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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO  

DIRECCIÓN 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 electrónicamente el 11 de febrero de 2020, relacionado con los 

requerimientos de fondo de la solicitud, atentamente me permito presentar la siguiente 

información: 

 

1. Modificación a las Reivindicaciones y Claridad 

 

Con fundamento en la facultad que confiere el artículo 34 de la Decisión 486 al solicitante 

para modificar la solicitud de patente en cualquier momento del trámite, presento junto 

con este memorial nuevo capítulo reivindicatorio, el cual consta de diez (10) 

reivindicaciones y reemplaza completamente el capítulo presentado anteriormente. 

Específicamente, se realizaron las siguientes modificaciones: 

 

1.1 El examinador ha indicado que “Sea lo primero advertir por esta Dirección 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 síntesis de Ambrox y la solicitud 

NC2017/0010720 refiere el método de purificación de Ambrox, se evidencia que en 

ambas solicitudes comprenden las mismas características esenciales, las cuales 

fueron resaltadas en la tabla anterior. 
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Por lo tanto, esta Superintendencia no puede conceder dos patentes para el mismo 

objeto de la invención.”. 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 Nº 21 y SEQ ID Nº 1, 2 

y 4 respectivamente). Sin embargo, y con el fin de agilizar el trámite, se han 

eliminado las antiguas reivindicaciones 7 a 13, con el fin de superar la objeción 

emitida. 

 

1.2 Se ha modificado la antigua reivindicación 14 (nueva reivindicación 7) eliminando 

toda referencia al isómero [(3Z, 7E), (3E, 7Z)], también designado como el isómero 

[EZ:ZE], porque, como se discute más abajo, estos isómeros de homofarnesol no 

producen (-)-Ambrox después de la ciclación con el biocatalizador SHC reclamado. 

La referencia al rango de umbral de olor también se ha eliminado de esta 

reivindicación. Por tanto, se ve superada dicha objeción. 

 

Como se discutió anteriormente, la reivindicación 14 anterior (nueva reivindicación 

7) se ha modificado para eliminar toda referencia al isómero [(3Z, 7E), (3E, 7Z)], 

también designado como isómero [EZ: ZE] como lo hace esta combinación de 

isómeros no produce compuestos (-)-Ambrox después de la ciclación con un 

biocatalizador SHC. A este respecto, el solicitante ha demostrado por primera vez 

que el isómero homofarnesol EE produce (-)-Ambrox (compuesto I) y un isómero 

de (-)-Ambrox (compuesto IV) mientras que el isómero EZ produce 9-epi-Ambrox 

(compuesto III) y un nuevo compuesto de éter macrocíclico (compuesto II) pero no 

(-)-Ambrox (como se resume en la Figura 12 de la solicitud PCT). Como el 

compuesto macrocíclico II es nuevo (ver Tabla 21 de la solicitud PCT) y su existencia 

no se ha descrito previamente, el producto de reacción que comprende el compuesto 

(-)-Ambrox obtenible por el proceso reclamado utilizando [(EE:EZ)] o la mezcla de 

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

Como la antigua reivindicación 14 (nueva reivindicación 7) es nueva, las antiguas 

reivindicaciones 15-17 (nuevas reivindicaciones 8-10) que dependen de la antigua 

reivindicación 14 (nueva reivindicación 7) también son novedosas (e inventivas 

como se discute más adelante) y deben mantenerse en el pliego reivindicatorio. 

 

1.3 Respecto a las objeciones a las antiguas reivindicaciones 16 y 17 (nuevas 

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. Además, de acuerdo con la legislación 

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 legislación vigente y aplicable en 

Colombia establece que una reclamación debe ser tan limitada y específica al punto 

de incluir todas las condiciones técnicas, ya que está 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 inclusión sería 

simplemente una limitación no deseada que llevaría a obtener una patente que no 

tendría uso debido a su alcance limitado. Por tanto, se solicita sea retirada la 

objeción. 

 
1.4 Las reivindicaciones restantes, así como sus dependencias, fueron reenumeradas. 

 

En cuanto a estas modificaciones, me permito decir que las mismas no amplían de ninguna 

manera la materia objeto de la presente solicitud y se realizaron con el ánimo de superar 

las objeciones de claridad y patentabilidad planteadas por el examinador en su concepto 

técnico. 

 

En consecuencia, nos permitimos indicar que el presente capítulo reivindicatorio, que 

incluye diez (10) reivindicaciones, se ajusta a las disposiciones del artículo 30 de la Decisión 

486/00. 
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2. Pago de tasas 

 

En relación con el número de reivindicaciones, atentamente nos permitimos decir que no 

se adjunta tasa por concepto de reivindicaciones adicionales, toda vez que el nuevo 

capítulo reivindicatorio, aunque cuenta con un menor número 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 enseñanzas descritas en el documento US8759043 (D2). Las reivindicaciones 16 y 17 

carecen de novedad a la luz de las enseñanzas descritas en el documento EP0165458 (D1). 

 

A este respecto, me permito decir que el artículo 16 de la Decisión 486 de la Comisión de 

la Comunidad Andina establece que la invención se considera nueva cuando no está 

comprendida en el estado de la técnica. Si de acuerdo con el espíritu de la norma legal 

indicada, la invención no se considera como nueva si está “comprendida” en el estado de 

la técnica, dicha norma se está 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, sería forzoso que se demostrara que la invención 

está comprendida en el estado de la técnica, específicamente en forma individual en los 

documentos D1 y D2 de forma TOTAL, lo cual no sucede con la materia reclamada en el 

nuevo capítulo reivindicatorio.   

 

Por lo tanto y teniendo en cuenta lo anteriormente expuesto, como mínimo la novedad 

debe contemplar los siguientes aspectos: 

 

- Que la invención 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 invención en cuestión puede partir de conocimientos conocidos, caso en el 

cual habrá que hacer la comparación no de lo conocido sino de lo inédito y novedoso, 

teniendo que analizarse el valor agregado que aporta la invención con sus nuevas 

características 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 capítulo 

reivindicatorio, se superan las objeciones realizadas, por cuanto dichas características 

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 reivindicación 1 es nueva sobre D2 porque D2 solo describe el uso de un isómero de 

homofarnesol ((3Z, 7E) como se describe en el Ejemplo 3a) y no dos o tres isómeros de 

homofarnesol como se reclam. 

 

La reivindicación 1 también es nueva sobre D1 ya que no proporciona una divulgación 

habilitante para la producción de (-)-Ambrox. En este sentido, se indica incorrectamente 

en la columna 2, líneas 18-23 de D2 que (con énfasis en negrita subrayada): 

 

“La síntesis biocatalítica del compuesto ((-)-2 ha sido descrita en la literatura [Neumann 

et al; Biol. Chem. Hoppe Seyler (1986), 367; 723]. Aquí la molécula se obtiene del 

homofarnesol (compuesto (1), (3Z, 7E)-4, 8, 12-trimetiltrideca-3,7, 11-trien-1-ol)”. 
 

El párrafo correspondiente en el documento WO2010/139719 (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 síntesis biocatalítica del compuesto ((-)-2 ha sido descrita en la literatura [Neumann 

et al; Biol. Chem. Hoppe Seyler (1986), 367; 723]. Aquí la molécula se obtiene del 

homofarnesol (compuesto (1), (3Z, 7E)-4, 8, 12-trimetiltrideca-3,7, 11-trien-1-ol)”. 
 

No está claro en el primer párrafo en cursiva proporcionado anteriormente si la palabra 

“Aquí” al comienzo de la segunda oración se refiere a la publicación de Neumann et al 

(1986) o a la divulgación en D2. Sin embargo, la oración correspondiente en el segundo 

párrafo en cursiva en el idioma alemán tal como se presenta (D2 (DE-BASF)) usa el término 

“Dabei”, lo que aclara que D2 es: (i) refiriéndose a la divulgación de la publicación 

Neumann et al (1986); y (ii) declarar incorrectamente que la publicación de Neumann et 

al (1986) divulga un proceso para producir (-)-Ambrox usando un isómero de homofarnesol 

(3Z, 7E) ya que este no es el caso y es una interpretación errónea de la divulgación en la 

publicación 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 isómeros de homofarnesol (EE, ZE, ZZ y EZ) 

usando una enzima SHC; y (ii) concluyen de sus estudios que solo el isómero EE-

homofarnesol (de una mezcla de cuatro posibles isómeros de homofarnesol (EE, ZE, ZZ y 

EZ)) es ciclado por SHC para producir Ambroxan, lo que implica que no tiene lugar la 

ciclación del isómero (3Z, 7E)-homofarnesol. Por lo tanto, el análisis de la técnica anterior 

relevante en la columna 2, líneas 18-23 de D1 es: (i) objetivamente incorrecta porque 

Neumann y Simon (1986) no revelan ni sugieren ni demuestran la producción de (-)-

Ambrox a partir del isómero (3Z, 7E)-homofarnesol; y (ii) experimentalmente imposible 

como lo demostró el solicitante y se analiza con más detalle a continuación porque la 

biocatálisis de un isómero (3Z, 7E)-homofarnesol que usa una enzima SHC no da como 

resultado la producción de (-)-Ambrox. 

 

A este respecto, el Ejemplo 3a de D2 establece que se usó el isómero de homofarnesol 

(3Z, 7E) y usando los análisis de GC descritos en el Ejemplo 4, se obtuvo una tasa de 

conversión del 41% usando una homofarnesol ciclasa recombinante (SEQ ID Nº 2) de E. 

coli (LU15568). Si bien el producto final real resultante de la conversión SHC del isómero 

(3Z, 7E) no se identifica, se implica que es (-)-Ambrox. Sin embargo, si los productos de 

conversión del Ejemplo 3a se analizaron utilizando la metodología GC descrita en el 

Ejemplo 4, entonces no se encontrarían 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 producción de (-)-Ambrox). 

 

El solicitante ahora ha demostrado claramente que el isómero (3Z, 7E) (también designado 

como isómero “EZ” o “EZH”) produce un nuevo éter macrocíclico (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 isómero de homofarnesol (EE) necesario para la producción de (-)-Ambrox no 

se usó para la ciclación en el Ejemplo 3a de D1, no se pudo haber producido (-)-Ambrox. 

En consecuencia, la divulgación en D2 no está habilitada para la producción de (-)-Ambrox 

usando una enzima SHC debido a la falla en la selección del isómero de homofarnesol 

correcto requerido para la producción de (-)-Ambrox. 

 

Estado de la técnica adicional (para demostrar la divulgación no habilitante en 

D2) 

 

Antes de la primera fecha de presentación de la solicitud presentada, era bien sabido en la 

técnica que el isómero 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 revisión. 

 

En este sentido, Schaefer (2011) (Chemie Unserer Zeit 45, 374-388), enseña que la 

configuración estructural del isómero (7E, 3Z) de: 

 

 
 

 

es tal que solo se puede convertir a 9b-epi-Ambrox a diferencia del isómero de 

homofarnesol (E, E) cuya configuración estructural permite que se convierta a (-)-Ambrox 

(ver Figura 21 de Schaefer (2011)) independientemente de la naturaleza del proceso de 
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conversión (por ejemplo, químico o enzimático). Se proporciona una referencia a la 

divulgación relevante en Schaefer (2011) en la página 10, líneas 10-15 de la solicitud PCT 

con la aclaración 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 traducción (del alemán al inglés) 

de la referencia de Schaefer (2011). 

 

FIG.21 CONSIDERACIONES MECANISTAS EN LA CICLIZACIÓN DE POLIENO 

 

 
 

Por lo tanto, Schaefer ya estableció la falta de divulgación habilitadora en D2 en 2011 

(independientemente de la naturaleza del proceso de conversión (por ejemplo, químico o 

enzimático)) y simplemente se confirmó en la presente solicitud (página 10, líneas 10-15 

de la solicitud PCT) y en una publicación posterior de revisión por pares, escrita por los 

inventores de la presente (Eichhorn et al 2018 Adv. Synth.Catal 360: 2339-2351). 

 

Además, la Figura 21 de Schaefer (2011) sólo enseña que es posible producir el compuesto 

de la fórmula I (es decir, (-)-Ambrox) a partir del isómero EEH y el compuesto de la fórmula 

III (es decir, 9-epi-Ambrox) a partir del isómero (EZH).  En cambio, la Figura 12 (página 

133, líneas 19-24 de la solicitud PCT) muestra por primera vez que los productos de 

reacción producidos ((-)-Ambrox (I) y producto (IV)) cuando se utiliza el EEH como 

material de partida (para la bioconversión con WT SHC y/o un derivado de SHC/HAC); y 

los productos de reacción 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 así 

que el SHC convierte el isómero EEH en compuestos de fórmulas I y IV y el isómero EZH 



  

 

 

Carrera 11 No. 86-53, Piso 3 
Edificio Segovia 
110221 Bogotá, Colombia 
T (+57) 1 618 10 88 
F (+57) 1 635 08 24 

clarkemodet.com 

en compuestos de fórmulas II y III. Este hallazgo fue completamente inesperado, 

especialmente en vista de la enseñanza en Schaefer (2011) (como se discutió 

anteriormente) y Escher et al (1990), donde en el párrafo de “Introducción” se afirma que: 

“Las consideraciones de conformación hacen improbable la existencia del altamente 

forzado cuarto diasteroisómero 3”.  Dado que el altamente forzado cuarto diasteroisómero 

3 es en realidad el compuesto IV, la información que figura tanto en Escher et al (1990) 

como en Schaefer (2011), tanto por sí sola como en combinación, apunta a la producción 

de compuestos distintos de los compuestos de las fórmulas I y III. 

 

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

manera: 

 

I: (3aR;5aS,9aS,9bR)-3a,6,6,9a-tetrametildodecahidronafto [2,1-b]furano (-)-Ambrox 

II: (7aS,11aS;Z),5,8,8,11a-tetrametil-2,3,6,7,7a,8,-9,10,11,11a-

decahidrobenzo[b]oxonina 

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

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

Ambrox 

 

Así pues, D1 (BASF) no anticipa el proceso de la reivindicación 1 ni ninguna reivindicación 

que dependiente de la reivindicación 1. 

 

Como la antigua reivindicación 14 (nueva reivindicación 7) es novedosa respecto del 

documento D2, todas las reivindicaciones dependientes de la antigua reivindicación 14 

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

 

D1 (EP0165458) – Hasegawa 

 

La antigua reivindicación 14 (nueva reivindicación 7) también es novedosa respecto al 

documento D1 porque este se refiere a un método de síntesis química para producir un 

isómero ópticamente 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 reacción que comprenda el (-)-Ambrox y el nuevo compuesto II. Por lo tanto, la antigua 

reivindicación 14 (nueva reivindicación 7) es novedosa respecto del documento D1 y todas 
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las reivindicaciones dependientes de la antigua reivindicación 14 (nueva reivindicación 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 enseñanzas descritas en los documentos US8759043 (D2) y US2015/0104851 (D3).  

 

Respecto al nivel inventivo, me permito decir que el artículo 18 de la Decisión 486 establece 

que “Se considerará que una invención tiene nivel inventivo, si para una persona del oficio 

normalmente versada en la materia técnica correspondiente, esa invención no hubiese 

resultado obvia ni se hubiese derivado de manera evidente del estado de la técnica”. 
 

Lo anterior significa que el análisis de nivel inventivo NO es una comparación de los objetos 

de las anterioridades y la solicitud en estudio. El análisis de nivel inventivo debe 

demostrar la obviedad de la invención y establecer cómo ésta no contiene un salto 

cualitativo, que demuestre su altura inventiva, teniendo en cuenta que se hace necesario 

demostrar que la invención 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 isómero EE-homofarnesol para producir (-)-Ambrox sino que también cicle 

otros isómeros de homofarnesol para producir compuestos no (-)-Ambrox, incluido el 

nuevo compuesto de éter macrocíclico II. El solicitante ha demostrado por primera vez que 

el isómero de homofarnesol EE produce (-)-Ambrox (compuesto 1) y un isómero de (-)-

Ambrox (compuesto IV) mientras que el isómero de homofarnesol EZ produce 9-epi-

Ambrox (compuesto III) y un compuesto de éter macrocíclico (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 combinación de isómero de homofarnesol (EE/EZ) 

es una combinación 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 isómero EZ no interfiere sustancialmente con el proceso de producción, aislamiento 

y recuperación 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 

reivindicación 14 (nueva reivindicación 7) es inventiva y cualquier reivindicación que 

dependa de la antigua reivindicación 14 (nueva reivindicación 7) también es inventiva. 

 

En cuanto al documento D3 también a nombre de BASF, tiene reivindicaciones dirigidas a 

los mutantes con actividad ciclásica y su uso en un método de ciclización de terpenos, en 

particular la producción de isopulegol mediante la ciclización del citronelal (véase el 

resumen y el párrafo [0013] en la columna 1 de D3). Aparte de la referencia al 

WO2010/0139719A2 y su completa revelación relativa a los polipéptidos propuestos como 

biocatalizadores para la ciclización del homofarnesol al ambroxán en el párrafo [0010] de 

la columna 1 de D3, no hay ninguna revelación de la demostración de la producción de (-

)-Ambrox en D3. Más bien, D3 simplemente revela biocatalizadores adecuados útiles para 

la ciclización de terpenos como el citronelal con la formación de isopulegol. Específicamente 

las mutaciones reveladas en los párrafos [0046-006] son mutaciones dirigidas a la 

ciclización de un objetivo distinto del objeto reclamado del homofarnesol. Por lo tanto, no 

habría ningún incentivo para que la persona experta en la materia combine lo divulgado 

en D3 con D1. Incluso si lo hicieran, no llegarían a la invención reclamada porque, como 

se ha discutido anteriormente, D1 (US8759043B2) que se fragmentó de 

WO2010/0139719A2 es una divulgación 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 combinación, todas las 

características técnicas reclamadas en el nuevo capítulo 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 invención tal y 

como se encuentra definida en las reivindicaciones 1 a 10, tiene diferencias con el estado 

del arte e implicó un nivel inventivo durante su desarrollo, por lo cual debe ser considerada 

como novedosa e inventiva según las disposiciones de los artículos 16 y 18 de la Decisión 

486. 

 

 

 



  

 

 

Carrera 11 No. 86-53, Piso 3 
Edificio Segovia 
110221 Bogotá, Colombia 
T (+57) 1 618 10 88 
F (+57) 1 635 08 24 

clarkemodet.com 

5. Conclusión 

 

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

 

i) La presente solicitud es clara, concisa y está debidamente soportada en la 

descripción, cumpliendo con los requerimientos del Artículo 30 de la Decisión 

486; y 

 

ii) Las reivindicaciones actuales son patentables sobre D1, D2 y D3, cumpliendo así 

con los requerimientos del Artículo 18 de la Decisión 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 Decisión 486/00. 

 

En consecuencia, solicitamos a ese Despacho pronunciarse en relación con todos los 

argumentos presentados en este memorial dando estricta aplicación al principio del debido 

proceso consagrado en el artículo 29 de la Constitución Nacional. 

 

6. Anexos 

 

- Nuevo capítulo 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 traducción al 

inglés) 

- Escher et al (1990) 

 

Señora Directora, 
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REIVINDICACIONES MODIFICADAS 

                       

1. Un proceso para preparar (-)-Ambrox o una mezcla que comprende (-

)-Ambrox, caracterizado porque una mezcla de isómeros que comprende 

EEH se convierte enzimáticamente a (-)-Ambrox o una mezcla que comprende 

(-)-Ambrox, en donde la conversión enzimática se lleva a cabo usando una 

enzima escualeno-hopeno-ciclasa/homofarnesol-Ambrox-ciclasa (SHC/HAC) 

que tiene una secuencia de polipéptido de SEQ ID No. 21 para la producción 

de (-)-Ambrox y en donde la mezcla de isómeros que comprende EEH es 

seleccionada de uno o más de los siguientes grupos que consisten de [(3E,7E) 

y [(3Z,7E)] y/o [(3E,7E) y (3E,7Z)] y/o [(3Z,7E), (3E,7E) y (3E,7Z)] también 

designados como [EE:EZ], [EE:ZE] y [EE:EZ:ZE] respectivamente, 

en donde la conversión 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 reivindicación 1, caracterizado porque usa 

células hospedadoras recombinantes que producen la enzima SHC/HAC.  

  

3.  El proceso de conformidad con la reivindicación 1 o reivindicación 2, 

caracterizado porque la conversión de homofarnesol a (-)-Ambrox toma 

lugar en un intervalo de pH de 5.0 a 6.2.  

 

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

caracterizado porque la conversión 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 reacción de bioconversión y crecimiento 

celular se llevan a cabo en el mismo recipiente de reacción.  
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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 mínimo 

de uno o más de los subproductos (II), (IV) y/o (III) 

 

. 

7. Un producto de reacción que comprende (-)-Ambrox que se obtiene por el 

método de una cualquiera de las reivindicaciones 1-6, caracterizado porque 

la mezcla de isómeros que comprende EEH es seleccionada de uno o más 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 reacción que comprende (-)-Ambrox de conformidad con la 

reivindicación 7 está en una forma sólida, 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 jabón caracterizado porque 

comprende incorporar el (-)-Ambrox de conformidad con la reivindicación 7 u 

8 en el producto. 
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10. Una fragancia o cosmético o producto de cuidado de consumidor o 

composición de cuidado de consumidor, caracterizada porque comprende el (-

)-Ambrox de conformidad con la reivindicación 7 u 8 y uno o más componentes 

adicionales. 
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Biocatalytic Process for (�)-Ambrox Production Using Squalene
Hopene Cyclase
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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,[1] 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-

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.[2] (�)-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
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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;[3] this major industrial resource for (�)-Ambrox
production is currently isolated from clary sage (Salvia
sclarea). A biosynthetic route to sclareol was however
recently described.[4] 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.[5]

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�.[6] 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[7] (SHC, EC
5.4.99.17, Swissprot P33247, PDB 1SQC), a member
of the triterpene cyclase family class II[8] isolated from
Alicyclobacillus acidocaldarius. Only a few examples
of EEH cyclization to (�)-Ambrox by SHC enzymes
have been reported;[7,9] the ability of these enzymes to
produce (�)-Ambrox has attracted the attention of
industry.[10] 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.[7] 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[10a] where it was stated that (�)-Ambrox and

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/L 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.[10b,c]

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 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 Brønsted acid catalysis-driven mechanism.[11]

A. acidocaldarius SHC has served as a model for
detailed mechanistic studies. Structure determina-
tion[12] and mutagenesis studies[13] 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.[14] We
evolved A. acidocaldarius SHC for (�)-Ambrox pro-

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

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

EvoSightTM, 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.[15]

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.[12] Further mutations identified during
screening, but not leading to any activity improvement
were spread equally over the two domains of the
enzyme (Figure 1).

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-

Table 1. Amino acid mutations in Squalene Hopene Cyclase variants.

SHC
variant

Amino acid mutation
T77A I92V F129L M132R A224V I432T 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

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, 111C8,
and 215G2, respectively. The highlighted side chains indicate
the positions where the mutations have been identified as
beneficial: F601Y, F129L, M132R, and I432T. 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.[12] (prepared using
PyMOL, The PyMOL Molecular Graphics System, version
2.0, Schrçdinger, LLC).

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2018, 360, 2339–2351 2341 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

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 8C,
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).

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
(OD650nm 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.

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 8C 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 8C) 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 8C:
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).

Figure 2. Influence of reaction conditions on activity of
variant and wild type Squalene Hopene Cyclases. 4 g/L
(E,E)-homofarnesol was cyclized at pH 6.0 and 55 8C in
presence of 0.05% (w/v) SDS (A), or at individually
optimized temperature, pH, and [SDS] (B).

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 OD650nm of cells of
2.0 (M: BioRAD broad range marker).
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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 (C11)

[7] but does not cyclize
geraniol (C10).

[11a] A Zymomonas mobilis SHC enzyme
was recently characterized that accepts (S)-citronellal
(C10) and EEH (C16) as substrates.[9] 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/L 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.[16]

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-b-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.[17] 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

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 mM to 1 mM at temperatures between 23 and 46 8C.
SHC production increased with increasing IPTG
concentration and increasing temperature. The opti-
mal IPTG concentration was at 300–1000 mM; the
optimal induction temperature was 37–40 8C. 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 8C impaired growth and
reduced the specific activity of the cells. The enzyme
was equally well produced from T7 and T5 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[18] 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 (OD650nm 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.[19] 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.[12,20]
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The benefits, recent advances, and ways to over-
come the limitations of whole cell biocatalysis were
recently reviewed.[19] 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/L 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 8C 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 DOE1 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

“[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 8C. 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 8C. Some experiments were implemented at
this optimum and their performance compared to the
benchmark conditions 66 g/L cells, 65.7 g/L EEH,
[SDS]:[cells] of 0.050, pH 5.2, 33 8C. The calculated
model allowed for a very good prediction (Figure 5).

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 23 factorial designs were
run in order to increase the EEH load with the

Figure 4. Performance index as a function of [SDS]:[cells].

Figure 5. Comparison of experimental (light grey) and calcu-
lated (dark grey) data. Reaction time: 18 h.
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following approach: (i) target the proper relative
amounts of cells and EEH, which were identified as
the most impacting parameters, (ii) adjust optimal
[SDS]:[cells], (iii) keep pH at 5.1 and temperature at
37 8C. A new optimum was identified at 180 g/L cells,
90 g/L EEH, [SDS]:[cells] of 0.048, pH 5.1, 37 8C.
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/L 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 8C. 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.

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/L EEH, 250 g/L cells, 1.55%
(w/v) SDS, at pH 4.9 and 35 8C. 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/L 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

reaction conditions. The maximal productivity ob-
served was about 10 g ·L�1 · h�1, 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/L 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

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

Figure 7. (E,E)-homofarnesol cyclization with wild type and
215G2 SHC. Reactions were run at 125 g/L EEH and 250 g/L
cells, at pH 5.4 and 35 8C with variant 215G2, and at pH 6.0
and 55 8C with wild type SHC.
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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/L 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

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).

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).

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.[16,19]

Cost contribution of the biocatalyst to the final
process is an important milestone. Guidelines for
suitable biocatalysts have been developed. Minimum

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).

Figure 9. Volumetric productivity.

Table 2. Volumetric productivity.

Reaction time
(h)

Productivity (g ·L�1 · h�1)
125 g/L EEH[a] 188 g/L EEH[b]

1.25 10.3 12.2
8.25 6.3 8.2

[a] 250 g/L cells; [b] 375 g/L cells.
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productivities for feasibility in different types of
processes and products have been suggested.[21] 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.[22] 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.[23] 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.[21] 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 1=2 vol. of
the solid phase with toluene (1.35 vol. 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,E)- and (E,Z)-homofarnesol with
either wild type or variant SHC enzymes. Conversion
of neat (E,E)- or (E,Z)-homofarnesol allowed assign-
ing the products to the corresponding substrate. NMR

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.[7]

This highly constrained Ambrox stereoisomer was
also postulated as unlikely to exist.[24] 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: 1H NMR (400 MHz, CDCl3) d 3.94–3.88 (m,
1H), 3.82 (q, J=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). 13C NMR (100 MHz, CDCl3)
d 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: 1H NMR (600 MHz, C6D6) d 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). 13C NMR (150 MHz, C6D6,

13C-
shifts extracted from the HSQC-spectrum) d 80.0,
65.2, 55.8, 48.4, 41.9, 37.1, 34.6, 34.7, 34.0, 33.6, 25.4,
23.4, 22.6, 21.7, 20.1, 17.9.

3: 1H NMR (400 MHz, CDCl3) d 5.53 (t, J=7.5 Hz,
1H), 3.48 (ddd, J=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, 8.8, 4.4 Hz, 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). 13C NMR
(100 MHz, CDCl3) d 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: 1H NMR (400, MHz CDCl3) d 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, J=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). 13C
NMR (100 MHz, CDCl3) d 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.[25]

EEH conversion profiles in reactions run at
constant 4 g/L 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.

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2018, 360, 2339–2351 2347 � 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

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[26] 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[27] 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)[28] for library screening, otherwise in
E. coli BL21(DE3)[29] with or without N-terminal HisTag.
The shc gene (NdeI-HindIII insert) was under the control of

a T7 promoter in plasmids pET-28a(+) or pET-24a(+)
(Novagen). Alternatively the shc gene was under the control
of a T5 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.[17a]

Enzyme Evolution

EvoSightTM[15] 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 8C under constant agitation
(orbital shaking, 180 rpm). Protein production was induced
for 15 h by the addition of IPTG to 0.1 mM when the
cultures had reached an OD600nm 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 OD600nm of 10 (approximately
10.3 g/L wet weight of cells), 0.05% (w/v) SDS, and 4 g/L
EEH in 0.1 M citric acid/sodium citrate buffer pH 6.0. The
reactions were incubated at 55 8C under constant agitation
(200 rpm, orbital shaking) for 24 h. Formation of (�)-
Ambrox at 24 h was quantified by sampling 100 mL of
reaction mixture, extraction with 200 mL 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 OD600nm 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 350 mL LB or
minimal medium cultures. A 15 mL seed culture (LB
medium, 100 mL Erlenmeyer flask) supplemented with
kanamycin (50 mg/mL) was inoculated from an overnight
preculture to an OD650nm of 0.050 and grown to an OD650nm of
0.50. A 350 mL main culture was then inoculated with
3.5 mL seed culture and grown to an OD650nm of approx. 0.50.
Enzyme production was induced by the addition of IPTG at
300 mM and lasted for 5–6 h at 37–40 8C and 280 rpm. Cells
were collected by centrifugation (8280 g, 4 8C, 15 min) and
stored as pellets at 4 8C or �20 8C until further use. Up to 4–
6 g wet weight of cells were obtained from total 1 liter of
culture.

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.
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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
OD650nm of 10 (approx. 12.2 g/L 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 (pO2, 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 103

phosphate/citric acid buffer (133 g/L KH2PO4, 40 g/L (NH4)2
HPO4, 17 g/L citric acid ·H2O with pH adjusted to 6.3),
14 mL 50% (w/v) glucose in deionized water, 0.53 mL
MgSO4 solution (50% (w/v) MgSO4 · 7H2O in deionized
water), 2 mL (NH4)2SO4 solution (50% (w/v) (NH4)2SO4 in
deionized water), 20 mL trace elements solution (50 g/L
Na2EDTA·2H2O, 20 g/L FeSO4 · 7H2O, 3 g/L H3BO3, 0.9 g/L
MnSO4 · 2H2O, 1.1 g/L CoCl2, 80 g/L CuCl2, 240 g/L
NiSO4 · 7H2O, 100 g/L KI, 1.4 g/L (NH4)6Mo7O24 · 4H2O, 1 g/L
ZnSO4 · 7H2O), 400 mL thiamine solution (2.25 g/L Thia-
min.HCl), and 200 mL kanamycin stock (50 g/L). The running
parameters were: pH=6.95, pO2=40%, T=30 8C, 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 8C,
220 rpm, 8 h) to an OD650nm 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: 17.5 mL (NH4)2SO4 solution, 1.8 mL MgSO4

solution, 18 mL trace elements solution, 360 mL thiamine
solution, and 180 mL kanamycin stock. The feed was run at a
constant flow rate of approx. 4.2 mL/h. Glucose and NH4

+

measurements were done externally to evaluate availability
of the carbon and nitrogen sources in the culture using
Quantofix� Ammonium (Sigma Aldrich) and MQuantTM

Glucose Test (Merck) according to the manufacturer’s
directions.

Cultures were grown for approx. 25 h reaching typically an
OD650nm 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 8C and
pO2 to 20%. Induction of SHC production lasted for 16h. At
the induction end the OD650nm was 50–70; cells were collected
by centrifugation and stored as pellets at 4 8C or �20 8C 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.

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 23 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 8C.

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 8C, 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 8C). 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% H3PO4. pH in the
reaction was monitored in situ and controlled at an external
electrode. If required automatic pH regulation occurred with
10% H3PO4 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/L 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 8C. 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.
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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 8C). 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 g/L EEH reactions: 100–300 mL reaction was extracted with
200 mL hexane:2-propanol (2:1) or 700 mL MTBE. After
centrifugation (Eppendorf centrifuge 5415C, 13000 rpm) the
solvent phase was analyzed by GC-FID. Up to 16 g/L EEH:
150–300 mL reaction mixture was extracted into 700 mL of
MTBE. After phase separation, the solvent phase was
analyzed by GC-FID. 30–188 g/L EEH: 1 mL reaction
mixture was extracted with 5 mL of MTBE by vigorous
shaking. After decantation 1 mL of solvent phase was
centrifuged; 100 mL of the supernatant was diluted into
900 mL MTBE for GC-FID analysis.

Gas Chromatography Analysis

High throughput library screening: 1 mL of solvent phase was
injected (split ratio 1/10) onto a 30 m30.32 mm30.25 mm
HP-5 column (Surveyor gas chromatograph, Thermo). The
column was developed at constant temperature (170 8C) and
pressure (85 kPa, 5.2 mL/min H2); detector temperature:
250 8C.

Standard assay and bioconversions: 1 mL of solvent phase
was injected (split ratio 1/10) onto a 30 m30.32 mm3

0.25 mm Zebron ZB-5 column (Trace Focus gas chromato-
graph, Thermo). The column was developed at 4 mL/min H2

constant flow: 100 8C, 15 8C/min to 200 8C, 120 8C/min to
240 8C, 4 min at 240 8C; detector temperature: 300 8C.

Structure Elucidation of Reaction Products by NMR

1H and 13C NMR spectra were recorded on a BrukerAvance
400 MHz (1H NMR) and 125 MHz spectrometer (13C NMR)

in CDCl3, if not mentioned otherwise. The chemical shifts
are given in ppm relative to the TMS signal (d 0 ppm). 13C
spectra were referenced to CDCl3 (d 77.16 ppm) and C6D6

(d 128.06 ppm).
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Irresistible Fragrance Note – Ambrox® 

 

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 



2 

 

(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/cm3, 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 10th 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 
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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 18th 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-5β-

cholestan-3α-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 
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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 

 

Key: 1. seawater- and ozone-like (x 2); 2. earthy, faecal; 3. ambergris, animal-like; 4. tobacco 

note, ambergris-like; 5. seawater- and ambergris-like. 

 

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 γ-coronal, α-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 
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Amberlyn® are synonymous with Ambrox®. These are brand names of Cognis (Henkel/BASF) 

and Quest respectively. 

 

FIG.4 PHOTO-OXIDATIVE DEGRADATION OF AMBREIN 

 

 

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® 

 

 

(-)-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). 
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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 9th century at the latest. According to legend, 

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

 

FIG.8 LABDANUM FIG.10 SCLAREOLIDE 

 
Labdanum = basic structure 
 

 

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). 
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FIG.9 PARTIAL SYNTHESIS OF AMBROX® FROM SCLAREOL 

 

Key: β-naphthalenesulphonic acid; sclareol oxide. 

 

  
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]. 
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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 

 

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 β-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 β-IONONE 

 

The synthesis of racemic Ambrox®, which is named Cetalox©, starting from β-ionone. 

 

FIG.14 DEGRADATION OF THE PRECURSOR 

 

Key: xylene reflux. 

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 β-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 Büchi and Hans Wüst 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-β-ionone, which is converted into the 

corresponding β-keto ester by reaction with dimethyl carbonate. After the tin tetrachloride 

mediated cyclization, alkylation was necessary in the α 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 

 

Key: xylene, reflux; reflux (2 steps); (2 steps). 
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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 Günther 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 

 

 

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 

 

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 

 

Key: isomer separation by distillation 
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Key: homofarnesic acid 

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® 

Günther 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 Brönsted 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 -78ºC 

[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 -10ºC. However, also only a mixture of sclareolide 

isomers was obtained [45]. 

 

FIG.19 SEVERAL ROUTES TO (E,E)-HOMOFARNESOL 

 

Key: xylene, reflux, chromatography; distillation; (E,E)-homofarnesic acid. 

 

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 

 

Key: (E,E)-homofarnesic acid 

 

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 

 

 

Key: 1. slow; 2. rapid. 
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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 

 

 

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/Brönsted 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 Brönsted acidity of the 

enantiomerically pure Lewis/Brönsted 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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FIG.24 ENANTIOMERICALLY PURE SCLAREOLIDE BY ENANTIOSELECTIVE 

POLYENE CYCLIZATION 

 

Key: equatorial 

 

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 29 = 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 1012 tonnes. Thus 
together with cellulose they are among the quantitatively most significant organic 
substances on the Earth. 

 

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 Å3 (cubic Ångströms) sized cavity 

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

 

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

 

(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 Å2 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 π 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 

 

(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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FIG.30 Cyclization of homofarnesol to 
Ambrox by means of the squalene-hopene 
cyclase from Bacillus acidocaldarius. 

 

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 5α-

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

 

FIG.32 PARTIAL SYNTHESIS OF SUPERAMBROX 

 

Key: 1. [18]crown-6; 2. cat. OsO4; 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 Brönsted 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 α-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 

 

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]. 
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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 

PRESTIGE, 

© Azzarro Parfums, 

www.azzaroparis.com) 
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