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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIVISION DE NUEVAS CREACIONES :
E. S. D. v

Re:  Expediente No. 05.027.433
Solicitud de patente a nombre de NOVARTIS AG

Yo, DILIA RODRIGUEZ D’ALEMAN, identificada como aparece al pie de mi
fitma, domiciliada en la carrera 11 No. 86-53, piso 6, obrando como apoderada
de la sociedad NOVARTIS AG domiciliada en Basilea, Suiza, solicitante de la
patente de la refetencia, interpongo recurso de reposicign contra la resolucion No.
23612 del dia 30 de abril de 2010, expedida por el Supetintendente de Industtia y
Comercio, por medio de la cual se niega el privilegio de patente para la solicitud
contenida en el expediente de la referencia.

1. FUNDAMENTOS DEL RECURSO

1.1 Mi mandante se permite manifestat a ese despacho que se reafirma en
todos y cada uno de los argumentos que hacen parte integrante de la respuesta al
oficio de fondo No. 16158 notificado por fijacién en lista el dia 19 de diciembre
de 2008, presentada ante ese despacho el dia 16 de marzo de 2009, y al oficio
5681 notificado por fijacién en lista el dia 15 de mayo de 2009, presentada ante
ese despacho cl dia 12 de agosto de 2009.

1.2  El indebido analisis del Nivel Inventivo

En su resolucién el examinador insiste en objetar el nivel inventivo de la presente
solicitud, argumentando que para el técnico con habilidad ordinaria en la matetia
habria sido obvio detivar la invencién en estudio a partit de lo dicho por las
anterioridades D1 a ID3. Al respecto el solicitante quisiera hacer los siguientes
comentarios:

Ninguno de los documentos citados por el examinador ensefia o sugiere al
técnico con habilidad ordinaria en Ja materia las condiciones necesatias para
obtener valsartan en un medio basico. De hecho, D1 y D2 sugieren llevar a cabo
las reacciones de aminacién reductiva en un proceso apatte de la reaccidén
principal. Aunque el examinador tiene razon en cuanto a las condiciones de pH y
presencia de una fuente de protones capaz de garantizar la reaccion, para el
técnico con habilidad ordinatia en la materia no es facil derivar a partir de las
condiciones de la afinacién reductiva de D1, D2 o D3 un proceso que incorpore
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dicha ctapa de aminacion reductiva sin que sea necesario implementat un proceso
aparte. Esto, de por si, es un efecto sorprendente de la presente invencion, ya que
el arte previo no menciona nada al tespecto. e
Es claro que todas las reacciones de los procesos de D1 y D2 se llevan a cabo en
un medio acido y que la afinacidén reductiva se lleva a cabo en una teaccion
apatte, en un medio basico. Para el técnico con habilidad ordinaria en la matetia
no seria obvio simplemente a partir de sus conocimientos, los cambios necesarios
para permitir que la totalidad de la reaccidén se lleve a cabo en medio basico,
particularmente porque ninguno de los documentos citados ensefia o sugiere
cuales deben set estos cambios. _

La presente solicitud ensefia un proceso para obtener Valsartan y una serie de
compuestos intermedios utiles en procesos similares. Todo el proceso se lleva a
cabo bajo condiciones bdsicas, lo cual hace necesario incorporar otras
condiciones, otros reactivos y otros grupos protectores que no se mencionan ni
sugieren en el estado de la técnica.

El examinador parece enfocatse esencialmente en las férmulas de los intermedios
y en el proceso de afinacién reductiva, sin tener en cuenta las condiciones totales
del proceso, que también forman parte de la materia reclamada por el solicitante.
Establecer que para el técnico con habilidad ordinaria en la materia setfa obvio
hacer los cambios necesarios para pasar de un proceso de dos etapas, una en
medio icido y otra en medio bésico, a un proceso de una sola etapa que se lleva a
cabo totalmente en medio basico no significa que sea cierto. El arte previo no
ensefia ni sugiere como llevar a cabo las demas reacciones en un medio 4cido y el

examinador no proporciona evidencia alguna que demuestre que dicho
conocimiento ya formaba parte de los conocimientos propios del tecnico con

habilidad ordinaria en la materia. Fn este sentido el articulo 18 de la Decision
486 sefiala que ‘Se considerard que una invencion tiene nivel inventivo, si para una persona
del oficio normalmente versada en la materia técnica correspondiente, esa invencion no hubiese
resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica”,
pudiéndose concluir que el supuesto de la norma indica que corresponde al
examinador probat con sus argumentos que los aspectos incluidos en la
invencién son conocimientos propios de un técnico con conocimientos medios
en la matetia al decir el articulo que la invencién tendrd nivel inventivo si no
resulta obvia y si no se ha detivado de manera evidente del estado de la técnica.
Estos hechos deben demostrarse y sin embargo como aqui lo indicamos estos
supuestos de la norma no se dan de forma negativa en este caso concreto ya quc
el atte previo no tiene los conocimientos propios que demuestten la falta de nivel
inventivo de esta invencion.

De acuerdo con la presente invencion, sorprendentemente se ha encontrado que
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una amina quital de férmula (IIc) para la sintesis de valsartan puede prepararse
mediante la reaccién de aminacién reductiva bajo condiciones basicas sin
racemizaci6n. Tal amina quiral es el producto de un paso de afinacion reductiva,
en donde un aminoacido quiral, de férmula (ITb), teacciona con un aldehido, de
formula (I1a), el cual es luego reducido. Es bien sabido por ¢l técnico con
habilidad ordinaria en la matetia que los aminoicidos quirales pueden
racemizarse bajo condiciones bdsicas y también es bien conocido que las
iminas (también conocidas como bases de Schiff) de amino4cidos quirales
pueden racemizarse. Para sustentar esto ain mas, el solicitante adjunta un
articulo de Ebbers, E. J. Tetrahedron (Ver anexo 1). Dicho anexo 1 es una
revision de la racemizacion de compuestos organicos Opticamente activos, en
particular, se hace refercncia a las secciones 4.2 y 4.4. del mismo.

Como sc describe en la seccion 4.2.1, es generalmente aceptado que los
aminoacidos quitales pueden racemizarse bajo condiciones basicas. Similarmente,
se mucstra en la seccion 4.4 que los aminoacidos pueden racemizarse por medio
de las bases de Schiff (en otras palabras, mediante las iminas del grupo amino de
los aminoacidos).

Como se muestra en el esquema presentado en el anexo 2, también adjunto a la
presente, ¢l intermedio imina quiral formado durante el paso imitacion reductiva
puede racemizarse por dos rutas alternativas bajo condiciones basicas. La ptimera
alternativa que lleva a la racemizacion del intermedio de imina quiral involucra la
abstraccién del a-hidrégeno, pot la base presente en ¢l medio de reaccién para
proporcionar un carbanién plano, el cual también existe en el cnolato
correspondiente, como se muestra en el ancxo 2. La protonacion subsecuente del
enolato plano puede ocuttir desde cualquier cara del doble enlace y esto lleva a
los enantiémeros y la racemizacién resultante. La segunda alternativa que lleva a

la racemizacién involucra un cambio tautomérico reversible del a-hidrogeno y el
doble enlace de la imina. Iin este segundo mecanismo, el cambio del doble enlace
de la imina resulta en una pétdida de la quiralidad ya que se pierde el centro quiral
al ocutrir el cambio a la imina conjugada. El cambio de portones subsiguiente
que lleva a la imina no conjugada puede también tener lugar en cualquier lado del
doble enlace y conlleva a los enantibémeros, lo cual también resulta en la
racemizacion.

Ta naturaleza de los sustituyentes R y R3, como se muestra en el anexo 2, pucde
afectar las tasas de racemizacion en cada uno de los dos mecanismos descritos
arriba. Para sustentar atn mas esta afirmacidn, se hace referencia al segundo
parrafo de la pagina 9433 del anexo 1, el cual enumera los factotes que
influencian y afectan la tasa de racemizacion.
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El examinador argumenta que no es posible determinar un efecto sorprendente
entre la presente reaccion propuesta y las que se cnsefian en el atte previow'ﬁl
proceso treclamado es econémicamente ventajoso para la fabricacion comercial
de producto conocido como Diovan ® (en otras palabras, valsartan)/]:a sintesis
del cualquier producto farmacéutico comercial, como el valsartan, que
comprende un paso donde ocurre racemizacion es econdmicamente poco
atractivo potque la racetnizacién siempre resulta en una reaccién secundatia
que reduce la cantidad de producto de interés y conlleva a la necesidad de
implementar etapas de purificacién adicionales para remover los
enantiomeros indeseables.

Por lo tanto, si la preparacién sintética de una droga incluye un paso en donde
hay racemizacién, se tequieren pasos adicionales para obtener el producto
cometcial enantioméricamente puto, lo cual implica mis reactivos, solventes y
equipos adicionales con la intervencién y asistencia de un operario humano lo
que genera costos adicionales. Ademds, como es bien sabido en €l campo técnico
cotrespondiente, el rendimiento total de la ruta sintética disminuye a medida que
se incrementa el nimero de pasos de la sintesis y/o la purificacién, puesto que el
rendimiento de ningin proceso de purificaciéon es ni tan siquiera cercano al
100%.

En consecucncia, la ocurrencia de la tacemizacion en un paso de la sintesis
también ayuda areducir el rendimiento total del proceso de fabricacién. El hecho
que el paso de afinacién reductiva bajo condiciones basicas ocurta sin
racemizacién lleva no solo a un incremento en el rendimiento del paso mismo (ya
que no hay una reaccién lateral que lleva a un enatiomero indeseable), sino
también a un incremento del rendimiento total del proceso de fabricacion (ya que
no sc requieren pasos adicionales para remover el enantiomero). Ambas son
propiedades altamente deseables para los procesos de fabticacion a una escala
industrial, particularmente cuando sc¢ fabrican productos fatmacéutcos. La
demanda de un alto rendimiento y una selectividad enantiomética en la
preparacién industrial de productos épticamente activos, en patticular productos
farmacéuticos, se resalta por ejemplo en el Glimo pétrafo de la pagina 9465 del
anexo 1.

En cuanto a la anterioridad Dl,la misma presenta dos vatiaciones en la sintesis
de valsartan. En una primera vatiante, el compucsto de férmula (I1lc), en donde
73 es formilo, reacciona con una amina primaria de férmula (I1la) bajo
condiciones de afinacién reductiva patra propotcionar una amina secundaria, la
cual es luego convertida a valsartan. El proceso de afinacion reductiva se ilustra
bajo condiciones acidicas en los ejemplos 16 y 37. La diferencia técnica entre la
preparacion de valsartan de acuerdo con la primera variante y la pteparacion de
valsartan de acuerdo con la presente invencion es el uso de un proceso de
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afinacién reductiva bajo condiciones basicas, en donde un befinil aldehido
sustituido con tetrazol de formula (I1a) reacciona con un aminoacido quiral de
formula (IIb) (en otras palabras, L-valina o un éster de la misma) para
propotcionar sin racemizacién una amina secundaria quiral de formula (Ilc).

En concordancia, partiendo de la primera variante de D1 el problema técnico
subyacente a la presente solicitud es proporcionar un método de reaccién de
afinaciéon reductiva alternativo y econdmicamente atractivo para preparar una
amina secundaria intermedia quiral para la preparacion de valsartan. D1 no
menciona ningun proceso de afinacion reductiva bajo condiciones basicas. Con
los conocimientos de D1 y los problemas de racemizaciéon explicados arriba, el
técnico con habilidad ordinaria en la materia no podra verse motivado a efectuat
una afinacion reductiva con un aminoacido quiral en condiciones bésicae‘x/flos
datos de analisis enantiométicos proporcionados en D1 solo muestran la
presencia del enantidomero deseado al final de la reaccién, después de la
purificacion, y en ningin momento permiten deducir que la amina intermedia sea
chantioméricamente pura, como la de la presente solicitud antes del proceso de
transformacion en valsartan.

Cabe anotar que aunque no se muestra que el aminoacido quiral no se racemiza,
bajo las condiciones de afinacién reductiva en medio acido, nada puede decirsc
respecto a la racemizacién en medio basico, ya que las rutas mecanicas para la
racemizacién _no son las mismas a diferente pH. Por ejemplo, bajo
condiciones acidas el mecanismo de racemizacion involucratia enoles y no
enolatos. Adicionalmente, las tasas cinéticas para la racemizacion no serian las
mismas a pH 4cido que a pH basico. Como se sefiala en las lineas 7 y 8 de la
pagina 9443 del anexo 2, Jas tasas de racemizacién de los aminoacidos dependen
del pH y son complejas. Por lo tanto, cn vista de D1, el cual se relaciona con la
aminacion reductiva pero ilustrada solamente bajo condiciones écidas, la
eleccién de llevar a cabo la afinacion reductiva en condiciones basicas con un
aminoacido quital no es directa cuando lo que se busca es evitar la racemizacion
durante el proceso de fabticacién de una droga como el valsartan. Es asi como la
falta de racemizacioén, cuando se emplea un aminoacido quiral de formula (IIb)
en una afinacién reductiva bajo condiciones basicas de un bifenil aldehido
sustituido con tetrazol de formula (I1a), es sorprendente. En consecuencia, la
materia objeto de la reivindicacién 1 es claramente inventiva por sobre D1.

En una segunda variante, un compucsto de férmula (IIb), en donde Z3
comprende un hidroxilo esterificado, reacciona con una amina primaria de
formula (I1a) mediante una reaccion de sustitucion nucleofilica para propotcionat
una amina secundaria de férmula (Tlc), la cual es luego transformada en valsartan.
Alternativamente, un compuesto de formula (ITlc), en donde Z3 comprende un
hidroxilo esterificado, reacciona con una amina primaria de férmula (I1a)
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mediante una reaccion de sustitucion nucleofilica para propotcionar una amina
secundaria de formula (ITIb), la cual también puede transformarse en valsartan.
La diferencia técnica entre la preparacion de valsartan de acuerdo con los dos
métodos alternativos de esta segunda vatiante del proceso de fabricacion de
valsartan, y la preparacion de valsartan de acuerdo con la presente solicitud es el
uso de la afinacion reductiva en condiciones basicas en donde el bifenil aldehido
sustituido con tetrazol de férmula (I1a) reacciona con un aminoacido quiral de
formula (11a) para proporcionar, sin racemizacion, una amina secundatia de
f6érmula (Ic).

Consecuentemente, partiendo de la segunda vanante de D1, el problema técnico
objetivo que subyace a la presente invencién es proporcionar un método nuevo y
econdmicamente atractivo para preparar una amina secundaria quiral intermedia
para la preparacion de valsartan. Aunque D1 contiene ensefianzas relacionadas
con la aminacién reductiva, como se establece arriba para la primera variante, el
técnico con habilidad en la materia no se veria motivado a intentar la aminacion
reductiva empleando un aminoacido quiral bajo condiciones basicas.

En cuanto a D2,dicha anterioridad divulga un método para la fabricacién de
antagonistas de angiotensina II de férmula 1, los cuales no comprende al
valsartan. De acuerdo con D2, una amina secundaria de férmula 2 (esquema 2a)
puede pteparatse mediante una reacciéon de aminacién reductiva, en particular
como se ilustra en la seccion experimental, bajo condiciones icidas. Como D1
D2 guardan silencio respecto a procesos de aminacion reductiva en condiciones
basicas llevados _a cabo dentro del proceso general y no como un proceso
secundario e independiente, Por lo tanto, de la lectura de D2 y conociendo los
problemas de racemizacion (discutidos arriba) y las_diferencias entre los
mecanismos de racemizacion para la aminacién reductiva bajo pH basico y bajo
pH Acido, la persona con habilidad en la matetia no habtia encontrado cn D2 un
indicio que lo llevara a realizar una aminacion reductiva bajo condiciones basicas,”

con un aminodcido quiral no setia obvio, particulatmente en el contexto de la

fabricacién industrial de una droga comercial como el valsartan, a partir de la
combinacién de D1 v D2,

En vista de lo anteriot, es claro que las reacciones reclamadas en el proceso de la
solicitud son novedosas e inventivas por sobre lo establecido en el estado de la
técnica citado por el examinador, patticularmente considerando que la totalidad
del proceso reclamado se lleva a cabo en medio basico, en tanto que en D1 y D2
parte del proceso se desarrolla en medio acido y otra parte en medio basico.

Por lo tanto, es clara la violacién por la indebida aplicacién del articulo 18 de
la Decisi6n 486 en la medida quc el atte previo no ensefia ni sugiere como levar
a cabo las demas reacciones en un medio icido y el examinador no proporciona
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evidencia alguna que demuestre que dicho conocimiento ya formaba parte de los
conocimientos propios del técnico con habilidad ordinaria en la materia.

Teniendo en cuenta lo dicho antetiormente, solicito a usted lo siguiente:

a) Que de conformidad con lo previsto por los articulos 3 (inciso 3); 35 (inciso 2)
y 59 (inciso 2) del Cddigo Contencioso Administrativo se consideren y se
resuelvan TODOS los argimentos y TODAS las cuestiones planteadas asi como
las que aparezcan con motivo de éste recurso. |

b) Que se revoque la resolucion No. 23612 de 30 de abril de 2010 expedida pot
el Superintendente de Industtia y Cometcio, y se proceda a conceder el privilegio
de patente de invencién a la solicitud de mi mandante.

Sefior Superintendente,

{

ILIA MARIA RODRIGUEZ
C.C. 41.654.882 de Bogota.
T.P. 20824 CS]
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L. INTRODUCTION

Stereachemistry and chirality are of fundamental importance in modern chemisiry’. Since the first
studies of Pasteur on optical activity there has been a steadily growing interest in the synthesis of optically
pure coppounds, In the early 1980"s an explosive growth in the number of publications on stereospecific and
stereosclective reactions took place, probably initiated by the widespread recugnition of the importance of
using bioactive substances in optically pure form, Racemization, on the contrary, has drawn scarce attention,
despite the fact that it often is of essential importance in the industrial synthesis of optically pure compounds™.
The literature on racemization as the main topic is sparse and mainly focuses on amino-acids and related
compounds, and often deals with the avoidance of racemization, e.g in protein synthesis. Racemization
procedures are ofien mentioned only briefly in connection with resolution processes. Moreover, because of
the importance of the subject for industry much information is hidden in the patent literature, The aim of this
rzview i5 to present an overview of available methods and their scape, with the emphasis on information
obtained from the patent fiterature (1967-1996) and io discuss the statz of the art of racemization.
Racemizations of fnorganic and organometallic compounds ere not included.

Notwithstanding the revolutionary advances in asymmetric synthesis, the resolution of racemates is still
the most important approach in the industrial synthesis of optically pure compounds, as it is often the most
economical and convenient way to prepare enantiopure compounds, The main disadvantage of a resolution
compared to an enantiosclective synthesis is the maximum theoretical yield of 50%. Therefore, racemization
of the unwanted isomer Is of critical importance for economically- and envirenmentally asceptable
resolutions. In the development of an industrial resolution procedure the racemization of the unwanted
enantiomer often presents one of the mast difficult cbstacles. [n many cases rather harsh conditions are
necessary, leading to product decomposition, or the substraie has 10 be modified to make racemization
possible. Thus, racemization ean easily become an cconomical bottleneck.

Racemization is defined as the Inreversible formation of a racemate from a pure enantiomer and is
always associated with the tatal loss of optical activity, Therefore, compounds which meemize casily arc
referred to as optically lablle. The inversion of one stereocenter in a compound containing several
stereocenters is called an epimerization (this leads to change but usually not to complete loss of optical
activity if at least one stereccenter in the substeate remains unaffected), Because of this change in opical
rotation, epimerization is also referred to as mutarotation, especielly in the case of carbohydrates.

k| K
(R} T (5) (R)-(S)W (8).(83
Racemization Epimerization
ki=k.1 ki®k-|

Figure 1. Racemization and epimerization.

A racemate is defined as an equimolar mixture of two enantiomers regardless of their physical state’.
Crystalline racemates may belong to three different classes: conglomerates, racemic compounds or
pseudoracemates’, A conglomerate is a mechanical mixture of erystals of the pure enantiomers, whereas 2
racemic compound consists of equal amounts of two enantiomers embedded in a regular pattem within the

(el
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erystal. A pssudoracemate is formed if two enantiomers roexist in an unordered manner in the crystal, thus
forming a solid solution. The type of crystalline racemate formed depends not only on the stucture of the
tompound, but also on temperature or pressure. Several examples are known where cne form may be
converted to another if temperature or pressure are changed.

® ®)(S) ®RrA K, R)B

U — e ® H e (RUS) ﬂ

® (SMS) oA (5B
Asymmetric Transformation - Dynamic Kinetic Resclution

Figure 2, Asymmetric transformation and dynamic kinetic reselutiog.

In an ideal resolution procedure the racemization should cccur simultaneocus with the resolution,
involving an equilibrium between the two znantiomers from which one of them is removed by an
cnentioselective process. This is refered to as a crystallization-induced asymmetric transformation if the
crystallization of only onc of a pair of disstercomers (usually diastercomeric salts) s the eoantivseiective
process’. If a chiral compound forms a conglomerate in the solid state and an equilibrium exists between the
two enantiomers in a supcrsaturated solution, crystals of only one isomer can be obtained afier seeding the
solution with erystals of the desired cnantiomer. Finally, if a kinetic resolution is accompanied by an
equilibration between the two enantiomers, the process is called 2 dynamic kinctic resolution®. These
processes are clearly economically very attractive, but racerization and resolution usually require conditions
{Ze. tmperature, concentration and pH) which are often mutually incompatible. Only by finding the required
fine balance between the two, such a process can be achieved. Unforiunately, in most cases the racemization
step must be performed separately,

An important part of a racemization procedure is monitoring the progress of the reaction. Especially
when the formation of impurities is 2 problem it is necessary to stop the process at a wall chasen moment. In
most cases following the loss of optical rotation will be adequate, This method has the advantage that it can
be used to follow the progress of the reaction continuously. However, when the optical rotation is too low,
when itnputities interfere or when the solution strongly absarbs light, alternative metheds have to be applied,
ie.. spectroscopic methods, such as NMR, or chromatographic techniques’, '

2. KINETICS OF RACEMIZATION

The driving force of the racemization process can be predominantly attributed to the increase of entropy
caused by the mixing of the two enantiomers, Althgugh differences in interaction between enantiomers (R-R.
ar S-5 us. R-§ interactiong) can lead to 2 non-zero enthalpy contribution, this may usually be ignored, thus
AG®= RT In Y. This comresponda to -0.41 keal/mol (-1.7 k¥mol) at 25°C.

Two ditferent definitions for the rate of racemization have been reported!. The rate of racemizatinn can
be desceribed either as the rate of interconversion of enantiomers, or as the rate of formation of the racemate,
The interconversion of enantiorners can be described by reversible first-order kinetics® (equation 1)

jO
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R) s (5)

_E%fﬂ- BIR-EIS] @

where [S] and [R] are the concentrations of the enantiomers § and R, k) and k.| are the interconversion
constants for the R and S enantiomer respectively, and t is the timc. Initially, when onc of the enantiomers
dominates, there is a chiral medium present and k; # k.. In the solid state this difference may be substantial,
howaver, in a solution the difference will be negligible and it may be assumed that ky=k,=k. If the
tacemization starts from a pwe enentiomer R, the elaboration of this first-order differential, with the

conditions [R]o-[R}=(8]; is:
I{.__L&.._.] =2 2
2[R], - [Rlo

where [R]o is the concentration of enantiomer R at time zero and [R}. at time ©.
Racemization ean also be described as the forming of a racemate from a pure enantiomer in an
. jrreversible first-order reaction’ (equation 3)
IR) —X> (RS)
d[R]
Tda
With the condition [R]e-[R}=2[RS]; this equation can be transformed to

..
'"[[RJD~2[RSLJ”” @

where [RS], is the concentration of racemate at time t and k’ is the racemizatior constant. Whern the
racemization process is followed by the loss of optical activity, equation 4 can be transformed to:

= k'TR] 5]

u" '
| -&—'] m ' =)
where oy is the optical rotation at time zero and o at time €.

It should be noted that k'=m2k, implying that the rate of racemization equals to twice the rate of
interconversion of enantiomers. )

Anothar frequently used variable to describe racemization or epimerization is the racemization half-life
ty, (also denoted as ) which is the time required to obtain a mixture with an enantiomeric excess of 50%.

Caleulated from equation 2 this results in:

12
@ =gy ®

and from equation 4 in

In2
= 9]
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3. STATISTICAL OVERVIEW OF RACEMIZATION METHODS

Considering the literature in the period 1967-1996, nine methods of racemization can be distingunished,

and the subsirates used in these racemizations can be elassifiad into nine classes of compounds. Connting the
number of papers on the respective methods, as applied to the selected clagses of compounds provides a
useful overview of the scope and limitations of tacemization techniques. This is summarized in table 1.
Severa) conclusions from this classification can be drawn:

Based on classes of compounds:

a-Aming.carhoxylic acids and derivatives: Almost half of the total number of papers deal with amine
acids or derivatives, demonstrating the jndustriel importance of these compounds. Basc and enzyme
catalyzed racemizations and meemizations with a Schiff base intermediate are of aqual importance and are
responsible for 80% of the cases. Acid catalyzed and thermal racemization arc of lesser intcrest.
g=Alkvl-earboxylic_acids and derivatives: About 17% of the reports deals with racemization of w-atkyl-
carboxylic derivatives. These references pertain mainly to profens and chrysanthemic acids (both
industrially important compounds) which are wsually racemized Ly base- (5296) ur acid- (24%) cawlysis.
Some examples using thermal or eazymatic raceinization ate reported.

e-Oxy-carboxylic acids and: derivatives: Approximately §1% of the studied literature refers to a-hydroxy-
and a-alkoxy-carbouylic acids or derivatives, mostly involving base-catalyzed racemization (60%).
Enzyme-catalyzed racemization (21%) Is also of some importance and can be attributed exclusively 1 the
use of mandelic acid racemase. i

c-Substituted nitriles: Racemization of chiral nitriles is of minor importance, Substrates bearing an o-
hydrogen are usually racemized by base. In the absence of an «-hydrogen, racemization is pessible by
nueleophilic substitution with cyanide,

Amines: Racemization of chiral amines is generally performed by oxidation-reduction (60%), or by base-
catalysis (30%).

Aleohols and Oxy-compounds. Only 2% of the references are referring to chiral alcohols, alkoxides.
acetates and ethers. Thermal, base-catalyzed and enzyme-catalyzed racemization have been reported.
Halides: Like aleohols, only a faw sxemples are known for racemization of chiral halides (2%).
Racemization via addition-elimination or substitution seems to be the best procedure, followed by base-
catalysis. More reports on racemization of halides arc cncountered in the literature covering dynamic
kinetic resolutions, o.g. about bose-catalyzed tacemization of u-halocarboxylic derivatives.

Rotamers: Racemization of rotamers (usually biaryls) is performed themmally and iz in same cases
catalyzed by additives,

Based on racemization methods:

Base-catalvzed meemization: Almost one third of the reports deals with base.catalyzed racemizations. It is
by far the most important method currently used for racemization of optically pure organic compolinds, its
seope is large and it ean be applisd to almost all compounds bearing an acidic hydrogen at the chiral
center.

g
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Table 1. Classification Matrix of Racemization by Methods and Classes of Compouads".

Racemization Method
@ g
‘a =1
3 2,
3 E =
- g 2 g E) =
P & % 2 8 &
T % & s § 3
— Pl 5 =9 E F-
o - = b Q =
£ a8 2 & & & z = E£1 ¢
R"\
N
. )ﬁr“’ 15 5% 25 66 55 4 0 1 0 {224 (45.5%)
1
0
R)\
. j\n,& 8 a4 20 0 4 L0 3 4 | 850165%)
0
Bl
E'Rirn’ 2 3 4 0 I 2 0 2 0 | 52006%)
1
] o
B
Q 9 0 ] 1 0 7 a 0 17 (3.4%%)
R EN
Ry,
4 13 ] ] 0 27 0 ! 0 4n (9.3%)
Ry R
Ring
3 4 5 ] 2 ¥ 0 1 o] 15(3.0%)
Ry R,
x
A 1 ) 7) 0 0 0 5 0 o | 12@aw
R “Ra
Rotamets 29 0 0 0 ] 29 (5.9%)
Miscellaneous| 9 2 3 0 0 0 0 0 14 (2.8%)
Total 71 161 G2 GG 74 34 12 3 4 49z

(14.4%) (32.7%) (12.6) (134%) (15.0%) (6.9%) (2.4%) (1.6%) (0.8%)

a) The numbers in this matrix refor to tho number of roports an the indicated jtem in the period 1967-1996.

+ Sghiff-base mediated racemization: Racemization via Schiff bases are only feasible for compounds beariug
a free primary amine group at the chiral center, Nevertheless, this racemization procedurz is very
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extensively studied and is important in industry because of its application to the racemization of amino
anids,

Enzyme-catalvzed racemization: Of the total number of refersnces, 15% deal with enzyme-catalyzed
recemization. The scope of racemization by taccmases is still limited, and reainly restricted to amino acids
and derivatives (75%) and to o-hydroxy-carboxylic acids and detivatives (15%). Efforts are reported to
apply enzyme-catalyzed racemization to other classes of compounds.

Thermal racemization: The scope of thermal racemization (14%) is wide and it is an industrjally attractive
method because it is simple and cheap. The main problem with this method is usually decomposition of
the substrate when high temperatures have to be applied. Good substrates for thermal racemization are
compounds which racemize by rotation or deformation of bonds {biaryls), by pyramidal inversion or by
rearrangement of bonds; these account for more than 50% of the examples of thermal racemization.
Agid-catalyzed racemization: The scope of acid-catalyzed racemizations is more limited than that for base-
catzlyzed reactions and is usnally restricted 10 compounds capable of some form of keto-enc] tautomerism.
a-Substituted carboxylic acids and derivatives account for 87% of the substrates used.
Oxidation-reduction: Only 3% of the total number of references deals with racemization by redox
reactions. Of these, §0% refers to racemization of chiral amincs, Some racemization procedures are sather
complex (multistep), and therefore industrially not attractive. Chiral alcohols also appear to be good
substrates for this racemization approach.

Nucjesphilic gubstimtion: Racemization of chiral substrates by nuclcophilie substitution or addition-
elimination sequences (3% of the total) is restricted to chiral halides and nitriles. This mcthod, requires
that the substituent at the chixal center is & good leaving group as well as a good nucleophile. An advantage
of this method is that it can be used for compounds without 4 hydrogen at the stereocenter.

Racemization via an {ntegnediate meso-compound: Racemization in which the asymmetrdc center itself is

not involved i¢ possible by making two of the functionalities attached to the stereocenter equal, resuiting in
an achiral meso-compound. A few examples (2% of the total) of this method are known and mainly
{nvolve di-carboxylic acid derivatives or di-acetates, This method can be applied to compounds without a
hydrogen at the chirel center.

Photochemj cemization: Racemization by photochemical reactions appears 0 be a method of linle
value. Only a few examples are known (1%) and are all related to cyclopropane derivatives (chrysanthemic
derivatives),

4. RACEMIZATION METHODS

To convert an enantiomerically enriched mixture irto a racemic mixture two approaches are avaiiable,

the simplest being the addition of the other enantiomer. Obviously this will be used only under special
circumstances, such es during the measurement of phasc-diagrams or in the development of methods for the
determination of an cnantiomeric excess, Otherwise it is necessary to invert an enantiomer into its mirror
Image by physical or chemical methods, The classification matrix presented (Tzble 1) will be wsed for a
detailed treatment of the varions methods of racemization.

1202
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4.1 Thermal mcemization

Many optically active compounds can be racemized by simply hesting them to an appropriate
temperature without any additional reagent. The main requirement for the success of this method is that the
substrate must have o suffisient thermal stability under the conditions used. Therefore, the scope of this
method is limited. Slow racemization at temperatures close to or below room temperature is often refesred to
as spontaneous racemization, '

Thermal racemization can ocour by various mechanisms, Several compounds without a specific chiral
center racemize by rotation sbout a bond. Other rmechanisms involving no bond breaking are the
simultaneous deformation of severnl bonds and the inversion of hetero-atom chiral ¢centers, At higher encrgy
levels pathways mvolving the breaking or reamangement of bonds such &s tawtomerism, retro-Diels-
Alder/Diels-Alder, and radical processes can oceur, For acids and bases thermal racemization may take place
but, depending on the compound, this may also be considered as an (auto-)eatalytic process.

4.1.1 Racemization by rotation about a single bend

Compounds whose chirality depends on the hindered rotation about a single bond can very often be
racemized by heating to a sufficiently high temperature. This behavior is frequently abserved for substituted
binaphthyls. Racemization of binaphthyls 1-3 is spomtaneous. A crystallization-induced asymmetric
transformation is observed by diastereomeric complexation with CuCli-sparteie or CuClyu-
methylbenzylamine®, 1,1’-Bi-2-naphthol 1 can also be racemized in the melt which likewise can be extended
to a erystallization-induced asymmetric transformation by compiexation with chiral diamines''.

00, QO
Q0" 00 ©0 "O”" ©

3 X=OH, Y=NH,
350
we |
Figure 3. Thermally racemizable bisryls.

Racemization in the solid state at 150°C is observed for binaphthyls 4 and S, These compounds form
polymorphic crystals, and racernate and conglomerate ean coexist in a wide range of temperature, Derivative
4 forms a stable racemate between room temperature and 197°C, apd a conglomerate in the range 197-204°C.
In this easc a erystallization-induced asymmetric tansformation can be performed at 204°C by a solid-melt-
salid conversion, or by 2 solid-solid conversion at 197°C™, For 1,1'-binaphthyl § the temperature ranges are
om temperature to 145°C (racemate) and 145-158°C (conglomerate)”, 1,1’-Binaphthyl 5 ecan also be
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racemized in solution which can be catalyzed homogeneously by formation of a radicel anion or
heterogeneously by activated carbon, modified carbon catalyst, electron-donor surfaces” or platinum*.

A study of the solvent effect on the racemization of biphenyl derivative 6 showed that the irversinn rate
of the dianion was accelerated going from a water 0 a DMSO solution. This was cxplained by desolvatation
of the dianfon in DMSO'.

The bridged biphenylcarboxylic acid 7 racemizes in o-xylene at 50°C (ty=53 min.). A erystailizavon-

induced asymmetric transformation of 7 was ubserved via diastereomeric salt formation with quinidine”. The
racemization of bridged biphenyls 8 and 9 have been studied. The experimental activation energies were in
good agreement with those caleulated by MM methods™.
A first-order asymmetric transfonmation was observed during the asymmetric Ullmann reaction 10 non-
racemic Biaryls 11 and 12 (Scheme 1). Initially, in the Ullmann reaction af 10 to biaryl 11 a2 A/B ratio of
62/38 was observed, which under thermodynamic equilibrating conditions in solution changed to A/B=93/7.
Refluxing 2 mixture of 12A and B in DMF with Cu{0¥/Cu(l,]]) for two days resulted in a A/B ratio of 3/]
while refluxing in DMF without a caralyst resulted in a A/B ratio of 1/3".

R" R' R' - -
M@—@—Br‘g‘%&’—& McDOMc + M:O—Q—%Q(\—OM‘:
MeQ OMe MO Me® OMe OMe MeO MeQ OMe OMe

10 i1A 11B
62% (Initially) 854 (initially)
93% (zfier 40k of reflux) 7% (after 40h of reflux)
reflux |
d
Zdays Me R *K j
IZA IZB

with Cu(0) 7 Cu(,11): Ri5=3:1
withaut Cu(0) / CullH): ReS=1:3

Scheme 1. First-order asymmetrie transformation of biaryls.

The chirality of nicotinamide analogue 13 is also the result of hindered rotation (atrapisomerism).
Thermal racemization of 13 is solvent dependent and the highest inversion rate is obralned by performing the
reaction in an apolar solvent such as hexane, This is explained by assuming that ratation about the Az-C(Q)
bond Is coupled with rotation about the C(0)-NMe; bond (scheme 2). An apolar solvent will dacrease the
double bond character of the C(O)-NMez bond and facilitate this coupled rowation®,

©

@\
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Scheme 2.
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4.1.2 Racemization by simultaneous deformation of sevaral bovds,

Sometimes racemization is only possible by simultanecus rotation and stretching of several bonds.
Typical examples are the helicenes which can undergo thernal racemization, because epparently the helical
configuration is mare flexible than expected. [9]-Llelicene, for example, racemizes in 10 min, at 380°C
{AG*=43.5 keal/mol)** and [11]-helicene at 400-410°C%. It has besn demonstrated by isotopic labeling thet
the racemization is not the result of a double infernal Diels-Alder, but is most Jikely fe oceur through bending

and swetching of bonds without breaking them. Heterohelicenes show a similar behavior™.

Other examples are the ‘crown-te-crown’ intcreonversion of cyelotriverstrilene 14 at room temperature
(AGR=26.5 keal/mol)® and the thermal ring inversion of chiral substituted cycloostatetraenes such as 15%.

‘Fk\’ 2 aa X
O O ° ©
ORI = ol Y o

Ro 1 a C?l

&l

14 15 O 16

Ct Cl

Cl ~

f
@ B f’*‘: e “K:r” .
M
@\ Fh b "'»P:p'
17 18 19 (X=08)
Figurs 4, Thermally racemizable compounds.

4.1.3 Racemization by pyremidal inversion of a heteroatom chiral center.

Compaunds with 2 chiral center at a heteroatom bearing thres substituents and a lone pair of electrons
(ie. amines and suifowxides) can recemize or epimerize by a pyramidal inversion of this center.
Perchlorotriphenylamine 16, a propeller-shaped chiral compound, racemizes at 120°C (AG%=31.4 keal/mol),
but this racemization does not oceur by 2 nitrogen inversion but is assurned to proceed by a ‘two-ring flip’
mechanism®. Examples of pyramidal inversions are the racemizations of compounds 17 and 18, Chiral
sulfoxide 17 racemizes at 200°C in xylene (AGH=38.6 keal/mol)” and chiral aziridine 18 in carbon

tetrachloride (AG*=24.4 keal/mol)2.

4.1.4 Racemization by a rearrangement.

It may be suggested that allyl p-tolylsulfoxide 20 mcemices by inversion of the chiral hetercatom
(AG*=24.7 kealimol &t 51°C in benzene). However, a stidy of the racemization meshaniem using iaotopc
labeling revealed a reversible [2,3]-sigmatropic rearrangement which proceeds via a lower energy reaction

path (scheme 3)%%, The optical stability of chiral sulfoxides hag been reviewed by Solladie®,

1403
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i i b M
cadialloadis

b1 achiral
Scheme 3. Racemization of allyl p-tolylsulfoxide,

Unlike the previous exarmples where no bonds were broken this is the first example of a thermal
racemization which oceurs through the reorganization of bonds. Several types of rearrangement may lead to
racemization, e.g. the alkaloid vincadifformine 21a, which is raeemized in 20 min. by microwave irradiation
in DMPF", and the racemization of its derivative 21b by refluxing in dichlorobenzenc for 14k in a yield of
78%", A successive retro-Diels-Alder/Diels-Alder reaction is responsiblc for this remarkable simultancous
inversion of three chiral centers (scheme 4},

o i ~NOn Aii\’ N»/.j:j

COOMe COoMe CUOMe

213 (X=H)
21b(X=8r)

Scheme 4. Racemization of vincadiffomine.

The racemization of oplically active tertiary phosphine oxides or sulfides 19 (especially R=Ph,
“NORPHOS") alst proceeds via a (rctm)—Dze}s-Alder reaction in the presence of {di)-cyclo-penta-13-diene

at 160°C in yiclds exceeding 9095,
A comparable mechanism is suggested for the racemization of heterobiaryls 22. In contrast ta other

biaryls this mechanism does not proceed by rotation about the N-Ph bond bt by reversible ring opening and

closure (scheme 5.
X
<30 ~ «Q -0 — 30

2! X=08
Bcheme 8. Racemization of heterobiaryls.

It has been suggested thal racemization of oxazolebenzodiazepinane 23 occurs via ring opening 10 an
achiral quaternary iminium salt intermediate (scheme ), After seeding a supersaturated methanolic sclution
of racemic 23 with one of its pts snantiomers at room temperature, a erystallization-induced asymmetric
transformation is observed and aptically pure (8)-23 is isolated in & yield cxcecding 70%%,
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Scheme 6, Racemization and asymmetrie transformation of oxazolebenzodiazepinone.

Other examples of racemizations involving ring opening reactions andfor rearrangement of bonds are
given in figure §, Racemization of furanones 24 can be performed by heating under neutral conditions which
is probably the result of a ring opening and subsequent ring closure of the eyclic ketal, Racemization of 24b
can also be performed under weakly acidic conditions which probably involves a furan derivative. A dynamic
kinetic resolution of S-hydraxy-2(5H)-furanones 24a was obtained conducting 2 lipase catalyzed acetylation
in quantitative yleld and ee’s up to 100%*. In the rase of 5(R)-menthyloxy-2(SH)-furanone 24b
tpimerization leads to a crystallization-induced asyrmmerric mansformation with 2 yield of 0% of one

diastereomer’’.
Y
N

24a (R-eH 26 (X=OH, CHzR
24b (Rementhyl) RaAr, eyelobexy!) 27 (R=EtBZ!)

Figurc 5,

Spiro-oxindoles 25 are racemized by heating in DMF at 80-200°C for at least 24 h™ and
tetrahydroisoquinoling derivatives 26 by heating at 180°C for 5 min in vacuo™. Racemization of chiral
chromenes 27 follows a first~order reaction at temperatures between 70 angd 83°C in different colvents. A
persuasive mechanism involving z dienone intermediate is postulated®.

Racemization is alse possible by slimination of a substituent from a chiral center followed by
reattachment. This is the case with chloralidone 28 which s racemized in aquecus mediz at room
temperature via elimination-zddition of hydroxide (AG’—“«ZI.G keal/mol). A study of the kinetic and activation
parameters of the reaction revealed dynamic equilibria viz a carbonium and ammonium intermediate (scheme
.

€l SONH, [ o soam Gl SO,

GoH  -OH" @ g OH

@ T O o @?m

28 0

Scheme 7. Racemization of chlortalidone.
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Another example Is the racemization of 1,2-dihalogeno-cyciopentancs or cyclohexanes 29 in a trans or
threo configuration which shows first-order kinetics. It is proposed that this is the result of a diaxial-
dlequatorial rearrangement involving a halonium intermediate (scheme 8),

(nD:V - I:jafr@

29 X, Y=CLBr;n=12
Scheme 8,

4.1.5 Racemization involving a tautemeric equilibrium.

Compounds bearing a keto finction in an o-position to a chiral center can racemize through a keto-enal
equilibrium. Thermal racemization of ct-alky! substituted carboxylic derivatives which follow this mechanism
are summarized in Table 2. The important phanmaceuticals naproxen and ibuprofen can be racemized
thermally. Naproxen 33a is racemized in +-BuOH at 140°C* and ibuprofen 34 is raccemized at 220°C", The
oyolopropanecarboxylic acid ehioride and bromide 38a are recemized thermally at 100-200°C, This
racemization does not oceur vie ring opening but via enolization or ketene formation,

Table 2. Thermal Racemization of c-Alkyl Substituted Carboxyl Derivatives.
'@)\”/ COOH
Ry
302 (R,=Cl, R, =OH)
(Rﬂr-)’r, c_yclo-Pr)

30w (R =R =CD (X, YHal, H, aikyl,
alkoxy, CH,Hal, 0-C-0)

2a (R=H} 35 (R_C: Br)
Erntry Compound Racemization conditions Yield (%) Ref
t 30a inert solvents (hydrocarbons), T=150°C, N, 3-12h nr 43
2 30b inert solvents (hydrocatbons), T>150°C, N2, 3-12h n.r 43
3 3 liquid or vapor phase, T=200-350°C, inert atmusphere. nr. 44
4 2 200°C, 1 hour 99 45
5 33a t-BuOH, autoclave, 140°C, 22 h nt, 46
6 M heating in the mely, 220°C nt. 47
7 35a 100-200°C during 12 h under N, in hydrocarbon or ether nr 48
a) a.r. = not reported.
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Table 3. Thermal Racemization of Amino Acid Derivatives }~IIH
Ry ~COOH
36
Entry Ry R Racemization conditions Yield (%)  Ref
1 HoN(CH3).- H Ha0, Glycal, 120°C, 24 b 95 49
145°C, 24 h 75 50
HO CHy— H,0, 170-200°C, 30 min n.r. 51
2 j@’ H H,0, 175°C, 2 h nr. 2
"o
3 Ph H H;O, 160°C, 6 h 65 53
4 HOCH: H Hy0, <150°C, 3 h, autoclave 84 54
Hz0, 200°C, 60 kgfem®, 1 h 90 55
5 - Ph CH;CO H;0, 150°C,6h 94 56
6 Bz CH;CO hydrocarbon, >130°C, few h nr. 57
7 all amino acids CH,CO meit, 100-200°C, N3, 30 min 100 58
3 -CHz-Cliz-CIE-CO- melt, 205-250°C, N2, 4 min n.I. 59

a} n.r. = not vepored.

The industrially impertant thermal racemizations of amino acids and their derivatives withour any
catalyst are known 10 proceed with relative difficulty, especially in 2quenus solutions, These racemizations
arc performed at high temperatires and ofien under pressure. The attractiveness of such methads is that they
are relatively cheap and therefore industrially atiractive, The critical featurs of thermaily racemizing amino
acids and derivatives (31) is its performance with a minimum amount of product decompositioa. Thermal
racemizations of amina acids and derivatives are summarized in table 3.

4,2 Base-catalyzed racemization.

Basz-catalyzed racemization is a well-known, and probably the most frequently used, msthod for
racemization or epimerization of optically pure compounds. It usually invelves the removal of a hydrogen
from the chiral center to form a carbanion. This carbanion must be stabilized by adjacent groups such as keto,
ritrile, nitro or other functionalities (scheme 9.A), or by a reversible elimination of a B-substituent (scheme

9.B}.
]

X  base X
X{ —_— \16 PO \rx X= G(O}, GN, NOy, ot2. etc,
base @
L \]6\1- — \f’ -

Scheme 9. Mechanisins for base catalyzed racemization,

Base-catalyzed raccmizations often require the preparation of a derivative with an enhanced acidity.
From an industrial point of view this i3 undesirable as it intreduces additional reaction steps unless the
dedvatization is reversible and can be pesformed in situ. In general, optically active subsirates can undergo
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either racemization, retention or inversion in base-catalyzed reactions. Whether readdition of the removed
hydrogen occurs predominantly 2t the same side as from which it was removed (retention), predominantly
from the opposite site (inversion) or at random (recemization) depends on several parameters lixe solvent,
substituents and character of the base.

In apolar solvents removal of a hydrogen by a base results in an intimate jon pair and readditien of the
proton may lead to some preference for retention and therefore to a relatively slow racemization. In 2 protic
sclvent a solvent scparated jon pair is generated. Readdition occurs predominantly from the opposite side
resulting in a net inversion and fast racemization®. In aprotic polar solvents anions are less solvared than
neutral species or cations. Therefore bases tend to be more reactive in these solvents than in prosiz solvents.
Amino acid derivative 37a for instance shows an-isotope cxchange which is equal to the rate of racemization
(IBuOKABuOH, ko/k=1; k. is the isotope-exchange constent and k, the racemizaton constant), However, a
net initial retention was observed for dervative 37b (kok,=2.4) which is assumed to be the result of a
combination of sterical effects and complexation with potassium ion®.

The influence of substituents is demenstrated in the racemization of chiral ketones 38, Whereas ketone
384 ricemizes with a half-life ty, of 18.4 min., ketone 38b racemizes with ty=13.7 min., both with NaOEt gs
base in EtOH at 25°C*

H\N/R R @
@I\JWN: O Y

37a(R=H) O 38a (R=Me)
37b (R=COCMe3) 38h (Re=tBu)

Figure 6.

in 2 kinetic isotope study of the racemization of optically active phenonc 39a, it was found that the
racemization proceeds with a rate equal 1o the rate of enolization following a S¢1 mechanism®, The kinetics
of the hase catalyzed racamizations of chiral ketones 39b have been studied at different basicities™.

i Me’
oD~
) 20 o)
392 (RaPh)
39b (R=Ar)

Scheme 10.

Bases generally used for rneemization include hydioxide, metal alcoholates, meral amides and amnes,
The fluoride ion can also be used as a base, as was shown in the racemization of phenylalanine derivatives.
Treatment with nBugN'F in THF at ambient temperature for two haurs leads to racemization®.

L
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Table 4. Base-catalyzed Racemization of Amino Acids and Derivatives, U :
Entry Ry 333 Rs Conditions Yield Ref
(%)
1 all amino acids H OH NaQH, H,0, pH>10, LiCl, T=100-250°C e 66
2 CH,OH H OH NH4OH, RNH;, pH=5-8, 105-116°C >90 67
3 Ph H OH NaOH, pH=11-13, 100-120°C, 1.5-4¢ h nr. 68
HO
4 e _@_cm H OH NaOH, XOH, H;0, 40-100°C 93 69
HO,
b Ho _@_CH H OH  NHj RNRg, pyridinc, basic fon exchange resin, 64 70
: MeOH, 45°C, 30 min
6 ~{CHz)>-COOH H OH 42% NaOH, 160°C, 3 h 9% 7
7 -(CHz)2-NH, H OH " (NH):804, H0, 150-250°C, 2 h 100 72
8 all amino acids H OR RO in R'COOR, 0-40°C nr., 73
9 CH(CHa); H OR NaOMe, 25°C, 20 min 93 14
10 RR'C=N-OCH»>- H OR" NaOEt, BtOH nr, 75
11 all amine acids H NR; NaQH, NaOR, NR;, 80-110°C, nr. 76
organic-solvent + 5 vol. % HaO
12 -(CH3)4~NHa H NH; NaOH, NH,0H, NaNH; in NHj, 100°C, 8 h ne. 77
13 Bzl H NH: NH;, ROH, MCl,, autoclave, 100°C 94 7%
14 all amino acids  CHsCO OQH NR3, DMSO or DMF, HOBy, 100°C T 79
CHz
15 @[jf CH,CO OH NaOH, H,0, pH=9, 70°C g4 80
N
16 Ph CH,CO OH 2N NaQH, 70°C 7 81
17 (CHp)i-8-CH; (CH;CO NH. NaQH, KOH, LIOH, ROH 85 82
18 @;Lcm NaH, DMF, 22°C, 15 min w2 &
o
McO
v _Q_CH PhCO  OMe NazCO3, DMF, 120-130°C, 2 h nr. 84
2
20 Bzl RCH.CO OR’ DBU, DBN, TMG, pH>12, RT nr. 83
21 Ph COOEt OQH NaOH, 40°C, 5 h 95 86
2 Ph COOMe QH  NaQH, NH:OQAc, MeOH-Hi0, 60-130°C, 8% 92-9% 87
23 NH;, NH2R, MeQH, H:0, 150-160°C, §-15 h 50-80 38
R
Ps1
24 [NlCONmBu KOtBy, cyclohexane and THF, I g
Ry RT-250°C,7h

8) n.1. = not reporied,

S
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4.2.1 Racemization of amina acids and related compounds.

A gencrally sccepted mechanism for the acid and base-catalyzed racemization of amino acids is
outlined in scheme 11%, The racemization is consistent with a Sg] mechanism end shows 2 Hammet relation
with fim].15 for arylglycines at pH=10. A pH profile study showed general base catalysis and first-order
kinetics”. The base-catalyzed racemizations of amino acids and their derivatives are tabulated in Table 4.
They can be subdivided into theee main classes based on the applied bases: metal hydroxides, metal alkoxides
or carboxylates and amines.

NH; NH;
Basescatalyzed: ,l\ g == /]\
R " (o[e]0) R G COOG
Ni® nu® NHY
Acid-catalyzed: — OH s *n/oﬂ
v Acoon R/J{\V( R
H qp OH
®

Scheme 11. Acid and base-catalyzed racemization of amine acids.

Free amino acids are usually racemized by hydroxides, amino acid esters by the corresponding
alkoxides, amino acid amides by the corresponding amines or hydroxides and N-acy] or N-carbonyloxyaliy!
amino acids by amines or hydroxides. The yields of base-catalyzed racemizatons of amino acid derivatives
are usually good. Factors influencing the acidity of the a-hydrogen of amino acids, and thus the rate of
racemization, are the electronegativity of the substituent R;, decrease of the negative chargs of the
casboxylate and substitution at the carboxylic and amino site™. The vse of a simplex optimization algorithm
for the determination of absolute racemization constants of amino acids gave results consistent with the
proposed mechanism and factors influencing the racemization rate™,

It should be mentioned that a substantial fraction of the literature on racemization of amino acid
derivatives is published in patents dealing mainly with the resolwion of amino acid derivatives, These
patents, in which the racemization step is described in detail neither in the body of the patent nor in examples,
have not been included in this review.

4.2.2 Asymmeiric transformations of aminp acids and related compounds,

1f the substrate in a classical sesolution of an amine aoid or amino acid derivative has a sufficicntly high
acidity or if the resolving base is a sufficiently strong base, an in situ racemization leading to an asymmetric
transformation becomes possible. '

(e}

A

NH HN JPh
i 0
CODH COOMe NH-g*
o f NH;
R Ph
41a (R=OH) 42 A3
41t (R=H)

Figure 7, Base-catalyzed asymmetric transformation of amino acid derivatives,
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A crystallization-induced  asymmetric transformstion  has been observed for N.acetyl-(p-
hydroxyphenyl)glycine 41a by the action of cxcess optically active resolution base o-methylbenzylamine

{MBA) in a hexanol/cumene sulutiun at 130°C. Optically pure amino agid derivative 41a was isolated in 90%
yield and the in situ racemization was initiated by the cxcess MBA. A study of the racemization rate of N-
acetyl-amino acids 41 showed an inductive effect of the side chain of amino acids following a Hammet-
relation (Table 5). A crystallization-induced asymmetric transformation of 41a was also observed with 2-4
¢q. (R)-2-amino-1-butanol in butanolieluens with §7% yield and 85% e’ and for phenylglycine 41b with 2
eq. (R)-MRA in hnanolixylene with 95% yield and 100% ec™, .

Table 5. Racemization rate (k. ) of N-acety) aminp acids’
R Keae (5") Q

Me 0.04 /U\

NH
p-OH.BzA | 0.23 i
Bzl 0.32 R COOH
p-OH-Phe | 3.17 4]

The 8.38
a} | €q. 41, 5 eq. (RS)-MBA, hexanol, 130°C

A crystallization-induced asymmetric transformation of 42 was encountered in the asymmetric
synthesis of B-lactams; the in situ epimerization under crystallization conditions was performed at -30°C by
EtN in Ei,0". e-Aminocaprolactam (ACL) 43, a precursor for lysine, is racemnized by strong base (NaOH,
MH4OH or NaNH;) in anhydrous NH; at 100°C during 8 h”, by sec-BuNH;z or EtzN ot 130°C during 6 h* or
by NiCl, in aleohol solutions at 95°C during 4 h'®. An asymmetric transformation of ACL 43 can be achieved
by forming a diastercomeric complex with NiCla. The reaction is carried out by reacting racemic 43 with
enhydrous NICly in an aleohel solution and the supersaturated. solution is then seeded with optically pure (I-
ACL)MIClp.E1OH at temperatures ranging from room temperature to 120°C, In situ cpimcrization was
initiated by a basic catalyst (Ni{QH); or Ni(OR);) end optieally pute ACL 43 was isolated in yields up to
86%'.

A c¢rystallization-induced asymmetric transformation of B-lactam derivative 45 is attained in the
asymmetric synthesis of cephalexin 44, In site epimerization of N-nitrosoimidazolidinyl derivative 45 is
achieved by base under slow crystallization and yields optically pure 45 in 76%, which subsequently has been
converied to enantiopure 44 (scheme 12)'™,

‘ = 3-11 days
NH; i} — )( N S dioxsn:’p-y"r.iflim 45 a
o N crystallization (4R T (2R
ooH ©
COOH
44 45
(2(RS) or 24(5)) (4-(RS) or 4(S))

Scheme 12. Asymmetric synthesis of cephalexin,
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An unusual racemization was observed for N-phthalyl-oc-amino acid chloride 46 (figure 8). It is
proposed that racemization by tartiary amines occurs via a ketene intermediate, Racemization via this method
was also observed for (O-acetyl)mandelic acid™. The ketene intermediates obtained from w-aryl-acetic acid
chorides could be trapped with optically pure pymrolidinone 47, resulting in a stereoselective esterification
giving optically pure o-aryl-acetic acid esters in high yield and large diastereomerie excess'™. Some amino
acid derivatives can be racemized under very mild conditions. Racemization of propiophenone 48 for
example was achieved by reaction with NaHCO; in CHaCl; at 40°C for 1-2 h'®.5-Substituted hydantoins 49
are easily racemized under weakly basic conditions (pH=7-9) at relative low temperatures (30-40°C). Yields
are quantitative and the racemization can be performed in aqueous solutions using phosphate buffer, NaOH™
ar basic jon exchangs resin'?.

[0:8 Pht it

] ! Pin !
N BN B HCL_ HN N
R/i\n/c] — R,{\'K'NETJ of === oo HCl, P,i'TCI
H R T
H o 3 3
456

OH Y o
C ¥l
40 O T’ H.CH HN_TrNH
Ah NHAc o
47 48 49
Figure 8, Opfically labile amino acid derivatives.

In gencral. racemization of hydantoins is mainly dependent on substitution at thz 3-positian,
polarization of the proton at the S-position and activation by substituents’®%. The simple synthesis of
cptically labile hydantoins from optically stable amino acids is 2 common methed to promete rmeemization at
the c-position ™, Another method to promote the acidity of the w-proton in amino acids 50 is by conversion
intg imidazolidines 51 via an imincether coupling with a diamine (scheme 13). These optically labile
compounds can undergo a crystallization-induced asymmetric transformation under weakly basic conditions,
and the first-order epimerization is catalyzed by amines. Starting from alanine (R=Me) and under influence of
optically pure (8)-2-(aminomethyl)pyrrolidine, cptically pure alanine is isolated in yields exceeding 50%

NHz NHZ Ry, NHZ t‘HZ N T%JHI
OR, M Ty N . . v g . ~
x I ccon == "’,.&\B’ l R/I!{\(J‘R! R "I R, xJNcoon
H NH N , crystallization WH N
50-(RS) z 81-(5) 30-(8}

Scheme 13. Asymmetric transformation of imidazolidines.

4.2.3 Racentizavion of a-alkyl or -aryl substituted carboxylic acids, esters, ketones and related compounds.
Racemization of nonstersidal antiinflammatory drugs (NSAIDS) naproxen 33a, ibuprofen 34,
hydratropic aeid 52 {R=H}) and ketoprofen 83 are collected in table 6, A general method to racemize these
compounds {s by heating with hydroxides {entry 1,5,9,11,14) or amines in inert solvents (eniry 1,2,8).
MNaproxen 332 and ibuprofen 34 can be racemized in a saturated NaQCl-solution, in which NaQC!l probably
acts as a base (entry 4). The unwanted isomer of naproxen in resolution proccsses can be ephuerized by

)

28)
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heating the salt of naproxen and an optically active amine in the mother liquid (entry 6,7,10). Profens can also
be racemized by in siti conversion into a mixed anhydride under basie conditions (entry 3,12) or by heating
with a srong basic fon exchange resin (entry 13).

Table 6, Racemization of Profeus

M'eo c:oon “coox . ‘@/J'\mu J-\cma

Ba (R=H} 3 52 53
33b (R=atkyl)

Entry Compound Racemization conditions Yield (%)" Ref
1 34 NaOR/2-propano] or EtyN/octane, reflux, 15 h n.r 12

2 34 Et:N, H;0, 1% MBA, AP, 120°C, 4h n.. 113
3 M4 0.1 eq. Acz0, NaOAc, iPrOAc, reflux, 18 h n.r. 114
4 33x,34 saturated NaOCL-solution, H,0, 80°C, 1-24 h =00 115
5 33a NaCQH, KOH, H20, heating f.r. 116
6 33a heating mother liquid of resolution with optically active aming o, 117

in DMF/H:0=95/5, 115°C, 24 h
7 33a heating mother liquid of resolution with 1-pu{olyl-ethyviamine, =90 118
antoglave, 150°C, N, 12 h
8 33a DBU, DBN or DABCO in inert polar solvent, 80-100°C, 3-9 h =30 119
9 33a NaOH, KOH, NaOR, KOR, inert polar solveni, T>100°C, »24 b »90 120
10 33a heating mother liquid of resolution with MBA, inert solvent, RI. 12]
80-15€°C, 548 h

1 33b NaOH, KOH, 2-sthoxy-ethanol, reflux, 5 h G5 e}
12 52 (R=H) Acs0, pyridine, reflux I 123
13 52 strong basic ion exchange resin, anhydious WL iza
14 33 NaOH, methylisobutylketon, 70-100°C n.r 125

a) n.r. = hot reported,

A crystalhiZation-mguced asymrmetric transformation was achieved with the methyl and cthy! esters of
naproxen 33h, which form conglomerates. In a supersaturated solution of 33b and a base (e.g. NaOEt, DBU,
DBEN) in ethanol at 25-70°C, erystallization with seeding rcsulted in the isolation of optically purs (R)-33b
with yields of 63-87%4,

CUOH 0 2 CO0Me R \/k o, _A00H
- Cl
cooH O coon OOk ﬁ“
32 34 551 (Ry=Ms, Rg=Ag) S56a (n=!)

55b (R,=H, Re=Ac, PhCO) 56b (n=2)
Figure 9,

2-Aryl-succinic acid desivatives 32 and 54 are racemized by initial conversion to their dimethyl esters,
Subsequent beating with NaOMe in MeOH at reflux for several hours results in the meemic di-esters which
are finally hydrolyzed 1o the raccmic ecids™,

7571

77
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Racemization of methyl S-acctyl-B-mercaptoisobutyrate 58a is diffienlt due 1o its decomposition. The
reaction was performed by DBU, DBN or DABCO at 50-100°C for 5-10 h in solutions of methyl
methacrylate and DMR to suppress the retro«Michacl reaction and results in racemic S5a in varying yields',
Mercaptolsobutyric acid derivative 55b was racemized by DBN/NaOAc in refluxing xylene for S hina
yield of 80-90%',

Racemizaton of 3-oxo-cyclopentanoic acid 56a and 3-oxo-cyclohexanoic acid 56b was carried out by
initial conversion to the'methyl estors, treating the esters with NaOMe at reflux for 2 h followed by hydrolysis
to the racemie acids. The racemic acids were ohtained in yields exceeding 90% ™. Racemizations of other a-

alky! substituted carboxy! derivatives are summarized intable 7.

Table 7. Racemization of a-Alkyl or -Aryl Substituted Carboxylic Acids, Esters, Ketones

aad Related Compounds.
A \ coox ﬁb\ Jkrcmun M, COOH

Ry

30u (R;~CY, Ry=OH) 35 (R-C'l.Br) 5& (R=H) 58

30c (R,=OCHF,, R;=OR) I5H (R-ORY) 58b (R=Ef)

3 (R|'C| RzﬂAr)

Entry Compound Racemization conditions Yield (%"  Ref
1 30a 50% aqueous KCH solution, 136°C, 5 h. 98 131
2 e alkali metal hydroxides, anhydrous alcohal salurinns, 60-100°C 90 132
3 30d DBU and DABCO nr. 133
4 35b alkali metal hydrides or alkali metal alkoxides, 20-200°C e 134,133
5 5%a half-life ty, =1350 h (EtOH, 27°C) nr. 138
6 58b ty, =80 h (EtOH, 27¢C), t;=24 b (EtOH, 47°C) n.r. 136
7 58b NaOFEt, EtOH, -10°C n.r 136
g 59 arnine, heating, organic solvent n.r. 137
9 60 heating mother liquid of resolution with quinine, NaOQEt in IPA n.L. 138

2) L. = not reparted.

In the synthesis of 4,6-dimethyl-7-hydroxy-nopan-3-ones ‘57 four diastereomers are obtained from
which only diastereomer 57b (8,5,5) shows sex attraction activity. The unwanted diastereomer 57a can be
epimerized with XOH or NaOH and 57¢ with DBN, EtsN or acid at temperatures around 100°C. The
obtained diastareameric mixtures can be separated by column chromatography (schemc 14)"’

DBNor EI,N
KOH/R >100 °c

>100 or B* 50-100%¢ WA

OH {HCT, AcOH, p-Tos-OH}
(RSR] -57x (S:-S)-57b (RSS)- «.m

Scheme 14, Epimerization of 4,6-dimethyl-7-hydroxynonan-3-ones.

A crystallization-induced asymmetric transformation was observed with covalent diastereomers of 61
(scheme 15). In situ epimerization is induced by a catalytic amount of DBN at 25-60°C in a mixtuze of
EtOAs¢/Hexane, and under crystallization conditions optically purs 61 js isolated and converied to the

1 8
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enantiomerically pure ethyi ester, a compound with analgesic and anti-inflammatory activity™. A first-order
asymmettic transformation could also be aitained with menthone 622 which after thermodynamic

equilfbration in 2 solution of NaOMe/MeOH gives an excess of (-)-62b'".
H;C
HC - cat. DEN_ 5 o

H ¢rystallization

ST QT R T O
3

CHy Q
61
Me Me MeVMc
&0 NaOMe/MeOH GO
Me e

CHy
i

{-}-61a (+):62b
70% 0%
Scheme 15. .
. A study of the solvent control in the racemization of nitriles 63 and 64 and their amide and ester

analogues showed a large increase in the racemization rate (~factor 10°) going from MeOH to DMSO, The
kineties of these reactions were studied by hydrogen-deuterium exchange® and the results were explained by
different solvation of the base and the substrate in the solvents used. A stmilar study of the isotope effcet in
the racemization of 2-phenyl-propionitrile 63 by NaOMe at 10°C showed an increasing racemization rate
with increasing concentration of DMSO in DMSOMeOH solutions'™. A kinetic isotope study of nitriles 63
and 65 in the reaction with bases KOMe and KOtBu in deuterated methanol, tertiary butyl alcchol and
DMSO, showed either retention, inversion or mecmization depending on the subsiraic, solveat and base

used'™.

CN N /[\ -0 o-

PhsC” T CN @

63 64 85
R N | —0 N
AU Ry o0 O
()
_,0 >
O o
66 (R=CI, Br,F, Me) &7 6%
Figure 10,
. Epimerization of cyclopropanccarboxylates 66, used as pyrethroid insecticides, at the benzyl position is

induced by base (e.2. NHj, Et;N, morpholine) in aprotic polar solvents (preferably EGN in acetone at 20°C
for 15 h). A crystallization-induced asymmetric transformation of 66 (R=Br, cis, delamethrin) can also be
achieved'™, Epimerization of 66 can also be performed with insoluble busic catalysts (e.g. alumina, talc,
alkali carborate, basic ion exchange resin, Ca0, MgQ) in apolar or aprotic polar salvenis at ternperatures of -
20 to 150°C, These reactions can be carried out by passing the substrate trough a columa of the catalyst'®.

784
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Racemization of the nitrile derivative of naproxen 67 is accomplished by a strong basic ion exchange
resin (OH) in an organic solvent'™. Tofisopam 68, a psychovegctative regulator, is panially racemized by
KOtBu at 100°C™.

4.2.4 Racemization af u-hydroxy carboxylic acids, esters, ketones and related compounds.
The racernization results of o-hydroxy carboxylic acids, esters, ketones and related compound are
collected in table 8.

Table 8. Racemization of o-Hydroxy Carboxylic Acids, Esters, Ketones and Related Compounds.

OH o) :
: CH OH
CODR N
©)\ S @’\/‘\com Hooc)ﬁ/ COoH
$9a {R=H]) o ~coom At/ OH
69b (R=Ft) 0= Tia (R=H) 7
69¢ (R=()menthyl)  © 70 7ib (R=EV)
o OAr O_
%, 0 COUH
ﬁ"’kg’ \O c)*coon I'moc\)\cm:na: \&1
73 74 7Sn (R=H) 71
76b (R=Ac)

Entry Substrate Reaction Conditions Yield (%) Racemization (%) Ref
1 69a alkali metal hydroxides, water or alcohol nr. 100 162
2 69b Na, toluene, 25°C, 5 h 44 100 148
3 69c  1* order asymmetric transformation, KOH/EtOH n.r. (SY(R)y=54/46 149
4 (=)-70 Et:N, CH:CN, 0-350°C 88 100 150
5  (RS}70 2™ order agymmetric transformatien, E,CO,  80% (8)-67, 151

DDU, 15-40“0, ] h 84% [+
i Ta AT, basa (g.£. NaDAe, pyridine, EuN), Ac0 nr. nr. 152
7 71k NaH, toluene, reflux 87 100 153
8 72 alkali, H,0, reflix, 5-8 h, via meso-tattaric acid n.r. nr 134
2 73 PPh;, dialky! azo-dicarboxylste, DBU or DBN 69 100 153
1¢ 74 NaOR, KOR or DBL, anhydrous inert solvenis nr. 100 156
n 75 WNaDEt in EtOH nr. 100 157
12 76z NaQR, KOR, DBU, DBN, RT-120°C, nr ' 100 158
with or without solvent
13 T6a NaOH or KOH, 145°C nr. 160 159
14 76b Ba(OH), NaOMe, KiCOs, NaOAc, >90 160 160
heated anhydrous solutions
15 yil NaOH or KOH. H.0Q. 140-160°C. 5 h 90 100 161

a) I.T. = not reportad

Mandelic acid 692 was racemized by refluxing or heating with alkali metal hydroxides digsolved in
water or alcohol'. Racemization reactions were studied in aqueous solutions at pH 1-12 at tmpertures
ranging from 25 t0 100°C. No racemization was abserved in aeidie solntions (less than 112N at 96°C).
Parameters effecting the first-order racemization constant are the temperature and concentration of base'®,



M- Jun-2010 15

3Z Movertis +41 b1 32 46724

9440 E. J. BBBERS el-a!.

The tantomerle equilibrum of mandelic acid 69a was studied and a pKe of 15.4 was found for the acid and
22.0 for the carboxylate'®,

An unusuzl racemization is that of 2-hydroxy~2-methyl-3-ane-butyric acid 78 under basic cunditions
which involves a tertiary ketol rearrangement of dianion 79 as shown in Scheme 16", An u-ketol
reartangement is also possible for e-hydroxy aldehydes and ketones under acidie conditions'™.

bu: ‘0, coo’
"\ CHh
Hjc&‘m" )'><°°° 000" === 3™
Qa

T on ,c to

Scheme 16. Tertiary ketol rearrangement.

4,25 Racemization of miscellaneous compounds.
Racemizations of several chiral compounds bearing 2 nitrofen or an oxygen at the chiral center are

summarized in wble 9.

Table 9. Bage-catalyzed Racemization of Compounds Bearing 2 Nitrogen or Oxygen at the Chiral

Center.
N o*
[@ !
8la (R=H)
81b (R-C1)
| Phoo N
80:NH,
U
Entry Substrate Reaction Conditions Yield Racemization Ref
%) (%o}
1 80 NaQH, NaQMe, NaHCO;3, Na;CO;, BuNOH or DABCO n.r. 100 167
2 Sla catalytic NaNHs or NaH, 100-140°C, without solvent ~100 100 168
3 81h metal atikoxide (¢.g. KOtBu), DMSO, RT-200°C >00 100 169
4 82 NeH, KH, aromatic solvents, 50-160°C. nr. I 170
5 33 NaQR or KOR, NaH or NaMH,, reflux, organic solvents >0§ 100 171
6 83 NaOR. or KOR, NaH or NaNHa, without solvent >95 100 172.
7 84 NaOMe in MeQH, 60-195°C 77 100 173
3 85 KOH in DMSO 23 100 174
9 85 AT, BuNI, ethylenimine. n.r. 100 175
10 35 1) acylation. 2) racemization: AT, formamide, NRs;, NaORor 77 100 176
KOR), protic solvent. 3) deacylation. 4) purification
11 27 Buli, DME or THF, inert gas, RT n.r. 100 127

) n.f, = not seported

A unigue epimerization at two stereocenters in one step was observed doring the crystaliization-induced
asymmetric transforrnation of (~)-narwedine 88, a compound with cardiac, analgesic and hypotensive activity.

171
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‘The in situ cpimerization mechenism involves a retro-Michae] reaction via achiral intermediate 90. When the
epimerization was carricd out under crystallization conditions in a supersaturated solution and seeded with
{-)-88, optically purc (-)-88 is isclated, which can be converted into (-)-galanthamine 89, an acetylcholing
esterase inhibitor that can be used in the treatment of Alzheimers disease (Scheme 17)7

8] o} .
sonmN -
Q! | ) |
° N— 0O; O N=— % Ne= °
—0 —0 -0 —0
(AR m

(AR
Scheme 17, Crystallization-induced asymmetric transformation of narwedine.

(-} —0

A first-order asymmetric transformation was observed for chlorobromomethanesuifonic acid 91 under
influence of an optically pure aminoalcohal (scheme 18). Under equilibration conditions in acetone the
diastereomers are present in a ratio of (5)-91/(R)-91=81/9. In a saturated solution of acetone, after seeding

‘ with optieally pure material, erystallization of one diastareomer results and optically pure {R)-91 was isolated
in 75% yield'” (note that this is the diastereomer least present in sojution).

H QH
j: ? lusﬁcéggc . ?r H crystgllim(lan
. - £T, . . il
1 80, Hm—-@ <25 50, HN— 2Nomded ot
($)-91 (R)-91 (eryswlline)

{=olution) (solution)

Scheme 18. First and second-order asymmetrie transformation of chiorabramomethanesulfonic acid.

4.3 Acid-catalyzed racemization

Compared to base-catalyzed racemizations the scope of acid-catalyzed racemizations {s somewhat
liraited. Usually two pathways ate recognized. The most frequently encountered pathway for acid-catatyzed
racemization is the protonation of a doubl2 bonded heteroatom in an a-position 1o a chiral center, followed by
abstraction of a hydrogen from the chiral center (scheme 19A), representing keto-enol tautornerism if the
heteroatom is oxygen, and imine.enamine tautomerism for nirogen. This mechanism is conceptually similar
10 base-catalyzed racemization. The protonated heteroatom enhances the acidity of the a-protor to such an
extent that cven a very weak base can affeet deprotonation.

o ’y :
(C}
+ 4 ==-=)(L=-=_= H.*H@
H H
)_“H@__.. %_gﬂm)@\

Scheme 19, Mechanisms for acld catalyzed racemization (Bransted as well as Lewis-type acids).
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Acid-catalyzed racemizafion js also possible if a substituent is present at a chiral center which, upon
protonation, is converted into a pood leaving group. This leads to the reversible formation of 2 carbocation
which is planar (unless constrained in some manner) resulting in racemization (scheme 19B). The carbocation
must be stabilized by other fiunctionalities otherwise rearangement can occrr easily, leading to unwanted side
resctions. The need for a substituent that can act as 4 leaving group combined with the need for a cation
stabilizing functionality is more restricting than in base-catalyzed racemizations, where only an anion
stabilizing group has to be present, but this mechanism is also possible with compounds lacking a hydrogen
attached to the chiral center,

Although most of the acid-catalyzed racemizations procecd by one of the gencral mechanisms depicted
in scheme 19 there are also some reactions known where no chiral center is. involved, but where
symmetrization is achieved in a different manner. Examples of such types of meermization are shown in
scheme 20.

Dicarboxylic acid monoesters like compounds 92, 93 and 94 undergo acid-catalyzed ransesterification,
As these reactions proceed via a symmetrical and achiral intermediate racemization is achieved without
affecting any chiral center directly™. Other examples of indirect acid catalyzed mcemizations arc the
heteroeyclyloxy propanediols 95 where the heterocyclic group moves between the hydroxy functons. The
intermediate 96 is symmetrical, and therefore achiral. The heterocyclic group may be thiazole, pyridine,
pyrazine or pyrimidinc'®. Compound 97 also epimerizes via a symmetrical intermediate, but here ane of the
chira! centers is stercoselectively reatanged under the influence of mercuric tiflucracerate acting as 2 Lewis
acid™, Other examples of racemizations which do not affect the chiral center can be found in sections 4.7.1
and 4.7.2,

Ry Ry R Rr R .
1 1
—_— + ROH =

OOR o 0% 0 rood  COOH
H

R, R Al

b4

HOOC” ‘COOR HOOC — GOOR
23 LL]

oH

OH
(O = Ot =y
0
N ox N~ O

9% HO
COOMe COOMe COOME

(CF;CO0NHE (CFyCO0)Hg
y * | mgocer, T
i Ing :
RN N0 87 %
I-\[;jwl: O/L‘

Scheme 20. Indivect acid catalyzed racemizations.
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4.3 Racemizaton of amino aclds and related compounds.

Acid-catalyzed racemization of amino acids is probably the mast extensively studied type of
racemization, The reason is that amino acids can be very easily racemized (according to the general approach
shown in scheme 19A), after in-sifu conversion to iminee (Schiff bases)'™ using a wide variety of aidehydes
and ketores, This method is of major importanee for the industrial synthests of optically pure amine acids and
is treatcd in detail in scotion 4.4, |

Most, if not all, free amino-gcids can be meemized under acidic conditions. The dependence of the rate
of racemization on the pH has been studied snd tumed out to be complex, viz. depending on no less than six
rate constants™ ™, Acid-catalyzed racemization requires strong acids and temperatures well above 100°C.
Racemization of alanine, valine, leucine and phenylalanine at 142°C proceeds slowest at pH's between 1 and
3™, Sore examples of this methed are collscted in table 10. Esterification of the zcid, or transforming the
amine into an amide are routinely applied metheds to facilitate the racemization under acidic condirions (see

table 10),
Table 10, Acid-catalyzed Racemization of Amino Acids and Related Compounds.
o]
COOH 1 ,U Ph
HNJK“ _Ph HNT ™~
M
8. NH M'-\s/\_).\com e “SCOoH
0 UH
o8 %9 100

Entry Amino Acid Conditians Rosults”  Ref.
1 Phenyiglycine PRSOsH (20% in water), 160°C, 6h L 185
2 Lysine Aqueous HC (10%4), 170°C, 4h n.r. 186
3 Cysteine Agueous HCI (6N), 120-140°C, 24h 81.5% 187
4 S-carboxymethyl cysteine Aqueous HC! (35%), 130°C, 30h 05% 188
5 Cystine Aqueous HBr (48%), heating, 40-45h ~ 10%° 189
6 98 Acetic acid (99.5%), reflux, 2h 45% 190
7 Phenylglycine methyl ester H280,, 160°C, 5h 8090% 191
4 99 Phenylacetic acid, 180°C, 5-10min. 90% 192
9 100 HyPQq, 100°C, 45 min. 95% 103

a} nr. = not reparted. b) Gives mixture of DL and meso-cystine, and after reduction 10% DL-cysteinz

N-Acyl amino acids are often racetized in the presence of anhydrides or ketenes. The in-situ formaticn
of azlactones 101 (scheme 21), which racemize readily under acidic conditions, greatly facilitates

g
n N
R"JL‘NH R'C0),0 R‘)LNH N’“‘{ racemizatisn N=='(
R/LYOH R/S(DY R :4 48‘/0 R/(\T,O
0 b 101 C o

Scheme 21. Formation of azlactones from N-acyl amino acids.

secenization. The case of racemization of azlactones is mainly due to the formation of an aromatic ring
system. Often an anhydride is formed which has to be hydrolyzed subsequently with an aqueous base, The
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use of relatively large amounts of anhydride and the formation of salts makes this reaction semewhat less
attractive from an industrial viewpoint, The data in table 11 revea] thet the conditions for racemization of N-
acyl aming acids in the presence of anhydride are much milder than those for unprotected amino acids.

Table IL. Racemfzation of N-acetyl Amino Acids in the Presence of Anhydrides,

Ml»
COOH = 0
. -CO0H
I@/\) : 'N . -COOH
102
Enty Amino ecid conditions Results® Ref.
1 N-aeetyl methionine AU (eat), 120°C (melt) 09.1% 194
2 N-acetyl phenylglycine A AcOH (cat), 160°C 95% 193
3 100 Ac0 / AcOH, 115°C, 30min. 96% 198
4 102 AcQ, 80°C, A5min. 03% 197
5 103 Ac0/ AcOH n.r. 198
6 104 Acs0/ AcOH, 95°C, 6h 97% 199
7 N-acetyl phenylalanine Ketene, aqueous solutlon pH 4-7, 70-80°C __ n.r. 200

a)n.r, = not reported

Cyclic derivatives of amino acids such as 105, ie imidazolidines (X=N), oxazolidines (X=0) and
thiazolines (X=S) racemize or epimerize, very easily under acid and basic conditions (scheme 22)*. In

R R
> X }‘Q{X
RHN vZ === am _Z
! > N +
103 R R
Scheme 22.

principle asymmetric transformations are conceivable for amino acids if chiral acids of sufficient scid
strength are available. However, most chiral acids are incapable of directly racemizing amino acids at
wmperatures which allow the crystallization of the salt and only a few examples of this type of asymmetric
transformation are known. N-Acyl derivatives of proline, leucine and phenylglycine can be obtained with ee’s
ranging fror 40 to 90% by preferential erystatlization from the melt in the presence of 2 catalytic amount of

acetic anhydride™,
R ¥
COOH .
COOH
NH
106 107

Figure 11

A crystallization-induced asymmetric transformation is possible for compounds 106 and 107 (R'~H,
K"=Me; R'=H, R"=gt or R’=R"=Me) with camphorsulfonic acid as resolving agent, using high beiling,
relatively apolar, carboxylic acids such as propanoic-, butanoie- and hexanoic acid as the solvent. At

"
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temperatures between 90 and 120°C racemization proceeds at an acceptable rate and the solubility of one of
the diustereomeric salts is suffciently low. The yiclds of these asymmetric transformations vary between 73
and 100% with ce’s ranging from 85 to 100%™ (additional examples ars coliected in section 4.4).

o e @m8. Mot

109 WH/Ba g NHMe
Figure 12. Racemization of hydroxy-compounds.

4.3.2 Racemization of hydroxy-compounds,

Compounds with 8 hydroxy function attached to 2 chical center may be racemized following the
mechanism shown in scheme 19B, In practice however this type of reaction is not often found. Unwanted side
reactions can be prevented only if the intermediat  .bocation is sufficiently stabilized or is unable to
undergo rearrangement, This is the cage for the examblhés given in figure 12, The racemization of compounds
1083, 109%%° and 118% requires relatively mild conditions, /e dilute acids or ion-exchange resin® and
temperatures between 40 to 130°C, Compound 111 (R=H) which is a constituent of allethrin insecticides can
be racemized by in refluxing formic asid, contalning - 2l amount of water for 48h™*. This leads to the
formation of optically inactive formate which subsequet..y 3as to be hydrolyzed. Compound 111 can also be
racemized by treatment with PBra to give the bromide (R=Br)®, or with PCl; or PCls in the presence af a
Lewis acid (ZnCl; or BFs) to pive the chloride (R=C1)™, which can be transformed into the optically inactive
hydroxy cormpound by treatment with hydroxide.

Compounds with the hydroxy group adjacent lo a carbonyl moiety wre rather racemized by keto-cnol
tautomerism thay by the formation of 2 carbocation. 4-Demethoxy-7-deoxydauromicinone can be racemized
with p-toluenesnlfonic acid afler conversion into the dimethylether 112", Mandelic acid 69a could be
partiaily racemized by treatment with talc, which has acidic as well as basic sites'. D-Tartaric acid 72 was
ragemized in the presence of meso-tartaric acid to give 74% of DL-tartarle acid. Jo the absence of the mase
acid only 50% racemization was observed*”.

4.3.3. Racemization of miscellaneous compounds.

a~Alky! a-aryl acetic acids can be racemized under acid conditions. Dibanzothiepine 113 racemizes in
acetic acid with 4N HC) at 140°C in 12 hours giving & nearly quantitative yield (scheme 23", Carboxylic
acid 30a (table 2) racemizes in the melt in the presence of a catalytic amount of sulfuric acid (140°C, 2h) or
p-loluenesvlfonic agid (220°C, 1h)* and naproxen 33a (isble 2) can be racemized by refluxing in acetic
anhydride®*.

s Me Me Me Me
@ © * "COOH )QS Lewi A
X AR
T Thed > Y
0 13 R s © 0-A0

Scheme 23. Raccmization of Dibenzothiepine and Chrysanthemie acid derivatives.
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Chrysenthemic acid and related compounds are intermediates in the synthesis of important insecticidal
pyrethrins?™. As only one enantiomer shows high activity and eavironmental regulations requires the sole usc
of this enantiomer the enantioselective preparation is of industrial importance®®. Racemization of
chrysanthemie acid derivatives 114 (R=Alkyl; X=CI, Br or anhydride) with Lewis acids proczeds by opening
of the central cyclopropane bond which leads to the simultancous inversion of both chiral centers of the
cyclopropane moiety (scheme 237, A noteworthy feature of this type of racemization is the use of Lewis
acids; as in most acid-catalyzed racemizations Brensted zcids are applied. The conditions for this
racernization are mild, requiring temperatures between 0°C and 100°C and reaction times of minules to a fow
houss™®, The reaction leads mainly to the racemic trans-isomer with only 5-10% of the racemic cis-isomer.
The dichlore compound 114 (R=X=CI) could be racemized using Bl; at 100°C for 8h, but here the
racemization was only partial®', Racemization of chrysanihemic acid derivatives is also possible by a similar,
radical initiated, mechanism. Chrysanthemic acid, its esters, anhydrides and acid halides racemize easily upon
treatment with bromides (HBr, AlBr3, BBry, FBr3) in the presence of an orgaric peroxide, an azo compound
or oxygen. The reaction proceeds at low temperatures (-30°C to room temperatwre) and also gives small
amounts of the cis-isomer’™, The reaction van alsv be initiated photochemically™.

H Hy
M N
H H /
N Zntiz N
==
o X,
s © OB,
Q o)
?«NH ?—NH
HN, ja) HCl IH;; 5 O
mc = O e
N™ 0 N o
114 H H
H
N Me aid N"\: :  Me
/@j@ il i @
M N Me c]?]'
1n7 CH;y
NMes —
&
2 £330
118 ~ct 119 o cooH
Figure 13,

Tilivailine 1158 (figure 13) epimerizes under the influcnce of a Lewis acid (50-55°C, 24h). Racemization
of compound 116 (10% HCI, 90°C, 3k)™ and Tréper’s base 117 was achieved by opening of their ring
systems™, With Trdger’s base use of a chiral ¢yclic phosphoric acid leads 10 an asymmetric transfermation
with an ee exceeding 95% in 93% yield™. The dinitrobenzoic sait of amine 118 racemizes upon heating t¢

714{2\;
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160°C for 30 minZ. Chira) sulfoxide 119 can be racemized by treatment with trifluoroacetic anhydride’™,
Finally it should be mentioned that halogen substituted carboxylic acids such as 2-chloro or 2-
bromopropionic acid can be racemized by simple heating at their boiling point?’,

4.4 Racemization and crystallization-induced asymmetric transformation via Schiff bases,

Derivatization of a funotional group eqnnected 1o a chiral center is a well known methed to affect
optical stability. The inereased leaving ability of an exchangeable group or the enhanced acidity of an
attached proton allows mild racemization conditions which can often be combined with 2 resolution process.
The aidehyde or ketone catalyzed racemization of amino acids and derivatives via Schiff base intermediates is
the most prominent example of this method, and proceeds by initial protonation of the imine followed by
proton abstraction by the acetate anion (scheme 24). This mechanism was confirmed by kinztic studics of the
hydrogen-denterium exchange of Schiff bases™.

\ 5y T X X
(5] H. (9] o
N)\H ccooy TN H H\g)\ “NT H O cHcooH H
N .l 3 N
. #ﬂi ol 3 @ Rtz i e H
R” [‘com-: A R™COOH R cooH S elelef
H H H H
+ + "
R,CHO Ci,Co0 CH,CO0H CHyCOO R,CHO
CHYCOOH u CHyCOOH
R
NHy ! NH;
H, @/1<H i
a’i‘cmu “N” CH R’L\mcn
R ™COOH
+
CHCO0

Scheme 24. Racemization of amino acids via Schiff bases.

More than 100 patents (not including equivalents) have described = combination of Schiff base-
promoted racemization with a resolution process by selective crystallization, thus affecting an ¢rystatlization-
induced asymmetric transformation. Well known examples are the asymmetric transformation of
phenylglycine 41b using camphorsulfonic acid {CSA) and salicylaldehyde in acetic acid resulting in the
isolation of optically pure 41b in 70% as deseribed by Yamada and Hongo (scheme 25)7'. Some other very
efficient examples of cryetallization-induced asymmetric transformations of amino acids are shown in scheme
26.

. SC3H
O,
NHz ];[H:

COOH . ¢hCSA ©/\coo;-1.(-w-)-csz\
eat. galicylaldebyde
(HS)-41b AtOH (S)-41b

Scheme 28, Crystallization-indnced asymmetric transformation of phenylglycine.
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HO,!
NH, NH: (+FBCA
i
Ar
COaH ] Coon yield=D2%
" [(+)}-BCA] HO ce~100%
RS)-Hpg (41 cat, salicylaldehyde (S)-Hpg (412)
@SEpp@D - OR, 00C, 12 b
[\, [+)TA) . yield=85%
NH TCODH  RCHO, nPrCOOH Nfl, "CODHE(H)-TA ee=100%
{S)Pro 900C, 6 h (R)-Prn
Q (}TA . .
. yield=70%
NH CopH  RCHOaPICOOH  “ny™ “CoQH (+)-TA e 10%
(RS»Plx 1109€, 2-10h (R)-Pis
NH /[N’}
N TA TN yleld=05%
RCHO, AcOH /L ee=100%
BN COON 800C, 1.7h HNT TCOOH{HTA
(SkHis (R)-His
s s
r NH
NH —_TA Ng D e /\/)\z yield=$5%
c&t., sallcylaldehyde HS COOM ee=100%
CooH AcOH, 80°C, 1-9h COOH.(+-TA (R)-Hey
S 3
@1 WHy .
! = °=
H eat, salicyaldehyde NH-z R Y s
COOH AcOH, 800C, 1-2b COOH.(+)-TA v

(BCA=bromocamphorsulfonic 2¢id, TA=tartaric acid 72)
Scheme 26, Crystallization-induced asymmetric transformation of amino acids.

In the synthesis of aspoxicillen, two crystallization-indueed asymmetric transformations to optically
pure D-p-hydroxy-phenylglycine (Hpg) 41a and D-aspartic acid (Asp) are used with yields exceeding 90%.
This method is very attractive bacause the same resolving agent (phenylethanesulfonic acid, PES) is used™.

NH; NHp (+FTA

COOR yTA COOR
—_— .
Ry cat. aldehyde orketon2 Ry

(RS)41r (R}-4lc

Ry=H, OH, OMe, C!

R=Me, Ec iPr Z;;'g;;:”
NH; NHz.(+)-MA
CONMy . MA CONH;
cat. zldehyde or ketone
R (RS)-41d R (R)-41d

R=H, OH
(TA=artaric acid 72, MA=mandelic acid 693)

Scheme 27. Crystallizstion-induced asymmetric transformation of amino acid esters and amides.
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Also amino acid derivatives like simple esters 41c and amides 41d can successfully be applied as
shown by work of DSM®? and Glaxo™ respectively (scheme 27).
A more detailed survey of the patent and scientific literature shows that virtually every amine acid has
been used in a Schiff bese-promoted racemizatian or crystallization-induced asymmetric transformation, A
comprehensive survey is given in Table 12 and Table 13. In more general terms the method is characterized
t:y.all amino acids and simple esters or amides can be used provided an o-proton is present and the amino-
group is not protected,
« for Schiff base formation aromatic aldehydes like salicylaldehyde or pyridoxal are preferred but also
aliphatic aldehydes and even simple ketones can be used.
» in most examples a catalytic amount of aldehyde (1-10%) is sufficient; an excess is often used for other
reasons.
» the aldehyde {or ketone) can also be used as solvent or co-solvent,
= the aldehyde can be activated by additional substituents i.e. nitto-groups in aromatie aldehydes or made
water soluble through sulfonic acid fimctions. .
» immobilization of the aldehyde can be used to simplify down stream processing.
» inmost cases additional acid or base is used to set up the required equilibrium system.
= resolving acids as well as bases can be applied together with the racemization catalyst
» simpls solvents like water, acatic acid, alcohols and ketones can be used: prefersbly one of the reactants ic
used in excess to serve as solvent.
» reaction conditions are mostly mild using reflux (50-100°C) and high concentrations {5-20%).
+ yields are generally good to excellent (70-100%).
A quantitative analysis of crystallization-induced asymmetric transformations of phenyiglycines (Phg)
and phenylglycinates 41 showed that the racemic substrate, sclvent and carbony} compound are of equal
importance in affecting an crystallization-induced asymmetric transformation™,

CHy CH, CH3
r'q{ (ercsa hi r'q_gxi 7
@:@dw T @;N "”":_—“@; NH%
=N NH
RT
Pl Ph Ph
{R5)-120a {S)»120a Yyield»9(0% (5)-121
H ee=100% ’
e %
-§_0JJ\
N
Ph 120b

Scheme 28, Schifl base-catalyzed racemization and asymmetric transformation of benzodiazepinones.

An example of 3 erystallization-induced asymmetric wansformation of en amino acid related compound
is shown in the synthesis of CCK-antogonist 121. Here a Schiff base-catalvzed crystallization-induced
asymmetric transformatian of benzodiezepinone 1204 is used and results in the isolation of opticelly pure
1202 in more than 90% (scheme 28)™. A basc-catalyzed racemization is observed for 3-O-acyloxazepam
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120b, which in fact is a Schiff base, This racemization was studied by deuterium-exchange experiments and
it was found that racemization cecurred via a keto-enol mechanism at pH 7-14%.

Table 12. Survey of Schiff Base Promoted Racemization and
Crystallization-induced Asymmetric Transformation of Amino Acids

Entry Amino acid Aldehyde or Ketone Reaction Conditions Results Ref

l L-Ser pyridoxal, H,0, pH 13, 48 h, 60°C DL 80-100% 237
salicylaldehyde

2 L-Ser CH;CHO Cu{Il)YNaOH DL-Ser 238

3 L-Lys pyridoxal, H,0, NH{OH, 100 h, 50°C DL-Lys 80% 239
salicylaldehyde

4 DL-Hpg salicylaldehyds Ha0, AcOH, D-Hpg 92%, 9%% ¢ 240

(+)-bramocamphorsulfonic acid

5 DL-Hpg ArCHO K0, H" D-Hpg, 99% 241

6 DL-Hpg  various aldchydes CH;CN, D-Hpg 99% 232,

(+)-phenylethanesulfonic acid 242

7 DL-Hpg  various aldehydes AcOH, Acy0, sulfonic acids, D-Hpg 70%, 97%ee 243
30 h, 100°C
7 DL-Phg salicylaldehyde AcOH, L-Phg 70%, 100% e 231
(#)-carmphorsulfonic acid
3 DL-Ala various aldehydes AcOH, Acz0, sulfonic acids, D-Ala 16%, 98%es  23lc

30 b, 100°C
9 L-Pro butanal butanoic acid, tartaric acid, 80°C  D-Pro 85%, 100 % ce 244
10 DL-Pia butanaj butanoic acid, tartaric acid, 80°C  D-Pia, 70%, 100% ce  244b
11 L-His salicylaldehyde AcOM, tartaric acid, 80°C D-His, 95%, [00% ee 243
12 L-lsolen salicylaldehyde AcOH, H;0, 100°C DL, 90% 246
13 Phg pyridoxal phosphate buffer DL 247
14 DL-DOPA  salicylaldehyde AcOH, H,0Q, 3 h, 92°C, seeding L-DOPA, iow yields 248
15 L-Ac-Cys salicylaldehyde H;0, H*, reflux, 12 b DL, 85% 249
6 DL-Cys - wvadous aldchydes AcOH, artarie acid, D-Cys or D-fley, 80- 250
DL-Hey via 4-thiazolidinecarboxylic acid or 90%,
1,3-thiazane-4-carboxylic acid 100% ec
17 various 5-NQ,- H;0, (BuOH, quinine, asymmetric 251
salicylaldehyde reflux transformation
18 various  various aldehydes AcOH, 1 h, 80-100°C DL,86-92% 231b,
252
19 various various ketoncs H" or AlC, 60-160°C N, 253
20 various various ketones organic acid DL 254
Zi various glyoxylic acid Hy0, AlC;, reflux - DL 255
HO
HO. .
22 various /(T. NI. 238
wﬂ:)n
23 various salicylaldehyde H,0, Al-silicate, Al;0s or Cu(ll), DL 2587
80-100°C
24 various  ArCHO boundioa various solvents, RT-100°C DL 258
carrier or resin
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Table 13. Survey of Schiff Base Promoted Racemization and
Crystallization-induced Asymmetric Transformation of Amine Acid Derivatives

Entry Amino acid derivative Aldehyde or Ketone Reaction Conditions Results Ref
! DL-Phg-esters various aldehydes or ketones RO, RT D-Phg esters, 230
(+)-tartaric acid 95%, 100% cc
2 DL-Hpg-esters various aidehydes or ketones ROH,RT D-Hpg-esters, 230
(+)-tartaric acid 95%, 100% ee
3 L-Pha-OMe pyridoxals " 50-360°C, H20 DL 259
0234
4 various esters NO CHO aleahol, DMF or H,C, pH DL 260
. 5-10
R=CH,SCH,CO0" 0-50°C
CH,0PO*
S various amides pyridoxal phosphoric acid  Ha0, metal jons, 0-200°C DL 241
6 L-Phg-amides accione AcOH, H0, reflux, 24k DL, 94% 262
7 D-Phg-amides PhCHO EtOAc, Toluene, Hy(2, DL, 94% 263
85°C, 4 h
8 various amides PhCHO acetone, KOH, H,0, 20- DL 254
60°C, 19 h.
9 DL-Phg-amides PhCHO L-mandelic acid D-Phg-amides, 233
10 DL-Hpg-amides PRCHQ L-mandelic acid D-Hpg-amides 233

Related metheds for amino acid racemization and asymmetric transformation are generally less
efficient. Hydantoins™ 49, azlactones™ 101, diketopiperazines™ and other amino acid derivatives have been
used (see also section 4.2.2 and 4.3.1). In gll these derivatives the acidity of the c-proton is enhanced.
Hydantoins ace particularly well sunited for asymmetric transformation as most hydantoins (i.e. with aromatic
substituents) racemize spontanzously under resolution conditions. Drawhack of these methads are the need to
prepare and isolate the aming acid derivatives and/or the stoichiometric reaction conditions.

4,5 Enzyme-catatyzed racemizations

An increasing number of enzymes and related biocatalytic systems are reported which aftect
racemization, sometimes in combination with a resolution resulting in dynamie kinetic resolutions. The
substrates used in these reactions have two eommon features:

« the chiral center bears a proton.

» adjacent w the chiral center Is a carbony! group or a related acidity enhancing substituent,

Amino acids, o-hydraxy aclds and related struetures cover almost all enzymatic examples known te
date. The enzymes, mostly known as racemases, often need a cofacter like pyridoxyl phosphate or a bivalent
metal ion to function propecly. As far as investigated the enzymes accept bath enanticmers as substrate.

A classification according te reaction mechanism has been given by Gallo, Tanner and Knowles™,
Depending on the number of bases at the active site involved in the racemization a ‘one-base system’ or 2
‘twa-base system’ can be distinguished (scheme 29 and scheme 30).

i,
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Scheme 29, ‘One-bage system’ Scheme 30, *Two-base system

Positively identified ‘one-base’ enzymes are o-amino-e-Caprolactam macemase, various alanine
racemases and probably also the racemases for arginine, threonine and serine. They need pyridoxyi phosplhate
(PLP) as cofactor. PLP is used to form 2 Schiff base with the amino group enhancing the acidity of the
adjacent proton (scheme 31)**; in fact this is the same mechanism as given in section 4.4. Identified ‘two-
base' racemases are proline, mandelic acid, aspartic arid and glutamic acid racemase, They do not need PLF
as cofactor®. Related enzymes are the hydantoin racemases and the racemase for 2-oxothiazolidinie-4-
carboxylate, The precise mechanism of the ‘two-base system', concerted or stepwise, is still a matter of

debate®™,
- —
S 3‘3 8H B2 E"Z’?‘H@
ﬂw : u sip
Qooc\?,a eooc - %cc\{lmk e N
Nl-x@ wp®
eboc TR o - Gboc\‘ R
o
NH? 9"“;"0 QO—P—O %4‘5-0 A
% N
®

aldlmm: sp2 lnl:rmedma

Scheme 31. Pyridoxyl pbosphate (PLF)-catalyzed racemization of amino acids.

A useful classification is not an easy task. The nomenclature of the varisus racemases i3 rather ematic
and sometimes misleading. Often the racemase is named after the first substrate studied, not necessary the
most shitable substrate. Various rasemases and their substrates are collected in table 14 which covers the
main part of the 1eports about this racemization technique. A brief deseription of these racemases is descrived
in the following notes. The best studied racemases are collected in entries 1-8, Together with modern
immobilizetion techniques these enzymes could be valuable tools in the industrial preparation of amino acids
and derivatives, in particular amino acids not available through fermentation.

y
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Tahle 14. Racemases and Their Substrates.

Entry Racemase Substrates
1 a-Amino-e-caprolactam (ACR) ACR 43, o-amino-d-valeralactone
2 Mandelic acid (substituted) mandelic acid 69, 2-hydroxy-but-3-cne
3 Hydantoin substituted hydantoins
4 Alanine 4 amino 2cids
5 Threonine 18 amino acid derivatives
6 Arginine 15 amino acid derivatives
7 Pseudomonas Putida 12 amino acid derivatives
8 N-Acyl-amino acid 18 N-acyl-amino asids
9 aminobutyric acid aminobutyric acid
10 Aspartic acid aspartic and cysteic aoid
1 Proline proline (derivatives)
12 Glutamic acid glutamic acid
13 Sulfur containing amino acids cystine?™, homocysteine'™, methionine?™ and seleninm analogues™.
14 Flavebacterium lysine and arginine?’
15 Serine serine
. 16 Miscellaneous ______ miscellaneous L

1. ACR racemase has been isolated from four bacterial sources and played an important role in the
industrial production of lysine (Scheme 32)"%. A wide rangs of cubstrates have been tested with ACR
racemase of which only ct-amino-8-valerolactone was Found to be compatible; in fact better than ACR*"".

c‘lji ijo
mcemass

NH; spe=—= iy H?.

L-43 D-43

hydeolag
N ly ¢

HOOC H,
LeLys

Scheme 32. Racemase and hydrolase-induced dynamic kinetic resolution of ACR to L-lysine.

2. Mandelate racemase is isolated from Pseudomonas putida. This racernase is rather stable, casy o jsolatc
and has therefore been studicd in detail™, A divalent metal ion, preferably Mg is indispensable for
optimal activity. Substrate specificity is mitcd. Substituents in the pheny! ring are accepted, although ng
more than one is allowed. Lactic acids are not accepted, but 2-hydroxy-but-3-ene carboxylic acid is a

. suitable substzate™, Reaction mechanism and crystal structures have been studied recently?™*°,

3. Hydantoin meemase®™ is isolatcd from Arfhrobacter and shows a high activity toward 5-substituted
hydantoins 492" with R is alkyl or aryl (Figure 14). 5-Aryl-substituted hydantoins 49k are not affected,
however they racemize spontaneously under the usual hydantoinase catalyzed kinetie resolution (sce
previous section).

&
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o B o
RCH,7L-( Arw} ~
H'NTNH HN_ NH
49 O a3 O

Figure 14. 5-Substituted hydantoias.

4. Alanire racemases have been isolated fom four different bacterial sources and are deseribed in some
detail in the literature?®, Most alanine racernases are not suitable for other amino acids with 2 notable
exception of Salmonella typhimurium (alr gen. )™ (table 13).

Table 15. Relative Activity of alanine racemase from Salmonella yphkimurinm (alr gen.)s.

Substrate Relative Activity (%)

L g

L-alanins 100
D-Alanine 93
L-Cysteine 6.3
L-Homoserine 29
L-Serine 66

5. Threoning racemase (epimerase) isolated from Pseudomonas putidz has a rather broad substrate
specificity of which many are better than threonine (table 16)™.
Table 16. Relative Activity of Threonine Racemase for Various Substrates ™,

Substrate Relative Activity (%) Suhstrate Relative Activity (%)
L-Lysine 100 L-Asparagine 12
L-Omnithine 80 L-Alanine 6
L-Ethionine 83 L-Serine i0
L-Argining 7% L-Histidine (4]
L-Glutamine 54 L-Isoleucine [
L-Methionine 66 L-Cysteine 0
S-Me.L-Cysteine 3 L-Threonine 3
g~-N-Ac-L-Lysine 75 L-Valine 0
L-Homocittulline 45 L-Proline 0
L.Citrulline 45 L-Glutamic acid 0
L-Homoarginine 24 L-Aspartic acid 0
I -Norlevelne a5 L.Tyrosina o
L-Leucine 10 L-Tryptophane 0
L-Homuswrine 22 1-Phenylalanine 0

6. Argipine racemase is isolated from Pseudomonas graveolins and shows a brcad substrate specificity.
Lysine is the preferred substrate (table 17y,

\/§
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Table 17, Relative Activity of Arginine Racemase for Various Substrates™,

Substrate Relative Activity (%) Substrate Relative Activity (%)
L-Lysine 110 [.-Ethionine 13
Arginine 100 L-Citrulline 13
€-N-Ac-L-Lysine 86 L-Homocitrulling i2
Ornithioe 44 §-N-Ac-L-Omithine 12
2,3-Diaminopropienic acid 40 L-Theanine 11
L-Homuoarginine 25 L-Glutamine 7
L-Canavanine 19 1-Methionine 4

D-2,4-Diaminobutyrate 18

Early work by Soda and Osumi resulted in isolation and characterization of an amino acid racemase
isolated from Pseudontonas putida with a rather broad specificity (Table 18y7. Twe moles of PLF per
mole enzyme arc roquired for efficient racemization. Pseudomonas putidas SCRC.744 racemizes

phenylalanine™,

Table 18, Relative Activity of Pseudomonas Putida for Various Substrates® (pH=8.3, 4:1 97M).

Substrate Relative Activity (%) Substrate Relative Activity (%)

D-Lysine 160 L-c-aminobutyrate 47
L-Ethionine 76 L-Leucine 3
D-Arginine 60 L-Histidine 1.8

L-Methionine 48 D-Glutarnic acid h}
L-Citrulline 16 L-1soleucine 0
D-2,4-Diaminobutyrate 10 L-Phenylalanine 0
L-Alanine 9 L-Threonine 0

L.Serine R.7 1L-Valine 0

N-Acylamino acid racemase Is isolated from Strepromyees atratus and oply active for N-acylated amino
acids™, Bivalent metal fons enhance the activity whickh is quite wide (Table 19),
Isoleucine producing bacteria convert racemic a-amino-butyric acid inte isoleucine in the presence of

aminchutyric acid racemase™.

. Lactic acid derived bacteria (e.g. Lactobacillus brevis and case!) produce aspartic acid racemase™. The

racemase can also be isolated from Streprococcus thermophifus or laciis; cysteic acid and derivatives can

also be used as substrates?™,

, Proline tacemase is isolated from Clostridium sticklandii end is a yemarkably stable enzyme™'. Besides

proline only hydroxyprolines are known as suitable substrates. A related racemase is isolated from
Flectbacillus with a good specificity for 5-0x0-proline and 2-oxothiazole-4-carboxylate™.

. Glutamic acid racsmase is & rather unstable cnzyme mainly isolated from lactic acid bactcria™. The

enzyrne is applied in a process to convert inexpensive available L-glutamic acid into the D-epantiomer™.
Other substrates ere hardly accepted by glutamic acid racemase.

0435
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13. Two serine racemases are isolated from Streptompces garaphylus a bacterlum of importance for the
production of the antibiotic D-cycloserine™. Japanese patents disclose various bacteria racemizing
serine™.

Table 19. Relative Activity of N-Acylamino Acid Raccmase for Various Substrates™.

Substrate Relative Activity Substrate Relative Activity

(%) (%)

N-AcetylD-methionine 100 N-Acetyl-L-methionine 132
N-Acetyl-D-zlanine 33 N-Acetyl-L-alanine 28
N-Acetyl-D-lencine 37 N-Acetyl-L-leucine o8
N-Agetyl-D-phenylalanine 64 N-Acetyl-L-phenylalanine 11
N-Acetyl-D-tryptophane 10 N-Acetyl-L-tryptophane 11
NeAcetyl-D-valine 80 N-Acetyl-L-valine 28
N-Fermyl-D-Methionine 40 N-Formyl-L-Methionine 83

N-Chloroacetyl-D-phenylalenine 90 N-Chlorpacetyl-L-phenylalanine 143

N-Chloroacetyl-D-valine 80 N-Chloroacetyl-L-valine 139
D-Methionine ] L-Metaionine 0
D-Alaning 0 L-Alanine 0
D-Leucine 0 L-Leucine ]
D-Phenylalanine 0 L-Phenylalanine 0
D-Tryptophane ] L-Tryptophane 0
D-Valine 1) L-Valine 0

14, Isolated from various species, enzymes have been found that racemize a-phenyl-no-amino-acetonitrile, a
phenylglycine precursor at Jaw temperatures (3°C) in aqueovs buffers™. A complete inversion of amino
acids was performed by a coupled system of a D-amino acld oxidase and amino transferase™. L-
Camitine 80 was prepared from DL-camitine by racemization with D.camitine metabolizing
microorganisms {Acinobacter calcoaceifcus)™. The yield (37%) of isolated optically pure L-carnitine
does not point to a dynamic kinetic resolution. (R)-Naproxen (R)-33a was racerized by a microcrganism
which may be a fungus (e.g. Exophiala wilhansif) or a bacterium (8.5, Rhodococeus), and whole cells or
enzymes extracted from these cells, A kinetic resolution to optically pure enantiomers was obscrved for
racemic neproxen 33a, racemic ibuprofen 34 and racemic phenylglycine 41b using Exophicla
wilthansit®, Also a complete inversion of (R)-33a to (5)-332 was performed using an inverting enzyme
system (fungus or bacterium)®’.

4.6 Racemization via redox and radical reactions.

Oxidations and reductions ean be used 1o perform racemizations. Oxidation remeves hydrogen fram an
asymmeiric carbon, generating an Intermediate species with a planar geometry. Reduction or hydrogenation
restores the original hybridization state in a non-stereoselective way, thus generating a racemate (schema 33).
Raccmization via hydrogen abstraction can also be realized by radical reactions. The oxidation and reduction
can be performed simultaneously Iz a single step or in two separate steps (with or without isolation of the
oxidized intenmediate). Oxidative removal of groups other than hydrogen can alse be used in racemizetion
protocols. Racemization of amines can be performed under reductive conditions. Finally, redox reactions can

-
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be used to epimerize compounds with two adjacent chiral centers. The respective possibilities are deseribed
below.

T T D P
oxidation reduction /} +
R]JH"WX‘H RQ/L?X RZH XM RZ!_‘; X—H

Ry Rt L By
/)_G oxidation redustion '4 .
Ry i "%—Ra Ry =R Ry W 'X—-Ry Ry 1_-; X=Ry

Scheme 33. Racemization via redax reactions.

4.6.1 Single-step processes.

The most efficient process is obtained when an cquilibrivm exists between the oxidized and reduced
forms of the substrate. In many reactions wusing catalvtic hydrogenation such an equilibrdum exists, as the
catalysts Jowers {he transition state. These methods are especially suitable when the asymmetsic carbon in the
substrate is activated by eryl groups. [huprofen 34 racemizes siowly at 190-200°C under hydiogen
atmosphere in the presence of palladium or carbon catalyst (scheme 34,

Hz (200400 psi)
Pd (5% on C)

31, 190:2008C

COOH
(RI=34{(B)34=61/3

(RI-34/(S)-34=84116
Scheme 34, Redox racemization of ibuprofen.

Other examples of thess single-step racemizations involves amines. table 20 contains examples of
benzylic amines and decivatives, The high vields indicate that in the case of amines hydrogenolysis of the
hetzroatom at the benzylic carbon atom plays no significant role, Activation of an asyrametrie center by aryl
groups however is not a ‘conditio sine gua non’. In Table 21 some substrates are collected lacking activation,
which still undergo mcemization.

Racemization of optically active secondary amines 131 (figure 15) was performed by Sumitoms
workers under mild conditions by treatment of the amines with a catalyst which was obtained by coating a
cartier (e.g. slumina, silca, charcoal) with an alkali meral (alloy) or by dispersing or dissolving an alkali
metal in suitable media*®. An example is the racemization of (R)-c-(1-naphthyljethylamine 82°,

ALO; + Na

l.mo“c NH; COOMe

NH; R, ’)"'"p. ©/\r
Galalyst - Z 1 NH;

@@ 250 s (REME LT 132

{R)-82 %

Figure 15, Reductive racemization of secondary amines.
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Tabie 20. Single-step redox racemization of benzylic amines and derivatives.
OMe

(‘OMe oMe
@NH; ” . O
N
ma (R~OH) Me
8in 122 133b (R=0OMc) 12da (R=H) 125
Entry Substrate Reaction Conditions Yield (%)° Racemization (%) Ref
i 122 Pd/C, 20-30 psig Ny, 24 h, 1530°C, xylene n.r. 100 305
2 81 H; (] atrn), Raney-Co, 15 h, 130°C 78.4 10D 306
3 123a H: (0.35 atm), PO, HC!, EtOH T n.I. 307
4 123b H; (0.35 atm), PtO,, 48 h, RTY 81.3 100 308
5 124a Raney-Ni, Nz, 1 h, 145-150°C 93 100 309
6 1235 Fi2 (1 aun), P1O, AcOH, RT 91 100 310

3) r.r. = not reported.

Table 21, Single-step redox racemization of unactivated amines and derivatives.

% ©”Y@A* a0

1292 (R=H) *. NH,
129b (R=Me) 130
Entry Substrate Reaction Conditions Yield (36)° Racemization (35)" Ref

1 126 RWAID3, NH3-gas, 60 h, 40°C nr. 425 3
2 126 Hj (250 psi), Raney-Co. 7 h, 140°C 95 100 312
3 126 Ha/NHj, 120-250°C, I, Pd, Co, Cu or Ni nr. n.r 313
4 127 H; (50 bar), Raney-Co, THF, 12 h, 160°C 05 98 314
5 128 H; (7.5 atm), Raney-Ni, 21 b, 150°C 76 97 ts
6 128 Hj (10-500 bar), Raney-Ni, no solvent, 50-300°C DI, I, 316
7 129 H;, prehydrogenated Pd/C, MeOH, 20°C 100 1ne 317
3 136 H, (100 atm), Raney-Co, THF, 24 h, 170°C L. 100 318

a) nr. = nat reported.

Afkali metal naphthalides have been used as catalyst in the racemization of secondary amine 124b
(R=Me)"". Resction of optically pure 124b with Na dispersed in naphthalene for 4 h at 25°C, yiclded racemic
124b in 85%, The method is also useful for the racermization of c-armine acid esters’™; an example is the
racemization of pheaylalanine methyl ester 132 in 85% by teeatment with Na/ALO; for 4 Iy at 25°C.

Metal catalyzed redox processes can also be employsd in a dypamic kinetic resolution as was
demonstrated by Williams and co-workers (Scheme 35Y7. It was shown that enzymatic kinetic resclutions
can be successfully combined with metal catalyzed racemizations.
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A A
ekt thome, | 50-76% yield, 80-98% c.e.

" Me

Fh™  Me j\ Ph

h
mdrolasc oH
81% yield, 96%e.
PACI(MeCN); yield, 2ete el

Schermte 35. Metal catalyzed dynamic kinetic resolution

In this section should also be mentioned the somewhat surprising racermization of the cthyl ester of
lysine bis-HC1 salt 133 with hydrogen. No mention of a catalyst was made (scheme 3677,

008 H, (50 atrm)
’\/\j\ o BOH
CI'HN NHy Gl gk togeg . (RSI132
(S)yLys (133) 98%

Scheme 36. Racemization of ethyl lysinate,

4.6.2 Multi-step processes.

Racemization can also be achicved by performing the oxidation and the reduction in separate sieps.
This usually invelves some form of chemical oxidation where no ¢quilibrium exists. This approach has been
applied to several optically active amines. In the first step a imine or immonium species is generated.
Reduction in the gecond step leads back to the amine (scheme 37). Examplcs of this mcthedology are
collected in teble 22, In several instances the intermediate was not isolated.

Ry Ry Ry R
axidation reduttion . " )\
Re"NHRs % pyomSygy T Ry CNRs T Ry ONHR
Ri Ry Ry Ry
gy R idati i . R
Rz]{ a2 oxidation PQ,Q%R; redustion de "rﬁ’RJ + Ry /I\N,
i R Rs e

Scheme 37, Multi-step redox racemization of epiically zetive amines.

Tt can be advantageous to transform the undesired enantiomer, obtained by resolution, into an
imermediate en route to the racetnic mixture. For example, the unwanted enantiomer of 1-phenyl-2-
aminopropane 135 can be oxidized to ketone 136. Reductive aminotion of 136 Iceds back to racemic 135
(scheme 38)'. Oxidation, followed by reduction is an attractive strategy for racemization of other classes of
optically active compounds as well, .. for aleohols. '
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Table 22, Multi-step Redox Racemization of Optically Active Amines.

HO, !
. o N NH»-<‘R]
o NH & _@’ ”,
) CHyAr
123e Mel 129¢ 134
Entry Substrate Reaction Conditions Yield Racemization Ref
Oxidation Reduction Ox (%)
1 123 1) acylation. 2) ArCH:X. 3} H,, catalyst nrI 100 324
hydrolysis. 4) halogenation.
5) dehydrohalogenation
2 12%a 1) NaOCl, MeOH, 0°C. 2) KOH  Hj, Raney-Ni, MeOH, RT 65 100 323
3 1296 NBS NaBHg, MeOH, 3 h,RT 97 100 326
4 129 Hg(OAc), Naa(EDTA), AcOH NaBHy 82 100 327
5 129¢ Hp(OAce);, AcOH/H;0, 100°C NaBH,, EtOH, reflux 100 88 328
6 134 1) NaOClL 2) NaOMeMcCH Ha, Pd/C n.r. 100 329

a) il = not reporied,

. 1) NaOMe 3 reductive ~
NCS, McOH  MeOH, reflux O amination O T
NHEt  [h, reflux’ 2y HCL (o] NHEt

(Ryor(S)135 136 (RSF135
Scheme 38, Multi-step redox racemization of a 1-phenyl-2-aminopropanc.

4.6.3 Racemization via oxidative degradation.

t-Me-Dopamine 137 does not contain a hydrogen at the asymmetric center, Reuse of the unwanted
isomer from resolution processes is possible by oxidative decarboxylation to ketone 138 or amide 139, This is
anather example of transforming an undesired cnantiomer from a resolution process to an intermediate in the
synthesis of the racemate (scheme 39)™.

COOH couh ))Pb(OAc). AcD
5 Aczo \]/\n/
NHAC HyacoH AcOH
{RH:W
PhHle(OAC)q

CONR
(RS)—IS‘?

Scheme 39, Racemization via exidative decarboxylation of a-Me-DOFA.

4.6.4 Racemization of two stereocerters.

Oxidation can be used as a method for racemization of components with two adjacent centers of
chirality. Suitable candidates are, for example, optically active s-amino-alcohols 146. Oxidetion destroys
chirelity of one stereotenter, creating a carbonyl functiy @kecond SIETEOCEnIEr NOW €N
oceur under cnolization conditions as dcscribea in prey;
reduced (diastereosclectively) to the original cou

0%
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diastereoselective reduction at hand this is a useful stracgy fur conversion of one diastereamer into racemic

mixtures of the other diastereomer.
@01\4:

H
R R ~
N et
N(Ra) \H
140 a0 rldl
Figure 16,
An example of this methodology is the racemization of optically pure diltiazem precursor (-)-141 by

oxidation with benzophenone and enolization by KOtBu at reflux. After stercoselective reduction with
NaBH,, racemic threo 141 is obtained in 70% vield™.

OH o)
= BMS0 s
Ry *TCOOR, ““:;6"" Ry COOR,
NR;Ry NRaR;
opt. pure 142 {R) ar(5)-143
. o] OH
al::v‘.,mc /\)‘\ MNaBH; or k
2sc
—2E8 . gy COORs ~ =3 R(’Y COOR,
NRaR; NRaRy
{R5)-143 {threo}-142

Scheme 40. Recemization of two stereocenters of a-hydroxy-B-amino acid ester.

A second example is the racemization of o-hydroxy-B-amino acid esters 142 (scheme 40 A final
example entsils the unwanted isomer of chloramphenicol precursor 144 from a resoiuvtion process (schenme
413, After acetylation and oxidation to (8)-145, racemization of (8)-145 takes place by 2 aldolretro-aldol
mechanism. Stersoselective reduction and hydrolysts leads to threo-144,

QH o]
: 1) acetylation
i 2)) oxid’;tion QAOH
NHy NHace
OaN {5,5)144 G (5)-145
Q QH
CHZO .
retro-aldol OH 1) reduction @ OH
CH,Ch/vieQH NHAc 2 hydrolysis NH,
+0°¢ O (RE)-145 OaN threo144

Scheme 41. Racemization of two stereocenters in a chloramphenicol precursor.
4.7 Miscellageons racemization methods,

4.7.1 Rocemization withoul vanetion of the asymmelric center.

Most of the racemization procedures are characterized by disconncction and recomnection oc
substitution of one of the groups directly bound to the center of chirality. Howcver, racemization techniques
have been described in which the bonds in the asymmettic center are not invclved. This can be acdomplished

i
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by rotation about bonds {c.f. section 4.1) or by making two of the functionalities at the stereocenter equal to
give an achiral (meso) compound. After restoring the two original functionalities in 2 non-stereoselective

way, a racetnate is generated.

(Et0);50, I
o, COOE  K,C04 COOE ;%l:’ COOE
PHCHy—0~ COOH af:&‘;“ PHCHy~0" COOK PHCH—0  COOH
{3146 (+/)-146

Scheme 42, Racemization of a malonic half-ester,

Malonie acid halfiester (-)-146, an unwanted isomer in a resolution process, is racemized by
esterification to an achiral di-ester and subsequent hydrolysis 10 the racemic half-ester in an overall yield of
23% (scheme 427™, A similar scenario hag been optimized for the racemization of diydropyridineearboxylic
acid 147 (scheme 437,

CO0Et  NO, COOEt  NO;
[Ma),80;
~ 0 KyCO:s KoM,
O 18-crown-é MOl EQ
OOH 84% 91% toox
(S 0T R}147 tracem)-147

Scheme 43, Racemization by esterification of a dihydropyridine dicarboxylie acid.

It is clear from these examples that the value of this approach depends on the preferred resolution route
for preparation of optically active compounds like 146 and 147. As soon as methods are available for
enantioselective mono hydrolysis of the achiral diesters these will be far more suractive than the combination
of reselution of a racemate and racemization of the unwanted isoemer.

Some meso- and prochiral diesters are zlso suitable substrates in cnzyme catalyzed enantioselective
hydrolysis to optically pure half-ester in yiclds up to 100% (meso trick™™. Dynamic kinetic resclution of
pseudo-meso S<hydroxytricyclodecadienone 148 using (8)-prolinol leads w the corresponding enaminones
149 in a yield of 91% and with a de of 50% (scheme 44).

OH 4] O (8)proking
e
toluene, A

148 Q HO

Scheme 44, Dynamic kinetic sesolution of 5-hydroaytricyslodecadienvue,

Two more examples of this type of racemization are shown in scheme 45, Componnd 150 is racemized
via oxidation to meso-compound 151 and final reduction to racemic 150, Cyclopropane half-ester 152 is
racemized via meso-compound 153"* (see also section 4.3, scheme 20).
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0 [o)
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Scheme 45, Racemization via meso-compounds,

4.7.2 Transfer of the center of chirality.
4-Hydroxy-2-cyclopentenone 154 was racemized by weatment with chloral and a tentiary amine as
catalyst in 5 hours at 10°C (scheme 46°. It is tematively supposed tha! this reaction procreds via
acetalization of 154 with chloral and subsequent ring-closure to meso-cornpound 155. Enol formation
induced by the basic catalyse yields both enantiomers of 154 (see also section 4.3 Scheme 2, racemization of

compound 97).
= wl o AL g
Q.’:O——QH ety o:()—-o cCy == 0 >—-CCI; = (R5)-154
BN o
(81354 H (mese)-185

Scheme 46. Racemization of 4-hydroxy-2-cyclopentenone.

4,7,3 Racemization of a-aminocarbonitriles and cyanohydrins.

c-Aminocathanitriles 156 and related compounds are intermediates in the manufacture of x-amino
carboxylic acids via Strecker-type reactions starting with aldehydes or ketones (figure 17). Compounds 136
can be resolved with chiral acids and the unwanted isomer can be racemized with cyanide jons™. For
example, D.o-aminophenylacetonitrile 157 was racemized by treatment with KCN in MeOH at 40°C far 10

min,
NH,OH eN
R=CHO H" /J\

NHAe

©/k MeO, ’{\CN Mw©+CN
1ss HO 159

Flgure 17. a-Aminocarbonitrils

For Strecker adducts from ketones, racernization zt this stage in the synthesis of the comresponding o-

amino acids is of special irmportance. Racemization via deprotonation-protonadon is nat possible for these
compounds, A rather complicated solution to this problem was shown in section 4.6.3 for a-methyl dopamine

5
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(scheme 39). The D-enantiomer of 2-amino-2-(3,4-dimethoxybenzyl)propionitrile 158 was racemized as its
(-)-dibenzoyl-tartrate salt in 12N smmonia for 30 min at 50°C in 45% yield™*. Compound 159 was racemized
by NaCN in refluxing DMSO™, The reaction praceeds via deprotonation of the amide fanction, followed by
rate-determining expulsion of eyanide for™!, thus showing show strong resemblance with the racemization of
c-aminenitriles,

oH OH

recho = ] }\tBu
R "CN R ON
169 161

Scheme 47. Synthesis and racemization of cyanohydrins.

Cyanohydrins 160 are receptive for racemization because they can be equiliprated with the
correspanding  aldehyde/ketone and HCN (scheme 47). In the crystallizaton-induced asymmetdic
transformation of cyunohydrn 161 this equilibrium is combined with brucine complexation and
crystallization of one diastereomeric complex. Depending on the phenyl substment, hrucine-cyanohydrin
complexes are isolated in 40-100% vield and with ee’s of 30-100%™. This equilibrium of eyanohydring iz
also applied in dynamic kinetic resolutions using lipases 1o prepare cyanohydrin acetates™,

4.7.4 Phorechemical racemizations.

frradiation with UV.light in the presence of a sensitizer has been nsed during the racemization of
dichlorovinyleyclopropylcarboxylic acids 36227 and 162b™*, which contain twa centers of chirality (scheme
4%). Ring-opening and closure during irradiation leads to annihilation of chirality at both centers, but ring.
closure leads w0 a mixture of both cis- and trans-racemate. To separate the diaslerevmers the mixiure was
trezted with BF;.EtO, The cis-compound pives a lactone and the mans-componnd remains unafiected. Cis-
and trans-racemates car then be separatad by simple base extraction.

H H
R
COOH

R 1823 (R=C)
162b (R=Mz}
Q1 Q.
SN benzens S
©‘ ® hy (8) NH/\@O)
sensitizer (\
163 ) 0

Scheme 48. Photochemicsl racemization.

A photo-induced first-order asymmetric trensformation of cyclopropane derdvaive 163 was obscrved
(scheme 48). From optically pure 2°-(R)-163 or 2'-(S)-163 the same R/S ratios are obtaiped. The
isomerization follows a ring-opening mechanism and is initiated by radicals. Different diastercomenic ratios
are obtaired depending on the triplet-energy of the sensitizer and therefore, the cnergy transfer from the
sensitizer 1o 163 is probably the key step for the isomerization®®.
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4.7.5 Ragemization via substitution of halogen ions

a-Bromocarboxylic acid derivatives can be racemized by nucleophilic substitution of the bromine by
halide jans. This concept was shown in the epimerization of compound 164 by tetrabutylammenium jodide
(scheme 49). This meemization procedure was applied in the dynamic kinetic resclution of scveral other et
halo acid derivatives in which the bromine is substituted by an amine resulting in optically pure amino acid
derivatives™. In a similar progedure optically pure a-aryloxy and a-hydroxycarboxylic acids wese prepared
by a dynamic kinetic résolution of c-halocarboxylic esters. In this case a stereoselective nucleophilic
substitution with alkoxides is combined with an in situ epimerization induced by n-hexylanunonivn iodide™.

o, | o |
N B NN
YN sy FOT
N . THF s
164 QOB ) CODBu

Scheme 49. Racemization of an o-bromeamide by aucleophilie substitution.

The racemization of )-bromo-l-arylethanes 165 and 2.bromeoctane was studfed by bromide
exchange™, A racemization at two stereacenters was observed for cyclobutanones 166. Racernization of the
{-)-vis-166 takes place by enolization and a double cine-rearrangement induced by tetrabutylsmmanium
chloride at 120°C or by HBr in AcOH at 25°C™. Racemization via a reversible substitution mechanism of

bromide is probably the cause for the erystallization-induced asymmetric transformation of 167, because in’

hydragen-deuterium exchange experiments in CD,QD no deuteration of 167 could be observed. Compound
167 was isolated with 0-100% ee in almost quantitative yields™. Another example of erystallization induced
asymmetric transformation is shown by compound 168, The 2°-R/S mixture epimerizes under the intluence of
BusNBr, Slow evaporation of the solvent leaves 168 with a d.a. >38%%

Br Ef r Q i &
1 oy
N Mew. Me
Me Ph
165 166

167 168
Figure 18,

5. CONCLUSIONS,

This review clearly demonstrates the Jack of systematics in the research on racemizations. The strong
emphasis on earboxylic acids and derivatives (75% of all our examples, of which 60% pertain to aminoacids)
is remarkable. The industrial relevance of this type of compounds, both as building blocks and cnd products,
is & realistic explanation for this preference. We made a classification of several racemization methods
subdivided by some classes of compounds which may be helpful to develop new racemization reactions.

The current industrial and social awareness of unambiguons chirality in pharmaceuticals will certainly
kasp the subject actual. Ag in the past, this will mostly be the aveidance of racemization in the design of
syntheses for chizal products. This will particularly be true in asymmetric synthesis. The more so because
industrially televant syntbesis of optieally active products increasingly have to meet the demand of 100%
yield and 100% ee. For resolution processes to meet this criterion an efficient racemization step is

e

)
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indispensable. Combination of classical resoiution processes with in siru racemization to give asymmetric
transformations will be necessary to keep up with the advances in asymmetrie synthesis. This will be equally
true for resolutions using biocatalysts {e.g. dynamic kinetic resoiutions). In these processes there will be a
growing need for mild racemization conditions and simple work-up procedures. The use of racemases and
solid supports is expected to gain considerable intcrest. Recent work in our group shows promising results in
the immobilization of strong bases as part of an asymmetric transformation process™.
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Attachment 3:

Re: European Patent No.: 1546122 (Eurepean Application No.. 03750599.7)
‘Racemization of chiral imines formed during a reductive amination step,

under basic conditions, with an amino acid
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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIRECCION DE NUEVAS CREACIONES
RESPUESTA AL RECURSO DE REPOSICION

Radicacién 05 27433
Clasificacion Internacional (CIP) CO07D 257/04

Patente de Invencion m Patente de Modelo de Utilidad {:J
Wis Nacional D

Via PCT (Fase Nacional) Cap.! []  Cap il

No. Solicitud Internacional PCT/EP2003/010543
Fecha de Presentacion Internacional 22/Septiembre/2003

Titulo inicial: "Proceso para la fabricacion de valsartan”,

En atencién al Recurso de Reposicion interpuesto en contra de la resolucién
No. 23612 de fecha 30 de Abril de 2010, se presenta el siguiente concepto:

1. Documentos estudiados

Para el presente estudio se consideraron el capitulo descriptivo comprendido
en los folios 6 — 63, el nuevo capitulo reivindicatorio de los folios 211-217 y
las observaciones formuladas por el sefior recurrente en el recurso de
reposicion de los folios 256 - 262 de la solicitud en estudio.

La presente solicitud reivindica el derecho de prioridad sobre [as siguientes
solicitudes: GB 0222056 .4 de 23 de Septiembre de 2002

2. Objeto de la Invencién

El problema planteado en esta solicitud consiste en la necesidad de
desarrollar variantes del proceso para la fabricacion de valsartan que
excluyan el uso de azidas en los Ultimos pasos de la produccion en menos
pasos de reaccion y con products final enantioméricamente puros

Para resolver este problema técnico la solicitud en estudio proporciona un
proceso de sintesis de valsartan que comprende: a) una aminacion reductiva

del compuesto Ha, b) acilar el compuesto resultante, ¢) remover 108 grupos
srodectores v d) aislar el compuesto resuitante

3. Respuesta a los Argumentos del sefior recurrente

En atencion a los argumentos del sefior recurrente se hacen las siguientes
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aclaraciones:
3.1 Argumentos respecto a D1:

5.1.1 El sefior recurrente sostiene que: “.../a misma presenta dos variaciones
en la sinfesis de valsartan. la diferencia técnica entre la preparacion de
valsartan de acuerdo con la primera variante y.. la presente invencion es el
uso de un proceso de aminacion reductiva bajo condiciones acidas...para
proporcionar sin racemizacion una amina quiral de formula (HC).. D1 no
menciona ningun  proceso  de aminacion reductiva bajo condiciones
basicas...el técnico con habilidad ordinaria...no podria verse motivado a
efectyar una aminacion reductiva con un aminodcido quiral ety condiciones
béasicas. . D1 solo muestra la presencia del enantiomero deseado al final de
la reaccion, después de la purficacion.. nada puede decirse respecto a la
racemizacion en medio basico, ya que las rutas mecanicas para las
racemizacion no son las mismas a diferente pH.. bajo condiciones
acidas. involucraria enoles. . las tasas cinéticas...no serian las mismas a pH
dcido que a pH basico.. .Por lo tanfo, en vista de D1..la eleccion de llevar a
cabo la aminacion reductiva en condiciones acidas con un aminogcido quiral
no es directa.. Es asi como la falta de racemizacion...bajo condiciones
hésicas . .es sorprendente. . por sobre D71...En una segunda variante...la
diferencia técnica...y la preparacion de valsartan de acuerdo con la presente
solicitud es el uso de la aminacién reductiva en condiciones basicas...para
proporcionar, sin racemizacion, una amina Secundaria de formula
(IIC)...partiendo de la segunda variante de D1, el problema técnico
objetivo...es proporcionar un meétodo nuevo y economicamente atractivo para
preparar una amina secundaria quiral intermedia para la preparacion de
valsartan...el técnico con habilidad en la materia no se veria motivado a
intentar la aminacion reductiva empleando un aminoécido quiral bajo
condiciones béasicas...”

Se aclara al sefior recurrente que parece que se hace referencia a US
5399578, el cual no fue relacionado dentro del concepto técnico de negacion,
por lo tanto, dicho argumento no es relevante dentro de la discusion de falta
de nivel inventivo, ya que en el oficio 16158 de 19 de Diciembre de 2008, en
su estudio de la oposicion, se dijo que dicho documento no es relevante para
el estudio de patentabilidad. En conclusion, los argumentos que presenta el
solicitante con respecto a US 5399578 no seran estudiados, ya que dicho
documento no se relacioné como relevante para afectar la patentabilidad de
la solicitud.

3.2. Argumentos sobre D2

3.2.1. El recurrente afirma que “...dicha anterioridad divulga un método para
fa fabricacion de antagonistas de angiotensina Il de formula |, los cuales no
comprende al valsartan. De acuerdo con...(el) esquema 2a puede
prepararse...bajo condiciones acidas...la persona con habilidad en la materia
no habria encontrado en D2 un indicio que lo llevara a realizar una aminacion
reductiva bajo condiciones basicas”

Parece que el recurrente se refiere a US 5260325, que corresponde a D1
dentro de la resolucién de negaciéon y, si bien dicho documento no revela el
compuesto valsartan, dicho documento es relevante, ya que revela un
mecanismo de reaccién muy similar al reivindicado partiendo del mismo
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(ejemplo 2, Columna 15 de D1), el cual se diferencia de la presente solicitud
en gue no se mencionan unas condiciones acidas de la reaccion, sin
embargo D2 (Quimica organica. Ralph y Joan Fessenden. Grupo Editorial
Iberoamericana. Seccion 11.15. Oxidacion de aldehidos y Cetonas.) ensefia
que la aminacién reductiva puede realizarse en condiciones béasicas (pagina
549), es decir, provee la diferencia y el efecto técnico que concede la
presente solicitud, por lo tanto, una persona versada en la materia, estaria en
condiciones de modificar el proceso ensefiado en el ejemplo 2 de D1 vy
aplicar condiciones las condiciones basicas para la aminacion reductiva de
D2, con la expectativa de llegar al procedimiento alternativo de sintesis de
valsartan que se reivindica. En conclusién es la combinacién de ensefianzas
de D1 con D2 la que afecta el nivel inventivo de la presente solicitud.

3.2. Argumentos sobre el nivel inventivo

3.2.1. El sefior recurrente continda diciendo que “...aunque el examinador
tiene razén en cuanto a las condiciones de pH y presencia de una fuente de
protones capaz de garantizar la reaccion, para el técnico con habilidad
ordinaria...no es facil derivar a partir de las condiciones de la aminacion
reductiva de D1,D2 o D3 un proceso que incorpore dicha etapa de
aminacion...sin que sea necesario implementar un proceso aparte. Esto, de
por si, es un efecto sorprendente de la presente invencion...”

Se le aclara al recurrente que, tal como se indicé en el punto anterior, la
combinacién de las ensefianzas del ejemplo 2 de D1 (columna 15) con las
ensefianzas de D2, pagina 549, relacionadas con aminacién reductiva en
medio basico, llevarian a una persona versada en la materia al procedimiento
de sintesis reivindicado con la expectativa de producir valsartan sin
necesidad de implementar un proceso aparte, tal como ocurre con el
procedimiento de la presente solicitud.

3.2.2. El recurrente asegura que “(en) la presente solicitud todo el proceso se
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lleva a cabo bajo condiciones basicas, lo cual hace necesario incorporar
otras condiciones...reactivos y otros grupos protectores que no se
mencionan ni se sugieren en el estado de la teécnica...”

Se le aclara al recurrente que, D1 ya ensefiaba un procedimiento muy similar
al reivindicado, partiendo del mismo compuesto de partida donde se obtienen
compuestos muy parecidos al valsartan, en cuanto a los grupos protectores,
D5 (folios 189-195) ya ensefiaba el uso de diferentes grupos protectores
sobre el grupo carbéxilico o sobre grupos amino en sintesis quimica, por lo
tanto, una persona versada en la materia estaria en capacidad de tomar los
grupos protectores de D5 para los intermediarios de la parte B del ejemplo 2
de D1 y, de esta manera, obtener los compuestos intermedios que se
reivindican en las reivindicaciones 8 y dependientes de la presente solicitud.

i

3.2.3. El recurrente afirma que “...El examinador parece enfocarse ...en las
formulas de los intermedios y en el proceso de aminacion reductiva, sin tener
en cuenta las condiciones totales del proceso...sorprendentemente se ha
encontrado que una amina quiral de formula (llc)...puede prepararse
mediante la reaccién de aminacion reductiva bajo condiciones basicas sin
racemizacion. Tal amina es el producto de un paso de aminacion
reductiva...Es bien sabido...que los aminoacidos quirales pueden
racemizarse bajo condiciones basicas...Para sustentar esto...(se) adjunta un
articulo de Ebbers...en particular...las secciones 4.2 y 4.4 del mismo...se
hace referencia al segundo parrafo de la pagina 9433 el cual enumera los
factores que influencian y afectan la tasa de racemizacion...”

Se le aclara al recurrente que de la lectura del articulo enviado como anexo
al presente recurso, se observa que se refiere a la utilidad de la racemizacioén
como alternativa econdmica de las sintesis asimétricas. De otra parte, la
seccidbn 4.2 de dicho documento, efectivamente se relaciona con
racemizacién en medio basico, pero ensefia a pagina 9430 que se necesita
la preparacién de un derivado y que las bases usadas para tal fin incluyen
hidréxidos, alcoholatos, amidas y aminas, ensefandose a tabla 4 (pagina
9432) que para llegar a una racemizacién de aminoacidos se requiere un pH
mayor de 10, cloruro de litio y altas temperaturas, es decir, se necesitan
condiciones muy especificas para que los aminoacidos se racemicen,
confirmando lo dicho por este despacho en cuanto a las ensefianzas de D2
que ensefia que la aminacién reductiva se puede efectuar en condiciones
basicas sin ningun problema en especial. En conclusién, las ensefianzas del
articulo de Ebbers, no son relevantes para desvirtuar la falta de nivel
inventivo de la presente solicitud.

3.24. El recurrente insiste en que “..El proceso reclamado es
gcondmicamente ventajoso para la fabricacion comercial de...valsartan.. si la
preparacion sintética de una droga incluye un paso en donde hay
racemizacion, se requieren pasos adicionales...Ademas...el rendimiento total
de la ruta sintética disminuye a medida que se incrementan el nimero de
pasos de sintesis...Ambos son...altamente deseables para los procesos de
fabricacion a una escala industrial...se resalfa ...en el Gltimo parrafo de la
pagina 9465 del anexo 1

Cabe anotar que, tal como se ha ido explicando, el proceso de aminacién
reductiva puede ser efectuado sin complicaciones en medio basico, tal como
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ensefia D2 a pagina 549 y que se confirma con el anexo del solicitante que
ensefia que para que los aminodcidos sean racemizados se necesitan de
condiciones muy especificas, s decir la combinacion de las ensefianzas de
D2 dentro del procedimiento del ejemplo 2 de D1 (columna 15) ensefian de
manera evidente a llegar al procedimiento reivindicado con la expectativa de
producir valsartdn sin ninguna clase de racemizacién. Ademas ante la
ausencia de datos que demuestren una ventaja técnica real (mayor
rendimiento, etc.) frente a lo conocido en el estado de la técnica, no es
posible reconocerle nivel inventivo al procedimiento reivindicado.

4. Conclusion

Teniendo en cuenta lo anterior, se recomienda confirmar la decision
consignada en la Resolucion No. 23612 de 30 de Abril de 2010 donde se
niega del privilegio solicitado para las reivindicaciones 1 — 11 (folios 2711
217).
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