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del examen de fondo realizado, con fundamento en el Articulo 45 dé
de la Ccm|5|én de la Comunidad Andina, se comuniea:

Qeseﬁaeﬁeﬂ " Folios 48 a 88  07/Mayo/2010
Reivindicaciones: ' Folios 8, 893 07/Mayo/2010
Dibujos: | vj_Fohos 9;&98‘ - 07/Maye/2010
 Prioridad: = | 08/Octubre/2007

2. Anlisis de

Se acepta lare
del plazo estab
prioridad reiving

3. Objeto de la inveneion

Titulo de la so
2,2, 2-trifluoro-1
para su uso”,

El problema planteade en esta solicitu

licada.

-(3 -metoxibifenil-4-il)eto
3 L

ia Prmr:dad | '

porque esta solicitud fue presentada dentro
contenido téenico corresponde con el de la

vmdlcaclén de prlorudad
ecido (Art. 9 D 486) y su

icitud; “Formas sélidas de acido (8)-2-amino-3-(4-(2-amino-6-((R)-

xi)pirimidin-4-il)fenil)propanocice y métodos

consiste en la necesidad de suministrar

formas cristalinas del compuesto acido (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-

trifluoro-1 —(S'am‘

propiedades ¢o

etoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanocico  con mejores

‘mo solubilidad y estabilidad.

Para resolver eéta problema técnico la solicitud en estudio proporciona un compuesto

cristalino, que
metoxibifenil-4-

Expediente  10-

es &cido (8)-2-amino-3-(4-(2-amine-6-((R)-2,2,2-trifluoro-1-(3'-
Netoxi)pirimidin-4-i)fenil propanoico o una sal del mismo.
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El objeto de la presente solicitud se relaciona con Ia Clasificacién Internacional de
Patentes (CIP). C07D237/34, A61K31/505, A61P1/00//25/00.

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

El objeto de las reivindicaciones 28-31 no es patentable de acuerdo con el Art citado.
5. De la Solicitud de Patente

Titulo

El titulo contiene el término "métodos para su uso” que hace alusién a temas que son
excluidos o exceptuados de patentabilidad. Se sugiere sliminar el término de tal
manera que el titulo se ajuste a las categorias de producto.

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones 1-4,7 -9, 13 - 14, y 17 no son claras porque hacen referencia
a una forma cristalina, pero ésta no estan definidas por sus caracteristicas técnicas -
esenciales como el patrén de difraccion de rayos X en mono cristal, el patrén de
difraccion de rayos X en polve (DRXP) con por lo menos los 20 picos
correspondientes a las intensidades de los haces difractados o a los espacios
interplanares dny segun los indices de Miller (hkl) medidos de acuerdo con el angulo
de difraccion de Bragg 26 en el intervalo mas representativo comprendido entre 5®
hasta 90°, las espectroscopias Raman e IR, la espectroscopia RMN-C', o, los
métodos de andlisis térmico: TGA, DTA y DSC. Se solicita caracterizar Ia forma
cristalina de acuerdo a lo que se encuentre debidamente soportado en la descripcién.

Las reivindicaciones 4, 5, 9, 10, 14 y 15 no son claras cuando emplean el término
“aproximadamente”, “y/o”, “uno o mas”, los cuales son imprecisos, por lo cual no
permiten distinguir la invencion del estado de la técnica. Se sugiere sustituirlos por
términos precisos o rangos concreto.

Las reivindicaciones 5, 10 y 13 no son claras porque hacen referencia a una forma
cristalina caracterizada mediante difraccion de rayos X en polvo, pero este no cuenta
con por lo menos los 20 picos correspondientes a las intensidades de los haces
difractados o a los espacios interplanares dng segin los indices de Miller (hkl)
medidos de acuerdo con el angulo de difraccién de Bragg 26 en el intervalo mas
representativo comprendido entre 5° hasta 90°. Se solicita caracterizar la forma
cristalina con por lo menos los 20 picos mencionados, de acuerdo a lo que se
encuentre debidamente soportado en la descripcion.

Las reivindicaciones 6, 11y 12 no son claras porque hacen referencia a los dibujos
de acuerdo a la expresion, “como el que se muestra en la Figura...". Se sugiere
eliminar la referencia a los dibujos.

La reivindicacion 17 no es clara porque se refiere al compuesto maleato de (8)-2-
amino-3-(4-(2-arino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil-4-ilyetox!)pirimidin-4-
iDfenil)propanoato, pero esta redactado como “(S)-2-amino-3-(4-(2-amino-6-((R)-
2,2,2-maleato de trifluoro-1-(3°-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoato”.
Se sugiere hacer la correccién correspondiente.

Las reivindicaciones 17 y 20 no estan soportados en la descripcion porque en
ninguna parte de la misma se encuentra que el compuesto maleato de (S)-2-amino-3-
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 ~metoxibifenil-4-ilyetoxi)pirimidin-4-ilfenil)propa-
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riogato haya sido obtenido o probado. Se sugiere eliminar estas reivindicacienes del

pliege reivindicatorio.
6. Determinacién del Estado de la Técnica

El estado de la técnica se determiné con base en la fecha de presentacién de Ia
solicitud de prioridad 08 de octubre de 2007 y se encontraron los siguientes
documentos que anticipan el objeto de esta solicitud:

tem Docymento Titulo Fecha de Publicacion’
| Multicyclic amino acid derivatives |  q/n o winman7
,Dfl WQ2007/089$35 and methods of thelr use QS/AQO?té/ZQG’?
D2 _ Libro” | Handbook of pharmaceutical salts 2002
D3 Articulo” _Crystalline solids _..2001

D1 :
http://worldwide.espacenet.com/publieationDetails/originalDocument;jsessionid=575E
1CD2973DE1A251B61F8188C28394.espacenet levelx_prod_6?CC=WO&NR=20070
89335A28KC=A2&FT=D&ND=8&date=20070809&DB=&localesen_EP, divulga (pg.
92, compuesto 539) el compuesto acido (8)-2-amino-3-(4- (2-amino-6- ((R) -2,2,2-
trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il fenll)propanclce y composiciones
farmaceuticas que lo contienen.

D2 (fls 137 - 143) divulga acidos y bases empleados en la formacuén de sales
farmacéuticamente aceptables asl como el mejoramiento de las propiedades
fisicoquimicas y mecanicas de los farmacos mediante la formacién de sales.

D3 (folios 146 — 157) ensefia que |a formacion de hidratos (pseudopolimorfas) es la
formacién de sélidos cristalinos en cuya estructura contienen moléculas de solvente
(agua), que es un trabajo habitual en el campo de preformulacién farmacéutico y que
su caracterizacion se puede hacer mediante difraccion de rayos X en polvo,

7. Examen de Patentabilidad (Art 14 D486)
Movedad (Art 16 D486)

La reivindicacién 1 consiste en un compuesto cris
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifen
noico o una sal del mismo.

Comparacién de las earacteristlcas técnicas esenciale

talino, que es acido (8)-2-amino-3-
iI-4-il)etoxi)pirimidin-4-iHfenil)propa-

&8, con lag del estado de la técnic;a

Caraeteristieas esenciales

D1

“Acido (S)-2-amino-3-(4-(2-amino-8-((R)-2,2,2-
trifluaro-1-(3°-metoxibifenil-4-iletoxipirimidin-4-
ijfenilpropancico o una sal del mismo.

trifluoro
_Libfeninp

| Acido (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-

+1+(3"-metoxibifenil-4-il)etoxi)pirimidin-d-
ropancico (pg. 92, compuesto 539).

Las caracteristicas esenciales de! compuesto de la reivindicaciéon 1 hablan sido
divulgadas previamente en D1, el cualda a canocﬁr el compuesto acido (8)-2-amino-
3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3‘-metoxibifenil-4-iljetoxi)pirimidin-4-il)fenil)pro-
panoico (pg. 92, compuesto 539). Si bien es cierto, no dice expresamente que es un
compuesto cristalino, el solicitante tampoco proporciona las caracteristicas técmcas
esenmales del compuesto como una forma cristalina.

1 Haﬁdboak of pharmaceuhcal salts. Properties, selection ahd use; Wiley-VCH;_ 2002; pgs. 19, 28,

51-66, 162-168, 262 y 309, fis 137-143, L o . .
?Vippagunta S, et al; Crystalline solids; Advanced Drug De ivery Reviews; (48);.2001; pg..3 - 26;
folioa 146 - 157. '
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En consecuencia, la reivindicacién 1 no es nueva, segin lo divulgade en el
documento D1,

l.a reivindicacion dependiente 18 no menciona alguna caracteristica que haga nuevo
al compuesto de la reivindicacién 1, por lo cual se considera que no es nueva.

Nivel Inventivo (Art18 D486)

La reivindicacion 2 consiste en un compuesto cristalino que es tosilato de (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-
ilYfenil)propanoato.

La reivindicacion 8 consiste en un compuesto cristalino que es tosilato de (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metexibifenil-4-il)etoxi)pirimidin-4-
ilfenil)propanoato monohidrato.

La reivindicacién 13 consiste en un compuesto cristalino que es tosilato de (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-
ihfenil)propanoato dihidrato.

La reivindicacion 17 consiste en un compuesto cristalino que es maleato de (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluore-1-(3"-metoxibifenil-4-il)etoxl)pirimidin-4-
ilYfenil)propanoato.

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

Caracteristicas esenciales D1 D2

Tosilato de (S)-2-amino-3-(4-(2-amino-
6-((R)-2,2,2-triftuoro-1-(3 -metoxibifenil-
4-il)etoxi)pirimidin-4-il)fenil)propanoato

gosgatg gez(tsri)f'la;zi?-??ﬁe;(tiﬁé?figr?i-l- Acido (8)-2-amino-3- | Acido p-toluenosulfénico como
etoxiprimidin4-iyeniypropanoato | (4-2-amin0-B(R)- | acido para formar sales
oo ‘rgto prop 2,2,2-trifluoro-1-(3'- | farmacéuticamente aceptables

Tosilato de (8)-2-amino-3-(4-(2-amino- :?;:ttgzul)l:’plrsxlud‘?n 4- (pg. 308, fl 143).
6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil- ilffenil)propanoico (p
4-il)etoxi)pirimidin-4-il)fenil)propanoato prop 9

dihidrato. 92, compuesto 539). |

Maleato de (S)-2-amino-3-(4-(2-amino- Acido maléico para formar
6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil- sales farmacéuticamente
4-il)etoxi)pirimidin-4-il)fenil)propanoato » aceptables (pg. 292, fl 143),

El documento D1 se considera el estado de la técnica cercano a la invencion definida
en la reivindicacion 1 porque divulga el compuesto acido (S)-2-amino-3-(4-(2-amino-
6-((R)-2,2,2-trifluoro-1-(3 "-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico.

La diferencia entre la invencion, definida en la reivindicacion 1 y los compuestos de
D1 consiste en divulgan de manera especifica sus sales tosilato y maleato y los
hidratos de la primera sal. Se aclara, que aunque en las reivindicaciones se
encuentran los términos hidrato o de forma cristalina, no estan las caracteristicas
técnicas esenciales que peritan afirmar que los compuestos corresponden a formas
cristalinas ¢ hidratos del compuesto de la invencién.

El efecto que logra el incluir esta caracteristica es que proporciona sales del
compuesto acido (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil-
4-il)etoxi)pirimidin-4-il)fenil)propanoico.

Por lo tanto, el problema técnico objetivo que pretende resolver esta invencién se
puede formular como la necesidad de proporcionar sales de el compuesto acido (S)-
2-amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-
ilYfenil)propanoico.
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8in embargo, D2 divulga la utilizacién de acido p-toluenosulfénico y acide maléico
para la formacién de sales farmacéuticamente aceptables (pgs. 292 y 390; fl 143),

correspondientes a Ia sal tosilato y maleato, respectivamente. Ademas, D1 ensefna
gue con los compuestos que alli da a conocer, por ejemplo el acido (8)-2-amino-3-(4-
(2~amino-6-((R)-2,2,2-trifluoro-1-(3‘-,met%xiblfen|l-4-il)etoxl)pirim|d|n-4r|l)fenli)prepanai-
co, se pueden formar sales farmacéuticamente aceptables que incluyen sales de
adicién de acidos como p-toluenosulfénico y maléico, entre otros (pg. 8, Ins 15-31).
Ademas, D2 ensefia que el mejoramiento de la velocidad de disolucién de farmacos
que son acido o bases débiles poco solubles es uno de los principales motivos para
la formacién de sales (pg. 19y 28, fl 137). Ademas, que la seleceién y la preparacién
de una sal adecuada dan la oportunidad de modificar caracteristicas fisicoquimicas y
mecénicas de los farmacos que permiten el desarrollo de formas farmacéuticas eon
mejor biodisponibilidad, estabilidad, entre otros (pg. 163, fl 142). Asimieme, da a
conocer que la eleccién de una sal en particular esta determinada por la acidez o
basicidad del grupo ionizable, la seguridad del grupe potencial para la formacién de la
sal (contra-ién), indicaciones del medicamento, ruta de administracién y la dosis, ya
que la mayoria de las sales se desarrollan con el fin de aumentar su solubilidad (pg.
167, fl 143).

Por ofra parte, D2 también ensefa que |la formacion de hidrato de compuestos es
una practica habitual en el sector farmacéutico, con lo cual también se modifican
propiedades fisicoquimicas del compuesto en cuestiéon como solubilidad, estabilidad,
entre otros (pg. 51 - 66, fls 137 -141),

En consecuencia, la persona del oficio normaimente versada en la materia se veria
suficientemente motivada para utilizar deido p-telueno sulfénico y acido maléico, de
D2, para formar una sal farmacéuticamente aceptable o hidratos de estas con el
compuesto acido ($)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3‘-metoxibifenil-
4-il)etoxi)pirimidin-4-il)fenil)propanoico, divuigado en D1, para llegar as! al objete de
las reivindicaciones 2, 8 13y 17 de la solicitud. Por lo cual se consideran ebvias.

Conclusién: las reivindicaciones 2, 8, 13 y 17 cumplen el requisito de novedad (Art,
18), pero no cumplen con el requisito de ivel Inventlvc (Art. 18).

Puesto que las reivindicaciones depen ientes 3, 4, 7, 9, 12, 14, 19 y 20 no
mencionan earaeterist;cas mventivas ad cionales tampoco se pueden cons:derar
inventivas.

La reivindieacién B sonsiste en el campuesio eristaline de ia reivindicasiéon 3 gue tiere
un patrén de difraccién de polvo de rayos X que comprende un pico en uno o0 mas de
aproximadamente 3.5, 7.0, 8.6, 10.9, 13.5, 14.0, 15.1, 17.3 y/o 20.5 26 grados.

La reivindicacion 10 consiste en el comp esto cristalino de la reivindicacion 8 que
tiene un patrén de difraccion de polvo de ayos X que comprende un pico en uno o
mas de aproximadamente 3.6, 8.2, 8.7, 13.1, 14.5, 17.5, 18.0, 19.9 y/o 21.4 20
grados.

La reivindicacién 15 consiste en el compuesto cristalino de la reivindicacion 13 que
tiene un patrén de difraccién de polvo de rayos X que comprende un pico en uno o
mas de aproximadamente 8.6, 9.0, 17.2, 17.8, 18.6, 21.6, 25.2 y/o 26.9 26 grados.

Comparacuén de las caracteristicas técnicas esenciales, con las del Estado de la Técnica,

Caracteristicas esenciales - D1 P3

Forma cristalina de tosilato de (S)-2-amino-3-(4- | Acido (S)-2-amino- | Ensefia que el fendmeno
(2-amineo-6-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil- | 3-(4-(2-amino-8- | de polimorfismo (formas
4-iletoxi)pirimidin-4-ifenil)propanoato anhidro | ((R)-2,2 2-trifluere- | cristalinas) es la capacidad
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"Forma cristalina de tésilétb'de"(’S)-2,~aminou3-(4- 1-(3"-metoxibifenil- | de cuaiquier elemento o
(2-amino-6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil- | 4-il)etoxi)pirimidin- | compuseste para cristalizar

4-i))etoxi)pirimidin-4-ilyfenil)propanoato 4-ilfenil) propanoi- | en més de un sistema
monohidrato . _{co  (pg. 92, | cristalino y es un trabajo
Forma cristalina de tosilato de (S)-2-amino-3-(4- | compuesto 539). | habitual en el campo de
(2-amino-6-((R)-2,2,2-trifluoro-1-(3'-metoxibifenil- preformulacién
4-ihetoxi)pirimidin-4-il)fenil)propancato dihidrato ’ farmacéutico,

Patrén de difraccion de polvo de rayos X para el
anhidrato que comprende un pico en uno o0 mas de
3.5,7.0,86 10.9,13.5,14.0, 151, ,17.3y/020.628

grades. Ensefia que e

Patrén de difraccion de polvo de rayos X para el caracterizacion de formas

cristalin@s para un mismo
monohidrato que cqmprende un pico en UnNo o . :
més de 3.6, 8.2, 8.7, 13.1, 14.5, 17.5, 18.0, 19.9 | N0 88 menciona | campuesto par medio del

ylo 21.4 20 grados. ' ' - patrén de difraccién de

Patrén de difraccion de polvo de rayos X para el cr:%}:';c:/sen;(i o::l un método
dihidrato que comprende un pico en uno o mas * \

de 8.6,9.0,17.2,17.8, 18.6, 21,6, 256.2 y/0 26.9
20 grados.

Aproximacion método problema-solucién para polimorfos (formas cristalinas)
1. Determinacion del estado de la técnica mas cercano:

El documento D1 se considera el estado de la técnica cercano a la invencion definida
en las reivindicaciones 5, 10y 15 porque divulga el compuesto acido (8)-2-amine-3-
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil-4-il)etoxi)pirimidin-4-
ifenil)propancico (pg. 92, compuesto 539).

2. Determinacion de las diferencias técnicas de la invencién con respecto al
estado del estade de la técnica mas cercano:

La diferencia entre Ja invencion definida en las reivindicaciones 5, 10y 15 y el
eompuesto del documento D1, consiste en que revela de manera especifica el
anhidrato, monohidrato y dihidrato de la sal tosilato del compueste de D1,
caracterizado por picos de difraccién de rayos X en polvo. '

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

Segun la descripcion de la solicitud efecto técnico que logra la diferencia es
proporcionar diferentes formas cristalinas de acido (8)-2-amino-3-(4-(2-amino-6-((R)-
2,2,2-trifluoro-1-(3'-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico con mejores
propiedades como solubilidad y estabilidad.

4. Establecimiento del problema técnico objetivo a solucionar con base en el
estado de |3 técnica mas cercano:

El problema tecnico objetivo que pretende resolver esta invencién se puede formular
como la necesidad de obtener diferentes sales e hidratos del compuesto 4cido (8)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)fe-
nif)propanoico con mejores propiedades como solubilidad y estabilidad.

5. Comprobacién de la solucién al problema técnico objetivo de la solicitud:

En ninguna parte de la descripcion se encuentra soporte de las propiedades fisicas,
mecanicas o fisicoquimicas superiores de los hidratos de la sal obtenidos respecto
del compuesto del estado del arte. Por lo anterior, no se puede comprobar la solucién
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al problema técnico objetivo planteado en la solicitud porque no se realiza una
comparacién técnica de las propiedades del compuesto de la invencién y del estado
de la técnica més cercano que pueda ser repreducido por la persona del oficio
versada en la materia.

Por lo tanto se puede concluir que no existe un efecto técnico probado, porque no se
demuestra las ventajas relacionadas con las propiedades fisicas, mecanicas y/o
fisicoquimicas como solubilidad y estabilidad reclamada en la actual solicitud, con
respecto a la forma sélida del compuesto divuigade en D1,

6. Evaluar si habria sido cbvio solucionar el problema técnico objetive por la
invenclén reivindicada: .

De tal manera que la solucién al problema técnico planteado por la invencién
reclamada se considera obvia porque la anterioridad D3, ya divulga que las diferentes
formas cristalinas, como los hidratos, para un mismo compuesto difieren en sus
propiedades fisicas como densidad, dureza, indice de refraccién, compresibilidad,
punto de fusién, entalpia de fusion, presion de vapor, solubilidad velocidad de
disolucién, y otras propiedades termodinamicas y cinéticas (fl 146, pg. 4), y es
ademas una practica deseable en la etapa inigial del desarrollo de medicamentos,
esto con el fin de hallar la forma mas adecuada y estable del activo (abstract).

hidratos) son diferentes arreglos estructurales dentro de un cristal de una misma
molécula o sustancia en cuya estructura contiene moléculas de solvente (agua), por
lo tanto una persona del oficio normalmente versada en la materia, conociendo que
en D1 ya se divulga una forma sélida de acido (S)-2-amino-3-(4-(2-amino-6-((R)-
2,2,2-trifluoro-1-(3 -metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico, y que en D3
se conoce que el fendomeno de la formacion de hidratos, esta persona se encontraria
motivada a utilizar métodos como los revelados en D3 para identificar y obtener las
formas pseudopolimérficas de la molécula en cuestion, que ademas pueden ser
analizadas por métodos de cristalografia conocidos (fl 153, pg. 18). De tal manera, no
es posible concluir que la obtencién de lgs formas cristalinas del anhidrato,
monohidrato y dihidrato de la sal tosilato reclamadas en la actual solicitud envuelva
actividad inventiva, como quiera que la mojécula misma ya era conocida con
anterioridad; es decir, la formacién de hidratos y la identificacién de estas formas
cristalinas reclamadas mediante difraccién de rayos X en poivo, no representa un
avance técnico real y tampoco un salto cualitativo a la regla técnica porque el efecto
asociado no fue demostrado en la descripcién|de la solicitud, comoquiera que no se
encontré alguna prueba o ensayo que permitiera determinar las ventajas reales de
del anhidrato, monohidrato y dihidrato de la saltosilato de (S)-2-amino-3-~(4-(2-amino-
6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoato con
respecto a la forma sélida del mismo compuesto conocida con anterioridad, que
permita probar, un efecto realmente inesperado asociado a propiedades fisicas y/o
fisicoquimicas como solubilidad y estabilidad. -

También es conocido en el campo técnico C{Je los pseudopolimorfos (como los

En consecuencia, una persona del oficio normalmente versada en la materia,
encontraria la sugerencia o motivacion suficiente aplicando los métodos vy
conocimientos que se tiene sobre el pseudopolimorfismo revelados en D3, a la forma
solida de &cido (8)-2-amino-3-(4-(2-amino-8-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-
il)etoxi)pirimidin-4-il)fenil)propanoice o sus sales divulgada en D1, con el fin de formar
el monohidrato o dihidrato de tosilato de (8)-2-amino-3-(4-(2-amine-8-((R)-2,2,2-
trifluoro-1-(3’-metoxibifenil-4-il)etoxi)pirimidin+4-il)fenil)propanoato tal como se
reivindica. Es mas, ain demostrando mejor solubilidad o estabilidad, estos resultados
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son esperados, son obvios para la persona versada en la materla, pues la obtencién
de mejoies propiedades con la formacién de hidratos es ensefiada por D3,

De acuerdo con lo expuesto, las reivindicaciones 5, 10 y 15 no cumplen con el
requisito de nivel inventive (Art. 18).

Puesto que las reivindicaciones dependientes 6, 11 y 16 no mencionan
caracteristicas inventivas adicionales tampoco se puede considerar inventiva.

La reivindicacidn 21 consiste en un método para preparar una sal cristalina de acido
(8)-amino-3-(4-(2-amino-8-((R)-2,2,2-trifluro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)
fenil)propanoico, que comprende: calentar una solucién que comprende écido (S)-2-
amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)fe-
nil)propanoico y un &cido farmacéuticamente aceptable para proporcionar una sal de
acido (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3 -metoxibifenil-4-il)etoxi)
pirimidin-4-il)fenil)propanoico; reducir la solubilidad de la sal en la solueién bajo
condiciones suficientes para proporcionar una sal cristalina de &cido (S)-2-amino-3-
(4-(2-amino-6-((R)-2,2,2-trifluoro-1-(3°-metoxibifenil-4-il)etoxi)pirimidin-4-ilfenil)propa-
noico; y aislar la sal cristalina.

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

Caracteristicas esenciales D1 b2

Sales de acido (S)-2-ami-

Método para preparar una sal cristalina de
acido (8)-amino-3-(4-(2-amino-6-((R)-2,2,2-
trifluro-1-(3*-metoxibifenil-4-
iletoxi)pirimidin-4-il) fenil)propanaico, que
comprende;

no-3-(4-(2-amino-6-((R)-
2,2,2-trifluoro-1-(3"-meto-
xibifenil-4-il)etoxi)pirimi-
din-4-il)fenil) propanoico

Método para preparar

| una sal cristalina de

acido maléico (pg. 254-
255, fl 145)

(pg. 92, compuesto 539).

calentar una solucion que comprende acido
(S)-2-amino-3-(4-(2-amino-6-((R)-2,2,2- .
trifluoro-1-(3"-metoxibifenil-4-
iletoxijpirimidin-4-il)fe-nil)propanoico y un
acido farmacéuticamente aceptable para
proporgionar una sal de acido (8)-2-amino-
3-(4-(2-amino-8-((R)-2,2,2-trifluoro-1-(3'-
metoxibifenil-4-il)etoxi) pirimidin-4-
iYfenil)propanoico; '

Agregar acido maléico a
una solucién que
contiene el principio
activo disueito en un
solvente

No se menciona

reducir Ia solubilidad de la sal en la

solucién bajo condiciones suficientes para
proporcionar una sal cristalina de acido (S)-
2-amino-3-(4-(2-amino-6~((R)-2,2,2-
trifluoro-1-(3’-metoxibifenil-4-
inetoxi)pirimidin-4-il)fenil)propa-noico; y

Dejar cristalizar el

o] mengion
No se menciona compuesto.

Aislar la sal cristalina por
cristalizacién.

Aislar la sal cristalina. No se menciona

El documento D1 se considera el estado de la técnica cercano a la invencién definida
en la reivindicacion 1 porque divuiga el compuesto acido (S)-2-amino-3-(4-(2-amino-
8-((R)-2,2,2-trifluoro-1-(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)fenil)propanoico.

La diferencia entre la invencion, definida en la reivindicacion 20 y el proceso de D1
consiste en divulgan de manera especlifica el proceso de obtencion de sus sales.

El efecto que Iogra‘el incluir esta caracteristica es que proporciona un proceso para
obtener sales del compuesto acido (8)-2-amino-3-(4-(2-amino-6-((R)-2,2,2-trifluoro-1-
(3"-metoxibifenil-4-il)etoxi)pirimidin-4-il)ffenil)propanoico.

Por lo tanto, el problema técnico objetivo que pretende resclver esta invencion se
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puede formular como la necesidad de propo
el compuesto acido

8in embargo, la formacién de sales de princ
sector farmacéutico. Ademas, D2 ensefia

realiza por la adicién de un acido al principio

sal formada se separa por su insolubilidad
posteriormente se puede aislar de forma
cristalizacién (pg. 250 -257, fls 144 y 145),

En consecuencia, la persona del oficio norm
suficientemente motivada para emplear los |
para formar sales de 4cido, como los que
principio active disuelto en una solucién,
formada por su insolubilidad en el medio en
forma cristalina mediante métodos como la

(8)-2-8mino-2
metaxibifeniI»MI)etpxi)pirimidin~4-il)fenil)pre

136

relonar un proceso para preducir sales de
-(4-(2-amino-8-((R)-2,2,2-trifluero-1-(3°-
panoico.

pios activos es una practica comun en el
que la formacién de sales de acido se
activo disuelto en una solucién, y gue la
en el medio en el que se obtiene y que
cristalina mediante métodos como la

1almente versada en la materia se veria
rocesos conocidos en al estado del arte

consisten en la adicién de un acido al

bosteriormente la separacién de la sal

| que se obtiene y finaimente, aislarla en
istalizacién, como se ensefia en D2, en

r
el compuesto divulgado en D1, para liegar a{i al objeto de la reivindicacién 21 de esta

solicitud, por lo cual se congidera obvia.

Conclusién: las reivindicacion 21 cumple el
cumplen con el requisito de nivel inventivo (

Puesto que las reivindicaciones dependient
inventivas adicionales tampoco se pueden

8. Coneclusién

Los requisitos de patentabilidad de la prese

requisito de novedad (Art. 16), pero no

Art. 18).

?

8 22 - 27 no mencionan caracteristicas

sonsiderar inventivas.

nte solicitud estan afectados asi:

item Documento _Reivindicaciones afectadas Requisito que afecta
D1 _ W02007/089335 | My ] Novedad
D1 W02007/089335 217y 19-27 Nivel inventive
b2 Libro 34,79, 1214y 17, 16-27_ Nivel inventive
D3 _Artieulo _56,10/11,15y 16 Nivel inventive

En cumplimiento del articulo 45 de la Decisic
Andina, se le indica que debe dar respuesta
contados a partir de |la fecha de notificacién o

n 486 de la Comisién de la Comunidad
dentro del término de sesenta (80) dias
e la presente comunicacién. En easo de

no dar respuesta al presente requerimiento, ¢

si a pesar de la respuesta subsistieran

los impedimentos para la concesion, se denegara la patente.

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 8.2, literal e), del

capitulo quinto del titule primere de la Circul
—— >
=

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior

Elaborade por: Rubieia ?Bacanehique Vargas
Revigado per, Jasgusline Alfanso Roeze
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requerimiento fue notificade

o

r Uniea No. 10 de 2001.

) por fijacibn en lista, de fecha
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mation. Further confirmation of the nature of the excess solid phase may be
obtained by powder X-ray diffractometry or elemental agalysis. If the excess
solid phase is entirely in the free form, the experimest must be repeated with
a higher solid to sclvent (H,0) ratio until the excess solid contains the salt.

In some cases, complete conversion of the salt to the free form may occur at

all solid-to-solution ratios, often leading to formation of a ‘gel’.

As a result of the above phendmenon, in some cases, an attempt to make
a solution of a 1:1 salt at a concentration well Hielow the sotubility of the salt
(as estimated from the K, value) will be ul due to precipi
of the free unionized form Te further develop tlns point Andersan and
Flora {2] defined the term ‘stoichiometric solubility’. The stoichiometzic
solubility of 2 1:1 salt is the concentration of salt which can be dissolved in
pure H,0 with no formation of a precipitate of the unionized free form. The
authors pointed out that the difficulties of low ‘apparent sokubility” 01 asali
due to free form precipitati muy be 4 in the preclinical stages
of when d solutions in H,O are mquired for toxi-
cology testing. However, appropriate pH adjustment should overcome this

problem.

3: Dissolution Behavior of Acids, Bases, and Their Salts

" The term dissoluzion refers to Lh_‘e overall ptx;c:ss by which a solid com-

pound dissolves in a liquid medium, whilé dissofution raze is the kinetic de-

scriptor giving the rate at which the dissolution’ takes place. The concept of
solubility, or the other hand, implies that the process of dissolution has i

reached cqu:hbnu.m and the solution is saturated. Dissolution rate of sobds
15 of p in the

of p
and quamy oanmi Sqll formation. is one of the mnsx commoanty employed

of weahy acidic or basic drogs..

Anumher of :heonss of the dissolution of solids have been proposed {17} - :
{29] [30] Howevar, ‘the simplg- d.lfﬁusmn madel may be adequatz to describe -

the d ior of most p ! solids in aqueous and fon-
aqueous mediz. The diffusion Layzr model (Fig. 7) assumes that a thin film
of solution of g c exists 2t the interface of the dissolv-
ing solid and the dissolution medium. The dissolution rate is controlled by
the diffusion rate of solute moléciles from this thin satifated film int6 the

bulk solution. The concentration of the solute ie the bulk is denoted by ¢y’

Asthe dxsmoezmcmases from x=0 {at t!msm:face ofdxesohd) to x=h (at
the ing of the bulk soluti the from c=c¢;

to ¢=c;. Beyond x=4, the bulk concentration remains uniform at ¢, In the ©

simplest form of the theory, following Fick’s First Law, the rate of dissolu-
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3.2. Solubility

2 .
The process of dissolution involves the breaking of interionic and/or
intermolecular interactions in the solid solute, the separatior of the solvent

: molecules from each other to provide space for the sclute, and the formation
of interactions between the solvent molecules and the solute molecules or -

ions. The intermolecular bonding forces in solids include Van der Waals fore-
es, H-bonds, and ionic intesactions. Van der Waals forces inclade dipole-di-
pole forces, dipole-induced dipole forces, and induced dipole-induced dxpcle
forces (i.e., London disp ion forces). H-Bonding is the:most directi of
the intérmolecular interactions. The polarity of a molecule can be expressed
m terms of its dipole momem. I genexal the solubility of a substancein H,O
with. i dipolé: moment, other factors, such as melting
point, being equal. If the solute in a solutien consists of molecules with a
small or zero dipole TRoment, itis said to be nonpolar and the interaction bet-
ween solute and solvent is aommar:d by dipole-induced dipole forces and
London dispersion forces.
In the case of a salt, the attractive force, F, between oppomﬂiy charged
particles or ions is expressed by Coulomb’s law:

 F=g*-giD-d? . ®

where ¢* 2nd g~ represent the electsic charges on the particles or ions, d is
the distance between them and D is the dielectric constant of the surround-
ing mediam with respect to vacuum for which D= 1.

The ion-dipole interaction is the force that dominates the dissolution of
salts in polar solvents. In agueous solution, the ions"are surwounded by (Le.,
hydrated by) as many H,0 molecules as possible. The amount of H,O of
crystallization affects the heat of solation. In a crystal hydrate, the jons are
already largely hydrated in the crystal lattice and, consequently, the ion-di-
pole interaction energy liberazed or dissolution is considerably less than that
of the anhydrous solute during the dissolution process. More considerations
of solubility are discussed in Chapr. 2

In the case of a solid salt, for whmh the stambxomeuy is represented by
A,.B,, dissolution may be p d by iaticn of the ions which
causes the ions to separate; thus:

A.B, ==mA™ +nB™
The apparent, concentration-based, solubility product, X, is given by:
K=[A]"[BY ©

In the absence of added icns, the solubility of the sclid, defined as the fonic
molarity, i e., the number of moles of electronic charges of each jon dissalved
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per unit volume of solution is:

C=n[A]=m{B] = (KVemm) . plemsnd ) )
If dissolution occurs without disscciation, the solubility, ¢, is directly given
by the concentration of the vndissociated species, thus,
' =[A.B.) ®
The changes in the energy of the interactions as a solute dissolves is mani-

fested as the enthalpy of solution, A, while the standard free energy chan-
ge, AG®, is related to the solubility c,.

AGL=—RTTac, : ©

where R is the gas.constant and 7 is the absol According to
the van't Hoff equation, the logarithm of the equilibrium constant {e.g.. sol- *
ubility product) is a linear function of the reciprocal of the absolute temper- :
ature, as follows,

K, =ln Ko~ Al RT

- or

_BHy :
or K.=Kpe B 10}

The solu’bdﬁy of pgym@hs is related to their thermodynamic acﬁvity,‘ 10 i
the
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Fig, 6. Ploss of solublity , 5: temperature T (selbility curves) for enantiotropic and mono-
tropic systems -

s

y of their les, and hence to their meiting point. ;
For nboﬂavm {2}a hnear -relation was found between the log of the sohubi
ities and the melting points of the three pol; phic forms. The -
namically stable form at a given temperature and pressure is the form thh
the lowest free energy and the poorest solubility.
For éach polymorph, we.may apply the van't Hoff Eqn. 10 ] in the form:

Ing,=-AH3/RT+c ¢! 1)

whmcssaconsmmandthemhaqnanﬁﬁeshavebeendeﬁmdabove.m
solubility curves ‘obtzined are shown in Fig. 6. In the case of enanuguopy,‘
there is a transition point at which the solubility of the two polymorphs is.
identical. In the case of. the curves do not intersect. However, if:
2 solvent-mediated transition occurs, it would result in spontaneous precipi-’
tation of the thermodynamically stable form. Plotting In ¢, vs. T for each;
modification (polymorph or solvate) allows the determination of the transi-

tion point and the calculation of Af,; for each modification. The difference
of AH,y between two forms is the transition enthalpy. The same applies t0
the transition between a solvate and an unsolvated form. In the case of dif-
ferent hydrates, different transition points can be observed (Fig. 7). This sol-
ubility vs. temperature appreach is frequently applied for determining the re-

CaClz - 2 H20

T

Fig. 7. Solubility curves of solvates, exemplified @y the dinydrate, tetrahydrate and hexchy-
drate of calcism dumde

Jatiopship between the polymorphs of anhydrous forms and even for solvates
or hydrates {33].

be taken into account as for
::muldba ‘measured as a function of time when detzmumng the solubitity of
the different forms because transfosmation during the measuienent may oc-
cur. B for propex interpretati of the resuits of solubility measure-
ments, the temp as to be maintained constant and accurately defined.

‘Whea comparing the solubilities of salts, the unpac: of polymoxph:sm has‘
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Solubility can be measured by phase solubility analysis, where an excess
of the solid remains ir equilibrium with the saturated solution {34 -37]. The
solution is analyzed by gravimetry, high performance liquid chromatography
(HPLC), or sp py. High through hods of solubility determina-
tion have been developed based on the measurement of the appearance of the
solid phase by nephelometry or by ultraviolet spectrophotometry [38] [39]. In’
all solubility determinations, scluble impwrities can significandy influence
the measured solubility. For example, in the case of a single-point measure-
ment on a supersaturated solution, if the relative amount of a drug substance
of 98% purity is 20 mg/ml in the suspension, 0.4 mg of the impurity may be
dissolved. If the solubility of the drug substance is 1.0 mg/ml, an apparent
solubility equal to 1.0+0.4=1.4 mg/ml will be found, whereas, if the solu-
bility of the drug substance is 0.5mg/ml, the apparent solubility will be
0.5+0.4=0.9 mg/ml. This discussion highlights the relevance of the condi-
tions used by comparing solubilities. Figs. 8 and 9 emphasize the influence
of both impurities aid polymorphism [35]. ’

In the case of salts, the relationships are more copaplex because a salt may
be partially dissociated. By measuring the solubility in buffers, the possibil-
ity of the salting-out effect (and less frequently, the salting-in effect) must
also be considered. For polybases or polyacids, there are pH domains of
stability for each species, and the pH—solubility profiles should be measured.
The pH profile of a base or an acid may be calculated on the basis of the

26

24

Concentration y of substance In
solution (mg/g solvent)

B i L - - —r
0 20 40 | 60 . 80 100 120 140
~ “Total conceniration x of substance added (mg/g soiverit)’

Fig. 8. Phase solubility analysis of 7-(2-hydroxypropyljtheophylline in AcOES, showing the in-

fluence of impurities in increasing the total solubility. Increasing impurity content of the five

samples used in the study is indicated by the increasing gray intensity of the data points. Be-

low saturation, the data points lie-on line y=x indicating complets dissolution of the sample
- ‘added 1o the solvent (redrawn from {35)). - -
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solution {mg/g solvent)
S
o PN\ — T
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w

Concentration y of substance in’

-
pr

20 40 60 80 100 . 120 140
Total concentration x of substance added {mg/g solvent)

Fig. 9. Phase solubilicy analysis:-ransformation of a higher soluble into a less soluble form de-
pending on the time allowed for eguilibrarion. A: 20k T: 63 h; O: 115 h (redrawn from {35)).

¥nown intrinsic solubility (the solubility of the undissociated species) and the

ed titration methods, the pH profile of the solubility can be obtained quite
fast (see Chapt. 2). The pH domains of stability, mentioned above, are differ-
ent in H,0 or in water +liquid media used as pharwiacentical formulations,
as well as in the solvent(s) of crystallization as defined by the phase diagrams
of each species with the solvent. Here again, polymorphism and pseudopoly-
morphism must also be taken into account. Generally, the solublity in H,Q
increases in the rank order: hydrate < anhydrate <solvated form, but excep-
tions exist, especially when the transition temperature lies below the ambient
temperature. In organic media, e.g., in alcohols, a hydrated form is usually
more soluble than the anhydrous form. For nedocromil magnesium, the rank
order of the pentahydrate, the hepf and the y was not ex-
actly the same for the solubility and intrinsic dissolution rate (IDR) {40}, be-
cause the metastzble higher hydrates transform to the stable pentshydrate
during contact with H;O in the solubility measurements.

3.3. Dissolution Rate

The dissolution rate of powders is often measured by the flow-through
cell method as described in Chapt. 2. When ccmparing different salts, this

pK, (see Chapt. 1 and 2) {38} [39]. By means of recently introduced automat-
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" inetbod has the disedvantage that the dissolution rate depends on the particle !
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~ Amount dissolved (% of dose)

T T = T T T T 1
0 Jo 40 60 80 100 120 140 160 180"
Time {min}
Fig. 10. Influence of particle size on the dissolution process of reserpine hydrockloride in
0.1m HCL. o) Parsicie size: 9% <49 yum., 90% <40 pim; b) pasticle size: 99% <67 pm, 90%
<52 yum; ) panticle size: 99% <158 pm, 90% <120 poe. :

size. On the other hand, this dependency is ntilized for a given form to eval-

o

\ fag. 11, Plots of che dissolution of @ compourd that forms @ dnldrate and a hydrate.
?‘Mm Hesolves without phase chenge; 1) anhrydzate dissolves fullowed by phase change
intio the ydraze; the-hydrate, being less sofuble, dissolves Mo s‘Lqi'vln ) instmtinecus ghase

cmge iafo e (less solubie) ydeate oocurs, ollowed by the dissoliion of the hiyrate.

Amouint dissalved (% of dose)
1ne ’

bility the pH of.
have to be takea into cousideration.

The transformation of aa anlydrous form into ahydrimd form and the :
transformation of a salt into the free base or acid is often observed. Fig. 11 -

is an le of the d i

and the salt effect of the buffer

AP

rates in the cas¢ of transitions

ing the course of the experiment:
I The ashydrous forni dissolves without change;
II: the sntiydrous form transforms into a hydrate; S
I instastanecus change of tac anhydrous form into the hydrute and disso--
Iution of the less soluble hiydrate. .
ﬁzdiﬁmm,b,bﬁwcenhemﬂmdlﬂmsuksﬁvm&ewmmme
of the dissolution process and the transformation process. - X
Fig. 12 deals with a drug with p hic behavior [413. The~
dissolution rate of two samples of the drag substance, represeuting two poly-
murphsvfa!mst&esmepmﬁclesim,ismﬂec&edin‘hzdissshﬁmmﬁecf
the drag product as capsules. :
The dissolution rate per uait surface area, terméd the fntrdnsic dissolution
mc(ﬂ)R;seeawpt.Z]isindcpmdmt'ofthcpaxﬁd:sil&hm‘disc’math—

%

L)
0
0
20

0

0d
0 20 40 60 80 100 120 W0
Time {min)

13

0 20 20 @
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Fig. 12. Dissolution curves (ie®t) of two crystalline moé'fmmia‘vsr(ﬂmﬂﬁ) of a drug substance
uﬁlh:mu}mnﬁng curves (xight) the drug produces {capsales). A palymoaqia A; O: poly-
moeh B,

od, the povwder is compressed by 2 punch ia a die to produce 2 compact disc

or tablet. are DOW
Cuaty ome face of the disc is exposed to the
mulative amount dissolved per unit sucface

flzble for this purpose [42).
dissolution mediom, and the cr-
asea is determined by uitraviolet

s ommetrynnﬁlw%dmsuﬁdisdm}wﬂ.mslupcdm@m
of qass dissolved per unit surface 224 va. tine gives the IDR in approprace
saits, 2.2, myminlcm‘.xfacmgemﬂ;eszapéasnwmmmm_
se of the experiment, theﬂachzmgeinth:mﬁdpinsemosedmmmm
ouears during the expeﬁmmr.Asoﬁdpmewim different state of ionizarion
(e.g., the mmionized form) s wdlmapdympﬁcmmwmfmei«

aczple, the initial dissolution rate for 2 drug

w3s 0.05 mg/ f
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After several minutes, the dissolution slowed down in order to continue with
the lower rate of .01 mg/min/cra?, resulting from the formation of a hydrate,
A separate measurement of the IDR of the hydrate indeed reproduced the
same rate of €.01 mg/min/cm?.

3.4. Heat of Solution

The enthalpy of the solution process, i.e., the heat of solution, AH, , c2n
‘be cajculated from the temp d of the solubility as discussed
in Sect. 3.2. This method has been w:dzly used, for example, for etoxadrol
base and its hydrochloride {43]. However, Hollenbeck {44] and Burger [23]
coasider that the stope of the linear relation predicted by Egn. 10 is too var-
iable, and is subject to systematic errors of several percent due to nonideal-
ity of the d solution, ing in i determination of both the
heat of solution and the transition point of two forms. The heat of solution of
substances can be measured directly by solution calorimetry, which clearly
provides more significant values {18]{45]. The difference between the heats
of solution of the iwo polymorphs is equal to the trausition enthalpy of tie
polymorpks at temaperatures dcse 10 ambient. The n:s\ms provxde an slterng-

tive to DSC for the discri between and

when the substance decomposes upon melting. Quantitative analyﬂs of pmse-
morphs, solvates, and phous forms in mixtires has been p d us-
ing solution calorimetry. Studies of pol hism by solution calori ¥
have been reviewead [18]. . . .

" 3.5. Interaction with Water Vapor

Water vapor is an ipres of the here. The vapor
pressure of H,0 at different temperatures has been tebulated. At 2 given tem-
perature, the ratie, actual water vapor pressure/saturated water vapor pressire
arthzxmmpmnnexs tsxmadthsmm\ae}mnudny(rh),gweuas percentage of

idity depends on the weather and climatic
muemdmayvazyfmm 10 o more than 75%. This variability has ta be taken
%o account when d ining the storage coaditions of 4 salt candid:

“When a'solid i5 exposed o a gas, some of the gas‘molecules, jermed the
adsorbate, become attached to toe surface of the solid, termed the adsorbent.
This process, which is divariant, is called adsorption. When water vapor is
adsorbed, the H;O molecules may vndergo any type of interaction (Var der
Waals, ion-dipole, and specific H-bonding interacticns} with the functionat
groups on the surface of the ‘adsorbent; they may cause swelling of hydro-
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Fig. 13. Examples of waw' :arpzion/d:aarpnon isotkerms. o) Sorptioridesorpticn is rever-
fe; b) Desorption exhibits hystexesis.

philic polymers, may induce z phiase transformation of the adsorbent to form
a solid hydrate, or may cause a hygroscopic adscrbent o form 2 poof of sat-
urated sol\m.ou by thé process-kvown as deliguestence. Water serption and

h of drug should be deterrmined, especially if
the sohd undergoes a phase change. Hygroscopicity and sorption kinetics
have been reviewed {46} {47}, and the use of water serpiion isctherms for

of salt i bas been di {481
T the case of certain dmgs end excipients as adsorbents for water vapor,
the sorption and d not coincide, giving rise to hys-

teresis as illustrated in Fzg 13. Limiting the serption of water vapor from am-
bient-alf i§ mmfmmhmmm,ﬁeqaahwof&mgﬁm&mmmk&m
ing their The ior of drug at different tempera-
tures and humidities for different climates is gemereily studied by gravime-
wy. The humidity for gravimetric stadies of water serptiva and desorption
can be led by d salt {451 oz by humidification of &
stream of air or N}, to which the solid semple is exposed. In the so-called “dy-
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Mass change (% of dry mass)

Relative humidity (%)

Fig. 14. Two ‘(Aasd BY ing into the same fydrated form. The metestabie
form B takes up H,O at lower celative humidicy than the stable foom A. The hydrate Foms
) Toses Fi{0 2t 1f. valoes below 20%.

pamic water. sorption’ system {50], the sample is placed on a microbalance

. and exposed to a continuons flow of air or N, with coustant, predetermined
relative hamidity. By these meth
rately studied.

Solid-state hydration miay ‘vocur. leading to the formation of hydttes——

X-ray diffractometers may be equipped. with special saniple cells for ex-
posing the sample to-controlied temperature and humidity. The structeral
————-changes in the solid can be moritared, and the extent of their reversibility
can be studied. The powder X-ray diffraction patterus.collected durin beat-
ing allow dehydration steps, o other descivatioh steps, t be followed effi-
cienty. Because sorption and desorption phen are accampanied by
heat exchange, mi Jorimetric fechaigues are valuable for monitoring per-

poses {51] (52} o
Fig. 14 shows the sorption isethenzs of two crystalline modifications of
a drug substance both of which transforea inte 3 hydrated foom at 25°C {531
Urder i diti the dy i stable fanm is less hygro-
scopic. The critical humidity at which the mass changes abruptly, corrs-

sponding to the humidity at witich the formation of hydrate begins, depends

upon the temperature. The higher the temperature the Jower s the critical -
midity. The formation of theophylline mouckydrate at the surface of tabiets

containing anhydrous theophylline is an example that hes been thoroughily
studied {54—56}.

ples as small a5 1 mg cau be acca-

‘
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Different petymorphs useally behave differently {18]. A metastable poly-
morph may trapsform ioto 2 crystalline hydraie, whereas me_ sfabh poly-
mozph imay not {.g., see Table 3}. Soivates may uansfmm into hydrares
by direct displacement of a solvent guest by stq. This process mggeisva ‘
method for obtaiming hydrates that can@at ct’aermse be mnufm =7
‘When several hydretcs ave formed, the kinetics of the dehydzanun pro-
cesses nixy ‘e diffevent from the kinetics of the hy@onm. as um\‘e case
of mafiagel hydrochloride {58} far which the sorption of H,0 occuss in fwo
steps via the bemihydvate. The resuiting mmohyﬁmm lnse:s H,;0 mm»s‘zp
yielding the ashydrate. Dueto the different of thmr' i
the ankydeate, hemibydrate, and monohydrate m‘w-f:m for an appre-
ciable peziod of tume. Hydrates have beea the subject of several meviews
g, B9 . . ) S

llusteates the compiexity of hyd and dely P
W mfi;;mmu'on isotherms of taree salts nfpbasic.dmg ,{.41]' 'Ihcbyxko—
g&nmalomgahmbesup i e "“ it tua_weaﬁ
"change that eds 22% B ation. The hydrogs n'xmm.:s.a:}tm

ic extibiting a sGght by For the hy sak,a.
stvon hystecesis is cbserved due to the formation of 2 siabie hydrate. The

base 2ud the hydrogen maleate salt wepe not at all hygroscopic. This exam- . "

ple illastrates the importazce of the sEigy y-of | @,ng@ﬁ:
didates. T .

el

P, Y
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3.6. Density

For solids, different expressicns of density bave besn defined and are
considered to be of practical importance for powdered solids. The apped
density and the pulic densiry (also called poured densiry) describe the butking
properties of a powder and are an indirect measure of the Tflow properties of
the powder iting from the distributi of particle size, shape, and sur-
face area. On the other hand, the rrye density as a theoretically derived pa-

, are 1422, 1411, and 1,400 glen? [60]. A
plete study of the pol phic behavior of MKS 492 demonsirated that
two less dense forms are monotrepic in relation to the crystalline modifica-

3.7. Morphology

Crystal morphology is an i D consideration when selecting & salt
form. Generalty, needle-shape crystals are 1ot desirable because of their poor
flow properties (61). Therefore, it is usual to examine and to compare the
crystals under a magnifying glass, light micmscqge, or scanning electron mi-
croscope (SEM). The micrescopic tech: iques have been by im-
age analysis for comparing the merphelogy of different sales {623{63). Mor-
phology of anisotropic crystals may be modified by the conditions of <xys-
tallization (crystal engineering) {65]. . : .

4. Kinefic Aspects - -

If phase transformations were based solely on xbérmm'ynamic rales, sta-
ble crystal forms shouid be obtained quite easily. However, kinetic factors

ble state. The activation energy, £, i related 1o the rate constant, £, of the
" transformation by the weil-known Arrhenius equation; :

k=A e FRT : . a2

S

diffra 1y and by IR spectroscop U643, However, 16 trace of the
stable form was found by X-ray diﬁ‘ractomeny in ali samples of the first
batch. Samples of the second betck, when stored in a deep-freezer for § years,
contained ca. 5% of the stable form (estimatad by Xeray diﬁ'raﬁtomeuy). The
different bebavior of the batches is explained by the presence of the smalt
amount of seed auclei of the stable form in the second batch. This example
emphasizes the need for semsitive methods to differentiate and to detect poly-
morphs in mixtures,
£ ions may be ot by the pr of a solvent, such as
fiated sy ions occur by a confinmzous dissolution—
crystallization process. This type of twansformation may cccur during crys-

Table 2 summarizes solubitity measuretnents on four forms, A, B, C,and
D, of MKS 497 as functions of time and i different temperatures {60]. Afrer
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Fig. 16. Concentrasion vs. time plots shoving the possibie solubility behavior of stable (43
and @p his or morph Iy, At the time indivawddt,
the satarated solufiua of the e form, which i 3 with wefeomnce o fhe

stabite form, Sarts to crystaliies, thereby approacking the conceatration of te lower sstuhiflyy
of the sizble form. Crystallizat By o of can be

m2y oerN
geafing with the stdble fore.

Table 2. Solubifi MES 492 andl off B of Each o
with the Secble Form B, i H0 150} .
“Pemyerature | Tine 1B - D §A+B ] C+B|D+B|

10 |2m{im]2ae] 17w f 157 167 | 215
20 levslieejzoz] 176 ] 155 | 160 | 200
s Jamjuesjam ] sr ¥ 160 | 167 | 165
10 )296]176] 3w ) 221 | 185 | 137 | 22
30 2 {298fiselarel23¢} avo | 150 | 200
4
0
)
L

30013155282} 226 § 1.68 | 166 | 196
3564161 14511236 169 | L8 | 168 1
361y - |4,y - - - -
358) — |4 - - ~ -

egquilibration, e aguecns phise was andyeed. Form B is the least sobdtie
Form and is, therefore, the most stable form. Afrer 10 min or 46 min, wodb-
vious differences were observed among the x s
memwt was repeated with fores &, C, snd D, each containing seme of the

soluble form B. The decreases is the solubifites demonsirete the infeens

-
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of seeds of the stable Form, which acoel g Jiaved trmsfoe-
mation 60]. . C
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Fig. 18. Crystaltization from soluzion by cooling. Plots of solubility , vs. tem-
pereture of two polymarghs, suble A and mesastable B with the solubility 2orve of form B lo-
cated within the erysidliization mezastebility zone. Conling staris st %K.

transformstion into the stsble form is limited by the kinetics of dissclution
and growth [65) {66]. Difficalties in obtaining crystals of a° particular form,
which were obtained at an earlier time are discussed by Dunizz and Bem&;em
[67].

Amorphous or partially amorphous solids may result fmm v&‘y mpzd pre-
cipitation, drying, willing, freeze dryirig, or shock cooling from the rmelt.
Often, the presence of seeds of a crystailine form in the amoerphous tmikxap—
Tesent & ‘memory’ of the cxysml!me sme i after drying sok
forms. A k Fad ; they have highsol-
ubility and bloawa;lahdny and good tableting propertics, but are difficalt to
wmill. Amorphous forms are wsnally less siable cbcmmally and physically dne
to their molecular mobility; they tend to mmsfoxm into crystalline forms
upon storage, humidification, and heating.

Crystallization of an mnorphous solid proceeds genem%ly fast at mpe(

atures above the glas: which is dep d by the pres-
ence of H,0. The amnzphous form mxy crystailize into one or another of Jif-
ferent polymorphs & ding on-the end humidity, as was sh-

served in the case of indomethacin [7} {68] The amorphous centent of mi-
cronized solids is important, becatise recrystaliization produces dgglomerates
and consequently increases the particle size, as demonstrated by Otsuka [691.

The hygroscopicity of brequinar sadium is seldted 1 the #morphous comtent
[701.
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43.5. Besic Physicochemical Properdes of the Hydvobromide RPR200T65E
4.3.6. Discussion of Results
5. Optimization - Secand Phase: Drug Form for Preclinicsl Develog
6. Optimization — Third Phase: Drug-Substance Form for Clinical Development
7. Optimizasion - Fourth Phase: Drug-Substance Form for Markering
REFERENCES

1. Introduction

Until ca. &5 years agc the drug dxscovefy processes adepted by phanmms-
ceutical d the ing of large numbm of compounds
thet had been ized by the company’s research § ies over many
years. Alternative sources of compounds were also available to some compa-
nies from university laboratories, or as extracts from 2 muititnde of namral

sounrces. In the l'\s: i3 ycms ; there has been a rapid change towards the nse.

of b ial iques which are now being used Toutinely
to prepare many ﬂwlssands of compounds-per year. As described in Chapt. 6,
these ae Hy dissolved in di yl sulfoxide (DMSQ) s
enable screening for activity m an enzyrae- Or receptor-based assay system.
Initial ing wsually involves a highly “high h scresa’”

(HTS). ¥ the number of *hits’ found is large, Lbznumbsmmeusuauywﬁxm'

by 2 more involved and specific ‘low throughput screen’ (LTS) and other se-
lection processes, until 2 managesble number of ‘leads’ is availeble. Often,

several of these “leads” show only moderate zctivify, and further structaral re- -

ﬁnsmen: and o;mmzauon i invariably necessary, using 2 mixture of com-

by the chemistry team, vatil @ smalier
nm:nber (Lsua.“y 1-5) of highly zctive potential ‘candidates’ rernsin.
These are gsually ively impure free bases, free acids, ar ©
nentral and are often ol Becanse they sre dissolved aal

stored in DMSG prior o being msed in screening procedures, there is no nead
o ensure that they are crystefline. Also, fe preparation of aqy saits of thege
mpounds is rarely ¥ as the 1 usually ex-
‘hibits better solubitity in both DMB0 and the assay system 0 be used by the
pheomacology group. As can be seen readily, these new procadures favor lipo-
philic molecules, wherezs the majority of marieted dug substances are hy-
drophitic. The need for water-soluble candidates for use in drig development
2nd the vast majarity of dosage forms has been recognized il—&j for toany
years before the sdvent of *combinatarial chemistry’.
Because drug substances are designed to bind with & receptor, enzyme,
protein et., they normally possess sevesal functional groups capeble of hy-
drogea bonding. Scmr. of these functional groups may give potestial for salt

e e e
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and thus d b philicity. This salt formation also gives
the pharmaceutical chemist and formuiiation scientist the opportunity to mod-
ify the physmochcmcal (e.g., melting point, hygroscopicity, chersical stabil-
ary, dissolution rate, ‘solution. p}L wysisl form eir.) and mechamical {e.g.,

erc.) s of the p ik drug sebstance and fo -

develop dosage formis with good hmawaahﬁnhey, stabifity, mesufacturabilit,
and patient compliance.
For wealdy basic drg substances, salts of ag inorganic acui {e.g., bydro-

chloride, sulfate or phosph aslfonic acid {maesylate, esylate, or isethion-~

ate), a-carboxylic m:\d {acetate, maleate, or fuwasrate), 2 hydroxy acid (civze
or tartrate), or possibly an amine acid {drginine ov lysine) could be consid-
ered. In the past, hiydrochleride Salts hewd-often been the first choice for
weakly basic drugs, sizice;as 2coHBeg of (e Jow Cotater-ion pX,, saits
can nearly always be formed; and recrystaliization from erganic solvents is

. normally straightforvward. However, the potential disedvanmages of hydre-

chioride salts include xm.accepmblyfngh acidity in formulations {e.g., paren-
teral products), the risk of ing plant 2nd equi;

less timn optimal solubility due o the mk of salting o, and the potential for

poor stability, if the drug is acid tebille and lygroscopic 2.
Historically, prior to the severe regulatory constraints that abound mdxy
nhadbemwssﬂ:lemdeﬂvelop the neutral species {free acid or fice base) te-
re different §al.
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within &z acosptable wage of 310 for intravenous solutions) shodid be
momitored to help ensure that the formulation will be well toleraved.
Mxnhpummﬁmngmmmmsolmﬂkywmlaﬁm&wﬁmym
e cmpioyed to modify the pharmacckisetic profile of the dr(_g {e.g.. ham—
trine penicillin 2nd insulin zine comph woed inp
Salt formation may be also advantageoas whers x&ze melting point of the ac-
five muiety is fow, and it is necessary %o will or micronize the aotve ingve-
dient 1o echiove adequate homopeaeity. A suitably swble sdlt may have @
melting point that is 56 — 100 °C Wigher then that of the five acid or free base.

“Alsn, being more fonic, the orystals ane likely to be less plastic and more

easily defermed by brittle fractare.

Chapr. & desaribes some of the theoretical aspects bebind salt formetion.
This chepter describes some of the procedures adopled by the Proformda-
mmam:benﬁm?m{mw:mdymmmﬂarer;ﬂagm
ham Research Cesare {DRCY. These provedares are similer t 2 systemssic
approach proposed by Morris et al. {3} \n&mﬂamaﬂ ezzzpmmﬁy wnuh one
#m of how to obtain the : amount of ik
amomt of preci jdate batch. The outh m;mkmﬂwmm&c
Figwe.

Whmpmb\mmpmeamgeufmfmsmhwmw&kemﬁ

fes i our pref which s desi
mgtvemm:mlxnwmam‘hmsofuxﬁnm.wymﬂkﬁzmmdm&

< “Thesz differeat chemical forms wers
oﬂen used fmspemﬁx: Ar Tie: ample of this e
ive drug 'p'mch&’ ine. The fiee base was asad im

suppus&toﬂes asnw‘asdvemmimmhcﬁoxm,mmymg salt was ased
in injections &od in sachets for the preparation of 2a ol solution, whilst e
less spiubie maleate svas used for the manufactore of tablets:

Qeeasionally, salts were also prepared in fommer timss 1o decrease drag
substance solubility for use in suspession formusilations where very tow sk
ubility is necma.ry to prevent ‘Ozmwald dpeatag’, for taste masking (2.g-

ficm), or to prepare m extended nelense
product. Embana&esaim have been ased in suspension formmiztions Yo in-
crease the duration of action {e.g., Cilespromazine embonate). On some ex-
castons, tlmsekemm«fasakwxﬂxautymds(aqnmssohxbxhtymylﬁ

more suitable for use mn &blet p d by wet i st
m:mdhgh}ymmblemmbemmmm@emmmmm
cess. Depending on the dose gred, af sotubilities in the vangs of

0.1—1.0mymlwili normally be sufficient 10 satisfy the dissotution mysise-
ments for standard, soltid, oral dosage forms of drugs with good-to-moderse
patency. However, for parenteral solntion products, higher sofubilifies, pes-
hapswmgfmlorgteat%dcpamgmﬂummddﬂs'anﬁdmcm
may be required. For parenteral formmiatioas, the pH of solution {noumally

“The properties of the dmgsmbﬂmm«pnedfurm’dasagem may be

’Eorm

qnhediﬂamﬁvmﬁmsemﬁzdﬁxam.hmmm&ngofﬁmi@

flunnce of drug o it salt, properties ox the fmished produst 5

gl o ensure

e fiealt. with in mans detall in Chapt. 4. The provedures demonsirated hest
aze aisn described in cutline form w {5]

2. Sakt Formation - Is It Necessary, Ts it Feasible?

ok pK, valie of cach iontnsble group in the exlscuks - R, Ampther ey
caiy & the calodaed top £ velne. homadingely, o smoll amount of meterdll
%5 maade zvEkible, the values are dervmined exprrivestally on 12 mg o
W&ywm«m&g,&m%ﬂ&g&@m

483, wnd e values

of the opti selrform. Some of thess aspants
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7 #icroscaie soreening for
Primary Sat pesshie saltanmstion
Confirmalion of successlal
salt crystelizatans by prepasegion

at10-50 mg scafe

One sait candissty
Preclinical farmulatons, .
testing

Fouth Phase matketed prodat

Figure. Process of seit selection and eptinizsion

iy are agnin eane.ed into the database. The log P value is usnally Getemnined
by phy using an octanol-leaded HPLC column

{101

Synthesis of a working quantity of each new candidate is ravely wder-
taken at a scale that exceeds 5-g; the primary synthetic aim is to peovide suf-
ficient compound for activity screening in both cell and mimal models. Croe
activity is confirmed in these screens, the materidl remaining from tis first
‘batch is usually further sub-divided ecross a small omiber of Depanzmeits.
The amonnt of drug substance made available to Physica! Chemistry and the
Preformulation teams together rarely exceeds § g aad is oftenless Gixn 05 5.

With the pK vaiw* of each ionizable group ia the mobecule ixown,
either by exp 1 determination ar by calculation, a list of poteatial sakt
forming agents (colintes-ions) can be selected, for each mc&im:.bawon
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lists that are available in the Literature [2]{11-13] (see also the tabies in
the Appendix). Based vpot studies on numercus candidates over more han
10 years, it js ouwr coasidered opinion that, for the furmation of a stable sali,
there. showdd be a minimum difference of ca three wnits between the pk,
value of the ionizable group and a possible counter-ion. This is especially s6
when the drug substance is a particularly weak arid or base where disprapor-
tionation back tn the component parts ofter cccurs in sotution. This then te-
sults in precipitation of the free acid ar free base. Occasionally, an exceptioa
‘may be found -where 2 salt has an acceptable stability, despite there being a
smaller difference in the pX, values.

To maximize the amount of data obtained from swall quantities of can-
didate drug substances, micro and semi-micro techaiques have been devel-
oped and are used regularly within our groups. A microplate technigue has
besn devised by the Avensis Physical Chemistry grovp for rapidly and qual-
itatively screening whether solid salts can be prepared. This involves dissolv-
ing ca. 50 mg of sample in a suitable, volatile solvent and adding a fixsd vol-
nme of this solution, mnmmmg ca. 0.5 mgof snmple into eanh glas» rmcxo-

plae well C: ons of each t
pmpemm, or(:f t'az molecule could fn{m deuble.or triple sal&s} oth:r appro-
priee ratios, .are prepared, and a few microliires of each is

added sequentially to each well. Thus, sl the wells in Ene § (*x’-direction)
will contsin the same conibination of sample and counter-ion 1; all the wells
in line 2 contain the same combination of sample and counter-ion 2, etc. D~
ferant, potential crysteltizing solvents can be investigated systematically in
the ‘y’-directon. The wells are inspscied using zn invertsd microscope

(Leica, model DMIRB) at regular inervals for the appearsnce of crystals or |
solid. Ogcasionally, crystallization can be promoted by evaporatics of eay

excess solventt in somw»svells using a slow stream of doy N, gas.

Once the paessibl tons of iom and are idesti-

fied, studies m a slightly larger scale (usnelly 30— 50 mg) can be imitiated to
confinm the formation of 2 crystalline salt or an amorphous solid and inftiste
2 sidy of any polymorphism. These studies give 2 lead to the chemist and
can belp in the identification of futore problems. Melting points are deter-
mined by hot-stage microscapy, and samples shawing evidence of hygrosce-
picity can be using a-dy ic vapor tion (DVS)

(Model DVS-1, Surfuce Measurement Systems Lxd). There-is usually suffi-

- cient materid! for a preliminary powder X-way sudy nsing an envirommenisl

{model DB Ads Bruker ) to qualitatively detemine
the presence of crystaliine or amorphous material. Frequendly, these studies
can aise give information on the existence of solvates and trydrates, especiel-
ly if differential scancing celodmetry (DSC; #erder Toledo DSC, model
820), tepamal gravimetric analysis (TGA; Mewler Toledo TGA, modet 8503,

R T
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and hot-stage microscopy are also used in the evaluation process. Most of
these studies-can be accommodated, if care is taken, on 20 -25 mg of sam-
ple. .

In parallel with these studies, & preliminary HPLC method is developed
within ca. one week, and, after ipletion of minimal validation, it is used
to give an estimate of the purity of the original sample, whilst IR 2nd other
spectroscopic techniques may be used to define the salt and the stoichiome-
try. Knowledge of the approximate putity is importaat at this staga as the
presence of high levels of some impurities can often hinder crystallization
by ‘poisoning’ crystal growth or promote the formation of a specific poly-

morphic form. T diately after the of this'HPLC methed for
use in the assessment bf the main. if: ing impuritics, the analytical
hemdsts wm their ion to the of the comesponding stability-
indicating method. The development and partial validation of this method in- -

" volves the use of degraded sclutions of the drug substance produced in ac-

celerated stress studies. This method takes ca. three weeks to complete snd
can then be used in the early stability evaluation of salts; thex.r solutions aad,
witimately, simple formulations.

Thus, by carefully planned studies using 2 smafl quantity of drug subi

stance, it is possible to identify quickty the possibilities for the chernist to in-
i once larger tties of drog sub: are made. These mﬂms
may point to a small group of potential salt forrers for initial evat

they also give the chemist ideas on possible mysml}muon sclvents that car

be tried.

3. The Salt-Optimization Process — First Phase
3.1. Choice of the Salt Former (Connter-Ion)

The choice of salt former (counter-ion) depends on several factors. Ob-
vicusly the primary factor is that it should yield a crystalline salt. Crystaltin-
ity in 2 salt affords 2 means of purification and removal of unwanted impuc-
ities. Lack of crystallinity {Le., the salt is amorphous) nosmally would be ex-
peced to lead to severe problems and uncertainties, if the product intended
0 be developed is a solid, oral dosage form. The prospect of unexpected and
uncontrolled crystallization at some stage with just one batch, creating a
product recall, is something that the Quality, Regulatory, and Marketing
groups could not live with. Absence of crystallinity is often less of a prob-
lemn if the dosage form intended is a liquid.

The choice of salt is aiso governed largely by the acidity or basicity of
the jonizable group, the safety of the counter-ion and the drug indications.

Yediteps Driveriies
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Table 1. Closst ior of Conunon P ical Salt Formers

Salt Facaers 1 Eramples
P
Incrgaric avids Hydrochlaride, Hydrobromide,

Suifzce, Nitone, Phosghate
Sutfonic acids Mesylate, Exylate, fsethionzte,

Tesylae. Nepsylse, Besylae
Carboxylic scids. Aceate, Fropioner, Malease,

Benzmate, Saficytae, Fumaide
Aniomic amino ecids 1 Glutsmate, Asprtate )
Hydroxy acids Citrate, Lzcsere, Succinste,

Tartre, Glycolzte
Fanty acids Hewmanoate, Gizagate, Decnoats,

1 Oleate, Steazzte

Acids for ° Prmoate (= smbonate),
tesciutie sal Resinete (g, Pulystyrens sulfonate)
Cations
Ongamic fives eyl i

| E e, Choline ]
Catiomic wadiog o P —

.} Basesfor ‘Peocrire, Benpatine

insoluble sl
logical and p! d icatinus of the seiected sabt Fommer

mmnbemmﬁ:md.nswd&asﬂnedfumnf&cpm(dmg.&akfmmmm
Mmbmmxmmfmqmwmgwhﬁ:m@
ity and puspose. Some of the most fregueatly used examples are istod in
Table 1.

32. Scaling Up e Preparation of Salis

n parallel with the peaiics? hsatiom of opph itves for the forame-
tiog mfaymhmmmmmmmim start to mvef;{z‘gmeﬂv
possibilities fior tag aosses for each of the

mmmg(mmﬁymemmmnmw.mmmmy
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Mabeic Acid
(Z)-Burensdicic acid
HIOGDH
{
N cooH GOy M, 11607
X, WIN2E @63 W
Properties Mp. 131°C

Solubility (5,0, g/10¢ g solution {temp. [°CH):

28.2 (0), 34:6 (10, 41.1 {20}, 44.3 (25), 47.5 (30),

54.1 (40), 64.0 (50), 73.9 (B0).

Safety, Toxicology Acid: LDy mouse aral, 240C mg/kg; at orad,

Disodium szit: LDgg: tat oral, 3380 mgikg.

Sodism salt: LDy ip., 500 mgky; TDLo: rat oxal,

9 glkg in 30 days.

Tn adrug-raaiesie study in dogs, acute tutsular

necwasts could be traced beck to the meleate muoiety

. ocarespoading to 9 mghky wacleic acid {see Remaris).
Balt Maleate
o el Tond o ine, lisuride,

. midazotams, omifensme, perhexiline, pheairasioe,
pirisidanal, prothilsparazine, Wictbylpesart
tizeolol, wimebutine, trizpipramive.

Rezsarks 1. May poteatially isamerize to Hrmaric acid.

2. Inazecent report {23) maleic acid could be’
made responsible for acate tubnlar necrosis in
dogs after 2 single pevoral dose of a test
substaace supplied a 4 waleate (pravadoline
maleate} corresponding to  dose of § mglks
maleic acid.

a-Mabic Acid
Hooc” Yy
OH

| CyHOs, M, 13409
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ki s Aol
S0 CHNS, M, 5508
BE ~—1.331A)
Propestics Colorless gas.ar whit solid, deprniiing upanthe
- degeee of polymerdization. Frocly sdlible fn H D
Selvry, Dadodlogy - Arvnordum saft: Ly ont oed, TH0mufie; saouse
- aral, 500 mpficg; Lp., 506 myfke, guinea pig ond,
300 mgfkg. .
Sodivmn sale: Lhgy: rax ord, P4 mgliee. ip.
in, 484 mgfks; dog iv., 100 mgfs.
Bkt Thiocyanate, thedanide.
Remaifs Thick s Gk SCH Y=
b which is ubiguitusdy R
‘animate natare.. As an essextial comsirra: of ke |
e, it iCig i ictagicd wed
biochemical processes {31}.

BB

9
i’:qpcxmas

Seifiny, Tordoslegy

Eazmpies

TS0, 34 17220

—1.34 (A)

Ark.: mp. 105107 °C; metestlile Yorm mp.

38C; monohydrae: mp. WR-105°C.

Solubility: freely ia B30 {67 @100 wiB, sobiitle

o SH0TL, BL,G.

Acid: LDy rat oz, 3480 mufks, awen: oo,

490 mgikg.

Sadium saby; LB et orl, BBS0eglke 323

mouse Ly, TS mgiy. .

Tiositate (IN), tosylare (RLED.

Brugyliem, Suforrin, iramsin, pempidns,
i, -
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1. Introduction

The preparation of pharmaceutical salts is usuzally not 2 mattes of univer-
sity teaching, ard most of the organic chemists are not trained to prepare
salts. For this reason, it appeared useful to the anthors to collect some prep-
aration methods from the literature and to present them in this chapter as pos-
sible models. Most of the ‘recipes’ stem from the patent literature and, thece-
fore, are not eptimized. Nevertheless they illustrate the state of the art and
sometimes propose several variants for the preparation of a given salt fommn.

2. Preparation of Salts of Basic Drug Substances
2.1. Hydrochlorides .

Hydrogtorides do sometimes require strictly anhydrous conditions to be
prepared (e.g., HCl gas in anhydrous diethyl ether (Et,0)), at other times they
Tequire stoichiometric amounts of H,0 to be present in order to yield hydrat-
ed crystals, A typical procedure s to dissolve the organic base in the mini-
mal amount of hot isopropancl (i-PrOH) and to add the calculated volume of
concentrated HCI (85 ml=1 mol). I, after cooling, crystallization does not

s |

Al A
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ethyloxonivm chloride, which solubitizes the initizily precipitated hydrocido-
ride. .

Cytarabine Hydrockloride o j‘\’;}
Cyrosar® (Ugjohn) S MO, 07N
. 0~
'Procedure {21 . oH.
A solution of 250 mg D-1--arabi ine in absolute metha-

nol (MeOH) was warmed and stired with decolorizing charcoal. The mix-
ture was filtered through & bed of filter aid, and the filter bed was washed re-

- peatedly with absolute MeOH. The combined filtzate and washings were pale
 yellow. The solution was diluted to faint cloudiness with anhydrous EtO,

and an excess of anhydrous HCl was isitrodiced. Crystaifization began at ca.
25 °C and further crystallization was induced by chilling at 0 °C for 14 hours.

The crystalline product was coliected on a filter, washed with anhydrons ’

Et-,O ﬂndduudmm'mm was thus cbtained 180 mg of pale yellow D-1-
B-axat ide meltag at 126 to 189 °C.

The pale yellow pmduot was dissolved in warm, absolute MeOH, and
after treatment with charcoal the solution was filtered thirongh a

oeEhT; iteAmbe induced by progressive additions of Et,O-Only-if bot pro-
" cedures fail,isa!! formers other than HCl should be envisaged. .

!

’Cyclopentam‘ine Hydrockloride o oty -
Clopane® (Lilly) O/\("H - HOl
Procédure 1] - on
Dissolve : 141g (tmal) of 3y y1-N-mi 2.atins iz

. SOOmlofd:yEtzo andpasdxyHCmeﬁmsclmon, mu'.lﬂxevm@f.ef
:hcnnmcsndcomamerhasmcreasedby%g.nmngmemdmmafﬂe

HCL the HCE salt of 3-cy 2-2
awhmepcwq:r ’lheaalhsﬁlmedoﬁ"andwaskedwxﬁ:dry&dﬁ 3-cyt/1&>—
tyl-N- thus d melts o oz

113—115"C.{I‘h: yx:lﬂlspmcncauy quantitative.
Caution! . .
Whmtms precedure is performed on a smali scale, it is often observed

that the initially formed hydrochloride re-dissolves. This is due to the fact
that an excess of gaseous HCl in anhydrous Et;0 produces the very polas &-

bed of ﬁls:r mmmwmmmmm%m
the comt th filtrate and washings were warmed and diluted with
aphydrous Et,0 to incipient crystatfizetion. The MeOH/ELO mixture was
kept at ca. 25°C for ca. 1 hour and then chilted, first at 0°C, and then at
~20°C. The resulling colorless needies were collected on a filter, washed
with ankydeons Et;O, and dried at 85 °C, yielding 100 mg of D-1-8-arbine-
furanosylcytosine hydrochiloride with a melting point of 186-188°C.

©
Fendiline Hydrochloride HC. AN O
Sensif® (Thiemanr) i ; t@
A L
Procedure [3] Ciy
The freshly distilled base, 2538 g of 1,7-dihydro-1,3-dimethyl-7-{2-{1-

ethyl-2-p inoleshyl}-2H,6H-purise-2,6-ticee Is dissolved in

134 ml of 96% EtOH, 268 wlof 2 HCl aad 201 o

of hot H,O are added whils cooling with ice-wawer The precipitate is fltered
off and dried in vacuo at D30 °C: 22.98 g of hydrochlozide sakt are ohinined.
M_p. 200201 °C. On recrystallization from. 285 ml of 2 2:1 mixture of HeO
and 96% EtOH the meling poist remeins anchanges.
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Conversion of a Hydrochloride to the Free Buse

The usual way to prepare free bases from hydrochlorides and, more gen-
erally from salts, consists in adding an inorganic base (NaOH, K,CO5) and
extracting the free base by means of a water-immiscible organic solvent.
However, under some ci it may be desirable to work under an-
hydrous conditions. This can be achieved for example in bringing the hydro-
chloride to react with an HCI scavenger such as propylene oxide, according
to the reaction below:

"
-8 oH; R ot
A-REH o ¢ X7 renl a o~
& d RO O

The 1-chloropropan-2-ol formed can be easily removed under reduced
pressure. One of the interesting applications of this procedure is the transi-
tion from hydrobromides, the usual product of demethylation reactions, to the
corresponding hydrochlorides, via the free base.

Procedure [4}

To a solution of 3.3 g (13.3 mmol) of L-3-hydroxy-4-methoxyphenyl- - ..

alanine hydrochieride in 150 ml of BtOH are added portionwise over
3 hours 12,5 mi propylene oxide. The mixture is allowed to stand 20 hours
at ambient temperanre {ca. 25 °C). The pwclpnated crystals are collected
and purified by dissolution in 40 ml of _nbsolute EtOH and inducing the
crystallization by adding some drops of H,0. The yield is 2.15 g of color-
less crystals of 1-3-hydroxy-4-methoxyphenylalanine melting at 251—

252°C.
2.2. Nitrates
]
Butoconazole Nitrate . O/;\:Q
Femstar® (Syntex) o g N
. : o
-Procedure (S} - g—N « HNOg -

To a solution of 10 g (ca. 0.025 mol) of butoconazole (= 1-{4-(4-chloro-
phenyl)-2-[(2,6-dichiorophenyl)sulfanyl]butyl}-1H-imidazole) base in 300 ml
of dry Et,0, 70% HNO; (d=1.42) is added dropwise until the precipitation
is complete (ce. 2.2 mi). The resulting nitrate salt is recrystallized from ace-
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ione/AcOEt to give butoconazole nitrate as colordess blades; yield: 9.6 g cor-
responding to ca. 80%.

2.3. Phosphates

Amphetamine Phosphate ' g
mphetamine Phosp) ©/Y - POy
Procedure (6] CH
A ine (= iyt hanamiine; 135 g, 1mol) is stirved

into 300 1l of aceione in a stainless-steel. vessel. To the resultant solution,
115.3 g of 85% H;PE;-(containing 1 mol of H;PO,} are added under con-
stant agitation, care being taken to avoid any sudden rise in t:mpemmm or
local overheating due to the considerable amount of heat that mevolved. Dur-

ing the .addition of the HyPO, a fine, white, flocculeat precigitate appeais,

which becomes more and more dense and abundant, as tie quaatity of add-
ed acid increases. When the entire quantity of the H;PGO, bas been added, ag-
itation of the mixture is continued for ca. ¥ hour or more o igsure compliete
conversion. The precipitate is then allowed to settie, the supematant Hquid is
discarded, and the residue is filtered. The precipitate thus seperated may, if
desired, be washed with acetene and is then dried by evaporation o constaat
weight, providing a fine, white, impalpable powder, which coasists of pure

Dioxyline Phosphate
Paveril® (Lilly)
Procedure {7}
A solution of 5 g of 6,7-dimethoxy-3-methyl-1-{4-eshoxy-3 Y-

benzyl)isoquinoline in 100 mi of EtOH is treated with a schution of 1.5 g of
H,;PO, in 10 ml of EtOH. Thereafter, 10 ml of H,0 are added to effect com-
plete sotution; and the reaction mixture is-then cooled, ud B0 s added,
until ipitation of the salt is 1 The precipitate of 6,7-di -
3-methyl-1-(4-ethoxy-3- ybenzyl)i i is filsered
off and recrystallized from §5% EtOH by the addition of 2 volumes of
Et,0.
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2.4. Succinates

o

Omﬂumazz'{ée Succinate (\N’\/l\}

Oxaflurine” (Diamant) N
SO

AL COOH
Procedure {8} Fj\@gj@ X 2 [coon

A solution of 257 g oxaflumazine (= 10-(3-{4-[2-(1,3-dioxan-2-vDetkyl}-
piperazin-1-y1 }propyD)-2-(trifluoromethyl)-10H-phenothiazine) base in 500 mi
of acetone is added with stirting to a solution of 118 g of suceinic acid in
4000 ml of acetone. The agitation is contimied at room temperature uutil the
desired salt crystaflizes. The mixtore is allowed to stand overnight at 0°C.
The weight of the collected crystals is 256 g (vield, 70%). After recrystalliza-
tion in 1000 ml of acetoritrile (MeCN) the acid disuccinate melts at 136
138°C.

2.5. Maleates

Azasmdine Maleate . | LN .

{ vc.DdH
Optimine® (Schering) (ﬂ] S
H "COOH
N
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is complete. The crystals are filtered, washed with AcOFt and recrystaliized
from 15 mi of this solvent in the same manner. The crystalline maleate saly
so formed is filtered off and dried. M.p. 113-115°C.

Tbutilide Fumarate o

Corvert® (Pharmacia & Upjohr P -
. - . o . -
Procedure {11] & 2wz HOOC Ao

Tuslide (= (3-{(ethyDheptyDarsinolpropst} (4-{methyulfons ettt

phenyl}methanol; 31.9 g, 0.0829 mol) is dissolved in 135 ml of abselute
BtOH and mixed with 2 solution of fumaric acid {43 g, 0.037 mol) in abso-
lute BtOH (203 ml). The solution wes concentrated mndei reditced pressure,
and the residue was dissolved in liot acetone znd aliowed to crystallize. Re-
crystaliization from acetone gave a solid that was dried under reduced pres-
sure for 4 days at 60°C to give 31.4 g of thz (E)but-2-encate salt of fouti-
Tide (2:1). Mip. 117-119°C. ) - S

2.6. Citrates

Citrate

e HEgY.

To a solution comtaining 4.3 g of 6,11-dihydro-11-(1-methylpiperidin-4-
Ylidene)-SH-benzo{5 Slcyclobeptal1,2-bipyridine in 55 ml of AcOE%, add a
solution of 3.45 g of maleic acid dissolved in AcOEt. Filter the resuiting pre-
cipitate and recrystallize the desired product from an ACOEYMeOH mixtere
to yield the dimaleate salt. Mip. 152—154°C.

Dexchlorpheniramine Maleate G, ’ ot H ’
Polaranine® (Schering) IR, T
) 6 - coom
N
Procedure {10]
(+)-Dexchiorphenizamine (= y-{4-chl TN, N-di i

3. propanamine) (4.3 g) and maleic acid{1.8 ) are dissolved in 20l of izo-
propyl acetate (AcO(i-Pr)) and kept at room temperatre until crystsilization

Sinecod® (Hommel) \)\Q’\/ N 0 - w—tm
‘Procedure {12} Yy k@h CODK

To 10 £ of igh-vacuum distlied 2-[2- (disthyleminojethoxylotiyl a-etyl- -

benzeneacetate is added a soludon of 7 g of citric acid in 30 ml of warm ace-
tone. After standiag for some fime, the citrate crywiallizes ont. After suction
fiiwation 20d washing with acetore, e citrate is recrystallized from acetone.
Mp. 75°C.

2.7. Tartrates
s
Dimetacsine Tartrate Feos goar
Isoronil® {Siegfried) e o
Qm coon

es
St
Skt
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Procedure {13}

N,N.9,9-Tetramethyl-9H-acridine-10-propanamine (43 g} is dissolved in
229 mi of 1N aqueous (+)-tartaric acid, and the clear solution obtained is
evaporated to dryness under reduced pressure. The residue is dissolved in
150 mil of 90% EtOH. The solution gives after cooling, the corresponding tar-
trate as white needles. The salt contains 1 moi of tartaric acid per mol of the
base and is easily soluble in cold HO. M.p. 155156 °C.

2.8. Gluconates
o HOOG
Dexchlorpheniramine Gluconate CHy o
Polaramine® [Gluconate] (Schering) Necrg oH
. A HO o
Procedure [10} ~ -
D-y-(4-Chlorop )-N.N-di idine-2 ine (10g) and

6.5 g of D-gluconolactone are mixed in 50 ml of 50‘;6 a:;ueous EtOH and kept
at 50 °C for 2 hours. The solvent is then resaoved under reduced pressure to
leave the desired salt as viscous colorless oil.

2.9. Lactobionates

Erythromycin Lactobionate
Erythrocin lactobionate® (Abbott)

Procedure [14]

A solution of erythromycin base is prepared by dissolving 8.0 g of erythro-
mycin in 25 ml of acetone. One the other hand, a solution of 4.0 g of &-lacto-
bionolactone is dissolved in 25 mi of Fi,0, providing the free lactobionic acid
(=4-0-f3-p-galactopyranosyl-D-gluconic acid). The two solutions are mixed
and evaporated to a gummy residue, which is dissolved in 60 ml of H,0, and

iasiizavin(l eqafibsy
SareM e

ade
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the resulting solution is frozen and dried in vacuo by lyophilizatiou. The
dried residue of erythromycin lactobionate (11.7 g) is 2 white amorphous

_powder with solubility in H,O of ca. 200 mg/ml. M.p. 145—150°C.

2.90. Lauryl Sulfate Salts

h in Estolate (Eryth in P:

Er Laurylsulfate)
Hospne'” {Dista)

0, £
T
,Zo\%

W-CHa

- CHy{CHah-OSOM
\4
Mmoo O -

© OH

Procedure [15] e

Monopropionylerythromycin (16.7 g) is dissolved in 50 ml of warm ace-

" tone. To the solution is added sodium lauryl sulfate (6.4 g), dissolved ix

50 ml of distilled H,O contzining 2 ml of glacial AcOH. The white crystai-
line precipitate of propionylerythromycin lauryl sulfate separated is fil-
tered off and dried. M.p. ca..135-137.°C. |

2.11. Glutamates

Arginine Glutamate .S

cooH
_Mcdnmate@ _(Abbott) N ﬁ/\/;(

Pracedure [16]

‘This water-soluble salt may be prepared by mixing L-arginine with L-gin-
tamnic acid in H,0 and crystailizing the resulting salt by the addition of 2 po-
lar water-miscible organic solvent. For instance, when 17.2 g of L-arginine and
14.5 g of L-glutamic acid are dissolved in 155 g of H,0, 2 clear homogeneous
solution results, which has a pH of $.3. After filtration, this solution is concen-
mated at 50 °C under reduced pressure to a solid content of ca. 45%. Absolute
MeCOH (220 g) is added, and this mixture is cooled to 5 °C for 1 hour. The te-
sulting solid salt is removed by filiration and washed with absolute MeOH. The
salt is left to become air-dry and is then further dried in a vacutm cven at 68 °C
for 3 hours. Thus, 30 g (94.6% of the theoretical yield based on the amounis of

Yeditepe Gniversitest
Biidi Merkezi




Advanced

DRUG DELIVERY

Reviews

EVIER Advanced Drug Delivery Reviews 48 (2001) 3-26

Crystalline solids
Sudha R. Vippagunta®, Harry|G. Brittain®, David JW. Grant®"*

.Departmenl of Pharmaceutics, College of Pharmacy, University of Minnesota, Weaver—Densford Hall, 308 Harvard Street SE.,
Minneapolis,BMN 58453, USA
*Center Jor Pharmaceutical Physics, A0 Charles Road, Milford, NJ 08848, USA

Received 18 October 2000; accepted 21 December 2000

|

Many drugs exist in the crystalline solid state due to reasons of stability and case of handling during the various stages of
drug development. Crystailine solids can exist in the form of polymorphs, solvates or hydrates. Phase transitions such as
polymorph interconversion, desolvation of solvate, formation|of hydrate and conversion of crystalline to amorphous form
may occur during various pharmaceutical processes, which may alter the dissolution rate and transport characteristics of the
drug. Hence it is desirable to choose the most suitable and stabile form of the drug in the initial stages of drug development.
The current focus of research in the solid-state area is to understand the origins of polymorphism at the molecular level, and
to predict and prepare the most stable polymorph of a drug. The recent advances in computational tools allow the prediction
of possible polymorphs of the drug from its molecular strudture. Sensitive analytical methods are being developed to
understand the nature of polymorphism and to characterize the|various crystalline forms of a drug in its dosage form, The
aim of this review is to emphasize the recent advances made in the area of pradiction and characterization of pelymorphs and
solvates, to address the current challenges faced by pharmaceutical scientists and to anticipate future davelopments.
® 2001 Elsevier Science BV. All rights reserved, :
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1. Introduction

Most organic and inorganic compounds of phar-
maceutical relevance can exist in one or more
crystalline forms. When: applied to solids, the adjec-
tive, crystalline, implies an ideal crystal in which the
structural units, termed unmit cells, are repeated
regularly and indefinitely in three dimensions in
space. The unit cell has a definite orientation and
shape defined by the translational vectors, a, b, and
¢, and hence has a definite volume, V, that contains
the atoms and molecules necessary for generating the
crystal. Each crystal can be classified as a member of
one of seven possible crystal systems or crystal
classes that are defined by the relationships between
the individual dimensions, g, b, and c, of the unit cell
and between the individual angles, @, 8, and y of the
unit cell [1,2]. The structure of a given crystal may
be assigned to one of the seven crystal systems, to
one of the 14 Bravais lattices, and to one of the 230
space groups [1]. All the 230 possible space groups,
their symmetries, and the symmetries of their diffrac-
tion patterns are compiled in the International Tables
for Crystallography [3].

The common crystalline forms found for a given
drug substance are polymorphs and solvates. Crys-
talline - polymorphs' have the same chemical com-
position but different internal crystal structures and,
therefore, possess different physico—chemical prop-
erties. The different crystal structures in polymorphs
arise when the drug substance crystallizes in differ-
ent crystal packing arrangements and/or different
conformations. The occurrence of polymorphism is
quite common among organic molecules, and a large
number of polymorphic drug compounds have been
noted and catalogued [4-7].

Solvates, also 'known as pseudopolymorphs, are

crystalline solid adducts containing solvent mole-
cules within the crystal structure, in either stoichio-
metric or nonstoichiometric proportions, giving rise
to unique differences in the physical and pharma-
ceutical properties of the drug. If the incorporated
solvent is water, a solvate is termed a hydrate.
Adducts frequently crystallize more easily because
two molecules often can pack together with less
difficulty than single molecules. While no definite
explanations can be given, possible reasons include
adduct symmetry, adduct-induced conformation
changes, and the ability to form hydrogen bonds
through the solvent molecules [2,8,9]. Desolvated
solvates are produced when a solvate is desolvated
and the crystal retains the structure of the solvate
[10]. Desolvated solvates are less ordered than their
crystalline counterparts and are difficult to character-
ize, because analytical studies indicate that they are
unsolvated materials (or anhydrous crystal forms)
when, in fact, they have the structure of the solvated
crystal form from which they were derived [11].
Because different crystalline polymorphs and sol-
vates differ in crystal packing, and/or molecular
conformation as well as in lattice energy and en-
tropy, there are usually significant differences in
their physical properties, such as density, hardness,
tabletability, refractive index, melting point, enthalpy
of fusion, vapor pressure, solubility, dissolution rate,
other thermodynamic and kinetic properties and even
color [12]." Differences in physical properties of
various solid forms have an important effect on the
processing of drug substances into drug products
[13], while differences in solubility may have impli-
cations on the absorption of the active drug from its
dosage form [14], by affecting the dissolution rate
and possibly the mass transport of the molecules.
These concerns have led to an increased regulatory
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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
to 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 to
polymorph interconversions, 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 transitjon, a solid drug
may undergo a change in its thermodynamic prop-
erties, with consequent changes in its dissolution and
transport characteristics [15].

Various pharmaceutical 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 granulation, oven
drying and compaction, are reported to accelerate the
phase transitions in pharmaceutical 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 most 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
the crystalline form and the distribution in size and
shape of the drug. The significance of crystallization
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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 lead
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 roactlvity of surfaces towards
nucleation, The various forces responsible for hold-
ing the organic crystalline solids together, such as
onbonded interactions and hydrogen bonding, have
seen discussed in detail by Bymn et al. [2] and Etter
20].
Various analytical methods are being currently
sed to characterize the crystalline form of the drug
uring the various steps of processing and develop-
ment. These methods have been reviewed recently in

etail by many authors [7,10,21-25]. The single
most valuable piece of information about the crys-
talline solid, including the existence of polymorphs
and solvates, is' the molecular and- crystalline struc-

re, 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 solvate
formation) is definitely established by single-crystal
and powder X-ray diffractometry, spectral methods,
such as Fourier transform infrared absorption (FTIR)
sppetroscopy, Fourier transform Raman scattering
(FT' Raman) spectroscopy, solid-state nuclear mag-
netic resonance (SSNMR) spectroscopy, ultraviolet

scopy using a hot stage [24]. These methods are
almost always employed for further characterization.

Modulated (temperature) differential  scanning
caljrimetry (MDSC) in combination with DSC and
optical microscopy are able to identify the glass

pre
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transition of amorphous forms with much greater
clarity and allow unique insights into the glass
transitional and polyinorphic behavior of drug sub-
stances [26].

Because solid-state NMR spectroscopy can be
used to study crystalline 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 mobility
of drugs in mixturés 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 conformational polymorphs of 5-methyl-2-[(2-
nitrophenyl)amino]-3-thiophenecarbonitrile [30]. Use
of two-dimensional. NMR and total suppression of
spinning side bands:(TOSS) pulse sequences allowed
the separation of isotropic and anisotropic 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 ih the solid-state area is to under-
stand polymorphism and pseudopolymorphism at the
molecular level. Knowledge of the crystal packing
arrangements and:the various intermolecular forces
involved in the different packing arrangements will
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
software to predict crystal structures of polymorphs
from molecular structures. A thorough understanding
of the physicochemical properties of polymorphs and
solvates (hydrates) is of primary importance to the
selection of a suitable crystalline form and develop-
ment of a successful pharmaceutical product. Bray et
al. [31] have shown that, by thorough characteriza-
tion of four different crystalline forms of 1.-738,167,
a fibrinogen receptor antagonist by various analytical

techniques, it was possible to determine the suitabili-
ty of one or two forms for the development of
pharmaceutical oral dosage forms,

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

2. Recent advances in the identification,
prediction and characterization of polymorphs

2.1. Types of polymorphism

Based on differences in the thermodynamic prop-
erties, polymorphs are classified as either enantio-
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 a mono-
tropic system, no rcversible transition is observed
between the polymorphs below the melting point.
Four useful rules have been developed by Burger and
Ramburger [32,33] to' determine qualitatively  the
enantiotropic or monotropic nature of the relation-
ship between polymorphs. These rules are the heat of
transition rule, heat of fusion rule, infrared rule and
density Tule.

If, by use of the above rules, it is established that
the polymorphs of a particular drug are enantiotropic
or monotropic, then the next goal is to define the
thermodynamically stable (or metastable) domain of
each crystalline phase of a substance as a function of
temperature. The plot of the Gibbs free energy
difference, AG, against the absolute temperature, 7T,
gives the most complete and quantitative information
on the stability relationship of polymorphs [22], with
the most stable polymorph having the lowest Gibbs
free energy. The AG between the polymorphs may
be obtained using several techniques operating at
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different temperatures, such as solubility {34] and
intrinsic dissolution rate. Yu {35] has derived thermo-
dynamic equations to calculate AG between two
polymorphs and its temperature slope from the
melting data. This method is essentially an extension
of the heat of fusion rule, which is based on
statistical mechanics. Extrapolating AG to zero gives
an estimate of the transition temperature, from which
the existence of monotropy or cnantiotropy is in-
ferred. The integration of different types of data
provides the AG vs. T curve over a wide temperature
range and allows the consistency between technigues
to be checked [22]. Another approach to establish the
order of stability among various polymorphs has
been studied using pressure versus temperature plots,
e.g., for sulfanilamide and piracetam [36]. This
approach is based upon Ostwald’s principle of least
vapor pressure, according to which the stable poly-
morph exhibits the lowest vapor pressure. The
accuracy of this approach to establish the stability
hierarchy among the polymorphs has been shown to
be very much dependent on the accuracy of the
experimental data.

In recent years, the main focus of research has
been the characterization of polymorphs arising from
structural differences in the crystal lattice. It has
been established for some time that organic mole-
cules are capable of forming different crystal lattices
through two different mechanisms. One of the mech-
anisms is termed packing polymorphism; and repre-
sents instances where conformationally relatively
rigid molecules can be assembled into different
three-dimensional struetures through the invocation
of different intermolecular mechanisms. The other
mechanism is termed conformational polymorphism
and arises when a nonconformationally rigid mole-
cule can be folded into different arrangements, which
subsequently can be packed into alternative crystal
structures. The distinction between packing poly-
morphism and conformational polymorphism s
somewhat artificial because different packing ar-
rangements impose different conformations on the
molecules, however slight, and- different conforma-
tions will inevitably pack differently, The structural
aspects associated with polymorphs have been re-
viewed recently [2], as have the analogous features
of solvate and hydrate systems [9]. In the next

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

2.2. Packing polymorphism

n investigation into the structures and charge
densities of two pelymorphs of p-nitrophenol has
been performed with the aim of deducing the differ-
ent modes of inter-molecular hydrogen bonding that
lead to the formation of the two struetures shown in
Fig. 1a and 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
hydroxyl groups that accompanies the transformation
of one form into the other, In addition, polarization
of the oxygen lone-pair electrons was found to be
substantially larger in the crystal forins than in the
free molecule, resulting in considerably larger dipole
moments in the solid state.

During the study of a new crystal form (form I) of

Fig. 1. Mplecular packing diagrams of the (a) B polymorph of
pnitrophehol, (b) a polymorph of p-nitrophenol, showing 50%
probability| displacement ellipsoids ([37], reproduced with the
perntission| of the American Chemical Socicty).
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chlordiazepoxide, it was found that the heat of
transition between the two forms (forms I and II) is
rather modest, and kinetic factors permit the exist-
ence of the metastable phase [38]. Both structures
contain four crystallographically independent mole-
cules linked in dimers through hydrogen bonding,
but the dimers are packed differently to yield the two
crystal forms. Because the dimers in the fundamental
units are spaced differently in the two forms, it was
proposed that the solid-state enantiotropic trans-
formation entailed rearrangement of the dimer units.

A different approach has been taken during an
evaluation of the different structures formed by
sulfathiazole [39]. Using a graph set approach to
classify the known structural differences and simi-
larities among the various forms, it became possible
to identify packing motifs common to three of the
four «crystal structures. Fig. 2 shows the unit celis of
the polymorphs I, II, I and IV, where molecules are
paired as hydrogen-bonded dimers. At the end of the
process, the authors were able to deduce possible
links between .the observed patterns of hydrogen
bonding, processes of nucleation, and the crystal
growth observed from a number of solvent systems.
Interestingly, the analysis did not indicate a relation-
ship between the appearance of a particular poly-
morph from selution and the growth of its fastest

(N SRS

¢ o
(d) Form

(b) Form II

Fig. 2. Unit cells of four polymorphs (I, 1, 1II and IV) of
sulfathiazole showing hydrogen bonds, with the dimer structure
clearly discernible ([39], reproduced with the permission of the
Royal Society of Chemistry).

growing surface. Rather, it appeared as if the differ-
ent solvents affected the process of polymorph
formation through their effects on nucleation of the
various forms.

2.3. Conformational polymorphism

The conformational polymorphism of the two
forms of piroxicam pivalate has been studied in
detail [40]. This compound is distinctive in that the
high-melting form (polymorph 1) contains an un-
anticipated array of associated molecules bound as
centrosymmetric dimers through hydrogen bonding,
with the amido nitrogen atom acting as the donor and
the pyridine nitrogen as the acceptor (Scheme 1,
structure 1). The low-melting form (polymorph 2)
contains molecules of two distinct conformational
states coexisting in the same crystal (Fig. 3), but
linked through different hydrogen bonding arrange-
ments. This latter finding represents another unusual
aspect of the crystallography of the substance.

The inclusion of different solvent molecules in a
crystal lattice can lead to the existence of different
packing patterns, and has also been found to in-
fluence the molecular conformation of paroxetine
hydrochloride in two solvate forms [41]. One form

o\\s/ 0 CH N
N7 3 NO, 'l_‘ C///
%NH N N~
o ? fo} U S Y
co . CHs
C(CHa)s

/COCH;,
H—N
N N(CH,CH,CO,CHa),

Scheme [. Molecular structure of piroxicam- pivalate (1) [40],
5-methyl-2-[2-(nitrophenyl)amino]-3-thiophenecarbonitrile ~ (11)
[30], 2'-acetamido-4'-[N,N-bis(2-methylcarbonylethyl)amino]-4-
nitroazobenzene (I11) [48].
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Fig. 3. Conformations of the two independent molecules of
piroxicam pivalate (1) in polymorpk 2. Thermal ellipsoids are
drawn at the 40% probability level, und H atoms are shown as
spheres of arbitrary size ([40), reproduced with the permission of
the American Pharmaceutical Association).

was obtained as a hemihydrate, and the other as the
solvate of isepropanol (2-propanol). In the unit cell
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 contains one proton-
ated paroxeting molecule, one chloride ion, and one
isopropanol molecule disordered along a molecular
channel. Furthermore, the conformation of the parox-
etine molecule in the isopropanol solvate is different
from either molecular conformation observed in the

Advanced Drug Delivery Reviews 48 (2001) 3-26 9

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

In an impressive fundamental study, the poly-
morphism of §-methyl-2-[2-(nitrophenyl)amino]-3-
thiophenecarbonitrile (Scheme 1, structure II) has
been catalogued [42,43] and discussed in detail [2].
This compound was erystallized 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 yellow) were ob-
served. To ebtain a more detailed evaluation of the
relative stability, the authors considered a partition-
ing of polymorphic cnergy differences into lattice
and conformational contributions, and 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 opposing
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-
ions, the preference for planar/high dipole confor-
ners in crystals, the formation of inter- and in-
tramolecular hydrogen bonds, and the thermody-
namic tendency towards low energy and high en-
tr&py.

2.4, Phase transformations 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 oceurs
in the \dosage forms. Hence, an understanding of the
kinetics and mechanism of phase transformations is
of practical importance. The rearrangement of mole-
cules into a new structure during phase transforma-
or may not involve-a solvent or vapor
o explain the mechanism of solid-solid
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6 Free . al. [2] have reviewed briefly the aspect of poly-
molecules Crystais morphic interconversions and the factors affecting
) g the transformations. In one study, the contribution of
47 MP;: éi:larliar . , No imtermolecular hydrogen bonding to the: a— B phase change (_)f
_ high-dipole | ___oN H bonds resorcinol has been detailed [46]. The o form is
8 2 o more stable than the  form at room temperature, but
3 is less dense than the B form. The tramsition of
Z oA rewndiﬁ'u'ﬂf ) ™ a—f at an estimated transition temperature of
g ow-dipole Y \""‘"“"" - ON} 337%1 K is accompanied by an increase in crystal
& - density, with the structure shifting from an open
-2 array of molecules (linked through hydrogen bond-
Stabilized by intar- - ¥ ing) to a denser structure resembling molecular
-4 molocular H bonds crystals. Through the use of a simple potential

Free molecules | Polymorphic crystals

Fig. 4. Comparison of conformaiional encrgies and crystat cner-
gies of the various polymorphs of 5-methyl-2-[2-(nitro-
phenyl)amino]-3-thiophenecarbonitrile (IT). Form R (red prisms,
m.p. 166.2°C), form Y (ycllow prisms, m.p. 109.8°C), form OP
(orange plates, m.p. 112.7°C); form ON (orange needles, m.p.
114.8°C), form YN (ycllow needles, m.p. not measurable) ({42],
reproduced with the permission of the American Chemical Socie-

ty).

physical transition, four steps have been proposed:
(@) molecular loosening in the initial phase; (b)
formation of an intermediate solid solution; (c)
nucleation of the new solid phase and (d) growth of
the new phase [2]. In an interesting study,
Skwierczynski [44] has proposed a two-environment
model to describe the decomposition reaction kinet-
ics of a crystalline solid, aspartame. The decomposi-
tion reaction of aspartame is a simple unimolecular
thermally-induced aminolysis and the reaction
proceeds under anhydrous conditions, i.e., water is
not a reactant [45]. This model links the chemistry of
the solid-state reaction-with the molecular mobility
of the reactant as the reaction proceeds. The advan-
tage 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
transformations among polymorphs are also known
to occur in processes, such as wet granulation and
during dissolution testing.

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

model, it was concluded that, during the phase
transformation, the energy of 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 density, and consequently the
transition enthalpy is rather small. Accompanying
the shifts in hydrogen bonding is a number of
effective proton transfers, altering the covalent and
ionic portions of the crystal. It was also learned that
the increase in entropy produced from the redistribu-
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  2~(2,4-dinitrobenzyl)-3-
methylpyridine [47]. The two interconverting struc-
tures coexisted over a temperature range of at least
8-9°C. The phase change was associated with a
molecular tautomerization that translated through the
collective changes of a large number of molecules,
yielding domains having definite short-range order.
The slowly evolving spectroscopy that took place
above the fransition temperature was interpreted as
the annealing of domains into a long-range ordered
system. The process of phase transformation ap-
peared to consist of an initial fast redistribution of
the mole ratio of the coexisting phases, followed by
a much slower process involving a macroscopic
relaxation of the system. Although local thermo-
dynamic equilibrium was thought to exist in in-
dividual domains, the magnitude noted for the tem-
perature range of the phase transition was proposed
to arise from nonequilibrium conditions existin
among the various types of domain. '
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A combination of solid-state 'N-NMR spectros-
copy and X-ray crystallography was used to study
polymorphic transitions in an azobenzene dyestuff,
2’-acetamido-4'-[N,N-bis(2-methylecar-
bonylethyl)amino]-4-nitroazobenzene (Scheme 1,
structure III) [48]. This work established that the
structure of one polymorph was disordered, and that
the process of phase transformation entailed a crank-
shaft-type motion of the azo linkage. The ORTEP
plets of the two molecular conformations for the
X-ray structure determination of structure I1I at 293
K are shown in Fig. §. Selective polarization inver-
sion and band shape-fitting experiments were used te
deduce the thermodynamic parameters of the ex-
change process.

Raman spectroscopy was used to study the effect
of pressurc on the phase transitions in hexa-
methylbenzene and hexa(methyl-d,)benzene [49].
The form 11— form III transition of the partially
deuterated substance was found to take place at a
lower pressure relative to that of the analogous
hexamethylbenzene compound, which was attributed
to differences in the energies of the intramolecular
methyl torsional vibration in the two crystal forms.
In another study perforined by the same group, the
effects of both temperature and pressure on the phase
transitions of tetrafluoro-1,4-benzoquinone were con-
sidered [50]. In this system, the changes in en-

Fig. 5. ORTEP plots of the two molecular conformations (1 and
2) for the X-ray structure determination of 2'-acetamido-4'-[N,N-
bis(2-methoxycarbonyiethyl}amino]-4-nitronzobenzene (Scheme |
Structure) at 293 K. Thermal ellipsoids are shown at 30% for
clarity, with conformer 2 being represented by the solid lines and
Conformer 1 by the dotted lines ([48], reproduced with the
permission of the American Chemical Society).
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vironmental conditions were found to influence a
number of intermolecular and intramolecular vibra-
tional modes, yielding conformational changes that

The main challenge in managing the phenomenon
of multiple solid forms of a drug is the inability to
predict the number of forms that can be expected in a
given case. This prediction weuld involve quantifica-
tion of the myriad intermolecular forces within any
proposed crystal structure as well as the ability to
postulate the likely packing modes for a given
melecyle in all its configurations [10]. Accurate
theoretical prediction of polymorphs from studies of
molecular dynamics and crystal structure generation
would be of outstanding impertance in drug research

allow the prediction of possible poly-
forms based only on the molecular structure
ug. The Polymorph Predictor, from Molecu-
ulations, is currently the only commercial

e relative stability ranking of the various
packing possibilities and the resulting lowest-energy
structures arc the potential polymorphs. This method
has been successfully employed to generate known
polymorphs of primidone (Fig. 6A and B) and
progestenone, starting from the molecular structures
alone [55]. It has also been used to predict poly-
morphs for a range of small molecules and to predict
unknown| polymorphic structures of 4-amidinoin-
danone guanylhydrazone, a selective inhibitor of S-
adenosylmethionine decarboxylase [56], and of as-
pirin [57]. ~
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Fig. 6. Comparison of the crystal structure of primidonc A (A)
versus the most likely packing arrangement, frame 7 (B) ([55],
reproduced withithe permission of Elsevier Scicnce).

The theoretical predictions of lattice energies,
entropies, morphologies and polymorphs should
stimulate experimental activities and vice versa. The
current crystal-modeling efforts have the potential of
producing more quantitative tools for bridging struc-
tures and properties, which could help in creating
solid forms with desired properties [22]. There are
many limitations in using computational methods for
predicting polymorphs theoretically. The first limita-
tion is that the ab initio screening is useful only for
nonioni¢ rigid molecules. For more complex sys-
tems, the method is very useful for generating
plausible crystal structures, but it is not accurate
enough to determine which of these possible struc-
tures can actually be crystallized [58]. In addition,
the limitations in computer power can restrict the use
of this method for predicting polymorphs of complex
molecules. An issue of concern is that the existing
methods only predict the lattice energies, which
relate to internal energies or enthalpies of the
crystals. However, the relative thermodynamic
stability of polymorphs is determined by the Gibbs
free energy, which is a linear function of both
enthalpy and entropy. Predictions of the relative
stability of polymorphs will be more accurate when
the entropies, as well as lattice energies, are consid-
ered. Application of molecular dynamics may enable
the entropies to be calculated. Hence, no general
method is currently available for the prediction or
interpretation of the properties of complicated poly-
morphic or pseudopolymorphic systems.

2.6. Directing the crystallization of specific
polymorphs

Complementing the different computational meth-
ods for predicting the stable polymorphs of a given
compound, various experimental methods are also
being employed extensively to control the type of
polymorph formed during the crystallization process.
Many studies have reported the role of additives in
controlling the outcome of the crystallization pro-
cess. Some of the preselected additives are capable
of inhibiting the nucleation and/or growth of the
unwanted polymorphs. For the first time, the role of
reaction by-products in controlling polymorph ap-
pearance of a drug has been reported [59]. This drug
is sulfathiazole that is known to exist as polymorphs,
forms 1, I, TI and 1V, that differ in the hydrogen-
bond network. Form I was found to be different from
the other three forms as a result of a different
hydrogen bonding at the aniline moiety of the
molecule. From studies of the hydrogen-bonding
pattern, it was predicted that the ethamido derivative
of sulfathiazole could selectively control the forma-
tion of form I over other forms by entering the
growing face of form I without disrupting the
structure (Fig. 7a). Because a similar effect was not
possible with the other forms, incorporation of the
ethamido derivative in the other forms should inhibit
their growth (Fig. 7b). Experimentally, it was shown
that the ethamido by-product stabilized form I over
the other polymorphs. This study clearly shows that
the combination of crystal morphology and the
hydrogen-bond network analysis of the different
polymorphs offer a new and powerful approach to
understanding and controlling polymorph appearance
and stability in the presence of additives.

. A similar approach was also applied to stabilize a
metastable o conformational polymorph of L-
glutamic acid using additives [60]. Methods such as
DREIDING and TRIPOS force fields were used to
select appropriate additives which could mimic the o
and § conformations. Four additives were chosen for
this study of which two were present exclusively in
the B conformation and theoretically should selec-
tively inhibit the crystallization of the B phase and
thus stabilize the metastable o phase. Experimental-
ly, it was proven that the additives, by virtue of their
conformation, were able to selectively inhibit the
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Fig. 7. Possible binding interaction of ethamidosulfamide in the fastest growing faces of (a) form | and (b) form 1V of sulfathiazole ([59),

reproduced with the permission of Elsevier Science),

appearance of the stable B polymorph of L-glutamic
acid by interfering with either the nucleation rates or
the growth rates and thus stabilize the metastable
form. These studies demonstrate clearly that the
molecular packing and intermolecular hydrogen
bonds are the main features, which make possible the
conformational discrimination. The use of conforma-
tional mimicry to stabilize the metastable structures
of conformational polymorphs now offers a powerful
tool for the prediction and development of robust
processes for the control of polymorphic systems.

2.7. Characterization of polvmorphs using a
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 techniques need to be used to avoid
errors of interpretation and in the identification of
polymorphs [24]. Combinations of techniques are
being 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 1 and II of roxifiban, a very
promising cardiovascular drug, because of the rela-
tively small crystallite sizes of the polymerphs.
Hence, transmission electron microscopy (TEM) and

synchrotron X-ray diffraction techniques were em-
ployed to characterize the unit cells of the two forms,
By coupling the highly resolved synchrotron powder
Xiray diffraction data shown in Fig, 8, with in-
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Fig. 8.|A partial comparison of (a) a synchrotron pattern of
polymorph 1I of roxifiban, collested using o wavelength of
1.00006\A with (b) a conventional X-ray diffraction pattern using
CuKa radiation in a region where therc are many overlapping
peaks. The patterns are plotted as a function of Q = 2w/d=4m»
sin 6/A o remove the effects of different wavelengths ([611,
reproduced with the permission of the American Pharmaceutical
Association).
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formation obtained from TEM diffraction patterns,
the unit cell parameters of the two forms of roxifiban
were determined [61]. Similarly, the three modi-
fications, I, II and III, of the nonsteroidal antiinflam-
matory drug, tiaproféenic acid, could not be dis-
tinguished by the two traditional spectroscopic meth-
ods, FTIR and FT-Raman spectroscopy. The modi-
fications can only be distingunished by a combination
of thermoanalytical and powder X-ray diffractomet-
ric methods [62].

Another example, to which a combination of
techniques has been successfully applied to identify
the various conformational polymorphs of a drug, is
the characterization of the solid forms of neotame
[29]. Neotame, N-(3,3-dimethylbutyl)-L-aspartyl-L-
phenylalanine methyl ester, a new high-potency
sweetener exists in the following phase-pure crys-
talline forms: monohydrate, the most stable crys-
talline form of neotame under ambient conditions, a
methanol + water solvate [63], a methanol solvate
[64], an amorphous anhydrate [29] and a crystalline
anhydrate (form A; [65]). The authors conducted a
systematic study of the conversion of the monohy-
drate under vacuum to a mixture of anhydrate forms
followed by the réconversion of the anhydrate to the
monohydrate upon exposure to moisture under am-
bient conditions, No significant changes were ob-
served in the powder X-ray diffraction patterns
during part of the reconversion process, suggesting
that no change in lattice structure had occurred.
However, the solid-state '*C-CP-MAS NMR spectra,
indicated the presence of several forms of neotame
during the reconversion (Fig. 9). This discrepancy in
the results between the two techniques was attributed
to the conformational change of neotame molecules
during reconversion, without significant change in
unit cell paraméters. This example indicates that both
solid-state '>C-CP-MAS NMR spectroscopy and
powder X-ray diffractometry are needed to analyze
mixtures of solid forms of conformationally flexible
molecules, such as neotame.

A combination of solid-state '*C-NMR spectros-
copy and single crystal X-ray diffractometry also has
been used to éxamine the solid-state tautomerism of
acetohexamide [66,67]. Polymorphism of the anti-
diabetic drug acetohexamide has been investigated
by numerous techniques. On the basis of FTIR data,
form A of acetohexamide has been proposed to exist
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Fig. 9. Resonance signal of the phenyl carbon (C-15) attached to
the side chain in the “C-CP-MAS NMR spectra of neotame
anhydrate: (a) sample gencrated by placing the original monohy-
drate under vacuum (~1 Torr) for 3 days; (b~€) sample after
being sealed in a jar for 2, 4, 6 and 8 days, respectively; (f)
sample after being exposed to a relative humidity environment of
84% for 12 days ([29)], reproduced with the permission of the
American Chemical Society).

in the enol-tautomeric state, whereas form B has
been proposed to be in the keto-tautomeric state.
Using NMR and crystal structure data it was firmly
established that both these acetohexamide polymor-
phic forms are present in the keto-form. Hence the
combination of solid-state NMR spectroscopy and
X-ray crystallography provided strong evidence that
both forms of acetohexamide exist in the keto-
tautomeric state and are truly polymorphic.
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3. Recent advances in the identification and
characterization of hydrates and solvates

3.1. Imtroduction to solvates and hydrates

It has been estimated that approximately one-third
of the pharmaceutically active substances are capable
of forming crystalline hydrates [68]. The water
molecule, because of its small size, can easily fill
structural voids and because of its multidirectional
hydrogen bonding capability, is also ideal for linking
a majority of drug molecules into stable crystal
structures [2]. The mere presence of water in a
system is not a sufficient reason to expect hydrate
formation, because some compounds, though they
are soluble in water, do not form hydrates. It is the
activity of water in the medium that determines
whether a given hydrate structure will form. Solvates
may be formed when a pure organic solvent or a
mixture of solvents is used as the solvent for
crystallizing the compound. Guillory [69] has dis-
cussed the various methods of preparation of hy-
drates and solvates in detail. Because solvates be-
have similarly to hydrates, common analytical tech-
niques can be used for characterization of solvates
and hydrates.

3.2. Structural aspects

Crystalline hydrates, based on their structure may
be classified into three categories, The first category
(class I) are the isolated site hydrates, where the
water molecules are isolated from direct contact with
other water molecules by intervening drug mole-
cules, e.g., cephradine dihydrate. The second cate-
gory (class 2) are channel hydrates where the water
molecules included in the lattice lie next to other
water molecules of adjoining unit cells along an axis
of the lattice, forming channels through the crystal,
e.g., ampicillin trihydrate. The channel hydrates can
be subclassified into two subcategories. One eaiggory
comprises the expanded-channel or nonstoichiomet-
ric hydrates, which may take up additional moisture
in the channels when exposed to high humidity and
for which the crystal lattice may expand or contract
as the hydration or dehydration proceeds effecting
changes in the dimensions of unit cells, e.g.
cromolyn sodium. The other subcategory comprises

the planar hydrates, which are channel hydrates in
which water is localized in a two-dimensional order,
or plane, e.g., sodium ibuprofen. The third category
(class 3) of crystalline hydrates are the ion-associated
hychjates, in which the metal ions are coordinated
with water, e.g., calteridol calcium [8,9].

In| this section, some examples of nonstoichiomet-
ric hydrates and their characterization will be dis-
cussed in detail because these forms pose a special
cha,llknge in dosage form development due to unpre-
dictiFility of water content in the crystals. Following

the work of Cox et al. [70] the unusual water uptake
and |formation of nonstoichiometric hydrates of
cromolyn sodium was reinvestigated using single
crystal X-ray diffractometry, PXRD, as well as by
moletular modeling [71]. Cromolyn sodium, an
antiasthmatic drug, exists as two liquid crystalline
phases and a crystalline hydrate phase that sorbs and
liberdates water continuously and reversibly to give a
continuous range of nonstoichiometric hydrates [70].
The &hanges in the PXRD patterns of the crystalline
hydrate phase of cromolyn sodium in response to the
surro‘nding relative humidity (RH) were explained
in the light of the molecular and crystal structure of
cromolyn sodium. Single crystal X-ray diffrac-
tometry indicated the space group for cromolyn
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 molecules
per cromolyn sodium molecule, solved at room
ature by Hamodrakas et al. [72], revealed the
positions of only one sodium ion and two water
molecules and showed that the second sodium jon

was solved at 173 K by Chen et al. [71]. This work
showed that the second undetermined sodium ion is
disordered over three sites and that four of the eight
water positions are partially occupied. Comparison
of the crystal structures determined by Hamodrakas
et al. [72] and Chen et al. [71] indicated that the
cromolyn anion is flexible. In particular, the bond
and torsional angles of the 2-hydroxypropane linking
the twp cyclic moieties, changed to accommodate
lattice expansion or contraction resulting from water
sorption and desorption by the crystals. As water is
taken up, the relative occupancies of the sites of the




1673

16 S.R. Vippagunta et al. | Advanced Drug Delivery Reviews 48 (2001) 3-26

second sodium ion and that of water molecules
change. As a result, the triclinic structure with a >
90° approaches the monoclinic form with a = 90°,
To summarize, the presence of large water channels,
the flexibility of the 2-hydroxypropane link, the
disorder of the 'second sodium ion (Fig. 10) and the
disorder of the surrounding water molecules in the
crystal lattice explain the reversible and nonstoich-
iometric water sorption and desorption by cromolyn
sodium. This study emphasizes the importance of the
detailed single crystal structure in explaining many
unusual physico~chemical properties of drug hy-
drates.

The muscarinic agonist, LY297802 tartarate {i.e.,
( +)-3-[3-(butylthio)-1,2,5-thiadiazol-4-yl]- 1-
azabicyclo[2.2.2]Joctane monohydrogentartrate}, was
also found to exhibit an unusual tendency to form
nonstoichiometric hydrates of variable, but specific
composition, ranging from 0 to 0.5 mol of water
[73]. Solid-state >C-NMR spectroscopy, in conjunc-
tion with moisture sorption analysis and X-ray
crystallography was used to provide unique insights
into nonstoichiometric moisture sorption behavior.
The PXRD patterns of the drug exposed to different
RH values (0 to 75%), indicated neither a peak shift
nor the presence of any new peaks, suggesting that
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the anhydrous and the hydrated forms of the drug are
isomorphic. Fig. 11 shows the significant changes in
the SSNMR peaks on exposure to different relative
humidities and temperature, indicating that water
incorporated into the crystal lattice changes the local
chemical environment and causes the observed NMR
changes. The incorporation of water into the crystal
lattice of the drug was also confirmed by X-ray
crystailography. The considerable hygroscopicity of
the drug was rationalized in terms of the similar
crystal structures of the hydrated and nonhydrated
forms, and hence no significant structural modi-
fications are needed for the reabsorption of water
into the solids. The rates of dehydration and rehydra-
tion are largely determined by the size of the water
channels and the strength of the hydrogen-bonding
interactions that bind the water molecules in the
channels.

Another interesting study with different solvated
forms of wr-lysine monohydrochloride (LH) was
conducted by Bandyopadhyay et al. [74]. LH was
found to form: a pure methanol solvate at water
activity, a,, <0.34, with methanol activity, a, > 0.7;
a dihydrate at a,> ~0.65 with a_<0.45; and
mixed solvates at intermediate values of a,, and a,,.
It was found that the dihydrate and the mono-
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Fig, 10. In hydrated cromolyn sodium, coordination environment of: (a) the first (ordered) sodium ion, Na(1), shown in two neighboring
unit cells (A and B); and the second (disordered) sodium ion at the three partially occupied sites, (b) Na(2), (c) Na(3), and (d) Na(4). The
striped .circles represent the sodium sites. The open circles represent the oxygen atoms coordinated to Na(1). The dotted (gray) circles
represent the oxygen atoms coordinated to Na(2), Na(3), or Na(4) ([71], reproduced with the permission of the American Pharmaceutical

Association).
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Fig. 11. Solid-state >C-NMR spectra of LY297802 tartrate {( + )-
3-[3-(butylthio)-1,2,5-thiadiazol-4-yl]-1-azabicyclo[2.2.2]octane
monohydrogentartrate} after storage at 0% humidity and before
and after drving at elevated temperatures ([73], reproduced with
the permission of the American Pharmaceutical Association).

methanol solvated forms of LH possessed similar
crystal structures, similar PXRD patterns, but dif-
fered in the crystal habit. The erystal structures of
LH hydrate and methanol solvate indicate that one
molecule of methanol in the methanol solvate oc-
cupies approximately the same volume as the two
water molecules in the dihydrate. During dehydration
in the presence of methanol in the crystallization
medium, the loss of one 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 solvates. The similarities of the crystal lattices
of the dihydrate and monomethanol solvate explain
the similarity of the PXRD patterns.

3.3. Phase transformation of hydrates and solvates

Phasg changes due to hydration/dehydration and
solvation/desolvation of pharmaceutical compounds
during processing or in the final product may result
in an unstable system that would effect the bioavail-
ability |of drug frem 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 amerphous
phase upoen 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 stpble and less soluble form [8). The phase
transitions in hydrates and solvates can occur at
various stages of dosage form development. Morris
[9] has |discussed the behavior of hydrates during
processing, handling and storage of formulations in
detail,

The phase transformations associated with expo-
sure to |water, such as during solubility measure-
ments, wet granulation processes, dissolution studies
and accellerated 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 rearrange in the most
stable form and hence are much faster than solid-
state transformations. The rate of a solution-mediated
transformation is proportional to the solubility of the
species involved. Temperature, pressure and relative
humidity‘may increase the rate of phase transforma-
tion of h*drxates by inducing mobility in the system.

Solution-mediated phase transformations have
been reported for many hydrate systems, such as
theophylline crystals [17], eprosartan mesylate [75]
and nedocromil sodium [76]. Ghosh and Grant [77]
have addressed a common problem associated with
the characterization of solvates which centers around
the determination of solubilities of solvates and of
nonsolvates that undergo phase transformation in the
presence of an interacting solvent, such as solvation
of nonsolvates in the solvent of crystallization or the
desolvatiL of solvates in water. A thermodynamic
cycle an%ogous 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-hydroxy-4-pyridones,
which form-1:1 formic acid solvates in the presence
of formic acid, and of the 1:1 formic acid solvates
which produce the corresponding unsolvated com-
pounds in the presence of water. A good correlation
was obtained 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 important to gain an understanding of the
dehydration/hydration mechanisms and kinetics.
Many models have been developed to account for the
dehydration kinetics of the crystalline hydrates [78].
Nucleation is the most significant phenomenon in
determining the transformation kinetics, that is, the
rate of formation of a new phase [8]. The dehydra-
tion kinetics to some extent will also depend upon
the class of the hydrate system to which the drug
belongs, paiticle size and morphology. The practical
applications of understanding the dehydration kinet-
ics, as indicated by Morris [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 a form for
development.

34. Predic{tion 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 difficult. Each solid
compound responds uniquely to the possible forma-
tion of solvates or hydrates and hence generalizations
cannot be made for a series of related compounds.
Certain molecular shapes and features favor the
formation of crystals without solvent; these com-
pounds tend to be stabilized by efficient packing of
molecules in the crystal lattice, whereas other crystal
forms are more stable in the presence of water
and/or solvents. There may be too many possibilities
so that no computer programs are currently available

for predicting the crystal structures of hydrates and
solvates,

3.5. Characterization of hydrates and solvates

The common methods for the characterization of
hydrates and solvates are polarized light microscopy
and hot stage microscopy, DSC, TGA, Karl Fischer
titrimetry, single-crystal X-ray diffractometry, pow-
der X-ray diffractometry, and infrared spectroscopy.
These methods have been reviewed 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 dehydration
reactions occur above or near the boiling point of
water. Using conventional 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 separated. The advantage of using
pressure DSC is that the pressure can be precisely
controlled and the solids can be subjected to a
controlled temperature program while under substan-
tially elevated temperatures. The influence of ele-
vated pressures on the solid-state behavior of car-
bamazepine dihydrate 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 dihydrate
during its conversion to the anhydrate form. Also the
technique permitted the water liberated on dehydra-
tion to remain in intimate contact with the anhydrous
phase formed which could significantly influence its
solid-state properties.

The combined physical analytical techniques of
thermogravimetry and infrared spectroscopy (TG/
IR) can permit identification of the solvent incorpo-
rated into the crystal lattice. This combined tech-
nique has been used to study formulated products,
such as capsules and tablets [80].

4. Current challenges and future directions

4.1. Origins of the'challenges

A series of flow charts and decision treés have
been presented and discussed [11,22] that can be
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Fig. 12. Differential scanning calorimetry (DSC) curves of car-
bamazepine dihydrate at different pressures: (a) at atmospheric
pressure in & conventional DSC eell, (b) at atmospheric pressure
in a pressure DSC (PDSC) cell, (c) 100 p.s.i,, (@) 200 p.s.i., ()
300 ps.i, {f) 400 ps.i, and (g) 600 psi. (1 ps.i. =69 kia)
([79), reproduced with the permission of Elsevier Science).

used by investigators to characterize the polymorphs
and solvates of compounds under development or for
registration with regulatory authorities, Due to the
complex and nonconventional behavior of various
organic drug molecules, there are many opportunities
for research and development in the area of charac-
terization of polymorphs and solvates, Some of the
problems which are eommonly encountered during
characterization of ¢rystalline solids and which need
to be addressed are: disorder in the crystal lattice due
to pharmaceutical processing leading to conversion
of a crystalline phase to an amorphous material or
phase conversion from one form to the other;
quantitating the amount of single polymorph in a
mixture of polymorphs; identifying the solid form of
the active ingredient .in the formulated product,
particularly when the drug is a minor compenent in
the presence of numerous other materials (excipi-

ents); and the issues of disappearing polymorphs and
the appearance of new polymorphs, In the following
sections we will address some of these issues and
some of the studies that have addressed these
problems,

4.2. Phase transformations during processing

The effects of pharmaceutical processing on the
crystalline state of drug polymorphs and solvates
1ave been discussed recently by Brittain and Fiese
16]. Exposure to changes in temperature, pressure,
elative humidity and comminution are encountered
uring processes such as drying, granulation, milling
nd compression. The stresses applied to crystals
uring pharmaceutical processing can cause defects
in their crystal lattices, and contribute to Iattice
disorder, thus affecting the physical properties of the
resulting powder [81], This problem has been dis-
cussed in detail by Bym et al. [10]. Arising from
different degrees of crystalline disorder, the difficulty
in|reproducing materials with the same properties is
ajor concern in the pharmaceutical industry.
illing, the last processing step in the production
of \bulk drug substance to reduce particle size, is
often accompanied by a decrease in crystallinity due
to the creation of lattice defects, beginning at the
surface, The defects created by mechanical activation
of the solid on the surface can migrate, transform,
and|change their number and nature. If the defects in
the mechanically activated crystal heal to produce &
crystal lattice different from the initial lattice, then a
polymerphic transformation has taken place. Milling-
induced polymorphic changes have been observed
for many small drug molecules, such as fostedil,
chloramphenicol  palmitate, indomethacin and
phenylbutazone [16], Polymorphic transformation of
the dipeptide sweetener, aspartame hemihydrate, can
oeccur\during milling [82]. Polymorph II of aspartame
hemihydrate was found to transform to form I during
ba_ll-njilling or on heating for 30 min at 160°C in the
presence of steam as shown in the X-ray diffraction
pattern (Fig, 13). The susceptibility of form 1I of
aspartame hemihydrate to transform to form 1 has
been attributed to the less symmetric crystal structure
of form 11 compared to that of form I as studied by
spectroscopic methods, o
Some authors, such as Hiittenrauch [81] have
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water uptake than had been reported previously for
other crystalline samples of aspirin under similar
conditions. Various possibilities were suggested for
the unusual water uptake of aspirin on roller compac-
tion, such as formation of a polymorphic form of
aspirin with a much greater affinity for water,
formation of a crystalline hydrate in the aspirin
sample, or significant reduction in particle size of the
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Fig. 13. Powder X-ray diffraction patterns of aspartame
hemihydrate; (a) theoretical powder pattern calculated from the
crystal structure of aspartame hemihydrate (form I) determined by
Hatada et al., (1985) [99], (b) experimental powder pattern of the
ball-milled aspartame, hemihydrate (form 1), (c) experimental
powder pattern of aspartame hemihydrate that had been heated for
30 min at 160°C in the presence of steam (form 1), (d) experimen-
tal powder pattern of aspartame hemihydrate after compression at
250 MPa for 1 min (form II), and (e) aspartame hemihydrate as
received (form II) ([82], reproduced with the permission of the
American Pharmaceutical Association).

suggested that the trauma to crystals during grinding
may lead to a decrease in crystallinity, which should
improve the compression capacity and dissolution
rate of the drug molecules. This hypothesis was
tested by studying the morphology, crystalline state,
compression capacity and dissolution properties of
native and ground crystals of aspirin and lactose
monohydrate [83]. No significant increase in com-
pression capacity was observed when native and
ground crystals were compared. Only a slight in-
crease in the dissolution rate was observed for
ground aspirin crystals which was attributed to
surface defects due to grinding resulting in improved
crystal wetting.

The effect of roller compaction on lattice defects
and phase change has been examined for aspirin
[84]. The water vapor sorption isotherm obtained for
aspirin on roller compaction indicated much more

aspirin particles thereby providing an increased
specific surface area for water vapor adsorption. It is
also possible that roller compaction disrupted the
crystalline order of some part of the aspirin crystals
forming amorphous regions, which then take up
relatively large quantities of water into their bulk
structure. This example clearly indicates that pro-
cesses, such as roller compaction, can introduce
considerable disorder in the surface of crystals
leading to a marked increase in the tendency to sorb
water vapor.

Thermal activation, like mechanical activation
during processing, also results in a high-energy state
of crystals that may reorganize into a different lattice
arrangement resulting in a phase change. The ther-
mal stability of drug substances is important, because
formulations are often dried at elevated temperatures
after wet granulations so that the tablets may contain
small regions of high temperature (hot spots) during
compression. Various examples have shown that a
change of temperature may influence the stability of
drug molecules {16]. The effect of low temperatures,
such as during freeze—drying, on the crystalline form
of the drug has also been studied. The formation of a
new mannitol hydrate during freeze—~drying has been
reported [85]. The formation of a crystalline hydrate
by an excipient during freeze~drying may have
several practical consequences, such that the difficul-
ty of removing bound water from the crystal lattice
can significantly limit the drying rate, while the
residual water that is not removed by freeze—drying
may be a potential threat to product stability if it is
released during storage. The mannitol hydrate
formed during freeze—drying survived the typical
drying cycle and converted to the anhydrous poly-
morph of mannitol upon heating.

Spray drying has also been shown to lead to loss
of crystallinity in materials, by a combination of
processes involving rapid solidification of dissolved
material and solid-state transitions due to milling
effects in the atomiser. Spray drying leads to conver-
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sion of a crystalline phase to an amorphous state and,
because the amorphous state is metastable with
respect to the crystalline form, phase transformations
are likely to occur within the shelf life of the
pharmaceutical product, resulting in loss of quality
and potency in the product [86].

In view of the significant effects that the state of
disorder in crystalline solids caused by pharmaceu-
tical processing can have on the propertics of
pharmaceutical solids, it is important to be able to
assess the extent of disorder in a solid quantitatively
down to very low levels, Various methods have been
used to measure the percent disorder, such as using
predetermined mixtures, measurements of X-ray
powder diffraction, density and heats of crystalliza-
tion which revealed limits of detectability down to
about 10%. Using water vapor sorption measure-
ments under very carefully controlled conditions, it
was possible to detect disorder as low as 1% in
milled samples of sucrose [87]. A comparison of the
four methods mentioned above for estimating the
percent disorder of milled samples of sucrose gave
very consistent results, once the underlying factors
that make these techniques sensitive to the con-
centration of amorphous content were recognized
and taken into account. '

4.3. Degree of crystallinity

The previous section has emphasized that many
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 to 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 of the larger
challenges facing the pharmaceutical field. Powder
X-ray 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, and pre-
ferred orientation which make interpretation and
quantitation difficult. DSC may not be a sensitive
method for measuring crystallinity due to crystalliza-

tion of the amorphous content at ¢levated tempera-
tures and the effects of differences in heat capaeity.
Solution calorimetry has been proposed as an accur-
te method for analysis of percent crystallinity
11,88,89]. A decrease in the endothermic enthalpy
of solution indicates a decrease in the erystallinity of

the sample. However, differences in surface area

roduced by grinding or by other processing tech-
nigues can also result in changes in the heat of
wetting of a sample. Judicious choice of solvent can
be employed to reduce such surfuce effects, which
themselves contribute to the ebserved crystallinity of

nique being used to measure the degree of crys-
tallinity, and has also proved useful in studies of the
polymorphism and water content of sugars. The NIR
spectrum of a sample contains both physical and
chemical information. Being noninvasive, nondes-
tructive and operable at room temperature, the
method is a valuable tool with which to assess
changes in the amorphous and crystalline state of
lactose [90]. NIR has been used to follow the
changes in the amorphous state, the onset of crys-
tallization, and the changes between a- and B-lac-
tose, Which accompany the onset of crystallization.
In:another study, the nucleation and crystallization
kinetids of amorphous lactose was investigated by
gravimetry in an automated vacuum moisture bal-
ance. The combination of isothermal and nonisother-
mal activation energies allowed the investigation of
both crystal growth and nucleation mechanisms and
led to |the separation of activation energies for
nucleation and growth [91],

4.4. Characterization of mixtures of polymorphs

Another common problem encountered during
drug development is quantitative control- of the
propertion of polymorphic forms present in a mix-
ture, Accprding to the US FDA regulations, the
method off 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
the drug substance and potentially throughout the
shelf life of the product. This-is a very onerous
requirement, especially .if the forms have a tendency
to interconvert. Bym et al. [11] suggested that the
best way to deal with this problem is probably by

13
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developing 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 percentages of polymorphs in a
mixture. However, the detection limit is variable
from case to case, and is sometimes as high as 15%.
It is therefore important to develop sensitive ana-
lytical methods with a lower limit of detection.

Attenuated total reflectance (ATR) FTIR spec-
troscopy has been shown to be valuable for the
quantitative analysis of the polymorphic content of
bulk pharmaceutical materials. The feasibility of
using ATR-FTIR: for the qualitative and quantitative
analysis of mixtures of pharmaceutical polymorphs
has been studied using three known polymorphs of
ganciclovir as a model compound [92]. Definitive
identification and quantitation of all three poly-
morphs could be achieved using ATR-FTIR spec-
troscopy in conjunction with partial least-squares
modeling. This technique has many advantages, such
as speed, nondestructiveness, relative ease of use,
and most important, no sample pretreatment before
measurement.

Raman spectroscopy is another technique that is
being widely: used to quantitatively cstimate the
percentage of; one polymorph in a mixture of poly-
morphs. FT-Raman spectrometry offers many advan-
tages, the most prominent being, minimal sample
preparation, sensitivity to polymorphism, and nonin-
terference 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 at the
same time moved up and down. This method of
sample presentation leads to a large increase in the
volume studied and is important for inhomogeneous
samples for which sub-sampling is a problem. Pos-
sible degradation of the sample through heatmg by
the laser can also be avoided [94].

X-Ray powder diffractometry is still the common
method for the quantitative estimation of polymorphs
in a mixture of polymorphs. This method requires
that at least one high-intensity peak unique to each
form is available for intensity measurements and that

the plot of the peak intensity ratio as a function of
the weight ratio of the components should result in a
straight line. Modern computer controlled X-ray
powder diffractometers now permit quantitative anal-
ysis of multicomponent mixtures using the complete
powder diffraction profile rather than a limited
amount of low-angle integrated intensity data. Artifi-
cial neural networks (ANNs) in quantitative X-ray
powder diffractometry were used successfully to
identify and quantify the two known modifications of
ranitidine hydrochloride even when the weight frac-
tion of one polymorph in the mixture was as low as
0.01 [95]. ANNs have been used mostly in problems
of pattern recognition and modeling, and is therefore
useful in deciphering the pattern in diffraction data
from polymorphic mixtures. The ANNs model pre-
dicted concentration precisely, accurately, and with
minimal bias through a wide range of ratios of the
two known ranitidine hydrochloride polymorphic
forms in a mixture (Fig. 14). This method minimizes
the problems associated with preferred orientation
and overlapping X-ray lines. The same group of
researchers has shown the potential of ANNs in
combination with DRIFT spectroscopy to analyze the
polymorphic purity of crystalline ranitidine hydro-
chloride as a'bulk drug and as an active ingredient of

Prediction (%)

T T

0 20 40 60 80

Percentage of Form 2 (%)

Fig. 14. Predicted concentrations of the two polymorphic forms
(form 1 and 2) of ranitiding hydrochloride by the response surface
methodology (RSM), a statistical modcling method, and by the
artificial neural networks (ANNs) method, plotted against mea-
sured percentage of form 2 ([95], rcproduced with the permission
of Elsevier Science),
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a tablet formulation. Simultaneous identification 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 specfra can be solved by the DRIFT-
ANNs technique [96].

Another technique, which is gaining popularity in
the quantitative analysis of mixtures of polymoiphs,
is solid-state *C-CP-MAS NMR spectroscopy. This
method was preferred for quantitative analysis of
polymorphic mixtures of the herbicide, pen-
dimethalin, which exists as two polymorphs with
different colors and crystal habits [27]. *C-NMR
provided the most sensitive and definitive evidence
of the transition from the yellow to the orange form.
This method enabled as little as 2% of orange
pendimethalin to be determined in a sample consist-
ing mostly of the yellow polymorph. Tt is the least
invasive of the instrumental methods and can be used
to detect the ratio of the two polymorphs in solid
formulations.

A related challenge faced by the pharmaceutical
industry is the determination of the polymorphic
nature of the drug in the presence of excipients in a

dosage form especially when the active drug is’

present as a low percentage of the overall formula-
tion [97]. This problem can be addressed by develop-
ing sensitive techniques with lower limits of de-
tection or by using a combination of techniques.

8. Conclusions

In order to save time and cost it is very important
to choose the most suitable form of the crystalline
drug in the initial stages of drug development. In
recent years a good deal of research has been
directed towards achieving this goal. Systematic
isolation and early characterization of the largest
number of possible forms of a drug reduces the
chances of surprises at the late production stage due
to identification of a new crystalline form or phase
change. With the development of more sophisticated
computational tools, the main focus of many inves-
tigators is to be able to predict all the possible forms
of a drug from its molecular structure. Understanding
the origins of the multiple solid forms of a drug

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

tures|and the origins of polymorphism and pseudo-
polymorphism of a particular drug. When erystal
structures can be calculated with certainty, it will be
possible to predict the various polymorphs of a
compound and this information could be used to
guide experimental studies. This goal may be dif-
ficult to achieve owing to the complex molecular
structures of new organic molecules and the presence
of several molecules in each asymmetric unit, but the
future development of improved force fields and
incLeased computational speeds, may make it achiev-
abl
Jmproved experimental methods leading to more
accurate and detailed phase diagrams are also finding
ingreased use in determining the stability of various
polymorphs. It is important to make every effort to
prepare and to identify the most stable polymorph in
order to guide the selection of the optimal form for
development. The emergence of sensitive methods
and the use of combination techniques, facilitate the
identification and the more accurate characterization
of the various polymorphs of a drug molecule. One
Jf the main analytical challenges faced by the
harmaceutical analyst is the development of better
uantitative methods for identifying a single poly-
orph in a mixture of polymorphs and for determin-
ng the percentages of amorphous or crystalline
ontent of the drug. More and more sensitive meth-
ds are being developed to address this problem.
An increased understanding of the phenomenon of
polymorphism should enable pharmaceutical scien-
tists to gain control over the crystallization process in
order to selectively obtain the desired polymorph or
suppress the growth of an undesired one. Phase
changes during processing and scale-up are a prob-
lem, which may be avoided by carefully designed
initial small-scale studies. The availability of detailed
structural data, combined with strategic design of
substrates and additives, has led to significant ad-
vances in the control over the polymorphs obtained
in a particular crystallization [98]. With all the
information available from these initial studies, it
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should be possible to design and to select processing
conditions which would give a desired polymorph
and maintain the desired form throughout the various
stages of drug processing and manufacture.
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