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P-2017/14361

SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO
DIRECCION DE NUEVAS CREACIONES
E. S. D.

Re: Expediente No. NC2017/0010807
Solicitud de patente a nombre de GIVAUDAN SA

Yo, CAROLINA DAZA MONTALVO identificada como aparece al pie de mi firma, domiciliada
en la Carrera 11 No. 86-53, obrando como apoderada de la sociedad GIVAUDAN SA,
domiciliada en Vernier, Suiza, solicitante de la patente de la referencia, en respuesta al
oficio No. 1859, notificado electrénicamente el 11 de febrero de 2020, relacionado con los
requerimientos de fondo de la solicitud, atentamente me permito presentar la siguiente
informacién:

1. Modificacion a las Reivindicaciones y Claridad

Con fundamento en la facultad que confiere el articulo 34 de la Decisidén 486 al solicitante
para modificar la solicitud de patente en cualquier momento del tramite, presento junto
con este memorial nuevo capitulo reivindicatorio, el cual consta de diez (10)
reivindicaciones y reemplaza completamente el capitulo presentado anteriormente.
Especificamente, se realizaron las siguientes modificaciones:

1.1 El examinador ha indicado que "Sea lo primero advertir por esta Direccion que esta
solicitud reclama la misma materia contenida en la solicitud NC2017/0010720 de
acuerdo a la siguiente tabla comparativa (...) Si bien el objeto de la solicitud
NC2017/0010807 se refiere al proceso de sintesis de Ambrox y la solicitud
NC2017/0010720 refiere el método de purificacion de Ambrox, se evidencia que en
ambas solicitudes comprenden las mismas caracteristicas esenciales, las cuales
fueron resaltadas en la tabla anterior.
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1.2

Por lo tanto, esta Superintendencia no puede conceder dos patentes para el mismo
objeto de la invencidn.”. En este respecto, el solicitante respetuosamente desea
manifestar que las invenciones descritas en la solicitud NC2017/0010807 y en la
solicitud NC2017/0010720 corresponden a invenciones diferentes (como lo
demuestran las diferentes secuencias reclamadas - SEQ ID N° 21 y SEQID N° 1, 2
y 4 respectivamente). Sin embargo, y con el fin de agilizar el tramite, se han
eliminado las antiguas reivindicaciones 7 a 13, con el fin de superar la objecion
emitida.

Se ha modificado la antigua reivindicacion 14 (nueva reivindicacién 7) eliminando
toda referencia al isomero [(3Z, 7E), (3E, 7Z)], también designado como el isébmero
[EZ:ZE], porque, como se discute mas abajo, estos isomeros de homofarnesol no
producen (-)-Ambrox después de la ciclacidon con el biocatalizador SHC reclamado.
La referencia al rango de umbral de olor también se ha eliminado de esta
reivindicaciéon. Por tanto, se ve superada dicha objecion.

Como se discutié anteriormente, la reivindicacion 14 anterior (nueva reivindicacion
7) se ha modificado para eliminar toda referencia al isémero [(3Z, 7E), (3E, 72)],
también designado como isémero [EZ: ZE] como lo hace esta combinacién de
isdbmeros no produce compuestos (-)-Ambrox después de la ciclacion con un
biocatalizador SHC. A este respecto, el solicitante ha demostrado por primera vez
que el isémero homofarnesol EE produce (-)-Ambrox (compuesto I) y un isdmero
de (-)-Ambrox (compuesto IV) mientras que el isémero EZ produce 9-epi-Ambrox
(compuesto III) y un nuevo compuesto de éter macrociclico (compuesto II) pero no
(-)-Ambrox (como se resume en la Figura 12 de la solicitud PCT). Como el
compuesto macrociclico II es nuevo (ver Tabla 21 de la solicitud PCT) y su existencia
no se ha descrito previamente, el producto de reaccién que comprende el compuesto
(-)-Ambrox obtenible por el proceso reclamado utilizando [(EE:EZ)] o la mezcla de
isdbmeros de homofarnesol [(EE: EZ: ZE )], la cual también es nueva, incluso si solo
contiene trazas de compuesto II.

El Ejemplo 22 de la solicitud PCT indica que:

“"El por ciento total de cada uno de los 3 subproductos (compuestos II, III y IV) en
el extracto “"crudo” es aproximadamente 3%.” mientras que, “el por ciento total de
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1.3

1.4

cada uno de los 3 subproductos (compuestos II, III y IV) en el extracto “cristalizado”
es aproximadamente 1% (escala de laboratorio)”.

Como la antigua reivindicacion 14 (nueva reivindicacién 7) es nueva, las antiguas
reivindicaciones 15-17 (nuevas reivindicaciones 8-10) que dependen de la antigua
reivindicaciéon 14 (nueva reivindicacién 7) también son novedosas (e inventivas
como se discute mas adelante) y deben mantenerse en el pliego reivindicatorio.

Respecto a las objeciones a las antiguas reivindicaciones 16 y 17 (nhuevas
reivindicaciones 9 y 10), el solicitante desea manifestar respetuosamente su
desacuerdo ya que la inventiva del método reivindicado no se dirige a condiciones
técnicas particulares de los pasos. Ademas, de acuerdo con la legislacién
colombiana, hay dos tipos de reclamaciones, reclamaciones de productos y
reclamaciones de procesos, en las cuales estas deben definir el invento de manera
clara y concisa, es decir, que un experto en la materia puede entender y reproducir,
pero es claro que ninguno de los documentos de la legislacién vigente y aplicable en
Colombia establece que una reclamacién debe ser tan limitada y especifica al punto
de incluir todas las condiciones técnicas, ya que esta claro, y cualquier persona con
un nivel medio de conocimiento en el tema, sabe y comprende que muchas veces
tales condiciones son totalmente irrelevantes para un proceso, y su inclusidn seria
simplemente una limitacion no deseada que llevaria a obtener una patente que no
tendria uso debido a su alcance limitado. Por tanto, se solicita sea retirada la
objecion.

Las reivindicaciones restantes, asi como sus dependencias, fueron reenumeradas.

En cuanto a estas modificaciones, me permito decir que las mismas no amplian de ninguna
manera la materia objeto de la presente solicitud y se realizaron con el animo de superar
las objeciones de claridad y patentabilidad planteadas por el examinador en su concepto
técnico.

En consecuencia, nos permitimos indicar que el presente capitulo reivindicatorio, que
incluye diez (10) reivindicaciones, se ajusta a las disposiciones del articulo 30 de la Decision
486/00.
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2. Pago de tasas

En relacidon con el nUmero de reivindicaciones, atentamente nos permitimos decir que no
se adjunta tasa por concepto de reivindicaciones adicionales, toda vez que el nuevo
capitulo reivindicatorio, aunque cuenta con un menor numero de reivindicaciones a las
presentadas anteriormente, y en esencia es el mismo objeto, pero definido con mayor
claridad.

3. Novedad

El examinador establece que las reivindicaciones 14 y 15 carecen de novedad a la luz de
las ensefianzas descritas en el documento US8759043 (D2). Las reivindicaciones 16 y 17
carecen de novedad a la luz de las ensefianzas descritas en el documento EP0165458 (D1).

A este respecto, me permito decir que el articulo 16 de la Decision 486 de la Comisidn de
la Comunidad Andina establece que la invencion se considera nueva cuando no esta
comprendida en el estado de la técnica. Si de acuerdo con el espiritu de la norma legal
indicada, la invencién no se considera como nueva si esta "comprendida” en el estado de
la técnica, dicha norma se esta refiriendo, naturalmente, a la totalidad del invento y no a
alguno o a algunos de los componentes.

Aplicando lo anterior al caso concreto, para que las razones que aduce ese Despacho para
desvirtuar la novedad fuesen ciertas, seria forzoso que se demostrara que la invencion
estd comprendida en el estado de la técnica, especificamente en forma individual en los
documentos D1 y D2 de forma TOTAL, lo cual no sucede con la materia reclamada en el
nuevo capitulo reivindicatorio.

Por lo tanto y teniendo en cuenta lo anteriormente expuesto, como minimo la novedad
debe contemplar los siguientes aspectos:

- Que la invencion en estudio esté contenida de forma TOTAL y ABSOLUTA en cada
uno de los documentos que se mencionan como anterioridades; y
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- Que la invencion en cuestidn puede partir de conocimientos conocidos, caso en el
cual habra que hacer la comparacion no de lo conocido sino de lo inédito y novedoso,
teniendo que analizarse el valor agregado que aporta la invencion con sus nuevas
caracteristicas al campo técnico al cual pertenece la solicitud en estudio.

De acuerdo con lo anterior, el solicitante desea manifestar respetuosamente su
desacuerdo, ya que teniendo en cuenta las modificaciones presentadas en el nuevo capitulo
reivindicatorio, se superan las objeciones realizadas, por cuanto dichas caracteristicas
no se encuentran divulgadas o sugeridas en los documentos D1, D2 y D3 citados
por el examinador. Por lo tanto, las reivindicaciones modificadas son novedosas e
inventivas a la luz del estado del arte.

D2 (US8759043B2)

La reivindicacién 1 es nueva sobre D2 porque D2 solo describe el uso de un isémero de
homofarnesol ((3Z, 7E) como se describe en el Ejemplo 3a) y no dos o tres isdmeros de
homofarnesol como se reclam.

La reivindicacion 1 también es nueva sobre D1 ya que no proporciona una divulgacion
habilitante para la produccién de (-)-Ambrox. En este sentido, se indica incorrectamente
en la columna 2, lineas 18-23 de D2 que (con énfasis en negrita subrayada):

"La sintesis biocatalitica del compuesto ((-)-2 ha sido descrita en la literatura [Neumann
et al; Biol. Chem. Hoppe Seyler (1986), 367; 723]. Aqui la molécula se obtiene del
homofarnesol (compuesto (1), (3Z, 7E)-4, 8, 12-trimetiltrideca-3,7, 11-trien-1-ol)”.

El parrafo correspondiente en el documento W02010/139719 (D1-DE-BASF) establece que
(con énfasis en negrita y subrayado):

"Die biokaktalytische Synthese von Verbindung ((-)-2) ist in der Literatur beschrieben
[Neumann et al; Biol Chem Hoppe Seyler (1986) 367:723]. Dabei wird das Molekuel aus
Homofarnesol (Verbindung (1), (3Z, 7E)-4, 8, 12-Trimethyltrideca-3, 7, 11-trien-1-ol)
gewonnen"
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"La sintesis biocatalitica del compuesto ((-)-2 ha sido descrita en la literatura [Neumann
et al; Biol. Chem. Hoppe Seyler (1986), 367; 723]. Aqui la molécula se obtiene del
homofarnesol (compuesto (1), (3Z, 7E)-4, 8, 12-trimetiltrideca-3,7, 11-trien-1-0l)”.

No esta claro en el primer parrafo en cursiva proporcionado anteriormente si la palabra
"Aqui” al comienzo de la segunda oracién se refiere a la publicacion de Neumann et al
(1986) o a la divulgacién en D2. Sin embargo, la oracion correspondiente en el segundo
parrafo en cursiva en el idioma aleman tal como se presenta (D2 (DE-BASF)) usa el término
"Dabei”, lo que aclara que D2 es: (i) refiriéndose a la divulgacidon de la publicacidon
Neumann et al (1986); y (ii) declarar incorrectamente que la publicacion de Neumann et
al (1986) divulga un proceso para producir (-)-Ambrox usando un isémero de homofarnesol
(3Z, 7E) ya que este no es el caso y es una interpretacion errénea de la divulgacion en la
publicacion de Neumann y Simon (1986).

Para el registro, Neumann y Simon (1986) revelan que: (i) Ambroxan se puede producir a
partir de una mezcla de cuatro posibles isdmeros de homofarnesol (EE, ZE, ZZ y EZ)
usando una enzima SHC; y (ii) concluyen de sus estudios que solo el isbmero EE-
homofarnesol (de una mezcla de cuatro posibles isémeros de homofarnesol (EE, ZE, ZZ y
EZ)) es ciclado por SHC para producir Ambroxan, lo que implica que no tiene lugar la
ciclacién del isdmero (3Z, 7E)-homofarnesol. Por lo tanto, el andlisis de la técnica anterior
relevante en la columna 2, lineas 18-23 de D1 es: (i) objetivamente incorrecta porque
Neumann y Simon (1986) no revelan ni sugieren ni demuestran la produccién de (-)-
Ambrox a partir del isémero (3Z, 7E)-homofarnesol; y (ii) experimentalmente imposible
como lo demostré el solicitante y se analiza con mas detalle a continuacion porque la
biocatalisis de un isomero (3Z, 7E)-homofarnesol que usa una enzima SHC no da como
resultado la produccién de (-)-Ambrox.

A este respecto, el Ejemplo 3a de D2 establece que se usé el isémero de homofarnesol
(32, 7E) y usando los analisis de GC descritos en el Ejemplo 4, se obtuvo una tasa de
conversion del 41% usando una homofarnesol ciclasa recombinante (SEQ ID N° 2) de E.
coli (LU15568). Si bien el producto final real resultante de la conversion SHC del isémero
(3Z, 7E) no se identifica, se implica que es (-)-Ambrox. Sin embargo, si los productos de
conversion del Ejemplo 3a se analizaron utilizando la metodologia GC descrita en el
Ejemplo 4, entonces no se encontrarian picos GC correspondientes a (-)-Ambrox (lo que
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explica la ausencia total de datos de perfil GC en D2 debido a la falta total de evidencia de
apoyo para la produccién de (-)-Ambrox).

El solicitante ahora ha demostrado claramente que el isémero (3Z, 7E) (también designado
como isomero “EZ” o “EZH") produce un nuevo éter macrociclico (compuesto II) y 9-epi-
Ambrox (compuesto III) pero no (-)-Ambrox después del tratamiento con una enzima SHC
(ver el Ejemplo 22 y la Figura 12 de la solicitud PCT).

Dado que el isdmero de homofarnesol (EE) necesario para la produccion de (-)-Ambrox no
se uso para la ciclacion en el Ejemplo 3a de D1, no se pudo haber producido (-)-Ambrox.
En consecuencia, la divulgacién en D2 no estd habilitada para la produccion de (-)-Ambrox
usando una enzima SHC debido a la falla en la seleccidon del isdbmero de homofarnesol
correcto requerido para la produccién de (-)-Ambrox.

Estado de la técnica adicional (para demostrar la divulgacion no habilitante en
D2)

Antes de la primera fecha de presentacion de la solicitud presentada, era bien sabido en la
técnica que el isémero de homofarnesol (3Z, 7E) descrito en D1 no produce (-)-Ambrox. -
Se hace referencia a algunos documentos que demuestran lo anterior, los cuales se
adjuntan a este memorial para su revision.

En este sentido, Schaefer (2011) (Chemie Unserer Zeit 45, 374-388), ensefia que la
configuracién estructural del isémero (7E, 3Z) de:

OH

3Z,7E-4,8,12-trimethyltrideca-3,7,11-trien-1-0

F

es tal que solo se puede convertir a 9b-epi-Ambrox a diferencia del isdmero de
homofarnesol (E, E) cuya configuracién estructural permite que se convierta a (-)-Ambrox
(ver Figura 21 de Schaefer (2011)) independientemente de la naturaleza del proceso de
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conversion (por ejemplo, quimico o enzimatico). Se proporciona una referencia a la
divulgacion relevante en Schaefer (2011) en la pagina 10, lineas 10-15 de la solicitud PCT

con la aclaracién de que "una referencia al homofarnesol (3Z, 7E) es una referencia a E,
Z-homofarnesol, que también se designa como EZH".

Para facilitar la referencia, se adjunta una copia de una traduccidon (del aleman al inglés)
de la referencia de Schaefer (2011).

FIG.21 CONSIDERACIONES MECANISTAS EN LA CICLIZACION DE POLIENO
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Por lo tanto, Schaefer ya establecidé la falta de divulgacién habilitadora en D2 en 2011
(independientemente de la naturaleza del proceso de conversidon (por ejemplo, quimico o
enzimatico)) y simplemente se confirmé en la presente solicitud (pagina 10, lineas 10-15
de la solicitud PCT) y en una publicacién posterior de revisidon por pares, escrita por los
inventores de la presente (Eichhorn et al 2018 Adv. Synth.Catal 360: 2339-2351).

Ademas, la Figura 21 de Schaefer (2011) sélo ensefia que es posible producir el compuesto
de la formula I (es decir, (-)-Ambrox) a partir del isémero EEH y el compuesto de la férmula
III (es decir, 9-epi-Ambrox) a partir del isémero (EZH). En cambio, la Figura 12 (pagina
133, lineas 19-24 de la solicitud PCT) muestra por primera vez que los productos de
reaccion producidos ((-)-Ambrox (I) y producto (IV)) cuando se utiliza el EEH como
material de partida (para la bioconversién con WT SHC y/o un derivado de SHC/HAC); vy
los productos de reaccion producidos ((-)-Ambrox (I) y productos (II), (IV) y (III) (véase
la Tabla 21) cuando se utiliza el EE:EZ se utiliza como material de partida) aclarando asi
que el SHC convierte el isémero EEH en compuestos de formulas Iy IV y el isémero EZH
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en compuestos de férmulas II y III. Este hallazgo fue completamente inesperado,
especialmente en vista de la ensefianza en Schaefer (2011) (como se discutio
anteriormente) y Escher et al (1990), donde en el parrafo de “Introduccion” se afirma que:
"Las consideraciones de conformacion hacen improbable la existencia del altamente
forzado cuarto diasteroisomero 3”. Dado que el altamente forzado cuarto diasteroisémero
3 es en realidad el compuesto 1V, la informacion que figura tanto en Escher et al (1990)
como en Schaefer (2011), tanto por si sola como en combinacién, apunta a la produccion
de compuestos distintos de los compuestos de las férmulas I y III.

Para facilitar la referencia, los compuestos I-IV pueden identificarse de la siguiente
manera:

I: (3aR;5aS,9aS,9bR)-33a,6,6,9a-tetrametildodecahidronafto [2,1-b]furano (-)-Ambrox
II: (7aS,11as;2),5,8,8,11a-tetrametil-2,3,6,7,7a,8,-9,10,11,11a-
decahidrobenzo[b]Joxonina

IV: (3aS,5aS,9aS,9bS)-3a,6,6,9a-tetrametildodecahidronafto[2,1-b]furano

ITI: (3aRS,5aSR-9aSR,9bSR)-3a,6,6,9a-tetrametildodecahidronafto[2,1-b]furano 9-epi-
Ambrox

Asi pues, D1 (BASF) no anticipa el proceso de la reivindicacién 1 ni ninguna reivindicacién
gue dependiente de la reivindicacion 1.

Como la antigua reivindicacién 14 (nueva reivindicacién 7) es novedosa respecto del
documento D2, todas las reivindicaciones dependientes de la antigua reivindicacién 14

(nueva reivindicacién 7) son también novedosas respecto del documento D1.

D1 (EP0165458) — Hasegawa

La antigua reivindicacion 14 (nueva reivindicaciéon 7) también es novedosa respecto al
documento D1 porque este se refiere a un método de sintesis quimica para producir un
isdbmero Opticamente inactivo (+/-)-Ambrox a partir de un sustrato distinto del supuesto
sustrato de homofarnesol. Por consiguiente, el proceso de D1 no da lugar a un producto
de reaccion que comprenda el (-)-Ambrox y el nuevo compuesto II. Por lo tanto, la antigua
reivindicacién 14 (nueva reivindicacidon 7) es novedosa respecto del documento D1 y todas
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las reivindicaciones dependientes de la antigua reivindicacion 14 (nueva reivindicacion 7)
son nuevas respecto del documento D1.

4. Nivel Inventivo

El examinador establece que las reivindicaciones 1 a 12 carecen de nivel inventivo a la luz
de las ensenanzas descritas en los documentos US8759043 (D2) y US2015/0104851 (D3).

Respecto al nivel inventivo, me permito decir que el articulo 18 de la Decisidon 486 establece
qgue “Se considerara 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”.

Lo anterior significa que el analisis de nivel inventivo NO es una comparacién de los objetos
de las anterioridades y la solicitud en estudio. El andlisis de nivel inventivo debe
demostrar la obviedad de la invencion y establecer cobmo ésta no contiene un salto
cualitativo, que demuestre su altura inventiva, teniendo en cuenta que se hace necesario
demostrar que la invencion analizada carece de nivel inventivo y hubiese sido obvia para
una persona versada en la materia.

En este sentido, el solicitante desea manifestar respetuosamente que, el estado de la
técnica citado (D2) no revela ni sugiere que una enzima SHC (por ejemplo, SEQ ID No 21)
cicle no solo el isémero EE-homofarnesol para producir (-)-Ambrox sino que también cicle
otros isdbmeros de homofarnesol para producir compuestos no (-)-Ambrox, incluido el
nuevo compuesto de éter macrociclico II. El solicitante ha demostrado por primera vez que
el isomero de homofarnesol EE produce (-)-Ambrox (compuesto 1) y un isémero de (-)-
Ambrox (compuesto IV) mientras que el isémero de homofarnesol EZ produce 9-epi-
Ambrox (compuesto III) y un compuesto de éter macrociclico (compuesto II) pero no (-)-
Ambrox (como se resume en la Figura 12 de la solicitud PCT). De esta manera, el solicitante
ha demostrado con éxito que al menos la combinacién de isémero de homofarnesol (EE/EZ)
es una combinacidn viable como material de partida en un método para producir (-)-
Ambrox usando una enzima SHC y productos secundarios como 9-epi-ambrox producido
por el isdbmero EZ no interfiere sustancialmente con el proceso de produccion, aislamiento
y recuperacion de (-)-Ambrox.
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Como se considera que el proceso reclamado deja una huella distintiva en el producto
resultante que lo distingue de los productos divulgados en el arte citado, la antigua
reivindicaciéon 14 (nueva reivindicacién 7) es inventiva y cualquier reivindicacién que
dependa de la antigua reivindicacién 14 (nueva reivindicacion 7) también es inventiva.

En cuanto al documento D3 también a nombre de BASF, tiene reivindicaciones dirigidas a
los mutantes con actividad ciclasica y su uso en un método de ciclizacidon de terpenos, en
particular la produccidon de isopulegol mediante la ciclizacién del citronelal (véase el
resumen y el parrafo [0013] en la columna 1 de D3). Aparte de la referencia al
W02010/0139719A2 y su completa revelacién relativa a los polipéptidos propuestos como
biocatalizadores para la ciclizacién del homofarnesol al ambroxan en el parrafo [0010] de
la columna 1 de D3, no hay ninguna revelacion de la demostracién de la produccion de (-
)-Ambrox en D3. Mas bien, D3 simplemente revela biocatalizadores adecuados utiles para
la ciclizacion de terpenos como el citronelal con la formacion de isopulegol. Especificamente
las mutaciones reveladas en los parrafos [0046-006] son mutaciones dirigidas a la
ciclizacion de un objetivo distinto del objeto reclamado del homofarnesol. Por lo tanto, no
habria ningln incentivo para que la persona experta en la materia combine lo divulgado
en D3 con D1. Incluso si lo hicieran, no llegarian a la invencion reclamada porque, como
se ha discutido anteriormente, D1 (US8759043B2) que se fragmentd de
W02010/0139719A2 es una divulgacién no habilitada ya que no se produce (-)-Ambrox.

De acuerdo con lo anterior, y teniendo en cuenta que los documentos D1, D2 y D3 no
mencionan, describen o sugieren, en forma individual o en combinacion, todas las
caracteristicas técnicas reclamadas en el nuevo capitulo reivindicatorio presentado por el
solicitante, las nuevas reivindicaciones presentadas son novedosas, e inventivas
sobre el estado del arte.

En este sentido, y siguiendo el Manual Andino de Patentes, la presente invencion tal y
como se encuentra definida en las reivindicaciones 1 a 10, tiene diferencias con el estado
del arte e implicé un nivel inventivo durante su desarrollo, por lo cual debe ser considerada
como novedosa e inventiva segun las disposiciones de los articulos 16 y 18 de la Decision
486.

clarkemodet.com
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5. Conclusion

Con las modificaciones introducidas y los argumentos presentados puede concluirse que:

i) La presente solicitud es clara, concisa y esta debidamente soportada en la
descripcion, cumpliendo con los requerimientos del Articulo 30 de la Decision
486; vy

i) Las reivindicaciones actuales son patentables sobre D1, D2 y D3, cumpliendo asi
con los requerimientos del Articulo 18 de la Decisién 486.

Por tanto, atentamente me permito solicitar a ese Despacho otorgar el privilegio de patente
solicitado a la solicitud en estudio, toda vez que cumple a cabalidad con los requerimientos
de la Decisién 486/00.

En consecuencia, solicitamos a ese Despacho pronunciarse en relacion con todos los
argumentos presentados en este memorial dando estricta aplicacion al principio del debido
proceso consagrado en el articulo 29 de la Constitucion Nacional.

6. Anexos

- Nuevo capitulo reivindicatorio conformado por 10 reivindicaciones.

- Neumann and Simon (1986)

- Eichhorn et al 2018 Adv. Synth.Catal 360: 2339-2351

- Schaefer (2011) (Chemie Unserer Zeit 45, 374-388)) (original and traduccién al
inglés)

- Escher et al (1990)

Sefora Directora,

o0 Rauw

LR \_\.K XX / (L\’\
CAROLINA DAZA NTALVO

C.C. 66.783.790 de Palmira Valle
TP-141563 C9]
notificaciones@clarkemodet.com.co
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REIVINDICACIONES MODIFICADAS

1. Un proceso para preparar (-)-Ambrox o una mezcla que comprende (-
)-Ambrox, caracterizado porque una mezcla de isomeros que comprende
EEH se convierte enzimaticamente a (-)-Ambrox o una mezcla que comprende
(-)-Ambrox, en donde la conversién enzimatica se lleva a cabo usando una
enzima escualeno-hopeno-ciclasa/homofarnesol-Ambrox-ciclasa (SHC/HAC)
gque tiene una secuencia de polipéptido de SEQ ID No. 21 para la produccién
de (-)-Ambrox y en donde la mezcla de isdbmeros que comprende EEH es
seleccionada de uno o mas de los siguientes grupos que consisten de [(3E,7E)
y [(3Z,7E)] y/o [(3E,7E) y (3E,72)] y/o [(3Z,7E), (3E,7E) y (3E,7Z)] también
designados como [EE:EZ], [EE:ZE] y [EE:EZ:ZE] respectivamente,

en donde la conversion de homofarnesol a (-)-Ambrox toma lugar a una

temperatura en el intervalo de 30°C a 60°C, a un pH en el intervalo de 4-8.

2. El proceso de conformidad con la reivindicacion 1, caracterizado porque usa

células hospedadoras recombinantes que producen la enzima SHC/HAC.

3. El proceso de conformidad con la reivindicacién 1 o reivindicacién 2,
caracterizado porque la conversion de homofarnesol a (-)-Ambrox toma

lugar en un intervalo de pH de 5.0 a6.2.

4. El proceso de conformidad con la reivindicacion 1 o reivindicacion 2,

caracterizado porque la conversién toma lugar a una temperatura de 35°C.

5. El proceso de conformidad con cualquiera de las reivindicaciones 1-4,
caracterizado porque los pasos de reaccién de bioconversién y crecimiento

celular se llevan a cabo en el mismo recipiente de reaccién.
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6. El proceso de conformidad con cualquiera de las reivindicaciones 1-5,
caracterizado porque se produce (-)- Ambrox en mezcla con como un minimo

de uno o mas de los subproductos (II), (IV) y/o (III)
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7. Un producto de reaccidon que comprende (-)-Ambrox que se obtiene por el
método de una cualquiera de las reivindicaciones 1-6, caracterizado porque
la mezcla de isémeros que comprende EEH es seleccionada de uno o mas de
los siguientes grupos que consisten de [(3E,7E) y [(3Z,7E)] y/o [(3Z,7E),
(3E,7E) y (3E,7Z)] también designados como [EE:EZ], y [EE:EZ:ZE]

respectivamente.

8. El producto de reaccion que comprende (-)-Ambrox de conformidad con la

reivindicacién 7 estd en una forma sélida, en una forma amorfa o cristalina.

9. Un proceso para producir un producto que contiene (-)-Ambrox, en donde el
producto es un producto de fragancia, un cosmético, un producto de limpieza,
un producto detergente o un producto de jabdn caracterizado porque
comprende incorporar el (-)-Ambrox de conformidad con la reivindicaciéon 7 u

8 en el producto.
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10. Una fragancia o cosmético o producto de cuidado de consumidor o
composicidon de cuidado de consumidor, caracterizada porque comprende el (-
)-Ambrox de conformidad con la reivindicacion 7 u 8 y uno o mas componentes

adicionales.
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Purification, Partial Characterization and Substrate Specificity of a
Squalene Cyclase from Bacillus acidocaldarius

Stefan NEUMANN and Helmut SmMoN

Lehrstuhl fiir Organische Chemie und Biochemie der Technischen Universitit Miinchen and

Consortium fiir Elektrochemische Industrie GmbH, Miinchen

{Received 7 April 1986)

Summary: From the thermophilic Bacillus acido-
caldarius, a membrane bound cyclase catalysing
the formation of 22(29)-hopene (diploptene)
and 22-hopanol (diplopterol) from squalene was
enriched 670 0ld to a purity of 95% as judged
by gel chromatography. The specific activity

of the purified enzyme in the presence of Triton
X-100 is 0.22 umol product formation per min
and mg protein at 54 °C. The molecular mass is
150 kDa and that of the subunits 80 kDa as
determined by FPLC gel chromatography and
sodium dodecyl sulfate gel electrophoresis,
respectively.

- Dedicated to Prof. Dr. Giinther Krefe on the occasion of his 65th birthday

~

Not only squalene but also E,E-homofarnesol,
homogeraniol and homofarnesyl (1,5,9-tri-
methyi-4,8-decadienyl) ether are substrates. The
ether bond of the latier substrate is split by the
enzyme. The products of the aforementioned
three additional substrates are ambroxan (dode-
cahydro-3a,6,6 9a-tetramethylnaphtho[2,1-b]-
furan), octahydro-4,4,7a-trimethylbenzofuran
and ambroxan together with 1,5,9-trimethyl-4,8-
decadienol. The cyclization rates of these sub-
strates compared to squalene are 3%, 0.05% and
0.3%, respectwely The halfdife of the enzyme
activity is 80.h at 45 °C and 18 h at 54 °C.

Reinigung, partielle Charakterisierung und Substratspezifitit einer Squalene Cyclase aus

Bacillus acidocaldarius

Zusammenfassung: Aus dem thermophilen Bacil-
lus acidocaldarius wurde eine Membran-gebunde-
ne Cyclase 670-fach angereichert. Nach Gelchro-
matographie war das Material zu mehr als 95%
rein. Die Cyclase katalysiert die Bildung von
22(29)-Hopen (Diploptene) und 22-Hopanol
(Diplopterol} aus Squalen. Die spezifische Akti-
vitit des gereinigten Enzyms betrigt in Gegen-
wart von Triton X-100 0.22 pmol Produkte pro
min und mg Protein bei 54 °C. Die beiden Ho- .
panoide entstehen im Verhiltnis von ca. 6: 1.
Die apparente Molmasse der Cyclase, bestimmt
durch FPLC-Gelchromatographie, ist 150 kDa
und die durch Natriumdodecylsulfat-Polyacryl-
amidgel-Elektrophorese bestimmte Molmasse der
Untereinheiten betrégt 80 kDa.

Nicht nur Squalen ist Substrat, sondern auch
E, E-Homofarnesol, Homogeraniol und Homo-
farnesyl-(1,5,9-trimethyl-4,8-decadienyl)-ether
werden cyclisiert. Dabei wird die Etherbindung
des letztgenannten Substrats durch das Enzym
gespalten. Die Produkte dieser Substrate sind
Ambroxan (Dodecahydro-3a,6,6 9a-tetramethyl-
naphto[2,1-b]furan), Octahydro-4,4,7a-tri-
methylbenzofuran sowie Ambroxan zusammen
mit 1,5,9-Trimethyl-4,8-decadienol. Die Cycli-
sierungsgeschwindigkeiten dieser Substrate sind
3%, 0.05% und 0.3% der des Squalens. Die
Halbwertszeit der Enzymaktivitit betréigt 80 h
bei 45 °Cund 18 h bei 54 °C.

Abbreviations:

FPLC, Fast protein liquid chromatography; GLC, gas liquid chromatography ; HPLC, high performance liquid chro-
matography; SDS, sodium dodecyl sulfate; TLC, thin-layer chromatography.

Trivial names:

Ambroxan, dodecahydro-3a,6 6 9a-tetramethylnaphtho(2,1-b Jfuran; dxploptene, 22(29)hopene diplopterol, 22-

hopanol; Polidocanol, (polyoxyethylene-Q) lauryl ether.

Copyright © by Walter de Gruyter & Co - Berlin - New York
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- Hopanoids belong to a family of triterpenes
formed by many microorganisms as well as by

. plants such as lichens and ferns{?], They are
ubiquitous in mineral oil, slate, peat and other
sediments!®*]. Tt is generally accepted that the
complicated structures containing five rings such
as 22(29)-hopene (2a) or 22-hopanol (2'a) (see
scheme) and the many derivatives found in sedi-
ments are of biological origin. The wide-spread
occurrence of hopanoids in microorganisms!s!
raised the question of their physiological role.
There seems to be no doubt that they strengthen
the rigidity of microbial membranes. The intér-
action of hopanoids with ofhier membrane
components and their cholesterol-like function
has been described by Poralla et al.15=8) Bringer
et al ') showed that higher steady state ethanol
concentrations of continuous cultures of Zymo-
monas mobilis increased the hopanoid content
of the cells. Squalene is the precursor of the
hopanoid ring system and the similarity of
hopanoid and cholesterol formation is evident.
However, in hopanoid formation oxygen is not
involved(t?], Nevertheless, in cell-free systems
of Acetobacter pasteurianum!™), Methylococcus
capsulatus’™® and in the protozoon Tefra-
hymena pyriformisi®® squalene as well as (R, S)-
2,3-epoxy-2,3-dihydrosqualene have been
cyclized. .

After the completion of studies described here,
we became aware of results of Renoux and
Rohmer!™¥ who showed that by a cell-free system
of T. pyriformis all-trans-pentaprenyl methyl
ether is cyclized to a sclarane-type sesterterpene
and all-frans-hexaprenyl methyl ether to a mix-
ture ‘of bi-, tri-, tetra- and pentacyclo-hexaprenyl
methyl] ethers. The authors assume that all

these polycyclic ethers were formed by the
hitherto not isolated squalene cyclase of the
ciliate T. pyriformis.

So far no enzyme catalysing the formation of
hopanoids has been purified and characterized.
Seckler and Porallal'®! described a partial purifi-
cation of this enzyme. We report on the purifi-
cation, partial characterization and the substrate
specificity of the cyclase from Bacillus acido-
caldarius. T

Materials and Methods

[*H]Squalene nominally labelled in positions 4, §, 12, 13,
17 and 21 was a product from New England Nuclear. Its
specific activity was 19 Ci/mmol. The material contained
10% of an impuzity as judged by thin-layer chromatog-

raphy and tritium analysis by an Automatic TLC-Linear
Analyser LB 2832 — Fa.Prof. Berthold, (D-7547 Wild-
bad). This contamination was neither enzymatically nor
otherwise converted. It stayed constant and did not
disturb the substrate and product analysis,

Authentic dodecahydro-3 a,6,6,%a-tetramethyinaphtho-
{2,1-b]furan (2b) derived from sclareol was a gift from
Henkel KGaA, D-4000 Diisseldorf and 22(29)-hopene
from Hoechst AG, D-6000 Frankfurt (Dr, Vertesy).
Geraniol and nerol were bought from Aldrich-Chemie,
D-7924 Steinheim. All other substrates tested were gifts
from Consortium fiir Elektrochemische Industrie GmbH,
Miinchen. Authentic E,E-homofarnesol ( 1b)and a
diastereomeric mixture of octahydro-4 4,7a-trimethyl-
benzofuran (4) were also obtained from this institution.
The detergent Polidocanol was a product from Sigma,
D-8024 Deisenhofen and Amberlite XAD-2 from Serva,
D-6900 Heidelberg.

Bacillus acidocaldarius DSM 446 was growi as described
by Datland and Brock!'6) 3t 55 °C and at a pHof 3.4 in
volumes up to 150 1. This volume was purged with 3.5 m?
airfh after inoculation with 17 of a freshly grown cell
suspension. The cells were harvested when an optical
density of 2.8 was reached and stored without washing
at — 18 °C, They did not loose enzyme activity for sever-
al months. ‘

Protein was determined according to Bradford in the
modified form of Read and Northeotel17],

Enzyme assay

The test is based on a procedure described by -Rohmer
et al.l11] and was carried out according to Seckler and
Porallal?5], A total volume of 1.0 mZ containing 100mM
sodium citrate buffer pH 6.0, 50um [3H]squalene

(1x 105 dpm), and 0.1 mg Triton X-100 was incubated
in the presence of approximately 0.25mUJ cyclase for
60-120 min at 54 °C and then stopped by extracting
the chilled vial with 2 m/ hexane/2-propanol 3 : 2 (v/v).
After concentrating the organic phase to about 100 pf
it was separated on thin-layer plates covered with

0.25 mm silicagel (Merck 5553) with chloroform, The
chromatography was stopped when the solvent front
reached 1/3 of the distance to the upper edge. After
wards the dried plate was further developed in n-hexane.

The Ry values of squalene, 22(29)-hopene and a second
product turned out to be 0.35, 0.60 and 0. 10, respec-
tively.

For testing other substrates a total volume of 2.0 m!?
contained 100mM sodium citrate buffer pH 5.0, 1.0mM
substrate i.e. homofarnesol, 0.8 mg Triton X-100 and
resolubilized sediment of the membrane fraction of

B. acidocaldarius-(vide infra) corresponding to 4.0 mg
protein. The assays were incubated for 14 h at 54 °C.
The aqueous phase was once extracted with 4 m! of the
aforementioned mixture of organic solvents. These
were evaporated, the residue dissolved in 0.1 m! carbon
tetrachloride and a 1-u! fraction injected on a 20-m
capillary column Carbowax 20 M, Fa, Hewlett Packard,
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The column temperature was raised 4° fmin from 160 to
200 °C. E,E-Homofarnesol showed a retention time of
10.5 min, three other isomers of homofarnesol were
eluted within 8.5—10 min. The product.2b appeared
after 5 min, Other 20-m capillary columns used were

QV | and OV 1701. The GLC-mass spectroscopy analysis
of 2b was conducted on an OV | column coupled to a
Varian MAT 112 S. The pH-dependence of the cyclase
was studied with homofarnesol in 100mM cifrate and
100mM phosphate buffer in the range of pH 5.0 to 7.0.

Enzyme purification

Wet-packed cells (15 g) suspended in 100 m/ 10mM
Tris/HCl pH 8.0 were broken by ultrasonic treatment
and the cell debris spun down at 5000 x g for 10 min.
The resulting supernatant was centrifuged for 3 h at
80000 X g and the sediment washed twice with 60 m!
10mM citrate buffer pH 6.0. The suspensions obtained
by the washing procedure were centrifuged each time
for 1.5 h at 80000 x g. The sediments from the last
centrifugation were resuspended in 25 m/ citrate buffer
and the cyclase solubilized by incubation with 0.4 mg
Triton X-100/mg of membrane protein for 30 min

at 54 °C. The detergent was eliminated from the super-
natant with 6 g Amberlite XAD-2 by gentle shaking, the
solution placed on a-1.5 x 17 ¢m column filled with

30 m! phenyl-Sepharose CL-4B equilibrated with 100mM
citrate buffer pH 6.0 and eluted with a linear gradient
from 0—70% 1,2-propanediol in a total volume of

160 mi. The cyclase.appeared at a concentration of
60% 1,2-propanediol. The combined main fractions
were applied on a DEAE-Cellulose DE-52 column

(1.5 x 14 cm) equilibrated with 0.05% Polidocanol in
10mM citrate buffer pH 6.5 and eluted with the same
detergent containing buffer by a linear gradient from

0 — 800mM KCl in a total volume of 200 m/, The en-
zyme was in a total volume of 21.6 m/ in the range
from 70 to 130mM KCL After concentration to 5.4 m!
by an ultrafiltration through an Amicon YM-10 mem-
brane the residual detergent was eliminated with 0.1 g
Amberiite XAD-2. The enzyme-containing solution
was chromatographed in aliquot parts of 1.5 mlon a
Mono-Q-prepacked column HR 5/5 of an HPLC appara-
tus (Pharmacia). The column was equilibrated with 20mM
phosphate buffer pH 6.5. The cyclase was eluted by
applying a linear gradient from 0—1.0M KCl ata KCl1
concentration of 450mM.

Determination of the molecular mass and criteria of
purity

The enzyme obtained from the Mono-Q column of the
HPLC apparatus was chromatographed in 20m¥ phos-
phate buffer pH 6.5 containing 0.05% Polidocanol on
a calibrated FPLC-gel column (Superose 6 HR 10/30,
Pharmacia). The cyclase was eluted as a sharp single
peak. For the calibration of the gel column the fol-
lowing proteins with their molecular masses given in
parenthesis were applied: Cytochrome ¢ (12.5 kDa),
bovine serum albumin (67 kDa), aldolase (148 kDa),
catalase (242 kDa) and ferritin (440 kDa). The disc
electrophoresis was conducted according to Maurer
in the presence of 0.2% Polidocanol and the SDS
electrophoresis as described by King and Limmi{1®],

{18]

Results and Discussion

Assay .

All enzyme assays and substrate studies had to
be conducted in the presence of Triton X-100
or Polidocanol. Without a detergent the solubi-
lity in an aqueous system of squalene (la),
homofarnesol (1b) and the other substances
checked for cyclization is too low. A complete
conversion to 22(29)-hopene (2a) and a second
product can be achieved with a 50uM solution
of squalene. It is assumed that the second prod-
uct is 22-hopanol (2'a) since it shows an Rg-
value identical with that of 22-hopanol

found in Bactllus acidocaldariust's!, Further-
more, Seckler and Poralla!'! found for 22(29)-
hopene and 22-hopanol a ratio of 83:17 and
we observed with the purified enzyme a ratio of
86: 14. For analytical purposes only a partial
conversion was conducted. The amounts of
products formed were calculated on the basis
of the known specific radioactivity of squalene
applied in the test and the tritium activity found
on the plate for squalene and the products. The
other products were determined by calibration
of the gas-chromatography procedure with
authentic references of 2b, 2¢ and 4.

Enzyme purification

The squalene cyclase is a membrane-bound en-
zyme. The purification procedure described in
Materials and Methods is the result of many tests
especially with respect to the absence or presence
as well as the kind and concentration of deter-
gent.

The cyclase could be purified to homogeneity
(& 95%) with about 22% yield. A typical proto-
col is depicted in Table 1. All chromatographic
separations were carried out at room tempera-
ture.

The enzyme binds very tightly to phenyl-Sepha-
rose and cannot be eluted even with 70% glycol,
However, 1,2-propanediol elutes the cyclase with
satisfying yield and about 8-fold enrichment.
The propanediocl-containing solution of the
phenyl-Sepharose CL-4B column can be put
directly onto the DEAE cellulose DE-52 col-
umn. This step leads to the separation of

the enzyme from propanediol and to an almost
three-fold enrichment. The detergent Polidocanol
does not interfere with the measurement of
protein absorption. The elution peak from the
DEAE cellulose column is rather broad. Frac-
tions containing smaller amounts of enzyme
were discarded. Altogether about 65—70% of

“the activity put on the column is eluted.
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Table 1. Purification of squalene cyelase (activity measured with [3H]squalene).

Purification step Volume Protein Activity Specific Enrichment Yield
concentration activity

[ml] Imgfmi] . [mU] [mU} [m-fold] [%]
Crude extract 100 13 442 0.34 - 100
Resolubilized enzyme 25 4.1 - 350 3.4 10 79
Phenyl-Sepharose CL-4B 43 .23 264 27 79 60
DEAE-Cellulose DE-52 21.6 0.088 148 78 229 33
Mono-Q 19.6 0.022 99 228 671 22
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Scheme: Reactions catalysed by squalene cyclase of Bacillus acidocaldarius.
H? is a proton delivered from the enzyme, Nu a nucleophile of the enzyme.
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The chromatography on the strong basic anion
exchange resin Mono Q needs the complete
removal of the detergent. Because Ambertlite
XAD-2 also binds the enzyme to some extent
most of the Polidocanol was eliminated by ultra-
filtration and only the residual small amount of
detergent was adsorbed on Amberlite XAD-2.
The chromatography on the Mono Q-column led
to rather sharp peaks containing the enzyme in
4 ml. However, some of the enzyme seems to
bind unspecifically and irreversibly.

The purity of the so obtained enzyme can be
seen in Fig. 1. The apparent molecular mass is
150 kDa, Omission of the detergent during the
gel chromatography causes the elution of the
enzyme in the void volume of the column. That
means the molecular mass of aggregates is much
higher than 600 kDa. Tested in vitro the purified
enzyme exerts a specific activity of 230 mU for
the cyclization of squalene. This corresponds to
a turnover number of about 33 mol of product/
(mol enzyme x min).

The question arises whether this small activity
accounts for the hopanocid formation in B. acido-
caldarius? According to ref 519 the organism
contains 1.1 mg (2.7 umol) hopanoids per gram
dry weight if grown under the conditions de-
scribed here. The doubling time was about 1 h.
That means 500 mg of protein (50% of the dry
mass) should be able to produce about 3 pmol
hopanoid/h. The protein of the crude extract
showed a specific activity of 0.34 mU, which
means 500 mg protein produce per hour = 500 X
0.00034 x 60 = 10.2 pmol hopanoids. This in-
dicates clearly, that the low turnover number is
sufficient for the formation of the observed
hopanoid.

O The stability of the cyclase under operational

conditions is shown in Fig. 2.

12 A

10™3 x Ansgo

L

0 L] ¥ L] T
12 16 20

[H] 4 8
Va [m/]

Fig. 1. Elution profile of cyclase purified according
Table 1 from a FPLC-gel column.
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Fig. 2. Time course of the enzyme activity of resolubilized
cyclase (see Table 1) at two temperatures. :

Electrophoresis

The cyclase could not be analysed by disc electro-
phoresis. Without detergent, the protein did not -
move even into a 3.75% acrylamide gel. In the
presence of 0.1% and 0.2% Polidocanol in the
enzyme solution and the buffer the cyclase en-
tered the gel and led to a single band. However,
above this band a continuous weak smear was
observeable. SDS gel electrophoresis showed a
clear band from which the molecular mass of

80 kDa for the subunits could be calculated.

As reference proteins chymotrypsinogen, oval-
bumin and catalase were used.

Substrate specificity, structure of the products
and kinetic parameters

Crude extract as well as purified enzyme deliv-
ered about the same ratio of 22(29)-hopene
(2a) and 22-hopanot (2'a). Using a crude extract
the ratio of the radioactivity of 2a to that of
2'a on the TLC-plate was 6.3 and the ratio ob-
tained by purified enzyme was 6.1.

The enzyme cyclizes besides squalene also £,5-
homofarnesol (1b), homofarnesol (1,5,9-tri-
methyl4,8-decadienyl) ether (lc} and homo-
geraniol (3). The rates of the cyclization of
thesé substrates are 3%, 0.3% and 0.05% of
that of squalene. The conclusion that from a
mixture of different homofarnesol isomers

only E,E-homofarnesol is cyclized comes from
the observation that the treatment of a mixture
of all four possible homofarnesol isomers (6,7-E,
10,11-E;6,7-Z, 10,11-E;6,7-Z, 10,11-Z; and
6,7-E, 10,11-2) with the enzyme followed by
capillary GLC analysis resulted in unchanged
amounts of three of the four isomers and an
obvious decrease of one isomer which was
E,E-homofarnesol. It could be identified by
comparison with authentic material by GLC
analysis.
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The structure of 2b is assumed from the follow-
ing facts and observations: The product formed
by the enzyme and the authentic material de-
picted by formula 2b cannot be differentiated
by capillary GLC analysis, coupled GLC/mass
spectroscopy and by their characteristic odor.
Furthermore, corresponding positions of the
carbon skeleton of 2b and the hopanoids have
identical configurations. For the determination
of the structure and the configuration of the
hopanoids see Ourisson et al.12%), The configura-
tion of authentic 2b is established by the oxida-
tion of sclareol to 2b, For the structural rela-
tionships see 1.¢.[2'22) The two products formed
from 1c were 2b and 1,5,9-trimethyl4,8-de-
cadienol (2¢). The latter could not be differen-
tiated from authentic 2¢ by capillary GLC
analysis. Finally the furan derivative 4 could
again be identified by the comparison with a
diastereomeric mixture of octahydro4,4,7a-
trimethylbenzofuran. One of the two peaks ob-
tained by GLC analysis co-eluted with the en-
zymic product,

It is assumed that hopanoid cyclases catalyse
their reaction by the combination of proton
attack and proton abstraction by a nmucleophile
[1420) The formation of 2b and 4 can be under-
stood if it is assumed that in the cyclization
process a nucleophile from the enzyme depro-
tonates the hydroxy group of 1b or 3 leading

to a strong nucleophile which plays the role of
a pair of r electrons from the squalene. In the -
case of the cyclization of 1b to 2b an electron
pair of the oxyanion corresponds to the 7 elec-
tron pair of the double bond between the car-
bons 14 and 15 of squalene and in the case of
formation of 4 an electron pair of the oxyanion
would correspond to the double bond between
carbon atoms 10 and 11. Another possibility
would be that the OH-groups of 1b or 3 capture
intermediate carbonium ions.

The formation of 2b from 1c¢ is also interesting.
The GLC analysis showed clearly the presence
of 1b and 2b as products when 1c was incubated
with cyclase. A further product observed after
the incubation of 1c with the enzyme is probab-
ly 2¢. By GLC no other products have been ob-
served. The products 1b, 2b and 2¢ can be ex-
plained by the fission of the ether bond of lc
by the enzyme. Ether bond fission by strong
nucleophiles is a well known phenomenon in

organic chemistry. However, if this is correct the

enzyme becomes intermediarily alkylated:
R-O-R' + Nu®——— R-0° + Nu—R’

Again an intermediate carbonium could interact
with the ether function. The oxonium ion could
be split by a nucleophile of the enzyme:

R R |Nu

lo. 2/ [/ ! '
__(I:a + \0\___, —]C—O\Ia — _?_O—R + R—Nu® ;
R R }

The question remains how the enzyme splits off
R?

Homofamesylcarboxylate, homofarmesy] methyl
ether, farnesol, geraniol and nerol were not sub-
strates of the cyclase. That homofamesyl methyl
ether, in contrast to homofarnesyl (1 ,5,9-tri-
methyl-4,8-decadienyl) ether, does not react

may be explained by the assumption that the
former is too small and the probability for a “cor-
rect” position in the active center of the enzyme 3
is unlikely. Farnesol or geraniol would lead to _ 4
four membered rings, which is highly improbable.
However, one can predict that a bishomofarnesol
might be a substrate.

The low probability of substrates such as the
Cy6 compound 1b to be correctly bound by an
active site of an enzyme which has a natural
substrate of 30 carbon atoms may be the ex-
planation that the rate of conversion of 1b to 2b
is only 3% of that of the hopanoid formation
from squalene. In the reaction of the C,y-sub-
strate 3 this effect is even more marked.

Since we have been mainly interested in the
formation of 2b from 1b we studied the pH-
dependence of this reaction rate and the prod-
uct inhibition of 2b. Tested in 0.1M phos-
phate buffer and 0.1M citrate buffer the cycli-
zation rate decreased from 0.056 mU at pH 5.0
to 0.014 mU at pH 7.0.

The rate of the formation of 2b increased with

the concentration of 1b from 0.25mM to 2.0mM
and declined slightly in the presence of dmM
1b, The product inhibition of 2b is shown in
Table 2. Only 25uM 2b inhibit the cyclization
by more than 50%. This is an extremely strong
product inhibition. = -7 7 T o o

i

R

This work was partially suppozrted by the Bundesmini-
sterium fir Forschung und Technologie, We are grateful
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Table 2. Inhibition of the cyclization of homofarnesot 1b by
the cyclization product 2b.

The concentration of substrate in all experiments was 1mM,

Concentration Cyclase activity Inhibition
.of2b
fuM] [mU} %1
0 0.02 0
25 © 0,009 54
50 | 0.006 67
15 0.003 83
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Abstract: Alicyclobacillus acidocaldarius Squalene Hopene Cyclase was evolved to a biocatalyst suitable for
(—)-Ambrox production at industrial scale. One round of random mutagenesis led to the identification of
three variants with (E,E)-homofarnesol conversion properties improved about 1.5- to 10-fold over that of the
wild type enzyme. Eight distinct amino acid mutations were identified overall; only one mutation was at the
active site of the enzyme. Each of the three variants contained only two or three mutations over the 631
amino acids of the Alicyclobacillus acidocaldarius Squalene Hopene Cyclase polypeptide chain. Mutations
responsible for improved (E,E)-homofarnesol conversion were identified. Investigations on reaction
conditions led to the selection of one variant, with which reaction parameters were optimized towards
process-relevant conditions. A whole cell biotransformation process is presented in which Escherichia coli
cells producing an improved Squalene Hopene Cyclase variant allows the conversion of 125 g/l (E,E)-
homofarnesol in <72 hours. The developed process for the production of the fragrance ingredient (—)-
Ambrox as Ambrofix® expands the biocatalysis toolbox by setting out a general basis for biocatalytic
Squalene Hopene Cyclase cyclization reactions at industrial scale.

Keywords: (—)-Ambrox; Biocatalysis; Fragrances; Protein engineering; Isomerases; Squalene Hopene
Cyclase

1 Introduction

Ambergris prized for centuries for its qualities and use
in fine perfumes or for medicinal purposes,! is an
excretion of the sperm whale Physeter macrocephalus.
It is thought to be produced in response to irritation
of its intestine caused by beak-like mouthparts, eye
lenses and pen of squid, the major part of its diet.
Living and feeding in the ocean’s depths, the sperm
whale’s life remains a mystery as is the development
of ambergris’ odor properties. Having a nauseating
odor when it is expelled, as it ages under the action of
sea water and air, ambergris develops a characteristic
pleasant complex odor profile. This is the result of the
oxidative degradation of (—)-ambrein (6) (Scheme 1),
the most abundant but odorless component of amber-

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library 2339

gris. The smell of ambergris is described as well
balanced with soft musky, animalic, marine, sweet,
earthy, and woody facets. When having the privilege
to smell an authentic ambergris alcoholic tincture,
one’s eyes close and one gets transported on an old
wooden raft floating on an open sea, being caressed
by a salty breeze. Used in trace amounts in perfumes,
it serves like musks as a fixative and for exhaling a
perfume’s most delicate fragrant notes. Ambergris, a
rare and extremely valuable material was at certain
times worth more than gold.”’ (—)-Ambrox (1)
(Scheme 1), the olfactory most important component
of ambergris, is recognized as the prototype of all
ambergris odorants. It shows a characteristic and
memorable ambery and woody smell, historically
linked to ambergris, and reminiscent of tobacco and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(-)-Ambrox (1) (-)-ambrein (6) sclareol (7)
OH
X X P4 NS X
(E)-nerolidol (12)

(+)-cis-abienol (8)

(E,E)-farnesol (13)

(-)-drimenol (9) B-ionone (10) dihydro-B-ionone (11)

X OH X A X OH
(E,E)-homofarnesol (5)

Scheme 1. (—)-Ambrox and compounds for (—)-Ambrox synthesis.

clary sage. The odour of (—)-Ambrox is most often
described as triggering a soft, powdery, and almost
mineral smoothness wrapping oneself in a pleasant
feeling. Its first semi-synthesis starting from the
diterpene sclareol (7) (Scheme 1) was reported in
1950;"! this major industrial resource for (—)-Ambrox
production is currently isolated from clary sage (Salvia
sclarea). A biosynthetic route to sclareol was however
recently described.!* Several synthetic and biocatalytic
routes to (—)-Ambrox and (+)-Ambrox starting from
a variety of other compounds including (E,E)-homo-
farnesol (EEH) (5) (Scheme 1) have been reviewed.!

The yearly use of (—)-Ambrox as one of the most
valuable perfumery ingredients is estimated at above
100 tons. It benefits from good ecotoxicological
properties, and is biodegradable. It is used in all types
of applications ranging from fabric and personal care
to fine fragrances. One of its advantages over its low
odor threshold and good substantivity is its softness
compared to other pungent ambery notes like e.g.
Ambermax® or Amberketal. (—)-Ambrox appears
currently in about 30% of perfume creations at a
mean dosage of 0.35%, but reaching towards 1%
sometimes in fine fragrance applications. Its use
appears to be in constant progression. (—)-Ambrox is
available from several manufacturers e.g. as Ambrox®
or Ambroxan®. and is produced by Givaudan SA as
Ambrofix®.

In 1986 it was reported for the first time that (—)-
Ambrox was the product of the enzymatic cyclization
of EEH by a Squalene Hopene Cyclase!” (SHC, EC
5.4.99.17, Swissprot P33247, PDB 1SQC), a member
of the triterpene cyclase family class II¥ isolated from
Alicyclobacillus acidocaldarius. Only a few examples
of EEH cyclization to (—)-Ambrox by SHC enzymes
have been reported;’? the ability of these enzymes to
produce (—)-Ambrox has attracted the attention of
industry."”! The first characterization of the enzyme
reported a 3% conversion at a substrate concentration
of approx. 0.24 g/L using a mixture of the four possible
homofarnesol diastereomers.”” A method for produc-
ing (—)-Ambrox from a mixture of (E,E)-, (E,Z)-,
(Z,E)-, and (Z,Z)-homofarnesol isomers with approx.
60% conversion but at only 2 g/L. substrate was also
described"* where it was stated that (—)-Ambrox and

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library
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9-epi-Ambrox (4) (Scheme 2) were detected as prod-
ucts, and that (—)-Ambrox was produced from the
EEH isomer. Whilst SHC enzymes from Zymomonas
mobilis and Bradyrhizobium japonicum were de-
scribed as allowing approx. 40 and 22% conversion
respectively at approx. 2.4 g/LL of substrate, compared
to only 1.2% conversion with A. acidocaldarius SHC,
the homofarnesol isomer necessary for the production
of (—)-Ambrox was not used for cyclization.'"
When homofarnesol was used as a substrate and as
reported so far, the concentration ranges used and the
conversions achieved were very low. To our knowl-
edge no reports are available showing either a
naturally high activity of SHC towards EEH, or on
activity improvement studies towards this substrate.

SHC
—

Scheme 2. Homofarnesol cyclization from a mixture of
isomers. (E,E):(E,Z) ratio: 90:10 or 80:20.

SHC enzymes catalyze the most remarkable step in
steroid and triterpenoid synthesis. They have attracted
the attention of chemists and biochemists for several
decades because unlike other terpene cyclases they do
not require a phosphorylated precursor, but proceed
via a Brgnsted acid catalysis-driven mechanism."!
A. acidocaldarius SHC has served as a model for
detailed mechanistic studies. Structure determina-
tion'” and mutagenesis studies!”® not only elucidated
the mechanism of C—C, C-N, and C-O bond forma-
tion by these enzymes, but also showed their plasticity
and ability to be evolved to promiscuous biocatalysts
that could serve as a tool in chemical synthesis."*! We
evolved A. acidocaldarius SHC for (—)-Ambrox pro-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Amino acid mutations in Squalene Hopene Cyclase variants.

SHC Amino acid mutation

variant T77A 192V F129L M132R A224V 1432T Q579H F601Y
101A10 X X
111C8 X X X

215G2 X X X

3 X
10 X

26 X X

30 X X
31 X X X

32 X X X
33 X X X X

duction under process-relevant conditions using a
substrate consisting of a mixture of only two isomers:
(E,E)-homofarnesol (5) and (E,Z)-homofarnesol
(EZH) (6) (Scheme 2).

2 Results and Discussion
2.1 Evolution of Squalene Hopene Cyclase

EvoSight™, a proprietary method of Protéus SA was
applied to create SHC variants. It determines both the
optimal number of random mutations to be intro-
duced for obtaining an enzyme library with high
proportion of improved variants and the minimum
number of variants to screen to ensure that all possible
independent variants are screened.™”)

Libraries were created with increasing mutational
load; about 100 clones of each library were assayed for
EEH conversion to (—)-Ambrox. The average number
of mutations per gene in the 7 libraries was 1.9, 4.5,
5.5, 8.1, 9.2, 13.6, and 17.6. The processing of the
relationship between the fraction of active variants
and the number of mutations indicated that the
optimally mutated library was a library of variants
with 4 mutations. Consequently the corresponding
library of 10350 variants was screened. 90 hits were
selected from microtiter plate assays for validation at
milliliter scale. Three improved variants (101A10,
111C8, and 215G2) were identified showing a 1.6- to
3.5-fold better EEH conversion at 24 h of reaction.
Their initial rate of (—)-Ambrox production was
improved by a factor of 4.6 to 19. The sequencing of
the corresponding shc genes indicated a total of 8
distinct amino acid mutations (Table 1).

Surprisingly only one of the mutations was located
at the active site (F601Y). The other mutations
identified in the three improved variants were all but
one (Q579H) located in domain 2 of the SHC crystal
structure.'”” Further mutations identified during
screening, but not leading to any activity improvement
were spread equally over the two domains of the
enzyme (Figure 1).

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library 2341

Figure 1. Location of amino acid mutations in the Squalene
Hopene Cyclase crystal structure (PDB 1SQC). In blue,
green, and red are the positions mutated in 101A10, 111CS8,
and 215G2, respectively. The highlighted side chains indicate
the positions where the mutations have been identified as
beneficial: F601Y, F129L, M132R, and 1432T. Other posi-
tions with mutations but showing no improvement on activity
are in black. In yellow is the co-crystallized substrate
analogue lauryl dimethylamine-N-oxide.'” (prepared using
PyMOL, The PyMOL Molecular Graphics System, version
2.0, Schrodinger, LLC).

2.2 Mutations Study

28 variants were constructed in total based on the
mutations present in the 3 parent variants (as single
mutations or in combinations) for identifying muta-
tions responsible for activity improvement, and for
evaluating the possibility of further activity improve-

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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ment when combining beneficial mutations. Combina-
tion of beneficial mutations (Figure 1) did not improve
further EEH cyclization to (—)-Ambrox. Activity
assay under validation reaction conditions (55°C,
pH 6.0, 0.05% (w/v) SDS (Sodium Dodecyl Sulfate))
allowed for the selection of 7 new variants (Table 1)
showing improved initial rates over wild type SHC
(Figure 2A).

A -m-wT
—A—101A10
—=111C8
—e—215G2
—<—SHC3
—O—SHC10
—{1—SHC26
—A&— SHC30
—¥—SHC31
—%—SHC32
——SHC33

EEH conversion (%)

0 — T ——— T T T
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

B

-m-WT
—— 101A10
—111C8
——215G2
—=<—SHC3
—O—SHC10
—{1— SHC26
—a&— SHC30
—%— SHC31
) —%— SHC32

EEH conversion (%)

0 2 4 6 8 10121416 18 20 22 24 26 28 30
Time (h)

Figure 2. Influence of reaction conditions on activity of
variant and wild type Squalene Hopene Cyclases. 4 g/LL
(E,E)-homofarnesol was cyclized at pH 6.0 and 55°C in
presence of 0.05% (w/v) SDS (A), or at individually
optimized temperature, pH, and [SDS] (B).

2.3 Characterization and Ranking of SHC Variants

The EEH conversion profiles obtained under valida-
tion assay conditions (Figure 2A) strongly suggested
that setting the reaction parameters to optimum
individually for each SHC variant would allow for a
first step in activity improvement. Providing optimal
reaction conditions to each of the wild type and
variant enzymes was a prerequisite for the selection of
the best available SHC variant. EEH conversion at
4 g/L. was investigated at constant cell concentration
(ODgspnm Of 10, approx. 12.2 g/L wet weight of cells)
with wild type and 10 variant SHC enzymes (Table 1)
at various pH, temperature, and [SDS] conditions.

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library 2342

Studied ranges and resulting optimal reaction con-
ditions are detailed in Table S1 (Supporting informa-
tion). Significant variations in optimal values for the 3
parameters were noted among the variants. Wild type
SHC tolerated broad variations while the variants
showed rather a distinct optimum for the 3 parame-
ters. All variants showed in particular a temperature
optimum between 13 to 23°C lower than that of wild
type SHC. This observation confirmed the hypothesis
that the reaction profiles obtained under validation
assay conditions (Figure 2A) were due to a pro-
nounced sensitivity of the SHC variants towards
reaction conditions, and towards temperature in
particular. The high temperature (55°C) led to
enzyme inactivation, and, due to its high volatility,
promoted (—)-Ambrox evaporation. This explained
the apparent decrease in conversion observed with
some of the variants. This was in contrast not observed
with wild type SHC, which retains its activity at 55°C:
enzyme activity compensated then for (—)-Ambrox
evaporation.

The 10 SHC variants were finally ranked with
regard to their performance in EEH cyclization to
(—)-Ambrox using E. coli cells that had been grown
and induced under strictly the same conditions. (E,E)-
homofarnesol cyclization was tested in the standard
activity test applying the reaction conditions defined
as optimal for each of the variant and wild type
enzymes (Figure 2B). The SHC content of the cells
was analyzed by SDS-PAGE using a sample of the
reactions. A very consistent amount of SHC in the
E. coli cells producing the wild type and variant SHC
enzymes was observed (Figure 3). It was concluded
that the differences in activity observed were not
biased by strong variations in SHC production levels.
The individual optimization of reaction conditions by
itself resulted in a ~10-fold activity improvement with
variant 215G2 (Figure 2B).

N, .G
M owt ATV N®Z 10 26 30 31 32 33

SHC

Figure 3. SDS-PAGE analysis of the SHC content of E. coli
cells producing wild type and variant SHC enzymes. Reac-
tion samples were loaded equivalent to an ODgs,, of cells of
2.0 (M: BioRAD broad range marker).

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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The chemical purity of the homofarnesol stock
influenced the velocity of EEH conversion. Depend-
ing both on the homofarnesol stock used and the
reaction time applied, conversion increased overall
and reached completion with variant 215G2.

Variant 215G2 was selected as best variant and
chosen for developing process-relevant reaction con-
ditions for (—)-Ambrox production. This variant was
the result of a single round of evolution; the
introduction of only very few mutations (0.3% of
amino acid chain length) was responsible for activity
improvement, and very surprisingly the mutations
were not located in the active site of the enzyme.

A. acidocaldarius SHC accommodates rather large
compounds as substrates and shows decreasing activity
with substrates decreasing in size. It is still able to
cyclize homogeraniol (C;;)”" but does not cyclize
geraniol (C,o)." A Zymomonas mobilis SHC enzyme
was recently characterized that accepts (S)-citronellal
(Cyy) and EEH (Cy) as substrates”) It shows a
preference for short-chain substrates and an improved
activity towards EEH compared to the A. acidocaldar-
ius enzyme: 23% vs. 3.5% conversion at approxi-
mately 2.4 g/ EEH in 5 h.

The enzyme evolution program we conducted
changed dramatically the substrate scope of A. acid-
ocaldarius SHC and created the ability for that
enzyme to efficiently cyclize the short-chain substrate
EEH. This is an additional example that the biocatal-
ysis toolbox can be expanded not only by discovering
new biocatalysts (strains or enzymes) but also by
enzyme engineering to improve the performance of
natural enzymes, which are often reported as not
suited for most industrial processes. Recent reviews
outlined the achievements obtained in various indus-
trial applications when evolution approaches were
considered to address enzyme stability, substrate
specificity or activity.!"!

2.4 Biocatalyst Production

Wild type and variant SHC enzymes were produced
from plasmids where the shc gene was under the
control of an IPTG-inducible promoter (T7 in pET-
24a(+) and pET-28a(+), T5 in pJExpress441). The
influence on the specific activity of the composition of
the cultivation medium, of the isopropyl-p-D-1-thio-
galctopyranoside (IPTG) concentration, and of the
temperature for induction of SHC production was
investigated (Supporting information, Figure S1).

E. coli strains producing the variants were grown
and induced both in complex medium (LB-Lennox,
Terrific broth (TB)), and in minimal media such as M9
or M63.'"! The cultivation medium affected not only
the growth profile but also the amount of SHC
enzyme produced, and the specific activity of the
resulting biocatalyst. The minimal medium used for

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library 2343

biocatalyst production in fermenters was the best
medium for biocatalyst production also at small scale.

IPTG for induction was applied in the range of
25 uM to 1 mM at temperatures between 23 and 46 °C.
SHC production increased with increasing IPTG
concentration and increasing temperature. The opti-
mal IPTG concentration was at 300-1000 uM; the
optimal induction temperature was 37-40°C. The
relatively high temperature optimum for induction of
SHC production may be explained by the mesophilic
origin of the parent microorganism A. acidocaldarius.
Temperatures higher than 41°C impaired growth and
reduced the specific activity of the cells. The enzyme
was equally well produced from T7 and TS promoters,
with or without N-terminal HisTag.

2.5 (E,E)-Homofarnesol Bioconversion
2.5.1 Role of the Surfactant

To evaluate if solubilizing agents other than SDS
could be used, various surfactants and detergents were
tested for EEH cyclization with variant 215G2
(standard activity assay). These included the non-ionic
surfactant Triton X-100 mostly used in SHC studies
(Supporting information, Table S2).

SDS was confirmed as the only surfactant allowing
for EEH cyclization to (—)-Ambrox and it was found
that Triton X-100 did not promote EEH cyclization.
Triton X-100 and the other compounds tested (Ta-
ble S2) allowed for the conversion, which was ob-
tained in a reaction in the absence of any solubilizing
agent. No activity improvement was obtained when
combining SDS with any of the other compounds.

In addition to the compounds listed in Table S2
some deep eutectic solvents and ionic liquids™® were
tested as well, but with no positive result. This
confirmed that under the conditions applied, SDS and
only SDS could be used for EEH cyclization.

The influence of SDS was investigated at 4 g/L.
EEH and constant cell concentration (ODgsn, of 5.0,
approx. 6.1 g/l wet weight of cells) at SDS concen-
trations from 0.010 to 0.070% (w/v). It was recognized
that maximal activity was obtained only when the SDS
concentration was properly set. The importance of this
parameter was investigated further and confirmed
during the optimization of reaction conditions towards
process-relevant conditions.

One of the commonly cited and prominent dis-
advantages of whole cell biocatalysts is limitation in
mass transfer due to the membrane."””! The use of a
whole cell biocatalyst in the present process together
with SDS as an emulsifying agent facilitates EEH
dissolution into the membrane of the cells and access
to the non-polar channel connecting the active site to
the membrane-immersed region of the enzyme.'>*"!
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The benefits, recent advances, and ways to over-
come the limitations of whole cell biocatalysis were
recently reviewed.!"”! Productivity metrics often suffer
from low substrate load and product titer, reactions
being either tested at low substrate concentration or
in aqueous systems where many synthetic hydrophobic
substrates show low solubility. In the present case the
use of a whole cell system in combination with SDS as
a surfactant adequately addresses these limitations: it
allows a high conversion of the water-immiscible EEH
at high concentration in an aqueous system.

2.5.2 Optimization of Bioconversion Conditions

The screening for the identification of an SHC variant
with improved EEH conversion properties was carried
out at a low substrate concentration of only 4 g/L.
Preliminary studies were run to evaluate the possibil-
ity of evolving the reaction conditions towards proc-
ess-relevant conditions. They showed that the parame-
ters “[EEH]”, “[cells]”, and “[SDS]” were
interconnected, higher substrate concentrations re-
quiring apparently higher [SDS] and [cells]. The
sensitivity of the reaction towards changes in pH was
recognized; acetic acid/sodium acetate buffers were
most appropriate for running reactions in small
volumes without requirement for pH regulation. A
reaction with EEH and cells both at approx. 66 g/L
suggested that the probability for full conversion of at
least 50 g/ EEH was high. These parameters, includ-
ing temperature and pH were studied through design
of experiment to define a response surface. Because
the operating ranges were originally not clearly
defined, a Doehlert matrix was chosen for the
possibilities it offers for an easy extension (adaptation
of parameters, change of design space).

In a first set of experiments (DOE1) only the 3
parameters “[cells]”, “[EEH]”, and “[SDS]” in the
range 40-80¢g/L, 40-80¢g/L, and 0.1-0.5% (W/v),
respectively, were studied. Temperature and pH were
fixed at their central points (35°C and 5.0). The
discontinuous performance of the reaction in the
chosen operating range did not allow for modelling of
the reaction. This was explained by a strong inter-
action between “[cells]” and “[SDS]”. Maximal activ-
ity was obtained only when the ratio [SDS]:[cells] was
properly set. When [SDS] was too low, the system
underperformed, when it was too high, activity was
impaired (Figure 4). This result confirmed that the
ratio between [cells] and [SDS] must be carefully set
to ensure maximal activity.

The analysis of DOEI results indicated a strong
effect of the concentration of the cells, whereas the
effect of the EEH concentration was weaker. Con-
sequently a new series of experiments (DOE2) was
designed according to the Doehlert matrix by expand-
ing the operating range, replacing the parameter
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Figure 4. Performance index as a function of [SDS]:[cells].

“[SDS]” by “[SDS]:[cells]”, and adding pH and
temperature as new parameters. [cells], [SDS]:[cells],
and [EEH] were in the range 40-120 g/L, 0.018-0.054,
and 30-90 g/L, pH at 4.8-5.2 and temperature at 30—
40°C. Data processing allowed calculation of a poly-
nomial model, which correlated well with experimen-
tal data. This model was validated with experimental
data belonging to the first set of DOE experiments.
Desirable features were defined for optimizing
reaction conditions in the studied space towards
process-relevant conditions. Minimal achievement and
optimal target for EEH conversion, (—)-Ambrox titer,
and biocatalyst productivity were set to find a
compromise suited for industrialization purposes.
Optimal reaction conditions were chosen at 50 g/L
EEH, 110 g/L cells, [SDS]:[cells] of 0.041, at pH 5.1
and 37°C. Some experiments were implemented at
this optimum and their performance compared to the
benchmark conditions 66 g/ cells, 65.7 g/ EEH,
[SDS]:[cells] of 0.050, pH 5.2, 33°C. The calculated
model allowed for a very good prediction (Figure 5).
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Figure 5. Comparison of experimental (light grey) and calcu-
lated (dark grey) data. Reaction time: 18 h.

A thorough analysis of the model allowed for a
better understanding of the behaviour of the parame-
ters and their interactions. Some rules were deter-
mined and extrapolation was done outside the operat-
ing range studied. Successive 2° factorial designs were
run in order to increase the EEH load with the
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following approach: (i) target the proper relative
amounts of cells and EEH, which were identified as
the most impacting parameters, (if) adjust optimal
[SDS]:[cells], (iii) keep pH at 5.1 and temperature at
37°C. A new optimum was identified at 180 g/L cells,
90 g/l EEH, [SDS]:[cells] of 0.048, pH 5.1, 37°C.
Analyzing the result of successive sets of experiments
showed that best results were obtained at a ratio of
cells to EEH of approximately 2.

A last step of extrapolation outside of the design
space was done in an additional set of experiments by
drastically increasing [EEH] to 125 and 150 g/LL at a
ratio of cells to EEH of 2. Two [SDS]:[cells] ratios per
concentration of cells were tested as well as two levels
of pH (4.9 and 5.1); the temperature was slightly
increased to 38 °C. The best performance was obtained
at the lowest pH value and highest [SDS]:[cells], which
still suggested the possibility for further optimization.
Figure 6 shows the performance achieved during the
whole optimization procedure.
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o)
= . 2
2 60 7 600 @
=] , o
% , 5
'é 40 ./, ‘ ‘ 400 g
< ¥ 5
T2 e L 200 0o
o
0 0
66 50 90 125

[EEH] (g/L)

Figure 6. (—)-Ambrox titer (columns) and performance in-
dex (closed circles). 66 g/ EEH: benchmark, 50 g/LL EEH:
response surface optimum, 90 g/ EEH: intermediate opti-
mum, 125 g/LL EEH: final condition. Reaction time: 18 h.

2.5.3 Confirmation and Scale up of Bioconversion
Conditions

Upscaling of the optimized reaction conditions was
tested at 150 mL-scale in 0.1 M acetic acid/sodium
acetate buffer with 125 g/LL EEH, 250 g/L cells, 1.55%
(w/v) SDS, at pH 4.9 and 35°C. The biotransformation
conditions resulted in high conversion at high sub-
strate load (Figure 7). Crystalline (—)-Ambrox was
produced, which is an advantage for product recovery.

EEH cyclization at 125 g/LL substrate and 250 g/L
cells was compared between best variant 215G2 and
wild type SHC enzymes. Figure 7 shows the time
course of EEH cyclization and the improvement in
activity as a result of engineering both enzyme and
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Figure 7. (E,E)-homofarnesol cyclization with wild type and
215G2 SHC. Reactions were run at 125 g/I. EEH and 250 g/L.
cells, at pH 5.4 and 35°C with variant 215G2, and at pH 6.0
and 55 °C with wild type SHC.

reaction conditions. The maximal productivity ob-
served was about 10 g-L™'-h™', with an approx. 10-
fold improvement for the variant vs. parent wild type
enzyme. An 11-fold increase in specific activity (initial
rate) and a 7-fold increase at full substrate conversion
with the variant were achieved over the wild type
enzyme.

2.5.4 Robustness of Bioconversion Conditions

For the setting of process-relevant EEH bioconversion
conditions were used acetic acid/sodium acetate buf-
fers in which the pH of the reaction was stable, and no
pH regulation was required. The robustness of the
developed bioconversion conditions at high concen-
trations of substrate and cells was characterized in
terms of the requirement for a buffering medium, the
pH of the reaction, the sensitivity towards reaction
medium composition, and the concentration of SDS.
Reactions were run at 125 g/LL EEH with 250 g/L cells
in either a buffer (0.1 M citric acid/sodium citrate,
acetic acid/sodium acetate, succinic acid/NaOH) with
pH ranging from 4.6 to 5.8, or at pH 5.4 in water (tap
or deionized) or in NaCl solutions (0.5-1.8% (w/v))
(Figure 8).

The medium/pH combination influenced EEH
conversion (Figure 8A). The biotransformation did
not depend on a buffering agent as it ran equally well
in various buffers at a pH value of as low as 4.6 (acetic
acid buffer), or at pH 5.4 in tap or deionized water
supplemented with or without NaCl (Figure 8B). The
bioconversion tolerated NaCl concentrations of up to
1.8% (w/v). When using a succinic acid/NaOH buffer
at pH 5.4, the reaction ran equally well at 50, 75, and
100 mM succinic acid.

The biotransformation tolerated some variation in
SDS concentration but the importance of carefully
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Figure 8. Robustness of (E,E)-homofarnesol bioconversion
conditions (125 g/L EEH, 250 g/L cells). Conversion at 72 h
is indicated with reference to a reaction run at pH 5.4 in
citric acid buffer (between 92 and 99% EEH conversion). A:
buffer and pH (Acet: acetic acid/sodium acetate, Citric: citric
acid/sodium citrate, Succ: succinic acid/NaOH), B: reaction
medium (pH 5.4), C: SDS concentration (pH 5.4).

setting the [SDS]:[cells] ratio was confirmed. A too
low SDS concentration does not enable maximal
performance whereas a too high SDS concentration is
detrimental to the bioconversion (Figure 8C).

As an alternative to harvesting cells and running
EEH cyclization in a defined medium, the biotransfor-
mation was run as efficiently directly in the fermenta-
tion medium containing the required amount of
biocatalyst (250 g/LL wet weight of cells) by adjusting
the pH to 5.4, and adding the required amount of SDS
and of homofarnesol stock for 125 g/l EEH to start
the reaction.

2.6 Volumetric Productivity

To increase further the volumetric productivity, a 1.5-
fold concentrated bioconversion was run at 188 g/L
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EEH with 375 g/L cells. A control bioconversion was
run at 125 g/l EEH, 250 g/L cells. 72 h after the start
was EEH conversion 88% in the 1.5-fold bioconver-
sion vs. 95% in the control. 96 h after the start was
conversion 93% in the 1.5-fold bioconversion vs. 97%
in the control reaction (Figure 9).
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Figure 9. Volumetric productivity.

The stirring in the 1.5-fold concentrated bioconver-
sion became more difficult over time as the oily EEH
was converted to crystalline (—)-Ambrox. Stirring
efficiency appeared as the only limitation of the
system. The physical property per se of the 1.5-fold
concentrated reaction may be responsible for the
slightly lower conversion; a setup allowing for a better
mixing would further improve EEH conversion in the
concentrated reaction. The results clearly indicated
the possibility of running bioconversions at 188 g/L
EEH or higher provided efficient mixing is achieved.
Volumetric productivity improvement was in the
range of 18-30% (Table 2).

Table 2. Volumetric productivity.
Productivity (g-L™'-h™")

Reaction time

(h) 125 g/L EEHM™ 188 g/ EEH™
1.25 10.3 12.2
8.25 6.3 8.2

21250 g/L cells; ! 375 g/L cells.

The whole cell system we developed for (—)-
Ambrox production as Ambrofix® allows conversion
of almost 200 g/L substrate in approx. 96 h. It is well
positioned among biocatalytic processes in terms of
productivity.!'!?!

Cost contribution of the biocatalyst to the final
process is an important milestone. Guidelines for
suitable biocatalysts have been developed. Minimum
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productivities for feasibility in different types of
processes and products have been suggested.”!! Gen-
eral rules for cost analysis have been established for
biocatalyst production based on biocatalyst format
(whole cells, soluble or immobilized enzyme), product
cost, market size and value, and the requirements for
the implementation of biocatalytic processes have
been carefully analyzed.”” The applicability of the
biotransformation presented here was not limited by
its high biocatalyst load.

Enzymes still are the exception rather than the rule
in the synthesis of fine chemicals and pharmaceuticals;
biocatalysis is often regarded as second generation
process.”!  Although it holds great promise as a
powerful tool for application in process chemistry, the
number of applications at commercial scale is still
disproportionately low. Enzymes are not naturally
evolved to work with substrates of interest or not
adapted to process-relevant conditions, and are unable
to meet the needs of synthetic industry.”!! By means of
both enzyme and reaction engineering we developed a
cost-effective process for the production of a fragrance
ingredient.

2.7 (—)-Ambrox Recovery

Crystalline (—)-Ambrox, which was present in the
biotransformation at high EEH conversion was col-
lected from the reaction broth by means of solvent
extraction or filtration (solid/liquid separation).

Hexane, xylene, and toluene allowed efficient
extraction of (—)-Ambrox in 3 successive extractions
(0.5 vol. each). 85% of (—)-Ambrox was recovered in
the first extraction. Hexane performed slightly less
well as after the third extraction the reaction broth
still contained 2.3% of total (—)-Ambrox vs. 0.6% and
0.9% when using toluene or xylene.

(—)-Ambrox was extracted from the solid phase of
the reaction broth using toluene or water miscible
ethanol. After 6 consecutive extractions with '/, vol. of
the solid phase with toluene (1.35vol. of the initial
reaction broth volume), >99.5% (—)-Ambrox was
recovered. 99% of (—)-Ambrox was recovered in 4
extractions (3.2 vol. of initial reaction broth) when
ethanol was used.

2.8 Reaction Products

EEH was cyclized for the first time from a mixture of
the two isomers (E,E)-homofarnesol (5) and (E,Z)-
homofarnesol (6). Gas chromatography analysis of
reaction mixtures identified four reaction products
(Scheme 2). They were always observed when cycliz-
ing a mixture of (E,F)- and (E,Z)-homofarnesol with
either wild type or variant SHC enzymes. Conversion
of neat (E,E)- or (E,Z)-homotarnesol allowed assign-
ing the products to the corresponding substrate. NMR
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analysis elucidated their structure (details and NMR
spectra in Supporting information).

For the first time it was shown that EEH (5) was
cyclized to (—)-Ambrox (1) and 2 ((3aS,5aS,9aS,9bS)-
3a,6,6,9a-tetramethyldodeca-hydronaphtho[2,1-b]
furan) in a ratio of approx. 97:3. 2 was not disclosed in
the original work on enzymatic cyclization of EEH.U"!
This highly constrained Ambrox stereoisomer was
also postulated as unlikely to exist.*” Cyclization of
(E,Z)-homofarnesol (6) produced 3 ((7aS,11aS,Z)-
5,8,8,11a-tetramethyl-2,3,6,7,7a,8,9,-10,11,11a-decahy-
drobenzo[b]oxonine), which we describe here for the
first time, and (—)-9b-epi-Ambrox (4) ((3aR,5a-
S,9aS,9bS)-3a,6,6,9a-tetramethyldodeca-hydronaphtho
[2,1-b]furan)) in a ratio of approx. 30:70.

1: 'H NMR (400 MHz, CDCl;) 3.94-3.88 (m,
1H), 3.82 (q, /=8.2 Hz, 1H), 1.94 (dt, J=11.5, 3.0 Hz,
1H), 1.77-1.66 (m, 4H), 1.49-1.37 (m, 5H), 1.35-1.14
(m, 2H), 1.09-0.95 (m, 2H), 1.09 (s, 3H), 0.88 (s, 3H),
0.84 (s, 3H), 0.83 (s, 3H). "C NMR (100 MHz, CDCl;)
0 80.0, 65.1, 60.3, 57.4, 42.6, 40.1, 39.9, 36.3, 33.7, 33.2,
22.8,21.3,21.3,20.8, 18.5, 15.2.

2: '"H NMR (600 MHz, C¢Dy) & 3.83-3.80 (m, 2H),
2.04-2.01 (m, 1H), 1.78-1.74 (m, 1H), 1.65-1.60 (m,
2H) 1.52-1.48 (m, 2H), 1.45-1.36 (m, 5H), 1.22 (s, 3H),
1.20-1.18 (m, 2H), 1.10-1.05 (m, 1H), 0.90 (s, 3H), 0.82
(s, 3H), 0.82 (s, 3H). "C NMR (150 MHz, C,Ds, "*C-
shifts extracted from the HSQC-spectrum) o 80.0,
65.2, 55.8, 48.4, 41.9, 37.1, 34.6, 34.7, 34.0, 33.6, 254,
23.4,22.6,21.7,20.1, 17.9.

3: '"H NMR (400 MHz, CDCl;) 6 5.53 (t, J=7.5 Hz,
1H), 3.48 (ddd, /=11, 4.5, 1.5 Hz, 1H), 3.37 (t, /J=10.5
H, 1H), 3.14-3.06 (m, 1H), 2.34-2.25 (m, 1H), 1.86
(ddd, J=13.4, 88, 44Hz, 1H), 1.77 (dt, J=12.0,
4.0 Hz, 1H), 1.66 (s, 3H), 1.61-1.54 (m, 3H), 1.50-1.38
(m, 3H), 1.37-1.24 (m, 2H), 1.24 (s, 3H), 1.14 (td, J=
13.0, 4.0 Hz, 1H), 0.92 (s, 3H), 0.83 (s, 3H). *C NMR
(100 MHz, CDCl;) 6 138.3, 124.4, 78.4, 62.1, 44.2, 42.3,
37.1,34.6,33.4,31.7,29.1,24.2,23.1, 22.8, 21.9, 20.2.

4: '"H NMR (400, MHz CDCl;) 6 3.85 (td, J=8.3,
3.2 Hz, 1H), 3.77 (q, J=8.3 Hz, 1H), 2.04 (tt, J=12.2,
9.1 Hz, 1H), 1.90 (dtd, /=12, 8.1, 3.2 Hz, 1H), 1.67-
1.53 (m, 5H), 1.43-1.37 (m, 2H), 1.37 (s, 3H), 1.29-1.08
(m, 5H), 1.10 (s, 3H), 0.89 (s, 3H), 0.82 (s, 3H). *C
NMR (100 MHz, CDCl;) 8 80.9, 64.1, 59.1, 46.8, 42.4,
38.8, 36.1, 35.9, 33.7, 33.0, 28.9, 27.8, 22.9, 21.9, 20.5,
18.6.

The NMR data of 1 and 4 are consistent with
literature values.!

EEH conversion profiles in reactions run at
constant 4 g/LL homofarnesol but with varying
(E,E):(E,Z) ratio showed that (E,Z)-homofarnesol
entered in competition with EEH for cyclization
(Figure 10). At identical concentration (4 g/L) (E,Z)-
homofarnesol cyclization was 3 to 3.5 times slower
than that of EEH.
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Figure 10. Cyclization of homofarnesol. Reactions were run
at constant 4 g/l homofarnesol (EEH+EZH) with
(E,E):(E,Z) ratios between 100:0 and 0:100. Conversion
refers to EEH except for the curve in dotted line (EZH
conversion), where neat (E,Z)-homofarnesol was used.

3 Conclusion

SHC enzymes have attracted the interest of the
scientific community decades ago but no reports are
so far available on industrial processes based on these
enzymes. The work presented here is the very first
example of an SHC reaction that was brought to
process-relevant and viable conditions by engineering
both enzyme and reaction conditions. Ongoing studies
indicate that this process can be scaled-up for the
production of (—)-Ambrox as Ambrofix® at industrial
scale. Together with the evidence published over the
past years that SHC enzymes are highly evolvable
through enzyme engineering, we set out with the
described process® a general basis for biocatalytic
SHC cyclization reactions at industrial scale, and
demonstrate that these enzymes are amenable to
industrial scale biocatalysts.

Experimental Section

Chemicals

All reagents except homofarnesol®™ were from commercial

sources and used without additional purification. Homofar-
nesol used in this study was a mixture of (E,E)- and (E,Z)-
homofarnesol in a ratio 80:20 or 90:10. Any reference to
EEH in the various activity assays or bioconversions in this
study is a reference to the final (E,E)-homofarnesol concen-
tration in the reaction. Depending on the chemical purity
and on the (E,E):(E,Z) ratio of the homofarnesol stock used,
the total homofarnesol concentration (EEH+ EZH) varied
slightly between the reactions.

Strains and Plasmids

The wild type and variant SHC enzymes were produced in
E. coli MC1061(DE3)" for library screening, otherwise in
E. coli BL21(DE3)®! with or without N-terminal HisTag.
The shc gene (Ndel-HindlIlI insert) was under the control of
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a T7 promoter in plasmids pET-28a(+) or pET-24a(+)
(Novagen). Alternatively the shc gene was under the control
of a TS promoter in pJExpress441 (ATUM).

SDS-Polyacrylamide Gel Electrophoresis

SDS-PAGE was performed on a Mini-PROTEAN II system
(Bio-Rad) with 10% polyacrylamide gels under denaturing
conditions.['"!

Enzyme Evolution

EvoSight™!! was applied to the A. acidocaldarius shc gene
(Genbank accession number AB007002.1).

High Throughput Production and Screening of SHC
Variants, Validation of Selected Hits, Validation
Assay

The production of SHC variants was carried out in Luria-
Bertani (LB) medium in 96-wells deep well plates. 1 mL
cultures were incubated at 37°C under constant agitation
(orbital shaking, 180 rpm). Protein production was induced
for 15h by the addition of IPTG to 0.1 mM when the
cultures had reached an ODy,,,, of 0.2.

SHC activity was assayed in microtiter plates with whole
cells that had produced the variants (validation assay). The
reactions contained cells to an ODgy,,, of 10 (approximately
10.3 g/l wet weight of cells), 0.05% (w/v) SDS, and 4 g/LL
EEH in 0.1 M citric acid/sodium citrate buffer pH 6.0. The
reactions were incubated at 55°C under constant agitation
(200 rpm, orbital shaking) for 24 h. Formation of (—)-
Ambrox at 24h was quantified by sampling 100 pL of
reaction mixture, extraction with 200 uL hexane:2-propanol
(2:1), phase separation, and GC-FID analysis of the organic
phase.

Hits selected from the screening step were cultivated in
Erlenmeyer flasks (LB medium) and validated at 1 mL scale
with whole cells to an ODg,, of 10, and under constant
magnetic stirring (all other reaction conditions unchanged).
Reactions were incubated for 24 h and sampled over time.
Samples were solvent-extracted as above for GC-FID
analysis.

Production of Variants, Standard Activity Assay

SHC variants were produced in 300 or 350mL LB or
minimal medium cultures. A 15mL seed culture (LB
medium, 100 mL Erlenmeyer flask) supplemented with
kanamycin (50 ug/mL) was inoculated from an overnight
preculture to an ODgsy,,, of 0.050 and grown to an ODgsgy,,,, Of
0.50. A 350 mL main culture was then inoculated with
3.5 mL seed culture and grown to an ODys,,, of approx. 0.50.
Enzyme production was induced by the addition of IPTG at
300 uM and lasted for 5-6 h at 37-40°C and 280 rpm. Cells
were collected by centrifugation (8280 g, 4°C, 15 min) and
stored as pellets at 4°C or —20°C until further use. Up to 4-
6 g wet weight of cells were obtained from total 1 liter of
culture.
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The standard activity assay (5 or 10 mL) was run in 0.1 M
citric acid/sodium citrate or acetic acid/sodium acetate or
succinic acid/NaOH buffer with 4 g/l EEH, and cells to an
ODgspum Of 10 (approx. 12.2 g/ wet weight of cells) under
constant agitation (900 rpm) on a Heidolph Synthesis 1
Liquid 16 device. Optimal temperature, pH, and SDS
concentration depended on the SHC enzyme considered
(Supporting information, Table S1).

Biocatalyst Production

Fermentations were run in 750 mL InforsHT reactors. To the
fermentation vessel was added 168 mL of deionized water.
The reaction vessel was equipped with probes (pO,, pH,
antifoam, sampling device), carbon/nitrogen feed bottle
(glucose solution: 35 g glucose +143 mL deionized water)
and sodium hydroxide bottle (10% (w/v)), and sterilized by
autoclaving. To the reactor was then added: 20 mL 10x
phosphate/citric acid buffer (133 g/LL KH,PO,, 40 ¢/L. (NH,),
HPO,, 17 g/L citric acid-H,0O with pH adjusted to 6.3),
14 mL 50% (w/v) glucose in deionized water, 0.53 mL
MgSO, solution (50% (w/v) MgSO,-7H,0O in deionized
water), 2 mL (NH,),SO, solution (50% (w/v) (NH,),SO, in
deionized water), 20 uL trace elements solution (50 g/L
Na,EDTA -2H,0, 20 g/L. FeSO,-7H,0, 3 g/L H;BO;, 0.9 g/L
MnSO,-2H,0, 1.1g/L CoCl,, 80g/L CuCl, 240¢g/L
NiSO,-7H,0, 100 g/L KI, 1.4 g/L (NH,)Mo0,0,,-4H,0, 1 g/L
ZnS0O,-7H,0), 400 pL thiamine solution (2.25g/L Thia-
min.HCI), and 200 pL kanamycin stock (50 g/L). The running
parameters were: pH=6.95, pO,=40%, T=30°C, stirring at
300 rpm. Cascade: agitation set point at 300 rpm (min. 300,
max. 1000), flow set point 0.1 L/min (min.0, max. 0.6),
antifoam control: 1:9.

The fermenter was inoculated from a seed culture (LB
medium supplemented with 50 mg/L kanamycin, 37°C,
220 rpm, 8 h) to an ODygs,, of 0.4-0.5. The fermentation was
run first in batch mode for approx. 11.5 h, where after was
started the carbon/nitrogen feed. The feed consisted of a
sterilized glucose solution to which had been added after
sterilization: 17.5mL (NH,),SO, solution, 1.8 mL MgSO,
solution, 18 uL trace elements solution, 360 pL thiamine
solution, and 180 pLL kanamycin stock. The feed was run at a
constant flow rate of approx. 4.2 mL/h. Glucose and NH,™
measurements were done externally to evaluate availability
of the carbon and nitrogen sources in the culture using
Quantofix® Ammonium (Sigma Aldrich) and MQuant™
Glucose Test (Merck) according to the manufacturer’s
directions.

Cultures were grown for approx. 25 h reaching typically an
ODgspnm Of 40-45. SHC production was then started by
adding IPTG to a concentration of 1 mM (as pulse or over a
period of 3-4 hours), setting the temperature to 40°C and
pO, to 20%. Induction of SHC production lasted for 16h. At
the induction end the ODgs,,,, Was 50-70; cells were collected
by centrifugation and stored as pellets at 4°C or —20°C until
further use. Up to 30-40 g wet weight of cells were collected
from a total fermentation volume of approx. 440 mL
corresponding to 70-90 g/L of cells.

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library

2349

Optimization of Bioconversion Conditions

Most of the optimization steps were run through design of
experiments using the NemrodW® software (NemrodW SAS,
France, www.nemrodw.com). For response surface modelling,
a Doehlert matrix was used. Otherwise 2° factorial designs
were used to study parameter impacts and interactions.

Reactions (1.2-7.2 mL volume) were run in tightly sealed
glass vials (screw caps) in 0.1 M acetic acid/sodium acetate
buffer (pH 4.8-5.2). The biocatalyst load was between 40 and
300 g/L cells (wet weight), that of EEH varied between 30
and 150 g/L. SDS varied between 0.1 and 2.08% (w/v). The
reactions were incubated with constant mechanical agitation
at temperatures between 30 and 40 °C.

A performance index summarizing the achievements towards
all features defined as desirable (product titre, conversion,
yield, and reaction time) was defined for monitoring the
progress of the bioconversion optimization process.

(E, E)-Homofarnesol Bioconversion

EEH bioconversions (150 mL volume) were run at 125 g/L
EEH, 250 g/L cells (wet weight), 1.30-1.55% (w/v) SDS,
35°C, with constant stirring (700 rpm) in 750 mL InforsHT
reactors. Cells were suspended to homogeneity in reaction
medium; cell concentration was determined by centrifuging
an aliquot of cell suspension (17210 g, 10 min, 4°C). Once
the required amounts of cell suspension, homofarnesol stock
(chemical purity, (E,E):(E,Z) ratio), and 31% (w/v) SDS
solution was determined, then the required volume of
reaction medium was deduced. To the reactor was added:
homofarnesol stock, SDS solution, reaction medium, and cell
suspension.

Reactions were run either in 0.1 M citric acid/sodium citrate,
0.1 M acetic acid/sodium acetate or 0.1 M succinic acid/
NaOH buffer pH 4.6-5.8, or in 0.5, 0.9-1.8% (w/v) NaCl or
water (tap or deionized) at pH 5.4. pH was carefully set to
the desired value dropwise with 85% H;PO,. pH in the
reaction was monitored in situ and controlled at an external
electrode. If required automatic pH regulation occurred with
10% H,;PO, and 20% NaOH.

Alternatively EEH bioconversions were run directly in the
fermentation medium. Fermentations were carried out in
750 mL InforsHT reactors and the cell concentration (wet
weight) determined as described above. The amounts of
homofarnesol stock and SDS were then determined for
setting the ratios [SDS]:[cells] and [cells]:[EEH] at the same
values as in the standard EEH bioconversion (125 g/LL EEH,
250 g/L cells, and 1.30-1.55% (w/v) SDS). SDS and EEH was
added, the pH set to 5.4, and temperature to 35°C. For
running a true 125 g/l EEH bioconversion, the required
amount of cells collected from several fermenters was added
to one fermenter to a cell concentration of 250 g/L. The
reaction was then started as above.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(—)-Ambrox Recovery

The initial (—)-Ambrox content of the reaction broth was
determined after extraction of 1 g material with methyl tert-
butyl ether (MTBE) followed by GC-FID analysis.

Whole reaction broth extraction: 200 mL reaction broth
(approx. 125 g/l (—)-Ambrox) was extracted by vigorous
shaking for 30 s with 100-150 mL hexane, toluene, or xylene.
The solvent phase was collected by centrifugation (4225 g,
10 min, 10°C). The cells were resuspended in the aqueous
phase; (—)-Ambrox was quantified by extracting 1 g suspen-
sion with MTBE and GC-FID analysis. Extraction was
repeated until (—)-Ambrox in the solvent phase was <1.0%
of that of the initial (—)-Ambrox content of the reaction
broth.

Solid phase extraction: 200 mL reaction broth (approx. 125 g/L
(—)-Ambrox) was centrifuged as above to separate 80 mL solid
pellet from 120 mL liquid phase. The solid phase was extracted
with 160 mL ethanol 99% (vigorous shaking), and centrifuga-
tion (as above but at room temperature). The ethanolic phase
was analyzed by GC-FID for its (—)-Ambrox content. The
extraction was repeated until (—)-Ambrox in the solvent phase
was <1.0% of the initial (—)-Ambrox content of the reaction
broth. As an alternative to absolute ethanol, the extractions
were done with toluene.

Sample Preparation for GC-Analysis

4 ¢/L EEH reactions: 100-300 pL reaction was extracted with
200 uL hexane:2-propanol (2:1) or 700 uL MTBE. After
centrifugation (Eppendorf centrifuge 5415C, 13000 rpm) the
solvent phase was analyzed by GC-FID. Up to 16 g/LL. EEH:
150-300 pL reaction mixture was extracted into 700 pL of
MTBE. After phase separation, the solvent phase was
analyzed by GC-FID. 30-188¢/L EEH: 1mL reaction
mixture was extracted with SmL of MTBE by vigorous
shaking. After decantation 1mL of solvent phase was
centrifuged; 100 uL of the supernatant was diluted into
900 uL MTBE for GC-FID analysis.

Gas Chromatography Analysis

High throughput library screening: 1 uL of solvent phase was
injected (split ratio 1/10) onto a 30 mx0.32 mm x 0.25 um
HP-5 column (Surveyor gas chromatograph, Thermo). The
column was developed at constant temperature (170°C) and
pressure (85 kPa, 5.2mL/min H,); detector temperature:
250°C.

Standard assay and bioconversions: 1 uL. of solvent phase
was injected (split ratio 1/10) onto a 30 mx0.32 mm x
0.25 um Zebron ZB-5 column (Trace Focus gas chromato-
graph, Thermo). The column was developed at 4 mL/min H,
constant flow: 100°C, 15°C/min to 200°C, 120°C/min to
240°C, 4 min at 240°C; detector temperature: 300 °C.

Structure Elucidation of Reaction Products by NMR

"H and “C NMR spectra were recorded on a BrukerAvance
400 MHz ("H NMR) and 125 MHz spectrometer (“C NMR)

Adv. Synth. Catal. 2018, 360, 2339-2351 Wiley Online Library

in CDCl;, if not mentioned otherwise. The chemical shifts
are given in ppm relative to the TMS signal (& 0 ppm). “C
spectra were referenced to CDCl; (8 77.16 ppm) and CDy
(6 128.06 ppm).
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Abb. 1 Pottwale
(Physeter catodon
oder Physeter ma-
crocephalus) wer-
den bis zu 18 m
lang und 50 t
schwer. Der Darm
eines Pottwals
kann eine Linge
von bis zu 250 Me-
ter erreichen. In
ihm entsteht das
Ausgangsmaterial
fiir die graue
Ambra. (© Scott
Portelli, Wildlife
Photographer und
Peter Kaminski).
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alfangberichten zufolge leidet etwa 1 % vor allem

der minnlichen Tiere an dieser Erkrankung. Die Am-
bra-Menge kann erheblich sein: Im Fall eines 1953 in der
Antarktis erlegten Pottwals betrug sie 421 kg. Die Ambra
von getdteten Tieren ist von minderer Qualitit, weil sie
nicht im Meerwasser gereift ist. Pottwale sind heute durch
das Washingtoner Artenschutz-Abkommen geschiitzt und
die Duftstoffe werden durch chemische Synthese gewon-
nen (Abbildung 2).

Es handelt sich bei der Ambra um eine zunichst wachs-
artige, weiche Masse im Darm des Pottwals, die dieser nach
mechanischer Verletzung durch die Hornkiefer der Tinten-
fische (Sepia officinalis) und Kalmare (Teuthida), seiner
bevorzugten Nahrung, bildet. Die Ambra dient als antibio-
tischer Wundverschluss, in die die unverdaulichen Nah-
rungsbestandteile eingebettet werden. Ins Meer gelangen
die Konkremente durch Erbrechen, als Kotsteine oder durch
den nattrlichen Tod der Tiere.

Die wenige Gramm bis zu 100 kg schweren, zunichst
nach Fikalien riechenden, fast schwarzen Klumpen treiben
aufgrund ihrer geringen Dichte von 0,78-0,93 g/cm? auf
der Meeresoberfliche und verwandeln sich durch photo-

Den Stoffwechsel- oder Verdauungsstérungen des gr6Bten noch lebenden
Sdugetiers, dem Pottwal, verdanken wir einen der wertvollsten Duftstoffe der
Feinparfiimerie: die graue Ambra (Abbildung 1) [1].

@WILEY IF

chemischen Abbau und Oxidation im Laufe von Jahren und
Jahrzehnten zu dem hochgeschitzten Parfiimerierohstoff,
bevor die steinartigen, hellgrauen, wohlriechenden Am-
brastiicke von Fischereibooten geborgen oder an den Strand
gespiilt werden. Die Duftnote liegt zwischen holzig, tro-
cken, balsamisch, etwas tabakartig bis bouquethaft mit
aphrodisierendem Einschlag. Ambra findet man im Atlanti-
schen und Indischen Ozean, an den Kiusten von Brasilien,
Afrika, Madagaskar, den Malediven, China, Japan, Neusee-
land und in der Karibik.

Geschichte des Duftstoffs
Ambra war bereits in der Antike begehrter Duftstoff und
wertvolle Handelsware. Die Agypter verbrannten sie als Op-
fergabe und im arabischen Kulturraum war der Duftstoff
ebenso bekannt wie in den Kiistenregionen des Indischen
Ozeans.

Sie galt vermischt mit Wein als Aphrodisiakum, diente
zur Abwehr der Pest und als Medikament zur Behandlung
von Kopfschmerzen, Erkiltungen, Epilepsie und anderen
Erkrankungen. Ludwig XV. von Frankreich soll seine Lieb-
lingsspeisen mit Ambra gewtiirzt haben und Elisabeth I. von

Chem. Unserer Zeit, 2011, 45, 374 - 388
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England parfiimierte ihre Handschuhe damit. In Agypten be-
nutzt man Ambra heute noch zur Aromatisierung von Zi-
garetten.

Erste Hinweise fiir die Verwendung von Ambra in der
Feinparfiimerie haben wir von den Arabern in Spanien im
10. Jahrhundert. Ambra importierte man zu diesem Zweck
bereits von den Sunda-Inseln und dem Maghreb. Zu Beginn
der Neuzeit wurde Ambra in ganz Europa gehandelt und in
vielen Fillen mit Gold aufgewogen. Al-Hasan ibn Moham-
med al-Wassan (genannt: Johannes Leo Africanus; * um 1490
in Granada, T nach 1550 in Tunis) schrieb, dass der Preis
von einem Pfund Ambra auf dem Markt in Fes bei 60 Du-
katen liege, was dem von drei Sklaven entsprach.

Uber die Herkunft der Ambra herrschte lange Unsi-
cherheit. Die Chinesen nannten sie ,lung sien hiang“ und
stellten sich Drachen vor, die auf den Kiistenfelsen schlie-
fen und im Schlaf ins Meer sabberten. Aus dem Speichel ent-
stilnde dann, so glaubten sie, der Duftstoff. Im japanischen
Kulturraum sprach man dagegen von ,kunsurano fuu“, von
Walkot. Der arabische Reisende und Historiker Al-Mas™udi
(t 957 in al-Fustat, Agypten) berichtete von Hindlern und
Seeleuten, die glaubten, Ambra wachse wie Pilze auf dem
Meeresboden und werde durch Stiirme gelegentlich an Land
gespiilt. Marco Polo (1254-1324) war der erste westliche
Reisende, der berichtete, dass der Pottwal der Ambra we-
gen von jemenitischen Seeleuten vor der Insel Socotra ge-
jagt wiirde.

Gewissheit liber die Herkunft erhielt man aber erst, als
mit dem Aufblithen der amerikanischen Walfangindustrie in
Nantucket (Massachusetts) im 18. Jahrhundert immer wie-
der Pottwale erlegt wurden, in deren Dirmen man Ambra-
klumpen fand.

Kulturgeschichtlich und etymologisch ist die Ambra mit
dem Bernstein (echter, gelber oder preuSischer Amber, lat.
Succinum, griech. Electron) oft verwechselt worden. Am-
bra oder Amber ist ebenfalls die englische und altdeutsche
Bezeichnung fiir Bernstein. Zur Unterscheidung benutzt
man heute fiir das Ausscheidungsprodukt der Pottwale im
Englischen das Wort Ambergris, das sich aus dem Franzo-
sischen Ambre gris und letztlich vom arabischen Wort an-
bar ableitet.

Bestandteile der Ambra
Die ersten chemischen Analysen der Ambra gehen auf die
franzosischen Chemiker Joseph-Bienaimé Caventou (1795-
1877) and Pierre-Joseph Pelletier (1788-1842) zuriick. Im
Jahr 1820 isolierten und charakterisierten sie das Triterpen
Ambrein [3]. Es ist praktisch geruchlos und wird in der Par-
fiimindustrie als Fixateur benutzt. Die zweite Hauptkom-
ponente der frischen Ambra ist 24-Methyl-5B-cholestan-30-
ol, das zusammen mit Ambrein etwa 70-90 % der Masse aus-
macht.

Die olfaktorisch wichtigen Komponenten entstehen
wihrend der Reifezeit im Meer. Durch oxidativen Abbau
des Ambreins im Bereich der zentralen Doppelbindung ent-
stehen fliichtige mono- und bicarbocyclische Verbindun-

Chem. Unserer Zeit, 2011, 45, 374 - 388
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gen, die, bedingt durch den Salzgehalt des Meerwassers,
teilweise auch chloriert sind (Abbildung 3) [4].

Die Schliisselreaktion des Abbaus ist eine Photooxida-
tion durch Singulettsauerstoff. Als Sensibilisator konnte der
in Ambra nachgewiesene Porphyrinfarbstoff Himocyanin
dienen. In Modellreaktionen von reinem Ambrein mit Sin-
gulettsauerstoff wurden neben Ambrox® und y-Coronal
auch a-Ambrinol und Dehydroambraoxid erhalten (Abbil-
dung 4) [5].

Der olfaktorisch bedeutendste Inhaltsstoff in Ambra ist
(-)>-Ambrox® ((3aR,5aS5,9a8,9bR)-3a,6,6,9a-tetramethyldo-
decahydronaphthol[2,1-b]furan). Es verkorpert die ersten
vier Tonalititen einer 3-prozentigen Ambra-Tinktur in 90-
prozentigem Alkohol, die man eine Weile unter gelegentli-
chem Schiitteln reifen lief3, nach feuchtem, moosigem Wald-
boden, einem starken Duft nach Tabak und balsamigem San-

NUTZLICHE NATURSTOFFE

Abb. 2 GroBer
Ambra-Klumpen
eines 1953 in der
Antarktis erleg-
ten Pottwals [2].

24-Methyl-5B-cholestan-3a-ol
(30,,5B,24R)-Ergostan-3-ol)

Hovii Clviﬁ

Dehydroambraoxid y-Homocyclogeraniol y-Homocyclogeranylchlorid

Seewasser-, ozonartig

a~-Ambrinol (-)~Ambrox

Ambra, animalisch

v-Dihydrojonon
erdig, fakalisch

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Seewasser-, ozonartig

y-Coronal

Tabak-Note, ambraartig Seewasser-, ambraartig
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Das ,,Concrete
gewinnt man meist
aus Pflanzenteilen,
durch Extraktion
mit organischen
Lésungsmitteln,
die man anschlie-
Bend abdampft.
Das ,,Absolue” ist
die filtrierte etha-
nolische Lésung
dieses Riickstands.

delholz gemischt mit einer warmen, animalischen Mo-
schusnote.

Ambrox® bezeichnet die enantiomerenreine Verbin-
dung. Das Racemat heiflt Cetalox® (cetus: lat. Wal). Beides
sind Handelsnamen der Firma Firmenich. Ambroxan® und
Amberlyn® sind synonym mit Ambrox®. Es handelt sich
hierbei um den Handelsnamen von Cognis (Henkel/BASF)
bzw. Quest.

Die verschiedenen Diastereomere von (-)-Ambrox® ha-
ben einen dhnlichen Duft, unterscheiden sich aber teilweise
in ihren Geruchsschwellen [6,7]. Die des 3a-epi-(-)-Am-
brox® liegt um den Faktor 100 héher als die von (-)-Am-
brox®. Das 9b-epi-(-)-Ambrox® hat dagegen bei fast glei-
cher Geruchsqualitit wie (-)-Ambrox® eine halb so hohe
Geruchsschwelle. (+)-Ambrox® ist achtmal schwicher als
das natiirliche Enantiomer. Das Racemat hat eine Geruchs-
schelle von 0,5 ppb und unterscheidet sich in seinen To-
nalititen kaum von dem des (-)-Ambrox® (Abbildung 5).

(-)>Ambrox® wurde nicht nur aus der natiirlichen Am-
bra sondern auch aus dem Absolue des Tabaks (Nicotiana
tabacum) isoliert und im iAtherischen Ol des Muskateller-
salbeis (Salvia sclarea), der Zistrose (Cistus labdaniferus)
und der Trauerzypresse (Cupressus sempervirens) nachge-
wiesen (Abbildung 6).

ABB. 4 ‘ PHOTOOXIDATIVER ABBAU VON AMBREIN

(-)-Ambrox y-Coronal

(3aR,5aS,9aS,9bR)-3a,6,6,9a-tetramethyl-
dodecahydronaphtho[2,1-b]furan)

ABB. 5 ‘ DIE GERUCHSSCHWELLEN DER STEREOISOMERE DES AMBROX®

0,3 ppb
(-)-Ambrox

376

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

34 ppb
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0,15 ppb
9b-epi-(-)-Ambrox

2,4 ppb

(+)-Ambrox
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Partialsynthesen
Die erste chemische Synthese
von (-)-Ambrox® stammt von A.
Hinder und A. Stoll von der Firma
Firmenich aus dem Jahr 1950 [8,
9]. Das Ausgangmaterial fiir diese
Naturstoffsynthese war das Di-
terpen Sclareol, das man aus dem
Muskatellersalbei (Salvia scla-
rea) gewinnt (Abbildung 7).

Die immergriine, zweijihrige
bis ausdauernde krautige Pflanze
erreicht Wuchshohen von 50 bis
110 Zentimeter und wird spites-
tens seit dem 9. Jahrhundert kul-
tiviert. Der Legende nach waren
Weinhindler die Ersten, die den
Muskatellersalbei technisch nutz-
ten und aus ihren miadigen Rhein-
weinen echten Muskatellerwein
yZzauberten“. Muskatellersalbeiol
findet heute Verwendung zur Her-
stellung von Eaux de Cologne,
Eaux de Toilette, zur Aromatisie-
rung von Kriuterlikoren, als Heil-
pflanze und als Gewtlirz.

Durch Wasserdampfdestillati-
on von 100 kg der Bliitenstinde
und Triebspitzen gewinnt man
ca. 800 Gramm Muskatellersal-
beiol (oleum salviae sclareae).

Abb. 6 Lack-Zistrose

Die Hauptinhaltsstoffe des kla- (Cistus labdaniferus)
farbl stherischen Ol und Trauerzypresse
ren, farblosen, dtherischen Ols (Cupressus semper-

sind Linalylacetat, Linalool, Ne-  yjrens). (© Carsten Nie-

rolidol, Neroliacetat und Sclare-  haus und Andrea Buratti)
ol, die jedoch je nach Anbau-

gebiet und klimatischen Bedingungen stark variieren kon-
nen.

Einen hoheren Anteil an Sclareol enthilt das Muskatel-
lersalbei-Concrete, das man durch Extraktion der blithenden
Pflanzen mit Hexan erhilt. Der Gehalt liegt bei etwa 70 %.
Nach Gegenextraktion mit 87-prozentigem Methanol und
Verdampfen des Losungsmittels erhilt man einen sirupo-
sen Riickstand, der kristallisiert und einen Gehalt an Scla-
reol von iiber 90 % hat [10, 11]. Die Weltjahresproduktion
belduft sich auf 50-150 Tonnen (Abbildung 8) [12].

Schliisselschritt der technischen Synthese ist der oxi-
dative Abbau der Seitenkette des Sclareols entweder durch
Oxidation mit Chromtrioxid oder Kaliumpermanganat ge-
folgt von einer Ozonolyse.

Die Reduktion des Lactons mit Lithiumaluminiumhy-
drid liefert das Diol, das im Sauren zum gewtinschten Ether
cyclisiert wird. Dieser Schritt bedarf jedoch erhohter Sorg-
falt, weil unter den Reaktionsbedingungen sehr leicht auch
das thermodynamisch stabilere 9b-epi-Ambrox® entsteht
(Abbildung 9).
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Anfang der 80er Jahre wurde die
kommerzielle Verwendung von Am-
brox® patentfrei, so dass eine ganze
Reihe weiterer technischer Synthesen
auch bei anderen Firmen und an
Hochschulen entwickelt wurden. So
publizierte Sir Derek Barton eine von
Quest zum Patent angemeldete Ab-
baureaktion des Sclareols, bei der Ka-
liumpermanganat durch Natriumper-
iodat ersetzt wurde [13, 14].

Henkel entwickelte einen sehr at-
traktiven Prozess zur Herstellung von
Sclereolid aus Sclareol, durch Oxida-

AMBROX

Reduktion mit Vitride® und Etherbil-
dung liefert dann Cetalox® (Abbildung
13).

Eine reizvolle Alternative zum Auf-
bau der Sclareolid-Vorstufe beinhaltet
nach der Reduktion der Doppelbin-
dung von B-Jonon mit Tributylstannan
eine Grignard-Reaktion und anschlie-
Rend die Umsetzung mit Dimethylform-
amiddimethylacetal, wobei das entspre-
chende Carbonsiureamid durch eine
[2,3]-sigmatrope Umlagerung gebildet
wird. Die (E/Z)-Isomere konnen chro-
matographisch getrennt werden (Ab-

NUTZLICHE NATURSTOFFE

Abb. 11 Die Bal-
samtanne (Abies
balsamea) ist mit
bis zu 20 Meter
(selten bis 30 m)
Wuchshéhe bei bis
zu 50 Zentimetern
Stammdurchmes-
ser ein mittelgro-
Ber Baum. Sie kann
bis zu 200 Jahre alt
werden. [© United
States Fish and Wild-
life Service]

Abb. 7 Muskatel-
lersalbei (Salvia
sclarea, auch Mus-
kat-Salbei, Romi-

tion mit Natriumhypochlorit in Ge-
genwart von Rutheniumchlorid und
eines Phasentransferkatalysators (Ab-
bildung 10) [15].

scher Salbei oder .

Scharlei) wird Besonders bemerkenswert sind
hauptsichlich im auch die Arbeiten bei Fritsche Dodge
Mittelmeerraum, & Olcott sowie bei International Fla-
auf :‘;’m B:;’kaf"' vors & Fragrances, die zeigten, dass
im Gebiet der frii- Qe . .
heren UdSSR und die Seitenkette auch fermentanv mit
den USA angebaut. Hyphbozyma roseoniger bzw. Cryp-
[© Kurt Stueber] tococcus albidus abgebaut werden

kann [16, 17].

Abgesehen von der Oxidation mit Chromoxid, Kalium-
permanganat oder Natriumperiodat liegen die Nachteile
dieser Synthese in der unzuverlissigen Versorgungslage von
Sclareol und den damit oft stark fluktuierenden Preisen [6].

Alternativ zu Sclareol kann man zur Herstellung von
Ambrox® auch (+)-cis-Abienol verwenden, das man aus Ka-
nadabalsam gewinnt. Das Harz erhdlt man durch Anritzen
der Rinde der im Norden der USA und in Canada wach-
senden Balsamtanne (Abies balsamea) (Abbildung 11).
Durch Wasserdampfdestillation, Extraktion und Kristallisa-
tion ist (+)-cis-Abienol erhiltlich.

Die Ozonolyse und reduktive Aufarbeitung von (+)-cis-
Abienol fiihrt zu einem Diol, das mit Tosylchlorid in Pyri-
din in exzellenten Ausbeuten zu Ambrox® cyclisiert werden
kann (Abbildung 12) [18].

Neben diesen besonders eleganten Abbaureaktionen
wurde (-)-Ambrox® auch noch ausgehend von einer Reihe
anderer Naturstoffe, wie (-)-Drimenol [19], (-)-Thujon [20]
oder (+)-Carvon [21] synthetisiert.

Totalsynthesen
Die erste Totalsynthese von Cetalox®, stammt von Masanao
Matsui [22]. Ausgangsmaterial ist f-Jonon [23], dessen Dop-
pelbindung in der Seitenkette regioselektiv an einem Kup-
ferkatalysator hydriert werden kann. Anschliefend wird sie
durch die Sequenz einer Darzens-Reaktion [24] und einer
Knoevenagel-Kondensation um drei C-Atome verlingert.
Die (E/Z)-Isomere im Verhiltnis von 1:1 trennt man destil-
lativ nach Veresterung. Das (E)-Isomere wird verseift und
mit Trifluoressigsiure zum (+/-)-Sclareolid cyclisiert. Die
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bildung 14) [25, 26].

Im Jahr 1989 veroffentlichten George Biichi und Hans
Wiist vom MIT eine Synthese von Cetalox®, die von Fir-
menich in den groferen Mafstab tibertragen und an ent-
scheidenden Stellen wesentlich verbessert wurde [27]. Aus-
gangsmaterial ist ebenfalls Dihydro-B§jonon, das durch
Umsetzung mit Dimethylcarbonat in den entsprechenden

ABB. 8 ‘ LABDAN ABB. 10 ‘ SCLAREOLID

OH

" NaOCl
X RuCl

—_—

KOH
PTC, H,0
73-78%

“OH

H
Sclareol

Sclareolid

Labdan - Grundstruktur
Abb. 8 Sclareol gehért zur groBen Gruppe der labdanoiden Diterpene. Der Name
leitet sich von Labdanum, einem Harz aus den Zistrosengewdichsen (Cistaceae) ab,

aus denen man die ersten Vertreter dieser Grundstruktur isolierte.
Abb. 10 Effiziente Synthese von Sclareolid aus Sclareol.

ABB. 9 ‘ PARTIALSYNTHESE VON AMBROX® AUS SCLAREOL

o)

(0]
X cro, =2 LiAM,
OH —— - >
AcOH B-Naphthalin-
sulfonséure
Sclareol Sclareolid
KOH
KMnoO, HCl
150 °C/Vakuum

9b-epi-Ambrox

Sclareoloxid
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B-Ketoester uiberfithrt wird. Nach der Zinntetrachlorid-
vermittelten Cyclisierung sollte in o-Position alkyliert
werden. Dies gelang jedoch nicht. Erfolgreich war dage-
gen die O-Alkylierung, gefolgt von einer Claisen-Umlage-
rung. Die Demethoxycarbonylierung kann man in DMSO
durchfiihren. Allerdings sind die Ausbeuten in NMP als Lo-
sungsmittel besser. Nach der Grignard-Reaktion zur Ein-
fiilhrung der Methylgruppe wird die Seitenkette durch
Ozonolyse und Reduktion zum erforderlichen Alkohol ab-
gebaut.

Der schwierigste Schritt der Totalsynthese war der Ring-
schluss zum trans-verkniipften Tetrahydrofuran unter ki-
netischer Kontrolle, da das thermodynamisch giinstigere
Produkt 9b-epi-Cetalox® ist. Unter den gewihlten Bedin-
gungen verlduft die Reaktion sehr selektiv. Der Gehalt an 9b-
epi-Cetalox® liegt unter 1 % (Abbildung 15).

Polyencyclisierungen
Auf3erordentlich interessant und von industrieller Rele-
vanz sind auch die biomimetischen Versuche Cetalox®
und Ambrox® durch Polyencyclisierung zuginglich zu ma-
chen.

Die grundlegenden methodischen Arbeiten zur kiinstli-
chen Polyencyclisierung gehen auf Gilbert Stork, Albert

ABB. 12 ‘ AMBROX® AUS ABIENOL

O,
CH,Cl,, 78 °C
E—
LiAIH,, 20 °C
Die Synthese von 86 %
Ambrox® aus (+)-cis-Abienol

(+)-cis-Abienol.

ABB. 13 AMBROX® AUS B-JONON

H2
Cu/Sio,

 —

= O CICH,COOE

NaOEt, 5 °C
55 %

B-Jonon

TiCl,, EtOH
B —

Die Synthese von Destillation
racemischem KOH
Ambrox®, das man H,O / EtOH
Cetalox® nennt,
ausgehend von Vitride: NaAIH,(OCH,CH,OMe),
B-Jonon.
378 | © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Eschenmoser und E. E. van Tamelen zurtick, die sich in den
50er und 60er Jahren mit der siurekatalysierten Cyclise-
rung der Farnesylsiure und des Squalenoxids beschiftigten
[28,29,30]. Weitere Pionierarbeiten aus dem Jahr 1960 be-
treffen dann schon die sdurekatalysierte Cyclisierung von
Homofarnesylsiure zu einem Diastereomerengemisch des
Sclareolids und stammen von Giinther Lucius vom VEB Che-
mische Fabrik Miltitz bei Leipzig (siche unten) [31]. In jin-
gerer Vergangenheit gibt es sehr elegante Bespiele fiir die
Domino-Synthese insbesondere des Sterol-Gertists [32, 33].
Die biomimetischen Tetra- und Pentacyclisierungen von W.
S. Johnson werden durch Lewis-Siuren oder Trifluoressig-
sdure initiiert (Abbildung 16).

Aber auch radikalische Polycyclisierungen sind bekannt.
Zu den prominentesten Beispielen zihlen die Polyencycli-
sierungen von Pattenden, die geradezu ein Lehrbeispiel fiir
die Baldwin-Regeln darstellen [34, 35, 36, 37]. Die Polycy-
clisierung verlauft tiber freie Radikale, die in einer Domi-
noreaktion von 6-endo-trig-Cyclisierungen abliuft und mit
einer 5-exo-trig-Reaktion endet. Eine wichtige Vorausset-
zung zur Vermeidung von Nebenreaktionen ist die ge-
schickte Konstruktion des Polyens, das aber dann in giins-
tigen Fillen in enorm hohen Ausbeuten zum Steroidgertist
cyclisiert werden kann (Abbildung 17).

TsCl, py

99 %

(-)-Ambrox

COOH

COOH NEt,
—_—
87 %

Vitride

B —
TsCl, py
69 %

(+/-)-Sclareolid (+/-)-Ambrox

= Cetalox
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Edukte der Polyencyclisierung
Cabreuvaol, das durch Wasserdampfdestillation aus dem
brasilianischen Tropenholz Myrocarpus fastigiatus ge-
wonnen wird, ist das Ausgangsmaterial des Sesquiterpens
(+)-(E)-Nerolidol, einem wichtigen Vorprodukt von Homo-
farnesylsiure und Homofarnesol.

Racemisches (E)-Nerolidol erhilt man auf vergleichs-
weise einfachem Weg aus Linalool durch eine Carroll-Re-
aktion und Umsetzung mit Vinylmagnesiumchlorid. Alter-
nativ kann man Linalool auch mit Diketen oder Isopro-
penylmethylether (Saucy-Marbet-Reaktion) umsetzen und
die Grignard-Reaktion durch eine Acetylenaddition gefolgt
von einer Lindlar-Hydrierung ersetzen (Abbildung 18a)
[38].

AMBROX

Die Uberfithrung des Nerolidols in das entsprechende
Bromid, Cyanid-Substitution und Hydrolyse oder dessen Car-
bonylierung [39] liefert ein (7E,37)-/(E,E)-Isomerengemisch
der Homofarnesylsiure (Abbildung 18b).

(E,E)-Homofarnesol erhilt man aus Nerolidol durch
[2,3]-sigmatrope Umlagerung, chromatographische oder
destillative Trennung des 2:1-Gemischs der Homofarnesyl-
siureamide und Reduktion mit Lithiumtriethylboranat (Ab-
bildung 19a) [25].

Alternativ kann Nerolidol an Wolframaten zu Farnesol,
formal nach einer Metalla-Claisen-Umlagerung isomerisiert
und durch Destillation gereinigt werden (Abbildung 19b)
[40]. Nach der Uberfithrung ins Farnesylchlorid wird die-
ses mit frisch gefilltem Barium und Kohlendioxid zu (E,E)-

ABB. 14 AUFBAU DER VORSTUFE
Buaan MeOYOMe B _
AIBN 80 °C
91 % NMe,
= P Xylol
7 “MgBr Riickfluss .3
O THF10°C OH 81 % 0L H
B-Jonon 96 % y’?
MeO NMe,
0 Chromatographie 0
— E/Z - = E
- MeOH 72 NMe KOH 74 OH
E:Z=16:1 ? MeOH, H,0
+ (Z)-Isomer
ABB. 15 AMBROX®-SYNTHESE VON FIRMENICH
(0]
MeOJ\OMe SnCl,
_— —_—
NaOMe CH,CI, 10°C
o >90 % 61 %
Dihydro-B-jonon
OMe
Br/\/
NaH, DMF MeMgl / Et,0
Rt -
Xylol
Ruckfluss 98 %
03
MeOH, -20 °C
E—
NaBH,
MeOH, 20 °C H
H (rac.)

88 % (2 Stufen)
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Eine reizvolle
Alternative zum
Aufbau der Scla-
reolid-Vorstufe.

Die Synthese von
Cetalox® von
Firmenich.
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ABB. 16 | LEWIS- UND BROENSTED-SAURE-VERMITTELTE Homofarnesylsiure umgesetzt, die man mit Lithiumalumi-
POLYENCYCLISIERUNGEN niumhydrid reduziert [41, 42].

Die Oxidation von Farnesol mit Braunstein, Wittig-Re-
aktion und Hydroborierung mit Disiamylboran, das man in
situ aus dem Boran-THF-Komplex und 2-Methyl-2-buten her-
stellt, liefert ebenfalls (£, F)-Homofarnesol in einer Gesamt-

ﬂ, ausbeute von 70 % (Abbildung 19¢) [42].
CH,CI,
SiMe, -78°C Sclareolid und Ambrox®
50 % Guinther Lucius gelang es, Homofarnesylsiure mit einer Mi-
schung aus Ameisensiure und Schwefelsiure zu einem Dia-
TFA stereomerengemisch des Sclareolids zu cyclisieren. Durch
SiMe, W Kristallisation konnten die Diastereomere getrennt werden.
2~ Allerdings lag die Ausbeute nur bei 15 %. Racemisches Scla-
-45°C . . .
62 % reolid war darin jedoch nicht enthalten [31].

In der Folge wurden eine Reihe anderer Bronsted- und
Lewis-Sauren zur stereochemisch selektiven Cyclisierung

ABB. 17 RADIKALISCHE POLYENCYCLISIERUNGEN

Bu,SnH
—_—
AIBN

B —

6-endo-trig

ABB. 18 VON LINALOOL ZU HOMOFARNESYLSAURE

a) 0 ‘o ‘
OH MO/ 0) /\MQCI
| — \ OH
X X Isomerentrennung X AN
durch Destillation

Linalool (E)-Geranylaceton (E)-Nerolidol
b) )
| OH

Ausgehend von | 7 PBr;, py KOH N
Linalool erhdilt ‘OH —
man Nerolidol . NaCN, EtOH EtOH, H,0 A
(18a), das auf 40 % 80 %
unterschiedlichen (+)-(E)-Nerolidol Homofarnesylséaure
Wegen weiter zu
Homofarnesyl- | CO PdCl, f
sdure umgesetzt HCOOH LiCl 85 °C
werden kann
(18b) BHNS
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erprobt. So erhilt man aus Homofarnesylsiure die Sclareo-
lid-Isomere in einer Ausbeute von 91 %, wenn man die Re-
aktion mit Zinntetrachlorid in Dichlormethan bei -78 °C
durchfiihrt [43]. Verwendet man dagegen Bortrifluorid als
Katalysator, so erhilt man racemisches Sclareolid nur in ei-
ner Ausbeute von 38 % [44]. Die Firma Henkel patentierte
ein Verfahren, bei dem man ein (E/Z)-Isomerengemisch der
Homofarnesylsiure mit Methansulfonsiure in Dichlorme-
than bei einer Temperatur von -10 °C umsetzt. Es wurde al-
lerdings auch nur ein Gemisch an Sclareolid-Isomeren er-
halten [45].

Der Durchbruch gelang schlielich P. E Vlad am che-
mischen Institut der Universitit von Kishinev (Moldawien)
durch Verwendung von Supersiuren wie Fluorsulfonsiure
in 2-Nitropropan bei niedrigen Temperaturen (Abbildung
20) [46]. Interessanterweise erhielt er unter sehr ahnlichen
Reaktionsbedingungen aus (E,E)-Homofarnesol hoch dia-
stereoselektiv racemisches Ambrox® in einer Ausbeute von
73 % [25, 41].

AMBROX | NUTZLICHE NATURSTOFFE

Allerdings muss kritisch angemerkt werden, dass die
Ausbeuten bei Firmenich unter sehr dhnlichen Bedingungen
nur bei 40 % lagen und Umsetzungen mit Chlorsulfonsiure
in 1-Nitropropan ebenfalls diese Ausbeuten lieferten
[25, 471.

Sehr detaillierte mechanistische Untersuchungen zur
Polyencyclisierung stammen von Roger Snowden von Fir-
menich [48]. Eine terminale Protonierung initiiert die Cy-
clisierung des tricyclischen Systems. Die anti-Addition an
den Doppelbindungen der nascenten Sechsringe erfolgt aus
der Sesselkonformation. Ob die Cyclisierung nach der Stork-
Eschenmoser-Hypothese synchron erfolgt, lisst sich mit den
experimentellen Daten nicht belegen.

Ein sequenzieller Ablauf, bei der die rot gezeichnete
Bindung zuerst gekniipft wird, ist ebenfalls denkbar. Der
Ringschluss zu Ambrox® bzw. 9b-epi-Ambrox® erfolgt dann
schneller als die Konformationsinderung des Cyclohexyl-
carbokations, so dass ein trans-Decalin-System entsteht. Die
Isomerisierung der mittleren Doppelbindung in Homofar-

ABB. 19 MEHRERE WEGE ZU (E,E)-HOMOFARNESOL
a)
| MeOYOMe NMe, OH
E
NMe, LIBEt,H N
OH — — |
AN Xylol, Ruckfluss X THF -78 °C X\
Chromatographie
(E)-Nerolidol 79 % (E,E)-Homofarnesol
b) OSiEt,
\E)/\vlv,OSEt
i | “OSiEt
(Et;SiO0),WO |} Co !
on P, | - .
180 - 200 °C AN
Destillation
(E)-Nerolidol - ¢
Cl
OH
Ba
X Co, A LiAIH,
- —_ | — =
X THF -78°C X E,0
68 % 84-93%
(E,E)-Homofarnesylsaure (E,E)-Homofarnesol

o)
- " Sia,BH
MnOz o TheP=CH, N THF, 20°C
—_—
Hexan 0°C THF, 20 °C | H O NaOH
97 % %% S 75 %

(E,E)-Farnesol
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nesol ist gegenuiber der terminalen sehr langsam und ent-
sprechend gering ist der Anteil an anderen Diastereomeren
(Abbildung 21).

Totalsynthetisch ist enantiomerenreines Ambrox® zu-
ginglich, wenn man Homofarnesylacetat mit Chlorsulfon-
sdure cyclisiert und das Produkt mittels einer Pseudomonas-
Lipase spaltet. Die Veretherung liefert dann das gewtinsch-
te Produkt (Abbildung 22) [49].

Die unbestreitbar eleganteste Methode zur Totalsyn-
these von (-)-Ambrox® ist die enantioselektive Polyency-
clisierung. Zur Cyclisierung benutzte Hisashi Yamamoto ei-
ne enantiomerenreine Lewis-Siure-Bronsted-Siaure aus O-(o-
Fluorbenzyl)-binol und Zinntetrachlorid und erhielt (-)-Amz-
brox® mit einem Enantiomereniiberschuss von 75 % und im-
merhin 54 % Ausbeute [42].

Als Ausgangsmaterial dient (E,E)-Homofarnesyltri-
ethylsilylether. Hierdurch bleibt die Cyclisierung nach der

enantioselektiven Protonierung auf der Stufe des Deca-
linsystems stehen. Die anschlieende Cyclisierung verliuft
mit hoherer Diastereoselektivitit, wenn man sie im stark
Sauren durchfiihrt. Daher ist die Balance zwischen der Sta-
bilitit der Si-O-Bindung und der Bronsted-Aciditit der en-
antiomerenreinen Lewis-/Bronsted-Sdure von entschei-
dender Bedeutung fiir eine hohe Diastereoselektivitit. Der
Si-faciale Ringschluss des Cyclohexylkations mit dquato-
rialer Seitenkette fithrt zu Ambrox®, der Re-faciale zu 9b-
epi-Ambrox®. Der Ringschluss des Cyclohexylkations mit
axialer Seitenkette liefert zwei weiteren Diastereomere,
das Sa-epi-Ambrox® und das Sa-epi-9b-epi-Ambrox®. So
gibt es als Mechanismus fiir die Bildung der Diastereome-
ren neben der (E/Z)-Isomerisierung auf der Stufe des Ho-
mofarnesols noch die (Re/Si)-faciale Cyclisierungsmog-
lichkeit und die Inversion der Sechsringkonformation (Ab-
bildung 24).

ABB. 20 POLYENCYCLISIERUNGEN MIT SUPERSAUREN

FSO ;H
—_—
2-Nitropropan

-78°C

(E,E)-Homofarnesylsaure 93 %

(+/-)-Sclareolid

FSO ;H
—_—
2-Nitropropan

-78°C

(E,E)-Homofarnesol 73 %

(+/-)-Ambrox

ABB. 21 ‘ MECHANISTISCHE UBERLEGUNGEN ZUR POLYENCYCLISIERUNG

E E
Z 7~ Z

(E,E)-Homofarnesol

(7E,3Z)-Homofarnesol

langsam
- . (0]
H
(+/-)-Ambrox
schnell i
--OH —— (@)

(+/-)-9b-epi-Ambrox

ABB. 22 ENANTIOMERENREINES AMBROX® DURCH ENZYMATISCHE RESOLUTION

OAc OAc
OH
CISO;H )y H,O
—_— —_—
2-Nitropropan Lipase
-78 °C PS-30
Homofarnesylacetat 37 % >98 %ee (-)-Ambrox
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Unter sehr dhnlichen Bedingungen, allerdings ohne Zu-
gabe des Trifluoressigsiure/Zinntetrachlorid-Komplexes, er-
hilt man (4+)-Sclareolid in vergleichbaren Ausbeuten mit ei-
nem Enantiomereniiberschuss von 88 % (Abbildung 23

[26].

Enzymatische Polyencyclisierungen
Die enantioselektive Polyencyclisierung des Squalens zu
dem pentacyclischen Hopen und Hopanol zihlt zu den an-
spruchsvollsten biochemischen Reaktionen. In einem
Schritt entstehen neun Asymmetriezentren. Hopen ist eines
von 22 = 512 moglichen Stereoisomeren.

Die Cyclisierung wird durch die Squalen-Hopen-Cycla-
se einiger Prokaryoten vermittelt und ist in gewisser Hin-

ABB. 23

AMBROX | NUTZLICHE NATURSTOFFE

ENANTIOMERENREINES AMBROX® DURCH
ENANTIOSELEKTIVE POLYENCYCLISIERUNG

OO@ H
o}
\

o /SnCI I
CC j
OH
Toluol -78 °C
59 % .
(E,E)-Homofarnesylséure 88 %ee (+)-Sclareolid

ABB. 24 ‘ ENANTIOMERENREINES SCLAREOLID DURCH ENANTIOSELEKTIVE POLYENCYCLISIERUNG
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H
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ABB. 25 DIE SQUALEN-HOPEN-CYCLASE ...
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sicht mit der Squalenoxid-Lanosterol-Cyclase der Eukaryo-  dem thermophilen Mikroorganismus Alicyclobacillus aci-
ten verwandt (Abbildung 25) [50, 51]. docaldarius aufzukliren (Abbildungen 26 und 27) [52]. Das

Im Jahr 1997 gelang es Georg E. Schulz in Freiburg, die  Enzym besteht aus zwei etwa gleich groRen Dominen. Das
Struktur der membranstindigen Squalen-Hopen-Cyclase aus  aktive Zentrum befindet sich in einer 1200 A% (Kubik-Ang-

ABB. 27 ‘ STEREOANSICHT DER SQUALEN-HOPEN-CYCLASE

Domain 1

Domain 1

Abb. 26 Alicyclo-
bacillus acidocal-
darius. (© PD. Dr.
Manfred Rohde,
Helmholtz Zentrum
fur Infektionsfor-
schung, Braun-
schweig) 7
. : iy W‘S

[ &= % N
AN

& .

(N, C: N- und C-Terminus,
E: Kanaleingang, L: Lage
des Inhibitors N,N-Dime-
thyldodecylamin-N-oxid,
siehe auch Abb. 28).

(© Georg E. Schulz, [52])

=

ABB.

Nichtpolare Bereiche sind gelb, positive blau und negative rot dargestelit. Die Ansicht (A) zeigt das Enzym ,,aufgeschnitten*. Die
Schnittfldche liegt im Bereich der groBen Bindungstasche, in der der kompetitive Inhibitor N,N-Dimethyldodecylamin-N-oxid
(LDAO) anstelle von Hopen (links oben zwei maRstabsgerechte Ansichten) gebunden ist. Ein nichtpolarer Kanal (C) fiihrt nach
links zu einer ebenfalls ungeladenen Offnung. Die Ansicht (B) zeigt den Kanaleingang (E) des Enzyms von aufBen. Er ist von einer
etwa 1600 A2-groRen nichtpolaren Fliche umgeben. (© Georg E. Schulz, [52])
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ABB. 29 ‘ POLYENCYCLISIERUNG IN DER SQUALEN-HOPEN-CYCLASE

/

. Initiale Protonierung

- Carbokation-Stabilisierung
- Stereokontrolle

. Carbokation-Stabilisierung
und/oder Substratbindung

: Substratbindung

strom) gro3en Hohle dazwischen, die durch einen unpola-
ren Kanal in der Domine 2 zuginglich ist (Abbildung 28).

Im aktiven Zentrum wird Squalen in einer Sessel-Sessel-
Konformation gebunden [53]. Die Cyclisierung beginnt mit
einer Protonierung am C-Atom 3 des spiteren Hopens
durch Asparaginsiure D376. Carbokation-n-Wechselwir-
kungen zu verschiedenen aromatischen Aminosiuren wie
Tyrosin, Phenylalanin und Tryptophan stabilisieren die ka-
tionischen Zwischenstufen bis schlie8lich durch Deproto-
nierung Hopen bzw. Hydroxylierung Hopanol gebildet wird
(Abbildung 29).

Bereits 1986 entdeckten Stefan Neumann und Helmut
Simon an der technischen Universitit Miinchen, dass die
Squalen-Hopen-Cyclase aus Bacillus acidocaldarius [54],
nicht nur Squalen zu Hopen und Hopanol cyclisiert, son-
dern auch Homofarnesol zu Ambrox [55]. Man kann davon
ausgehen, dass die Cyclisierung sehr dhnlich wie die von
Squalen verlduft (Abbildung 30).

Jungst wurden Arbeiten zu diesem Thema auch von der
japanischen Firma Kao Corporation aufgenommen [56]. Lei-
der machen keine der Schriften Angaben zu Selektivitit und
Ausbeute.
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Superambrox
Im Jahr 1993 beschrieben Chemiker der Firmenich den Duft
von Superambrox (5,5a-Dehydroambrox) [57]. Die exzel-

lenten Duftqualititen sind gekennzeichnet durch eine sehr
kraftvolle, schone Ambra-Tonalitit mit viel Volumen und
Fiille und einer starken Kopfnote.

Eine interessante Partialsynthese beschrieb Aede de
Groot im Jahr 2001 [58]. Das Ausgangsmaterial ist Larixol,
das man durch Extraktion und Kristallisation aus dem Ter-
pentindl der Lirchen gewinnt (Abbildung 31).

Die Oxidation mit Oxon (2 KHSOs5, KHSO4, K;SOy4)
fiihrt selektiv zur Epoxidierung der exocyclischen Doppel-
bindung. Das Nebenprodukt mit 19 % ist das Diepoxid. Die
Reduktion mit Lithjumaluminiumhydrid liefert unter Ring-
offnung das Triol. Die Seitenkette wird durch eine Periodat-
Oxidation abgebaut. Reduktion und Ringschluss mit p-To-
luolsulfonsidure in Nitromethan ergeben 5o-Hydroxyam-
brox, aus dem man nach Mesylierung Superambrox her-
stellen kann (Abbildung 32).

Eine besonders elegante, stereoselektive Totalsynthese
von Superambrox stammt von Charles Fehr [59]. Wihrend
Bronsted-Saure-katalysierte En-Reaktionen des racemischen

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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L: Leucin, W: Tryp-
tophan, Y: Tyro-
sin). (Abb. nach
[53])

ABB. 30

(E,E)-Homofarnesol
|
1
Squalen-
Hopen-
Cyclase

(-)-Ambrox

Cyclisierung von
Homofarnesol zu
Ambrox mit Hilfe
der Squalen-
Hopen-Cyclase
aus Bacillus
acidocaldarius.

385



ABB. 32 ‘ PARTIALSYNTHESE VON

SUPERAMBROX
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OH
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Et,SiH : .
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20 °C
76 % (2 Stufen)
(+/-)-Superambrox
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Dihydro-C14-Aldehyds unter Methylgruppenwanderung in
Ausbeuten von ca. 40 % zum Decalinol A fuihren, liefert die
Lewis-Sdure-vermittelte En-Reaktion mit Ethylaluminiumdi-
chlorid den gewtinschten Bicyclus. Der Reaktionsverlauf ist
vermutlich konzertiert und fithrt im Ubergangszustand iiber
ein achtgliedriges Ringsystem. Das primir erhaltene Alu-
minjumalkoxid kann direkt einer Oppenauer-Oxidation mit
Chloral unterworfen werden und man isoliert direkt das
Decalinon. Der entsprechende Silylenolether wird mit #-
Chlorperbenzoesiure diastereoselektiv von der der axialen
Methylgruppe abgewandten Seite oxidiert. Das o-Siloxyke-
ton wird in das entsprechende Acetat liberfiihrt. Die fol-
gende Deprotonierung mit LDA fiihrt in einer intramole-
kularen Aldol-Reaktion zum Aufbau des Lactons. Nach De-
hydratisierung wird dieses mit Lithiumaluminiumhydrid re-
duziert. In Gegenwart des Chaudret-Ruthenium-Hydrierka-
talysators findet die urspriinglich beabsichtigte Hydrierung
nicht statt. Es kommt vielmehr zu einer durch die Hydro-
xygruppe in Position 3a stereochemisch kontrollierten Dop-
pelbindungsverschiebung. Das Lactol wird schliefllich mit
Triethylsilan zu racemischem Superambrox reduziert. Die
Gesamtausbeute tliber alle Stufen betrigt 27 % (Abbildung
33).

Trennt man die Enantiomere auf der Stufe des racemi-
schen Dihydro-C14-Aldehyds, dann ist auf diesem Weg auch
enantiomerenreines Superambrox zuginglich.

Kommerzielle Verwendung
Cetalox® und Ambrox® finden Verwendung in hochwerti-
gen Parfiims sowohl fiir Frauen als auch fiir Minner. Pro-
minente Beispiele dieser Duftkategorie sind Chanel No. 5 ®
Davidoff Cool Water® oder Azzaro pour Homme® (Abbil-
dung 34).

Die Duftstoffe werden neben ihren hervorragenden ol-
faktorischen Qualititen auch sehr gerne als Fixateur ver-
wendet. Der Preis fiir Ambrox® beliduft sich auf ca. 1000
Dollar/kg und die Weltjahresproduktion fiir Ambrox® und
Analoga liegt bei etwas mehr als 30 Tonnen [2].

Zusammenfassung

Ambra ist ein seit Jahrtausenden hoch geschdtzter Duftstoff
aus dem Verdauungstrakt des Pottwals. Der olfaktorisch be-
deutendste Inhaltsstoff ist (-)-Ambrox®, das durch Partial-
synthese im gréRBeren MaBstab aus dem Sclareol des Muska-
tellersalbeis gewonnen wird. Die Polyencyclisierungen von Ho-
mofarnesol und Homofarnsylséure sind besonders elegante
Totalsynthesen. 5,5a-Dehydroambrox zeichnet sich nicht nur
durch exzellente Duftqualitdten aus, sondern auch durch die
eleganten Totalsynthesen.

Summary
Ambergris, obtained from the intestinal tract of the sperm
whale, is a highly esteemed fragrance since several millennia.
The olfactory most important ingredient of ambergris is Am-
brox®, which is produced on large scale by partial synthesis
from sclareol from clary sage. The polyene cyclisations of ho-

Chem. Unserer Zeit, 2011, 45, 374 - 388
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mofarnesol and homofarnesylic acid are highly attractive to-
tal syntheses of Ambrox® and sclareolide. 5,5a-Dehydroam-
brox is an outstanding new scent, both to its distinguished fra-

grance properties and its elegant total syntheses.

Schlagwaorter

Riechstoffe, Partialsynthese, Polyencyclisierung, Sclareolid,

Ambrox
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Irresistible Fragrance Note — Ambrox®
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Den Stoffwechsel- oder Verdauungsstérungen des groBten noch lebenden
Sdugetiers, dem Pottwal, verdanken wir einen der wertvollsten Duftstoffe der
Feinparfiimerie: die graue Ambra (Abbildung 1) [1].

Fig.1 Sperm whales (Physeter cotodon or Physeter macrocephalus) grow to up to 18 m
length and 50 t weight. The intestine of a sperm whale can reach a length of up to 250
metres. The starting material for ambergris is formed in this. © Scott Portelli, Wildlife
photographer and Peter Kaminski).

We have the metabolic or digestive disorders of the largest still living mammal, the sperm
whale, to thank for one of the most valuable fragrance materials of fine perfumery: grey
ambergris (Figure 1) [1].

According to whaling reports, about 1% mainly of the male animals suffer from this disease.
The quantity of ambergris can be considerable: in the case of a sperm whale killed in the
Antarctic in 1953, it amounted to 421 kg. The ambergris of killed animals is of lower quality,
since it has not been matured in seawater. Nowadays, sperm whales are protected by the
Washington Convention on the protection of endangered species and the fragrance substances

are obtained by chemical synthesis (Figure 2).

Ambergris is an initially waxy, soft mass in the intestine of the sperm whale, which this forms

after mechanical injury due to the horny beak of the octopus (Sepia officinalis) and squid



(Teuthida), its preferred food. The ambergris serves as an antibiotic wound closure, in which
the indigestible food components become imbedded. The concretions reach the sea through

vomiting, as faecal stones or through the natural death of the animals.

Fig.2 Large ambergris lump from a sperm whale killed in the Antarctic in 1953 [2].

Owing to their low density of 0.78-0.93 g/cm?, the almost black lumps, initially smelling of
faeces, weighing a few grams up to 100 kg, float up on the surface of the sea and in the course
of years and decades are converted by chemical degradation and oxidation into the highly
valued perfumery raw material, before the stone-like, light grey, pleasant-smelling ambergris
lumps are salvaged by fishing boats or washed up on the shore. The fragrance note lies between
woody, dry, balsamic, somewhat tobacco-like to flowery with an aphrodisiac impact.
Ambergris is found in the Atlantic and Indian oceans, on the coasts of Brazil, Africa,

Madagascar, the Maldives, China, Japan, New Zealand and in the Caribbean.

History of the Fragrance Substance
In antiquity, ambergris was already a sought-after fragrance and valuable article of trade. The
Egyptians used to burn it as a sacrificial offering and in the Arabian cultural region the

fragrance was as well-known as in the coastal regions of the Indian Ocean.

Mixed with wine, it was regarded as an aphrodisiac, was used for protection against plague and
as a medicine for the treatment of headaches, colds, epilepsy and other diseases. Louis XV of
France is believed to have spiced his favourite dishes with ambergris and Elizabeth I of England

perfumed her gloves with it. In Egypt, ambergris is still used today for perfuming cigarettes.

The first indications of the use of ambergris in fine perfumery we have from the Arabs in Spain
in the 10" century. Ambergris was already being imported for this purpose from the Sunda

Islands and the Maghreb. At the start of modern times, ambergris was being traded throughout



Europe and in many cases worth its weight in gold. Al-Hasan ibn Mohammed al-Wassan
(named: Johannes Leo Africanus; b. about 1490 in Granada, d. after 1550 in Tunis) wrote that
the price of one pound of ambergris on the market in Fez was about 60 ducats, which

corresponded to that of three slaves.

For a long time, uncertainty reigned as to the origin of ambergris. The Chinese called it “lung
sien hiang” and imagined dragons which slept on the coastal cliffs and drooled into the sea in
their sleep. From the saliva, so they believed, the fragrance was formed. On the other hand, in
the Japanese cultural region, they spoke of “kunsurano fu”, of whale faeces. The Arabian
traveller and historian Al Mas’udi (d. 957 in al-Fustat, Egypt) reported of traders and seamen
who believed that ambergris grew like fungi on the seabed and was occasionally washed up on
land by storms. Marco Polo (1254-1324) was the first western traveller who reported that

because of ambergris the sperm whale was hunted by Yemeni seamen off the island of Socotra.

However, certainty as to its origin was only obtained when with the flourishing of the American
whaling industry in Nantucket (Massachusetts) in the 18" century, again and again sperm

whales were killed in whose intestines lumps of ambergris were found.

In cultural history and etymologically, ambergris has often been confused with amber (genuine,
yellow or Prussian amber, lat. Succinum, grk. Electron). Ambra or amber is also the English
and old German name for amber. Nowadays, for differentiation, in English the word ambergris,
which is derived from the French ambre gris and finally from the Arab word anbar, is used for

the excretion product of the sperm whales.

Constituents of Ambergris

The first chemical analyses of ambergris go back to the French chemists Joseph-Bienaimé
Caventou (1795-1877) and Pierre-Joseph Pelletier (1788-1842). In 1820, they isolated and
characterized the triterpene ambrein [3]. It is practically odourless and is used in the perfumery
industry as a fixative. The second main component of fresh ambergris is 24-methyl-53-

cholestan-3a-ol, which together with ambrein makes up about 70-90% of the mass.

The olfactorily important components are formed during the maturing time in the sea. By

oxidative degradation of ambrein in the region of the central double bond, volatile mono- and



bicarbocyclic compounds are formed, which owing to the chlorine content of seawater are to

some extent also chlorinated (Figure 3) [4].

FIG.3 CONSTITUENTS OF FRESH AMBERGRIS
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The key reaction in the degradation is a photo-oxidation by singlet oxygen. The porphyrin dye
haemocyanin detected in ambergris could serve as a photosensitizer. In model reactions of pure
ambrein with singlet oxygen, as well as Ambrox® and y-coronal, a-ambrinol and dehydroambra

oxide were also obtained (Figure 4) [5].

The olfactorily most important constituent in ambergris is (-)-Ambrox® ((3aR,5aS,9aS,9bR)-
3a,6,6,9a-tetramethyldodecahydronaphtho[2,1-b]furan). It embodies the first four tonalities of
a 3 percent ambergris tincture in 90% alcohol which has been allowed to mature for a while
with occasional shaking, after moist, mossy forest soil, a strong fragrance of tobacco and

balsamic sandalwood mixed with a warm, animal, musk note.

Ambrox® designates the enantiomerically pure compound. The racemate is called Cetalox®

®

(cetus: lat. whale). Both are brand names of the Firmenich company. Ambroxan® and



Amberlyn® are synonymous with Ambrox®. These are brand names of Cognis (Henkel/BASF)

and Quest respectively.

FIG.4 PHOTO-OXIDATIVE DEGRADATION OF AMBREIN

[=}mAmbrox yCoronal

(3aR,5a5,9a5,9bR)=3a,6,6,9a=tetramethyk=
dodecahydronaphthe[2,1=b]}furan)

The different diastereomers of (-)-Ambrox® have a similar fragrance, but to some extent differ
in their odour thresholds [6, 7]. That of 3a-epi-(-)-Ambrox® is higher by a factor of 100 than
that of (-)-Ambrox®. On the other hand, with almost identical odour quality, 9b-epi-(-)-
Ambrox® has an odour threshold half as high. (+)-Ambrox® is eight times weaker than the
natural enantiomer. The racemate has an odour threshold of 0.5 ppb and scarcely differs in its

tonalities from that of (-)-Ambrox® (Figure 5).

FIG.5 THE ODOUR THRESHOLDS OF THE STEROISOMERS OF AMBROX®
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(-)-Ambrox® was also isolated not only from natural ambergris but also from the absolute of
tobacco (Nicotiana tabacum), and detected in the ethereal oil of the clary sage (Salvia sclarea),

the cistus (Cistus labdaniferus) and the Italian cypress (Cupressus sempervirens) (Figure 6).



The “concrete’ is mostly obtained from plant parts, by extraction with organic solvents, which

are then evaporated off. The “absolute” is the filtered ethanolic solution of this residue.

Fig.6 Gum cistus (Cistus labdaniferus) and
Italian cypress (Cupressus sempervirens).

(© Carsten Niehaus and Andrea Buratti)

Partial Syntheses

The first chemical synthesis of (-)-Ambrox® derives from A. Hinder and A. Stoll of the
Firmenich company from the year 1950 [8, 9]. The starting material for this natural substance
synthesis was the diterpene sclareol, which is obtained from the clary sage (Salvia sclarea)

(Figure 7).

The evergreen biennial or perennial herbal plant reaches growth heights from 50 to 150
centimetres and has been cultivated since the 9™ century at the latest. According to legend,

wine traders were the first who industrially utilized the clary sage and from their mediocre



Rhine wine “conjured up” true Muscatel wine. Nowadays, clary sage oil finds its main use in
the production of Eaux de Cologne, Eaux de Toilette for the flavouring of herbal liqueurs, as a

healing plant and as seasoning.

By steam distillation of 100 kg of the inflorescence and shoot apex, ca. 800 grams of clary
sage oil (oleum salviae sclareae) are obtained. The main constituents of the clear, colourless
ethereal oil are linalyl acetate, linalool, nerolidol, neroli acetate and sclareol, which can

however vary markedly depending on the cultivation region and climatic conditions.

A higher content of sclareol is contained in the clary sage concrete, which is obtained by
extraction of the flowering plants with hexane. The content is about 70%. After counter-
extraction with 87 percent methanol and evaporation of the solvent, a syrupy residue is obtained,
which crystallizes and has a sclareol content of over 90% [10, 11]. The annual world production

amounts to 50-150 tonnes (Figure 8) [12].
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Fig.8 Sclareol belongs to the large group of the labdanoid diterpenes. The name is
derived from labdanum, a resin from the cistus plants (Cistaceae), from which the first
representatives of this basic structure were isolated.

Fig.10 Efficient synthesis of sclareolide from sclareol.

The key step of the industrial synthesis is the oxidative degradation of the side-chain of sclareol
either by oxidation with chromium trioxide or potassium permanganate followed by an

ozonolysis.

The reduction of the lactone with lithium aluminium hydride yields the diol, which in acid is
cyclized to the desired ether. However, this step requires increased care, since under the
reaction conditions the thermodynamically more stable 9b-epi-Ambrox® also very readily

forms (Figure 9).



FIG.9 PARTIAL SYNTHESIS OF AMBROX® FROM SCLAREOL
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Fig.7 Clary sage (Salvia sclarea, also
muscat sage, Roman sage or clary) is
mainly grown in the Mediterranean
region, in the Balkans, in the region of the
former USSR and the USA. [© Kurt
Stueber]

Fig.11 The balsam fir (Abies balsamea) is a
medium-sized tree of growth height up to
20 metres (rarely up to 30 m) with up to 50
centimetre trunk diameter. It can be up to
200 years old. [© United States Fish and
Wildlife Service]

At the start of the 1980s, the commercial use of Ambrox® became patent-free, so that a whole

range of further industrial syntheses were also developed at other firms and in

universities/technical colleges. Thus Sir Derek Barton published a degradation reaction of

sclareol for which Quest applied for a patent, in which the potassium permanganate was

replaced by sodium periodate [13, 14].



Henkel developed a very attractive process for the production of sclareolide from sclareol, by
oxidation with sodium hypochlorite in the presence of ruthenium chloride and a phase transfer

catalyst (Figure 10) [15].

Also particularly noteworthy are the studies at Fritsche Dodge & Olcott and at International
Flavors & Fragrances, which showed that the side-chain can also be degraded by fermentation

with Hyphozyma roseoniger or Cryptococcus albidus [16, 17].

Apart from the oxidation with chromium oxide, potassium permanganate or sodium periodate,
the disadvantages of this synthesis lie in the unreliable supply situation of sclareol and the thus

often markedly fluctuating prices [6].

Alternatively to sclareol, (+)-cis-abienol, which is obtained from Canada balsam, can also be
used for the production of (-)-Ambrox®. The resin is obtained by scoring the bark of the balsam
fir (Abies balsamea), which grows in the North of the USA and in Canada (Figure 11). (+)-cis-

abienol is obtainable by steam distillation, extraction and crystallization.

Ozonolysis and reductive processing of (+)-cis-abienol leads to a diol, which can be cyclized

to Ambrox® in excellent yields with tosyl chloride in pyridine (Figure 12) [18].

FIG.12 AMBROX® FROM ABIENOL
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The synthesis of Ambrox® from (+)-cis-abienol.

As well as these particularly elegant degradation reactions, (-)-Ambrox® has also been
synthesized starting from a range of other natural substances such as (-)-drimenol [19], (-)-

thujone [20] or (+)-carvone [21].
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Total Syntheses

The first total synthesis of Cetalox® derives from Masanao Matsui [22]. The starting material
is B-ionone [23], whose double bond in the side-chain can be regioselectively hydrogenated on
a copper catalyst. Next, it is lengthened by 3 C atoms by the sequence of a Darzens reaction
[24] and a Knoevenagel condensation. The (E/Z) isomers in the ratio of 1:1 are separated by
distillation after esterification. The (E) isomer is saponified and cyclized to (+/-)-sclareolide
with trifluoroacetic acid. Reduction with Vitride® and ether formation then yields Cetalox®

(Figure 13).

FIG.13 AMBROX® FROM B-IONONE
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The synthesis of racemic Ambrox®, which is named Cetalox®, starting from p-ionone.

FIG.14 DEGRADATION OF THE PRECURSOR
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An appealing alternative to the degradation of the sclareolide precursor.
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An appealing alternative to the degradation of the sclareolide precursor comprises, after
reduction of the double bond of B-ionone with tributylstannane, a Grignard reaction and then
treatment with dimethylformamide dimethyl acetal, whereby the corresponding carboxylic acid
amide is formed by a [2,3] sigmatropic rearrangement. The (E/Z) isomers can be separated

chromatographically (Figure 14) [ 25, 26].

In 1989, George Biichi and Hans Wiist of the MIT published a synthesis of Cetalox® which
was converted to the larger scale by Firmenich and considerably improved at critical points
[27]. The starting material is likewise dihydro-B-ionone, which is converted into the
corresponding [3-keto ester by reaction with dimethyl carbonate. After the tin tetrachloride
mediated cyclization, alkylation was necessary in the o position. However this was
unsuccessful. On the other hand, O alkylation, followed by a Claisen rearrangement, was
successful. The demethoxycarbonylation can be performed in DMSO. However, the yields are
better in DMP as solvent. After the Grignard reaction for the introduction of the methyl group,

the side-chain is degraded by ozonolysis and reduction to the required alcohol.

FIG.15 AMBROX® SYNTHESIS FROM FIRMENICH
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The most difficult step of the total synthesis was the ring closure to the trans-linked tetrahydro-
furan under kinetic control, since the thermodynamically more favourable product is 9b-epi-
Cetalox®. Under the chosen conditions, the reaction proceeds very selectively. The content of

9b-epi-Cetalox® is less than 1% (Figure 15).

Polyene Cyclizations
Also exceptionally interesting and of industrial importance are the biomimetic attempts to

render Cetalox® and Ambrox® accessible by polyene cyclization.

The fundamental methodological studies on artificial polyene cyclization date back to Gilbert
Stork, Albert Eschenmoser and E. E. van Tamelen, who in the 1950s and 1960s concerned
themselves with the acid-catalysed cyclization of farnesic acid and squalene oxide [28, 29, 30].
Further pioneering studies from 1960 then already relate to the acid-catalysed cyclization of
homofarnesic acid to a diastereomer mixture of sclareolide and derive from Giinther Lucius of
the VEB Chemical Factory Miltiz in Leipzig (see below) [31]. In the more recent past, there
are very elegant examples of the domino synthesis, in particular of the steroid skeleton [32, 33].
The biomimetic tetra- and polycyclizations by W. S. Johnson are initiated by Lewis acids or

trifluoroacetic acid (Figure 16).

FIG.16 LEWIS AND BROENSTED ACID-MEDIATED POLYENE CYCLIZATIONS
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However, radical polycyclizations are also known. Among the most prominent examples are
the polyene cyclizations by Pattenden, which indeed represent a textbook example of the

Baldwin rules [34, 35, 36, 37]. The polycyclization proceeds via free radicals, which proceeds
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in a domino reaction of 6-endo-trig cyclizations and ends with a 5-exo-trig reaction. An
important precondition for the avoidance of side reactions is the skilful construction of the
polyene, which can however then in favourable cases be cyclized to the steroid skeleton in

enormously high yields (Figure 17).

FIG.17 RADICAL POLYENE CYCLIZATIONS

| Bu,SnH
I |
| AIBN

T8 %

H
(+ Enantiomere)

Key: (+ enantiomers).

Educts for the Polyene Cyclization
Cabreuva oil, which is obtained by steam distillation from the Brazilian tropical wood
Myrocarpus fastigiatus, is the starting material for the sesquiterpene (+)-(E)-nerolidol, an

important precursor of homofarnesic acid and homofarnesol.

Racemic (E)-nerolidol is obtained by a comparatively simple route from linalool by a Carroll
reaction and treatment with vinylmagnesium chloride. Alternatively, linalool can also be
treated with diketene or isopropenyl methyl ether (Saucy-Marbet reaction) and the Grignard
reaction replaced by an acetylene addition followed by Lindlar hydrogenation (Figure 18a) [38].

FIG.18 FROM LINALOOL TO HOMOFARNESIC ACID
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Starting from linalool, nerolidol is obtained (18a), which can be further converted by
different routes into homofarnesic acid (18b).

Conversion of the nerolidol into the corresponding bromide, cyanide substitution and
hydrolysis, or its carbonylation [39] yields a (7E,3Z)-/(E,E) isomer mixture of homofarnesic
acid (Figure 18b).

(E,E)-homofarnesol is obtained from nerolidol by [2,3] sigmatropic rearrangement,
chromatographic or distillative separation of the 2:1 mixture of homofarnesic acid amide and

reduction with lithium triethylboranate (Figure 19a) [25].

Alternatively, nerolidol can be isomerized to farnesol via tungstates, formally according to a
metalla-Claisen rearrangement, and purified by distillation (Figure 19b) [40]. After conversion
to farnesyl chloride, this is converted with freshly precipitated barium and carbon dioxide to

(E,E)-homofarnesic acid, which is reduced with lithium aluminium hydride [41, 42].

Oxidation of farnesol with manganese dioxide, Wittig reaction and hydroboration with
disiamylborane, which is prepared in situ from the borane-THF complex and 2-methyl-2-

butene, likewise yields (E, E)-homofarnesol in an overall yield of 70% (Figure 19c) [42].

Sclareolide and Ambrox®

Giinther was able to cyclize homofarnesic acid with a mixture of formic acid and sulphuric
acid to a diastereomer mixture of sclareolide. By crystallization, the diastereomers could be
separated. However, the yield was only 15%. However, racemic sclareolide was not contained

therein [31].
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Subsequently, a range of other Bronsted and Lewis acids were tried for the stereochemically
selective cyclization. Thus from homofarnesic acid, the sclareolide isomers are obtained in a
yield of 91% if the reaction is performed with tin tetrachloride in dichloromethane at -78°C
[43]. If on the other hand boron trifluoride is used as the catalyst, then racemic sclareolide is
obtained only in a yield of 38% [44]. The Henkel company patented a process in which an
(E,Z) isomer mixture of homofarnesic acid is treated with methanesulphonic acid in
dichloromethane at a temperature of -10°C. However, also only a mixture of sclareolide

isomers was obtained [45].

FIG.19 SEVERAL ROUTES TO (E,E)-HOMOFARNESOL
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Finally, the breakthrough was made by P. F. Vlad at the chemical institute of the University of

Kishinev (Moldavia) by use of superacids such as fluorosulphonic acid in 2-nitropropane at
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low temperatures (Figure 20) [46]. Interestingly, from (E, E)-homofarnesol under very similar

conditions he highly diasteroselectively obtained racemic Ambrox® in a yield of 73% [25, 41].

FIG.20 POLYENE CYCLIZATIONS WITH SUPERACIDS
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However, in criticism it must be noted that the yields at Firmenich under very similar
conditions were only 40% and reactions with chlorosulphonic acid in 1-nitropropane also

produced these yields [25, 47].

Very detailed mechanistic studies on polyene cyclization come from Roger Snowden of
Firmenich [48]. A terminal protonation initiates the cyclization of the tricyclic system. The anti
addition at the double bonds of the nascent six-membered ring takes place from the chair
conformation. Whether the cyclization takes place synchronously in accordance with the Stork-

Eschenmoser hypothesis cannot be confirmed with the experimental data.

FIG.21 MECHANISTIC CONSIDERATIONS ON THE POLYENE CYCLIZATION
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A sequential course, in which the bond shown in red is linked at first, is also conceivable. The

ring closure to Ambrox® or 9b-epi-Ambrox®

then takes place more rapidly than the
conformational change of the cyclohexyl carbocation, so that a trans-decalin system is formed.
The isomerization of the middle double bond in homofarnesol is very slow compared to the

terminal one and the content of other diastereomers is correspondingly low (Figure 21).
Enantiomerically pure Ambrox® is accessible by total synthesis if homofarnesyl acetate is
cyclized with chlorosulphonic acid and the product cleaved by means of a Pseudomonas lipase.

Etherification then yields the desired product (Figure 22) [49].

FIG.22 ENANTIOMERICALLY PURE AMBROX® BY ENZYMATIC RESOLUTION
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The indisputably most elegant method for the total synthesis of (-)-Ambrox® is the enantio-
selective polyene cyclization. For the cyclization, Hisashi Yamamoto used an enantiomerically
pure Lewis acid/Bronsted acid from O-(o-fluorobenzyl)-binol and tin tetrachloride and

obtained (-)-Ambrox® with an enantiomeric excess of 75% and, even so, 54% yield [42].

As the starting material, (E,E)-homofarnesyl triethylsilyl ether is used. Through this, the
cyclization stops at the stage of the decalin system, after the enantioselective protonation. The
next cyclization proceeds with higher diastereoselectivity if it is performed in strong acid.
Hence the balance between the stability of the Si-O bond and the Bronsted acidity of the
enantiomerically pure Lewis/Bronsted acid is of decisive importance for high diastereo-
selectivity. The Si-facial ring closure of the cyclohexyl cation with equatorial side chain leads
to Ambrox®, the Re-facial one to 9b-epi-Ambrox®. The ring closure of the cyclohexyl cation
with axial side chain yields two further diastereomers, 5a-epi-Ambrox® and 5a-epi-9b-epi-
Ambrox®. Thus as the mechanism for the formation of the diastereomers, as well as the (E/Z)
isomerization at the stage of the homofarnesol, there is also the (Re/Si)-facial cyclization

possibility and the inversion of the six-membered ring conformation (Figure 24).
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F1G.24 ENANTIOMERICALLY PURE SCLAREOLIDE BY ENANTIOSELECTIVE
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Under very similar conditions, but without addition of the trifluoroacetic acid/tin tetrachloride
complex, (+)-sclareolide is obtained in comparable yields with an enantiomeric excess of 88%

(Figure 23) [26].

FIG.23 ENANTIOMERICALLY PURE AMBROX® BY ENANTIOSELECTIVE POLYENE
CYCLIZATION
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Enzymatic Polyene Cyclizations
The enantioselective polyene cyclization of squalene to the pentacyclic hopene and hopanol is
among the most demanding biochemical reactions. In one step, nine asymmetric centres are

formed. Hopene is one of 2° = 512 possible stereoisomers.

The cyclization is mediated by the squalene-hopene cyclases of some prokaryotes and is in a

way related to the squalene-lanosterol cyclase of the eukaryotes (Figure 25) [50, 51].

FIG.25 THE SQUALENE-HOPENE CYCLASE . . .

. . . cyclizes squalene to enantiomerically pure hopene or hopanol. The hopanoids are
important constituents of the bacterial cell wall. They are found today in large quantities
in up to 500 million year old oil shale. The quantity is estimated at 10!> tonnes. Thus
together with cellulose they are among the quantitatively most significant organic
substances on the Earth.
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In 1997, Georg E. Schulz in Freiburg succeeded in elucidating the structure of the membrane
squalene-hopene cyclase from the thermophilic microorganism Alicyclobacillus
acidocaldarius (Figures 26 and 27) [52]. The enzyme consists of two approximately equal-
sized domains. The active centre is situated in a 1200 A® (cubic Angstréms) sized cavity

between them, which is accessible through a non-polar channel in domain 2 (Figure 28).

Fig.26 Alicyclobacillus acidocaldarius. (O
PD. Dr. Manfred Rohde, Helmholtz Centre
for Infection Research, Braunschweig)
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FI1G.27 STEREOSCOPIC VIEW OF THE SQUALENE-HOPENE CYCLASE

Domain 1 Domain 1

(N, C: N- und C-Terminus,
E: Kanaleingang, L: Lage
des Inhibitors N,N-Dime-
thyldedecylamin-N-oxid,
siehe auch Abb. 28).
Domain 2 (© Georg E. Schulz, [52])

(N, C: N- and C-terminus, E: channel entrance, L: position of the inhibitor N,N-dimethyl-
dodecylamine N-oxide, see also Fig.28). (© Georg E. Schulz, [52]).

FIG.28 BINDING POCKET OF THE SQUALENE-HOPENE CYCLASE

Nonpolar regions are shown yellow, positive blue and negative red. View (A) shows the
enzyme “cut open”. The cut plane lies in the region of the large binding pocket, in which
the competitive inhibitor N,N-dimethyldodecylamine N-oxide (LDAO) is bound instead
of hopene (on left above, two views to scale). A nonpolar channel (C) leads leftwards to a
likewise uncharged opening. View (B) shows the channel entrance (E) of the enzyme from
outside. It is surrounded by an approximately 1600 A? sized nonpolar area. (© Georg E.
Schulz, [52]).
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In the active centre, squalene is bound in a chair-chair conformation [23]. The cyclization
begins with a protonation on the C atom 3 of the future hopene by aspartic acid D376.
Carbocation 7 interactions with various aromatic amino acids such as tyrosine, phenylalanine
and tryptophan stabilize the cationic intermediate stages until finally through deprotonation or

hydroxylation, hopene or hopanol respectively are formed (Figure 29).

FIG.29 POLYENE CYCLIZATION IN THE SQUALENE-HOPENE CYCLASE
|

HNT\ :
0o N,’)* IN—
o D374
D447 M, =
O 0
D376 L Pl
-H
O‘\ ”
‘_,j“"'OH 2 H Q
D313 2
;' . \\,' O
,v"’\ : _;j
Y495

B : Initiale Protonierung

B : carbokation-Stabilisierung

I : stereokontrolle

[ Carbokation-Stabilisierung
und/oder Substratbindung

[ =

: Substratbindung “ Hopanol

(D: aspartic acid, F: phenylalanine, H: histidine, L: leucine, W: tryptophan, Y: tyrosine).
(Fig. according to [53]).

Key: initial protonation; carbocation stabilization; stereochemical control; carbocation
stabilization and/or substrate binding; substrate binding.

As early as 1986, Stefan Neumann and Helmut Simon at the Munich Technical University
discovered that the squalene-hopene cyclase from Bacillus acidocaldarius [54] not only
cyclizes squalene to hopene and hopanol, but also homofarnesol to Ambrox [55]. It can be

assumed from this that the cyclization proceeds very similarly to that of squalene (Figure 30).
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S Homotamesal FIG.30 Cyclization of homofarnesol to
' | Ambrox by means of the squalene-hopene

S cyclase from Bacillus acidocaldarius.

Hopen-
Cydase

Recently, studies on this subject were also undertaken by the Japanese company Kao [56].

Unfortunately, none of the papers given information on selectivity and yield.

Superambrox
In 1993, chemists at Firmenich described the fragrance of Superambrox (5,5a-dehydroambrox)
[57]. The excellent fragrance qualities are characterized by a very powerful, beautiful

ambergris tonality with much volume and fullness and a strong headnote.

An interesting partial synthesis was described by Aede de Groot in the year 2001 [58]. The
starting material is larixol, which is obtained by extraction and crystallization from the

turpentine oil of the larch (Figure 31).

Fig.31 European larch (Larix europaea, Pinus larix,
Larix decidua). (© Maurice Perry).

Oxidation with oxon (2KHSO4, KHSO4, K2SO4) leads selectively to the epoxidation of the
exocyclic double bond. The side product at 19% is the diepoxide. Reduction with lithium

aluminium hydride with ring opening yields the triol. The side chain is degraded by a periodate
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oxidation. Reduction and ring closure with p-toluenesulphonic acid in nitromethane give Sa-

hydroxyambrox, from which superambrox can be produced after mesylation (Figure 32).

FIG.32 PARTIAL SYNTHESIS OF SUPERAMBROX
|
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Key: 1. [18]crown-6; 2. cat. OsOg; 3. very powerful, beautiful ambergris tonality with much
volume and fullness and a strong headnote.

A particularly elegant stereoselective total synthesis of superambrox comes from Charles Fehr
[59]. While Bronsted acid-catalysed ene reactions of the racemic dihydro-C14 aldehyde with
methyl group migration lead to decalinol A in yields of ca. 40%, the Lewis acid-mediated ene
reaction with ethylaluminium dichloride yields the desired bicyclic compound. The course of
the reaction is presumably concerted and in the transition passes through an eight-membered
ring system. The aluminium alkoxide initially obtained can be directly subjected to an
Oppenauer oxidation with chloral and the decalinone is isolated directly. The corresponding
silanol ether is diastereoselectively oxidized with m-chloroperbenzoic acid from the side facing
away from the axial methyl group. The a-siloxyketone is converted to the corresponding
acetate. The subsequent deprotonation with LDA leads to the degradation of the lactone in an
intramolecular aldol reaction. After dehydration, this is reduced with lithium aluminium

hydride. In the presence of the Chaudret ruthenium hydrogenation catalyst, the originally
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intended hydrogenation does not take place. Instead, a double bond shift stereochemically
controlled by the hydroxy group in position 3a takes place. Finally, the lactol is reduced to

racemic superambrox with triethylsilane. The overall yield over all steps is 27% (Figure 33).

FIG.33 TOTAL SYNTHESIS OF SUPERAMBROX
|
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Key: 1. (2 steps).

If the enantiomers are separated at the racemic dihydro-C14 aldehyde stage, then

enantiomerically pure superambrox is also accessible by this route.

Commercial Use
Cetalox® and Ambrox® are used in high quality perfumes both for women and also for men.
Prominent examples of this fragrance category are Chanel No.5®, Davidoff Cool Water® or

Azzaro pour Homme® (Figure 34).

Apart from their outstanding olfactory qualities, the fragrances are also very willingly used as
fixatives. The price for Ambrox® amounts to ca. 1000 dollars/kg and the annual world

production for Ambrox® and analogues is somewhat more than 30 tonnes [2].



25

Summary

Ambergris is a fragrance from the digestive tract of the sperm whale, highly valued for
millennia. The olfactorily most important component is (-)-Ambrox®, which is obtained on a
large scale by partial synthesis from the sclareol of the clary sage. The polyene cyclizations of
homofarnesol and homofarnesic acid are particularly elegant total syntheses. 5,5a-
dehydroambrox is characterized not only by excellent fragrance qualities, but also by the

elegant total syntheses.

Fig.34 Typical sales
products with an
ambergris note.

(© arz; © COTY
| CHANEL PRESTIGE,

o o e [ “ © Azzarro Parfums,
www.azzaroparis.com)

NS

Keywords

Fragrances, partial synthesis, polyene cyclization, sclareolide, ambrox.



18, Conflguration-Odor Belationshipe fn §8-Ambrox
by Sine Esches™), Welfgang fiotwed®™, Yvan Nickass™), Hérald Barnordingi®), aod Glnther OB

s i:r\ 34

<

esesrch i.ﬂ}:s}s‘stiﬁ{it"i 12 Oongwn 8
L Lisives

£
o

W Caengy A Gemmad

I VR

B ol -fusesd sllnstinsdsonens of dedeay ® haw bovgoiaths
rgyand M\iR ;«m’f

osized and thar eonaligursions
23808 p&"&“%\ﬁ\& -
4554535 v compashle o de The
& LI U0 b thags Boen

p@ssih‘i»: 2

i foy

P

dodecahyd
bA-svnperipfasad, _.-‘szx:xl ity
sontirmed (6 e \\‘R‘:'tl'“lf\(\l 53 FREuinde ol

s the pardentay adov,

poA

Introdustion. - deifrar ™), the prototype of smbergris mixsmw aounrs in thres
diustereoisomerin Torms §, 2, ared & vty segaed o the Ceatoms § and 8. Condonmatinnd
comsiderations muke the existence of the ing;}x sienined fourth disstsreowsomer 3 uns
fikely. All three tricyalic etwrs ohey the "trianial vale’

*

““$] Y

of pdor spusation [1-31, Condinning

interest in ﬁus Teld sthmulided preparstion and seusory evalvution of &8 eiv-Tased
o ®, andin ihxsmms wa report the gy t‘m sonformation, and olfactory opse
tes ai the four pxisting SH-dasterecisomers -89

ks,

4§ { 'e“gwu:‘“’f\ SR Besized oy 1R wiar ko are racsmin,



2RI Hrrversy Crmtis S0ra - Vol 13 (550

1

.
arsedids

Synthesex. ~ Ruoomic ‘?;%’jf}-:z,i\}‘g“s“ ideal starting matedial
for the tarpet mokeeules %7, Thanks o extey Beation of menciyels
Romoetaraesic soid and ni\itr\* ‘\31:«;«-3‘13«.& m Sudre :smi mwnrf\er\ [ {3, tactond TR
veadiby ‘;,x-‘sn}x e From wadihdneien B ! aticn of (£
manosyeiclinmwiirnesie acd B (Eoh boes fully corra-

borated h, Keray diffraction analyss H}“} Reslnotion oi M Wit tz L‘A}H‘ and-ovelization
the resuiting din? 12 by meuns of PO In pyridive F-apabron {73

i analogy fothe well %;nm &N ismmnm «m uf ;»scim'es}i.i{ia {"f}‘ favtone B was
froated with H{‘{}{}ﬁfﬁ, el wae formesd
{Seheme F3 The'! wesgeetramof

-

©
$H

prrrrer
ng.
ke,

-~
'

prorer

P
Db

o

- 5 e

5%

g
o
.
2

S VTR R




Hepems Cnmeis Aot

]
3T

Inctons 16 ropocied by Seite and coworkers (93 Hu\» :

{etai] 1o and O-NME apalvais lod us (o revise this mil‘lh‘iu&‘ W h.. asta formmgds
3 Lactone 13 wad reduced fo diol 14e which was tyclized to gondrystalline 588
arabrox (81

.Eﬁ*ceksmn 3% sonfigaration st R of dind Ide wieaeldevsd s shown in Scheme 2,
atheit b lowoyield. Thay the nionoacetate Mb was dehvdrated by treatmant with ponhe-
enesnifonyd ;sucga,mi\, (}”&k{?{)_} aned pvrolysia ui" the intermediate wrothans (Bl oa 811
musiure of ondo- 3 ; . respeatively, Diher Wiz it
abogt s\ti*? yadration (POCE, msw? ah yesde, disiirabenros] chlonded ¥
somoriy vasto: Bpoxidation of 1¥18 nmduw ous epoxide 19 dectved from 374
diastercoisomerio mivture Mhin soratio of 11U derved from I8 Beduotion of 1930 with
LA, i refluxing THF affoeded 2 101 mixture of diols 14 and 38 {10% of the reuction
mixtaen), edinrsas the triply substituted epoxide fonotion of conpoarsl 19, which repoe-

‘«4

Soleme 3

it m-»e-’«f
r r~
R ) ,.-'“\\z,ej i (_,«" TN f"i\g,’-l:'f“

s Py &
— o EWWN)
&yl . i
S s 2 a B e 3
P S \'\(“? e S N o S ol \'\4{;’*
H 1 2 { { gy
{ S I ] Q { POM
H { { 4 H H g
A, R Py

2

o

2
”

o
'%"""-""""'m

R e St H abd f’"\.}g"i[\ Y

v N & :
L B i i ¥ E;Q o tda + 18
L



138 Hetvryrs CRnans ACa - VoL T3 {95

i . O E
sse condifions,

sefited same 9% of e epoxide wmirbire, Wk not redused under the
viskding only apoxy sloohol 2L 'E‘hc slative configuraton *aifj af 2‘3 was found 1o be

eds wreatmant of the torres Y diisopropviamide

gnaffee

f.'.

{LL -x} defded, wpon soetdation, s openatad 1o
starting 14k Pure disd 38 was L‘é;{; E5:33 b chnoe

Seheme £}
Thn s wrvetailine, aad iy cheorma srapduie and spostral data
{“E-i*N%\fiﬁ \\i‘«s were in mi grepment with those of (=38 the snectare of which had been
eatablishad vnambiguously tm 1 by chemiead corrslation P9 and X (svfss?iuutsm analy-
s {see below), Therela %i g3 1“?1&31!3‘&\1‘3{?)} of §44 and UG witantly abse o lactone B has
ot hesn se sinbrox {8). Furthormors, 8 g
fandd i aitromethans {3 2 £
ooy, 8, was prepared gloag the
ok Thus, k’*;o esior 2 which

muiu}'u:bmm\,(u‘ SO th’mxs v

X

Uevph\ an \*En& s\;‘i &m, Wik

I

Withont separation, these helo sstery wers dﬁ:‘nreﬁsm-'car“*«mv}aied ({“»' ‘L Miiats in
DREB0OT o decalone 3TN cpxm"ic mmm } i; ;
foecy tertiary aloohols which wese
wajorose baing identical with Na
to anoly ﬁ S-ambroy which diftered irt‘s:‘}tséa;“{i’?:&nd i’?xs:‘rstinr{f, it hc ﬁ. ,§,\(E et

N ¥

1ods eather surpoising w fod that Gyigaard siditinn 27 bad

st n-‘mg:t'um ally and had gven ose o only one dinsleresisomer from suther
T dovalooes,



s Canass ACTa- Vol T3 {19 3%

I fe imtoresting by note shat kctone 13, which is forped a8 2 minor product by
acthontalyred oyclisstion of (Brmonoeveiohomalonesio sord §{§ (4] and of related
componnds M orssa “f:a;o: product from acid-catslyeed homarization of ES‘ Iy
ﬁ§mn§=~m\ss{ probably to lectone XVIH {np, I pdeaoribed by 7 ’.mms{lm O Clactong

E had E\,csx oheained among other lsotones oo 18 wsder wigorous oyl
fion conditi }{}}{ H.S0y, 4{}--{%1}" 1o The configuration of this Lu.\-sm' was not
Eai i}“imht} § althoogh iowas as {1 belong o the oie~desalin
T s d«*\} \ahz h was derived froo the lactinw in question hadm.p. 13
: ¢ ovarded for diol $da, whereas the roposted data of the e
<~imaz’s§,t ¥ ‘ﬁ L. do oot permil conliprsticnal comparison with the oily compooad 4.

A second cormment soncerne Sy A selareotide and Ba 88 «armbrondosonibed by Qlfyff
{soe {14], therom Farondee 1% and 23, rosp). Since te tvo compounds had beon obiaingd
following the experimenial procedure of Lucdes {12} {13 their stroctures should be
revizad to F3 and & respectively.

X

Confornumtivnsl Aunalyds. - ofi-Fuosed decalins mmay oxizt in eithed steroid or non-
steroid cosformadion arconsist of @ capidhye sguilibrating mixtere of the o condnrma-
o, Conformation bas o profound inpact on the spatial avsngement of b sube
; e at G e i { {Et}s‘mm Feplay an important role by the case of smbergois odorants
with resgpent to hvdrophobic nters ‘ts crcwdth thereseptor Qe 31 Fartonlar aitenting way

1B esst\\bixs‘h e conformation of the four §8-ambrox digstercoisomery $:8. To
¢ in the comdortable sibation of having avaddablathree Xergy diffvaction

,

frrippnag wad Avpgronenty iy Oompriinds 2% ad 118
£ CiBy L9

it MR 3

12 431 e 3

? ki e ¥ 3

142 33 417 317 A ¥4 MR
M?; RIS 921 3% 348

& 334 T M 533 + a2

& 3 . ik 837 BORIE 1

& A 3.3 N N £ 343

B RLE “ &30 #d HE 32

and a virtually coraplete set of TC-NMR dads {Teble Ty The conformmation of
factone 11 had been established by Xoray diffracton analysis Md te be stozaidal (i
CH{I Trequatorial with rospect o ring B The comstanoy of the? ME data ol lantone
$1, of diot 12, and of stier 7 cloarly shows Gat the conformation remsing sternidal
thronghout tiyscoiss, The bonds U810 and {s“am{’{} by are disguatoriad, the confors
o neeossary to-being adoel franeOxdion of G fvernembered lictone snd vihes
woietie.
Fly. { showsthe X-my sire
nowateroid sordonmation (G

erprally holds for giol ¥5 the PO NMR spentra o the twn songroends belng very sinsifar,

ctire of SR-ambroy (81 as determined on (38 |91 The
o Wy

HAPTY axigbwitd re ;-«p i o ring B of this compound



IR0

Fea, ;f
\\f‘,,‘-?“"?\f
&k
\}"?‘“
1
{
‘4
..z‘f.e"‘

-'ﬂ‘

N
\\e‘;.,«-'“-w; & A
YRl Jf”*!a

e i

‘! i .3-"‘*";’“‘\\

Fd v

i-* #

The chenmical shalt of O3 proy
vaticasal anadveiy: O3y of th
fpm, the sterold opey 1R, ud
‘I}dﬁ:‘iit‘s ihm ihs cam;x ourds derbved frov

&
’.}
por3
[
ﬁ

o
,'.3
jood
o

i
124
5
z
oo
=

prod
e

(53
o
3
i* 4
o~

e

oo,
g

P

P
Led
e
nnt
)
-
o
Lo

wall ag
NS d}\\}“‘ the five-masuber

M:s iu md @t »i:‘i ;}p v Lastone $3 asy

conformation as botlt arrang
fonially, On the basis of ¥, owe afin
nosssteroid conformugion. Gther Chatoms,

expeoted refative sluiis when cooapating. e,

b

FELVETIOA S A0Ta -

u)s‘i-m‘ 26

sther &

butesd ‘é"@ 3

B with

SMal ¥R (Y

P

=

<
Z.

k)

Lo
= .

8 Frow Roriy (il

vousefad §

o, OO

n)
P

\‘)E

thiis by
1% and 3 o
isi eranen i 3{C

il 1¥ belong o o d
2F ‘(fzi afog. 36 ppom, whoreas &
& & rony A der Gid or o
ek xing a}\}\t‘ axintiy-
§ & 1o gerod

o anadvals

e of eoafe
pate ahow 93
* ‘\} $\w muwn-

LRI

Tepant
el
storid
g

2

-»

o diol 14a o
Y, angd ( 2, sk ’
38 M& with 18, whersad 430

e i

ﬁ:

Rood

3}



HEEVERCR STHRI0A Aevds - Vrd TITTONR

u\

154Y

Pl
{0
' ] g b X Ray setncturs o afire R (&
-

aphiag comstants of H-C{) of come
ming sterodd confrmation aad 13 \n.d
e former data correlate wall with

deey pot Tolfow shnple additive rules JI5L The o
poaind dworn calenlated fo b 3 6and 134 ?i;’ i
4.8 e sssuming ndnesteradd sonfonmation.
ohwerved-values (i = L and 18 FI

An Xeray diffrsotion soadvaly was parfornred on one membey of the 38 8x
order o haove an independent somtrol. As can b seen from Fie
conseguently wso dicl B have nossterodd conformation. Ga the other hand, the steroid
eonfornution of 13 and 6s thus confirnwd.

SHETIEY

2

NRay siveectves sl sovassetaee 13k

Qk Wi thank

o

&

L. Bk, Somesich 38, for the Salenfaitons 161



1943 HeLverics Cruana Agna - Vol T3 (U

ann

The 3f-auhpox dissiercoisome 8, forw
0 e ow ‘&3 swj ganformest, L?n: L‘ram
drgsment. | ; 3

Tkt we haes
shait mu\}‘ oi wf § ;}

T and CH
ther §padm AETEOIOMEry f} 8h

wations with OHIT &@uaimiﬂ wéth reapest o ting B

Cualitathve Bensory Vosthngof Compenaie , 2, sed 4-8. - dadroxe™ @1 6 reepgaized
a3 prototype of af wnbergrs \ssjﬂmsz«.s? both strocturaily and organclepticadd iS}\ The
doninating exodic woady note of strong warny anbmal wonality in d ‘s:mng*-mie{i by an
ux’sds’:"mi sarthy subnoie of potato-cellur fn Bxambrox 2. Be »s.d o8 this gquakitatve diffor
ence batwann §and 3, aredustion o the t}a‘vur stee pgth i 2 by faetoy of coe huodred Bas
E\:\‘n detarrniacd {31 Thoodor of the disttorsoisomerio gther 4 s of sintlar strehpth than
theonsof § and it iii&i‘\um‘e’ shightly from the tinkiand complex bouguet of 1 Guioithe
fvay “\f‘f&th& s 3-8, but ¥ has an odor quality compurable to protetype L The ador
th r‘*”h(?}i% v;’iiuiﬁ (}f :‘? w Ei ppbfy, thus co. 24 Hnes gher than te one of racemic 1 {0.6

wenk odarants of woody<amphoracemg
s vedies B 7, the wod ambergris-ibe tone g
copiaiitidbve and randiintive daty of S waxiry

geal \mimn o‘*&i aed are not s Pﬂ&ﬁ}*“«‘.w} ward W the sty i&?tli‘n‘\,..i Wres necdssary

the relense ofan gmbs‘m fragrande: Onlyithe shape of 38-ambron
nde of odor sensation {3 perfenthywell: Henee, the B3ssyoperiplan vrid

o

Y

falills the gl
wxial sonforma-

s

tinn of the substtuents at TR and UIDY in the wioyedic others 12, 4, and § has beeg

veonguized as me aotive slement for e parbendar odor reloase. The lack of Wisstructod
fomture In Sasterenisouess 88 provents the corresponding molenales fromt a distingt

UG Sﬂ ar VeI,

4 fr. R Brevehitior e MM E raonvurenrentss W alvo sdsds 1o thaak
For-her vluable wekmoa ! apasusare.

W ang hndopisg
e & tovors et

Experimensa] Part

'Mm w0 ¥
éi\m ARG
g NME (RS

A\ d‘d{‘UM} seagsdnads f T Re

T,r‘;; um{)

SN gy

B The rhessiold valuey wers determuind by G voethesl of Guedsgst and ovwarkeen 117) W fank Mr
S Fuerey

SRS o
el X Ve nas Ewres

HEY



& ATTAC Wk T3 (1Y 3

=

iy B {mx‘ 1, Coll pacmmasery aid aeflection hitom 3
1 pr \‘;'E-we l‘.‘cﬂfwafﬁz (St 'd M-%ﬁo rashaion. & s
i gy in

gy, f

',utms;\\-' TERSLTY

lh thie u:a

fo%e “!<

R daty l‘m. At

Reaaky~
.s'shA B350

i } g i3 ‘mmws:s

m}}
By :S}.

L The pracipt
*zzii isme

ooy
seriding 1)
E md hyd o

s ‘dn-:sows\

m ‘b,m“\

«ogkn“ and buflstod
PAAERG & W l\s’, 3

FIELREE S5 |

sl

SN
¢

FLER Uk

an §s< wy gt
weeed sensesd

SRR R
£ -tm*xscihum LA
vy af §~'m ’\n ateal, sy

e &
e waR s b, The

s
LR
R

9% (SO0 BT (4,

o :.3

e {1 {, a(jf;

aus $ gonovding e

dateet 2ENMR sptn

s proprad froveifdones

< 35
& ANVARRIR LR WerE abtaind from

HE)




a s P
r2e) i3 & z
2 o z =
# o e
= £ gt
P :
g T
2 )
% ¢
g

4

2

E4b

i e o

facd

SERS frote

AN

e AvGDs W

%

\li AR

K
i

T

EiRE

iy

[

ks S

ekt

nd

¥
b}

}

Thr orusde . of

5 sl
FIES A

o Svaparad,
TR}

P %) 7.
o PE oy
T a5 - o
=2 P o Z
fosng . Pt 2
%%z
FE ) 2.5z
ZoE s PAC
A =
£ =
o2z & =
4 ] —
: 2% 2 s g
= oA g S .mvu
5 T Patrad
; e &
< o . e EE =
Z & 2 A A =
\M =z oo et e s L, G
% 2 s BLEL RN e g 2
22 Pt AL BT e e 3




Hrp v

o § E’ra‘ic}f

az\imt‘ WK AR M
e mnmw ;muw wiorookd sat. & ; ek

4 :‘..fx*tat R

\:.;‘.us"tc. NI

SIRRCRH R S

£480, VR YO,

RN RA T SR

§1 eridisne {1 S oaly was eoodiad 1o d
B Rl 4‘%:;&0:\.&{: m the refd

$ovnde
‘.\ agtied

o omane, 8

M ‘z\‘i. LI ir“

. S

{1 E AR

33 pl ol mintwrsthane was hoatal i the pues

corf d LRG SUPRTBELERE WS A
8 msw sndarowe (8T

wnel) f» *.::cs*“ F £ i”‘\:‘ sty

em : ed with E500 The orads prod
{ ol Overnighl, Breoss rengent was ramoved by sep { peapeation by the
ag oi‘m il wess nbi e witioh sl contrined much agwactod spoxide in s

by 'E%sr 55 B L N N K B T R RS L L S S

s ‘E WIS }'r\‘l:.' & Qb l‘\\' 3

il "s si\-:* s

n*:r o iy give

aptake bad
STt TR

LN 18 xm\.oi propared fw Oy
: t‘s’fjs': {f«‘x wi, 33 sun 0?}::5 s e A 8
tie Fhise orude prodinet way

st

ariy stifred sl

‘\3 ic:s aftey

SHES IR AU B!




N EECE 5

14a FlEnvenoa Crsies &

AN
‘_ {a;.;{_n}“f';r;e.‘;; A }li Qe (
&, T h=~ s w:: ; scii

&1 I F IS T ES e
sremted with NafF inwag. .?vie( 5t
Hathao-bth shizuiintion gave

&3, §-{=?'!‘!."§~': FRECE ,»:df? :
e‘a Lpdade L2 P‘rs‘.v\\‘mv s e il

il saneple of 3¢
vl and worked up witk ¥

;
Hy
E.emm saemprde |

s

e sbxinrs Wk s'os.‘ﬁs-d ix \é‘ R o. aii ¢ ol addad

ssol) and stvsad ® 0’v‘~‘\'s’xig§=l :
d FOPRSE. Smsma Was Ty ~: s; ‘b b oversight. The mixiure was posrad omic ive and wyiracied sl ¥
Fynpomtionieft LY gods rof FEwhich Fad rodbug tomperaturs s 30 ovd o xadsas d“m}g‘jik&:

opimeche mgtarey CFSERORT wan sepasaied Inte e twoe

: ‘m -me:‘::
epimey; § L Ua FEA (el ,n.m RRESHL TR TR
sthen g e ¢ . The coude prml\\ SRS mxﬁ“ iodmib :\:
L‘fL\ME\ SR T HL LM R BRI

rhouyiaind :mﬁ ot thesurne
£ HAsICIRSORes WhE noet

CORVRR

A ii\ ’vi }'i.{‘.




T MR, ATTA - ol TN 1Y

REFERENT

Satboastip Raween Odar Ssavgianaad

vochanisiny of Deealin Ring Compovads’|
gy Boess) Lo imt :\w.v York, 1971,

Ottt Rade, G Ol apd R F Thomas, A

sadheme Press, New

o rigranes Chemistey’, Bd 870l

rsody, WL Pirkeuhagen, & Poerer, B Frel

2 B Matsashing, . Kanska, {\e‘eew.‘., Eaevr, FRRED,
g b Randon, Choon Loy, 196

sel. Mete, Ofim, Acta i‘}a&i\,"

Aies
RRe

2. At TBE% T 996,

bW Thommeny, 8 Suad

S5 L SIS TR RS N

an Lk, Londog, PR
s O O Hin 2, ¥k
L Colombia Laiversity, Now

ST Wirthdin, oterpsastion of Qe

W,(‘ . 1‘,§. Rv“.}awm ‘& ( Cmma \“ Lx;mrs‘ R. Lisk

‘.{3\‘}

A System of
srion et

ugen, 4 Cermain, 3080 £
50?;:5; o (s‘ Cevated Nar
N 38’\§{lz.
ss,. &‘.T. Va‘ 0 i, H L émmo %
{ ~‘uiez‘ Uiatversiy of Mw
5 s Sats. S8, ? ?

IV, G SN

¢, e S !Ni, 83, Wy

iod

I

1AL Haite

H??e



	2018-08-24 Non Patent Literature

