la obtencién
de la forma cristalina sigue siendo el proceso de agregaciéon molecular en una
solucion del compuesto, por lo cual puede ser necesarla la adicion de uno o mas
solventes adicionales al medio de reaccién, lo cual daré las condiciones para la
obtencién del polimorfo.

En consecuencia, la persona del oficio normalmente versada en la materia, se veria
suficientemente motivada a agregar un solvente al medio de obtencién del
compuesto  2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-carboxamida, en un
solvente, para disolver el compuesto 2-((R)-2-metil-pirrolidin-2-il)-1H-benzimidazol-4-
carboxamida y cristalizar una forma cristalina, segun lo divuigado en D2, para llegar
asi al objeto de la reivindicacién 7 de la solicitud., por lo cual se considera obvia.

Conclusién: la reivindicacion 7 cumple el requisito de novedad (Art. 18), pero no
eumple con el requisito de nivel inventivo (Art. 18).

8. Conclusién

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

Item __Documento Reivindicaciones afectadas Requisito que afecta
D1 U82006/229289 1-3y5-7 Nivel inventive
D2 Articulo _1-3y5-7 Nivel inventivo

En cumplimiento del articulo 45 de la Decisién 486 de la Comisién de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dlas
contados a partir de la fecha de notificacion de la presente comunicacién. En caso de
no dar respuesta al presente requsrimiento, o si a pesar de la respuesta subsistieran
los impedimentos para la concesién, se denegara la patente.

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e), del
capltulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

T A=

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior requerimiento fue notificado por fijacion en lista, de fecha

p4 otr. O

Elaborado por: Rubiela Pacanchique Vargas 007‘
Revisado por: Jacqueline Alfonso Rozo
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Abstrort

‘Many drugs exist in the crystaiiine solid state due to reasons of stability xd ease of hardiing during the various stages of
drg develapment. Crysiatice sofids ext exist in the Torr of potymorghs, sulvates or hydrates. Phase transifors such &5
potymorph imerconversios, desolraion 17 solvate, forzastion of hythate and conversion of crystafiine to mrerphous form
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drg. H::wvaEdﬁxmﬂ'mmﬁumm@kuﬂﬂaﬂzfonno\":ke&ngmmzmma!smgsordnsdexdlm
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1. fatroduction

Most organic and inorganic compounds of phar-
waceutical relevance can exist in one oF wore
crystalline forms. When applied to solids, the adjec-
tive, crysiafiine, implies an ideal crystal in which the
structural units, termed wni¢ cefls, are repeated
cegularly and indefinitely in three dimensions m

space. The urit cell hzs a definite odentation and
sh:pc defined by the transtational vectors, a, &, end
¢, and heace has a definite voleme, V) tha contaies
the atoms and molecul for.
crystal. Each crystal cas be classified 2s.a member of
one of seven possible rystal systems or crystal
classes thas are defined by the relationslips between

orystelline solid adducts contsining solvent ‘mohe-
cudes within the crysted stucture, iv.either stoickio-
metric or nomstoichiometric proportions, giviag Tise
0 arique diffevences in the physical end gharna-
veutical properties of the drug. f the i

sofweat is ‘water, 3 solvate is tomed a hydrate.
Addeats froquestly aystaffize more easily becanse
w0 mastecsiles often can pack together with fess
Jiffculty than sicgle molecwles. While no it
exqlanatices can be geven, possible reasons inctude
adduct symmewy, adduct-induced cenformation
changes, and the abilizy to forn hydrogen basds
through the solvent molevules (28,31 Besclvated
sofvates zxe produced when a solvate is desolvared
and the crystal mmnsﬂn stuetime of the Sotwate

understand tve TR d to eFlﬂfugmﬂsdcsageﬁxmm
aira of this nynen is i i area of the individwal a, b and.c, of the unitcetl 1) Iyss-eederod thas-thes
caent - Ustenger ARty SORmES and T EEGpate futun: developmets. and between thz individual angles, <, |8, and y of the ystail @ are difficult to-ch
© 2001 Bisoier Scienor B, Al fghts reserved anit celt {1,2]. The stractite of & given coystal may e, bocause andyrical tudins indicets et they are
be assigned 10 ane of the seven cryssal systems, t0 unsohvared materials {or atydrous crystal forms)
Kepwords: Cryseallizity; Polymomphs; Hydnwes, Sohaes, Foruieior, Diog Phase i Ch one of the 14 Bravais lattives, and to onc of the 230 when, in‘fact, Urey have the structore of the soivaso
space groups {1]. All the 730 possible spece groups,  crystal form from which they were derived [31]
their symmetrics, and the symmsetries of their diffeas- “Bocause different crystailine polymonphs and sob-
Gonteatn tion panterns ere compiled in the emaionz? Tebles  wapes Giffer in crysted packing, and/or mwtecuior
far Crystaliography {3] vosformation 4 well a5 in kitice energy and o
1. teooduction. . 4 The common crystatiine forms found fiox @ given wopy, there are uswolly sigaificant difformvees m
) M drug substanoe are palymorphs and solvates. Crys-  their phiysicadl groporties, such as density, berdness,
22 7 talline polymorphs have the same chemical com-  tieudity, vefractive index, melting poit, extialpy
13 ty I3 positien but different interndi crystal siraxtures and, of fusion, vaper pressure, solubility, dissohtion rave,
24 s thesefore, possess different physico-chemicel grop-  cther therodynamic-and kinttic properties aodeven
23, gy 1 eties. The different crystal suctures in polymorphs  coler [12). Differences in physical properties of
we b arise when the drug substance crystallizes fn differ-  various 53 Sorms have an imporint effect om the
3, Revem advances o ext crystal packing armangements and/or different processing of dryg substances mto dry predfucts
En 1 ions, The of s {13}, white differences in sofvbitity may have sph-
32. 8 . 48 ‘quite cunumon &mong organic molecules, and 2 targe catiens oo the sbsonptien of the active draz fram s
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rwmber of polymorgtic drug componnds have been
noted amd catalogied {8-7]
Solvates, dise knvwa 15 pecsdopobyramphs, are

dosage form §34], by affectiog the dissclutien wate
i ossisly the snass waaspert of e moloudes.
Tivese canacrss Have led o an increased regulsteny

ol




SR, Vippagunta et . ] Advanced Drug Delivery Reviews 48 (2001) 3-26 H

interest in understanding the solid-state properties
and behavior of drug substances. For approval of a
new drug, the drug substance guideline of the US
Food and Drug Administration (FDA) states that
“appropriate” analytical procedures need to be used
10 detect polymorphs, hydrates and amorphous forms
of the drug substance and also stresses the impor-
tance of controlling the crystal form of the drug
substance during the various stages of product
development [11]. It is very important to control the
crystal form of the drug during the various stages of
drug development, because any phase change due 1o
polymorph intercanversians, desolvation of solvates,
formation of hydrates and change in the degree of
crystallinity can alter the bioavailability of the drug,
When going through a phase transition, a solid drug

mechanisms and kinetics in directing crystallization
pathways of pharmaceutical solids and the factors
affecting the formation of crystals have been re-
viewed in detail by various researchers [12,18,19]. A
crystalline phase is created as a consequence of
molecular aggregation processes in solution that fead
to the formation of nuclei, which achieve a certain
size during the nucleation phase to enable growth
into macroscopic crystals to take place during the
growth phase. The factors affecting the rate and
mechanisms by which crystals are formed are:
solubility, supersaturation, rate at which supersatura-
tion and desupersaturation occur, diffusivity, tem-
perature, and the reactivity of surfaces towards
nucleation. The various forces responsible for hold-
ing the organic crystalline solids together, such as
and hydrogen bonding, have

may undergo a change in its prop-
erties, with consequent changes tn its dissolution and
teansport characteristics {15]

Various phamaceutical processes during drug
development significantly influence the final crys-
talline form of the drug in the dosage form. The
various effects of pharmaceutical processing on drug
polymorphs, solvates and phase transitions have been
described in detail by Brittain and Fiese {16 and will
be discussed in later chapters. Briefly, processes such
as lyophilization and spray drying may lead to the
formation of the amorphous form of drug, which
tends to be less stable and more hygroscopic than the
crystalline product. Also, processing stresses, such as
drying, grinding, milling, wet granufation, oven
drying and compaction, are reported to accelerate the
phase transitions in phammaceutical solids. The de-
gree of polymorphic conversion will depend on the
relative stability of the phases in question, and on the
type and degree of mechanical processing applied.
Keeping these factors in mind, it is desirable and
usual to choose the mast stable polymorphic form of
the drug in the beginning and to control the crystal
form and the distributions in size and shape of the
drug crystals during the entire process of develop-
ment. The presence of a metastable form during
processing or in the final dosage form often leads to
instability of drug release as a result of phase
transformation {17]

Crystallization plays a critical role in controlling

been discussed in detail by Bym et al. [2} and Exter
{20},

Various analytical methods are being curently
used to characterize the crystalline form of the drug
during the various steps of processing and deveiop-
ment. These methods have been reviewed recently in
detail by many authors [7,10,21-25]. The single
most valuable piece of information about the crys-
telline solid, including the existence of polymorphs
and solvates, is the molecular and crystafline struc-
ture, which is determined by single-crystal X-ray
diffractometry {2]. Powder X-ray diffractometry
provides a “fingerprint” of the solid phase and may
sometimes be used to determine crystal structure.
Once the existence of polymorphism (or sotvate
formation) is definitely established by single-crystal
and powder X-ray diffractometry, spectral methods,
such as Fourier transform infrared absorption (FTIR)
spectroscopy, Fourier transform Raman scattering
(FT Raman) spectroscopy, solid-state nuclear mag-
aetic resonance (SSNMR) spectroscopy, ultraviolet
and visible (UV-Vis) and/or fluorescence spectros-
<copy [23] may be employed for further characteriza-
tion. Of special significance are thermal methods,
such as differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA) and optical micro-
scopy using a hot stage [24]. These methods are
almost always employed for further characterization.
Modulated  (temperature)  differential scanning

the crystalline form and the in size and
shape of the drug. The i of izati

y (MDSC) in ion with DSC and
optical mi are able to identify the glass
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transition of amorphous forms with much greater
clarity and allow unique insights into the glass
transitional and polymorphic behavior of drug sub-
stances [26].

Because solid-staste NMR spectroscopy can be
used to study crystelline solids, as well as pharma-
ceutical dosage forms, this powerful method is
finding increasing application in deducing the nature
of polymorphic variations {27), such as variations in
hydrogen bonding network and molecular conforma-
tions among polymorphs [28,29] and for the de-
termination of molecular conformations and mobitity
of drugs in mixtures and dosage forms [2]. Solid-
state ’C-NMR in conjunction with the techniques,
known as high power proton decoupling, cross
polarization (CP), and magic-angle spinning (MAS)
offers information not obtained readily by other
techniques. Recently, two-dimensional “C-solid-
state NMR spectroscopy has been used to study the
three of S-methyl-2-{(2-

}-3-thi itrite {30]. Use
of i NMR and total ion of

techniques, it was possible to determine the sunabili-
ty of one or two forms for the development of
pharmaceutical orai dosage forms.

The present review aims to emphasize the recent
advances made in the area of prediction and charac-
terization of polymorphs and sclvates, attempts to
address the current chaflenges and problems faced by
pharmaceutical scientists and intends 10 anticipate
funure development. This review does not attempt o
provide solutions to the problems but attempts to
review comprehensively the advances made in recent
years to help address these problems.

2. Recent sdvances in the identification,
prediction and characterization of polymorpks

2.1, Types of polymorphism

Based on differences in the themodynamic prop-
erties, are classified as- cither enantio-

spinning side bands (TOSS) pulse sequences allowed
the separation of isotropic and antsotropic chemical
shifts for the three forms. This is a very powerful
method for analyzing differences in the chemical
environment and is finding increased application in
the study of conformational polymorphism.

With advances in analytical methods, the current
focus of research in the solid-state area is to under-
stand and ism at the

tropes or monotropes, depending upon whether one
form can transform reversibly to another or not In
an enantiotropic system, a reversible transition be-
tween polymorphs is possible at a definite transition
temperature below the melting point. In 2 mono-
tropic system, no reversible transition is observed
between the polymorphs below the melting point.
Four usefuf rules have been developed by Burger and
[32.33 10 determine qualitatively the

molecular level. Knowledge of the crystal packing

ements and the various intermolecular forces
involved in the different packing amangements witl
help in the prediction and preparation of the most
stable polymorphs of a given compound well in
advance, to avoid surprises during product develop-
ment. A current emphasis is on the development of

enantiotropic or manolropic aature of the relation-
ship between polymorphs. These rules are the beat of
transition rule, heat of fusion rule, infraced rule and
density rule.

I£, by use of the above rules, it is established that
the polymarphs of a paticular drug are enantiotrapic
or monotropic, then the next goal is to define the

software to predict crysial structures of
from molecular structures. A thorough understanding
of the i i i

stable (or domain of
each crystalline phase of a substance as a function of
The plot of the Gibbs free eaergy

properties of |
solvates (hydrates) is of primary imporance to the
selection of a suiteble crystalline form and develop-
ment of a successful phermaceutical product. Bray et
al. [31] have shown that, by thorough characteriza-
tion of faur different crystalline forms of L-738,167,
a fibrinogen receptor antgouist by various enalytical

difference, AG, against the absolute temperarure, 7,
gives the most complete and quantitative informatioa
on the stability relationship of polymorphs [22], with
the most stable polymorph having the lowest Gibbs
free energy. The AG between the polymorphs smay
be obtained using soverzl techniques operating =t
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different tomperatures, such as solability [34] and
intrinsic dissolution rate. Ya [35] hes derived thermo-
dynamic equations io calcelate AG between two
poiymorphs and its twmperature shope fom the
melting data This method is essentudlly an extension
of the heat of fusion nile, which is based on
staristical smechanics. Extrapolating AG 1o zero gives
an estisuate of the transition temperature, from which

__. the existence of monotropy or emantiotropy is in-

ferred. The integretion of different types of data
provides the AG vs. T carve over a wide temperature
range and allows the consistency between techniques
to be checked {22]. Another approach to establish the
order of stability among various potymorghs has
been studied using pressure versis teciperature plots,
eg., for sullamilamide and pireceism (36]. This
approach is based upon Ostwald’s principle of feast
vapor pressure, according to which the sible poly-
morph exhibits the towest vapor pressure. The
accuracy of this approach to establish the Stebility
bierarchy ameng the polymorphs hes heen shown to
be very much dependent on the mccuracy of the
experimental data.

Ia Tecent years, the main focus of resentch has
been fhe characterization of patymerphs 2rising from
structural differences in the crystal lattice. Bt has

beec esteblished for Some firme thet Gganic mmte——

cules are capable of forming different crystal Jattioes.
through two different mechanisms. One of the mech-
anisms s termed packing polymonphism, and repre-
sents instances svhere conformationally velatively
figid molecules can be assembled into different
three-dimensional structures throngh the invocation
of different intermotecular redmmm The m&u

is tered
and arises when 2 nosconformuttionaily rigid mole-
cule can be folded into different arrangements, which
subsequently can be packed into alterzative crysial
structures. The distinction between pucking poly-
morphisn: and  conformations! potymorphism is
somewhat antifivial besause differem packing ar-

imgose different on the
molecules, however slight, and different conforma-
tioms will inevitably pack differently. Yhe structuet
aspects associated with polymorphs have been re-
viewed recestly {21, a5 have the anelogous features
of solvate and hydvate systems [9]. In the next

section, the results of some more recent investiga-
tions are discnssed.

2.2. Packing polmorphism

An investigativn ino the stuctures and charge
densities of two polymorphs of p-pitrophenol kas
beenperformes with the aim of deducing the differ-
ent modes of inter-molecatar hydrogen bonding that
Tead T the foiffation of the Two structures shown in—
Fig. taand b {37]. A detailed analysis of the charge
density of the two forms indicates charge migration
from the benzene ring region to the nitro and
hydroxy! groups that accompanies the transformation
of eae form into the other. In addition, polarization
of the oxygen fone-pair dlectrons was found to be
substentialty darger i the crystal forms than in the
free molecile, resulting in considerably larger dipole
momerts in the solid state.

‘During the'study of a rew crystal form (form I3 of

Fig. 1 ‘Molocolar pocking diagrans of the () § polymogph of
p-ritraphenel. ¢b) = polyorph of psiphancl, showing 0%

probstity Gsplaceent ellipsords (%], Teprodued with e

pommission ¢f the American Chesical Socicty).
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chlordiazepoxide, it was found that the heat -of
transition between the two forme (forns § and H) 13
rather mudest, and kinelic factors permit the exist-
ence of the metastable phase {78). Both structures
contain four crystallograpbically independent mole-
cules finked in dimers through hydrogen bonding,
but the dimers are packed differently 10 yield the two
crystal forms. Because the dimers in the

growing serfoce. Rather, it appeared -as if the differ-
e scivers afednd the process of polymemh
formstion through their effects oa nuclestion of the
various frms.
23. Cosporasational polymosphisne

The : ism of the two

units are spaced differently in the two Torms, it was
proposed that the solid-state enantiotrepic trans-
formation entailed searrangement of ifie dimer tnits

A different approzch hus been tzken during an
evaluation of the different structures formed by
suifathiazole [39). Using  graph st 2pproach to
classify the known structurel differences and simi-
fzrities among the various forms, it became possible
to identify packing matifs common to three of the
Four erystal structies. Fig. 2 shows the unit cells of
the potymorghs 1, B, Il 2nd 1V, where motevules are
pained as hydrogen-broded dimers. At the end of the
process, the suthors were zble to deduce possible
finks between the observed pateras of hydooges
bonding, prooesses of nucleation, and the crystel
growth observed from a number of solvent systems.
Interestingly, ihe analysis did not indicate @ relation-
ship between the -appearance of a particatar poly-
morph from_ solution and the growth of s fastest

Fig. 2. Usit cells of fonr prévomgts (L W, 3 and IV} of
w'MmWM @itk the diroer stz
<learly dieredle ({35], mprodund with tbe purmisson of e
Roval Sociy of Chermisty).

forms of pwoxicam givalate bas ‘been studied 4n
detedl [90]. Fhis compound is distinctive in that the
~highumeling: frrm (polymonph 1)-containg an un-
anticipated arrry of assoriated mobevules bownd
centrasymretsic dimers through hydmgen bonding,
‘with the areido sitrogen Zom acting as the donor 23d
the pyrifive nitrogen as tbe acoeptor {Scheme 1,
structzre §) The low-melting farm {polymorh )
coatains molecules of two distinet conformetiomal
stztes coexiRing o the same crystal (Fig. 3), but
inked throwgh Eifferert ydrogen bonding arrange-
ments. This dutees ncting rapresents another urususd
aspect of the wrystallograghy of the substane.

The tetiosion of different sohwnt molecuies iz.a
crystal deics -can boed o the existence of differem
packing pattess, and fras also been found 2o in-
fwenve the motoailer conformation of paroxetine
hytrodonide & twve sobvate Forms §417. Gne form
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Fig. 3. Conformations of the two_indeperdent mlecules of
piroxicam pivalate (1) in polymorph 2. Thermal cllipsoids arc
drawn at the 40% probability level, and H atoms are shown 1
spheres of arbitrary size ({401, reproduced with the perission of
the American Pharmaceutical Association).

was obtained as a hemihydrate, and the other as the
solvate of isopropanol (2-propano!). In the unit celi
of the hemihydrate, one finds two protonated parox-
etine and two chloride ions together with one water
molecule. Interestingly, the two paroxetine molecules
are conformationally nonequivalent, and exhibit a
number of different bond angles and torsion angles.
In the other form, the unit cell contzins ane proton-
ated paroxetine molecule, one chiaride ion, and one
isopropancl molecule disordered along a molecular
channel. Furthermore, the conformation of the parox-
etine molecule in the isopropano! solvate is different
from either molecular conformation observed in the

hemihydrate phase. Crystals of the isopropanol sol-
vate decomposes in the open air at room tempera-
ture, because the isopropanof molecules are released
easily through the channel. The hemihydrate is
relatively stable.

In an impressive fundamental study, the poly-
morphism of S-methyl-2-{2-(nitrophenyl)amino)-3-
thiophenecarbonitrile (Scheme 1, structure 1) has
been catatogued [42,43} and discussed in detail {2].
This compound was ctystallized as six solvent-free
polymorphs, each of which differed in the mode of
packing and in molecular conformation. The differ-
ent conformers yielded sufficient perturbations on the
respective molecular orbital so that a variety of
crystal colors (red, orange, and yeliow) were ob-
served. To obtain a more detaited evaluation of the
relative stability, the authors considered a partition-
ing of polymorphic energy differences into lattice
and conformational contributions, end were able to
deduce general trends that appeared valid in the
absence of hydrogen bonding, The act of crystalliza-
tion was found to feature an interplay of apposing
forces, with perpendicular molecular conformations
being favored in fluid solutions, while a preference
for planar/high dipole conformers existed in most
crystal forms, as shown in Fig. 4 [42]. The unusual
polymorphism displayed by this system may result
from one or more of the following factors: the
preference for perpendicular conformations in solu-
tions, the preference for planarrhigh dipole confor-
mers in crystals, the formation of inter- and it
tramolecular hydrogen bonds, and the thermody-
namic tendency towards low energy and high en-
tropy.

2.4. Phase iransformations in the solid state

Studies of phase transformations in the solid state
are important, because the sudden appearance or
disappearance of a crystalline form can threaten
process development, and can lead to serious phar-
maceutical consequences if the transformation occurs
in the dosage forms. Hence, an understanding of the
kinetics and mechanism of phase transformations is
of practical importance. The rearangement of mole-
cules into a new structure during phase transforma-
tion may or may ‘ot involve a solvent ar vapor
phase. To explain the mechanism of solid-solid

al. [2) have reviewed briefly the aspect of poiy-
morphic interconversions and the factors affecting

e ions, In one study, the cantribution of
hydrogen bonding to the a~>B phase change of
resorcinol hes been detailed {46]. The o form is
more stable than the {8 form at room temperature, but
is tess dense than the @ form. The transition of
«->$ at an estimated transition temperature of
33721 K is accompanied by #n inerease in crystal
density, with the structure shifting from an opea
amay of molecules (linked éhrough hydrogen bond-
ing) to a denser structure resembling molecula
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Fig. 4. Comparison of conformatioral cnergies and crystal ener-
gies of the various polymorphs of S-methyl-2-{2nitro-
phenyljamino]-3-thiophenccarboriuile (11). Form R (red prisms,
mp. 106.2°C), form Y {sellow prisms, m.p. 109.§°C), form OP
(omnge plaies, mp. 112.7°C), fom ON (srange necdles, mp.
1138°C), form YN (yellow necdies, mp. not messurable) (|42],
reprodaced with the permission of the Americar Chemical Socie-
),

physical transition, four steps have been proposed:
(2) molecular loosening in the initial phase, (b)
formation of an intermediate solid solution; (c}
nucleation of the new solid phasc and (d) growth of
the new phase [2]. In an interesting study,
Skuvierczynski [44] has proposed a two-environment
model to describe the decomposition reaction kinet-
ios of a crystaliine solid, aspartame. The decomposi-
tion reaction of aspartame is a simple unimolecular
thermally-induced  aminolysis and the reaction
proceeds under anhydrous conditions, i.., water is
not a reactant [45]. This mode! links the chemistry of
the solid-state reaction with the molecular mobility
of the reactant 2s the reaction proceeds. The advan-
12ge of this model is that it can be used to determine
the shelf life of a product from kinetic data gathered
at elevated temperatures. Apart from solid—solid
physical transformations, solution-mediated physical

formations among polymorphs are also known
0 occur in processes, such as wet granulation and
during dissolution testing,

While the majority of studies have probed the
equilibrium propecties of polymorphic and sofid-state
solvated systems, relatively few have been concerned
with the dynamics of phase transformation. Bym et

crystals. Through the use of a simple potential
model, it was concluded that, during the pl
transformation, the energy af the hydrogen bonds
decreases along with the extent of such bonding. The
energy liberated by this process is almost offset by
the enhanced Van der Waals energies associated with
the increase in crystal deasity, and consequently the
transition exthalpy is ather small. Accompanying
the shifis in hydrogen bonding is & number of
effective proton transfers, altering the covalent and
ionic portions of the crystal. it was also leamed that
the increase in entropy produced from the rodistribu~
tion of protons was of the same order of magnitude
as the entropy of the phase transition.

A number of spectroscopic techniques have been
used to study the processes associated with a poly-
morphic  transition of  242,4-dinitrobeazyl)}-3-

idine [47]. The two i stuc-
tures coexisted over a temperature Tange of at least
8-9°C. The phase change wes associated with a
molecular tauzomerization that translated through the
collective changes of a large number of molecutes,
yielding domains having definite shont-range order.
The slowly evalving spectroscopy that took place
above the transitien temperature was interpreted as
the annealing of domins into & long-range ordered
system. The prooess of phase wansfonnation ap-
peared to consist of gn initial fest redistribution of
the mole ratio of the cosisting phases, followed by
2 much slower provess involving a macrosoopic
relaxation of the systera. Although local thermo-
dynamiic equilibrium was thought to exist in in-
dividual domains, the magnitude acted for the tem-
perature range of the phase fansition -was
to arise from monequitibrivm conditions existing
among the varions types of domain
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A combination of solid-state *N-NMR spociros-
vopy and X-ray crystaflography was used o study
potymorphic transisions in an azbenzene dysnff,
2'~acetamido-4'{N,N-bis(2-methyloar-
bonylethylermtine]-4-vitroszobenzens  (Scheme 1,
structure {1) [48]. This work established that the
structure of one polymorph was disordered, and that
the process of phase transformation entailed 2 Traik-

~ shaft-type motion of the azo linksge. The ORTEP
plots of the wtwo molecular conformations for the
X-ray structure detenmination of structure 11 at 293
K arc shown in Fig, S. Selective polization inver-
sien amd band shepe-Siting experituents were used to
detiuce the thermudysamic paameters of the ex-
charge process

Raman speciroscopy was used to study the effect
of pressure on the phase i ’

and

by A
The form H—>form U trensition of the partially
dewtersted substance was found to take place m 2
fower pressore relative 1o that of the amifvgous
Sexemeihylbenzene compound, which was attribused
o differences in the energies of the intramelecutar
ety torsional vibration in the two crysial Foras.

temperature and pressure oo the phase
transitions of tetrafluoro-1,4-benzoquinone were con-
sidered [SO]. In this system, the changes in ee-

fioes (1 and

Fig. 5. ORTEP plots'of the o molecular confoszasio
2) for the X-my siucices determination-of 2'<aoctamido— NN~

wiethy Setwrs |
Stmscrain) & 293 K. Therwal ellipsoids = shown st 30% for
warty, with conformer 2 helag represesicd By (e o s zad
Conlormes [ by fhe doved fows S[46]. vepmdumﬂ with e
ermission «f e Asmesinan Cherival Sociey

itonmenta! corditions were found %o influence a
mumber of intemmaleeater aud intemylecslar vibra-
tional wmodes, yielding conformatiens! changes tha
in tum produced the ohserved phase tansiticns.

255. Prediction o, pmmm;c‘m

* The s chaflengs i mennging o he ;xhcmmmum
of muitiple solid fornts of a drug is the inshifity
predict the number of forrms that can be expected in a
given case. This pregiction would involve quantifica-
tion of the myriad intermolecular foroes within .eny
froposed crystal struciure as wel as the ability to
postulate the likely packing modes for a givea
molecule in uil its configurations. (40). Accurate
theoretivai grediction of polymorphs from studies of
‘molecular dynamics and crystal stmcture generion
-would be of sutstanding importance in-drig research
1361

More resewch @5 o being dincted towards
developing compuions todls to_ understand the
nature of nd to gradict
forms at an eadly stage in the drug developmem

The prediction -of possible poly-
‘morphic forms based arly-on the molecular stroctane
of the drug. The Palymorph Predicwer, from Moleco-
lar Simulations, s currently ‘the only comemescial
software package that can predice the possible puly-
morphs of an erpanic vompound from its molecular
structure {51}, The package developed by Karfurdel
and: co-worlers {52—54] uses a Monte Carlo simo-
leted enmealing epprosth o generste thoussads of
possible crystal ives for 2 given
molecule. Each of the unique crysisl structures is
then subjected to a fattice energy mimimization 1o
obtein the refutive stsbility -rnking of the variows
pavking possibilisies and the resudting lowest-enexy
structures are the potertial polymorphs. This method
has been suocessfully employed to generate kngwn
polymorphs of primidone (Fig. 6A and B) and
progestercce, starting from the molecelar structures
alone {55, 1 has also been ured to predist poly-
morphs for a rargee-af small motecules and to predint
unkrown polymorphic srwctures of d-amidinoin-
darone guenyihydrazone, o setective inhibitor of §-
adenosylmethionine decarbosylase [S6], and of as-
pirin [S7}.

neris_in compusationst———

R
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imidose A (A)

Fig. 6. Compaiison ol ihe crystal strucoure of
versas e moss dfkely packing armmgene, i @ 458,
sepoiticd ith the pomission of Elsevier Scicuce).

The theoretical predictions of fattice emergies,
eatropies, morphoiogies mnd polymerphs should
stunlete experimental activities and vice versa. The
current crystalemodeling efforts have the potential of
produciag more guantizative tools for bridging-strue—

properties, which could help in cresting
solid forras with desired properties {22]. There ere
winy imitations in wsing vemputational methods
predicting polympris thearetically. The first fimita-
tiom is that the ab initio screening s useful only Yor
nonionic rigid molecules. For more vomplex sys-
tems, the method is wery usefl for generating
plussible crystal structures, but it is not accunsie
renough o determine which of these pussitfie sruc.
‘tures can actudlly be crystallized [S8). I addition,
he Timitztions in compter pawer an restrict Fie use
«of shis method for predicting polymorphs of complex
veoleciles. An issse of concem is that the existing
wmethods only predict the Iattce evergies, which
odinte to intemsl ewergies or enthalgies of the
ayemls Howewer, the reltive thermodynarmic
suabifity of polymorphs is determined by the Gibbs
‘ree energy. which is a fisear function of both
eohalpy and enwopy. Predictions of the reistive
seility of polymorghs will be more accurate when
the m:mpe:. s well s latlice energies, are wonsid-
exed. Agplicztiva of smolecalor dynamics mey cuable
the eniropies o br caleulsted. Hence, mo general
method is cwremly avilble for the prediction or

26, Directing the crystattzation of spechc
polymarghs

[  the, different T

ods for predicting the stable polymorphs of 2 gisen
compound, various experimental methods ave w50
being employed extensively o conwol the type «f
polymorph formed during the crystalftzstion process.
Many stadies have reported the role of additives &
controlling the outcome of the crysialtication pro-
cess. Same of the preselected additives are capddle
of inhibiting the nucieation andior growth of f
unwanted polymorphs. For the first time, the rofe <
reaction by-products in controlling polymorph -2p-
pearance af 2 drug has been reported {59, Taris drag.
is sulfethiazole that is knowri 10 exist a5 polymorgts,
forms 4, U, 1t and [V, that differ in the hydragen-
bond network. Foru 1 was found to be differert from
the other three fooms as a result of a differen
hydrogen bonding @t the miline moiety of e

of sulfathiazole could selectively control the fenmsa-
tion of form ! over ather forms by ewtering B
rowing face of form § without Hisngting de
structure (Fig. 7a). Because a similer effert wes not
possible with the ether farms, izcorporation of e
ethemido derivative ia the other forms should inbitbi
their grewth (Fig. 7b). Experirentally, it was showa
that the ethassido by-product stabilized form I over
the otirer polymorphs. Téifs study clearly shows ot
the combination of crystal morphology and e
hydrogenbond network analysis of the ifferent

polymorpks oﬂ':r a-new and powerful approash

and stbitity in s.= eresence of sdditives

A sirmifer appreach wes oho apgticd to ssbilioca
metostable @ conformational polymorph o &~
gutamic scid using additives [€0). Methods stwch s
DREIDING and TRIPOS furce Gelis were usedl
sebect appropricve additives which could miric e
and § conformations. Fout additives wene chusea for
this study of which two were present exchsively in
the § confurmation and theoretically should sefea-
tively iskibit the crystallizaion of the § phase 22t

thus stabilize the o phase. Erpeiimerid-

imterpretazion of the properties of complicated poly-
morphic or peendopatymorpkic systems.

ty, it ovas proven that the additives, by
conformation, were able to selerively ichibit fhe

'4Y)

WWA*
5 predicted that the sthamido dexivative
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Form1

Fig. 7. Possible biading interaction of cthamidasulfamids in the fastest growing fooes of () form 1 aad (b) form IV of sulfahiazote ({59,

reproduced with the permission of Elscvies Scieace).

appearance of the stable §§ polymoarph of L-ghutamic
acid by intecfering with either the nucleation rates or
the growth rates and thus stabilize the metastable
forn. These studies demonstrate clearly that the
moleculer packing and intermolecular hydrogen
bonds are the main features, which make possible the
conformational discrimination. The use of conforma-
tiona! mimicry to stabilize the metastable structures
of conformational polymorphs now offers a powerful
tool for the prediction and development of robust
processes for fhe control of polymorphic systems.

2.7 Characterization of polymorphs using
combination of analytical techniques

The common techniques often fail to differentiate
definitively between two structurally similar poly-
morphs. Hence more advanced techniques or a
combination of teckniques need to be used to avoid
emors of interpretation and in the identification of
polymorphs {24]. Combinations of techniques are
beiirg employed currently for the characterization of
crystalline pharmaceutical solids. For example, con-
ventional single-crystal X-ray diffractometry and
polarized microscopy were of no use in distinguish-
ing the two forms I and Il of roxifiban, a very
promising cardiovascular drug, because of the rela-
tively small crystallite sizes of the polymorphs
Hence, transmission electron microscopy (TEM) and

syachrotron X-tay diffraction techniques were em-

- ployed 10 characterize the unit cells of the two forrs.

By coupling the highly resolved syachrotron powder
X-ray diffraction data shown in Fig. 8, with in-

s

[

ety ol

I3

@

P

o L3 E3 w 3
Fig. % A panial comparison of (s) 2 synchrotma o of
polymomph 1 of roxifbes, coliocted using @ wavdemsh of

100006 A with (6) a comveational X-ay diftation paoess sing
CuKo radiztion in a eegion whent thece are mazy ovsizpping
peaks. The: panems are ploted 25 & faoction of (F = 2wid = lw
sl @/ o temove the effects of differest wavelengths (16!
Wvﬂh(ﬁcmﬂuf&cm
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formation obtained from TEM diffraction pattems,
the unit oell parameters of the two forms of roxifiban
were determined [61]. Similerly, the thrce modi-
fications. 1, 1 and I, of the nonsteroidal antiinfiam-
matory drug, tiaprofesic acid, could not be dis-
tinguished by the two traditional spectroscopic meth-
ods, FTIR and FT-Raman spectroscopy. The modi-
ﬁaunns an only be distinguished by a combination

and powder Xeray
vic muhods 623

Another example, 1o which a combination of
teckniques has been successfully applied to idestify
the various conformational polyrmorphs of a drug, is
the characterization: of the solid forms of neotame
{29]. Neotame, N~(33-dimethylbutyl)-1-aspartyl-L-
phenylalanine emethyl ester, a new high-potency
sweetener exists in the following phase-pure crys-
talline forms: monohydrate, the most sizble erys-
talfine form of neotame under ambient conditions, @
methanol + water solvate [63], ¢ methanol solvate
{64], an amorphous anhydrate [29] and 2 crystalline
anhydrate (form A; [657). The authors conducted a
systematic study of the conversion of the monahy-
drate under vacuum to a mixture of anhydrate forms
followed by the recanversion of the anhydrete to the
monohydrate upan exposure to moisture under am-
bient conditions. No significant changes were ob-
served in the powder Xeray diffraction paiterns
during part of the recanversion process, susgesticg
that no change in lattice struclwce had occurred.
However, the solid-state “C-CP-MAS NMR spectsa,
indicated the preserice of several farms of neotame
during the reconversion (Fig. 9). This discrepancy in
the results between the two techniques was attributed
10 the coxformationsl change of neoame molecules
during reconversion, withoat significant change in
unit cel pasameters. This example indicates that both
solid-state '*C-CP-MAS NMR spoctroscopy and
powder X-ay diffractometry are needed to analyze
mixtures of solid forms of confermationally Sexible
molecules, such as nestame.

A combination of sofid-state *C-NMR spectrzs-
opy and single crystal X-ray diffractometry 2lso has
been used to exaimine the solid-sate t2utomarisn of
aoetohexamide {66,67. Palymamhlsm of the aati-

bas beer i

ppm

Fig. 9. Resomuoe sigaal of the pheayl cubon (C-15) auachei 55
the side chain in the PC-CP-MAS NMR spoctra of mosowe
wnbydrate: (2) sumple generaicd by placing the origical caenndy-
dratc under vacuum (~1 Tom) for 3 dass: (b—c) samgle 2or
beiag seaed in & jar for 2, 4. G and B days, mespoctivelys 43
saniple afer being exposed to 8 retathve humidy envisosaem of
8% for (2 days (29], ceproduced with the permission of He
American Cheaiical Society).

in the enol-tatomeric siate, wherezs form B bas
been proposed w0 be in the ketotautomesic stee
Using NMR ard crystal structure data it was &nmily
established that both these acetohexamide potymer-
phic forms are present in the keto-forrs, Henoe the
combination of solid-state NMR spectrasoapy -8
X-ray y provided serong evidence da

dighetic drug
by numecous techniques. Qn the basis of FTIR data,
form A of ecetohexamide bas been proposed to exist

both forms of asetohexamide exist in tae kuts-
tantomertc state and are truly palymorphic.




3. Recent advances in the identification and
characterizafion of bydrates and solvates

3.1, Jtrodiectian to solvates and hydrates

Tt has been estimated that approximately one-thid
of the phannaceuticaily active substances are capable
of forming crystalline hydrates [68] The water

—malecule, ‘because of its-small -size, tan easily Rl
strociured voids and because of its muitidirectionat
hyilrogen bonding capability, is lso ideal for tinking
a mapority of drug molecules into stable crystal
structowes. {2]. The mere presence of water in a
systesn is ot a sufficient reason to expect hydrate
Sormation, because sume compounds, though they
are soluble in-water, do not form hydrates. It is the
activity of wate: the medium that determines
whether a given hydrate structure will form. Solvates
may be formed when a pure organic solvent or 2
mixture of salwents is used as the solvent for
cryadlizing the compound. Guillory [69] has dis-
custed the variows smethods of preparation of hy-
draves axd sclvates in detail. Because sotvates be-
bhave siailady 10 hydrates, common analytical tech-
niques cav be ased for characterization of solvates

4 o wndtylmtes

3.2. Stracusral aspeoss

Crystalline hydrates, based on their structune may
‘e classified ko three categories. The first category
{class 1) are the isolated site hydrates, where the
werter molecules are isolated from direct contact with
other water molocules by intervering drug mole-
cules, e, -cephradine ‘Gihydrate. The second cate-
gory {ciass 2) are channel hydrates where the water
wolecules included in the fattice lie next to other
water molecules of adjoining unit cells along an axis
of the lattice, forming channels through the crystal,
3., ampiciflin mrilbydrate. The channel hydrates can
be subclessified into two subuategories. One category
comprises the expanded-chanrel or nonstoichiomet-
sic hydrates, which may take up additional moisture
in the channels when exposed to high humidity and
“fr which the crystal lattice may expand cr coniract
25 the hydmition or dehydration proceeds effecting
changes in the dimensions of unit cells, eg
cromolyn sodium. The other subcategory comprises

SR Vippogunta el al. { Advanced Drug Delivery Reviews 48 (2001) 325 15

the planar hydrates, whick e chermel hydrames in
which wates is locatized in 2 two~dimensional seder,
or plane, €5 sodium ibuprofen. The third catezony
{class 3} of erystalline hydrates are the ion-associzted
hydrates, in which the metel jons are coordinated
with water, e.g., calteridol calcium {8,9].

In this section, some evamples of nonstoichiomet-
ric hydrates and their characterization will be_dis-
cussed in deial because these forms pose a special
challenge in dosage forr development due to wrpre-
dictability of wazer contens ir: the crystals. Following
the work of Cox et al. {70 che unusuz! water uptake
and formation of nonstoichiometsic hydrates of
cromolyn sodium was reinvestigated using singie
crystal X-ray diffractomerry, PXRD, as wal as by
molecular modeting {7!]. Cromolyn sodium, an
antiasthmatic drug, exists as two liquid crystafline
phases and & crystalline hydrate phese that sorbs and
liberates water continuously and reversibly to sive 2
continuous range of nonstoichiometric hydrates {70].
The changes in the PXRD patterns of the vrysmifine
‘hydsate phase of cromolys sodium in respomse o the
sumounding refative humidity {RH) were exphdiond
in the light of the molecular ead crystal stromture of
cromolyr sodium. Singfe crpstl X-tay diffvac-

4 Eroup for cromalyn
sodium as P1, a chiral space group, even though the
molecule itself is achiral. The crystal structure of
cromolyn sodium with five or six water melecuies
per cromolyn sofium molecule, solved @ reom
temperature by ¥amodrakas et al. [72], revealed the
positions of only one sodium ton and two water
malecuies aud showed that the second sodium ion
2nd the otfher water molecules are disordered. Re-
cently, the singls orystal stuctwre of cromalym
sodium -at 76% RH, with 644 molocules of wator
was sobved at 173 K by Chen-et ol. {71]. This wurk
showed that the maoond endetermined sadivm ive i
disordered over three sites axd that four of the egit
water ‘positions are pentiaily ocoupied. Comparison
of the crystal structures detertained by Hamodrakes
et ol {72] and Chen et al {71} indicated thas the
cromolyn anioa is fiexible. In particaler, the o
and torsional angles of the 2-hydroxyprogune dinking
the two cyclic moieties, chaxged o accommodaie
lattice expansion o7 comtraction resulting from veater
sorption and desorption by the crystals, As water is
taken up, the relative occupazcies of the sites of the

i SR, Vippagenta et of. /. févanced Drug

second sodium jon and thal of waer molecules
change. As a result, the wiclinic stracture with &>
90° zpproaches the monoctinic -form witdh a = 90°
To summarize, the presence of targe water chamaels,
the Hexibility of the 2-hydroxypropane link, the
disorder of the second sodium ion (Fig. 10) and the
disorder of the surronnding water molecules in the
crysial 1aftice explain the Teversible and ammsioich-
iometric water sorption and desorption by cromolya
sodium. ‘This study emphasizes the importance of the
detailed single crystal structure in exphaiming many
unusual physico—chemical properties of drug by~
drates.

The masearinic agonist, LY297802 tartarate fie,
{+ )-3-[3{butylthio)- 1 2,S-thiadiazol-4-y -4~

2. Joctame was

also found 1o exhibit an unusual tendency to form
nonstoichiometric hydrates of variable, but specific
composition, ranging from 0 to 0§ mol of water
[73]. Solid-state C-NMR spectmscopy., in cajune-
tion with moiswre sorption snalysis and Xeray
crysialography was esed to provids unigue wsights
into nonstrichiometric moisture sovption behavier.
The PXRD patterns of the drug exposed to daiferent
R velues-{0-to-75563 - indivavt Treitiser & peak shift

Ror the presence of any wew pedks, suggesting that

Deltusry Revierss 43 42004) 5-20

the anbydsous end the hydrsted forms of the drug are
isomompiic. Fig. 11 shows the significant changes i
the SSNMR peaks on exposure w -different refative
tusmidives and temperature, indicating that water
incorporated into the crystal lettice changes the tocal
chemica emvironment and causes the observed NMR.
changes. The invocporation of water into the arystal . — - - -
fatice of the drog was also confirmed by X-my

The ity of
the drug was rationalized i terms of the similar
crystal structures of the bydrated and nonhydrated
forms, and hence no ‘significant structural medi-
fications are meeded for the reabsorption of water
intn the solids. The rates of dekydration and rehydra-
tion are largely derermined by the size of the water
channels and the strength of she hydrogen-bonding
nteractions that bind the water motecules in the
chaanets.

Another interesting study with different soivated
forms of L-lysine monohydrochloride (LH) woss
conducted by Bandyopadiway et al. {74} LH ws
found to form: a pure methenal solvate at water
activiy, @_ <0.34, with sosthanol activity, 2_ >0.7;
2 dihyémte @t &, > ~065 with @, <025. asd
Tmined solvates 4t intestmediate values of a, and a,,.
Tt was found that the dihydrate and the mowo-
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Fig. 11. Solid-state ""C-NMR spectra of LY297802 taitrae {( +)-
butylthio)-1,2,5-thiadiazol-4 abi 2.2Joct;
monohydrogentaniraic) aficr storags 2t 0% furmidity and before
and after drying at elevated temperatares (73], roprodisced with
the permission of the American Pharmsosutical Association).

methanol solvated forms of LH passessed similar
crystal structures, similar PXRD patterns, but dif-
fered in the crystal habit. The crystal structures of
LH hydrate and methanol solvate indicate that one
molecule of methanol in the methanol solvate oc-
cupies approximately the same votume as the two
water molecules in the dihydrate. During dehydration
in the presence of methanol in the crystallization
medium, the loss of ane or more water molecules
from the crystal lattice was compensated by the
gradual uptake of methanol into the crystal structure
to satisfy the hydrogen bonding pattern within the
lattice with minor rearrangements, giving rise to
mixed sofvates. The similarities of th crystat lattices
of the dihydrate and monomethariol solvate explain
the similarity of the PXRD patteras.

33. Phase transformation of hydraies and solvates

Phase changes due to kydration/dehydration and
I ion of i

during processing or in the final product may result
in an unstable system that would effect the bisavail-
ability of drug from solid dosage forms. Various
types of phase changes are possible in solid-state
hydrated or solvated systems in response to changes
in environmental conditions, such as relative humidi-
ty, temperature and pressure. For example, some
hydrated compounds may convert to an amorphous
phase upon dehydration and some may convert from
a lower to a higher state of hydration yielding forms.
with lower solubility. Alternatively, a kinetically
favored but thermodynamically unstable form may
be converted during pharmaceutical processing to a
more stable and less soluble form [8]. The phase
transitions in hydrates and solvates can oocur at
various stages of dosage form development. Mortis
[9] has discussed the behavior of hydrates during
processing, handling and storage of formulations in
detail

The phase transformations assoctated with expo-
sure to water, such as during solubility measure-
ments, wet granulation processes, dissolution studies
and accelerated stability tests are likely to occur via
solution mediation. Solution mediated phase trans-
formations depend upon the solution phase to pro-
vide the mobility necessary to searrange in the most
stable form and hence arc much faster than solid-
state i The rate of a soluti iated
transformation is proportional to the solubility of the
species involved. Temperature, pressure and refative
humidity may increase the rate of phase wransforma-
tion of hydrates by inducing mobiity in the system.

Soluti ediated e i have
been reported for many hydrate systems, such as
theophylline crystals [17], eprosarian mesylare {75]
and nedocromil sodium {761, Ghosh and Grant {77}
have addressed a common problem associated with
the characterization of solvates which ceness around
the determination of solubilities of solvates and of
nonsolvates that urdergo phase transformation 4z the
presence of an interacting solvent, sach a5 sclwation
of nonsolvates in the solvent of crystailization ex the
desolvation of solvates in water. A thermodynamic
cycle analogous to Hess's law but based on free
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energies has been developed to predict the theoretical
solubilities of 1,2-dialkyl-3-kydroxy--pyridones,
which form 1:1 formic acid solvazes in the presence
of formic acid, and of the 1:1 formic acid solvates
which produce the comresponding unsolvated com-
pounds in the presence of weter. A good correlation
was obtzined between the solubility values measured
by the standard extrapolation method and that calcu-
lated by means of the thermodynamic cycle.

Apart from identifying and characterizing the
phases during various stages of drug development, it
is very importent to gain an understanding of the
dehydration/hydration mechanisms and kinetics
Many models have been developed t0 accoum for the
dehydration kinetics of the crystalline hydrates [78]
Nucleation is the most significant phenomznon in
determining the transformation kinetics, that is, the
rate of formation of a new phese [8]. The dehydra-
fion kinetics to some extent will also depend upon
the class of the hydrate system to which the drug
belongs, particle size and morphology. The practical

lions of the ion kiet-
ics, as indicated by Momis [9], are mainly the
determination of the conditions for allowable expo-
sure of bulk drug substances during development and
processing, proper packaging, allowable temperature
ranges for shipping, storage, and labeling of the final
product, and the initial selection of 2 form for
development.

3.4, Prediction of the formation of hydrates and
solvates

Predicting the formation of solvates or hydrates of
a compound and the number of molecules of water
or solvent incorporated into the crystal lattice of a
compound is complex and diffcult. Each solid
compound responds uniguely to the possible furma-
tion of solvates or hydrates and heace generalizations
cannot be made for 2 series of related compeunds.
Certain molecular shapes and features favor the
formation of crystals without solvent; these com-
pounds tend to be stzbilized by efficient packing of
motecules in the czysta! latzics, whereas other crystal
forms e more suble in the presenos of water
and/or solvents, There may be too many possibilities
30 that no computer programs are clurently svaitable

for predicting the crystal structures of hydrates and
solvates.

3.5. Characterizatinn of hydrates and solvates

The common methods for the characterization of
‘hydrates and salvates are polarized light microscopy
and ot stage micrascopy, BSC, TGA, Karl Fischer
titrimetry, single-crystal X-ray diffcactometry, pow-
der X-ray diffractometry, and infrared spectrosoopy.
These methods have been reviewsd in detail {21] and
will also be discussed in detail in later chapters.

Pressure DSC is gaining increasing popularity in
the study of solvates and hydrates where delrydration
reactions accur above or mear the boiling point of
water. Using convestional DSC, it is very difficult to
measure the heats of dehydration and heat of vapor-
ization separately, but if one conducts DSC experi-
ments at elevated pressures, the two processes may
be completely separaied. The edvantage of using
pressure DSC is that the pressure can be precisely
controlled and the solids can be subjected to @
cantrolled temperzture program while under substan-
tially elevated tempenstires. The influence of ele-
vated pressures oa the solid-state behavior of car-
bamazepine diltydrate was studied by Han and
Suryanarayanan {79]. In Fig. 12 it is shown that
pressure DSC can separate the dehydration and
vaporization endotherms of carbamazepine difydrate
during its conversion %o the anhydrate form. Also the
technique permitted the water liberated on dehydra-
tion to remain in intzmate contact with the anhydrous
phase formed which could significantly influence its
solid-state properties.

The combined physica! znalytical technigues of

i and tafared (¥G/
iR) can permit identificetion of the solvent incorpo-
rated into the crysil lotice. This combined tech-
nique has been used W shudy formulated products,
such as capsules and tablets [80].

4. Current challesges awd fature divections

4.1. Origins of ihe chalteages

A series of fiow chans and decision trees have
been presented and discassed {11,22) that can be
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Heat fow, arbitrary unith

Tommgmsstase, '€

ats), aad the issues of diseppearing polymarphs aad
the sppearance of nese polymerpis. In the follewing
sections we vill address scine of these issues and
some of the studies that have addressed trese
sroblems.

3.2 Pluse trensformatons during provessing

The effecs of phammacestical provessing on the
wiystaliine siate of drug polymorphs and solvaies
have been discussed Tecently by Brittain and Fiese
{16}, Exposure to changes in temperature, pressure,
refative humidity and -ormminution are enco
during processes such as drying, granalation, miiliny
and compression. The stresses applied to crystals
during pharmaceutical processing car cause defects
in their crystal Jattices, and contribute to lattion
disorder, thus affesting the physical properties of the
resiiting povrder {311, This prablem has been dis-
cussed in detzil by Bym et ol. [16]. Asising ez
different degrees of crysuattine disonder, the lﬁmwk!.y
i npmamg tesials with the same properies i3
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Lntensity (Counts In Arbitrary Units)

10. l.‘i 29. 5. 32
26 (Degrees)

Fig. i3 Powder Xy diffrcton posems of ospertame
bemipdete: ) theomic ponder patern calodued Yeom (e

water uptake than had been reperted previously far
other crystalline samples of aspiric under simibar
wnaditions, Various possibilitics sere suggesied or
e unusual wveter uptake of aspirin on Toller compuc-

 viom, such,_as formation of a_polymorphic form of . _

aspirin with 2 much greater affinity for water,
formation of a crystaliine hydrate in the aspirin
semple, or significant reduction in particle size of the
aspirin porticles thereby providing an increased
specific-surface area for water vapor adsorption. 1t is
aisy possible that rolier xompaction distupted the
crysaliine order of some part of the aspirin crystals
forming amorphous regions, which then take up
welatively large quantities of water into their bulk
structure. This example clearly indicates that pro-
cesses, such as rolier compaction, can introduce
considerable disorder in the surface of cryswls
Ieeding 20 a masked increase in the tendency to sorb
weater vapor.

Frwnra! actvation, fike mechanical acrivaiion
ducing processing, abso cewults in a high-crergy siwe
wuf erystals that may reorganize into 2 different laisioe

g 12. Differemial scaming caforinicty (DST) oumes o G-
tamaepine

in 2 presswe DSCHEDSLY oall, (6} $00 ps L, &) 200 95, 49
300 pai, (D 300 psi. 208 (6} 60D psi. {1 psi =63 1P
(1791, sepmuiuced with fhe permission of Elsewier Scieaoe).

used by igators 1o ize the

Mlllmg, e tast mmvz step in the production
of bulk dug substnce to reduce pavicle size, is
often accompanied ity e
to the creation of lattice defects, beginaing @ the
surface. The defects created by mecharical activation
of the solid on the surface can migrate, &
and change their mumbes and natre. if the defiects in

orfor
registration. with .mm;lm:gy “ithoriies. Due o the
oomplex and nomconventional bekavior of various
onganic drug molecules, there ase many opportenities
Jae research and development in the area of charac-
“erizatica of potymorphs and solvaies. Some of the
sprodlems which are cammonly «encruntered during
haracterization of crystaffize solids end which need
1 be addressed are: disorder in the arystal lattice due
® pharmaceutical grocessing leading o conversion
of 2 crystalline phase to an amecphous material or
phase comversion from one form to the ofher;
quantitating the zmount of sigie polymorph in 2
wiccture of potymesphs; identifying the solid form af
the active ingredient in the formiisted product,
partialarty when the drug is a mincr component in
the pressmce of numerous other materials (excipi-

the mech setivated orystal heal to produce s
crystal Yattice diffesert from the initial iattice, fhen 2
polymorphic transformatien has taken place. Milling-
induced polyrorphic changes have been vhserved
for many small drug molecules, such es fosudil
chiloramphenioo]  patmitate, indomethscin  ead
{16}, i soc: of
the dipeptide swesterer, aspartame hemihydrawe, con
ocvur during milling [82]. Polymorh [ of aspestame
hemibyiirne was fouad to transform to form { durng
‘ball-mifling o on besting for 30 min at 160°C in the
presence of steam as shown in the X-my diffracuion
patters (Fig. 13} The susceptibility of form 8 af
aspartarae hemihydraie W transform to form { hos
been attributed to the less symmetric crystal strucume
of form 1 compared 10 that of form 1 s stadied Gy
spectroscopic metheds.
Some auwkhers, suck as Hatercauch {81] e

Matada e al, 1985) 199, (1) experimentl gamder paner f s
bell-miliod aspartags hemibydoite (for B, ) cxperismetal
rowder gtem of aspaane hecifydrsc i had boen kasd for

wesulting in a phase change. The her-
‘mal stability of drug substances is important, becasse
formufations ave often dried at elevated temperaurns

30 iz 28 J60°C i

4 gowder patiem of sspanase demihydrae thﬂﬂ
250 MPa for 2 min om0, M(@mm

ocxived (forms ) 82, soproduced Wi mml&

Americas Prommeentical Association).

suggested that the trauma 0 crystals diring grinding
ey Jead 1o adecrease in crystalitnity, wiich aoud
improve the compression capacity and dissofution
xate of the drug wmolecules. This hypothesis was
stested by studying the morphology, crystaitine s,
compsession capacity and dissolution preperics of
native and ground crystals of espirin epd inckese
raomlydeate {83]. No significant incresse in com-
jpression capacity was observed when native axd
sround crystals were compared. Only a sight e
crease in the dissoltion rate was chserved for
ground aspirin crystals wiich wes attribited to
sufare defects due to grinding resabting ia improved
crysial wetti

The effect of roller cnmpaction on kettice Befcts
‘and phose change has boen examined fer aspicin
184}, The watker vapor sorption isotherm obteined far
aspinin on roller compaction fndicated much mme

afher wet iows so that the tzblets may comem
sl regions of Kigh remperature (het spots) during
compression. Various examples have shown that
change of temperatare may influence the sebiity of
drug mrlecates {16]. The effect of iow temperntsses,
such as during freeze—drying, on the arystaline form
of fhe drug has also been studied. The formation ofa
pew mannizol bydrate during freere—drying hes been
repastod [851 The formation of a crysteltine hydte
by on encipient during freeze-drying may have
seweral practinal consequences, such that the diffasl-
4y of removing bound water from the crystl Lmttce
oo significantly Hmit the drying wte, while the
pesidriad swater that 75 ot removed by Aresze—drying,
wmay be .z potential threat to product stability if it is

during  storage. The mansiiol bydvate
fioeoed during froeze—drying survived the typical
drying cycle axd comverted 1o the anhydrous pry-
wonph -of sanmitol upon hezting,

Spray dryiog has alsn been shown 2o lead 1 Yoss
of crystallinity i materials, by 2 combinalien wf
proonuses wwolving capid solidification of dissctved
weriol end solid-state teansitions due to <willing
effects in the stomiser. Speay drying leads to comver-

o1
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sion of 2 crystalline phase to an amorphous state and,
because the amorphous state is metastable with
respect to the crystalline form, phase transformations
are [ikely to occur within the shelf life of the
pharmzceutical product, resulting in loss of quality
and potency in the product {86].

In view of the significant effects thet the stete of
disorder in crystalline solids caused by pharmaceu-
tical processing can have on the properties of
phammaceutical solids, it is importaut t be able to
assess the extent of disorder in a solid quantizatively
down to very low levels. Various methods have been
used to measure the percent disorder, such s using
predetermined mixtures, measurentents of X-ray
powder diffraction, density and heats of crystalfiza-
tion which revealed limits of detectability down to
about 10%. Using water vapor sorption measure-
ments under very carefully controiled conditions, it
was possible to detect disorder as low a5 1% in
milied samples of sucrose [87]. A comparison of the
four methods mentioned zbove for estimating the
percent disorder of milled samples of sucrose gave
vey consistent results, once the underlying fctors
that make these techniques sensitive to the con-
centration of amorphous content were tecogaized
and taken into account,

43. Degree of crystallinity

The previous section has emphasized thex wmany
pharmaceutical processes lead to a decrease in
crystallinity of drug phases. Various studies have
concluded that the formation of amorphous material
during processing is highly undesirable. The amor-
phous material, being in a thermodynamically meta-
stable state, is susceptible to reconversion o the
crystalline state, affecting many physico-chemical
characteristics of the drug. A later chapter provides
detailed coverage of amorphous materials. An esti-
mation of the degree of crystallinity of a sample
before and after processing poses one af the langer
challenges facing the pharmaceuticai -field. Powder
Xeray diffractometry is still the commonly used
method for determining the degree of crystallinity,
though this method suffers from some limitations
due to peak broadening, amorphous halo, ané pre-
ferred orientation which make interpretation and
quantitation difficult. DSC mey not be 2 sensitive
method for measuring crystallinity due to crystaliiza-

tion of the amorphous content at elevated tempera-
tures and the effects of differences in heat capacity.
Solution calorimetry has been proposed as an eccur-
ate method for analysis of percent crystallinity
[11,88,89]. A decrease in the endothermic enthalpy
of solution indicates a decrease it the crystallinity of
the sample. However, differences in surface area
produced by grinding or by other processing tech-
niques can also result in changes in the heat of
wetting of a sampte. Judicious choice of solvent can
be employed to reduce such surface effects, which
themselves contribute to the observed crystallinity of
the 3

Near infrared (NIR) spectroscopy is another tech-
nique being used to measure the degree of crys-
tailinity, and has also proved useful in studies of the
polymorphism and water content of sugars. The NIR
spectrum of a sample conteins both physical and
chemical information. Being noainvasive, nondes-
tructive and opershle at room temperature, the
method is a waluable toal with which to assess
changes in the amorphous and crystalline state of
factose [90]. NiR has been used to follow the
changes in the amorphous state, the onset of crys-
sallization, and the changes between - and B-lac-
1ose, which accompany the onset of crystallization.
in another study, the nucleation and crystailization
kinetics of amarphous lactose was favestigated by
gravimetry in an automsted vacuum moisture bal-
ance. The combination of isothermal and nenisother-
mal activation energies allowed the investigation of
both crystal growth and aucleation mechanisms and
led to the separation of activation energies for
nucleation and growth [91].

44 C i of mixtures of,

Another common problem encountered during
drug development is quantitative control of the
proportion of polymorphic forms present in & mix-
tre. According to the US FDA regulations, the
method of analysis for the proportion of forms must
be validated, and also the proportion of forms must
remain within stated limits through the retest date of
tie drug substance and potentially throughout the
shelf life of the produst. This is a very onesous
requirement, especialiy if the forms have a tendency
10 interconvert. Bym et al. [11] suggested that the
best way o deal with this problem is probably by
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devetoping methods to prepare only one crystal form
and maintaining this form throughout processing,
Powder X-ray diffractometry is often a useful meth-
od to determine the of. ina

the plot of the pesk intensity ztio s a fiuneGon of
the weight ratio of the components sbould result iz
suaight e, Modem computer contolled Yoty

mixture. However, the detection limit is variable
from case to case, and is sometimes as high as {5%.
Tt is therefore important to develop sensitive ana-
lyticel methods with a lower limit of detectien

Astenuated totzl reflectance (ATR) FTIR spec-
troscopy has been shown to be valuable for the
quantitztive analysis of the polymorphic content of
bulk pharmaceutical materials. The feasibility of
using ATR-FTIR for the qualitative and quantitztive
snalysis of mixtures of pharmaceutical polymorphs
has been studied using three known polymorphs of
genciclovir as 2 model compound {92]. Definitive
identification and quantitation of all three poly-
morphs could be achieved using ATR-FTIR spec-
troscopy in comjunction with partial least-squares
modeling. This technique has meny advantages, such
as speed, nondestructiveness, relative ease of use,
and most important, no sample prereatment before
measurement.

Raman spectroscopy is another technique taat is
being widely used to quantitatively estimate the
percentage of one polymorph in a mixture of poly-
maorphs. FT-Reman specrometry offers many advan-
tages, the most promineat being, srinimal sample
preparation, sensitivity to palymorphism, and wonin-
tecference from water. Two polymorphs of
fluconazole were characterized using FT-Raman
spectroscopy and principal components regression
using cross validation provided quantitative analysis
of the percentage of one polymorphic form in the
mixture of other forms [93]. A novel sample holder
was developed whereby the sample is held in an
NMR tube which is rotated around its axis and a the
same time moved up and down. This method of
sample presentation leads o & large increase in the

powder now permit

ysis of multicomponent mixtures using the comglar
powder diffraction profile rather than a limied
amount of fow-angle integrated intensity dsva. AES-
cial ncural vetwarks (ANNS) i quanitaive XW
powder difftnctometry were used

identify and quantify the two known mdxﬁma’
ranitidine hydrochloride even when the weight frao-
tion of one polymarph in the mixture was 2 dow a5
0.01 {95]. ANNs have been used mostly in prabiers.
of patter recognitian and modeiing, «nd i thesefose
useful in deciphering the pattem in dififaction dam
from polymarphic rmixtcres. The ANNs mode] gu-
dicted concentsation precisely, ascurately, ad with
minimal bias through » wide range of ratios of tae
two known ranitidine hydrochloride polyssasphis
forms in & mixture (Fig. 14). This method minisnines
the problems associated with prefemed orientation
and overdapping X-cay lines. The same gromp of
researchers has shown the potential of ANNo i

‘with DRIFT

polymorphic purity of crystalline ranitidie !gdw
chloride as 2 bulk drisg and as an eotive ingrediesn of

volume studied and is importart for it
samples for which sub-sampling is a problem. Pos-
sible degradation of the sample through heating by
the laser can also be avoided {94].

X-Ray powder diffractometsy is still the comunon
‘method for the quantitative estimation of polymorphs
in a mixture of polymorpks. This method requires
that at least one high-intensity peak unique to each
form is available for inteasity measurements and that
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nean motwncks (AN moskod, piotiod agass zom-
mulml(ﬂﬁ-@lﬁnﬂnﬂ&emg

of Elscvier Seacnoe).
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2 tablet formulation, ‘Simultaneous idevtification and
quantification of all the ingredients in the tablet
formulation was possible. This study has shown that
the complex problem of .quantifying a drug in
mixtures containing two or more components with
overlapping specira can be slved by the DRIFT-
ANNs technique [96]

Angther technique, which is gaining popularity in
the quantitative analysis of mixtares of polymorphs,
is solid-state '*C-CP-MAS NMR spectroscopy. This
method was_prefemred for guantitative aualysis-of —
polymorphic ™ mixtures of the herbicide, pen-
dimethalin, which exists as two_polymorghs with
different colors and crystal habits (27} “C-NMR
provided the most sensitive and definitive evidence
of the transition from the veliow 10 the orange form.
This method enabled as fiute as 2% of orange
pendimethalin to be determined in a sample consist-
ing mostfy of the yellow polymorph. It is the least
invasive of the instrumentat metkods 2nd can be used
to detect the ratio of the two polymorphs in solid
formulations.

A related challenge faced by the gharmaeutical
industry i the determination of the polymorshic
sature of the drug in the presence of cxcipierts in a
dosage form especially when the active drug is
present 2s a low percentage of the overall formula-
tion [97). This pmblm can be addressed. by devel

s Tower fimits of <o.
teczion or by using a combination of techniques.

5. Conclusions

Ir order to save time and cost it is very impartant
1o chaose the most suitable form of the crystalline

molecule, either due to differences in packing ar-
rangement or conformation of the molecutes, be- I
comes the first step in prediction. Single crystal

X-ray diffractometry and solid-state NMR spectros-

copy are two techniques th are gaining incieased

application in determining the various crystal serug-

tures and the origins of palymorphism and pseusdo-

polymorphism of a particular drug. When crystal {
structures can be caleulated with certainty, it will be i
possible to predict the various polymorphs of @ . —. — - - —
<ompound—and thts “information -could be used 1o 1
guide experimental studies. This goal may be i |
Ecult to achieve owing to the complex molecular
structures of new organic moleculesand the gesence
of several molecules in each asymmetric unit, but the
future development of improved foree Seids and
increased computatiorat speeds, may make it achiev-
able.

Improved experimental methods leading to more
accurzte and detailed phase diagrams are also finding
increased use in determining the stability of verious
polymorphs. It is importazt to meke every effort

prepare and 10 idermify the smost stable pofymorph in
weder to guide the selection of the optimal form for
development. The emergence of sensitive methods
and the use of combination technignes, Facifitoate the
identification and the more accutate W/ b

ﬂhmm—wfym«ﬂmfﬂk Tielecure, O
of the main analytical challenges faced by the
amabyst is the of better
quantitative methods for idextifying a single poly-
morph in a mixture of polymorphs and for determin-
ing the percentages of amorphous -or crystalline
cantent of the drug. More and more sensitive meti-
ods are being developed to address this protlem.
An inceeased understanding of the phenomenan of
ism should enzble ph i

scien-

drug in the initiai stages of drig n
recent years 2 good deal of rescarch has been
directed towards achieving ‘this goal. Systematic
isofation and errly characterization of the largest
number of possisle forms of o druy reduces the
chances of surprises at the late production stage due
10 identification of 2 new crystalkine form or phase
change. With the development of more sophisticated
xomputational twols, the main focus of many inves-
tigators is to be able to predict all the possible fornrs
of a drug from its molecular structure. Understending

the origius of the multiple solid forms of a drug

tists to gain control over the erystallization prooess in
crder to sefectively witain the desired potymorph or
suppress the growth of an vndesired ome. Phase
changes during processing and scale-up are 2 prob- -
lem, which may be ‘avoided by carefulty designed
initig! smali-scale studies. The availability of detailed
structural data, combined with strategic design of
substrates and additives, hes led to significat ad-
vances in the control over the polymorphs obseined
in a particular crystafiieation [98]. With all the
infonmation available from these indtial studies, W

u SR. Sippagunta of of. 1 Advanced Drug Defivery Reviews 48 (2008) 3-26

should be possible to design and 1o sefect processing
conditions which would give a desired polymorph
and maintain the desired form throughout the various
stages of drug processing and manufecture.
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