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Como resultado del Examen de Fondo realizado, con fundamento en el Articulo
45 de la Decision|486 de la Comision de la Comunidad Andina, se comunica:

1. Documentos|estudiados

Descripcidn: Folios 44 a 66 01/09/2009
Reivindicaciones: Folios 67 a72 01/09/2009

_ Folios 121 a 122 23/12/2009
Prioridad: EP 07103346.8 01/03/2007

2. Analisis de la Prioridad

Se acepta la rejvindicacion de Prioridad porque esta solicitud fue presentada
dentro del plazo establecido (Art. 9 D 486), y su contenido técnico corresponde
con el de la prioridad reivindicada.

3. Modificaciones aceptadas (Art 34 D 486 y Art 19, 22y 34 PCT)

El capitulo reivindicatorio modificado de los folios 121 a 122, es aceptado porque
no amplla el ot%]eto de Ia soIICItud
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4. Objeto de la invencion

Titulo de la solicitud: “SALES DE ADICION DE ACIDO HIDRATOS Y
POLIMORFOS DE LA ETIL-AMIDA DEL ACIDO 5-(2,4-DIHIDROXI-5-
ISOPROPIL-FENIL)-4-(4-MORFOLIN-4-IL-METIL-FENIL)-ISOXAZOL-3-

CARBOXILICO Y FORMULACIONES QUE COMPRENDEN ESTAS FORMAS”.

El problema planteado en esta solicitud consiste en suministrar proporcionar
formas cristalinas alternativas del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.

Para resolver este problema técnico la solicitud en estudio proporciona el mesilato
de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-
fenil)-isoxazol-3-carboxilico

El objeto de |a presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): AB1K31/5377; A61P35/00; C07D295/00.

5. De la Solicitud de Patente
Titulo

El titulo es mas amplio que el objeto de la solicitud porque se refiere a cualquier
sal del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-
isoxazol-3-carboxilico , por lo cual se sugiere al solicitante que el titulo se refieraa
la materia reclamada.

Reivindicaciones (Art'30 D 486, Art 22 PCT)

La reivindicacion 2 se refiere a la forma cristalina de la sal de acuerdo con la
reivindicacion 1. Sin embargo, la reivindicacién 1 no se refiere a ninguna forma
cristalina ni divulga caracteristicas técnicas en relacion con un cristal.

Las reivindicaciones 2 a 10 carecen de claridad ya que no se caracteriza de
manera adecuada la forma cristalina de la sal mesilato de etilamida del acido 5-
(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.
Un polimorfo se puede caracterizar apropiadamente en una reivindicacion, por
sus parametros fisicoquimicos, tales como:

1. El patron de difraccién de Rayos X en mono cristal, que es especifico de cada
polimorfo, por lo cual, si la reivindicacion caracteriza el polimorfo mediante este
patrén, no se exigira otro dato.

2. El patrén de difraccion de Rayos X en polvo (DRXP), el cual debe presentar por
lo menos 20 picos correspondientes a las intensidades de los haces difractados o
a los espacios interplanares dhki segun los indices de Miller (hkl) medidos de
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acuerdo con el angulo de difraccion de Bragg 26 en el intervalo mas
representativo comprendido entre 5° hasta 90°.

3. Las espectroscopias Raman e IR.

4. La espectroscopia EMN -C13

5. Los métodos de analisis térmico: TGA, DTAy DSC

La difraccidon de rayos t( es la técnica mas util para el estudio del polimorfismo en

lo que atafie a la estructura cristalina, dado que los patrones de difraccion de los
diversos polimorfos presentan siempre notables diferencias, por lo que deben

_incluir los picos de intensidad mas representativa para el caso del cristal

- reivindicado. ...

- Las reivindicaciones 5| 8 y 10 se refieren a figuras, dicha referencia debe ser
~retirada, toda vez que |os cristales pueden caracterizarse de manera concreta
- mediante los parametros descritos anteriormente.

- Los términos “Ha™ y “Hg son designaciones arbitrarias dadas por el solicitante y
“carecen de un significado técnico, por lo cual las reivindicaciones 7 y 9 adolece
~del requisito de claridad.

i6. Determinacién del Estado de la Técnica

El Estado de la Técnica se determiné con base en la fecha de presentacién de la
solicitud de prioridad: 1/03/2007 y se encontraron los siguientes documentos que
anticipan el objeto de esta solicitud:

" item Documento | Titulo Fecha de Publicacién*
Isoxazole compounds as inhibitors
D1 WQ02004/07205 * of heat shock proteins 26/08/2004
High-troughput crystallization:
Advanced Drugl polymorphs, salts, con-crystals
D2 Delivery Reviews and solvates of pharmaceutical 2004
(2004) 275- 300 SO“ZS

D1http://worldwide. espaanet com/publicationDetails/biblio?CC=WO&NR=200407
2051A1&KC=A1&FT= D&ND=38date=20040826&DB=&locale=en EP discute
derivados de lsoxazolysds sales (pag. 10), los cuales son Utiles en el tratamiento
de desordenes mediados por Hsp90 (reivindicaciones 1 y 29). De manera
especifica, la anterioridad divulga el compuesto etilamida del acido 5-(2,4-
dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico
(ejemplo 78).

D2 se refiere al desarrollp de estrategias en el campo farmacéutico para la
obtencion de diversas formas solidas de sustancias farmacéuticas lo que ha dado
lugar al surgimiento de las|tecnologias de cristalizacion de alto rendimiento. Las
diversas formas de sales, con-cristales, hidratos y solvatos son también
susceptibles de estudio en los sistemas de cristalizacion. El impacto de la
di\{ersidad abarca cuestiones de estabilidad y biodisponibilidad, al igual que
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consideraciones en el desarrollo tales como definicién de procesos, disefio de
formulacion.

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

La reivindicacion 1 consiste en mesilato de etil-amida del acido 5-(2,4-dihidroxi-5-
isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.

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

" Caracteristicas esenciales D1 D2

etil-amida del acido 5-
(2,4-dihidroxi-5-isopropil-
fenil)-4-(4-morfolin-4-il-
metil-fenil)-isoxazol-3-
carboxilico etil-amida del
acido 5-(2 4-dihidroxi-5-
isopropil-fenil)-4-(4-

\ morfolin-4-il-metil-fenil)-

| isoxazol-3-carboxilico

Divulga la importancia del
desarrollo de sales e
identificacion de las
estructuras cristalinas en el
sector farmacéutico

(pags. 285 a 292)

| Mesilato de etil-amida del acido

i 5-(2,4-dihidroxi-5-isopropil-fenil)-
4-(4-morfolin-4-il-metil-fenit)-
isoxazol-3-carboxilico

Discute las ventajas y
desventajas de las diversas
técnicas analiticas para la
caracterizacién de
polimorfes.

(pags. 283y 284)

Forma cristalina de la sal, la cual
. muestra un patrén de difraccion | No se divulga
. de rayos X.

El analisis de nivel inventivo del producto reclamado se realizé mediante la
aproximacion problema- solumon en polimorfos (Patenting Polymorphs at the
European Patent Office’ ) posicion que adoptada por la Superintendencia de
Industria y Comercio para efectos del analisis de la patentabilidad de las formas
polimorficas.

Al respecto |la Dra Papathoma ha sefialado que para analizar la patentabilidad de
un polimorfo se debe:

1. Determinar el arte previo mas cercano.
Determinar la(s) diferencia (s) técnica(s) de la invencién con respecto al
estado del estado de la técnica mas cercano.

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

4. Establecer el problema técnico objetivo a solucionar con base al estado de
la técnica mas cercano.

5. Comprobar que el problema técnico objetivo de la solicitud fue
solucionado.

6. Evaluar si habria sido obvio solucionar el problema tecmco objetivo por la

invencion reivindicada.

1 http/iwww pcb. ub.edu/centredepatents/pdf/cursos/dillunsCP/papathoma polymorphs.pdf
Expediente 09-92884- 1er Art 45
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Segun la aproximacion mencionada, el arte previo es normalmente el documento

que divulga el mismo compuesto, ya sea en un cristal diferente o una forma no

cristalina o no definida] Asimismo, se ha definido que para determinar el problema

tecnico se debe usar |el criterio objetivo, basandose en lo que realmente esta
' indicado en la solicitud y teniendo en cuenta el arte previo mas cercano.

- Ahora bien, segun la doctora Papathoma, en el caso de polimorfo, se ha
- determinado que los problemas técnicos mas comunes son: (i) Obtener una forma
- fisica alternativa de un compuesto conocido y que logre el mismo efecto técnico u
(i) obtener una forma alternativa de un compuesto conocido y que proporciones
una propiedad mejoradla o diferente (ej, biodisponibilidad, estabilidad, solubilidad,

- ete.).

' De igual manera, seﬁaja que es conocido que: (i) Los polimorfos difieren en sus

propiedades (ej. Punt
“rango de solubilidad y d

de fusion, densidad, reactivada y estabilidad quimica,
isolucién, (ii) la investigacién sistematica de un compuesto

‘ para determinar si el mismo es propenso al polimorfismo es una rutina en los

estudios de preformul

acion y (i) cada compuesto tiene diferentes formas

polimérficas y el nimero de formas conocidas depende del tiempo y dinero
“invertido en la investigacién del compuesto.

_En este orden de ideas| el nivel inventivo sera reconocido si: (i) Se obtiene un

(i) la practica rutinaria e

‘cristalina conocida.

a insuficiente para encontrar un polimorfo de una forma

efecto inesperado del pFlimorfo reivindicado sobre el arte previo mas cercano o

‘Hechas las anteriores pjecisiones, procede esta Oficina a realizar el estudio de

nivel inventivo bajo los

riterios ya mencionados:

\ 1. Determinacionldel estado de la técnica mas cercano.

El documento del estado de la técnica mas cercano es D1 que divulga el

. compuesto etilamida del }écido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-
metil-fenil)-isoxazol-3-carboxilico, su método de obtencién y composiciones que lo
contienen (pag. 102, ejemplo 78, pags. 103 y) donde dicho compuesto puede
estar en forma de sal (pag. 10) y se encuentra en formulaciones farmacéuticas
jynto con otros excipientes farmacéuticamente aceptables (pags. 21-22).

2. Determinacion de las diferencias técnicas de la invencién con respecto

al estado del

estado de la técnica mas cercano.

La solicitud se diferencia de D1 en que la no se especifica una forma cristalina de
la sal mesilato de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico.
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3. Determinacién del efecto técnico obtenido por las diferencias técnicas
de la invencion con respecto al estado de la técnica mas cercano.

El Efecto Técnico que logra la nueva configuracién cristalina esta relacionado con
la obtencion de una forma cristalina estable en solucién en medio acuoso.

4. Establecer el problema técnico objetivo a solucionar con base al estado
de la técnica mas cercano.

El Problema Técnico Objetivo de esta solicitud consiste en cdmo obtener una
nueva forma cristalina de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico alternativa a la conocida.

5. Comprobar que el problema tecnico objetivo de la solicitud fue
solucionado. '

De acuerdo con la informacién suministrada en la descripcién, el ejemplo 8
relacionado con el test en solucién o suspensién de mesilato de etilamida del
acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-morfolin-4-il-metil-fenil)-isoxazol-3-
carboxilico, divulga la estabilidad de dicho compuesto a pH 4, siendo la maxima
estabilidad en solucion de glucosa al 5%. Sin embargo, estos resultados
corresponden simplemente a la evaluacion de una propiedad fisicoquimica de una
nueva sal del compuesto etilamida del cido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-(4-
morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico y no es posible afirmar que se haya
resuelto algun problema técnico, debido a que la solicitud carece de informacién
comparativa que permita evidenciar que existe alguna ventaja entre la sal
mesilato y la base previamente divulgada en D1. Por otra parte el establecimiento
de las propiedades fisicoquimicas de un nuevo cristal es una labor rutinaria en
formulacién farmacéutica y en el presente caso la sal mesilato seleccionada
carece de un efecto técnico inesperado o sorprendente y no parece resolver
ningun problema técnico.

Por lo tanto se puede concluir que no existe un efecto técnico probado, porque no
se demuestran las ventajas relacionadas con propiedades mejoradas de la nueva
forma cristalina mesilato de etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-
(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico, reclamada en la actual solicitud,
con respecto al compuesto etilamida del acido 5-(2,4-dihidroxi-5-isopropil-fenil)-4-
(4-morfolin-4-il-metil-fenil)-isoxazol-3-carboxilico divulgado en D1,

6. Evaluar si habria sido obvio solucionar el problema técnico objetivo por
la invencién reivindicada.

De tal manera que la solucién al problema técnico planteado por la invencién
reclamada se considera obvia porque la anterioridad D2, ya divulga que la
preparacion de sales de un compuesto activo es comlinmente usada para

Expediente 09-92694- 1er Art45




modular las propiedad

' incrementar la solu

biodisponibilidad o par
poco solubles. Las s4d

estabilidad (pag. 285
seleccién de sales en

flevados a cabo parad

de formas soélidas (

normalmente parte de

. durante el desarrollo

sales de un compuest

producto (pag. 286, ¢
ocurrencia en funcién
donde se encuentra e

lgualmente, D2 ensen

fisicoquimicas, los estu
- numero de diferente
farmacéuticamente a
acidez/basicidad, tamg
- fisicoquimicas relevan
incluyendo el grado de
cristalinos y estabilidad

' es un comportamiento

utilizado como un crite
~tecnologias de cristaliz
~de forma global y mas
compuesto dado o un
formas cristalinas (pag.

En este orden de ideas
- cristalino de la sal mesi
isopropil-fenil)-4-(4-mor
nuevo por no encontrar
- naturaleza del estado s¢
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es fisicoquimicas. En muchos de los casos el objetivo es
pilidad (o0 velocidad de disolucién) para impartirle
a incrementar la farmacotécnica de compuestos ionizables
les también pueden ser empleadas para incrementar la
numeral 3.1). Varios estudios de alto rendimiento de
compuestos farmacéuticos bien caracterizados han sido
emostrar del poder de esta tecnologia en el descubrimiento
pag. 286, col. izquierda). La seleccion de sales es
> estudios basicos de preformulacion, llevados a cabo
breclinico, donde la rapida identificacion de las posibles
0 y sus propiedades pueden facilitar el desarrollo de un
l. derecha). Por otra parte, D2 ensefia la frecuencia de
de los contraiones de las sales para los compuestos en
mayor proporcion la sal mesilato (pag. 287, fig. 1)

!

¢

f

a que la seleccion de un contra i6n afecta las propiedades
dios de seleccion de sales involucra la preparacion de un
s sales usando una variedad de acidos o bases
ceptables con diferentes propiedades (por ejemplo
Ao molecular, forma, flexibilidad, etc.). Las propiedades
tes de cada sal son posteriormente caracterizadas,
cristalinidad, higroscopicidad, solubilidad acuosa, habitos
fisicoquimica. El polimorfismo y la generacion de solvatos
je |las diferentes sales de un compuesto, lo que puede ser
2rio adicional cuando hay mas de una sal viable. Las
acion de alto rendimiento se han utilizado para identificar
rapida las sales que pueden ser preparadas para un
3 serie de compuestos, y caracterizar la diversidad de
286 columna izquierda).

(

es evidente que se pretende proteccién para un estado
ato de la molécula etilamida del acido 5-(2,4-dihidroxi-5-
folin-4-il-metil-fenil)-isoxazol-3-carboxilico, que aunque es
reportados los datos de DRX presentados, se deriva de la
blido de la misma, propiedad alrededor de la cual se tiene

amplio conocimiento, de acuerdo con la materia técnica que los documentos D1y

D2 ya ensefiaban al m
En consecuencia, una
encontraria la sugere

amento de la presentacion de la solicitud.

bersona del oficio normalmente versada en la materia,

ncia o motivacion suficiente aplicando los métodos y

“conocimientos que se tiene sobre el polimorfismo y formacion de sales revelados

en D2, al compuesto e
-i
‘de |a otra sal y sus corre

“morfolin-4-il-metil-fenil)

como la reivindicada.
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8. Conclusién

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

T T T : " -

I Reivindicaciones .

thfem Documento afectadas Requisito que afecta
L D1 W02004/072051 1a15 Nivel Inventivo

' Advanced Drug Delivery Reviews, 56 . :

| D2 ¥ (2004) 275-300 1a15 Nivel I.nventlvo

En cumplimiento del articulo 45 de la Decisién 486 de la Comision de la
Comunidad Andina, se le indica que debe dar respuesta dentro del término de
sesenta (60) dias contados a partir de la fecha de notificacion de la presente
comunicacion. Eni caso de no dar respuesta al presente requerimiento, o 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 5.2, literal e),
del capitulo quinto del titulo primero de la Circular Unica No. 10 de 2001.

___-————"‘—' 4 - ——

JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior rquuerimiento fue notificado por fijaciobn en lista, de fecha

2.8 AGD. 201

Elaborado por; Emilce Cano U. ﬁ J;(_J
Revisado por: Jacqueline Alfonso.
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Abstract

"The concepts of high-throughput {HT) screening and combinatorial synthesis have been integrated into the pharmaccutical
discovery process. but are not yet commonplace i the pharmaceutical development arena. Emerging strategics o speed
pliarmaceutical development and capture solid form diversity of pharmaceutical substances have resulted in the emergence of
HT crystallization technologies. The primary type of diversity often refers to polymorphs, which are different crystal forms of
the same chemical composition. ITovever, diverse salt forms. co-crystals. hydrates and solvates are also amenable to study in
HT crystallization systems. The imipact of form diversity encompasses issues of stability and bioavailability, as well as
development considerations such as process definition, formulation design, patent protection and regulatory control. This
review highlights the opportunities and challenges of HT crystallization technologies as they apply to pharmaceutical research
apd development.
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1. Introduction

Active pharmaceutical ingredients (APIs) are fre-
quently delivered to the patientin the solid-state as part
of an approved dosage form (c.g., tablets, capsules,
eic.). Solids provide a convenient, compact and gen-
erally stable format to store an API or a drug product.
Understanding and controlling the solid-state chemis-
try of APls. both as pure drug substances and in
tormulated products, 1s therefore an important aspect
of the drug development process. APIs can exist in a
variety of distinct solid forms, including polymorphs,
solvates, hydrates, salts, co-crystals and amorphous
solids. Each formy displays unique physicochemical
properties that can profoundly influence the bioavail-
ability, manufacturability purification, stability and
other performance characteristics of the drug {1].
Hence, it is critical to understand the relationship
between the particular solid form of a compound and
its functional properties. Discovery and characteriza-
tion of the diversity of solid forms of a drug substance
provide opuons from which to select a form that
exhibits the appropriate balance of critical properties
for development into the drug product. Importantly,
the desired properties may vary with each mode of
delivery (i.e.. oral. pulmonary, parenteral, transdermal.
etc.). such that the solid form may differ for each
optimized dosage form. Given these options, the
choice and design of pharmaceutical solid forms can
be critically important to successful drug development.

Solid form discovery and design depends on the
nature of the molecule of interest and type of physical
property challenges faced in its development. The
preferred solid form is generally the thermodynami-
cally most stable crystalline form of the compound
[1.2]. However, the stable crystal form of the parent
compound may exhibit inadequate solubility or dis;
solution rate resulting in poor oral absorption. partic-
ularly for water-insoluble compounds. In this case,
alternative solid forms may be investigated. For
iomizable compounds, preparation of salt forms using
pharmaceutically acceptable acids and bases is a

i~
common strategy Lo improve bioavailability [1.3.4].

Like the parent compound, pharntaceutical salts may
exist in several polymorphic. solvated and-or hydrated
forms.

Most APls and their salts are purificd and isolaed
by crystallization from an approprate solvent duimy
the final step in the synthetic rrocets. A laree number
of factors can influence crysta: nucleation and growth

crystallization medium and the processies) used 1o
generate supersaturation and promote crystallization
[1.5~13]. The most notable variables of composition
and processing are summarized in Table 1. Solid form
screening is used to understand the effects that these
variables have on the polymorphic outcome of a
crystallization experiment. so *hat & robust process
can be identified to produce the desired crystal form
Traditionally, the study of solid farm diversity of
active compounds has relied on the use of a vuriety
of common process methods fur generation of new
forms, coupled with modem characterization methods
for analvsis of the solids produced 2. 4" Most ofien.
however, a combination of golvent recrvstallization
(cooling or evaporative. as well os shury conversion,
and thermal analysis (c.g.. hot stage microscopy.
differential scanning calorimetry) are employed for
initial form screening. Such methods are inherenth
slow and only allow exploration of a small fraction ot
the compositon and process space that can contribute
to form diversity. Before suggesting a form for devel-
opment. scientists may have carried oul only a fow
dozen crystallization experiments and possibly pre-
pared a handful of ditferent salts 0¥ a compound. The
main reasons for the limited number ot experinients
are the constraints on availability of cempoumd and
scienhists” analytical capacity in a given hme frame.
and they are therefore often forced to make form
sclecnon decisions on incomplete data, “Accordingly,
it is not surprising that unexpected and undesired
outcomes can, and do. occur later on in development.

Despite more than a century of research {15]. the
fundamental mechanisms and molzculuar properties
that drive crystal form diversity, spegitically the
nucleation of polymorphic forms, are not well under-
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stood [13,16].

As a result, predictive methods of

assessing polymorphic behavior of pharmaceutical
compounds by ab initio calculations remain a formi-
dable challenge. Even in cases| where the existence of

a crystalline form 1s predicted.
other crystalline packing arrar
ficult to estimate with accura
iprediction of packing structur
{e.g.. solvates, hydrates, co-c1]
'is not yet possible [17]. Due t¢
Jform discovery remains an
where manual screening met
fexplore form diversity of a ¢d

Control over solid form
development process is of
'Reliable preparation and pre
form of the drug substance

and has become mereasingly

VLoV agencies as more sen
solid-state analytical methody
[(H] Many strategies to inf
. crystallization process to prq

the stability relative to
gements has been dif-
cy [17]. Moreover, the
es for multicomponent
ystals) or ionic systems
these limitations, solid
experimental exercise,
hods are employed to
mpound.

throughout the drug
paramount importance.
crvation of the desired
must be demonstrated,
scrutimized by regula-
sitive and  quantitative
have become available
luence and control the
duce the solid form of

interest have been reported.
" stereochemical control using
[19=21], targeted solvent rg

Somc cxamples include
tailor-made auxiliaries
crystallization [22-24],

and templating using a variety of surfaces (e.g.,

organic single crystal subsjrates
metastable crystal faces [2%,26],

i25], surfaces of
inorganic crystal

surfaces [27] and polymeric materials [28]). Recent
studies have also begun to uncover the role of
reaction byproducts and other impuritics in determin-
ing polymorphic outcome and crystal properties
[29-32], and in fact, it has been shown that in some
cases such species can stabilize metastable crystal
forms [33,34]. In addition, new processing methods
continue to be developed to mmprove discovery and
characterization of new forms, including precipitation
by supercritical fluid [35,36], laser induced nucle-
ation [37-39] and capillary crystallization [40-42].
However, there remains a lack of fundamental un-
derstanding of the nucleation process and the specific
factors that contribute to crystallization of diverse
forms of a compound [13.21,23]. In order to fully
control the crystallization process, the link between
the physical or chemical processes that influence
nucleation and crystal growth needs to be better
established. It 1s i this area that new experimental
methodologies have the potential to enable develop-
ment of this knowledge base.

There is reason to believe that the already compli-
cated landscape of pharmaccutical solid forms will
become even more complex in the future. It is now
increasingly appreciated that hydrogen bonded co-
crystal structures between active agents and molecules
other than water or solvent can be prepared. For
example, co-crystals of aspirin, rac-ibuprofen and

(£
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rac-flurbiprofen have been prepared by disrupting the
carboxylic acid dimers using 4.4 -bipyridine [43].
These structures are formally molecular compounds
(or co-crystals) but do not involve formation of
covalent bonds or charge transfer from or to the active
substance. Recent demonstrations of these principles
with drug compounds have been published [43-45].

Exploration of a given compound’s polymormphs,
hydrates, solvates, salts, co-crystals and combinations
of all of these appears intractable by conventional
experimental methods. and as the number of potential
methods for exploring and controlling crystal form
diversity continue to expand, existing strategies will
become increasingly inadequate. In an effort to un-
derstand form diversity in a more comprehensive
manner, high-throughput (HT) crystallization systems
have recently been developed. This methodology uses
a combinatorial approach to solid form generation,
where large arrays of conditions and compositions are
processed in parallel. Experiments are performed at
small scale to reduce the material demand and to
atford the largest number of conditions possible,
The large number of crystallization trials performed
in these experiments reflects the reality that nucleation
rate has an extremely non-linear dependence on the
experimental conditions. and as such, the probability
of a chance occurrence of a particular form is in-
creased by a HT approach. Supersaturation (solubility)
and induction time of the various possible solid forms
are independently controlled by these conditions,
resulting in highly non-linear time dependence of
crystallization. In addition. the combinatorial ap-
proach permits exploration of a chemical continuum,
where use of many solvent mixtures may allow one to
assess what underlying physical or chemical processes
are required to produce a particular solid form. Once a
variety of conditions that can be used to produce a
given crystal form on the microscale are identified in
the HT screen, scale-up studies are typically con-
ducted to optimize the process for laboratory scale
production., .

In this review, the development and application of
novel HT crystallization technologies for exploration
of solid form diversity are discussed. The operational
features of a fully integrated, automated HT crystal-
lization system are presented, highlighting the design
requirements for hardware and software components,
as well as general specifications for consumables.

Case studies are used to illustrate the benefits and
capabilities of the approach, including salt selection in
carly lcad optimization (ELO) and pre-clinical devel
opment. polymorph and solvate screening in highly
polymorphic systems, comprehensive discovery of
crystal torms to reduce the risk of late displays ot
polymorphism. comparison ot experimental and pre-
dictive methods of solid form discovery, and engi-
neering of co-crystals. The need for post-screening
characterization of crystal forms to enable ranking and
selection of the most suitable tonm for gove:opment i~
briefly reviewed. Finallv. the implications of Hi
crystallization technologies on the futwt of sohid form
screening processes. intellectual Hropeérty protection
and regulatory compliance are discussed.

2. Development of high-throughput é_r) stallization
technologies

HT crystallization systems have been developed o
more rapidly and comprehensively explore the muln-
parameter space that contributes to solid form diver-
sity (40.46--311. In its simplest descnption. HY
crystallization can be broken down into three kes
experimental steps: design of experitaent (DOE).
execution of experimental protoco s and srnafisdis of
data. Systems designed to carry ou thesy oxperiments
generally consist of both hardware and software
components that drive and track experinentation.
and permit data storage. retrieval and analysis. Such
systems should be designed to be flexible and scalable
to ensure that a variety of experunentsl procedures
can be carried out either serialhy or toncurrentiy.
Thus. the system can be emploved al vurnous stages
of drug development. where ditferences ¢xist in the
quality and quantity of compound avatlapie, While 1t
is highly desirable to have the ab:ity to mine and
model experimental data, and to u~e the subsequent
knowledge to guide further experunents, not all HT
crystallization systems are equipped with these fea-
turcs. In Scction 3. the hardware and sottware con-
siderations for design and development of a fully
integrated. informatics-driven HT arystaljization sys-
tem are described. :

While the concepts of HT screcning are widely
applied in the pharmaceutical industry, ost notably
in the drug discovery arena [5% U3¢ applivadon ot
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HT approaches to drug development, in particular
solid form screening, are just beginning to be real-
ized. These latter approaches, however] arc more akin
to HT experimentation than HT screening. Hence,
several important distinctions, which |reflect on the
design of HT experimental systems, need to be made.
First. the goal of HT screening is fo get a small
number, of successful outcomes, which are then
passed pn to the next stage of development. Little
ctfort s typically made to lcarn why cgrtain outcomes
were positive and why others were negative. In
contrast, HT experimentation, such as HT crystalliza-
tion, is carried out with the goal of haying each point
in the experiment produce multiple types of data that
can be interpreted. and the interprefation used to
guide the experimental process to a successful con-
clusion. Second. unlike traditional |HT screening
assays Where expetiments are generhlly conducted
under constant experimental conditions, HT crystalli-
zation experiments for solid form dis¢overy are best
conducted using a variety of process|methods, each
having varying cxpcerimental conditions (c.g., temper-
ature variations as a function of time) pver the course
of the experiment. These additional process variables
permit maximal diversity i the experimental space,
increasing the likelihood that comprehensive cover-
age willl be achieved. Finally, there is [a distinction to
be made in terms of relative “hit rates”. In both HT
screening and HT crystallization, a| ““hit™ can be

Experimental Solids
design detection

s ey

Solids Rearray and
‘ generation guench

Friccarenann L PP

Primary Secondary
analysis analysis

thought of as a set of conditions that gives rise to a
desired result. In HT screening, the desired result is
typically an activity, or potency, that cxceeds a pre-
defined threshold. In HT crystallization, a hit is
defined as the formation of a solid. The typical
observed hit rate of HT screening is on the order of
0.1% of the total number of samples analyzed. In
contrast, HT crystallization experiments can yield hit
rates ranging from tens of percents to nearly 100%,
depending on the type of experiment and the process
mode(s) used. For example, while only a handful of
compounds from a selection of thousands may exhibit
the required potency, 10—-50% of crystallization trials
may yield solids. In fact, the range of wells that yield
solids is very wide, depending on process mode and
experimental time scale, as will be discussed in
subsequent sections. The impact of these differences
is manifested in the design and operational require-
ments of HT experimentation systems.

A fully integrated HT crystallization system con-
sists of a number of components, including experi-
mental design and cxecution software, robotic
dispensing and handling hardware, automated high-
speed micro-analytical tools, end-to-end sample track-
ing and integrated cheminformatics analysis software
for data visualization, modeling and mining. A sche-
matic overview detailing the workflow of such a
system is depicted in Scheme 1| [53]. These features
are supported by a comprchensive informatics foun-

Comprehensive
informatics analyses

2

G 40 60 50 20 ]
Spectrum nurmber Tima {minutas)

Initial informatics
classification analyses

Functional

Scheme 1. A schematic illustration of the workflow of a fully Integrated IIT crystallization system [33).
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dation that is used to handle the large quantities of
data generated. Specifically. informatics tools are used
to design statistically relovant and diverse experi-
ments. drive the sutomation hardware to perform the
specified operations, and provide an analytical tunc-
tion to analyze. compare and sort the results of
experiments. An important feature of these systems
15 the ability to mine and model experimental data and
use the knowledge generated to guide further experi-
ments. These functions arc supported by use of a
relational database that provides a mechanism of
communication between system components.

When designing a HT crystallization experiment, or
set of experiments, a large variety of parameters of
composition and process are involved. Experimental
designs must be aimed at covering a large multifacto-
ral parameter space, with the goal of determining
which experimental factors affect the desired outcome.
In practice, it is desirable to place constraints on the
experimental space, making common statistical design
methods such as full or partial factorial designs inap-
propriate or impractical. For example, hardware limi-
tations. including minimum and maximum dispense
volumes or masses and accessible temperature ranges,
as well as constraints related to chemical compatibility
{l.e.. reactivity of components, miscibility. etc.) or
toxicity Iimits of components (if appropriate), need
to be considered. Thus, alternative DOE methods that
can accommodate such constraints arc required. D-
optimal design [54.557 is an example of a DOE
algorithim that can take a set of constraints. such as
the ones described above, in combination with a target
analytical model and determine the optimal set of
experimental points to test, Another commonly used
DOL algorithm is diversity generation, with which the
experimentalist selects a set of pertinent chemical
properties and uses the algorithm to evenly spread
experimental points over the chosen property space. In
addition, some systems utilize a solubility calculator
tool to estimate the solubility of the APT in the given
solvent/additive mixture. The calculated information is
then used to scleet the appropriate concentranion of
APl in each mixture so that it is supersaturated with
respect to the reference phase at the harvest tempera-
ture. Here. the driving force for crystallization can also
be varied by tailoring the composition of each sample
bused on the API solubility in that mixture. With such
DOE tools, experiments may be designed to effective-

ly and simultaneously explore the diverse composition
and process space deseribed in Takle 1

Ideally, DOE algorithms should also incomorate
prior knowledge or experimental results. which have
been stored in a database as a set of rules vr models. o
limit an experimental space 1o have certain predicted
characteristics. For example, ovef the course of time. a
regression model may be develdped between a set of
known or calculated chemical 'pmperties and a pa-
rameter of experimental interest. The model could be
used during the design of a new éxperiment in order to
test only those chemicals that are predicted o give a
desirable result. Since a large number of factors need
to be considered during experimental design. the DOE
mterface available to the scientist must not onlyv be
flexible and easy to use, bu must also offer tools tha
aid design efficiency and effeétiveness and permit
input of scientific knowledge generated over time.

At the end of the experimental design process. the
resulting set of experimental conditions is translated
mto a series of commands for the HT systems. and
stored in a relational database for later retrieval by the
software that controls the automation. When an ex-
periment is activated. the overall operation of the
automation systems is managed by the H I informatios
system, which is responsible for physical operation ot
the HT platforms as well as data raching and storage.

Execution of experimental commands s caried owt
by automated laboratory cquipnient that comprises the
HT crystallization system. Specidlized automated sys-
tems perform several of the functions in a sequelce of
events that make up the experiment. Each station is
controlled through an interfacé 1w the informatics
system that ensures the samples; are processed at the
correct stations, in the correct order, with the selected
experimental parameters being followed. Parometers
of operation are recorded, including the time at which
an action is taken. After execution of the experimental
steps. the software mterface retrieves any perfinent
information generated by the wntomated platforn.
such as assay results or operatiopal parameters. stores
these data in the reladonal dotaliase, and updates the
status of the experiment 1o reflect the completion of
operations, ‘

In general, the hardware required for a HT Crystin-
lization system is comprised of four major funciional
elements: sample preparation, sol ds generation, solids
detection and sample analysis. Sumple preparation
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involves adding the compound of interest (API) to the
diverse set of conditions used to condugt crystalliza-
tion studics. Typically, the API is digpensed as a
solution m a suitable solvent, followed by solvent
removal to vield the solid APL Solvent| removal can
be achieved by passive evaporation or py controlled
active evaporation (e.g.. use of a vprtex dryer).
Alternatively. the AP! can be delivered in the solid
state with suitable powder handling systems. Depend-
g on the amount of saturation desired, the crystal-
lization vessel used, and the APD’s [solubility in
solvents or solvent nuxtures of mterest, API masses
ranging from a few hundreds of micrograms to several
milligrams will be present in each vegsel. Once the
APl has been delivered to the crystallization vessels
{tubes. wvials or microwell plates), combinations of
solvents and/or additives are added to epch vessel. By
taking advantage of the power of combinatorial
approaches. Jarge numbers of unique| combinations
can be dispensed from manageable spts of starting
materials.

Compatibility of cquipment comporents (syringes,
dispense tips. tubing, etc.) and consumables (plates,
tubes, etc.) with solvents and other compounds is a
key hurdle faced in the development of combinatorial
crystatlization for small molecules. Unlike protein
crystallization systems [36,57], which{are commonly
based on the sitting-drop method in aqueous media,
small molecule crystallization cmploys a range of
crystallization additives and processes. The additives
include organic solvents with varying properties (e.g.,
alcohols, acetone, hexane, ethyl acetdte, etc.), water,
acids. bases and co-crystal formers. ds well as other
compounds {e.g.. small molecule templating agents,
sux'factﬁms. pharmaceutical excipients, etc.). This
wide range of materials needs to be handled by
appropfiate hquid handling techniques to enable the
combinatorial assembly previously mentioned. Ideal-
Iv. liquid transfers are achieved usifig multichannel
pipettars with individually controlfable channels.
Depending on the crystallization vessel design, the
volumes of reagents dispensed will bg as low as a few
microliters to as high as several hundred microliters.

Potential for cross-contamination and tendency
toward unwanted solvent evaporation from crystalli-
zation wells are challenges that need) to be addressed
in a HT crystallization system. A large number of the
solvents used to crystallize small molecules have high

o
[zl
—_

vapor pressure under ordinary laboratory conditions.
Sealing of the crystallization vessels is key to being
able to control composition during crystallization
from these solvents. Due to solvent fugacity, vessels
need to be protected from ingress ot the components
of neighboring wells. These problems have been
solved by different means, such as sealing of individ-
ual tubes with a Teflon-backed crimp seal [4(] or O-
rings/gasket seals and clamped covers [47.51].

HT crystallization must cnable scveral process
modes that are compatible with the compound (e.g.,
chemical stability, thermal stability. etc.). In some
cases, multiple modes of operation may be combined.
The most common modes of solids generation will be
discussed below, including thermal cooling crystalli-
zation, anti-solvent and evaporative crystallization.
Less common process modes include melt crystalli-
zation, flash or quench cooling and template-directed
crystallization. It is important to note that generation
of maximal diversity in solid form requires multiple
modes of operation {6,18,58].

In thermally induced cooling crystallization, sam-
ples created in the sample preparation process de-
scribed above are subjected to temperature ramps.
Prior to beginning the temperature ramp, samples are
exposed to an elevated temperature for a short period
of time in order to dissolve the API in the crystalliza-
tion medium. Although dissolution can be achieved
most simply by diffusion and convection from the
heating process, addition of external energy can speed
up the process (e.g., sonication). Samples may be
optically inspected (see Fig. 1) and vessels that contain
undissolved solids can be flagged in the database for
further analysis. For instance, undissolved samples
may be treated as slurry conversion experiments and
monitored over time for crystal form changes. The
thermal cycle is then initiated, using controlled cooling
to induce supersaturation. In this mode of crystalliza-
tion, samples continually experience an under cooling
and. based on the level of supersaturation in the vessel,
may recrystallize at a given temperature after a period
of time. Thermal crystallization tends to gencrate a
cumulative number of samples that are produced over
time in a fashion approximating a square root function,
as 1llustrated in Fig. 2. This means that initially there is
a small bolus of “‘hits”, after which the rate of
crystallization tails off over a period of time, typically
in days to weeks. This results in a manageable hit rate



Fig. 1. Photo of optical inspection station. (Inset shows close up of
crystalhzation vessel that contains crystals.) (Courtesy of Trans-
Form Pharmaceuticals, 2002 )

tor analysis. on the order of approximately 10% in
aggregate. This mode of solids generation has the
lowest throughput rate. typically. because experiments
span days to weeks. with system residence times of
months being possible.

In contrast, anti-solvent addition. also known as
“crash-out™ (or “drown out™) crystallization, relies
on the fact that an API is soluble to varying degrees in
the crystallization medium, but is largely insoluble in
a particular solvent or solvents (e.g., the anti-solvent).
As a result, this mode of crystallization can operate at
high-throughput rates, with samples being tumed
around hourly. When crystallization vessels contain-
myg APl in reagent mixtures are exposed to aliquots of
anti-solvent. nearly all vessels will contain API that
has precipitated out of solution. This creates a chal-
lenge to the analvtical process, as the near 100% hit
rate Teads to a large bolus of samples. There arce,
however, advantages to this mode of solids genera-
tion. such as the ability to produce microfine crystal-
lites and amorphous solids, should they be desired.

Lastly, evaporative crystallization can be carried
out on the combinatorial array of samples. This mode
of operation relies on gradually increasing the con-
centration of API in the vessel to achicve supersatu-
ration and to increase the degree of supersaturation
{by preferential evaporation) in order to induce crys-
tallization. Concentration of samples can be achieved
cither passively or actively by controlled flow of inert
gas while maintaining temperature, With evaporative
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methods, differential rates of solvent loss from mix-
tures result i unknown composition of the arystalth-
zation medum at the ume of erystal nucleaton, In
addition, the degree of sapersaturation changes over
the course of the experiment, otten resulting in the
appearance of multiple crystal forms. The evaporative
mode of sohds generation typically produces through-
put and hit rates intermediate between the thermal and
anti-solvent processes.

As suggested above, in apprapriately configured HT
crystallization systems, several process modes may be
used in series or in parallel {10! Frequently. the
preparation of replicate plates (in some systems
“daughter™ plates [47.51%) is necessary for parallel
processing by different process modes. Systems mav
be additionally equipped with the ability o serially
process sample arrays using diterent process modes
[59]. This feature is particularly attractive for cases
where only small quantities of sample are avuilable.
increasing the drive to generate useful intformation
from every sample. Here. sampics may be progessed
by optimal modes first (c.g., thormul ervstallization)
then a secondary process step can be applied 1o max-
imize the hitrate. Another example where this feature is
useful is in the case of salt selection. especially in early
drug discovery. Upon the addition of salt forming acids
or bases. the solubility of the compound is modulated
by in-situ salt formation, often résulting in reduced or
non-cxistent driving forces for crystallization (c.g.
subsaturation) of the salt species, particularly in polar
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solvents. It should be noted that rapid onset of super-
saturdtion can be experienced in apy of the process
modes discussed and can result in oiling out or precip-
itatimB of amorphous solids, rather than generation of
crystathine solids. Thus, 1t 1s importapt to monitor and
control the crystallization conditions throughout the
expermlent.

In general. the percentage of wells that yield solids
varies, depending on process mode and experimental
time scale. For example, cvaporatiye modes usually
result|in a solid in virtually every vessel, while slow

under¢ooling results in far fewer (on
percents).

the order of low

The differences in hit rates between these

process methods arise in part from the differences in

the supersaturation attained. For evay
' | . . . - .
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tial evaporation
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tioned previously, a fraction of the w

fully into solution at clevated temp

ells may not go
craturcs. In this
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olvent may be
or the samples
conversion over
we have devel-

oped a solubility calculator tool usinglgroup contribu-
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solid phase at specified temperatures
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composition. These data are then used pt the DOE step
to detine the viable concentrations of the active com-
pound for crvstallization {i.e.. minimum concentration
required to achieve saturation and max{mum solubility

limit or concentration) in cach solven

timixturc. Addi-

(i polymorph

tonally, the timescale of the experiment has a signif-
icant imdpact on the observed hit rate| Hit rates will
approach 100% for viable crystallizatign conditions in
the limit of infinite time, but in practi¢e most experi-
ments ae conducted over days to weeks, so observed
hit rates reflect this temporal influence.|In fact, similar

o
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behavior is observed in manual experimentation. Note
that only some HT crystallization systems are config-
ured to permit sclective sampling of “hits™, providing
the ability to further incubate un-crystallized samples
to monitor for slow growing crystal forms.

Solids detection can be achieved by exanuning each
sample using machine vision systems. Samples may be
monitored over time to detect precipitation in vessels
that were previously devoid of solids. This simple, vet
robust process can rapidly and non-destructively de-
termine state changes in the crystallization vessels and
signal when a particular vessel or set of vessels is ready
for solid-state analysis. Depending on the sample array
configuration, the signaling of *“hits” results in har-
vesting of samples by one of two approaches. In the
“cherry-picking” approach. only those samples that
have been flagged as containing solids are selected for
further processing [40]. In contrast, using a sacrificial
approach the entire plate must be moved forward after
a predetermined fraction of the samples in that array
have produced precipitates [47,51]. The latter. of
course, can be carried out without an online detection
system. Here, samples can be processed in batches,
without regard to whether there are actually solids
present in a vessel. This simple process approach is
effective, but has significant limitations, the primary of
which being that samples are destroyed after a fixed
amount of time regardless of their state. Hence, it is
advantageous to cmploy an online detection and har-
vest system so that samples can be differentially and
asynchronously processed, with only those vessels
containing solids undergoing analysis [40.60].

Sample analysis is the final action in execution of
the HT crystallization process. D.,epeﬂdnw on'the mod?
of-aperation and the choice-of anal¥tical measirements
emplovedsthis process may nv olve sevéral steps. Mosi
HT ¢iv§tallization syQten e Ramdn spectroscop?
andfor powder X-ray diffraction (PXRD) for primary¥
analym of harvested-solid-state” samples Both® techm-
ques-have-advantages’ and- disadvantages in “terms' pf
thElT“lb]htV to discriminate betwéén forms of a solill
salt~ fmm% “solvatcs, hydrafcsiy
{1,14,61]. The rate of Uenemtlon of sdmples for anal-
ysis likely dictates which technique is used for the
primary approach. Generally speakmu -Raman-spec;
lroscopy-can be employed in-a more rapid fashion‘thaf
PXRD Wifice acquisition tifes for Raman afe constds 3
erably less dependent on sample size, as is depicted in

© 1A
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powder diffraction data as a function of mass of API [63]. (Data
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Fig. 3. In addition, plate-based PXRD methods are

susceptible 1o problems with preferred orientation

effects, which may prevent accurate classification of
samples. As a result, Raman spectroscopy methods are

often used as a primary means of characterization in HT

crystallization systems. Although one disadvantage of
the Raman technique is interference due to fluorescent

samples. thewavelength ofthe excitation laser-can be
changed to the near-IR to ‘reduce fluorescence of*
problematic samples. Recent advances in PXRD -

strumentation, brought on by the increasing demands

of HT crystallization. makc it possible to achicve

similar analysis timescales with PXRD and Raman.

on the order of less than one minute per sample

depending on the capabilities of particular instruments

used. Clearly. the best option is to employ both meth-

ods for imtial sample evaluation, which can be realized

with the appropriate informatics structure, as described

in Scction 3. :

Once the primary solid-state characterization data
are collected and stored, samiples are generally classi-
fied into groups (or bins) that display similar character-
1stics (e.g., Raman spectra or powder X-ray diffraction
patterns) using imformatics taols. A variety of methods
can be used to accomplish the binning. For instance,
Raman spectra may be compared (based on relevant
teatures or over the entire spectral range) and clustered
using calculated similarity measures, such as Tanimoto
coefficients. In one method; [40,60.61]. each Raman

spectrum. which represents the contents of an mdivid-
ual well at a given time, is filtered to remove hyck-
ground and to accentuate Raman peaks and shoulduers,
Peaks are then located and assigned a wavenumber
using standard derivative methods and the amplitude of
each peak is calculated. These data tire used to calculate
a similanty (or distance) measure related to the Tani-
moto coefficient, from which the Raman spectra are
binned into groups of similar sampies using a classifi-
cation algorithm such as hicrarchical clustering. This
method often uses peak positions, rather than ampli-
tudes to discriminate berween difterent patterns in
order to reduce the significarce of potential preferred
orientation effects, which can restlt i modulation of
relative peak intensity for certain crysiallographic
planes. The window over which two peaks are consid-
ered to be at the same positon (ep.. 1 em ™
number), as well as a minimum height for a tilrered
peak t be considered for clustering. can be selected by
the user. allowing regions of interest (e.g., spectral
ranges) to be explored in greater detail. With appropri-
atc scttings, a Raman spectrum that has only once peak
or feature in a slightly different location than observed
in other patterns can be different:ated and binned as
unique. indicating a different or new crystal form.
During clustering. each spectrum is assigned an arbi-
trary number, 1.e., a sorted spectrum number, for ease of
tracking, and the resultant clusters are graphod as
shown mn Fig. 4. where the red-colored regions repre
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difterent solid forms [65].




S.L. Monjssette et al. / Advanced Drug Delivery Reviews 36 (2004 275-300 285

sent bins of similar samples. Altgrnatively, the resulis

from several analvtical methods

such as Raman and

PXRD can he used to simultancously classify samples.

Regardless of the choice of

primary analytical

method., and in keeping with traditional methodolo-

gies for sohd form screening, 1t s

chpracterize the solids generated
I

systems to accurately determine

necessary to further
in HT crystallization
their solid form and

properties. Most HT systems integrate multiple ana-

lytical methods as part of the sere

so=called secondary analytical m

cning process. These
cthods often include

thermal property measurement {e.g., melting point)
and optical microscopy (for crysfallinity, habit, etc.).

Depending on how the samples are processed and the
degree of computerized support, these techniques may

be, applied to all samples, or a
samples.

subset of selected

For systems that analyze all samples by

secondary techniques, several HT plate-based meth-

ods for optical microscopy and
I

o note that, in this case, all sar

melting point deter-
mipation have been developed [47.5

1]. It is important
nples are destroyed

during characterization of the mclting point. When

u.phuue are retained, the functi

nal properties such

as dissolution rate and hygroscopicity can be analyzed
using either manual or HT methogs. (For more infor-

mation on functional analysis, se¢
screening anealyses and form seleg

With the aid of informatics 1
obtaincd can be used to generatg
the expermmental space. Software 1
acepss to the data permit classifice
analysis to be performed. The res
high-dimensional visualization tod
to guide further experiments tow
cesses {o make each form. Fot
composition and processing inforn
to the resulting crystal form and 1
lation of trends between experime

Section 4 on post-
tion.)

ools, the data sets
information about
nterfaces that allow
tion and regression
Its are displayed in
ls that can be used
ard optimizing pro-
instance. sample
1ation can be linked
worphology. Corre-
1tal factors and the

products can lead to hypotheses that can be used to
divect the design of follow-up expé¢riments. An exam-

ple bf this was reported by Peterson et al. [40],
the knowledge gained from itcrative

where
cxperiments was

used to drive new experimental designs, which ulti-

\ . .
mately yielded the desired outcom

e, 1.e., the isolation

and characterization of the highly dnstable form III of

acetaminophen (paracetamol).

While these new methodologies

provide unprece-

dented capabilities for solids form discovery, it is clear

s

that there remains a need for some level of manual
processing, particularly in the case of detailed form
characterization such as single crystal structure deter-
mination, scale-up of the desired form and under-
standing the effects of downstream processing on
potential form conversion. HT methods provide the
landscape of possible forms and their properties and
should be used in conjunction with traditional meth-
ods to enable rapid, efficient selection of the optimal
form for development.

3. Applications of high-throughput crystallization
screening in pharmaceutical research and
development: case studies

HT technologies offer unprecedented capabilities
for form discovery and characterization. Potential
applications range across the entire pharmaceutical
value chain, including screening of active molecules
in discovery during ELO, form selection for preclin-
ical candidates, final form optimization for early
clinical candidates, process chemistry development
of crystallization processes for bulk drug and inter-
mediates, as well as identification of new or enabling
solid forms for product life cycle management. While
numerous impact points have been identified, only
limited information on the use and performance of
HT form scrcening systems is availablc in the liter-
ature, indicating that the benefits of these new meth-
odologies have just begun to be realized. In the
following sections, case studies on the application
of HT crystallization systems are reviewed. Special
attention is given to the implications of new form
discoveries.

3.1 CIligh=ihioughpit salr 52”127(*1‘1011

Preparation of salt forms of an active compound is
commonly used to modulate physicochemical proper-
ties. In most casesy the-goalis-to increase solubil 1ty (o
d1ssolumm um,) fo 1mprovc bioav a1hb1 m, or to mJ
able compounds [] 3 4] Salts may dlso be emp oyed
to increase chemical stability [3] or to reduce the
solubility of a given compound for certain applications
(e.g., sustained release dosage forms) [62]. Thus, it is
important to consider the route of administration and
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dosage form requirements when selecting a salt form
for development. Since the choice of counter-ion
affects the propertics of salt forms [3.4], salt sclection
studies involy e the preparation of a number of different
salts using a varlety of pharmaceutically acceptable
acids or bases with differing properties (e.g.. acidity/
basicity. molecular size, shape. flexibility, etc.). The
relevant physicochemical properties of each salt are
characterized, including degree of crystallinity, hygro-
scopicity, aqueous solubility, crystal habit, and phys-
ical and chemical stability. Based on these properties
of the salt forms, their suitability for development can
be evaluated. Several strategies for streamlining and
optimizing salt selection procedures have been
reported, including in-situ techniques for ranking the
solubihity of salts [63]. tiered approaches in which the
least time-consuming studies are carried out first and
used to remove from consideration salts that are not
viable [64]. One issue not readily considered by
existing strategies 1s the polymorphism and solvate
forming behavior of the different salt forms of a
compound, which could be used as an additional
criterion when more than one salt may be viable, but
the degree of polymorphism and solvate formation of
each may become a criterion for form selection.

HT crystallization technologies have been used to
more rapidly and comprehensivelyidentify the range of
salt forms that may be prepared for a given compound
or scries of compounds. and characterize their crystal
form diversity {polymorphs, solvates, hydrates). How-
ever, only a few studies have been published or
presented. Several HT salt selection studies on well-
characterized pharmaceutical compounds have been
carmed out to demonstrate the power of these technol-
ogies m sohid form discovery. For example, in a small
HT study (1.e.. 96 wells) on the antibacterial sulfathia-
zole, salt formation was explored using varying stoi-
chiometric ratios of pharmaceutically acceptable
organic and mineral bases in an array of solvent
conditions [65]. The screen resulted in the rapid iden-
ufication and characterization of 10 salt forms and
showced that the salts cxhibited a range of melting
points depending on the counter-ion type and stoichio-
metric ratio. Similar HT salt selection experiments on
caffeine and naproxen resulted in the identification of
numerous salts of each compound {47.50,51].

In the discovery phase. HT crystallizanon has been
used to identify soluble salt forms of compounds

during ELO to facilitate early animal dosing. thereby
providing the ability to uncover under'ying chemical
and/or biological responses cheited by candidate mol-
ecules, including toxicity or efflux.}46.591. Such
information permits rapid identitication of problemuat-
ic compounds or scaffolds, allowing rexources 1w be
directed 10 projects with greater apportunity for suc-
cess. HT crystallization can facilitate selection of leads
that are more likely to survive prechmeel develop-
ment. HT crystallization has been used suceesstully o
dentify multiple new salt forms and fie polymorphs
and solvates of each compound belonging to e
discovery programs using less than 200 mg of com-
pound per screen [39] Approxidtely 150 200
experiments were performed on each compound using
a library of pharmaceutically acceptable acids or bases
with an array of solvent compuositions and process
conditions. Each screen resultad if discovery of
multiple new salt forms. and in some cases puoly-
morphs and solvates. Interesting.y, similar salt types
were identified for each compound 11 a given series.
as ilustrated in Fig. 5. where the requency o
occurrence is plotted as a function of counter-ion for
each discovery series. Clear wends in the degree of
solid form diversity of salt form~. including poly mor-
phism and solvation behavior. weie also evidens
within each compound series. These data mdicats
the potential for 1dentifying salts smitable for most
compounds tested n a particular scatfold or scrics,
based on analysis of only a portion of the series. i.e.. a
platform-based approach to salt seléction. provided
the chemistry surrounding the ionizable functionalitv
1s not significantly altered durng further structure
activity relationship (SAR) development. Further
more, solubility measurements of cach salt torm
physiologically relevant fluids allowed ranking ot sa
forms in a given series. and compartson of salts
between series was also possib.e. The average tur-
around time per screen was approxymately 2 weeks.
such that feedback on the physicochémical propertios
of each compound was provided t the medicmal
chemists on a similar ime scale as poteney. sclectivity
and metabolism screens. :

Salt selection is normally part of the standard
preformulation studies carried out during preclinical
development, where rapid identification of the possi-
ble salts of a compound and thew properties cun
facilitate product development. To finther fachtate




S.L. Morisser

Series A

ApKy 220

% Occurence

I 2pKy 20

=

)
Bseopepegeoge
B2 S T3 SES8E 5 S
SO S S>> £ 8 g 9
Plg 2 @ 0 @0 2925 § ©
lE @ o5 8|0 23 E g
s b O T = |85 © 2 > £
&= > £ < =
. g 5
®
s

td cr al. / Advanced Drug Delivery Reviews 36 (2004) 275-300

% QOccurence

I~
(2
~J

Series B
m ApKy22.0

100%

oo
S
ES

@ ® © 0 Y O ® O
EEgEgE222ece
32 EZ5ENSTEELN
™ © O 90 £ v T 68 F =
T » 2 8T TV 2T G
© T 5 § E &8 22 3%

: 5] 5 % £ 2

VI g5 223 a

£ 3£
£
£
2]

- i . I . i e
Fig. S LFrequery o orearence (4) plotied g5 functivtrof-the-countersion-ofthe $4li for ompotunds™ froni distovery serics A"and B [3‘3‘33

e R RNUCERR N o e

such dtudies. a microplate techniqu
vestigating an array of conditions ha
to determine which counter-ion an
tons gan be used to prepare crysta

e capable of in-
been developed
1 solvent condi-
line salts of the

compound [66]. Each plate is prepared by first
depositing approximately 0.5 mg of compound into
each well using an appropriate amount of stock

solution. The counter-ion type is s
ied along the rows of the plate and
hzation solvents are deposited dowy
the plate. Crystallization 1s monit

microkcopy over the course of the

siematically var-
different crystal-
i the colunmns of
ored by optical
cevaporative Crys-

tallization. which can be accelerated by flowing a

stream of drv nitrogen over the plate

. Once salt forms

are identified, they are scaled up for more detailed

characterization.
The muicroplate approach was

demonstrated by

Bastin et al. [66] through several examples, however

little ‘detail of the specific screent
results was provided. All three of th
ples arc on compounds that arc wed
betwden 4.1 and 5.3. Only a small
crystallime salts could be prepared
weak bases (1.e., pK,=4.25), as opp
variety found for the stronger base.
salt forms were scaled-up for more
and comparison to the respective fig

ng protocol and
e reported exam-
k bases with pKj
sumber of stable,
for the two very
psed to the larger
In each case, the
detailed analysis
¢ basc compound

to determine the optimal form for development. This

approach provides a useful mechat
nary. small-scale salt formation ¢
crystallization media and process
by the technique are somewhat limi
narrolw exploration of experimental

hism for prelimi-
tudies. Both the
modes accessible
ted, resulting in a
conditions for salt

formation. For example, only solvents compatible
with plate materials can be used, thereby reducing
the probability that a crystalline phase can be identi-
fled. In addition, current protocols only provide for
evaporative crystallization, likely due to difficulties
with sealing of the plates. In this case, the composition
of the crystallization medium is not well controlled.
The utility of HT crystallization in ELO, although
demonstrated by initial reports of feasibility, is less
well documented than the use of HT on later stage
compounds.

3.2, Solid form discovery in highly polvmorphic
systemns

The statement by the late Walter McCrone in 1965
that “‘the number of forms of a given molecule is
proportional to the time, money and experiments
spent on that compound™ [67] has gained credence
in recent years, as illustrated by the significant in-
crcase in reported crystal form diversity of pharma-
ceutical solids. Depending on when altemative solid
forms of a compound are identified, the appearance of
a novel form may or may not be a welcomed
discovery. Occurrence of a new form in research or
early development is potentially enabling. At later
stages, the appearance of new forms, particularly
stable ones that are not bioequivalent or deemed
unprocessable, can have catastrophic consequences
for product performance as well as regulatory com-
pliance (e.g., control of crystal form). Additionally,
recent rulings on the use of alternative. commercially
viable solid forms not protected by patents from
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innovator companies have opened the market to
generic competition {68 -79]. In order to mitigate
these risks, and to save time and reduce costs, many
pharmaceutical companies have begun to re-evaluate
their strategies for solid form screening and are
looking to HT crystallization technologies to address
the needs for more rapid and comprehensive explo-
ration. In this section, the application of HT crystal-
lization to highly polymorphic systems is reviewed,
mncluding specific cases of compounds cxhibiting
latent polymorphism.

Polymorphic systems are quite common among
many types of organic crystals [7]. For the purposes
of this review, compounds exhibiting more than three
polymorphic forms will be classified as being “highly
polymorphic™. While only a handful of well-known
organic compounds are considered for practical pur-
poses 10 be non-polymorphic, e.g., aspirin {R0.81],
sucrose and naphthalene [7], it should be stressed that
one will never be able to exclude the possibility of
polymorphs appearing, even a century after the initial
discovery of the compound. So far, no polymorphs of
aspirin have been found. despite the proposal by
Payne et al. [80] that polymorphic forms may exist.
In contrast. acetannnophen form Il was observed by
Burger in 1982 using thermal microscopy {82]. but it
took another 20 years for a crysial siructure to be
proposed {401, Many reports exist on the polymaorphic
nature of specific drug compounds with one or two
alternative packing modes for the same chemical
composition. However, literature examples of com-
pounds with more than three packing modes are
considerably rarer. as will be summarized shortly. It
should be noted that the increased number of reports
on mghly polymorphic compounds in recent years is
likely the result of enhanced screening practices and
more sensitive characterization techniques.

Highly polymorphic compounds present several
challenges in drug development. First, the generation
of different forms is often not a simultaneous event,
but rather a gradual evolution of form diversity leading
to the branding of a compound as being highly
polymorphic. Consequently. once more than one form
is identified. concern is raised that additional forms
may eventually be discovered. For instance, the 13
polymorphs of phenobarbitone evolved over ca. 13
years [7]. and a fourth polymorph of carbamazepine
was reported in 2002, a full two decades after the

publication of the structures of the initial three torms
831 Second, selection of the preferred form of a
highly polymorphic compound for development
demands a complex set of thermodynamic and kinetic
investigations, due to the geometric increase in the
number of stability relationships that need to be
established. More complexity arises when some poly-
morphic pairs are enantiotropic, eihibiting a swieh in
the identity of the stable form as « function of temper-
aturc. Third. concerns over bio-pertormance and the
impact of a large number ot polymorphs on processing
lead to regulatory issues that need 1o be addressed.
Decision trees [38] have been established o auwd
scientists in assessing the impact of polymorphic
change and have been incorporated into the jCH
guidelines [84]. Lastly, the analvtical challenge of
monitoring polymorph content ih the dosage form
increases as the number ot posbible forms grows.
particularly with low dose compounds where the
concentration of drug 1 the tformulation s small.

The hiterature on highly pelyvmarphic pharmaceut-
icals is relatively sparse. but sdveral examples of
compounds known to have four of more polymuorphue
forms are available in the literature and are supima-
rized in Table 2. In addition 1o these diuyg examnies.
the pharmaceutical ingredients ntannitol and aspat-
tame have been shown to exhibit 4 und 3 polymorphs.
respectively [7]. The phenomench in inactive exci-

Table 2
Examples of highly polymorphic divg compeunds in the literatore

Compound Number of Cther torms Retuerenvietsy
reported
polymorphs
Phenobarbitone 13 : e
Cimctidine 7 Hydratds T
‘ROY” 7 b ford B
townd g
the i
prbhicafion
Sulfathinzole s Numerars N
selvates
Carbamazepine 4 [hhydrare PEE RS
and numerous
selvatey
MEK-996 9 Huvdrate 5"
MK-A 1 2 hydrafes TXe
ard numerous
scivates
J e
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pients may well be under-appreciated
study.

-~

fue to lack of

In general, pharmaccutical polymorphism is likely
to be underreported in the literature, singe much of the

polymorphism research 1s carried out
As a result of growing interest m th
advances in techniques to study polyn
expected that reports of extreme form
grow. Conferences on the subject, suc
ProSpectives symposium, reflect the af
the complexities Introduced by the
polymarphism in important materials sy

N companies.
e subject and
1orphism, it 1s
diversity will
h as the ACS
ppreciation for
appearance of
ch as pharma-

ceuticals. Work has recently commenced to under-
stand the opportunities and challenges of using HT
technologies in pursuit of rapid identification and

characterization of the large number
sented by highly polymorphic comg

of forms pre-
ounds. Three

published case studies and two examples that are in

press at the time of this review will bg highlighted.

Form IV of carbamazepine was rep

brtedly discov-

ered as the result of crystallization trials in the
presence of hydroxypropyl ccllulose HPC [83]. Sub-

sequent o this publication, Lang et al.

[28] published

the use of polymers to influence polymorphic form

using a 96-well plate system for th
polymorphs of carbamazepine and 3
Tn all. 84 different polymers were emp
nucleation. Form IV of carbamazeping
crystallize from methanol in the prese
ypropyll cellulose, poly(4-methylpen
methyistyrene) or poly( p-phenylene
Using the same approach, the monoc]
rhombid forms I and II, respectively,
phen were also isolated. While o
metastable form I was not reported
the strategy of emploving polymeric
mterest. as 1t can direct the course o
and because polymeric umpurities ma

» screening of
cetaminophen.
loyed to direct
> was found to
e of hydrox-
tene), poly(R-
ether-sulfone).
inic and ortho-
of acetamino-
bservation of
in this study,
additives is of
crystallization
be n contact

with a drug substance and/or formulgtion at various

points in development.

Another approach, reported by Anquetil et al. [R5],
identified sclective conditions for the crystallization of
carbamuzepine polymorphs forms I and III, as well as
the dibwvdrate, from methanol and/or [methanol/water

so]utiox?s by thermal processing in a

microliter cell

format {i.e., 35-100 ul). Optical laser trapping was
used in situ to target the microcrystdls for real-time
form a1‘1alysis using Raman spectroscopy. The crystal-
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lization process was monitored optically and with
Raman spectroscopy as a function of temperature
and time. The study revealed the conversion of form
I to form I, as evidenced by a change in characteristic
crystal habit from needles to prisms. Raman spectros-
copy on the solution phase measured the saturation
solubility of each crystal form produced. Although
only several experiments were carried out in this study,
the authors advance the microfluidic cell format as a
potentially viable system for HT polymorph screening.
A third report details the use of in situ Raman
spectroscopy to optimize process conditions. The com-
pound MK-A has four anhydrous polymorphs and
several other forms, including two hydrates and nu-
merous solvates {86]. The study gives an example of
the complex thermodynamic relationships (monotropic
and enantiotropic pairs) that can exist in highly poly-
morphic systems and demonstrates the power of in-situ
methods for monitoring the crystallization process.
The angiotensin-II antagonist MK-996 is an exam-
ple of a highly polymorphic compound (Table 2) [R7].
The structure of MK-996, depicted in Fig. 6, contains
seven rotatable bonds, the conformations of which
could lead to many configurations for crystal packing.
HT crystallization experiments with MK-996 in 96-
well arrays comprising over 1500 discrete recrystalli-
zation trials from a set of 21 solvents or solvent
mixtures yielded 186 solids, which were harvested
over a period of 7 days [87]. PXRD analysis of thesc
solids suggested the presence of at least 18 distinct

Me
[N

Me / )\
N Et

N

Fig. 6. The molecular structure of the angiotensin-iI antagonist MK-
996 [87].

132
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forms. some resulting from solvent-mediated recrys-
tallization. A hydrate (originally named form 1),
obtaincd by slurry conversion in the presence of
agueous solvent mixtures in the HT experiments, was
the form previously selected for pharmaceutical de-
velopment. Importantly, a form (form D) reported by
the innovator {87] to be a *‘disappearing polymorph”
[S8] once form [ appeared, was also found in the HT
screen. Clearly. sufficient experimentation with ratio-
nally scleeted diverse conditions affords the possibility
to regenerate elusive forms.

Sertraline HCL the active ingredient in the anti-
depressant Zoloft #, is found in various crystal forms.
The molecular structure for Sertraline HCl is illustrat-
ed in Fig. 7. Information on various solid phases can
be found n patent disclosures filed by several com-
panies [¥9-92]. Survey of these documents. which
published between 1992 and 2001, reveals data for 27
purported crystal forms of Sertraline HCI, including
17 polymorphs. 4 solvates, 6 hydrates and the amor-
phous solid. Further analysis and comparison of
characterization data for the various forms presented
in the patents revealed that mixtures have been
mustaken for real polymorphs on at least two occa-
stons. and at least two polymorphs were disclosed
more than once (by different workers each time). In
addition, the hydrate forms reported were not readily
identified as polymorphic and many of the forms are
likely wransient, ¢.g., only identificd by variable-tem-
perature and humidity-controlled XRD. With the help
of HT crystallization, the extent of true polymorphism
of the HCl salt was estimated at eight forms so far
192]. Two new solvates were also found in the HT
studies. Care should be taken in isclation of such
forms. particularly at small to intermediate scale, as
desolvation of solvates due to aggressive drying

HoN - Sl Cl

Cl

Fig. 7. The molecular stucture of the selective serotorin reuptake
inhibitor (SSRT) sertraline HCL

during processing may cause one 10 overlook solvated
forms [93]. Comparing the results of the 1T study o
the congruence of historical data, onc can canclude
that HT screening gives rise to relevant forms of the
drug in a time frame of weeks rather than years. One
metastable form, polymorph IV, remained elusive in
the hands of the authors {92]. The lack of observation
of form IV may be due 1o a subtle purity difference
between early batches at Pfizer and the materials
available for testing in the HT screen. Clearly 1mpu
rity etfects should be exp.ored further {32:

To date. HT studies on Aighlv poiymorphie mater:-
als highlight the importance of VUEYING Proedessing
conditions (including solvent conditions, degree of
supersaturation, method of crvstailization, desolvation
of solvates, inclusion of additives, thermal migrosco-
py, etc.) to find as many forms as possible. It has been
shown that multiple process modes. including HT
processing, coupled with detailed follow-up charac-
terization studies of form stability, facilitate msight
into crystal form diversity [46 . Such a mulumode
strategy becomes valuable in the quest for the most
comprehensive dataset possible for a given pharma-
ceutical material. '

Undoubtedly. the definition ¢f highly polyvmorphic
materials and their frequency will evolve in the age ot
HT crystallization {40.60] and with the aid of ever
improved solid-state analytical capabilities " % g 43
The value of employing multiple processing techni
ques to elucidate as many crystal forms as possible will
be demonstrated. as it is expected that no single
technique will generate all forms of a given compound.
Without doubt, HT crystallization strategies will be
used, as a complement to other techniques. to identity
1ssues of polymorphism carly, thus atllowing druy
development scientists to react appropriately to infor
mation on form diversity of their compounds.

3.3 Avoiding latent polviearphisn

Very few cases of latent pohvimorphism have been
reported in the fiterature, Tt is likely that many more
instances of the phenomenon:have occurred. but
unless product development was slowed, product
performance was impacted, or generic competition
was threatened, a spotlight 1s not usually cast on the
issue. As an example of a public polymorph issue.
form 2 of ranitidine hydrochloride was discoverad 2-
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3 vears into development but it was| (and is) the form
still inarketed by GlaxoSmithKline {75,76,96]. Parox-
ctine_hydrochloride hemihydrate, the active ingredi-
ent in Paxil®, was discovered during development
after only an anhydrate had been knjown for a number
of yéars [97]. The hemihydrate is the form marketed
by the innovator, but recent litigatipns have occurred
between the innovator company and generic compe-
tition around the anhydrate form.

One of the most recognized cag
morphism occurred with Abbott Laboratories’
Norvir . Two vears after entry into the market, a
prex"imxsly unknown. but thermodynamically more
stable. polymorph of the active ingredient (Ritonavir)
appéared. This new form (form 1) |was approximately
50 less soluble in the hydroaldoholic formulation
vehicle. resulting in poor dissolytion behavior and
eventual withdrawal of the origingl Norvir® capsule
from the market [98]. At some congiderable cost, a new
formulation of Norvir® using form II was eventually
developed and launched [99]. In 2 recent HT crystal-
lization study on Ritonavir, a tota] of five forms were
found: both known polymorphs dnd three previously
unknown forms [99]. The HT polymorph screen, which
consisted of 2000 experiments wag carried out with less
than 2 g of the APl and used mulfiple, and sometimes
combined. process methods. The three new forms were
described as a metastable polymorph, a crystalline
solvate and a non-stoichiometric Hydrate. Interestingly,
the solvate was easily converted to form 1 via the
h\« drate phase using a simple washing procedure, and
provided an unusual route to prepare the form I “dis-
apipearing polvmorph™ [88]. Sinck the crystals of form
I prepared using this method retained the small needle
morphology of the solvate, the aythors suggest that the
process may offer a potential strategy for particle size
and morphology control. The results of this study
emphasize the need for more comprehensive studies
of torm diversity 1n the early stages of drug develop-
nent to avoid risks of form conversion downstream,
ahd highlight the advantage of combining parallel HT
cfystallization cxperimentation with detailed physico-
chemical analyses to identify the diversity of solid
torms i which a given moleclile can exist. Clearly,
late stage discovery of new forms or form conversion
gan have serious competitive and regulatory implica-
tions {e.g.. process control). especially in cases where
the new forms are not bioequivalent.

¢cs of latent poly-

JimitdationTis

3.4. Prediction of crystallization and polvmorphism:
applications to pharmaceutical form studies

Crystal structure prediction is a challenging area of
research. Due to the overwhelming influence of pack-
mg forces in determining crystal structure, it remains
extremely difficult to predict the structural impact of
subtle conformational effects and weak interactions
between adjacent molecules in a crystalline arrange-
ment. Although significant progress has been made in
the last decade, crystal structures are by and large not
reliably predictable from first principles [88]. While
this important area of theoretical research is too large a
topic to be considered in detail here, a brief overview
of the successes and challenges will be presented, and
the potential for using HT crystallization as a valida-
tion to aid model development will be highlighted. For
a more detailed discussion on polymorph and crystal
structure prediction, refer to the article by Price [100]
in this issue.

Polymorph prediction of pharmaceuticals is thwar-
ed by the complexity of active pharmaceutical mole-
cules. The number of degrees of freedom in torsion
angles and the molecule count in the unit cell (which
can be deduced by such ch techniques as solid-state NMR
[941):ar€: ﬁequenﬂy“too great toallow: ‘computations.orP
a reaSonable timé.scale. . Additidnally; ‘prédictions.aré
typically. ’Can‘ied'-out oneﬂspa’ce’ group’ at a“time‘ "‘T’hiw

c')‘r‘g’a“lﬁ?:'lompounds in -the.(,ambndge S‘gn}g,tu@}_{)gtqg

basetCSD){1017 crystallizé’in only a few space groups 4

[100]-We kiow-of only.6iie example where predictions
‘have been extended to multicomponent systems: [102]
The prevalerice of multicoriponents systems, some-of

which have charge transfer (salts).and many of* which

exist as hydrates, solvates or mixed hydrate/solvates,

E‘s'qentially limits the usefulness of the prediction meth- *

ods -to- neutral® compounds. Various other technical
i85Ues remain as the science of crystal structure predic-
tion matures {100]. Some of these issues were high-
lighted in two blind tests that were conducted in recent
years to determine the accuracy and robustness of
crystal structure prediction [103]. In the latest round,
17 methods were used to predict structure, vielding
only three correct predictions [104]. For one of the
compounds used in the study, experimental character-
ization of a second, more stable, polymorph provided
the key to the correct prediction by three participating

[7)5
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research groups. The structure could have easily been
overlooked, leading to the misinterpretation of the
results as an apparent failure of the computational
methods, Thus, compounds that are amenable to struc-
ture prediction are not always studied experimentally to
the extent necessary to ensure that the relevant forms
have in fact been discovered and characterized ahead of
computational studies.

Despite the challenges. a few methods have been
developed that allow structure prediction ‘of small,
relatively rigid organic compounds with only a few
functional groups in several important space groups
[17.105.106]. Polymorph Predictor ™ has been imple-
mented within the commercial software Cerius2 (C2
Polvmomph by Accelrys). In general, current predic-
tion methods generate large ensembles of different
packing arrangements along with calculations of rel-
ative energetics. In reality. many of the calculated
structures are not observed, giving the appearance of
over-prediction of polvmorphism. This was apparent-
ly the case with acetaminophen (paracetamol) [107].
In their study of the drug, Beyer et al. [107] calculated
14 structures, 2 of which were the known monoclinic
{stable) and orthorhombic forms. The remaining 12
structures were considered as candidates for the meta-
stable torm HI, which had been observed by thermal
microscopy methods [82] but for which diffraction
datia were unavailable. Using calculations of mechan-
ical properties and morphology. Beyer et al. scparated
the 12 energetically feasible structures mto two
groups, based on the likelihood of each structure to
exist as a stable form. Shortly after the publication of
the prediction study. the experimental powder pattern
of form 1 became available [40]. Rietveld refinement
and comparison of the experimental diffraction results
with the theoretical powder patterns published by
Bever et al. yielded a monoclinic structure solution
for form II. This structure is in fact part of the
prediction set, but was considered an unlikely con-
tender based on its extreme plate-like morphology.
The potential for complementarity of HT crystalliza-
tion and polymorph prediction is cvident from thesc
studies. In one sense. polymorph prediction can serve
as a yardstick for risk assessment’” when it comes to
torm diversity, but inevitably one will require exper-
imental data to assess the scope of polymorphism that
can be elicited and the precise relative stabilities of
difterent crystalline arrangements,

Opportunities do exist for current use of predictions
in solid form discovery. For instahice, certain hydro-
gen-bonding motifs or molee dar faver types mav be
observed in predicted structures. Such information can
be used to aid the design or crvktallization experi-
ments. It might be desirable w smploy a particular type
of interaction with salt selection of co-crystal fonna-
tion by the strategic selection of crystallization cen-
ditions. solvents, additives and pfoccssing methods
[22.23]. In addition, since transicnt or metastable
crystalline species may be difficult to characterize
accurately, one may use predicted ~tructures to esti-
mate various physical data. For example, powder
diffraction patterns may be used to assist the accurgte
description of these metastable forms 467 Continued
development of theoretical methads coupled weth
validation of the predictions by exi¢nsive onvstalliu-
tion screening will lead 1o better madels and compu-
tational methods. At present. zxpefunental methods
must still be relied upon to assess the potential form
diversity of a given compound. It will be important to
concurrently push the hmits on theoretical prediction
and HT crystallization, in order to advance our under-
standing of the nature and extent ot poly morphism
pharmaceutical compounds.

3.5, Engineering of co-crvsiuls

Co-crystals of drugs and druy cangidates reprosen?
a new type of material for pharnaceutical develop-
ment. They are part of a broade: family of muliicon,-
ponent crystals that also wcludes salts. sohvates.
clathrates, inclusion crystals and hydrates as shown
in Scheme 2. The primary ditference Hetween solvates
and co-crystals is the physical state ot the isolated
pure components: if one component is a liquid at
room temperature. the crystals are designated as
solvates: if both components are solids at room
temperature, the crystals are designated us co-crystals.
While at first glance these differentes may seem
trivial, they have profound mmpact & preparation
stability and ultimatcly on the ability to develop
products.

In general, it is usually easier to initaliv prepare
solvates than co-crystals. and indecd. soovates are often
found as by-products of polymoiph and salts screens
Co-crystals have been prepared by neltwcrystathzanon.
grinding and recrystallization from solvents [{;. Sol-




