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- AB:  AB system. 

- Ac: Acetyl. 

- Ac2O: Acetic anhydride. 

- Ar : Aryl. 

- atm: Atmosphere. 

- Bn: Benzyl. 

- Boc2O: di-tert-Butyl dicarbonate. 

- t-BuOH: tert-Butanol. 

- t-BuOK : Potassium tert-butoxide. 

- n-BuLi : n-Butyl lithium. 

- ºC: Degrees Celsius. 

- CAN: Ammonium cerium (IV) nitrate. 

- CC: Cromatography column. 

- cd: cuadruple doblete. 

- c. HCl: 37% (v/v). 

- COSY: Correlation spectroscopy. 

- CSA: Camphor sulfonic acid 

- δ: Chemical shift. 

- d: doublet. 

- dd: doublet of doublets. 

- ddd: doublet of doublet of doublets. 

- dddd: doublet of doublet of doublet of 
doublets. 

- DBU: 1,8-Diazobiciclo[5.4.0]undec-7-eno. 

- DCM : Dichloromethane. 

- DEPT: Distorsionless enhancement by 
polarization transfer. 

- DDQ: 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone. 

- DIPEA: N,N-Di-isopropylethylamine. 

- DME : Dimethoxyethane. 

- 2,2-DMP: 2,2-Dimethoxypropane. 

- dt: triplet of doublets. 

- dc: quartet of doublets. 

- DIPA : Di-isopropylamine. 

- d.e.: Diastereomeric excess. 

- e.e.: Enantiomeric excess. 

- HRMS:  High Resonance Mass 
Spectroscopy. 

- eq.: equivalents. 

- Et: Ethyl. 

- Et2AlCl : Di-ethyl aluminum chloride. 

- Et2NH: Diethylamine. 

-Et3N: Triethylamine. 

- EtOH: Ethanol. 

- EtOAc: Ethyl acetate. 

- ESI: Electrospray ionization. 

- Fig.: Figure. 

- FG: functional group 

- g: grams. 

- h: hour. 

- HMBC : Heteronuclear multiple bond 
conectivity. 

- HMQC : Heteronuclear multiple quantum 
coherence. 

- HRMS: High resolution mass 
spectroscopy. 

- Hz: hertz. 

- I.R.: Infrared spectroscopy. 

- J: Coupling constant. 

- LAH : Lithium aluminum hydride. 

- LDA : Lithium di-isopropilamide. 

- m: multiplet. 

- M : molar (mol/L). 

- MCPBA : meta-Chloroperoxybenzoic acid. 

- Me: Methyl. 

- Me3SiCN: Trimethyl silyl cianide. 

- mg: milligram. 

- MHz: megahertz. 

- min: minutes. 

- mL: millilitres. 

-mmoles: milimoles. 

- m/z: mass/charge ratio 
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- MOMCl : Chloro methoxymethyl. 

- NMO : N-methylmorpholine N-oxide. 

- NOE: Nuclear Overhauser Effect. 

- Nu: Nucleophile. 

- Ph: Phenyl. 

- PhH: Benzene. 

- ppm: parts per million. 

- PTSA: para-Toluenesulfonic acid. 

- Py: Pyridine. 

- q: quartet. 

- quin o p o q: quintuplet or pentuplet. 

- NMR: Nuclear Magnetic Resonance. 

- ROESY: Rotating frame NOE spectroscopy. 

- r.t. : room temperature 

- s: singlet. 

- sat.: Saturated. 

- t: triplet. 

- t: time. 

- T: Temperature. 

- TBAI : Tetrabutylammonium iodide. 

-TBDMSCl : tert-butyl dimethyl silyl chloride. 

- TFA : Trifluoroacetic acid. 

- TFAA : Trifluoroacetic anhydride.  

- THF: Tetrahydrofuran. 

- TLC : Thin layer chromatography. 

- TMSOTf : Trimethylsilyl trifluoro-methane sulfonate. 

- TPAP: Tetrapropylammonium perruthenate. 

- u: Atomic mass unit (amu). 

- [α]��
�

 and [α]��
�

: Optical rotations at 20°C and 26 °C. 

- ∆: Mass accuracy = [Founded - requires / requires] x 106 = ppm 
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SÍNTESIS DE MOLECULAS QUIRALES 

 

Uno de los mayores retos que afronta la química orgánica moderna es la síntesis eficaz de 

moléculas quirales enantioméricamente puras. 1 Este interés se ha visto estimulado por el creciente 

conocimiento de la importancia de la quiralidad molecular en los sistemas biológicos y la 

necesidad en su reproducibilidad por medio de rutas sintéticas de aquellos compuestos que 

presentan un alto valor añadido, con el fin de encontrar nuevos medicamentos farmacéuticos que 

sigan mejorando nuestra calidad de vida.  

 
Muchos de los procesos biológicos en la naturaleza son quirales. Enzimas y determinadas 

posiciones activas de los receptores que controlan estos procesos se formaron a partir de L-

aminoácidos o D-carbohidratos. La interacción entre un racémico y una enzima o receptor conduce 

a la formación de dos complejos diastereoisoméricos en donde los dos enantiómeros de un 

compuesto poseen la capacidad de unión selectiva a otra enzima o receptor y por tanto exhibir 

diferentes efectos biológicos. Un ejemplo muy común es el propanolol A, cuyo enantiómero (S) es 

antihipertensivo y antiarrítmico y se usa en el tratamiento de enfermedades coronarias, mientras 

que el enantiómero (R) se utiliza como anticonceptivo (Fig. 1).2 

 

 

 

Figura 1. Enantiómeros del Propanolol. 

 
Como resultado de esto y la gran importancia en la síntesis de medicamentos enantioméricamente 

puros para ser producidos a nivel industrial, se puede encontrar en literatura la existencia de tres 

rutas empleadas normalmente para la producción de moléculas quirales: resolución, manipulación 

de productos naturales3 y síntesis asimétrica la cual abarca este trabajo de investigación. 

 

 

                                                           
1
 (a) Koskinen, A. “Asymmetric synthesis of natural products”, 1993, John Wiley and Sons. England. (b) 

Nógrádi, M. “Stereoselective synthesis”, 1995, 2nd Edition VCH Publisher. 
2
 Parker, D. Chem. Rev. 1991, 91, 1441-1457. 

3
 Hanessian, S. “Total synthesis of natural products: the Chiron approach”, 1983, Pergamon Pres. 
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1. SÍNTESIS ASIMETRICA: 

El término de síntesis asimétrica fue introducido por Marckwald 4 en 1904, definiendo la síntesis 

asimétrica como la reacción entre un sustrato aquiral y un agente quiral para formar un compuesto 

ópticamente activo. Esta definición fue revisada posteriormente por Morrison y Mosher en 1971, 

definiéndola como una reacción en la cual una unidad aquiral por interacción con un sustrato se 

convierte por acción de un reactivo en una unidad quiral que es una mezcla de enantiómeros 

producidos en diferente proporción.5 Esta postulación involucra diferentes campos de 

investigación como lo son el uso de auxiliares quirales, reactivos quirales, catálisis asimétrica y 

catálisis orgánica. 

 
1.1 Uso de auxiliares quirales: 

Esta vía sintética utiliza moléculas quirales que son capaces de transferir su quiralidad a sustratos 

no quirales, recuperándose el compuesto inductor o auxiliar quiral al final de la reacción. 

El uso de auxiliares quirales supone su unión con un sustrato proquiral, transformando los grupos 

o caras enantiotópicas en diastereotópicas, es decir se obtienen selectivamente diastereoisómeros 

que se pueden separar por técnicas normales de purificación. La eliminación posterior del auxiliar 

quiral deja el producto enantioméricamente enriquecido.  

 
Sus principales ventajas son: primero, el auxiliar puede con frecuencia reciclarse lo cual permite 

producir gran cantidad de material quiral a partir de una cantidad relativamente pequeña de 

reactivo quiral; segundo, el auxiliar se puede usar para controlar la estereoquímica de los centros 

estereogénicos posteriores formados en la reacción y por último en las reacciones altamente 

estereoselectivas, aunque son favorables, no son necesarias en esta aproximación en cuanto los 

productos diastereoisoméricos antes de la ruptura del auxiliar puedan ser separados originando un 

alto exceso enantiomérico. 

 
En el esquema 1 se muestra un ejemplo de cómo las oxazolidinonas quirales desarrolladas por 

Evans6 pueden actuar como efectivos auxiliares quirales. 

 
 
                                                           
4
 (a) Marckwald, W. Ber. Dtsch. Chem. Ges. 1904, 37, 1368. (b) Bringmann, G.; Helmchen, G.; et.al. 

Stereoselective synthesis, 1996, Workbench ed. E21-V1. Publication: Methods of organic chemistry 
Stuttgart; New York: Thieme. 
5
 Morrison, J. D.; Mosher, M. S.: “Asymmetric organic reactions” 1971, Prentice Hall, Englewood Cliffs, New 

Jersey. 
6
 (a) Evans, D. A. Aldrichimica Acta, 1982, 15, 23-32. (b) Armstrong, A.; Barsanti, P. A.; Blench, T. J.; Ogilvie, 

R. Tetrahedron, 2002, 59, 367-375. 
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BnO
CHO
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N
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O i

O

N
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OBnO

OR

+

ii R = H
R = TBDPS

iii OHBnO

OTBDPS

 

 
Esquema 1. Reactivos y condiciones: (i) Bu2BOTf, Et3N, DCM, -78°C. (ii) TBDPSCl, imidazol, DMF. (iii) 

LiBH 4, MeOH, THF, 0°C. 
 

1.2 Reactivos quirales: 

En esta vía sintética un reactivo quiral reacciona con un sustrato proquiral, obteniéndose el 

producto quiral deseado. A diferencia del empleo de auxiliares quirales, en este caso no es 

necesaria la eliminación del reactivo ya que se consume estequiométricamente a lo largo de la 

reacción. Como ejemplo, se tiene la reducción de cetonas aromáticas proquirales con el reactivo de 

Itsuno (Esquema 2). Este reactivo se prepara a partir de un β-aminoalcohol quiral, congestionado 

estéricamente y borano. La reducción de cetonas a alcoholes secundarios llega a producir excesos 

enantioméricos entre el 94-100%.7 

 

 

 
Esquema 2. Reducción de cetonas aromáticas con el reactivo de Itsuno. 

 

1.3 Catálisis asimétrica: 

Este método, que incluye el uso de catalizadores frecuentemente constituidos por un metal de 

transición unido a un auxiliar quiral de naturaleza orgánica y enzimas, utiliza la quiralidad de un 

reactivo catalítico para dirigir la formación de uno o más centros estereogénicos en un sustrato 

proquiral. En contraste con el uso de auxiliares quirales, que permite la purificación de los 

productos diastereoisoméricos para alcanzar un exceso enantiomérico favorable, esta 

aproximación depende totalmente de reacciones altamente diastereoselectivas y al igual que con 

los auxiliares quirales reciclables, la aproximación catalítica es particularmente atractiva puesto 

que permite la producción de gran cantidad de material quiral a partir de muy pequeña cantidad de 

reactivo quiral.  

                                                           
7
 (a) Itsuno, S.; Ito, K.; Hirao, A.; Nakahama, S. J. Chem. Soc., Chem. Commun. 1983, 469-470. (b) Itsuno, S.; 

Nakano, M.; Miyazaky, K.; Masuda, H.; Ito, K.; Hirao, A.; Nakahama, S. J. Chem. Soc., Perkin Trans 1. 1985, 
2039-2044. 
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Una de las áreas que ha recibido mayor atención es la hidrogenación catalítica de dobles enlaces 

carbono-carbono, utilizando catalizadores homogéneos de rodio o rutenio unidos a fosfinas 

quirales como ligandos. El ejemplo del esquema 3 muestra el empleo del complejo de rodio (S,S)-

B que posee el ligando (S,S)-CHIRAPHOS en la obtención de aminoácidos ópticamente activos 

como (R)-N-acil alanina con gran exceso enantiomérico y es uno de los muchos ejemplos en este 

amplio campo en expansión.8 

 

Esquema 3. Hidrogenación catalítica de dobles enlaces C-C. 

 

1.4 Catálisis orgánica: 

Durante los últimos años, se ha producido un impresionante desarrollo en catálisis orgánica, que 

consiste en la aceleración de las reacciones químicas con cantidades subestequiométricas de un 

componente orgánico que no contiene ningún átomo metálico,9 lo cual supone dos grandes 

ventajas, la primera el desarrollo de una química libre de metales los cuales son potencialmente 

tóxicos y la segunda el bajo coste que esto conlleva. 

 
Los aminoácidos han sido muy utilizados como inductores de quiralidad mientras que los péptidos 

han sido menos empleados en química asimétrica, siendo los más destacados aquellos que 

presentan un número menor de 50 aminoácidos en su estructura.10 

 
La L-prolina11 es el aminoácido más utilizado como catalizador orgánico. Aunque fue empleada 

por Hajos-Parrish-Eder-Sauer-Wiechert en 1971,12 no se ha descrito ninguna aplicación sintética 

                                                           
8
 (a) Fryzuk, M. D.; Bosnich, B. J. Am. Chem. Soc. 1977, 99, 6262-6267. (b) Noyori, K. Asymmetric catalysis in 

organic synthesis, 1994, John Wiley and Sons, New York. (c) Knowles, W. S.; Noyori, R. and Sharpless K. B. 
The Nobel Prize in Chemistry 2001, Angew. Chem. Int. Ed. 2002, 41, 2008-2022. 
9
 (a) MacMillan, D. W. C. Nature, 2008, 455, 304-308. (b) Dalko, P. I.; Moisan, L. Angew. Chem. Int. Ed. 

2004, 43, 5138-5175. 
10

 (a) Luchaco-Cullis, C. A.; Mizutani, H.; Murphy, K. E.; Hoveyda, A. H. Angew. Chem. Int. Ed. Engl. 2001, 40, 
1456-1460. (b) Gilberston, S. T.; Collibee, S. E.; Agarkov, A. J. Am. Chem. Soc. 2000, 122, 6522-6523 (c) 
Gilberston, S. T.; Wang, X.; Hoge, G. S.; Klung, C.; Schaefer, A. J. Organometallics 1996, 15, 4678-4680. (d) 
Alper, H.; Hamel, N. J. Chem. Soc., Chem. Commun. 1990, 135-136. (e) Akabori, S.; Sakkurai, S.; Izumi, Y.; 
Fujii, Y.; Nature 1956, 178, 323. 
11

 (a) Movassaghi, M.; Jacobsen, E. N.; Science 2002, 298, 1904-1905.(b) List, B. Tetrahedron 2002, 58, 
5573-5590. (c) List, B. Synlett 2001, 1675-1686. (d) Dalko, P. I.; Moisan, L. Angew. Chem. Int. Ed. 2001, 40, 
3726-3748. 
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más con este aminoácido hasta el año 2000, salvo algunos ejemplos aislados de adiciones de 

Michael intramoleculares catalizadas por cantidades estequiométricas de la misma.13 En nuestro 

grupo de investigación, Díez y colaboradores14 han sintetizado numerosos análogos de prolina 

(Esquema 4) que se utilizan como catalizadores orgánicos en reacciones que transcurren mediante 

intermedios tipo enamina como son las adiciones de Michael de cetonas a nitro estirenos, 

obteniendo muy buenos rendimientos así como excelentes diastereo y enantioselectividades. 

 

 

 
Esquema 4. L-prolina y análogos. 

 
En la década de los ochenta, Agami postula un mecanismo para reacciones aldólicas 

intermoleculares, que involucra dos moléculas de L-prolina en la formación de la acetona de 

Wieland.15 Sin embargo, trabajos más recientes de Houk y List proponen que el mecanismo de 

reacción requiere una única molécula de L-prolina (Esquema 5).16 

 

 

 
Esquema 5. Mecanismo de reacción aldólica intermolecular formación de la cetona de Wieland. 

 

Uno de los grandes y más recientes logros de la síntesis orgánica ha sido el desarrollo de 

reacciones observadas en procesos naturales biosintéticos vía catálisis asimétrica libre de metales, 
                                                                                                                                                                               
12

 (a) Eder, U.; Sauer, G.; Wiechert, R. Angew. Chem. Int. Ed. 1971, 10, 496-497. (b) Parrish, D. R.; Hajos, Z. 
G. J. Org. Chem. 1974, 39, 1615-1621. 
13

 (a) Hirai, Y; Terada, T.; Yamazaki, T.; Momose, T. J. Chem Soc. Perkin Trans 1, 1992, 517-524. (b) 
Kozikowski, B.; Mugrage, B. J. Org. Chem. 1989, 54, 2274-2275. 
14

 Díez, D.; Antón, A. B.; García, P.; Garrido, N. M.; Marcos, I. S.; Basabe, P.; Urones, J. G. Tetrahedron: 
Asymmetry 2008, 19, 2088-2091. 
15

 (a) Agami, C.; Levisalles, J.; Puchot, C. J. Chem. Soc. Chem. Commun. 1985, 441-442. (b) Puchot, C.; 
Samuel, O.; Dunach, E.; Zhao, S.; Agami, C.; Kagan, H. B. J. Am. Chem. Soc. 1986, 108, 2353-2357. 
16

 Hoang, L.; Bahmanyar, S.; Houk, K. N.; List, B. J. Am. Chem. Soc. 2003, 125, 16-17. 
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partiendo de reactivos simples para obtener compuestos con estructuras complejas y múltiples 

estereocentros en unos pocos pasos, dando acceso a una gran diversidad de esqueletos 

esencialmente para ensayos biológicos. Inspirados por la eficiencia de los procesos enzimáticos en 

donde a menudo se llevan acabo reacciones domino17 y de múltiple componente,18 hace que varios 

grupos de investigación estén trabajando en ello, Rueping y colaboradores,19 han demostrado que 

por medio del control de la concentración de los sustratos I , II  y III  se puede llegar a reacciones 

domino dobles (compuesto-IV)  y cuádruples (compuesto-V), como se observa en el siguiente 

esquema. 

 

 
Esquema 6. Secuencia de formación de reacciones domino doble- y cuadruple en cascada.  

 
El paso clave en las dos secuencias es la conversión del aldehído α,β-insaturado vía transferencia 

de hidrógeno en presencia de la dihidropiridina de Hantzsch (HEH). Los grupos funcionales 

presentes en el producto de reacción IV  están disponibles para continuar reaccionando y si la 

concentración de I  se incrementa, el nitroaldehído-IV  puede reaccionar por medio de una adición 

de Michael imino catalizada para formar el intermedio VII  el cuál presenta dos grupos aldehído 

facilitando una condensación aldólica intramolecular para dar el carbociclo V. Para validar este 

diseño se realizaron varios experimentos para encontrar primero las condiciones óptimas para la 

secuencia de reducción-adición (Esquema 7) utilizando el derivado de L-prolina, difenil-prolinol-

                                                           
17

 (a) Tietze, L. F. Chem. Rev., 1996, 96, 115-136. (b) Tietze, L. F.; Beifuss, U. Angew. Chem., Int. Ed. Engl. 
1993, 32, 131-163. (c) Tietze, L. F.; Brasche, G. and Gericke, K. “Domino Reactions in Organic Synthesis”, 
Wiley-VCH, Weinheim, 2006. (d) Guo, H.-C.; Ma, J.-A. Angew. Chem., Int. Ed. 2006, 45, 354-366. 
18

 (a) Ramón, D. J.; Yus, M. Angew. Chem., Int. Ed. 2005, 44, 1602-1634. (b) Zhu, J.; Benaymé, H. 
“Multicomponent Reactions”, Wiley-VCH, Weinheim, 2005. (c) D`Souza, D. M.; Mueller, T. J. J. Chem. Soc. 

Rev. 2007, 36, 1095-1108. 
19

 Rueping, M.; Haack, K.; Ieawsuwan, W.; Sundén, H.; Blanco, M.; Schoepke, F. R. Chem. Commun. 2011, 
47, 3828-3830. 
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TMS-eter, y segundo diferentes concentraciones de los sustratos, observando que la reacción del 

aldehído α,β-insaturado I , el β-nitroestireno II y la dihidropiridina III  en relación 4.0 : 1.0 : 2.2 

llevo a la formación del producto V y no IV , siendo el primer ejemplo de una reacción domino 

cuádruple en cascada controlada solo por la concentración de los sustratos. 

 

 
Esquema 7. Secuencia de reducción-adición. 

 

 

2. ADICIÓN DE AMIDUROS DE LITIO: 

Dentro del capítulo de utilización de auxiliares quirales, recientemente los amiduros de litio se han 

convertido en unos reactivos muy empleados en química orgánica. Su aplicación ha estado 

prácticamente limitada a su uso como bases fuertes no nucleófilas, como lo es el caso de LDA, el 

cual puede producir desprotonación estequiométrica de carbonilos enolizables sin problemas de 

adición 1,2 (Esquema 8). Además, los amiduros de litio también han sido utilizados con éxito 

como bases en síntesis asimétrica.20 

 

 

 
Esquema 8. Reactividad de LDA 

 
El primer caso de adición conjugada de amiduros de litio se remonta al año 1973 observado en el 

grupo de investigación de Schlessinger21 mientras estudiaban la desprotonación en γ de crotonato 

de etilo con LDA. Sin embargo, el tema no fue investigado con más detalle hasta 1987, cuando 

Yamamoto22 comenzó a publicar trabajos sobre la adición 1,4 de amiduros de litio derivados de N-

benciltrimetilsililamina (LSA) como se observa en el siguiente esquema. 

                                                           
20

 Cox, P. J.; Simpkins, N. S. Tetrahedron: Asymmetry. 1991, 2, 1-26. 
21

 Hermann, J. C.; Kieczykowski, G. R.; Schlessinger, R. H. Tetrahedron Lett. 1973, 2433-2436. 
22

 (a) Uyehara, T.; Asao, N.; Yamamoto, Y. J. Chem. Soc., Chem Commun. 1987, 18, 1410-1411. (b) Uyehara, 
T.; Asao, N.; Yamamoto, Y. Tetrahedron, 1988, 44, 4173-4180. (c) Uyehara, T.; Shida, N.; Yamamoto, Y. J. 
Chem. Soc., Chem Commun. 1989, 113. (d) Asao, N.; Uyehara, T.; Yamamoto, Y. Tetrahedron, 1990, 46, 
4563-4572. (e) Uyehara, T.; Shida, N.; Yamamoto, Y. J. Org. Chem. 1992, 57, 3139-3145. 



Introducción 
 

 
26 

 

 
Esquema 9. Adición conjugada de amiduros de litio. 

 

2.1 Amiduros de Litio como reactivos quirales: 

Hawkins y colaboradores23 comunicaron la primera reacción de adición conjugada asimétrica por 

control del reactivo utilizando amiduro de litio como nucleófilo. Consiguieron excesos 

diastereoisoméricos de hasta un 97% por adición de un binaftil amiduro de litio quiral a ésteres E-

crotónicos. Este amiduro de litio además de ser costoso, especialmente en forma quiral, es también 

difícil de eliminar una vez realizada la adición.24 

 
Posteriormente Davies y colaboradores, han estudiado ampliamente la adición conjugada de 

diferentes amiduros de litio quirales como nucleófilos, conteniendo el grupo N-α-metilbencilo a 

ésteres E-α,β-insaturados y amidas, produciéndose el producto de reacción deseado con elevado 

grado de selectividad π-facial.25 Esta metodología se ha extendido a la síntesis enantioselectiva de 

diferentes β-aminoácidos y β-aminoésteres utilizando (R)-N-bencil-N-α-metilbencilamiduro de 

litio (R)-C (Esquema 10). 

 

Esquema 10. Síntesis enantioselectiva de β-aminoésteres y β-aminoácidos por adición del amiduro de litio 
quiral (R)-C 

 
Los grupos bencilos de la amina XI  se pueden eliminar fácilmente por hidrogenólisis y además del 

elevado exceso enantiomérico que se consigue en esta reacción de adición, el atractivo adicional 

para esta metodología es el poder disponer de ambas formas enantioméricas (R) y (S) de la α-

metilbencilamina las cuales son económicamente accesibles. 

                                                           
23

 (a) Hawkins, J. M.; Fu, G. C. J. Org. Chem. 1986, 51, 2820-2822. (b) Rudolf, K.; Hawkins, J. M.; Loncharich, 
R. J.; Houk, K. N. J.Org. Chem. 1988, 53, 3879-3882. 
24

 Hawkins, J. M.; Lewis, T. A. J. Org. Chem. 1992, 57, 2114-2121. 
25

 (a) Davies, S. G.; Ichihara, O. Tetrahedron: Asymmetry, 1991, 2, 183-186. (b) Davies, S. G.; Garrido, N. M.; 
Ichihara, O.; Walters, I. A. S. J. Chem. Soc., Chem. Commun. 1993, 1154. (c) Davies, S. G.; Bull, S. D.; 
Delgado-Ballester, S.; Fenton, G.; Kelly, P. M.; Smith, A. D. Synlett, 2000, 9, 1257-1260. (d) Abraham, E.; 
Davies, S. G.; Millican, N. L.; Nicholson, R. L.; Roberts, P. M.; Smith, A. D. Organic & Biomolecular Chemistry. 

2008, 6, 9, 1655-1664. (e) Abraham, E.; Brock, E. A.; Candela-Lena, J. I.; Davies, S. G.; Georgiou, M.; 
Nicholson, R. L.; Perkins, J. H.; Roberts, P. M.; Russell, A. J.; Sanchez-Fernadez, E. M.; Scott, P. M.; Smith, A. 
D.; Thomson, J. E. Organic & Biomolecular Chemistry. 2008, 6, 9, 1665-1673.(f) Davies, S. G.; Smith, A. D.; 
Price,P. D. Tetrahedrom: Asymmetry, 2005, 16, 2833-2891. 



Síntesis de moleculas quirales 
 

 
27 

 

2.2 Origen de la selectividad en la adición de Michael de (R)-C: 

Para entender el origen de la elevada estereoselectividad en la adición conjugada de amiduros de 

litio se realizo un estudio26 utilizando como modelo la reacción de (R)-N-bencil-N-α-

metilbencilamiduro de litio (R)-C con cinamato de terc-butilo. Utilizando paquetes de 

modelización molecular Chem-X para el cálculo de las energías de los estados de transición. En la 

Figura 2 se muestra un estado de transición consistente con la selectividad observada por estos 

reactivos quirales. 

 

 
Figura 2. Modelización de un estado de transición para la reacción de adición de Michael 

 
Los factores determinantes de este estado de transición son: 

� Quelatación del litio con el oxígeno carbonílico favoreciendo así la reacción solamente a 

través de la conformación s-cis del enolato.26(b) 

 
� Adopción de la llamada “conformación mariposa” por los grupos bencilos, con los planos 

de los anillos aromáticos aproximadamente paralelos, debido a razones estéricas e 

interacciones π de las nubes de electrones aromáticos. 

 
� El grupo metilo en posición α se sitúa en la posición disponible que presenta menos 

congestión estérica. 

 
El postulado sobre la quelatación dirigiendo la adición está de acuerdo con la observación de que 

la lactona XIII , que no puede adoptar la conformación s-cis no conduce al aducto conjugado y el 

dienoato XIV  solamente produce adición 1,4 y no 1,6 (Fig. 3). Factor, éste que ha permitido 

explotar su utilidad sintética. Entonces, parece que la geometría E para el éster α,β-insaturado es 

                                                           
26

 (a) Davies, S. G.; Costello, J. F.; Ichihara, O. Tetrahedron: Asymmetry, 1994, 5, 1999-2008. (b) Davies, S. 
G.; Smith, A. D.; Price, P. D. Tetrahedron: Asymmetry 2005, 16, 2833-2891. 
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necesaria para este tipo de adiciones conjugadas27 y en consonancia con la observación 

experimental donde aceptores que adoptan la conformación s-trans solo tiene lugar adición 1,2 o 

γ-desprotonación.28 

 

Figura 3. 

 

2.3. Selectividad en la adición de Michael de (R)-C y posterior alquilación o protonación.  

 
2.3.1 Reacciones tándem y secuencial: 

Una vez controlada la estereoquímica del centro β, se hace muy conveniente establecer la del 

centro α por una reacción de alquilación o protonación (si ya existía el grupo alquilo), que ha sido 

llevado a cabo eficazmente por Davies, como se muestra en el esquema 11 y que permite la 

síntesis totalmente enantioselectiva de los cuatro posibles diastereoisómeros de α-metil-β-

fenilalanina y las β-lactamas relacionadas.29 

 

 

Esquema 11. Reactivos y condiciones: (i) (R)-C, Tolueno. (ii) MeI. (iii) LDA. (iv) 2,6-di-terc-butilfenol, 
THF. 

 
Para obtener el mismo diastereoisómero (2R,3S,αR)-XV  la diastereoselectividad es muy diferente 

si la reacción se hace en un sólo paso (tándem) a partir de cinamato de terc-butilo o aislando 
                                                           
27

 O’Brien, P. J. Chem. Soc., Perkin Trans 1, 2001, 95-113 
28

 Ichihara, O. D. Ph. D. Thesis, Oxford, 1995. 
29

 Davies, S. G.; Garrido, N. M.; Ichihara, O.; Walters, I. A. S. J. Chem. Soc., Chem. Commun. 1993, 1153-
1155. 
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previamente el aducto de adición de Michael (3S,αR)- XVI  y se realiza posterior alquilación del 

enolato derivado, donde el e.d. que se obtiene es del 94%. 

 
Yamamoto y colaboradores30 en su publicación sobre la “Síntesis esterodivergente de enolatos de 

un β-aminoéster usando N-bencil tri-metilsililamiduro de litio”, demuestran como la selectividad 

de la reacción depende del modo de preparación del enolato, ya sea llevando a cabo un proceso 

tándem o secuencial (stepwise). En el procedimiento tándem, la adición al aducto intermedio 

formado por adición del amiduro al aceptor tiene lugar in situ sin aislar el aducto intermedio, 

mientras que en el procedimiento stepwise previamente a la adición, se aísla el aducto intermedio y 

se regenera el enolato con LDA. Se ha demostrado la diferente geometría adoptada por los 

enolatos (Z en tándem y E en secuencial) al atraparlos con cloruro de trimetilsililo para formar los 

silil-acetal-ceténicos que se estudiaron por experimentos NOE (Esquema 12). 

 

 

 
Esquema 12. Reactivos y condiciones: (i) LSA, -78°C. (ii) Me3SiCl. (iii) LDA, -78°C 

 
La selectividad E generada en el proceso por pasos se explica por el modelo de desprotonación de 

Ireland, en el que se asume que la reacción procede a través de un estado de transición cíclico en 

conformación de silla.31 

 
En este caso la cara del enolato donde se encuentra la amina sustituida por dos grupos 

voluminosos es menos accesible para el electrófilo atacante y ejerce mayor discriminación facial 

que en el estado cíclico intermedio que se genera en la reacción tándem.  

 

3. REACCIÓN DE ADICIÓN DE OXAZIRIDINAS EN LA OXIDAC IÓN DIRECTA DE 

ENOLATOS: 

La historia de las oxaziridinas se remonta a su primera síntesis publicada por Emmons32 en 1956, 

en ésta se expone que ciertas azometinas (RN=R2, R ≠ H) inactivas a la hidrólisis acida fueron 

                                                           
30

 Asao, N.; Uyehara, T.; Yamamoto Y. Tetrahedron, 1990, 46, 4563-4572. 
31

 Ireland, R. E.; Mueller, R. H. and Willard A. K. J Am. Chem. Soc. 1976, 98, 2868-2877. 
32

  Emmons, W. D. J. Am. Chem. Soc. 1956, 78(23), 6208-6209. 
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oxidadas con buen rendimiento en presencia de ácido anhidro peracético y cloruro de metileno 

para dar un sistema de anillo de tres miembros que incorpora oxígeno-nitrógeno y carbono. Debido 

a la alta electronegatividad presente en las oxaziridinas, tanto oxígeno como nitrógeno pueden ser 

transferidos. Esta inusual reactividad se debe a la tensión del anillo por ser de tres miembros y al 

enlace relativamente débil entre N y O. El sistema electrónico inusual de esta familia se ha 

utilizado para llevar a cabo una serie de reacciones de transferencias de oxígeno y nitrógeno 

incluyendo entre ellas la α-hidroxilación de enolatos. 

 

3.1 Compuestos α-hidroxi-carbonílicos: 

La importancia en la síntesis de compuestos conteniendo esta unidad ha estado muy presente, ya 

que se consideran como subunidades estructurales claves en la síntesis de productos naturales y 

valiosos auxiliares33 y sintones34 en la síntesis asimétrica de productos con actividad antitumoral, 

antibióticos, feromonas y azucares. 

 

3.2 Obtención: 

En 1984 Davis et al., presentó su oxaziridina (±)-trans-2-(fenilsulfonil)-3-feniloxaziridina como 

una nueva clase de reactivo oxidante aprótico y neutro en reacciones de oxidación. Su mecanismo 

de reacción se basa en el ataque nucleofílico de tipo SN2 del material de partida sobre el 

electrofílico átomo de oxígeno de la oxaziridina, sugiriendo de esta manera su aplicación en la 

oxidación directa de enolatos. Los resultados obtenidos por el grupo de Davis demuestran la 

obtención de compuestos α-hidroxi-carbonílicos con altos porcentajes de rendimiento y una mejor 

estereoselectividad ante el reactivo de Vedejs u O2.
35 

 
A este grupo selecto de oxaziridinas se unen en 1987 (+)-(2R,8aS)-D y (-)-(2S,8aR)-D como 

reactivos escogidos para la oxidación asimétrica directa de enolatos (Fig. 4), porque con ellas se 

obtienen niveles útiles de inducción asimétrica (50-95% ee), altos porcentajes de rendimiento 

independiente del contraión y cada una da el sentido opuesto de inducción asimétrica, 

respectivamente. En la oxidación asimétrica de enolatos quirales, se observa doble síntesis 

                                                           
33

 (a) Masamune, S.; Choy, W. Aldrichim. Acta 1982, 15, 47. (b)Masamune, S.; Choy, W.; Petersen, J. S.; Sita, 
L. R. Angew. Chem. Int. Ed. Engl. 1985, 24, 1. (c) Oppolzer, W. Angew. Chem. Int. Ed. Engl. 1984, 23, 876. (d) 
Reetz, M. T. Angew. Chem. Int. Ed. Engl. 1984, 23, 556. 
34

 Hannessian, S. “Total synthesis of Natural products: The Chiron approach”; Pergamon Press: New York, 
1983; Chapter 2. 
35

 Davis, F. A.; Vishwakarma, L. C.; Billmers, J. M.; Finn, J. J.Org. Chem. 1984, 49, 3241-3243. 
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asimétrica con (+)-D y (-)-D dando como resultado α-hidroxi-amidas con alta pureza óptica (90% 

de).36 

 

Figura 4. Canforsulfonil oxaziridinas 

 
Continuando con su investigación en el campo de las oxaziridinas, Davis y colaboradores 

aportaron en 1992 una nueva ruta en la síntesis de β-aminoácidos y α-hidroxi-β-aminoácidos;37 

partiendo de la síntesis asimétrica de sulfiniminas obteniéndolas con 88-90% de exceso 

enantiomérico. 

 

 
Esquema 13. Reactivos y condiciones: (i) 1.5 equiv. Enolato de litio del metil acetato (LDA, metil acetato),-
78°C. (ii) 4 equiv. de CF3CO2H, MeOH, 0°C, 2h. (iii) 1) CF3CO2H, MeOH. 2)Et3N/DMAP, PhC(O)Cl. (iv) 

1) LDA/1.6 equiv. LiCl -42°C. 2) (+)-(Canforsulfonil)-oxaziridina, -100 a -78°C 
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 Davis, F. A.; Ulatowski, T. G.; Haque, M. S. J. Org. Chem. 1987, 52, 5288. 
37

 Davis, F. A.; Reddy, T.; Reddy, R. E. J. Org. Chem. 1992, 57, 6387-6389. 
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La selectividad facial para la hidroxilación del enolato usando N-sulfoniloxaziridinas casi siempre 

ocurre en la cara menos impedida del enolato.38 Por lo contrario, como se observa en el esquema 

13, la formación del α-hidroxi-β-aminoácido (-)-(2R,3S) parece implicar una aproximación de la 

oxaziridina por la cara más impedida del material a reaccionar, lo cual fue inesperado. Sin 

embargo, si el di-anión enolato del material a reaccionar forma un quelato intramolecular, la 

aproximación de la oxaziridina en este caso se lleva a cabo por la cara menos impedida. 

 

3.3 Hidroxilaciones diastereoselectivas: 

 
3.3.1 En Esteres α,β-insaturados: 

Como un importante ejemplo de hidroxilaciones diastereoselectivas en ésteres α,β-insaturados, 

Smith y colaboradores, prepararon el α-hidroxi-éster XVIII , como un intermedio clave en la 

síntesis enantioselectiva del antibiótico antitumoral echinosporin por oxidación del di-enolato 

XVII con (+)-(2R,8aS)-D (Esquema 14).39 

 

 

Esquema 14. Aplicación de hidroxilaciones diastereoselectivas en ésteres α,β-insaturados 
 

3.3.2 Síntesis asimétrica de β-amino-α-hidroxi-ácidos vía hidroxilación diastereoselectiva de 

β-amino enolatos homoquirales:  

Una de las primeras síntesis asimétricas de β-amino-α-hidroxi-ácidos homoquirales directa fue 

desarrollada en el grupo de Davies.40 La alta diastereoselectividad observada en la adición 

conjugada del amiduro de litio quiral de la N-bencil-N-α-metilbencilamina con aceptores enoato, y 

la hidroxilación electrofílica del resultante β-amino enolato con (canforsulfonil)-oxaziridina se 

convierte en una estrategia general en la síntesis asimétrica de una variedad de compuestos cuya 

                                                           
38

 (a) Davis, F. A.; Chen, B. C. Chem Rev. 1992, 92, 919-934. (b) Davis, F. A.; Sheppard, A. C.; Chen, B. C.; 
Haque, M. S. J. Am. Chem. Soc. 1990, 112, 1512. 
39

 Smith, A. B.,III; Sulikowski, G. A.; Fujimoto, K. J Am. Chem. Soc. 1989, 111, 8039-8041. 
40

 Bunnage, M. E.; Chernega, A. N.; Davies, S. G.; Goodwin, C. J. J. Chem. Soc. Perkin Trans 1, 1994, 2373-
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actividad biológica está ligada a la presencia de éste componente en la cadena lateral como taxol, 

el cual es un eficaz agente anticancerígeno y ha sido objetivo principal de varias investigaciones 

(Fig. 5).41 

 

 
Figura 5. Paclitaxel, comercializado por Bristol-Myers Squibb en 1993 con el nombre de Taxol® 

 
Retomando la investigación de Davis sobre la síntesis de β-amino-α-hidroxi-ácidos y aplicando la 

adición de amiduros de litio quirales en la síntesis de β-aminoácidos, Davies et al., decidieron 

realizar una variedad de reacciones con diferentes reactivos que proporcionaran productos 

hidroxilados estereoselectivamente, de esta manera se postularon dos métodos alternativos para la 

generación del enolato, el primero, el enfoque “tándem”, donde el β-amino enolato resultante de la 

adición conjugada de amiduros de litio quiral fue atrapado in situ y el segundo, un enfoque 

“secuencial o stepwise” alternativo, donde el β-amino enolato fue generado desde un aducto 

conjugado preformado.  

 
Usando metil crotonato y metil cinamato, tanto el enfoque tándem como stepwise fueron 

investigados utilizando oxígeno, el reactivo de Vedejs y las oxaziridinas de Davis (±)-trans-2-

(fenilsulfonil)-3-feniloxaziridina como fuente de oxígeno electrofílico. Desafortunadamente, todos 

los experimentos fueron insatisfactorios en términos de rendimiento y selectividad.  

 
Sin embargo, una investigación más profunda sobre la utilidad de la (canforsulfonil)-oxaziridina 

llevo al grupo de Davies a realizar una adición tándem usando el amiduro de litio de (R)-C a metil 

cinamato y posterior hidroxilación del enolato por adición de (+)-(2R,8aS)-D a -78°C, como se 

observa en el esquema 15. Aunque la formación del β-amino-α-hidroxi-éster se llevo a cabo y 

presentó una buena diastereoselectividad (>90% e.d.), la presencia de sub-productos impidió 

realizar una evaluación más precisa, además de la dificultad en la purificación del compuesto 

hidroxilado. 
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Esquema 15. Adición tándem. 

 
Como medida para evitar los problemas de purificación se empleó el método stepwise. Primero se 

preparo el β-aminoester (>95% e.d.) seguido por tratamiento prótico por medio de adición de 

NH4Cl(sat.), posterior extracción y purificación y segundo, la enolización del aducto usando 

hexametildisilazida de litio (LHMDS) seguido de hidroxilación a -78°C con (+)-(2R,8aS)-D 

oxaziridina obteniendo el producto deseado con excelente diastereoselectividad (Esquema 16). 

 

Ph OMe

ON

Ph

Ph 1) LHMDS

2) (+)-(2R,8aS)-D,
THF, -78°C Ph OMe

ON

Ph

Ph

OH

84%, 98% d.e.  

 
Esquema 16. Adición secuencial o stepwise. 

 
Este estudio también se llevo a cabo con la adición del enantiómero de la oxaziridina, (-)-(2S,8aR)-

D, obteniendo una ligera reducción en la diastereoselectividad (93% d.e) y además, confirmó que 

la hidroxilación es predominante de acuerdo a la inducción asimétrica controlada del substrato 

(Esquema 17). 

 

 

 
Esquema 17. Adición secuencial o stepwise con adición del enantiómero de la oxaziridina. 

 
Al usar terc-butil cinamato como enoato y llevar a cabo tanto los experimentos tándem como 

stepwise se observo en el primer caso, la disminución de productos secundarios, postulando de esta 

manera que el origen de éstos subproductos son consecuencia de la competencia existente entre la 

adición 1,2 del amiduro de litio al éster metílico, además de obtener una estereoselectividad del 
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93% a favor del diastereoisómero anti (29:1) y facilidad de separación 86% y 3%, 

respectivamente. Cuando se utiliza LHMDS en el procedimiento stepwise, se observo en el 

espectro de 1H RMN del crudo de reacción que solo se llevo a cabo el 10% de conversión de 

material de partida al compuesto deseado, sin embargo, si la enolización se lleva a cabo con LDA 

como base, la reacción cambia radicalmente obteniendo un 97% d.e y un excelente porcentaje de 

rendimiento (90%), éstos resultados sugirieron que LHMDS es demasiado grande afectando la 

velocidad de enolización, pero como gran observación se concluye que en este caso, al trabajar con 

esteres terc-butílicos se obtienen muy buenos resultados tanto con el procedimiento tándem como 

stepwise. 

 

4. APLICACIONES DE LA ADICIÓN DE AMIDUROS QUIRALES:  

 
4.1 Adición de amiduros de litio quiral a sistemas cíclicos: 

La adición de amiduros de litio también se ha llevado a cabo sobre sistemas cíclicos como 

ciclopent-1-eno carboxilato de terc-butilo y ciclohex-1-eno carboxilato de terc-butilo que conduce 

a la síntesis enantioselectiva de los sistemas cíclicos cis disustituido que culminan en la síntesis 

asimétrica total de (-)-(1R,2S)-Cispentacin y su homólogo ciclohexánico (Esquema 18).42 

 

 

 
Esquema 18. Reactivos y condiciones: (i) (S)-C, tolueno. (ii) 2,6-di-terc-butilfenol, THF. (iii) H2 (4 atm.), 

Pd/C. (iv) TFA/ Dowex 50X8-200. 
 

4.2 Adición de amiduros de litio quiral en la síntesis de productos naturales: 

Recientemente, Davies et al., han empleado la metodología de adición de amiduros de litio a 

ésteres α,β-insaturados en la síntesis asimétrica de productos naturales como el alcaloide 
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 (a) Davies, S. G.; Ichihara, O.; Walters, I. A. S. Synlett, 1993, 461-462. (b) Davies, S. G.; Ichihara, O.; Lenoir, 
I.; Walters, I. A. S. J. Chem Soc. Perkin Trans 1, 1994, 1411-1415. 
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tetrahidroquinolínico (R)-(-)-angustureina43 y de los compuestos (+)-negamicina, (+)-3-epi-

negamicina y esperabillina C,44 según se muestra en el esquema: 

 

 

 
Esquema 19. Reactivos y condiciones: (a) (R)-C, THF, -78°C. (b): LiOH, THF/H2O, 40°C. (c): PPA, 100°C. 

(d): LiAlH 4, THF, reflujo. (e): MeI, K2CO3, THF, reflujo. 
 
Si bien una variedad de funcionalidades pueden ser incorporadas en la estructura del β-aminoéster 

por elaboración del enolato, la generación de múltiples estereocentros vía one-pot por reacciones 

de adición conjugada seguidas de reacciones de ciclación han sido también tema de investigación. 

Recientemente Davies et al.,45 han contribuido con la síntesis asimétrica de (S)-coniina o cicutina y 

(R)-δ-coniceina por medio de la adición conjugada de amiduros homoquirales a ésteres ζ-hidroxi-

α,β-insaturado, seguido por una reacción one-pot de ciclación y posterior N-desbencilación.  

 
Su estrategia de síntesis se basa en la síntesis de ζ-halo-β-aminoéster desde su correspondiente ζ-

hidroxi-β-aminoéster. Así, la yodación del producto de reacción de la adición de Michael 

previamente obtenido con un 66% y >99:1 dr se llevo a cabo en un 85% siendo éste el único 

diastereoisómero de reacción (>99:1 dr), después una solución del producto Iodado en acetonitrilo 

y presencia de AgBF4 fue reflujada por 16 horas obteniendo una mezcla de 48:49:3 de material de 

partida, piperidina (R)-XIX  y el β-aminoéster ε,ζ-insaturado, respectivamente. La purificación de 

ésta mezcla llevo a la separación de los compuestos (R)-XIX  en 55% (>99:1 dr), β-aminoéster ε,ζ-

insaturado en 33% (>99:1 dr) cuya formación es consistente con la eliminación de HI promovida 

                                                           
43

 Bentley, S. A.; Davies, S. G.; Lee, J. A.; Roberts, P. M.; Thomson, J. E. Org. Lett. 2011, 13, 2544-2547. 
44

 Davies, S. G.; Ichihara, O.; Roberts, P. M.; Thomson, J. E. Tetrahedron 2011, 67, 216-227. 
45

 Davies, S. G.; Fletcher, A. M.; Hughes, D. G.; Lee, J. A.; Price, P. D.; Roberts, P. M.; Russell, A. J.; Smith, A. 
D.; Thomson, J. E. and Williams, O. M. H. Tetrahedron 2011, 67, 9975-9992. 
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por Ag en el material de partida y (RS)-XX  con 49% como resultado de una reacción de Ritter 

entre el intermedio α-metilbencílico catiónico y acetonitrilo (Esquema 20). 

 

 

 
Esquema 20. Reactivos y condiciones: (i) PPh3, imidazol, I2, PhMe/MeCN (v/v 4:1), 65°C, 2 h. (ii) AgBF4, 

MeCN, 80°C, 16 h. (iii) MeCN, 80°C, 16 h. 
 

Debido a la formación de (RS)-XX  observada anteriormente, se pensó que esta pérdida podría 

influir en la velocidad de reacción por ello se planteó la utilización del amiduro de litio (R)-N-

benzyl-N-(p-metoxi-α-metilbencil) (Esquema 21) cuya adición de Michael al éster ζ-hidroxi β-

insaturado se llevo a cabo con un 76% de rendimiento y >99:1 dr, seguida de la reacción de 

iodonización obteniendo el respectivo producto halogenado con 91% de rendimiento y >99:1 dr, 

presentando un notable incremento en el rendimiento global. 

 

 

Condiciones XXIII : XXIV 
ratio 

(R)-XXIII (%) XXV (%) 

(iii) 86 : 14 84 - 
(iv) 100 : 0 94 65 
(v) 100 : 0 75 33 

 
Esquema 21. Reactivos y condiciones: (i) THF, -78°C, 2h. (ii) PPh3, imidazol, I2, PhMe/MeCN (v/v 4:1), 

65°C, 2h. (iii) AgBF4, MeCN, 80°C, 16h. (iv) MeCN, 80°C, 16 h. (v) PPh3, imidazol, I2, MeCN, 80°C, 16h. 
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El calentamiento de una solución de XXII  in MeCN por16 horas en usencia de AgBF4 llevo al 

consumo completo del material de partida, obteniendo (R)-XXIII  y el p-metoxiestireno XXV  

aislados en 94 y 65% respectivamente.  

 
Con la metodología optimizada toda la atención se centro en la síntesis de los alcaloides de 

Hemlock (S)-coniina46 y (R)-δ-coniceina.47 Como se observa en el siguiente esquema, la 

funcionalidad terc-butil fue reducida con DIBAL-H a 0°C para dar el alcohol XXVI  con 99% de 

rendimiento, la oxidación de éste bajo las condiciones de Swern dio cuantitativamente el β-

aminoaldehído XXVII  y éste a su vez fue sometido a la reacción de Wittig con bromuro de metil 

trifenilfosfonio llevando a la obtención de la amina homoalílica XXVIII  (52%). Reacciones 

tandem de hidrogenación e hidrogenólisis en presencia de [Pd(OH)2/C] y tratamiento con HCl, 

llevo a la obtención del hidrocloruro de (S)-coniina con 82% de rendimiento. 

 

 

 
Esquema 22. Reactivos y condiciones: (i) DIBAL-H, THF, 0°C-t.a. 6 h. (ii) (COCl)2, DMSO, Et3N, DCM, -
78°C-t.a. (iii) [Ph3PMe]+[Br] -, KOtBu, THF, 0°C-t.a. 16 h. (iv) Pd(OH)2/C (20% wt), H2 (1 atm), MeOH, t.a, 

48 h., HCl. 
 

Para la síntesis de (R)-δ-coniceina (Esquema 23), es necesario la extensión de la cadena en el 

aldehído XXVII  por medio de la reacción de Wittig con bromuro de (metoximetil)-trifenilfosfonio 

dando el enol-eter XXIX  como una mezcla 52:48 de isómeros geométricos. La hidrólisis de ésta 

mezcla dio el γ-amino aldehído XXX , el cual bajo tratamiento con el catalizador de Pearlman a 1 

atm de H2 lleva a la obtención del alcaloide, el cual fue aislado como su correspondiente 

hidrocloruro en 94% de rendimiento. 

 

 

 
Esquema 23. Reactivos y condiciones: (i) [Ph3PCH2OMe]+[Br] -, KOtBu, THF, 0°C-t.a. 16 h. (ii) 
DCM/HCO2H (v/v 4:1), t.a 16 h. (iii) ) Pd(OH)2/C (20% wt), H2 (1 atm), MeOH, t.a, 48 h., HCl. 

 

                                                           
46

 Wilkinson, T. J.; Stehle, N. W.; Beak, P. Org. Lett, 2000, 2, 155-158 and references cited therein. 
47

 Panchgalle, S. P.; Bidwai, H. B.; Chavan, S. P.; Kalkote, U. R. Tetrahedron: Asymmetry 2010, 21, 2399-2401 
and references cited therein. 
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4.3 Aplicaciones recientes de los amiduros de litio quiral: 

Una de las aplicaciones más recientes de la adición de Michael de amiduros de litio quiral ha sido 

la publicada por el grupo de Davies,48 desarrollando la primera y más eficiente síntesis asimétrica 

de (-)-(S,S)-homalina en 8 pasos con un rendimiento global del 18%. La familia de alcaloides del 

género homalium (Fig. 6) ha sido aislada de las hojas de una especie africana Homalium y 

Homalium pronyense Guillaum encontradas en los bosques de Nueva Caledonia. (-)-(S,S)-

homalina es la única de la familia que presenta simetría y ha sido objetivo de varios grupos de 

investigación, aunque no había sido descrita ninguna síntesis asimétrica hasta ahora. 

 

 

 
Figura 6. Familia de alcaloides del género homalium. 

 
La adición conjugada del amiduro de litio (R)-N-(3-cloropropil)-N-(α-metil-p-metoxibencil) (R)-F 

a metil cinamato procede con conversión completa obteniendo el β-aminoéster XXXI  como único 

diastereoisómero (>99:1 dr), subsecuente eliminación del fragmento N- α-metil-p-metoxibencil 

por adición de TFA dio el compuesto XXXII  con 92% de rendimiento, seguido de la reacción de 

metilación para dar el intermedio XXXIII  el cual fue aislado con un 75%, desplazamiento del 

halogenuro con azida de sodio en presencia de NaI para dar cuantitativamente XXXIV . Con este 

producto en mano, se empleo la reacción de reducción de Staudinger seguido por ciclación de 

XXXV  mediante Sb(OEt)3 para dar la conocida azalactama XXXVI  con 62% (Esquema 24). 
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 Davies, S. G.; Lee, J. A.; Roberts, P. M.; Stonehouse, J. P. and Thomson, J. E. Tetrahedron Letters, 2012, 
53, 1119-1121. 



Introducción 
 

 
40 

 

 
Esquema 24. Reactivos y condiciones: (i) (R)-F, THF, -78°C, 2 h. (ii) TFA, 60°C, 2.5 h. (iii) (CH2O)n, 

MeOH, NaBH3CN, t.a, 18 h. (iv) NaN3, NaI, DMSO, 50°C, 24 h. (v) PPh3, THF/H2O (v/v 7:3), 50°C, 2 h. 
(vi) Sb(OEt)3, PhMe, reflujo, 18 h. (vii) Br(CH2)4Br, KOH, DMSO, t.a 4 h. 

 

 

5. β-AMINOÁCIDOS: 

 
La síntesis eficaz de β-aminoácidos es de gran importancia ya que muchas clases de productos 

naturales contienen fragmentos derivados de esta familia como terpenos, alcaloides, péptidos, 

antibióticos β-lactámicos, etc. Algunos β-aminoácidos enantioméricamente puros han sido puestos 

a disposición vía manipulación de lo que se denomina en terminología inglesa “The chiral-pool”,49 

mientras que aproximaciones a su síntesis asimétrica ha estado enfocada en el empleo de auxiliares 

quirales proporcionando enolatos homoquirales y ácidos α,β-insaturados homoquirales 

equivalentes para adiciones de iminas50 y adiciones de Michael,51 respectivamente. Por ejemplo, 

derivados de β-fenilalanina, sintetizada por Davies et al., en 1993 por medio de adición de 

amiduros de litio quiral a terc-butil cinamato, son constituyentes de varios alcaloides tipo taxano52 

y de pseudopéptidos de origen natural como andrimida (Fig. 7),53 el cual exhibe actividad 

antibiótica y ha sido objeto de investigación de varios grupos; su primera síntesis estereoespecífica 

                                                           
49

 (a) Baldwin, J. E.; Adlington, R. M.; O`Neil, I. A.; Schofield, C.; Spivey, A. C. and Sweeney, J. B. Chem. 
Comm., 1989, 1852-1854. 
50

 (a) Broadley, K. and Davies, S. G. Tetrahedron Letters, 1984, 25, 1743-1744. (b) Liebeskind, L. S.; Welker, 
M- E. and Fengl, R. W. J. Am. Chem. Soc. 1986, 108, 6328-6343. 
51

 D`Angelo, J.; Maddaluno J., J. Am. Chem. Soc., 1986, 108, 8112-8114. 
52

 (a) Graf, E. and Boeddeker, H. Ann. Chem. 1958, 613, 111-120. (b) Graf, E.; Weinandy, S.; Koch, B.; 
Breitmaier, E. Liebigs Ann. Chem. 1986, 7, 1147-1151. 
53

 Fredenhagen, A.; Tamura, S. Y.; Kenny, P. T. M.; Komura, H.; Naya, Y.; Nakanishi, K.; Nishiyama, K.; 
Sugiura, M. and Kita, H. J. Am. Chem. Soc. 1987, 109, 4409-4411. 
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fue publicada en 1989 por el grupo de Komura54 y más adelante otros grupos continuaron 

trabajando en su biosíntesis55 y configuración absoluta. 

 

 
Figura 7. β-aminoácidos como constituyentes de alcaloides 

 
Entre este grupo de β-aminoácidos, también se encuentran los α-hidroxi- β-aminoácidos los cuales 

constituyen un grupo importante de aminoácidos que se encuentran presentes en varios inhibidores 

enzimáticos peptídicos como bestatina,56 amastatina57 y el hexapéptido pepstatina (Fig. 8).58 

 

 

 
Figura 8. Ejemplos de α-hidroxi- β-aminoácidos con actividad biológica 

 
De esta manera, éste campo de investigación ha venido en aumento y se ha especializado en 

diferentes ramas, proporcionando por diferentes rutas un gran número de fuentes de monómeros,59 

entre ellas la síntesis de β-aminoácidos cíclicos los cuales son objeto de estudio en este trabajo. 

                                                           
54

 McWhorter, W.; Fredenhagen, A.; Nakanishi, K. and Komura, H. J. Chem. Soc., Chem. Commun. 1989, 
299-301. 
55

 Needham, J.; Kelly, M. T.; Ishige, M.; Andersen, R. J. J. Org. Chem. 1994, 59, 2058-2063. 
56

 (a) Mangatal, L.; Adeline, M-T.; Guénard, D.; Guéritte-Voegelein, F.; Potier, P. Tetrahedron 1989, 45, 
4177-4190. (b) Guéritte-Voegelein, F.; Sénilh, V.; David, B.; Guénard, D.; Potier, P. Tetrahedron 1986, 42, 
4451-4460. 
57

 Takita, T.; Aoyagi, T.; Umezawa, H. J. Antibiot. 1976, 29, 100-102. 
58

 Umezawa, H.; Aoyagi, T.; Morishima, H.; Matsuzaki, M.; Hamada, M.; Takeuchi, T. J. Antibiot. 1970, 23, 
259-262. 
59

 (a) Juaristi, E. “Enantioselective Synthesis of β-Amino acids”, Wiley-VCH: New York, 1997. (b) Juaristi, E.; 
Quintana, D.; Escalante, J. Aldrichim. Acta 1994, 27, 3-11. (c) Podlech, J.; Seebach, D. Angew. Chem., Int. Ed. 

Engl. 1995, 34, 471-472. (d) Romanova, N. N.; Gravis, A. G.; Bundel, Y. G. Russ. Chem. Rev. 1996, 65, 1083-
1088. 
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Uno de los productos naturales más interesantes que ha sido objeto de estudio por varios grupos de 

investigación es el taxol,60el cual es un complejo diterpénico polioxigenado aislado de Taxus 

brevifolia conteniendo un fragmento α-hidroxi- β-aminoácido en su estructura ((-)-N-bencil-

(2R,3S)-3-fenilsoserina). Actualmente está considerado como uno de los agentes anticancerígenos 

más importantes.61 Aunque las reservas naturales de taxol son limitadas, se ha encontrado un 

precursor, 10-deacetil baccatin,62 al cual se le puede incorporar el β-aminoácido en la cadena 

lateral aumentando su actividad biológica. 

 

5.1 β-aminoácidos cíclicos: 

En 1989, dos grupos de trabajo, independientemente, aislaron un eficaz antibiótico antifúngico, 

ácido (1R,2S)-2-aminociclopentanocarboxílico, conocido como cispentacin (Fig.9).63 A partir de 

ese momento crece el interés por estos β-aminoácidos cíclicos (β-CAA), apareciendo nuevos 

compuestos como el ácido 2-aminociclohexenocarboxílico o el ácido (1R,2S)-2-amino-4-

metilenciclopentanocarboxílico (BAY 10-8888), ambos con actividad antifúngica.64  

 

 
Figura 9. Ejemplos de β-aminoácidos cíclicos 

 
Más recientemente, los estudios con β-CAA, se han centrado principalmente en la gran utilidad 

que éstos presentan en la síntesis de β-péptidos, cuyo atractivo particular es ayudar a ampliar 

nuestra comprensión de la estructura de las proteínas, su estabilización cuando se doblan y su uso 

como polímeros no-biológicos ya que al igual que sus homólogos los α-péptidos, contienen 

enlaces amida capaces de formar enlaces de estabilización como los enlaces de hidrógeno 

intramolecular. Además, debido a su rigidez estructural, aparecen como herramientas muy útiles 
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 (a) Kingston, D. G. I. Chem. Commun. 2001, 867-880. (b) Nicolaou, K. C.; Dai, W-M.; Guy, R. K. Angew. 

Chem. Int. Ed. Engl. 1994, 33, 15-44. 
61

 (a) Katayama, N.; Nozaki, Y.; Tsubotani, S.; Kondo, M.; Harada, S.; Ono, H. J. Antibiot. 1990, 43, 10. (b) 
Kingston, D. G. I.; Newman, D. J. Curr. Opin. Drug Disc. 2007, 19, 130-144. (c) Kingston, D. J. Org. Chem. 
2008, 73, 3975-3984. 
62

 Zhang, M.; Lu, X.; Zhang, J.; Zhang, S.; Dong, M.; Huo, C.; Shi, Q.; Gu, Y.; Cong, B. Chem. of Natural 

Compounds, 2010, 46, 53-58 and the references cited therein. 
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 (a) Konishi, M.; Nishio, M.; Saitoh, K.; Miyaki, T.; Oki, T.; Kawaguchi, H. J Antibiot. 1989, 42, 1749. (b) Oki, 
T.; Hirano, M.; Tomatsu, K.; Numata, K.; Kamei, H. J Antibiot. 1989, 42, 1756-1762. (c) Iwamoto, T.; Tsujii, 
E.; Ezaki, M. J Antibiot. 1990, 43, 1-7. (d) Kawabata, K.; Inamoto, Y.; Sakane, K. J Antibiot. 1990, 43, 513-518. 
64

 (a) Knapp, S. Chem. Rev. 1995, 95, 1859-1876. (b) Kunisch, F.; Babczinski, P.; Arlt, D.; Plempel, M. Ger. 
Offen. DE 4028046 A1. Chem. Abstr. 1992, 117, 20486. 
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para la construcción de péptidos conformacionalmente controlados. La primera incorporación de 

β-CAA en péptidos fue descrita en 1991 por el grupo de Goodman.65 

 
Varios años después, Gellman S. H. y colaboradores describen foldámeros β-peptídicos muy 

estables,66 con una gran tendencia a adoptar conformaciones compactas específicas67 donde el 

término “compactas” hace referencia a la estructura terciaria de las proteínas, entre estos se 

encuentran los que incorporan la unidad trans-pentacin y la de homólogos ciclohexánicos los 

cuales se doblan en agua y pueden facilitar el diseño de β-péptidos con sustituyentes apropiados en 

el ciclo para aplicaciones biológicas ya que son más estables a la hidrólisis enzimática debido a la 

imposibilidad de las peptidasas de romper enlaces amida, lo que les convierte en importantes 

candidatos para el desarrollo de nuevos medicamentos (Fig. 10).68 

 

 
Figura 10. Ejemplos de foldámeros β-peptídicos 

 
Además de la inserción de grupos polares que aumentan su solubilidad en agua (Fig. 11).69 

 

 

Figura 11. β-aminoácidos cíclicos polifuncionalizados 
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 (a) Yamazaki, T.; Zhu, Y-F.; Probstl, A.; Chadha, R. K.; Goodman, M. J. Org. Chem. 1991, 56, 6644-6655. (b) 
Yamazaki, T.; Probstl, A.; Schiller, P. W.; Goodman, M. Int. J. Peptide Protein Res. 1991, 37, 364. 
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 (a) Gellman, S. H.; Compton, T. J. Biol. Chem. 2006, 281, 2661-2667.(b) Gellman, S. H. Acc. Chem. Res. 

1998, 31, 173-180. (c) Appella, D.H.; Christianson, L. A.; Gellman, S.H. Nature 1997, 387, 381-382. 
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 Price, J. L.; Horne, W. S.; Gellman, S. H. J. Am. Chem. Soc. 2010, 132, 12378-12387. 
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En esta misma línea es interesante la contribución realizada recientemente por Estévez et al., al 

sintetizar β-aminoácidos ciclopentánicos altamente hidroxilados a partir de L-idosa (Esquema 

25).70 

 

 
Esquema 25. Síntesis de β-aminoácidos ciclopentánicos polihidroxilados 

 
Varios grupos han descrito una serie de β-péptidos cíclicos que al ensamblarlos forman 

arquitecturas tubulares,71 basándose en estas observaciones Ghadiri et al., demostró que estas 

estructuras tubulares pueden ser usadas como canales conductores de iones en bicapas de 

fosfolípidos.72 

 
Debido a la elevada actividad biológica presente en ésta clase de compuestos y la importancia que 

conlleva su producción en la industria farmacéutica, se llegó al desarrollo de la síntesis asimétrica 

de derivados de β-aminoácidos cíclicos.73 En un principio, la mayoría de los estudios en este 

campo se centraron en β-aminoácidos ciclopropánicos y ciclopentánicos, siendo mucho menos 

frecuente la síntesis de análogos con ciclos de más de seis miembros y no obteniéndose en estos 

casos compuestos enantioméricamente puros, sino mezclas racémicas. 

 
Reiser y Pietztsch han obtenido ácidos β-aminociclopropánicos enantioméricamente puros 

(Esquema 26) y los han aplicado con éxito a la construcción de péptidos, principalmente derivados 

de β-alanina y ácido γ-aminobutírico.74 

 

 
Esquema 26. Ejemplos de ácidos β-aminociclopropánicos 

                                                           
70

 (a) Soengas, R. G.; Pampín, M. B.; Estévez, J. C.; Estévez, R. J. Tetrahedron: Asymmetry 2005, 16, 205-211. 
(b) Soengas, R. G.; Estévez, J. C. Estévez, R. J. Org. Lett. 2003, 5, 1423-1425. 
71

 Richard, P. C.; Gellman, S. H.; DeGrado, W. F. Chem. Rev. 2001, 101, 3219-3232. 
72

 Clark, T. D.; Buehler, L. K.; Ghadiri, M. R. J. Am. Chem. Soc. 1998, 120, 651-656. 
73

 Fülöp, F. Chem Rev. 2001, 101, 2181-2204. 
74

 Beumer, R.; Bubert, C.; Cabrele, C.; Vielhauer, O.; Pietzsch, M.; Reiser, O. J. Org. Chem. 2000, 65, 8960-
8969. 
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En esta misma línea, Davies y colaboradores aportaron una nueva técnica en la síntesis asimétrica 

de β-aminoácidos cíclicos vía adición conjugada diastereoselectiva y metátesis secuencial por 

cierre de anillo.75De esta forma la adición del amiduro de litio quiral (S)-N-alil-N-α-

metilbencilamida a una serie de ésteres α,β-insaturados seguido por el cierre de anillo con el 

catalizador de Grubbs, sirvió para obtener de forma eficiente β-aminoésteres cíclicos con un alto 

exceso diastereoisomérico, como se observa en el esquema 27. 

 

 
Esquema 27. Obtención de β-aminoácidos cíclicos. 

 

5.1.1 β-aminoácidos ciclooctánicos: 

Recientemente, Fülöp et al.,76 ha publicado la síntesis asimétrica de β-aminoácidos cíclicos de 5 a 

8 átomos de carbono por medio de la enzima-catalizadora lipasa B proveniente de la Candida 

Antarctica, enantioselectiva en la apertura del anillo de β-lactamas alicíclicas inactivas en medio 

orgánico y 1 equivalente de agua a 60°C (Esquema 28). Los β-aminoácidos obtenidos han sido 

incorporados dentro de diferentes oligómeros, como ruta para ofrecer un amplio rango de β-

péptidos y contribuir en el crecimiento de librerías de péptidos conformacionales.77 

 

 

Esquema 28. Síntesis de β-aminoácidos cíclicos de 5 a 8 átomos de carbono. 

                                                           
75

 Chippindale, A. M.; Davies, S. G.; Iwamoto, K.; Parkin, R. M.; Smethurst, C. A. P.; Smith, A. D.; Rodriguez-
Solla, H. Tetrahedron, 2003, 59, 3253-3265. 
76

 (a) Forró, E.; Fülöp, F. Org. Lett. 2003, 5, 1209-1212; (b) Forró, E.; Árva, J.; Fülöp, F. Tetrahedron: 

Asymmetry 2001, 12, 643-649. 
77

 Fülöp, F.; Forró, E.; Tóth, G. K., Org. Lett. 2004, 6, 4239-4241. 
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A partir de la (±)-β-lactama ciclooctánica representada en el esquema anterior, Fülöp y su grupo de 

investigación prepararon su derivado N-hidroximetilato el cual por medio de una acilación 

asimétrica catalizada por lipasa del alcohol primario en el centro estereogénico (S) llevó a la 

obtención de su éster y alcohol enantioméricamente enriquecidos (ee ≥92%). Tratamiento de estos 

dos compuestos previamente aislados con NH4OH/MeOH llevo a la formación de las 

correspondientes β-lactamas (1R,8S) y (1S,8R) (ee ≥93%) los cuales son importantes intermedios 

en la síntesis de Anatoxina-a (Esquema 29).78 

 

 

 
Esquema 29. Síntesis de potenciales derivados en la síntesis de Anatoxina-a 

 
Kaushik y colaboradores79 han publicado la síntesis de β-aminoácidos ciclooctánicos (Fig. 12) 

incorporados en cadenas peptídicas de los cuales se ha demostrado que XXXVII  y XXXVIII  

presentan actividad antimalárica (IC50 = 3.87 y 3.64 µg/mL, respectivamente). 

 

 

 
Figura 12. β-aminoácidos ciclooctánicos y polifuncionalizados 

 
Entre estos derivados de β-aminoácidos cíclicos hidroxi-funcionalizados (Fig. 10) algunos juegan 

un papel muy importante en el campo de la química médica ya que están presentes en muchos 

productos esenciales, como Paclitaxel (Taxol ®) y su derivado sintético Docetaxel (Taxotere ®), 

los cuales tienen efectos significativos en quimioterapia.80 En este campo, Fülöp y colaboradores 

                                                           
78

 Forró, E.; Árva, J.; Fülöp, F. Tetrahedron: Asymmetry, 2001, 12, 643-649. 
79

 Sathe, M.; Thavaselvam, D.; Srivastava, A. K.; Kaushik, M. P. Molecules 2008, 13, 432-443. 
80

 (a) Wust, P. G. M.; Gu, R. L.; Northuis, J. M. Tetrahedron: Asymmetry 2000, 11, 2117-3123. (b) Roy, O.; 
Pattenden, G.; Pryde, D. C.; Wilson, C. Tetrahedron 2003, 59, 5115-5121. (c) Nicolaou, K. C. Tetrahedron 
2003, 59, 6683-6738. 
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han publicado recientemente81 la síntesis asimétrica de los ácidos 2-aminociclooctanocarboxílicos 

mono- y di-hidroxi-sustituidos XXXIX y XL. 

 

5.1.2 β-aminoácidos heterocíclicos: 

Estructuras conformacionalmente rígidas de β-aminoácidos incorporando un heteroátomo en el 

anillo también han recibido una considerable atención como consecuencia de su potencial 

biológico. Actualmente, un gran grupo de éstos derivados heterocíclicos incorporan un átomo de 

nitrógeno en el anillo, observando que β-péptidos conteniendo restos estructurales de ácido 3-

aminopirrolidin-4-carboxílico y ácido 3-aminopirrolidin-2-carboxílico adoptan estructuras 

secundarias de hélice las cuales proporcionan mayor estabilidad a estos oligómeros, además de 

presentar diferentes actividades biológicas entre ellas antimicrobiana82 y aquellos que poseen un 

esqueleto pirrólico presentan potente influencia como inhibidores de la neurominidasa.83  

En ésta línea, Fülöp y colaboradores han realizado importantes aportes en la preparación 

enantioméricamente pura de aminoésteres con un esqueleto piperidinico84 y recientemente la 

síntesis regio y estereoisomérica de azepane β-aminoésteres a partir de isómeros de β-lactama 

bicíclicos (Esquema 30).85 

 

 

 
Esquema 30. Síntesis de azepane β-aminoésteres 
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 Palkó, M.; Benedek, G.; Forró, E.; Wéber, E.; Hänninen, M.; Sillanpää, R.; Fülöp, F. Tetrahedron: 

Asymmetry 2010, 21, 957-961. 
82

 (a) Porter, E. A.; Wang, X.; Lee, H.-S.; Weisblum, B.; Gellman, S. H. Nature, 2000, 404, 565. (b) Porter, E. 
A.; Weisblum, B.; Gellman, S. H. J. Am. Chem. Soc. 2005, 127, 11516-11529. (c) Porter, E. A.; Weisblum, B.; 
Gellman, S. H. J. Am. Chem. Soc. 2002, 124, 7324-7330. 
83

 Wang, G. T.; Chen, Y.; Wang, S.; Gentles, R.; Sowin, T.; Kati, W.; Muchmore, S.; Giranda, V.; Stewart, K.; 
Sham, H.; Kempf, D.; Laver, W. G. J. Med. Chem. 2001, 44, 1192-1201. 
84

 Kiss, L.; Kazi, B.; Forró, E.; Fülöp, F. Tetrahedron Letters, 2008, 49, 339-342. 
85

 Kazi, B.; Kiss, L.; Forró, E.; Fülöp, F. Tetrahedron Letters, 2010, 51, 82-85. 
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Como se observa en el anterior esquema, la β-lactama bicíclica fue sometida a apertura enzimática 

del anillo en presencia de CAL-B (Lipasa B proveniente de Candida antárctica, producida por 

fermentación de Aspergillus oryzae, microorganismo genéticamente modificado y adsorbido en 

una resina microporosa). La construcción del anillo azepane se baso en la funcionalización del 

doble enlace C-C del aminoéster a través de apertura del anillo y cerramiento con expansión del 

mismo. Esto se realizo por medio de una reacción de cis-hidroxilación con OsO4, en donde los 

grupos hidroxilos se encuentran en posición trans con respecto al carboxilato en C-1 y el grupo 

amino en C-2. El siguiente paso por tratamiento con NaIO4 produce el di-aldehído, el cual se 

somete inmediatamente a una aminación reductiva con bencilamina en presencia de NaBH3CN y 

ácido acético obteniendo el azepane β-aminoésteres con 36% de rendimiento en dos pasos y su 

derivado diastereoisomérico trans fue preparado por epimerización de su análogo en C-4 en 

presencia de NaOEt. 

 

5.2 Aplicación de β-aminoácidos en catálisis orgánica: 

Así como la L-prolina ha sido empleada como catalizador, el β-aminoácido cispentacin ha sido 

utilizado en la reacción de Hajos-Parrish-Eder-Sauer-Wiechert como un organocatalizador 

altamente enantioselectivo.86 

 

 

 
Esquema 31. Reactivos y condiciones: (i) (1R,2S)-cispentacin, (30 mol%), DMF, r.t. (ii) p-TsOH, tolueno, ∆ 

 
Como se observa en el esquema 31, tratamiento de la tri-cetona XLI  con (1R,2S)-cispentacin (30 

mol%) promueve conversión completa a el correspondiente alcohol XLII  después de 48 horas, el 

cual después de deshidratación por tratamiento con p-TsOH produce la enona (R)-XLIII  en 90% 

ee. 
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 Davies, S. G.; Sheppard, R. L.; Smith, A. D.; Thomson, J. E. Chem. Commun., 2005, 3802-3804. 
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5.3 Aplicación en la síntesis de alcaloides: 

Como se ha descrito anteriormente, la síntesis asimétrica de β-aminoácidos es de gran importancia 

ya que muchas clases de productos naturales contienen fragmentos derivados de esta familia, como 

lo son el grupo de los alcaloides. Hoy en día se considera que los alcaloides, como consecuencia 

de su toxicidad, son importantes en la defensa de las plantas contra sus enemigos naturales como 

por ejemplo microorganismos patógenos herbívoros. A partir de esto nace el interés en su estudio, 

actividad biológica, síntesis y enfoque en su empleo para el control de un gran número de 

enfermedades principalmente en humanos. 

 

5.3.1 Tashiromina: 

La tashiromina forma parte del grupo de alcaloides indolizidínicos,87 característicos por incorporar 

el esqueleto indolizidínico (Fig. 13). Esta clase de alcaloides han sido extraídos de diferentes 

fuentes como hormigas, ranas venenosas, hongos y plantas, además de presentar diferentes 

actividades incluyendo fitotóxica, insecticida, antibacteriana, fungicida88 y también propiedades 

neurológicas.89 

 
 

Figura 13. Alcaloides indolizidínicos 

 
Entre los alcaloides indolizidínicos más representativos están (-)-Swainsonina el cual es un agente 

anticancerígeno y responsable de la enfermedad en vacunos denominada “Locoísmo” provocada 
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 (a) Giomi, D.; Alfini, R.; Micoli, A.; Calamai, E.; Faggi, C.; Brandi, A. J. Org. Chem. 2011, 76, 9536-9541 (b) 
Michael, J. P. in “The Alkaloids: Chemistry and Pharmacology”; Cordell, G. A., Ed.; Academic Press: San 
Diego, 2001; Vol. 55, p. 92. (c) Takahata, H.; Momose, T. in “The Alkaloids: Chemistry and Pharmacology”; 
Cordell, G. A., Ed.; Academic Press: San Diego, 1993; Vol. 44, Chapter 3, p. 189. (d) Howard, A. S.; Michael, 
J. P. in “The Alkaloids: Chemistry and Pharmacology”; Brossi, A., Ed.; Academic Press: New York, 1986; Vol. 
28, Chapter 3. (e) Grundon, M. F. Nat. Prod. Rep. 1985, 2, 235-243. 
88

 (a) Michael, J. P. Nat. Prod. Rep. 1997, 21-41. (b) Michael, J. P. Nat. Prod. Rep. 1993, 51-70. (c) Ohmiya, 
S.; Kubo, H.; Saito, K.; Murakoshi, I.; Otomasu, H. Chem. Pharm. Bull. 1991, 39, 1123-1125. 
89

 Daly, J. W.; Spande, T. F. In “Alkaloids: Chemical and Biological Perspectives”; Pelletier, S. W., Ed.; Wiley: 
New York, 1986; Vol. 4, Chapter 1, p. 1. 
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por el consumo de plantas que contienen este alcaloide, a consecuencia de esto se observan abortos 

y nacimiento de animales débiles además de malformaciones. (-)-Slaframina es un agente causante 

del “síndrome de Slobbers” en ganado que pasta en cultivos contaminados con el hongo 

Rhizoctonia leguminicola. (+)-Castanospermina es un agente anti-VIH y toxinas de ranas como 

pumiliotoxinas entre las cuales se encuentra pumiliotoxin 237A. A pesar de la gran cantidad de 

grupos que han realizado la síntesis total de tashiromina no hay publicados datos explícitos sobre 

su actividad. 

 

5.3.2 Anatoxina–a: 

Anatoxina-a (Fig. 12) es una potente neurotoxina producida por cierto tipo de alga verde azul 

Anabaena flos aquae90 y es responsable de graves envenenamientos de la fauna salvaje ocurridos 

en Norte América. Esta toxina es un potente agonista del receptor nicotínico de la acetilcolina, 

nAChR y es capaz de unirse a él de igual forma que la acetilcolina, bloqueando el sistema 

nervioso y causando la muerte por parada respiratoria con una LD50 (intraperitoneal en ratón) de 

0.2 mg/Kg.  

 
Las deficiencias de acetilcolina están implicadas en patologías neuronales tales como el 

Alzheimer, por ello la síntesis asimétrica de análogos de anatoxina-a con menor nivel de toxicidad 

tienen gran interés farmacológico por su posible aplicación al tratamiento de estos desórdenes 

neuronales. 

 

 
Figura 14. Estructura molecular de Anatoxina-a 

 
La síntesis de tashiromina y anatoxina-a han sido objetivo de síntesis por varios grupos de 

investigación al igual que en este trabajo, en donde se hace un estudio y aproximación a su síntesis 

utilizando cicloocta-1,5-dieno como material de partida. 
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6. CICLOOCTA-1,5-DIENO: 

 
Cicloocta-1,5-dieno es un producto comercial y barato que se utiliza en el presente trabajo como 

precursor de ésteres cíclicos insaturados para ser empleados como aceptores de Michael. Su bajo 

coste es debido a que es uno de los subproductos en la obtención de trans,trans,cis-ciclododeca-

1,5,9-trieno por trimerización de butadieno catalizada por complejos de Ni0, Cr ó sistemas de 

catalizador como TiCl4-Al(C2H5)Cl2-Al(C2H5) (Esquema 32). El grupo empresarial Shell tiene 

instalaciones que dependiendo del catalizador empleado puede producir cicloocta-1,5-dieno ó 

trans,trans,cis-1,5,9-trieno.91 

 

 

 
Esquema 32. Obtención de cicloocta-1,5-dieno. 

 
Cicloocta-1,5-dieno es muy utilizado en la preparación de una amplia gama de catalizadores de 

rodio e iridio muy empleados en química organometálica. Además, su reactividad es muy peculiar, 

destacando su tendencia en medio básico a la conjugación de sus dobles enlaces dada la mayor 

estabilidad termodinámica de éste último,92 como se observa en el siguiente esquema. 

 

 

 
Esquema 33. Tendencia de cicloocta-1,5-dieno en medio básico. 

 
También puede presentar reacciones fotoquímicas de ciclación 2+2 intramolecular (Esquema 

34).93 

 

 

 
Esquema 34. Ciclación intramolecular 2+2 de cicloocta-1,5-dieno. 
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 Weissermel, K.; Arpe, H. J. “Industrial Organic Chemistry”, VCH, 1993. 
92

 (a) Huber, A. J.; Reimlinger, H. Synthesis 1969, 97-112. (b) Huber, A. J. and Reimlinger, H. Synthesis 1970, 
405-430. 
93

 Coyle, J. D. Chem. Soc. Rev., 1974, 3, 329-353. 
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Además de la ciclación transanular (Esquema 35) que puede ser llevada a cabo por gran variedad 

de electrófilos, como HF/H2O/CO ó HCO2/H2SO4, y que conduce a un elevado rango de 

biciclos[3.3.0]octanos, que han encontrado una valiosa aplicación en síntesis orgánica.94 

 

 

 
Esquema 35.Ciclación transanular en cicloocta-1,5-diene. 
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 (a) Hanack, M.; Kaiser, W. Angew. Chem., 1964, 76, 572. (b) Paquete, L. A. Top. Curr. Chem., 1984, 119, 1. 
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En trabajos anteriores se ha iniciado el estudio de la metodología y aplicación de la reactividad de 

di-ésteres di-insaturados con amiduros de litio quirales.95 Por adición de amiduros de litio (R)-C y 

(S)-C a ésteres di-insaturados se ha conseguido obtener productos de monoadición, di-adición o 

productos cíclicos, dependiendo de las condiciones utilizadas o de los ésteres empleados.96 

 
Por adición dominó inter- e intramolecular de los amiduros de litio (R)-C y (S)-C a octa- y nona-

diendioato de dimetilo, se obtienen los correspondientes derivados ciclopentánicos97 y 

ciclohexánicos, respectivamente, (II) trans,trans-trisustituidos, con muy buen rendimiento y 

excelente estéreo y enantioselección. Además los productos cíclicos, con una secuencia 

estereoquímica diferente (trans,cis-trisustituidos), pueden obtenerse a partir del intermedio de 

monoadición con el doble enlace desconjugado al tratarlo con base. 

 
En los productos cíclicos, las reacciones de eliminación del nucleófilo y nueva adición, permite 

conseguir todos los posibles diastereoisómeros en este sistema, como se indica a continuación. 

En esta línea se ha comunicado la síntesis asimétrica de los ocho diastereoisómeros del ácido 2-

amino-5-carboximetil-ciclopentano-1-carboxílico (I),98 utilizando la estrategia que se muestra en el 

siguiente esquema retrosintético. 
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Esquema 36. A: Reacción dominó estereoselectiva de adición inter- e intramolecular. B: Eliminación 

estereoespecífica syn. C: Adición conjugada estereoselectiva. D: Desprotección. 
 

                                                           
95

 (a) Sara Hernández Domínguez. “Metodología de Aplicación de la Reactividad de Di-ésteres Di-insaturados 

con Amiduros de Litio Quirales”. Tesis Doctoral. Salamanca, 2001. (b) Garrido, N. M.; Díez, M.; Domínguez, 

S. H.; Sánchez, M. R.; García, M.; Urones, J. G. Molecules. 2006, 11, 435-443. 
96

 Urones, J. G., Garrido, N. M., Díez, D., Domínguez, S. H., Davies, S. G. Tetrahedron: Asymmetry 1999, 10, 

1637-1641. 
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 Urones, J. G., Garrido, N. M., Díez, D., Domínguez, S. H., Davies, S. G. Tetrahedron: Asymmetry 1997, 8, 

2683-2685. 
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 Urones, J. G., Garrido, N. M., Díez, D., El Hammoumi, M. H., Domínguez, S. H., Casaseca, J. A., Davies, S. 
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Es de destacar que únicamente se ha utilizado (E,E)-octa-2,6-diendioato de dimetilo como 

precursor proquiral y las estrategias de adición para producir los intermedios cíclicos (II), 

eliminación de Cope (III) y re-adición (IV) junto con la complementariedad de los amiduros (R)-C 

y (S)-C permite la síntesis de los ocho diastereoisómeros ópticamente puros. 

 
Se ha iniciado también el estudio de las reacciones que permiten el control estereoquímico en los 

anillos ciclohexánicos.99 

 
Como se ha indicado, por adición de N-bencil-N-α-metilbencilamiduro de litio (S)-1 a (E,E)-nona-

2,6-diendioato V se obtiene de manera estereoselectiva VI, con total control de los 3 nuevos 

centros estereogénicos formados (Esquema 37). 

 

 

 
Esquema 37. Síntesis asimétrica del derivado (1S,2R,6R,αR)-VIII como intermedio en la síntesis de (-)-

Pumiliotoxina-C. 
 

En el esquema anterior se describe la metodología de síntesis asimétrica del sistema ciclohexánico 

cis,cis- y cis,trans-trisustituido por una estrategia combinada iniciada por la reacción dominó de 

adición asimétrica de Michael de (S)- y/o (R)-C y posterior ciclación 6-exo-trigonal, eliminación de 

Cope y reacciones de hidrólisis selectiva y eliminación de Barton del ácido generado.100 Una vez el 

metilo con la estereoquímica deseada en VII, la nueva adición de (R)- y (S)-C es clave en el control 

estereoquímico para dar VIII ó IX. El compuesto VIII supone la síntesis formal de (-)-

Pumiliotoxina C, al haber sido ya empleado en su síntesis total.101 
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 (a) Garrido, N. M.; Díez, D.; Domínguez, S. H.; García, M.; Sánchez, M. R.; Davies, S. G. Tetrahedron: 

Asymmetry 2006, 17, 2183-2186. (b) Davies, S. G.; Díez, D.; Domínguez, S. H.; Garrido, N. M.; Kruchinin, D.; 

Price, P. D.; Smith, D. Org. Biomol. Chem. 2005, 3, 1284-1301. 
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Recientemente se ha comunicado la síntesis de piperidinas y de derivados del ácido nipecótico 

(Esquema 38).102 Así, cuando se trata 3-acetoxi-2-benciliden-propanoato con el amiduro de litio 

(R)-C se obtiene de manera estereoselectiva el ácido (4S,5S,αR)-5-(N-bencil-N-α-

metilbencilamino)-5-fenil-4-metoxicarbonil-pentanóico, siendo el resultado de una novedosa 

reacción dominó iniciada por un reordenamiento estereoespecífico de Ireland-Claisen seguida de 

una adición asimétrica de Michael del amiduro utilizado como único reactivo en la reacción. Esta 

reacción es generalizable para diferentes grupos y puede ser escalada. Se ha aplicado la 

metodología descrita a la síntesis asimétrica total de (+)-L-733.060103, un potente antagonista del 

receptor hNK1. 

 

 

 
Esquema 38. Síntesis de piperidinas y derivados del ácido nipecótico. 

 

Esto nos permite la obtención de β-aminoácidos cíclicos pero con el nitrógeno integrado en el 

anillo y ha sido aplicado recientemente a la síntesis asimétrica de los di-ácidos cis-(2S,3R)- y trans-

(2S,3S)-piperidin-1,2-dicarboxílicos por medio de una reacción domino que involucra los 

reordenamientos del correspondiente acetato alílico y una reacción estereoselectiva de Ireland-

                                                           
102

 (a) Garrido, M. N., García, M., Díez, D., Sánchez R. M., Sanz, F. and Urones, G. J. Org. Lett., 2008, 10 (9), 

1687-1690. (b) Mercedes García García, “Metodología y aplicación de la reactividad de aductos de Baylis-

Hillman con amiduros de litio quirales”. Tesis Doctoral, Salamanca, 2006. 
103

 Garrido, N.M.; García, M.; Sánchez, M. R.; Díez, D.; Urones, J. G. Synlett, 2010, 3, 387-390. 
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Claisen además de una adición asimétrica de Michael como pasos claves en la obtención de δ-

aminoácidos, como muestra el siguiente esquema.104 

 

 

 
Esquema 39. Síntesis de ácidos piperidínicos 

 

Teniendo en cuenta la funcionalidad obtenida en uno de los precursores de estas dos síntesis 

asimétricas como lo son los respectivos derivados formilo, se está trabajando actualmente en el 

desarrollo de diferentes derivados piperidínicos. 

 

En nuestro grupo de investigación, en algún tiempo se propuso utilizar un producto comercial y 

económicamente asequible como el ciclooctadieno para aumentar la diversidad de β-amino ácidos 

cíclicos. Al manipular cicloocta-1,5-dieno se llego a la síntesis de derivados adecuados como 

productos de partida en la aproximación sintética de productos naturales como (-)-Tashiromina105 y 

Anatoxina-a.106 

                                                           
104

 Garrido, N. M.; Sánchez, M. R.; Díez, D.; Sanz, F.; Urones, J. G., Tetrahedron: Asymmetry, 2011, 22, 872-

880. 
105

 María Jesús Simón López, “Reactividad de ciclooctadiencarboxilatos, aproximación a la síntesis de 

alcaloides (Tashiromina)”. Grado de Salamanca, 2001. 
106

 Imanol Fernández Cascón “Estudio de la reactividad de ciclooctadiencarboxilatos. Aproximación a la 

síntesis asimétrica de Anatoxina-a”. Grado de Salamanca, 2006. 
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Esquema 40. Esquema retrosintético de la síntesis de (-)-Tashiromina y Anatoxina-a a partir de cicloocta-

1,5-dieno. 
 

El paso clave en el control estereoquímico es la adición de amiduros de litio quiral al cicloocta-1,5-

diencarboxilato (Esquema 40). 

 

En el presente trabajo el principal objetivo es el estudio de la reactividad de 

ciclooctadiencarboxilatos y sus aplicaciones en síntesis asimétrica como lo es la síntesis de ácidos 

β-aminociclooctánicos que aumenten la diversidad de los resultados ya obtenidos así como la 

continuación y nuevos aportes a la aproximación de la síntesis de Tashiromina y Anatoxina-a. 
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OBJECTIVES: 

 
Taking into account the progress that has been made in the study of the reactivity of 

cyclooctadienecarboxylates and its different applications in asymmetric synthesis through 

application of the Michael addition of chiral lithium amides methodology, in this work we want to 

carry on with the contribution to these different fields that have been studied and have been of 

interest in the research group: 

 
� Asymmetric synthesis of β-aminocyclooctane carboxylic acids. 

� Approximation to the synthesis of Tashiromine. 

� Study of the reactivity of (1E,3Z)-tert-butyl 5-oxocycloocta-1,3-dienecarboxylate, as a key 

adduct in the synthesis of Anatoxin-a. 

� Approximation to the synthesis of Anatoxin-a. 

 
Given the importance that the synthesis of β-amino acids with conformational rigidity for the 

formation of controlled shape oligomers has had in the recent years, we find interesting to study β-

aminocyclooctane carboxylic acids as shown in the following scheme and derivatives such as III, 

wherein different substituents can be introduced into the cyclooctanic system and can modify both 

the tertiary structure and the solubility in water of the final β-peptide. 

 

 

 
Scheme 41. 

 
Due to the high potential of some found adducts during the course of the β-aminocyclooctane 

carboxylic acid synthesis to be used in the synthesis of alkaloids, there is concern regarding to the 

development of a synthesis aimed to obtain Tashiromine as part of the indolizidine alkaloids group, 

which can be afforded as stated in the following retrosynthetic scheme. 
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Scheme 42. 

 
In search of a key adduct to the development of the synthetic route of Anatoxin-a, we get to the 

optimization of 5-oxo functionalized adduct, which required a detailed study and whose reactivity 

occupies a considerable part of this research work and the derivatives synthesized from this one can 

be possible precursors for the production of different types of alkaloids. 

 

 

Scheme 43. 

 
Specific Objectives: 

 
1. Synthesis of starting materials: 

 - Cyclooctadiene α,β-unsaturated esters additional functionalized as a Michael acceptors. 

2. Study of the Michael addition reactions of chiral lithium amides to cyclooctane 

carboxylates mono- and di-unsaturated systems. 

3. Asymmetric synthesis of β-aminocyclooctane carboxylic acid. 

4. Study of the reactivity of (1E,3Z) tert-butyl 5-oxo-cycloocta-1,3-dienecarboxylate: 

 a) Reactivity with chiral lithium amides. 

 b) Reactivity with primary, secondary and tertiary amines. 

 c) Reactivity with aniline. 
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5. Reactivity of tert-butyl and methyl 5,5-ethylenedioxycycloocta-1,7-diene-1-carboxylate in 

the approximation to the synthesis of Anatoxin-a. 

6. Study of the reactivity and stereochemistry of the obtained adducts by: 

 a) Chemical transformation. 

 b) Spectroscopic analysis. 

7. Mechanistic interpretation of the achieved products. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RESULTADOS Y DISCUSIÓN EN INGLES 

(Results and Discussion) 
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PREPARATION OF STARTING MATERIALS: 

 

Reactions of Cycloocta-1,5-diene and cyclooctene: 

 

Preparation of di-unsaturated esters: 

The synthesis of intermediates 6 and 7 were achieved using cycloocta-1,5-diene as starting 

material, which is commercially available, following route A (Scheme 44).  

 

 

 
Scheme 44. Reagents and conditions: (a) MCPBA, DCM, 0°C-r.t, 72%. (b) Me3SiCN/Et2AlCl, 100%. (c) i: 
KOH/ ethylenglycol. ii: HCl aq, quant., 98% 1:1. (d) TFAA/tBuOH, 80% (15% of the acid are recovered). 
 

Treatment of cycloocta-1,5-diene with MCPBA for 90 min provided by vacuum fractional 

microdistillation: monoepoxide 1 with 72%, di-epoxide 2 with 22% and recovery of starting 

material 6%.  

 

MCPBA

DCM, 0ºC - r.t.
1.5 h.

O O

O

+

50 mL

30.6 €

1

72%
2

22%

 

Scheme 45. Oxidation reaction of cycloocta-1,5-diene with MCPBA. 
 

Under treatment with cyanotrimethylsilane using Et2AlCl as catalyst, compound 1 was set to react 

and yielded regio and stereoselectively 2-trimethylsiloxy-cyclooct-5-enocarbonitrile 3 in 100% 

yield. The studies of Utimoto,107 showed the effect of the catalyst in the regio and stereoselective 

opening of oxiranes using cyanotrimethylsilane and depending on the reaction conditions, it could 

be obtained isonitriles or nitriles due to the ambident character of the reagent, as it can be observed 

in Scheme 46. 

 

                                                           
107

 Imi, K.; Yanagihara, N.; Utimoto, K. J. Org. Chem. 1987, 52, 1013-1016. 
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Scheme 46. Reagents and conditions: (i) Al(Oi-Pr)3, iBu2AlOi-Pr, Et2AlCl. (ii) Pd(CN)2, SnCl2, Me3Ga 

 

In previous studies conducted in our research group, different catalysts have been tested in the 

opening of monoepoxide 1 and in the presence of cyanotrimethylsilane, as iBu2AlOiPr, Al(OiPr)3 

and Et2AlCl. It was observed that in the reaction where Et2AlCl was used as catalyst, this one was 

quantitative and regioselective affording compound 3 which presents the two substituents in trans-

disposition as it showed the geminal proton-proton coupling (7.9 Hz) and the signal at 2241 cm-1 

in its IR spectrum confirms the presence of the nitrile group. 

 
By treatment of the nitrile 3 with KOH followed by HCl addition108 it was obtained a 1:1 mixture 

of the acids 4 and 5 that could be resolved by column chromatography, but are best isolated by CC 

at the ester stage. 

 
It has been studied different methods to esterify the mixture of the acids 4 and 5 to optimize this 

step (Scheme 47). In all of them, it was obtained the unsaturated tert-butyl esters 6 and 7, 

respectively, as a 1:1 mixture. The reaction in the presence of isobutylene was carried out in acid 

media at 78°C,109 to afford the esters in 71% yield. The reaction with tert-butanol was set up at 

room temperature but the addition of TFAA and the alcohol was carried out at 0°C,110 to afford the 

esters in 78% yield. On the other hand, the addition of tert-butyl trichloroacetimidate111 in the 

presence of BF3.Et2O leads to the same results with 82% yield. In these three procedures the 

obtained yields are similar and the starting material can be easy recovered by acid-base extraction. 

 

                                                           
108

 Prout, F. S.; Hartman, R. J.; Huang, E. P-Y.; Korpics, C. J.; Tichelaar, G. R. Org. Synth. Coll. 1963, 4, 93-98. 
109

 (a) “Síntesis Asimétrica de β-aminoácidos ciclopentánicos vía Adición de Amiduros de Litio Quirales y 

Resolución Cinética Paralela”. Mohamed Merouane El Hammoumi, Tesis Doctoral 2002.( b) Garrido, N.M.; 

El Hammoumi, M.M.; Díez, D.; García, M. and Urones, J. G. Molecules 2004, 9, 373-382. 
110

 (a) Greene, T. W.; Wuts, P. G. “Protective Groups in Organic Synthesis”. Wiley-Interscience publication. 

1998, p. 373, 404-407, 506-507. (b) Kocienski, P. J. “Protecting Groups”. Foundations of organic chemistry 

series. 1994. 
111

 (a) Armstrong, A.; Brackenridge, I.; Jackson, R. F. W.; Kirk, J. M. Tetrahedron Letters, 1988, 29, 2483-

2486. (b) Baldwin, J.E.; Adlington, R. M.; Gollins, D. W.; Schofield, C. J. Tetrahedron, 1990, 46, 4733-4748. 
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Scheme 47. Methods to esterify the mixture of the acids 4 and 5. 

 

In spite that the higher yield is obtained with tert-butyl trichloroacetimidate, the conditions that we 

chose as the best procedure were with TFAA and tBuOH because this reaction presents operational 

advantages and the recovery of starting material is easier and faster. 

 

Preparation of monounsaturated esters: 

Alternatively, starting with cyclooctene, route B (Scheme 48) and following the same path of 

reactions: epoxydation, opening of epoxide and hydrolysis we obtained compound 10 that by 

esterification led to the parent ester 11. This route gave poor yield, especially in the opening of the 

epoxide even when we tried with different Lewis acid catalysts. 

 

 

 
Scheme 48. Reagents and conditions: (a) MCPBA, DCM, 0°C-r.t, 100%. (b) Me3SiCN/Et2AlCl, 20%. (c) i: 
KOH/ ethylenglycol. ii: HCl aq, quant., 85% 1:1. (d) TFAA/tBuOH, 80% (15% of the acid are recovered) 

 

Nevertheless, hydrogenation of 6 and 7 separately, or as a mixture, gave compound 11 with 

excellent yield. 

 

 

 
Scheme 49. Hydrogenation reaction conditions 
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ASYMMETRIC SYNTHESIS OF (1 S,2R)-2-AMINOCYCLOOCTANECARBOXYLIC 

ACID: 

 
With the tert-butyl cyclooct-1-ene carboxylates 6, 7 and 11 in hand, we tried the protocol of 

asymmetric Michael addition of chiral lithium N-benzyl-N-α-methylbenzylamide (R)-C, to obtain 

precursors adducts of the β-amino acid target molecule via different starting materials, in order to 

simplify and get the most efficient synthetic route (Scheme 50). 

 

 

 
Scheme 50. Retrosynthetic analysis for the asymmetric synthesis of β-cyclooctanic amino acid 

 

Michael addition of chiral lithium N-benzyl-N-α-methylbenzylamide (R)-C: 

The methodology and procedure followed for the Michael addition of (R)-C, as previously 

mentioned, is that one introduced by Davies et al.25(f) who have recently published a 

comprehensive review in this area of chemistry covering the scope, limitations and synthetic 

applications of the use of enantiomerically pure lithium amides as homochiral ammonia 

equivalents in conjugate addition reactions. 

 
As it can be observed in Scheme 51, the corresponding β-amino ester derivatives: (1S,2R,αR)-12, 

(1S,2R,αR)-13 and (1S,2R,αR)-14 were achieved stereoselectively, in 42%, 100% and 15% yields, 

respectively. Contrary to (1S,2R,αR)-12 and (1S,2R,αR)-14, that were stable upon purification. 

However, chromatography on silica gel of the crude containing (1S,2R,αR)-13 led to the required 

compound in 22% yield, which allowed its characterization, together with cycloocta-1,7-

dienecarboxylate-7 and (R)-N-benzyl-N-α-methylbenzylamine. Due to the instability of compound 

13, retro-Michael reaction of the latter leads back to 7 which is more stable on silica gel. To assess 

this reaction, a solution of (1S,2R,αR)-13 with SiO2 in DCM was stirred for 1 hour, and the retro-
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Michael compounds 7 and (R)-N-benzyl-N-α-methylbenzylamine were obtained quantitatively. 

The higher acidity of H-C-1 within (1S,2R,αR)-13 related to the other Michael adducts accounts 

for this behavior and could be used in synthetic targets.112 Nevertheless, crude (1S,2R,αR)-13 could 

be used for further reaction or purified by crystallization in a mixture of hexane and ether (Annexe 

A). 

 
Scheme 51. Reagents and conditions: (a) lithium N-benzyl-N-α-methylbenzylamide (R)-C, THF, -78 oC, 2h. 
(b) SiO2, DCM, quant. (c) Pd/C, H2, AcOH, 4 atm, 24 h. (d) PtO2, H2, EtOAc, 3 h. (e) TFA, quant, 1.5 h, r.t. 
 
The results obtained suggest a way to differentiate by reactivity the Michael acceptors 6 and 7 

(Table 1). Interestingly, when a 1:1 mixture of 6 and 7 was subjected to reaction with (R)-C (1.6 

equiv, Entry 4) over 30 min (1S,2R,αR)-13 was obtained together with 6 and a minimum amount 

of (1S,2R,αR)-12 that can be easily separated. 

 
Table 1. 

Entry 6 : 7 t (min) (R)-C (eq.) 6 (%) (1S,2R,αR)-12 (%) (1S,2R,αR)-13 
(%) 

1 1 : 0 120 2.4  42  
2 0 : 1 120 2.4   100 
3 1 : 3 120 2.4  10 60 
4 1 : 1 30 1.6 26 2 49 

 
The 1H NMR spectrum of (1S,2R,αR)-12 shows a NOE effect between H-C-1 and H-C-2 

confirming a cis relationship (Fig. 15), which was anticipated by the established way of addition of 

lithium amide (R)-C and when the acceptor has and α-alkyl substituent, as applied by Davies et al. 

to the synthesis of cispentacin.30 

                                                           
112

 Garrido, N. M.; Díez, D.; Domínguez, S. H.; García, M.; Sánchez, M. R.; Davies, S. G. Tetrahedron: 

Asymmetry, 2006, 17, 2183-2186. 
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Figure 15. Nuclear Overhauser Effect correlations of compound 12 

 
The configuration of the newly formed stereogenic centre was confirmed to be (1S,2R) through 

single-crystal X-Ray structure analysis (Fig. X), in the case of (1S,2R,αR)-13 product,113 and 

corroborated the stereochemistry of related compounds. 

 
 

 

 

 

 

 

 

 
 

Figure 16. Representation of the molecular structure of (1S,2R,αR)-13 obtained by X-Ray 

 
As a background of this research, it was proposed initially that the structure of the di-unsaturated 

ester-6 corresponded to the cycloocta-1,5-dienecarboxylate which led to formulate that this ester 

after the Michael addition will be a potential precursor in the asymmetric synthesis of tashiromine 

(Scheme 52) and also to formulate a hypothesis to explain the different reactivity and yields 

obtained after the addition of the chiral lithium amide between 6 and 7.114 

 

 

 
Scheme 52. Retrosynthetic analysis of (-)-Tashiromine from cycloocta-1,5-dienecarboxylate 

                                                           
113 Crystallographic data (excluding structure factors) for this structure has been deposited at the Cambridge 

Crystallographic Data Centre as supplementary material nº. CCDC 705369. 
114

 Garrido, N. M.; Blanco, M.; Cascón, I. F.; Díez, D.; Vicente, V. M.; Sanz, F. and Urones, J. G. Tetrahedron: 

Asymmetry 2008, 19, 2895-2900. 
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Initial analysis of 1H NMR spectrum of compound 6 suggested an almost symmetric structure for 

this compound. There are only two signals at downfield: 5.69 and 6.92 ppm and three signals at 

high field: 2.06, 2.33 and 1.43 ppm to be observed (Fig. 17), which agrees with a symmetric 

structure. On the other hand the 1H NMR spectrum from compound 7 (Fig. 18) shows according to 

the Pascal`s triangle, which is normally introduced in the discussion of proton magnetic resonance, 

a triplet (J 8.0) for H-C-2 at 6.85 ppm, a doublet (J 11.2) for H-C-8 at 6.09 ppm and a doublet of 

triplets (J 11.2 and 7.2) for H-C-7 at 5.80 ppm. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. 1H NMR spectrum of compound 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 18. 1H NMR spectrum of compound 7 
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Full characterization of 6 was carried out using 2-D NMR techniques (Table 24, see 2D NMR 

part), to establish its structure unambiguously. Correlation between H-2 and H-3 was observed by 

COSY (Fig. 19.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 19. COSY spectrum from compound 6 

 

Table 2. One bond and long-range 2D 1H-13C correlations for compound 6 

C δC 

One bond 

δH 

Long-range connected 

protons 

1 133.6  3 

2 135.7 6.92 4, 8 

3 135.4 5, 69 1, 5 

4 124.5 5, 69 6 

5 29.8 2.06 3 

6 21.9 1.43-1.52 4 

7 24.1 1.43-1.52 5 

8 26.3 2.33 2, 6 

COOC(CH3)3 166.0  2, 8 

COOC(CH3)3 79.9  (CH3)3 

COOC(CH3)3 28.2 1.43 C(CH3)3 
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After exhaustive determination of the structure of compound 6 and due to the great difference in 

reactivity by addition of the chiral lithium amide (R)-C between compounds 6, 7 and 11, it was 

decided to carry out a conformational analysis of these substrates. The presence of an additional 

double bond, in the conjugate esters 6 and 7, might change the conformational profile of the 

substrates, which are determinant in the posterior asymmetric Michael addition. For this reason 

was carried out with Jaguar v. 7.6.,115 applying Density Functional Theory (DFT) with the 

Becke`s116 three-parameter hybrid exchange (B3) together with the Lee-Yang-Parr`s117 (LYP) 

correlation functional (B3LYP). 6-31G(d)118 basis set has been chosen to perform the calculations 

because it provides good accuracy/time ratio. 

 
First, the structures of the substrates were minimized, using OPLS-AA as force field. Then, 

conformational search was achieved to each structure with the same parameters: those results 

within a 10 kJ/mol range from the minimum were recorded to subsequent DFT optimization. The 

choice of this energy range permits to take the 99.8% of the conformational structures due to its 

population according with Boltzmann distribution at 195.15 K (-78ºC, reaction temperature). The 

selected structures were then optimized through DFT B3LYP/6-31G(d). Final vibrational mode 

analysis was accomplished to check the nature of the minima. The results are showed in Table 3, 

together with those internal coordinates which best defines each conformer. 

 
Table 3. Relative energies and populations of the obtained conformers 

Conformer 
Relative-energy 

kJ/mol  a 

Population 

percent b 

Relative Michael 

conformation 

Dihedral 

angle (º) c 

11a 0.31 26% s-trans -98.8 

11b 0.00 32% s-trans 98.7 

11c 0.27 27% s-cis 98.8 

11d 1.29 14% s-cis -98.8 

6a 0.00 58% s-trans -83.3 

6b 0.53 42% s-cis -83.3 

7a 0.00 84% s-cis 82.6 

7b 2.71 16% s-trans 82.7 

a Relative energy to the most stable conformer in each series. 
b Population at 195.15 K. 
c The dihedral angle listed is the C(4)-C(5)-C(6)-C(7) dihedral angle. 

                                                           
115

 Jaguar, version 7.6, Schrodinger, LLC, New York, NY, 2009. 
116

 Becke, A. D.; J. Chem. Phys. 1988, 38, 3098. 
117

 Lee, C.; Yang, W.; Parr, R. G.; Phys. Rev. B, 1988, 37, 785. 
118

 Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A.; Ab Initio Molecular Orbital Theory, Wiley, New 

York, NY, 1986. 
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Figure 20. Structure of the minimized conformers of the three Michael acceptors. 

 
In compound 11, four conformations were founded (Fig. 20), whose main differences are from two 

dihedral angle changes: endocyclic C(4)-C(5)-C(6)-C(7) dihedral and the exocyclic O(ester)-

C(ester)-C(1)-C(2) torsion. Observing the Table, there is no special selectivity to a defined 

conformer, so the ratio between them is almost equimolecular at 195.15 K. 

 
Compound 6 only shows two major conformers, differing in the relative disposition of the 

carbonyl double bond. The ratio of almost 1:1 is remarkable, which is equal to the ratio s-trans/s-

cis of 11. In 6 and 7, the disposition of both endocyclic Z double bonds is non planar, otherwise 

the steric tension of the ring would be too much higher. 

 
On the other hand, compound 7 shows a different behavior, being 7a the most stable conformer 

without any doubt. This is reasonable, having a look to the structures in Figure 20: the s-trans 

conformer has a strong interaction between the π orbitals of the carbonyl system and the 7,8-

double bond, which has an energy penalty for this conformer. Then, the s-cis conformer is more 

stable than the other analogs and according to the importance reported by Davies et al,.26(b) of the 

s-cis conformation in the conjugated addition, due to a six member transition state characterized. 

So, it is reasonable to think that the conformational predisposition of the substrates is a limiting 

factor in the posterior asymmetric conjugate addition. Nevertheless, a more detailed mechanism 

reaction pathway study is required to check these results and further studies involving this issue 

are being developed. 

 
Finally, returning to the explanation of Scheme 51 as it is summarized below, hydrogenolysis of 

(1S,2R,αR)-13 gave the monodebenzylated compound (1S,2R,αR)-15 in poor yield due to retro-

Michael reaction, but the strategy of hydrogenation to give (1S,2R,αR)-14 (77%), followed by 
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hydrogenolysis (100%), provided (1S,2R)-16 with an excellent overall 77% yield in four steps. 

Treatment of (1S,2R)-16 with trifluoroacetic acid gave rise to the β-amino acid (1S,2R)-17 

quantitatively, [α]��
�

= -16.5 (c 0.7, H2O), [lit.119 For (1R,2S)-17 [α]��
�

= +17.8 (c 0.4, H2O)]. 

 

 

 
Scheme 53. Reagents and conditions: (a) lithium N-benzyl-N-α-methylbenzylamide (R)-C, THF, -78 oC, 2h. 
(b) PtO2, H2, EtOAc, 3 h. (c) Pd/C, H2, AcOH, 4 atm, 24 h. (d) TFA, quant, 1.5 h, r.t. 
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 Forró, E. and Fülöp, F. Org. Lett. 2003, 5, 1209-1212. 
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FUNCTIONALIZED CYCLOOCTANE-β-AMINO ACIDS: 

 
The contribution made by Fülöp et al. in 2010,81 introduced to literature as the first time examples 

of mono and di-hydroxylated cyclooctanic-β-amino acids, which can be used as staring materials 

in the synthesis of peptides and different heterocycles with high biological potential. This research 

work is focused in the functionalization of the double bond from the cis-2-aminocyclooct-5-

enecarboxylic acid with the amine group protected (Scheme 54). 

 

 

 
Scheme 54. Reagents and conditions: (i) Lipase, iPr2O, 70°C. (ii) SOCl2, EtOH, 30 min, 0°C, 3 h r.t, 1 h, ∆, 

88%. (iii) Et3N, Boc2O, THF, 2 h, r.t, 91%. (iv) Dioxane/H2O, Boc2O, 4 h, r.t, 76%. 
 

The racemic β-lactam (±)-I was prepared by 1,2 cycloaddition of chlorosulfonyl isocyanate (CSI) 

in dry DCM at room temperature. The β-amino acid (+)-II was synthesized from (±)-I by highly 

enantioselective lipolase-catalysed ring opening with 1 equiv of H2O in iPr2O at 70°C.120 The 

enantiopure amino acid (+)-II (ee > 99%) was esterified in the presence of EtOH and SOCl2 to 

furnish amino ester hydrochloride (-)-IV, which was then reacted with tert-butoxy pyrocarbonate, 

affording the N-Boc amino ester (-)-V. An alternative synthesis of (±)-V, which was used in the 

case of racemic compounds, comprised hydrolysis of (±)-I with 22% ethanolic HCl at room 

temperature to give (±)-IV, which was then acylated (Scheme 54). 

 
The starting material in the iodolactonization reaction was cis-2-tert-

butoxycarbonylaminocyclooct-5-enecarboxylic acid (-)-VI, which was prepared from (+)-II with 

Boc2O, while (±)-VI was synthesized by the ring opening of (±)-I with 18% aqueous HCl and after 

acylation with di-tert-butyl dicarbonate. 
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Scheme 55. Reagents and conditions: (i) I2/KI, NaHCO3, DCM. 20 h, r.t, 71%. (ii) Bu3SnH, DCM, 20 h, 

40°C, 76%. (iii) Microwave irradiation, H2O, 1h, 150°C, 65%. (iv) 10% HCl/H2O, 24 h, 82%. (v) 
Microwave irradiation, H2O, 1 h, 150 °C, 65%. (vi) propylene oxide, 1 h, ∆, 62%. 

 

The N-protected acid (-)-VI reacted with I2/KI/aqueous NaHCO3 in DCM to give iodolactone a (-)-

VII regio- and diastereoselectively as a white crystalline product, in good yield. Reduction of the 

iodo group with Bu3SnH in DCM yielded lactone (-)-VIII which, after hydrolysis with microwave 

irradiation gave (1R,2S,6R)-2-amino-6-hydroxycyclooctanecarboxylic acid (-)-X in good yield. 

When ring opening of the Boc-lactone (-)-VIII was attempted with HCl, deprotected lactone (-)-

IX was observed, which was transformed to hydroxy-amino acid (-)-X upon microwave irradiation 

followed by heating in propylene oxide (Scheme 55). 

 
The 5,6-dihydroxy β-amino acid (-)-XII (Scheme 56) was yielded by cis-hydroxylation catalyzed 

reaction with OsO4 and N-methyl-morpholine N-oxide (NMO) as the stoichiometric co-oxidant 

afforded the desired product (-)-XI as a single diastereoisomer in good yield. 

 

 

 
Scheme 56. Reagents and conditions: (i) 2.0% w/w OsO4/t-BuOH, NMO, acetone, 4 h, r.t, 91%. (ii) 

Microwave irradiation, H2O, 1 h, 150°C, 69%. 
 

APPROXIMATION TO THE SYNTHESIS OF TASHIROMINE: 

 
Tashiromine is an indolizidine alkaloid, was first isolated in 1990 from Maackia Tashiroi, a bush 

from subtropical Asia and due to the low isolated quantity, its rotation power an absolute 

configuration was unknown121 until 1997, which total asymmetric synthesis was reported by 
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Branchaud research group,122 through an alkylation of pyrroles, this methodology was used a years 

later by Smith et al.123 

 
Tashiromine has been a popular objective among the synthetic chemist and until today there have 

been reported around 15 total synthesis, obtaining (±)-tashiromine,124as well as each of its 

enantiomer using a large number of synthetic steps aimed specially to the establishment of the 

asymmetric centers. Due to the large number of articles published about this topic, we will focus 

on the most recent and relevant for the development of this work. 

 
The first synthesis of tashiromine was carried out in 1990 by Nagao (Scheme 57),125 this synthesis 

was developed using as a key step the alkylation of 5-Acetoxy-2-pyrrolidinone employing chiral 

tin(II) enolates obtained from treatment of the corresponding 3-acyl-4(S)- or 4(R)-isopropyl-1,3-

thiazolidine-2-thiones to control the diastereoselectivity of the reaction. 

 

 

Scheme 57. First reported synthesis of tashiromine 

 

In 1997 the synthesis of both tashiromine enantiomers was performed in 13 steps by Bruce 

Branchaud.126 Cyclization of (5-N-pyrrolyl-2-hydroxypentyl)-cobaloxime proceeded by 

intramolecular electrophilic aromatic substitution of a cobaloxime π cation onto the pyrrole ring to 

provided 6-exo cyclization product XIII in 95% yield and this cyclization is highly 

enantioselective (Scheme 58). 
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Scheme 58. Reagents and conditions: (i) TsCl, Et3N, DMAP, DCM. (ii) Na[Co(dmgH)2Py], MeOH. (iii) 
PPTS, CHCl3, r.t. 

 
In 1999, Gerard Lhommet et al.127 carried out the synthesis through an asymmetric reduction of a 

β-enamine di-ester controlled by the auxiliary (S)-α-methylbenzyl joined to the pyrrolidinic 

nitrogen as shown in scheme 59. 

 

 

 
Scheme 59. Reagents and conditions: (i) Ph3, NEt2, CH3CN. 

 
Other approximation was reported by McElhinney and Marsden,128 through an intramolecular 

addition of allylsilane to N-acyliminium ion to obtain the indolizidine skeleton [4.3.0]-azabicyclo 

(Scheme 60), wherein the vinyl group acts like a handle to install the lateral chain which 

incorporates the hydroxy-methyl proper of the tashiromine. A years later, this research group 

reported the racemic synthesis of tashiromine using the same methodology and new advances 

aimed to its asymmetric synthesis.129 The synthesis of azabicyclos assembled by intramolecular 

cyclizations of allylsilane/N-acyliminium where first studied by Hiemstra and Speckamp in 

1985.130  

 

 
Scheme 60. Formation reaction of the indolizidine [4.3.0]-azabiciclo skeleton 
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Among the most recent published synthesis is that made by Chiou et al.131 wherein a novel domino 

reaction, alkyne-mediated domino hydroformylation/double cyclization was carried out for rapid 

preparation of indolizidine type alkaloids (Scheme 61). 

 

 

 
Scheme 61. Domino reaction in the obtention of indolizidine type alkaloids 

 
The bicyclization process is initiated by Rh-catalyzed hydroformylation of amide XIV, affording 

exclusively linear aldehyde XV as the major product. This aldehyde through a spontaneous 

intramolecular cyclization leads to the formation of the hemiamidal XVI. In the presence of an 

acid, dehydration of hemiamidal XVI yields N-acyliminium XVII. Subsequent intramolecular 

cyclization of N-acyliminium XVII with the alkyne moiety as a π carbon nucleophile leads to 

formation of a cation intermediate XVIII, followed by solvent addition to yield bicyclo product 

XIX, which completes the whole bicyclization process. To demonstrate the viability of this novel 

methodology, it was easy to achieved the synthesis of (±)-Tashiromine (Scheme 62). 

 

 

 
Scheme 62. Reagents and conditions: (i) Rh(acac)(CO)2 (0.5 mol%), BIPHEPHOS (1.0 mol%), CO (2 atm), 

H2 (2 atm), p-TSA (10 mol%), AcOH, 60°C. (ii) K2CO3 (25 mol%), MeOH, r.t 
 

By treatment of the ketone using the Uneyama protocol,132 it can be obtained the indolizidine ester 

showed in the previous scheme with 66% yield and by a reduction reaction with LiAlH4 it can be 

achieved Tashiromine in 73%. The overall yield of this synthetic route is 33% and the alkaloid can 

be reached in 4 steps. 

                                                           
131

 Chiou, W-H.; Lin, Y-H.; Chen, G-T.; Gao, Y-K.; Tseng, Y-C.; Kao, C-L.; Tsai, J-C. Chem. Commun., 2011, 47, 
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Other recent approach to the synthesis of indolizidine alkaloids like Tashiromine has been 

developed by Rao et al.133 utilizing ring closing metathesis followed by a stereoselective 

hydrogenation and using L-proline as starting material. 

 

 

Scheme 63. Reagents and conditions: (a) LiAlH4, THF, 0°C-t.a, 1 h. (b) (i) DMSO, (COCl)2, Et3N, DCM, -78°C, 1 
h. (ii) Ph3P=CH2, THF, -10°C, 3 h. (c) OsO4, NMO, acetone/H2O (3:1), 0°C-rt, 6 h. (d): (i) Bu2SnO, toluene, ∆, 8 h. (ii) 
BnBr, TBAI, ∆, 16 h. (e) TEMPO, NaBr, NaOCl, NaHCO3, toluene/EtAc/H2O (3:3:1) 0°C, 1 h. (f) Ph3P=CH2, THF,      
-10°C, 4 h. (g) TFA/DCM (1:1), Et3N, 0°C, 1 h. (h) 3-butenoic acid, ethylchloroformate, NMM, THF, 0°C-rt, 3 h. (i) 10 
mol% Grubbs cat.1ª generation, DCM, 50°C, 6 h. (j): (i) H2, Pd-C, MeOH, rt, 2 h. (ii) benzoyl chloride, Et3N, cat 
DMAP, DCM, 0°C, 2 h. (k) K2CO3, MeOH, rt, 2 h. 
 

As shown in scheme 63, by the reduction of L-proline with LAH is obtained the alcohol, which 

was converted to the olefin through Swern oxidation, followed by the Wittig homologation. The 

di-hydroxylation of the olefin led to the diastereoisomeric mixture of diols, followed by a 

regioselective benzylation with Bu2SnO in toluene and addition of benzyl bromide in the presence 

of catalytic TBAI gave the protected hydroxy-derivative in 88% yield. The secondary alcohol was 

oxidized to ketone by treatment with TEMPO and subsequent converted in olefin by a Wittig 

homologation. Deprotection of the amine followed by neutralization of the resultant TFA salt with 

Et3N gave the secondary amine in 99% yield. Latter derivative was subjected to an acylation 

reaction by addition of 3-butenoic acid, ethylchloroformate and NMM in THF achieving the 

compound with the required lateral chain to obtain the Tashiromine bicyclo, which underwent 

ring-closing metathesis with 1st generation Grubbs` catalyst to yield the unsaturated cycle 

derivative in 82% yield. Hydrogenation in the presence of PtO2 followed by protection of the 
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hydroxy group such as benzoate gave cis- and trans-diastereomers in 74:26 ratio, respectively, 

unlike the obtained in the presence of Pd-C (55:45), this last one could be isolated by preparative 

HPLC. Deprotection of the benzoate group in each of the isomers by treatment with K2CO3 in 

MeOH led to obtention of closest indolizidine derivatives to the Tashiromine structure. 

 
The last one and most recent is the total synthesis of (-)-Tashiromina. It has been developed by the 

research group of Brown,134 using imino-aldol reactions of enolates derived from phenyl 5-

chlorovalerate. High levels of syn selectivity (dr~13-16:1) were obtained using lithium enolates of 

phenyl esters in combination with tert-butylsulfinyl imines. The imino-aldol adducts were 

deprotected and cyclized to afford (-)-epilupinine y (-)-tashiromine, as shown in the following 

scheme. 

 

 
Scheme 64. Synthesis of (-)-Epilupinine (n=2) y (-)-Tashiromine (n=1) 
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FUNCTIONALIZED CYCLOOCTANIC- β-AMINO ACIDS:  

 

 
 

Scheme 65. Retrosynthetic pathway for the synthesis of Tashiromine 
 

Our initial plan in the synthesis of Tashiromine intended as a key step, after the Michael addition 

of the chiral lithium amide, to perform the double bond rupture by an ozonolysis reaction to afford 

the corresponding di-aldehyde, which by a hydrogenolysis reaction will lead in just one step to the 

indolizidine skeleton, which by a reduction reaction of the ester will bring us to the desired 

alkaloid. As we have obtained the 1,3-diene isomer, we tried to model within it the proposed 

reactivity and at the same time to afford high functionalized derivatives. 

 

Reactivity of tert-butyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-cyclooct-3-ene-

carboxylate 12: 

 
Firstly, the reactivity of isomer (1S,2R,αR)-12 was studied. Cleavage of the double bond in 12 

would lead to a di-aldehyde, which in turn could be then transformed into its amino-tri-acid 

(Scheme 68). 

 
Cleavage of the double bond in compound 12 by direct treatment with ozone did not provide the 

expected results and even strong reaction conditions, treatment with HCl(g)
135 previous to oxidation 

also failed. It was suggested to attenuate the reactivity of the amine by getting an amide. As it can 

be observed in Scheme 65, treatment of the homochiral tertiary amine 12 with ceric ammonium 

nitrate in aqueous acetonitrile resulted in clean N-mono-debenzylation136 to yield exclusively, by 
1H NMR spectroscopic analysis of the crude reaction mixture, the corresponding homochiral 

secondary amine 18 which was isolated in 95% yield after column chromatography (Entry 1). 

Unexpectedly, only in one reaction compound 19 could be obtained in low yield. Davies et al.137 

have demonstrated that CAN mediated N-debenzylation protocol proceeds in uniformly good 

yields for acyclic tri-, di- and mono-N-benzyl tertiary amines that do not contain N-Me or N-Et 
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substituents, with preferential cleavage of umbranched N-benzylic substituents over α-branched N-

benzylic substituents (Scheme 66). 

 

 

 
Scheme 66. N-Benzyl elimination reaction of compound12 with CAN 

 
Thus, cleavage of N-α-methylbenzyl fragment by CAN treatment goes against the published 

results, but in spite of the fact that the only difference between the two entries was the reaction 

time; the only evidence to prove that this kind of elimination took place was the isolation and full 

characterization of compound 19 yielded in 14%, whose 1H and 13C NMR spectra show the 

absence signals for the methyl group. In spite of this, the major reaction product in Entry 2 is 

compound 18 obtained in 65% yield and previously characterized in Entry 1. 

 
According to the literature and related to the mechanism of this N-benzyl elimination from tertiary 

amines,137 competitive experiments with tertiary N-benzyl-N-4-methoxybenzyl-substituted amines 

indicate that the outcome of the reaction is unaffected by arene substitution, implying initial single 

electron oxidation by CAN at the tertiary nitrogen centre of the amino nitrogen rather than at the 

arene ring of the N-benzyl substituent but further mechanistic studies within this area are currently 

ongoing to delineate the reaction mechanism. 

 
Different derivatives were prepared from (1S,2R,αR)-12 like (1S,2R,αR)-2-N-(benzyl-N-α-

methylbenzylamino)-cyclooct-3-enyl-methanol 20 (Scheme 67) by a reduction reaction with 

lithium aluminium hydride achieved 20 in 55% yield, which was submitted to protection of the 

alcohol by introducing a benzyl group, the 1H NMR spectrum of the crude showed the recovery of 

starting material. 
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Scheme 67. Preparation of other derivatives from compound 12 

 
Compound 20 was also used as starting material in the preparation of a secondary amine by 

addition of CAN. In spite of the long reaction time, the 1H NMR spectrum of the crude showed the 

recovery of starting material. Formation of an intramolecular hydrogen bond is the most 

reasonable explanation why the elimination of the benzyl group did not take place. 

 

 

Scheme 68. Reagents and conditions: (a) CAN, CH3CN/H2O (5:1 v/v). (b) Et3N, AcCl, THF. (c) O3, DCM, 
Me2S, -78°C 

 
Upon reaction with Boc2O at different temperatures and conditions (Table 14, see experimental 

part) and acetic anhydride the protection of the secondary amine in compound 18 did not happen 

either. However, under addition of acetyl chloride provided the required amide (1S,2R,αR)-21 in 

74% yield that quantitatively afforded the di-aldehyde 22 by cleavage of the double bond with 

ozone (Scheme 68). The 1H NMR spectrum of compound 22 clearly shows the existence of a 

formyl group in position β to the ester group and α to the amine, establishing the structure that is 

indicated in the Scheme 67 (3.78 ppm (1H, dd, J 6.0 and 1.8, H-2) and 9.64 ppm (1H, d, J 1.8, 

CHO). Despite that this route did not bring us to the desired alkaloid product, this 

polifunctionalized β-aminoester could be a potential key intermediate in asymmetric synthesis, and 

also the way to the synthesis of Tashiromine when we will try the described reactions with 

(1S,2R)-XX  (Scheme 68), the aforementioned alkene isomer of (1S,2R,αR)-12. 
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Reactivity of tert-butyl cyclooct-1,3-dienecarboxylate 6: Asymmetric synthesis of 3,4-

dioxygenated β- aminocyclooctane carboxylate derivatives. 

 
According to literature, very few cyclooctanic β-amino acids functionalized are known.81 

 

 

 
Scheme 69. Reagents and conditions: (a) MCPBA, 0°C, 1.5 h. (b) HClO4, Dioxane/H2O (1:9 v/v), 0°C-r.t, 

9.5 h. (c) Acetone, 2,2-DMP, CSA, 80°C. 
 
In order to get further oxygenated β-aminocyclooctane carboxylic acid derivatives, it was 

proceeded as shown in Scheme 68. Oxidation of 6 with MCPBA give rise to the monoepoxide 

(1E,3R*,4S*)- tert-butyl cycloocta-1,2-diene carboxylate 3,4 oxide (±)-23 (67%) together with 

S.M. (23%) and (1R*,2S*,3E)-tert-butyl cycloocta-3,4-diene carboxylate 1,2 oxide (±)-24 (7%) 

(Scheme 70). 

 

 
Scheme 70. Epoxidation reaction of compound 6 with MCPBA 

 
Compound (±)-23 was subjected to addition of lithium (S)-N-benzyl-N-α-methylbenzylamide, 

recovering starting material after the work up. This reaction did not take place probably due to the 

extra-reactivity of the epoxide. For this reason, different conditions were used in the epoxide ring 

opening reaction of (±)-23. The diol (±)-25 was only afforded upon treatment with perchloric acid 

during 9.5 hours in 62% yield and recovery of staring material (20%). Then it was subjected to 

treatment with dimethoxypropane to obtain the corresponding isopropilidendioxi (±)-26 as a 

racemic mixture. 

 
The protocol of asymmetric Michael addition of the chiral lithium amide base (S)-C was 

performed for compound (±)-26, obtaining stereoselectively the corresponding 3,4-dioxygenated 

β-amino ester (1S,2R,αS)-27 and (1S,2R,αS)-28 in 57% yield and 4:1 ratio, (Scheme 71).  

 
The spectroscopy data analysis of compound 27 showed the incorporation of N-benzyl-N-α-

methylbenzylamide in its 1H NMR spectrum at 1.15 ppm (3H, d, J 8.0, C(α)Me), 4.02 ppm (2H, 
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CHAHB, CH2-N), 4.47 (1H, q, J 8.0, CH(α)) and 7.40 ppm (10H, m, H-Ar). Furthermore, it is 

found that the signal from the double bond in the cyclooctadiene ring has disappeared. 

 

 

 
Scheme 71. Reagents and conditions: (a) Lithium N-benzyl-N-α-methylbenzylamide (S)-C, -78°C, 2h. 

 
In Figure 21 are shown the observed correlations in the NOE experiments. The NOE between H-1 

and H-3 led us to establish the stereochemistry of this structure. 

 

COOtBu

O

O
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Figure 21. Nuclear Overhauser Effect correlations of compound 27 

 
The conjugate addition to a homochiral α,β-unsaturated ester containing a cis and trans-dioxolane 

units has been studied recently by Davies et al.138 concluding that doubly diastereoselective 

conjugate addition reaction of the antipodes of lithium N-benzyl-N-(α-methylbenzyl)amide to a 

range of homochiral α,β-unsaturated ester containing a cis and trans-dioxolane units result in 

“matching” and “mismatching” effects. In the “matched” cases a single diastereoisomer of the 

corresponding β-amino ester is produced. Upon conjugated addition to an α,β-unsaturated ester 

containing a cis-dioxolane unit in the “mismatched” case it is the stereocontrol of the substrate 

which is dominant over that of the lithium amide, whilst upon addition to α,β-unsaturated ester 

containing a trans-dioxolane unit the stereocontrol of the homochiral lithium amide is dominant 

(Scheme 72). Consistent with these observations, upon conjugated addition of lithium N-benzyl-N-

isopropylamide to homochiral α,β-unsaturated esters, modest to high levels of substrate control 

leading to the corresponding 3,4-anti-diastereoisomeric β-amino ester product are observed in each 

case, which can be rationalized by invoking a modified Felkin-Anh transition state. 
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Scheme 72. Doubly diastereoselective conjugated addition of homochiral lithium amides to homochiral α,β-

unsaturated esters containing cis- and trans-dioxolane units 
 
The conclusion from this study is in agreement and support the results we have obtained, being in 

this case the matching conditions where the homochiral lithium amide is dominant over the 

substrate. Its approximation takes place on the same face from the oxygen in C-3 position, for this 

reason the major product from the addition of the amide is the single diastereoisomer of the 

corresponding β-amino ester observed by 1H NMR spectroscopy in the reaction crude and 

according to Masamune`s theory139 resulting in compound 27. The reaction of (S)-C with the other 

enantiomer corresponds to the mismatched pair, where the stereocontrol from the lithium amide is 

as well dominant given rise to 28 and probably it could be obtained the other diastereoisomer 

where the stereocontrol is carried out by the substrate in the mismatched pair, but in this case it 

was not isolated. 

 
Different experiments were performed for the acetal opening reaction, just when 27 was treated 

with PTSA it was achieved a mixture of 29 and 30 in 57% and 32% yield, respectively (Scheme 

73). 
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Scheme 73. Reagents and conditions: (a) HCl (gas), PTSA, H2O, 4 h 

 
It is deduced from the spectroscopy data analysis of compound 30 the deprotection of the ester 

wherein both its 1H and 13C NMR spectra show the absence of the tert-butyl signal and the 

downfield shift of the carbon from the acid group present at 176.6 ppm (C, COOH). 

 
The spectroscopy data analysis of compound 29 (Table 27) showed the formation of the 7-

oxabicyclo[4.2.2]decan-8-one wherein its nOe shows correlations of H-9 at 3.09 ppm (1H, dd, J 

9.2 and 2.1) with H-10 at 3.94 ppm (1H, dd, J 9.2 and 5.6) and this one with H-6 at 4.63 ppm (1H, 

td, J 5.6, 3.0) as shown in Scheme 74. 

 

 

 
Scheme 74. Formation mechanism and Nuclear Overhauser Effect correlations of compound 29 

 
The previous reactivity should be studied more deeply because of its nature and because it brings 

to the synthesis of compound 29 and 30 which are of great importance in the contribution to the 

functionalized cyclooctanic-β-amino acids through deprotection protocol of the amides by 

hydrogenolysis reaction. 

However, in order to check the stereochemical nature of the proposed structure, conformational 

analysis was achieved in each epimer and forward H-H coupling constants were calculated. 
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First, conformational search was carried out over each epimer employing OPLS-AA140 as force 

field under the TINKER141 software. For epimer 1 (Fig. 22), seven conformers were founded 

within a 5 Kcal/mol barrier form the minimum energy structure. On the other hand, forty eight 

conformers were founded for epimer 2 (Fig. 22). This great difference is due to the relative cis 

conformation between the amine and the free hydroxyl group, establishing a hydrogen bond (1.847 

Å approx.), which appears in all the conformers: this leads to a significant decrease of the energy 

of this conformational cluster related to the total conformational space. In epimer 2, the trans 

conformation leads to a 2.465 Å distance between the nitrogen and the hydrogen of the hydroxy 

group, leading to a hydrogen bond much longer: such intramolecular interaction is no intense and 

no lower energy cluster was found. Later, a DFT (Density Functional Theory) optimization was 

carried out with the B3LYP/6-31G* theory142 through Jaguar v 7.6.143 In epimer 1, all the 

conformers were minimized, while in epimer 2 only the set of six minimum conformers were 

taken to the forward optimization. No solvent interactions were taken into account: the geometrical 

optimizations in gas phase are enough to obtain valuable data. Finally, H-H coupling constants 

were measure by means the Haasnoot-de Leeuw-Altona144 empirical equation, which is a 

significant improvement of Karplus equation due to the inclusion of the substituents group 

electronegativities. MestreJ was employed in this measure (Table 4 and 5).145 

 

 

 

 

 

 

 

 

 

 

 

                                                           
140

 Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives, J.; J. Am. Chem. Soc., 1996, 118 , 11225-11236. 
141

 Ponder, J. W. TINKER Molecular Modeling Package, v. 5.1; Washington University Medical School: St. 

Louis, MO, 2010. 
142

 (a) Becke, A. D.; J. Chem. Phys. 1988, 38, 3098-3100. (b) Lee, C.; Yang, W.; Parr, R. G.; Phys. Rev. B, 1988, 

37, 785-789. 
143

 Jaguar, version 7.6, Schrodinger, LLC, New York, NY, 2009. 
144

 Altona, C. In Encyclopedia of Nuclear Magnetic Resonance; Grant, D. M., Harris, R. K., Eds.; Wiley: 

Chichester, U.K., 1996, p 4909. 
145

 Navarro-Vázquez, A.; Cobas, J. C.; Sardina, F. J.; Casanueva, J.; Diez, E.; J. Chem. Inf. Comput. Sci., 2004, 

44(5), 1680-1685. 
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Epimer 1 Epimer 2 
Conformer E/kcalmol- % Conformer  E/kcalmol- % 

1 0.00 63.5 1 0.00 0.24 
2 2.41 8.6 2 0.52 0.15 
3 1.38 20.2 3 0.03 0.23 
4 3.65 3.1 4 1.00 0.10 
5 4.78 1.2 5 0.38 0.17 
6 4.11 2.1 6 0.95 0.11 
7 4.71 1.3 

 
Figure 22. Found conformers for Epimer 1 and Epimer 2. 

 

Table 4. Calculation of dihedral angle and coupling constant for each previous conformer of epimer 1 

Dihedral angle (°) J (HLA) 
H1-C-C-
H9 

H9-C-C-
H10 

H10-C-C-
H6 

H6-C-C-
H5a 

H6-C-C-
H5b 

H1,H9 H9,H10 H10,H6 H6,H5a H6,H5b 

-81.4 -17.6 103.7 -69.3 44.6 1.40 7.43 1.32 1.22 5.46 
-82.2 -17.8 104.2 -69.4 44.5 1.35 7.41 1.35 1.21 5.47 
-81.3 -14.5 103.0 -43.9 69.5 1.40 7.61 1.28 4.42 1.96 
-80.6 -16.9 105.4 -44.2 69.3 1.44 7.47 1.44 4.37 1.98 
-91.0 -4.3 97.4 -71.8 42.1 1.07 7.93 1.00 1.05 5.86 
-79.4 -19.8 106.9 -69.4 44.6 1.52 7.27 1.55 1.21 5.46 
-80.9 -18.7 106.6 -69.6 44.4 1.43 7.34 1.53 1.19 5.46 

 Weighted average 
Experimental 

1.40 
2.10 

7.47 
9.20 

1.32 
5.60 

1.96 
3.00 

4.65 
5.60 

 

 

Table 5. Calculation of dihedral angle and coupling constant for each previous conformer of epimer 2 

Dihedral angle (°) J (HLA) 
H1-C-C-
H9 

H9-C-C-
H10 

H10-C-C-
H6 

H6-C-C-
H5a 

H6-C-C-
H5b 

H1,H9 H9,H10 H10,H6 H6,H5a H6,H5b 

-112.8 161.5 -54.3 -54.3 58.4 2.05 7.85 4.27 2.84 3.33 
-121.6 165.4 -58.0 -90.0 23.3 3.20 8.31 3.79 0.93 8.52 
-118.2 164.4 -58.0 -90.3 23.1 2.72 8.20 3.79 0.95 8.54 
-112.6 160.4 -52.3 -53.8 58.9 2.03 7.71 4.53 2.91 3.26 
-121.4 165.0 -57.9 -89.9 23.4 3.17 8.27 3.80 0.93 8.50 
-118.1 163.7 -56.2 -89.9 23.4 2.70 8.12 4.02 0.93 2.66 

 Weighted average 
Experimental 

2.71 
2.10 

8.10 
9.20 

4.02 
5.60 

1.56 
3.00 

6.19 
5.60 
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These results are in both cases in reasonable agreement with those obtained experimentally, 

although only the epimer 1 has got a syn arrangement with the lactone and the hydroxy group 

consistent with the proposed mechanism. Furthermore, the coupling constant J9,10 = 9.2 Hz, 

observed experimentally for 29, it is identically to the observed for the J2b,3 in the 

bicyclo[2.2.2]octane (Fig. 23), which structure has been corroborated by X-Ray spectroscopy and 

is discussed in chapter IV. 

 

 

 
Figure 23. bicyclo[2.2.2]octane 

 

Approximation to the synthesis of Tashiromine: 

 
In order to control the functionality in C-5 and C-6 which is susceptible to migration when it is a 

double bond, previously observed when a hydrolysis reaction of the nitrile group was carried out 

for compound 3, it was decided to establish oxygen functions in this position to allow the bond 

cleavage.  

 

 
Scheme 75. Potential synthesis pathway to establish oxygen functions in C-5 and C-6 

 
Thus in Scheme 76, dihydroxylation with OsO4-NMO of 1,2-epoxicyclooct-5-ene 1 previously 

obtained, led to epoxydiol (±)-31 in 73% yield after isolation by continuous extraction. Due to its 

polarity it was protected and full characterized in deuterated toluene at 85°C as 4,5-tert-

butyldimethylsilyloxy (±)-32 obtained in nearly quantitative yield. 

 
O

1

OsO4, NMO

THF : H2O,
0°C- r.t, 22 h.

73%

O

HO OH

TBDMSCl, Imidazole

DMF, 25°C, 20 h.
94%

O

O O TBDMSTBDMS
(±)-31 (±)-32

 

 

Scheme 76. Dihydroxylation reaction of compound 1 with OsO4-NMO 
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This route is more efficient than the approach previously studied by Hodgson et al. via the alkene 

(5R*,6S*)-5,6-Bis(tert-butyldimethylsilyloxy)cyclooctene XXI  and it uses less OsO4, (Scheme 

X).146 Epoxidation of compound XXI , available from cycloocta-1,5-diene by dihydroxylation and 

subsequent protection, resulted in exclusive formation of epoxide (±)-32 (97%), assigned as the all 

cis compound (vide infra), this cis assignment has been also corroborated in (±)-33, a compound 

that is described below by NOE experiments. 

 

 

 
Scheme 77. Reagent and conditions: (i) cat. OsO4, NMO, THF/Acetone/H2O (1:1:1), 0°C to 25°C, 16 h. (ii) 

TBDMSCl, imidazole, DMF, 2 °C, 18 h. (iii) MCPBA, Na2CO3, DCM, 0°C to 25°C, 30 min. 
 
Different protected diols were synthesized in order to explore the reactivity of different 

derivatives. Treatment with dimethoxypropane, catalyzed by Camphor sulfonic acid and refluxed 

at 80°C achieved the corresponding isopropilidendioxi (±)-33 in 97% yield.  

 

 

 
Scheme 78. Protection reaction of the diol (±)-31 

 
Experiments 2D NMR were submitted for this reaction product and the NOE spectrum 

corroborates the cis assignment for compound (±)-33 and the rest of derivatives which starting 

material has been compound (±)-31 (Fig. 24). 

 
 
 
 
 
 
 
 
 

                                                           
146

 Hodgson, D. M.; Cameron, I. D.; Christlieb, M.; Green, R.; Lee, G. P.; Robinson, L. A. J. Chem. Soc., Perkin 

Trans. 1, 2001, 2161-2174. 
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Figure 24. NOE spectrum of compound (±)-33 

 
Acetylation reaction of compound (±)-31 by addition of acetic anhydride in pyridine was 

performed at room temperature achieving compound (±)-34 in 55% yield and a 1:1 ratio mixture 

of compound 35 and 36 in 28% yield. 

 

Scheme 79. Acetylation reaction of compound 31 

 
The 1H NMR spectrum of compound (±)-34 reflects the symmetry present in this molecule, 

characteristic of the existence of a plane of symmetry. The low yield, quantity, formation of 

secondary products and purification problems comparing with the other two protections makes it a 

not suitable adduct to carry on with the synthesis of the α,β-unsaturated ester. The formation of 

compounds 35 and 36 under protection reaction conditions is interesting and can be perfectly 

observed in the 13C NMR spectrum due that the signals are more or less duplicated. Some related 

diastereoisomers have been obtained by Duthaler et al.,147 in 1972 and their enantiomers by Haufe 

et al.,148 in 2004 through three different routes, all from cycloocta-1,5-diene (Scheme 80). With 

performic acid formed in situ from formic acid and 30% hydrogen peroxide to obtain 38:62 

                                                           
147

 Duthaler, R. O.; Wicker, K.; Ackermann, P. and Ganter, C. Helvetica Chimica Acta 1972, 55, Fasc. 5, 1809-

1827. 
148

 Hegemann, K.; Fröhlich, R. and Haufe G. Eur. J. Org. Chem. 2004, 2181-2192.  
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mixture of meso-XXII  and (±)-XXIII  in 70% combined yield, whereas a 1:1 mixture of these 

products was obtained by treatment with peracetic acid and subsequent saponification reported by 

Duthaler, with rather low yield of 28%. A third alternative pathway by acid-catalyzed ring opening 

of the bis-epoxide of cycloocta-1,5-diene and transannular O-heterocyclization gave mixture of 

meso-XXII  and (±)-XXIII  in 55% overall yield base on starting material. The separation of the 

isomeric diols meso-XXII  and (±)-XXIII  or the corresponding diacetates meso-XXVI  and (±)-

XXVII  by either crystallization or column chromatography was as well very difficult. 

 

 

Scheme 80. Reported formation of these kind of bicycles 

 
Having the protected alcohols in hand, with good yields and under control of the C-5 and C-6 

positions, the idea is to follow the pathway made for the synthesis of unsaturated esters to obtain 

the α,β-adduct for the Michael addition. Compound (±)-32 and (±)-33 were set to react with 

cyanotrimethylsilane using Et2AlCl as catalyst (Scheme 81), and (1R*,2R*,5S*,6R*)-5,6-bis-(tert-

butyldimethylsilyloxy)-2-(trimethylsilyloxy)-cyclooctane-carbonitrile (±)-37 in 81% yield and 

(1R*,2R*,5S*,6R*)-5,6-isopropilidendioxicyclooct-2-trimethylsilyloxy-1-carbonitrile (±)-38 in 

88% yield were obtained regio and stereoselectively. The signal at 2240 cm-1 in the I.R. spectrum 

of compound (±)-37 confirms the presence of the nitrile group and for compound (±)-38 at 2241 

(C≡N) cm-1. 

 

 
Scheme 81. Opening reaction of the epoxides 
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The formation of (1R*,2R*,5S*,6R*)-5,6-isopropilidendioxicyclooct-2-trimethylsilyloxy-1-

chloride (±)-39 is not usually observed but the competition between Cl- or CN- could account for it. 

The absence of signals in the I.R. spectrum for the region of C≡N or N+
≡C- corroborates the 

presence of other group and its mass spectroscopy (C14H27O3SiCl: 329.1310; found 329.1300; ∆∆∆∆ = 

-3.0 ppm) confirms the group as a Chloride.  

 
Treatment of the nitrile (±)-37 with KOH at 200°C for 20 hours followed by HCl addition (Table 

6) led to acid 40 (Entry 1), which was purified by column chromatography with 59% yield, but due 

to its polarity it was best isolated at the ester stage 43 (80%).  

 

 

 
Table 6. Hydrolysis reaction of the nitrile group in compound (±)-37 

Entry 
(±)-37 

(mmol) 
KOH 

(mmol) 
1,2-Ethanediol 

(mL) 
t (h.) 40 (%) 41 (%) 42 (%) 

1 0.30 1.8 2.0 20 59 - - 
2 0.90 4.3 4.0 21 37 26 - 
3 0.30 1.6 2.0 54 47 - 14 

 
The formation of the α,β-unsaturated ester can be corroborated by the spectroscopy of compound 

43 (Table 28, see 2D NMR part), which shows in its I.R. 1727 cm-1 (C=O), has a triplet signal at 

downfield in 6.91 ppm (J 8.0, H-2) and at 141.3 ppm (CH, C-2) in their 1H and 13C NMR spectra, 

respectively. In Entry 2, almost at the same conditions of Entry 1 the acid 40 was yielded in 37% 

and it was also observed that the hydrolysis of the nitrile did not take place but it yield an α,β-

unsaturated nitrile 41 confirmed by its signal in the I.R. spectrum at 2218 cm-1 (C≡N), a triplet at 

6.17 ppm (1H, J 8.0, H-2) and 146.2 ppm (CH, C-2) in their 1H and 13C NMR spectra, 

respectively. A longer reaction time led to acid 40 in 47% yield (Entry 3) and a secondary α,β-

unsaturated hydroxy-ester. This latter product could be obtained in situ by esterification of the acid 

with excess of 1,2-ethanediol present in the media. Its spectroscopy data show in I.R. the 

characteristic signals like 3449 (O-H), 1720 (C=O) cm-1, in 1H NMR a triplet at 6.68-7.11 ppm 
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(1H, J 7.8, H-2) and in 13C NMR at 61.6 (CH2, CH2CH2OH), 66.1(CH2, CH2CH2OH), 142.7 (CH, 

C-2) and 167.7 (C, COO) ppm. 

 
By treatment of (±)-38 with KOH followed by HCl addition, the hydrolysis reaction of the nitrile 

group took place as it can be observed in Scheme 82, but deprotection of the diols took place due 

to the strong conditions and just a low yield of compound 44 (3%) was recovered from the Et2O 

extraction, the deprotected product was extracted using n-butanol. Expected from the nature of this 

polar compound it was necessary esterification and protection for its isolation and characterization. 

 

 

 
Scheme 82. Hydrolysis reaction of the mixture 1:1 (±)-38 

 
The spectroscopy of compound 47 show distinctive signals like 1711 (C=O), 1214 (C-O) and 1039 

(C-O-C) cm-1 in its I.R spectrum; 6.96-7.02 (1H, dt, J 5.4 and 2.0, H-2) and 141.7 (CH, C-2) and 

168.5 (C, COOMe) ppm in its 1H and 13C NMR spectra, respectively. 

 
In spite that the best results obtained in the synthesis of α,β-unsaturated ester with C-5 and C-6 

functionalized have been those ones using compound (±)-32. An alternative would be desirable in 

order to find another way to increase the yield avoiding the strong conditions of the hydrolysis 

reaction of the nitrile. In this way, direct ester formation reaction of the nitrile would be an 

appropriate route (Scheme 83). 
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CNMe3SiO

OO TBDMSTBDMS

MeOH, PTSA

65°C, 7 h. CNHO

OO HH

COOMeMe3SiO

OO TBDMSTBDMS

(±)-37

(±)-48

OO

CN

Acetone, 2,2-DMP

CSA, 80°C, 16 h.
28%

HO

(±)-49  

Scheme 83. Direct ester formation reaction of compound 

 
Under esterification conditions, the only product observed in the crude of the reaction was (±)-48, 

due to the presence of 1 eq. of PTSA compound (±)-37 suffers complete deprotection and due to 

its polarity is best isolated by CC at the 5,6-isopropilidendioxi-stage. The hydroxy and nitrile 

group can be observed in its I.R. spectrum at 3444 and 2243 cm-1, respectively. 

 
Other pathway was studied using 2-trimethylsiloxi-cyclooct-5-ene-1-carbonitrile 3 as starting 

material, which incorporates a double bond in C-5 and C-6, used previously in the first synthetic 

route (Scheme 84). 

 

 
Scheme 84. Addition of oxygen functions in compound 3 

 
Dihydroxylation with OsO4-NMO possibly gave compound (±)-50 but it could not be recovered 

after extraction. Epoxidation by addition of MCPBA gave 1:1 ratio mixture of (±)-51a and b in 

nearly quantitative yield. As its spectroscopy results reveal, characteristic signals are present in its 

I.R. spectrum at 2218 and 1252 cm-1 corresponding to C≡N and C-O functional groups and in its 
1H and 13C NMR spectra show the vanished of the double bond signal and obvious presence of the 

diastereoisomeric mixture because all the signals are duplicated. 
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Treatment of mixture (±)-51a and b with KOH at 200°C for 22 hours followed by HCl addition 

(Scheme 85) led to the acid 52 present in the 1H NMR spectrum of the crude but due to the low 

quantity and presence of impurities it was not efficient to carry on its isolation. Furthermore, direct 

ester formation was performed for reducing the strong conditions of the hydrolysis but 

unfortunately with not results. 

 

Scheme 85. Reactivity of (±)-51a and b under hydrolysis and esterification of the nitrile group 

 
The optimization and recovery of products were not performed at the moment since we already 

have the necessary products to check their reactivity. 

 
With the cyclooct-1-encarboxylates 42, 43 and 47 in hand, the protocol of asymmetric Michael 

addition of chiral lithium N-benzyl-N-α-methylbenzylamide (R)-C was performed for these 

compounds, to obtain precursors adducts in the synthesis of Tashiromine (Scheme 65) but the 

addition did not work out in none of the explored alternatives (Scheme 86). 

 

 

 
Scheme 86. Asymmetric Michael addition of chiral lithium (R)-C 
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In order to get a diene from the double bond in C-1, a bromination reaction of compound 43 was 

performed (Scheme 87). 

 

 

 
Scheme 87. Reactivity of the double bond in compound 43 

 
The obtention of compound 53 shows the facility of these types of compounds to carry out 

intramolecular cyclizations as it was previous observed when compound (±)-31 was submitted to a 

normal acetylation reaction. The HMRS of 53 shows a molecular ion at 415.0915 u, whose results 

reveals that the molecular formula corresponds to C16H29O4SiBrNa, the proposed structure in the 

previous Scheme. 

 
Despite the great effort to find adducts that could bring us to the synthesis of the alkaloid 

Tashiromine (Scheme 75), this study helped us to design its synthesis from (1S,2R,αR)-XX . 

Compound (1S,2R,αR)-12 needs appropriate amine protection to perform an ozonolysis reaction to 

afford the di-aldehyde 22 which can be converted into its β-amino tri-acid. Furthermore, we have 

been demonstrated the synthesis of interesting functionalized cyclooctanic β-amino acids 29 and 

30 via a fascinating and complex Michael addition of chiral lithium amide to the racemic mixture 

of isopropilidendioxi (±)-26 (Scheme 88). 
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Scheme 88. 

 
From all the previous reactions carried out for the oxygen functionalization of C-5 and C-6, it was 

observed that the bromination reaction of compound 47 could be a pathway to obtain a 

Tashiromine precursor. The following alternatives are: use of substituents with less conformational 

freedom which could prevent the participation of oxygen in the opening of bromonium ion, and 

with the double-unsaturated ester compound in hand to perform experiments reactions of addition 

of chiral lithium amides to this favorable systems as shown in Scheme 89. 

 

 

 
Scheme 89. Future synthetic proposal 
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PERICYCLIC REACTIONS AND REARRANGEMENTS: 

 
A pericyclic reaction is a reaction in which bonds are formed or broken at the termini of one or 

more conjugated π systems. The electrons move around in a circle, all bonds are made and broken 

simultaneously and an no intermediates intervene. The requirement of concertedness distinguishes 

pericyclic reactions from most polar or free-radical reactions, although for many pericyclic 

reactions reasonable alternative stepwise mechanism can also be drawn.149 Between the concerted 

pericyclic reaction, almost always, such reactions turn out to be “symmetry allowed”. That is, 

certain symmetry characteristics of the molecular orbitals involved in a transformation are 

necessary in order for a concerted reaction to occur.150 

 
Some interesting rearrangements can be drawn within this kind of reactions and the 

stereoselectivity achieved understood by the reaction paths discussed in the comprehensive paper 

of Woodward and Hoffmann.151 

 
Woodward and Katz152 observed an intramolecular rearrangement of the Diels-Alder adduct α-1-

hydroxydicyclopentadiene at 140ºC, which could be explained by the rupture of the bond a, 

followed by recombination of the resulting doubly allylic fragment, achieving sin-8-

hydroxydicyclopentadiene, as shown in scheme 90. 

 

 

 
Scheme 90. Intramolecular rearrangement at 140°C 

 
 
 
 
 

                                                           
149

 (a) Grossman, R. B. “The Art of Writing Reasonable Organic Reaction Mechanism” 2
nd

 Edition, 2003, 

Springer-Verlag, N.Y. (b) Miller, A. “Writing Mechanisms in Organic Chemistry”. University of Connecticut, 

Academic press, Inc. San Diego, California, 1992. 
150

 Fukui, K. Pure & Appl. Chem., 1982, 54, 1825-1836. 
151

 Woodward, R. B.; Hoffmann, R., Angew. Chem. Int. Ed. Engl., 1969, 8, 781-853; “The Conservation of 

Orbital Symmetry”, Academic Press, New York, 1969; and their preceding papers cited therein. 
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Other interesting example, is the thermal cyclization of cyclooctatetraene to 

bicyclo[4.2.0]octatriene (Scheme 91). 

 

 

 
Scheme 91. Thermal cyclization example 

 
Only 6 π electrons are necessary to affect this cyclization, and only these 6 electrons control the 

stereochemical course of the reaction. Thus, the thermal reaction follows a disrotatory mode, which 

gives cis orientation at the ring junction. If all eight electrons had been counted, a conrotatory 

process would have been predicted, leading to a trans ring junction which is unlikely for such a 

ring fusion. In practice, cyclooctatetraene is the more stable isomer and the presence of the bicyclic 

compound has been demonstrated only through trapping experiments.149(b) 

 
An example of a reaction, in which a σ bond and a π bond are involved, is shown in the following 

intramolecular cycloaddition (Scheme 92).153 The bonds reacting are highlighted. 

 

 

 
Scheme 92. Analysis of a [2+2] reaction 

 
The lobes of the involved frontier orbitals, in the ground state configuration, are shown in the next 

equation. The π bond is the HOMO and the σ bond, the LUMO. There is no geometrically feasible 

way for both termini of each component to interact concerted in a bonding way. The appropriate 

lobes do not match in one of the necessary interactions. Thus, this reaction is not thermally 

allowed. 
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If the HOMO is the σ bond and the LUMO is the π bond, there is the same problem: 

 

. 

 
Scheme 93. 

 
Now, it is the other end of the termini where the reaction is not feasible. The front lobe of the π 

bond does not extend far enough to the left and downward to overlap effectively with the necessary 

+ lobe of the HOMO (Scheme 93). 

 
The next thing to consider is a photochemical process. The HOMO is an antibonding π* orbital, 

because upon absorption of light, an electron is promoted from the bonding to the antibonding 

orbital of the double bond. (It is easier to photochemically excite a π bond than a σ bond). The 

symmetries now match for the transformation. Thus, this is a photochemically allowed reaction 

(Scheme 94). 

 

 
Scheme 94. Photochemical process 

 
It is also surprising the change of the structure that is shown in the following scheme. Starting from 

a bicycle[2.2.1]heptene system, it is achieved the piperidine I via an aza-Cope rearrangement.154 

 

 

 
Scheme 95. 

 
To sum up, this examples show the tendency of molecules with several double bonds to reorganize 

their structures and to give compounds with different skeletons from the starting materials. 
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SYNTHESIS OF A FUNCTIONALIZED C-5 INTERMEDIATE IN T HE APPROACH TO 

THE SYNTHESIS OF ANATOXIN- A 

 
As it can be observed in Scheme 96, the objective compound Anatoxin-a could be obtained from 

the intermediate I  through transformation of the ester group into methyl ketone and formation of 

the double bond. The 9-azabyciclo[4.2.1]nonane I can be generated from II throughout 

condensation of the amine group with the functional group in C-5 position. In turn, II  comes from 

the hydrogenation reaction of the double bond present in III  followed by a hydrogenolysis of the 

benzyl groups from the amine. The key step is the formation of the intermediate III , where the 

stereogenic centers have to be generated through the Michael addition of the chiral lithium amide 

(R)-C over IV , which can be easily afforded from cycloocta-1,5-diene. The intermediate III  and its 

analogues can lead to important adducts in the synthesis of alkaloids by modification of the 

functionality in the conjugate unsaturated ester. 

 

 

 
Scheme 96. Retrosynthetic analysis of Anatoxin-a 

 

Synthesis and reactivity of (1E,3Z)-tert-butyl and methyl 5-oxo-cycloocta-1,3-diene 

carboxylate: 

 
Preparation of starting materials: 

The synthesis of tert-butyl cycloocta-1,3 and 1,7-dienecarboxylate, 6 and 7 respectively, were 

previously described. Due to the stability of the methyl esters, compounds 54 and 55 respectively 

prepared from the acids 4 and 5 (1:1 ratio) by addition of Trifluoroacetic anhydride and MeOH 

gave a 1:1 ratio mixture in 70% yield (Scheme 97). Through acidulation of the aqueous phase with 

HClc and extraction with DCM the unreacted mixture of the acids could be recovered (12%). 
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Scheme 97. Preparation of the methyl esters 

 
This reaction can also be carried out by addition of TMSCHN2 in benzene:MeOH (1:1 v/v), which 

generally provides very good yields. 

 
Synthesis of (1E,3Z)-tert-butyl and methyl 5-oxocyclooct-1,3-diene carboxylate: 

Taking into account that the key step in the synthesis of Anatoxin-a is the introduction of a 

functional group in C-5 position of the cycloocta-1,3-diene system. In our research group the 

reactivity of cyclooctadiene esters with different oxidants has been previously studied,155 like 

MCPBA, Na2CrO4 and SeO2, being well known the capacity of the last one to oxidate an allylic 

methylene position. The reaction of the unsaturated esters 6 and 54 by addition of SeO2 led to the 

formation of functionalized compounds in the 5 position. 

 
When compounds 6 and 54 were treated with SeO2 to reflux in a mixture of glacial acetic acid and 

tert-butanol for 5.5 and 5 hours, respectively, the cyclooctadienones 56 and 58 were obtained with 

51% and 46% yields after column chromatography. Cyclooctadienols 57 and 59 were also isolated 

with 32% and 18% yields (Scheme 98). 

 

 

 
Scheme 98. Reagents and conditions: (a) SeO2, CH3COOH, t-BuOH, 105°C, R=tBu, 5.5 h., R=Me, 5 h. 

 
The oxidation with TPAP of the allylic alcohols 57 and 59 led us to recover the important 

intermediates 56 and 58 in 90% and 87%. Similarly, oxidation of 57 with SeO2 afforded 

compound 56 with 62% yield, which suggests that the alcohol is an intermediate in the oxidation 

reaction of the ester to the ketone as it is shown below in Scheme 99.156 

 
                                                           
155
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Scheme 99. Reagents and conditions: (a) TPAP/NMO, 3A Mol. Sieves, DCM. 

 
Selenium dioxide will convert an allylic methylene group into the corresponding alcohol 

(Guillemonat-Sharpless allylic oxidation).157 In terms of reaction mechanism, SeO2 and the allylic 

substrate react via pericyclic process, beginning with an ene reaction that activates the C-H 

bond.158 The second step is a [2,3] sigmatropic reaction.159 In this kind of oxidations involving 

SeO2, are often carried out with catalytic amounts of the selenium compound in presence of a 

catalyst or co-oxidant such as hydrogen peroxide or best t-BuOOH at room temperature.160 Unlike 

this process, in our case, a large excess of SeO2 was used, with glacial acetic acid as catalyst and t-

BuOH as a solvent. Unreacted SeO2 still present in the reaction medium will possibly continue the 

oxidation affording the unsaturated ketone. In addition, we have to take into account that epoxides 

or unsaturated ketones might also be formed in this kind of reactions (Scheme 100). 

 

 

 
Scheme 100. Mechanism of Selenoxide oxidation 

 
Furthermore, it has been observed that when compound 6 is left at room temperature and 

atmospheric conditions for extended time (1 month) compound 56 is obtained by oxidation 

reaction with the atmospheric oxygen. The spectroscopy data analysis of compounds 56 allow us 

to deduce the incorporation of the carbonyl group in C-5 position as shown its 13C NMR spectra at 

205.2 ppm and the spectroscopy data analysis of compounds 57 and 59 show us the incorporation 

                                                           
157

 Guillemonat, A. Ann. Chem. (Warsaw), 1939, 11, 143. 
158

 Arigoni, D.; Vasella, A.; Sharpless, K. B.; Jensen, H. P. J. Am. Chem. Soc., 1973, 95(23), 7917-7919. 
159

 Sharpless, K. B. and Lauer, R. F. J. Am. Chem. Soc., 1972, 94(20), 7154-7155. 
160

 Jerussi, R. A. Selected Org. Transf. 1970, 1, 301. 
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of the hydroxy group in C-5 position from their 1H NMR spectra at 4.36 ppm (1H, dd, J 8.2 and 

9.6) and 4.06-4.17 ppm (1H, dd, J 7.4 and 8.8), respectively. 

 
On the other hand, treatment of compounds 7 and 55 under the same oxidation conditions with 

SeO2 afforded tert-butyl and methyl 4-oxo-9-oxabicycle[3.3.1]non-2-ene-2-carboxylate 60 and 61 

in 29% and 11% yield, respectively (Scheme 101) and 11% of by-products in each reaction, which 

could not be identified due to the low quantity obtained. 

 

 
 
 

Scheme 101. Oxidation reaction of compounds 7 and 55 with SeO2 

 
The spectroscopy data analysis of compounds 60 and 61 allow us to deduce the incorporation of 

the carbonyl group in C-4 position in its 13C NMR spectrum at 199.2 ppm and experiments 2D 

NMR (Table 29) corroborate the formation of the oxygenated bridge, specially by cross-peak 

between H-1 and C-5 (Fig. 25). 

 

 

 
Figure 25. Heteronuclear multiple bond conectivity of compound 60, 13C-1H long distance. 

 
The mechanistic proposal for the formation of compounds 60 and 61 via Selenium dioxide will 

convert an allylic methylene group into the corresponding alcohol as it was above described for 

compounds 57 and 59, followed by an intramolecular Michael addition where the enolate anion is 

facilitated by the selenium ion to give the intramolecular epoxide. The next step is [2,3] 

sigmatropic reaction from the Selenoxide compound to give the oxygenated intermediate in C-4 

position, which evolve to give the final ketone, as shown in Scheme 102. 
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To corroborated the structure of this compound, the two esters 

(1:1 v/v) and after a month 

structure shown in Scheme 10
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Figure 26

 
The reaction that takes place in the formation of dimer 

which is allowed for the rules of Woodward and Hoffmann
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To corroborated the structure of this compound, the two esters were left in a mixture of Hex:Ether 

(1:1 v/v) and after a month crystals from compound 62 coming from 60 

structure shown in Scheme 101 was corroborated via X-Ray spectroscopy for 

spectra are simple and similar to those ones from the monomer with the 

absence of the double bond due to the existence of a C2 symmetry axis (Table 30

 
Figure 26. Molecular structure representation of Compound 62

The reaction that takes place in the formation of dimer 61 is a photochemical cyclization 

which is allowed for the rules of Woodward and Hoffmann.151 
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Attracted by the functionalization of these oxabicycles[3.3.1] 60 and 61 a short study of their 

reactivity was made. 

 
With the functionalized oxabicycle[3.3.1] 60 in hand, we started with the normal Michael addition 

of (R)-C at -78°C which was left to react for 3 hours. Only starting material was recovered after 

work up. The possible formation of the conjugated enolate may prevent the α,β-unsaturated ester 

act like the Michael acceptor as observed for compound 56. By reduction of the ketone group with 

sodium borohydride was quantitatively achieved compound 77, which was protected by addition 

of benzyl bromide giving tert-butyl 4-benzyloxy-9-oxabicyclo[3.3.1]non-2-ene-2-carboxylate 78 

with 74% yield (Scheme 104), which was full characterized. 

 

 

 
Scheme 104. Deprotection and protection reactions 

 
Spectroscopic data of compound 78 show new signals at 4.60 ppm (2H, s, CH2Ph) and 7.35 ppm 

(5H, H-Ar) due to the addition of a benzyl molecule corroborated by its 13C NMR at 71.7 ppm 

(CH2, CH2Ph), 127.9, 128.1 and 128.7 ppm (CH x 5, Ph) and 138.1(C, Cipso). 

 
With compound 78 in hand, we subjected it to addition of primary and secondary amines (Table 

19) under different conditions with no results. In all cases, only starting material was quantitatively 

recovered after the works up, which show us the stability of its precursor bicycle ring and its 

ability to crystallize. Chiral lithium amides turn out to be unreactive as the lithium atom probably 

suffers chelation with the two oxygen atoms, which correspond to the ester and the epoxide, as 

shown in Figure 27. 

 

 

 
Figure 27.  
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Reactivity of (1E,3Z)-tert-butyl and methyl 5-oxocyclooct-1,3-diene carboxylate: 

 
When compound 56 is submitted to react with (R)-C (2.2 eq.) in THF at -78°C, using the standard 

procedure, only starting material was recovered after 2 hours reaction. Deprotonation in α 

probably led to the formation of the conjugated enolate, which prevents the α,β-unsaturated ester 

act like the Michael acceptor (Scheme 105). 

 

 

 
Scheme 105. Formation of the conjugated enolate 

 
To avoid this we decided to protect the carbonyl group as an imine by treatment with primary 

amines.  

 
Compound 56 was dissolved in ethanol and submitted to addition of benzylamine. The system was 

refluxed at 110°C for different periods changing the equivalents of benzylamine to optimize the 

reaction (Table 7). 

 

 

 
Table 7. Addition of benzylamine, variation of the concentration and reaction times 

Entry 
Benzylamine 

(Eq.) 
t (h.) 63 (%) 64 (%) 65 (%) 

Recovery 
of 56 (%) 

1 1 20 30 25  23 
2 1.2 24 40 40   
3 1.6 30 41 38 1  
4 1.6 114 42 23 5  

 
As it can be observed in the previous Table, the best yield of 63 (42%) was obtained by the 

addition of 1.6 eq. of benzylamine after 114 hours reaction. Compound 65 is formed by oxidation 

of 64 during purification by CC, being 64 the only by-product observed by 1H NMR spectroscopy 
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of the reaction crude. This fact was confirmed by the obtention of 65 when a solution of 64 was 

exposed at atmospheric oxygen for a period of time, being the aromatization the driving force of 

the process (Scheme 106). 

 

 

 
Scheme 106. Oxidation under atmospheric conditions 

 
The spectroscopy data analysis of compound 63 allow us to deduce the incorporation of 

benzylamine in its 1H NMR spectrum at 7.21-7.32 ppm (5H, m, Ph) and 3.70 and 3.80 ppm (2H, 

SAB, J 13.2, HN-CH2-Ph). Furthermore, no signals of the double bond of the cyclooctadiene ring 

are observed. In the 13C NMR spectrum the most remarkable signals are at 213.0 ppm (C, C-5) 

observed for a ketone group and the tert-butyl signals of the ester are present at 27.9 ppm (CH3 x 

3, COOC(CH3)3), 80.8 (C, COOC(CH3)3) and 173.8 (C, COOC(CH3)3), respectively. Highlights 

the emergence of two methylenes at 45.6 ppm (CH2, C-6) and 50.6 (HN-CH2-Ph) as well as a 

quaternary carbon at 43.5 ppm (C, C-1) assigned to a bicycle system [2.2.2]octane incorporating a 

ketone and as a substituents tert-butoxicarbonyl and benzylamine groups. The 2D NMR 

experiments (Table 31) led us to establish its structure and the complete assignment of its 

spectroscopy data. Figure 28 shows the most relevant connectivities observed. 

 

 

 
Figure 28. Heteronuclear multiple bond conectivity of compound 63, 13C-1H long distance 

 
Figure 29 shows the observed correlations in the NOE experiments spectrum. The NOE between 

H-3 and H-4 indicates the cis-configuration and other NOES led us to the assignation of the 

methylenes hydrogen like in α or β-position. 

 



Synthesis and reactivity of (1E,3Z)-tert-butyl and methyl 5-oxo-cycloocta-1,3-diene carboxylate 
 

 

121 

 

 
Figure 29. Nuclear Overhauser Effect correlations of compound 63 

 
However the proposed structure of the bicycle system [2.2.2]octane can be corroborated later by 

X-Ray spectroscopy data. 

 
When compound 64 is isolated, it draws particular attention for the simplicity of its 1H NMR 

spectrum: 1.49 (9H, s); 2.34 (3H, s); 2.46-2.48 (4H, m); 6.94 (1H, S.AB, J 6.0); 7.02 (1H, S.AB, J 

6.0) and in its 13C NMR spectrum also shows four olefinic carbons, two of them quaternaries at 

136.0 and 140.3 ppm, and the other two methines at 130.8 and 138.3 ppm, the tert-butoxicarbonyl 

group, a carbonyl at 198.0 ppm, two methylenes at 20,4 and 21.8 ppm and a methyl at 25.4 ppm.  

 
Given the unexpected ring contraction reaction from cyclooctane ring to a cyclohexanic system we 

decided to make the unequivocal assignment of the structure 64. The 2D NMR experiments allow 

us to deduce the structure and to make the complete assignment of the signals. The most 

significant connectivities are shown in Figure 30 and Table 32. 

 

 

 
Figure 30. Heteronuclear multiple bond conectivity of compound 64, 13C-1H long distance. 

 
It is worth to mention that the correlation of the carbonyl at 198.0 ppm with the methyl and the 

hydrogen at 6.94 ppm fix the acetyl group conjugated to the double bond CH at 6.94 and 132.3 
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ppm. Correlation at three bonds of the carbons at 136.0 and 140.3 ppm with the hydrogens at 6.94 

and 7.02 are relevant because they allow to establish the diene as a 1,4-disubstituted. 

 
Taking into account that the isolation of the unexpected ring contraction 64 from this reaction is 

kind of surprising, this compound may take part as intermediate in the formation of the bicycle 

system [2.2.2]. For this reason it was submitted to react under the same conditions (Scheme 107). 

In Entry 1, the reaction was refluxed for 69 hours. In the 1H NMR spectrum from the crude 

starting material, benzylamine and an unknown compound were detected. This last one could not 

be isolated after CC. A second reaction was refluxed for a shorter time (Entry 2) and the same 1H 

NMR spectrum was obtained (annexed in spectroscopy part) which shows the three compounds, 

we proposed that the unknown compound might be the imine, which can be easily deprotected by 

the silica from the CC. 

 

 

Scheme 107. Reagents and conditions: (a) Benzylamine (Entry 1=1.22 eq., Entry 2 = 1.6 eq.), EtOH, 110°C. 

 
It is noteworthy that purification of fractions containing compound 64 after a time also afforded 

the aromatic compound 65 and a small quantity of the epoxidized compound 66 (Scheme 108), 

which structure has been corroborated by its spectroscopy data and 2D NMR experiments (Table 

34). 

 

 

 
Scheme 108. Oxidation under atmospheric conditions. 
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Figure 31 shows the most relevant observed correlations in the NOE experiments for compound 65 

and 66, like the 1,3 disposition for the epoxide diene precursor. This allows us to corroborate the 4 

position of the acetyl group. 

 

Figure 31. Nuclear Overhauser Effect correlations. 

 
From the spectroscopy data of compound 66 the most important correlations are between the 

carbonyl carbon at 197.2 ppm and H-3 at 6.89 ppm, which fix the acetyl group conjugated to 131.9 

ppm, also its long distance coupling with H-5B at 2.72 ppm and at three bonds coupling of the 

methylenes at 18.9 ppm with H-2 at 3.62 ppm and at 21.1 ppm with H-3 at 6.89 ppm. The 

chemoselectivity exhibit by this reaction, being oxidized only the double bond at C-1 position is 

really interesting and can be used for synthetic purposes. 

 
Given the ease to the partial oxidation of compound 64 to yield compound 65, we decided to 

performed some oxidation reactions to afford aromatic compounds as it is described in 

bibliography161 like indicates Table 8. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                           
161

 (a) Fieser, L. F.; Ourisson, G. J. Am. Chem. Soc. 1953, 75, 4404-4414. (b) Zee-Cheng, K.-Y.; Cheng, C. C. J. 

Heterocycl. Chem. 1967, 4, 163. (c) Van Tamelen, E. E.; Hildahl, G. T. J. Am. Chem. Soc. 1956, 78, 4405-4410. 

(d) Jpn. Patent 56 055 345, CA 1981, 95, 186 653e. 



Results and Discussion chapter IV 
 

 

124 

 

 
Table 8. Oxidation reactions to afford aromatic compound 65 

Entry 
64 

(mmol) 
Reagent 
(mmol) 

Solvent 
(mL) 

t (h.) Recovery of 64(%) 65 (%) 67 (%) 

1 0.26 SeO2 (0.54) EtOH (10) 66 60 40 - 

2 0.099 
SeO2 (0.39), 
CH3COOH 

t-BuOH 15 
Decomposition 
of the starting 

material 
- - 

3 0.049 
DDQ 

(0.056) 
PhH 20 41 52 - 

4 0.13 DDQ (0.19) PhH 62 31 50 - 
5 0.06 DBU (0.11) PhCH3 20 7 64 12.5 
6 0.015 Br2 (0.03) CCl4 2 - 100 - 

 

The aromatic compound 65 can be quantitatively afforded by treatment under Br2 (Entry 6) and 

probably with some of the reagents used but with longer reaction periods of time. The obtention of 

the alcohol 67 by addition of DBU is possibly due to the hydride extrusion in the aromatization of 

the original anion formed under basic treatment (Scheme 109), or alternatively, the hydride could 

attack the ketone straight intramolecularly after deprotonation and aromatization. 

 

 

Scheme 109. Mechanistic proposal of compound 67 

 
Finally, structures 64 and 65 have been corroborated by total synthesis using commercial 4-

acetylbenzoic acid as starting material, as shown in Scheme 110. 

 

 

 
Scheme 110. Reagents and conditions: (a) TFAA, t-BuOH. (b) TFA. (c) NaBH4, MeOH. 
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The esterification reaction of the commercial available 4-acetylbenzoic acid with TFAA and t-

BuOH afforded a compound with identical physic properties as compound 65 and this one by a 

reduction reaction with sodium borohydride quantitatively yielded compound 67. Likewise, the 

hydrolysis of compound 65 with TFA produced the acid with 100% yield. 

 
Going back to the reactivity of 56 with amines, the previous reaction afforded a racemic mixture 

because the substrate and reagent were not chiral. For this reason we decided to carry on the study 

of the reactivity by using chiral α-substituted amines, as shown in Table 9. 

 

 

 
Table 9. Treatment of 56 under α-substituted amines 

Entry RNH 2 (eq.) T (°C) t (h.) 
Recovery 
56 (%) 

X (%) 
64 : 65 

ratio (%) 

1 
(R)-N-α-methylbenzylamine 

(1.2 eq.) 
110 40 - 

(+)-68 
(26) 

20 : 1 
(50) 

2 
(R)-N-α-methylbenzylamine 

(1.6 eq.) 
110 114 7 

(+)-68 
(34) 

13 : 1 
(42) 

3 
(S)-N-α-methylbenzylamine 

(1.2 eq.) 
110 48 19 

(-)-68 
(33) 

44 : 1 
(45) 

4a (S)-N-α-methylbenzylamine 
(1.2 eq.) 

110 45 7 
(-)-68  
(23) 

58 : 1 
(59) 

5b (S)-N-α-methylbenzylamine 
(1.2 eq.) 

130 96 - 
(-)-68  
(30) 

62 : 1 
(63) 

6 
(S)-N-α-methylbenzylamine 

(1.6 eq.) 
110 116 1 

(-)-68  
(39) 

18 : 1 
(56) 

7 
(±)-sec-butyl amine 

(1.2 eq.) 
110 96 14 (±)-69 

(18) 
38 : 1 
(39) 

a Reaction under light, hv = 200 W. 
b Reaction in the absence of light and Monoglyme (dimethoxyethane) was used as a solvent. 

 
It is worth to emphasize the generality of the reaction, being applicable to different primary amines 

(substituted in α or not), although, there is a decrease in the yields when substituted amines are 

used or when the amines are not benzylic (Entry 7). Also, there is not a big difference when the 

reaction is performed in the presence or absence of light. 

 
Once again, after performing purification by CC the rearrangement and contraction product 64 and 

the bicycle[2.2.2]octane were isolated. Analysis of the 1H NMR spectra from the crudes did not 
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show the presence of other diastereoisomers, the e.e. is determined by the own homochiral amines 

employed. (e.e. >95%). For this reason, it can be set for compound (+)-68 a d.e.>95% and 

e.e.>95%, data that agrees with the high optical rotation power measured as [α]��
�

= +32.7 (c 0.90, 

CHCl3), but it cannot be corroborated due that it is the first time that this compound has been 

obtained according to the literature review. 

 
Compound (+)-68 was crystallized in a mixture of Hex/EtOAc (1:1 v/v) and its structure and 

absolute configuration was corroborated by X-Ray spectroscopy (Fig. 32, Annexe D) and therefore 

the analogues obtained in this series of reactions. When the reaction is performed by addition of 

(S)-N-α-methylbenzylamine analogously (-)-68 is obtained, with the same physic properties and 

spectroscopy data but with opposite rotation power [α]��
�

 = -31.8 (c 0.99, CHCl3) which allow us 

to propose it as the above enantiomer. 

 

 

 
Figure 32. Molecular structure representation of Compound (+)-68 

 
However, in an attempt to transform the carbonyl groups from compounds (+) and (-)-68 into 

amine by treatment with benzylamine, compounds (+) and (-)-63 were respectively achieved. 

These compounds have been previously described, although with rotatory powers measurement 

near to zero, which opens up new uncertainties about the absolute assigned stereochemistry and 

proposes the development of new pathways to determine it (Scheme 111). 
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Scheme 111. Reactivity of compounds (+) and (-)-68 with benzylamine 

 
It remains to determine the mechanism of this transamination reaction where can be involucrate an 

anchimeric assistance of the carbonyl group or the formation of an oxetane by additional 

nucleophilic attack of the benzylamine to the carbonyl and elimination of the α-

methylbenzylamine, and by a new opening of the oxetane by benzylamine regenerating the 

carbonyl group again. Currently, attempts to afforded the hydrogenolysis of compound (+) and (-)-

68 in order to determine the rotation powers of the amines products have been unsuccessful (Table 

10) because the formation of a polymeric specie is detected and it might be avoided by previous 

protection of the carbonyl group. 

 
The treatment of compound 56 by addition of secondary and tertiary amines could give us more 

information about the mechanism of the observed reactivity, for this reason were performed the 

following reactions as shown in Table 10. 

 

 

Table 10. Reactivity with secondary and tertiary amines and stability of compound 56 

Entry (a) Solvent T (°C) t (h.) Observations 
1 - EtOH 110 176 Recovery of 56 (S.M.) 
2 Et2NH EtOH 110 54 Recovery of 56 (S.M.) 
3 (R)-C EtOH 110 40 Recovery of 56 (S.M.) 
4 Et3N EtOH 110 84 Recovery of 56 (S.M.) 
5 PTSA THF 110 90 Recovery of 56 (S.M.) 
6 DDQ PhH 95 62 Recovery of 56 (S.M.) 

7 DBU PhCH3 110 185 
56 (S.M.): 65 

2:1 ratio mixture 
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When compound 56 is refluxed in EtOH for a long period (Entry 1) the starting material is 

recovered unchanged which means that it is necessary to add a promoter even to obtain compound 

64 and also made us to realize that it is not a simple thermodynamic reaction. The same happens 

when secondary amines like diethylamine or the chiral one (R)-N-benzyl-N-(α)-

methylbenzylamine (Entry 3) or tertiary like triethylamine were added into the reaction systems. 

For going further into this study, it was also recovered compound 56 by addition of and oxidant 

like DDQ or strong acid like PTSA. Only when the reaction was performed by addition of DBU in 

toluene at 110°C for 185 hours reflux it afforded compound 56 and 65 in a 2:1 ratio mixture 

observed in the 1H NMR spectrum from de crude (Scheme 112). 

 

 

 
Scheme 112. Reactivity of compound 56 with DBU 

 
Despite of the lower nucleophilicity shown by the nitrogen in the aniline, we decided to study the 

reactivity of compound 56 by addition of this one and in order to extent the range of amines 

(Scheme 113). 

 

 
Scheme 113. Reactivity of compound 56 with aniline 

 
In the first Entry, the reaction was set to react controlled by TLC, but after 408 hours it was 

stopped as no significant changes were observed by TLC; it was interesting to observed that when 

purification by CC of the crude from Entry 1 was performed, 5% of starting material was 

recovered in the last fractions in spite that it is the less polar compound, which means that a retro-

Michael reaction took place in the chromatographic column as it was previously observed for other 
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Michael adducts such as compound (1S,2R,αR)-13. In the second entry we used freshly distilled 

aniline and compound 56 was submitted to react under the same conditions, after 92 hours 

different spots were observed by TLC, by analysis of the 1H NMR spectrum from the reaction 

crude compound 72 could be identified and its yield was calculated from the spectrum.  

 
The data analysis of compound 70 led us to deduce that in the initial structure the aniline molecule 

was incorporated due to the signals present at 7.21 ppm (2H, t, H-3`and H-5`), 6.78 ppm (1H, t, H-

4`) and 6.60 ppm (2H, d, J 9.4, H-2` and H-6`). Furthermore, it was found that the signals from the 

previous double bond in C-3 have disappeared and it can be observed the displacement to low field 

of the proton bonded to the amine found at 4.72 ppm (1H, ddd, J 4.2, 8.5, 12.1, H-3). In its 13C 

NMR it can be observed and ketone at 210.0 ppm, the characteristic signals of the tert-butyl ester 

at 28.0, 81.0 and 165.0 ppm, the appearance of two methines at 49.0 ppm (C-3) and the olefinic at 

144.0 ppm (C-2) and also a quaternary carbon at 134.4 ppm (C-1). The four methines 

characteristic of the aromatic ring from the aniline can be observed at 113.3 ppm (2 x CH, C-2` 

and C-6`), 118.5 ppm (CH, C-4`) and 129.4 ppm (CH x 2, C-3`and C-5`) and finally its quaternary 

carbon at 146.0 ppm (C, Cipso). The 2D NMR experiments led us to corroborate its structure and 

the complete assignment of the signals (Table 35). The most relevant connectivities can be 

observed in Figure 33. 

 

 

 
Figure 33. Heteronuclear multiple bond conectivity of compound 70, 13C-1H long distance. 

 
Compound 70 appears as an intermediate in the obtention of 72 and in spite that the aniline has 

lower nucleophilicity for reacting with the carbonyl, it does in a 1,4 Michael addition. The 

migration of the double bond to the C-7 position in compound 71 is something that we have been 

observing in these cyclooctanic systems.  

 
As compound 70 is sensed as an intermediate in the formation of the bicycle system [2.2.2]octane 

and since the aniline does not react with the carbonyl group, it was subjected to react with 

benzylamine under the same conditions previously described. This reaction achieved with much 

better yield and in a shorter reaction time compounds 63 (53%) and 64 (47%) detected previously 

from the direct reaction of compound 56 and benzylamine (Scheme 114). 
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Scheme 114. Reactivity of compound 70 with benzylamine 

 
According to our results based on the study of the achievements and limitations of tert-butyl 5-

oxo-cycloocta-1,3-diene carboxylate, we proposed the following mechanisms for the formation of 

compound 64, which has been yielded along this set of reactions and probably can give us a clue to 

propose a mechanism for the formation of the bicycle system [2.2.2]octane. 

 

Proposed mechanism for the formation of compound 64: 

 
The proposed mechanism for the formation of compound 64 as shown in Scheme 115, starts with 

enol or enamine formation to give intermediate V, followed by a [1,7] thermal hydride shift to 

produce the tri-unsaturated intermediate which by a 6π-electrocyclization turn into unstable 

bicycle, which suffers easily 2π+2π ring opening followed by an intramolecular 6π 

electrocyclization reaction affording the six member ring where, depending on the substituent, the 

enamine or the enol can turn into the ketone, this intermediate ends by a [1,5] thermal hydride shift 

to obtain compound 64. 

 

 

 
Scheme 115. Mechanism of formation compound 64 
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Proposed mechanisms for the formation of the bicycle system [2.2.2]octane: 

 
Mechanism A: 
 
Using compound 64 as a potential intermediate in the formation of the bicyclic system 

[2.2.2]octane (Scheme 116). Reaction of the ketone with the amine provides the enamine which 

could rearrange to give the [2.2.2] bicyclo alkenone. Nevertheless, it is difficult to explain the 

formation of the final product from this and the ketone 64 does not provide the bicycle [2.2.2] 

octane experimentally. 

 

 
 

Scheme 116. Proposed mechanism A 
 

Mechanism B: 
 
We proposed the following mechanism (Scheme 117) initiated by amine Michael addition (VI ) 

followed by enamine formation (VII ) and double bond conjugation (VIII ). The breaking of bond a 

within intermediate VIII  is the key step toward the obtention of the described bicycle [2.2.2] 

octane (X). 

 

 

Scheme 117. Proposed mechanism B 
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The described mechanism (Scheme 117), due to its complexity needs further experimental 

contribution, but some facts that support it are: 

� The initial formation of intermediate VI  seems plausible since we have been able to isolate 

it when R= Ph. This fact also indicates that the conjugated carbonyl system is more 

reactive than the ester. 

� The mobility of the double bonds in the cyclooctanic system observed throughout this 

investigation explains the rearrangement present from VII  to VIII , favoured by the 

conjugation. 

� In intermediate VIII  by bond breaking of a a double homoallylic σ bond system leads to 

IX  which evolves by electronic reorganization into another bicyclic isomer. To the best of 

our knowledge, this is the first time that a double homoallylic double σ bond breaks to 

produce this kind of bicycle [2.2.2] octane. 

� The reaction can be described through a π
4s + σ2s intermediate type as shown in Figure 34, 

which it is thermodynamically allowed reaction and as it has been shown, it is the way that 

takes place experimentally. 

 

 

Figure 34. 

 
Due to the surprising reactivity found and since there are no bibliographic precedents for the 

formation of this type of bicycle[2.2.2]octane, it was decided to obtain new derivatives to see the 

results and to draw relevant conclusions. 

 
The synthesis of functionalized intermediates at C-4 (XI ) from the previous functionalized 

derivative (1E,3Z)-tert-butyl 5-oxocycloocta-1,3-dienecarboxylate 56 would be good candidates in 

order to contribute to the herein studied reactivity. As indicated in the following retrosynthetic 

Scheme 118, the strategy will be the synthesis of a bromo derivative such as 74. 
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Scheme 118. 

 
Although literature162 describes the production of a vinyl bromide from a carbonyl 

in just one step by treatment with Br

bromide derivative 73 with low yield (26%). The best conditions found involved 

reaction, as shown in Scheme 11

 

O

C

CC

56

Scheme 11

Treatment of 56 with Br2 in CCl

by addition of Et3N in THF at room temperature for 95 hours yield the mono bromide compound 

74 with 83%. Compound 7

corroborated by X-Ray espectroscopy 

Figure 35

                                                          
162

 Smith, A. B. III; Branca, S. J.; Guaci

275. 
163

 Blanco, M.; Garrido, N. M.; Sanz, F.; Díez, D. 

E,3Z)-tert-butyl and methyl 5-oxo-cycloocta-1,3-
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 Retrosynthetic analysis of C-4 functionalized derivatives

describes the production of a vinyl bromide from a carbonyl 

in just one step by treatment with Br2 and Et3N, in our case these conditions achieved

with low yield (26%). The best conditions found involved 

cheme 119. 

COOt-Bu
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Cl4, 0°C - r.t.,
4 h., 91%

O

COOt-Bu

Br

Br

73

Et3N THF, r.t., 95 h.
83%

O

COOt-Bu

Br

74

Br2, Et3N
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Scheme 119. Obtention of Bromide 74, C-4 functionalized. 

 
in CCl4 let us to get the di-bromide compound 73 with 91% yield

N in THF at room temperature for 95 hours yield the mono bromide compound 

4 crystallizes in Hex/EtOAc (1:1 v/v) and its structure has been 

espectroscopy (Fig. 35, Annexe E).163 

 

 
Figure 35. Molecular structure representation of Compound 73

                   

Smith, A. B. III; Branca, S. J.; Guaciaro, M. A.; Wovkulich, P. M. ; Korn, A. Org. Synth., Coll

; Sanz, F.; Díez, D. Acta Cryst. 2012, E 68, 0. 
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Bu

 

4 functionalized derivatives 

describes the production of a vinyl bromide from a carbonyl α,β-unsaturated 

, in our case these conditions achieved the di-

with low yield (26%). The best conditions found involved a two steps 

with 91% yield, which 

N in THF at room temperature for 95 hours yield the mono bromide compound 

and its structure has been 

73 

Synth., Coll 1990, 7, 271-
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Significantly, the indicated conditions are the optimal, being crucial the temperature in the 

dehydrohalogenation process, because when we tested other conditions as indicated bellow 

(Scheme 120) we obtained different results. Thus, treatment of 73 with Et3N in THF at 70°C for 77 

hours yielded the expected mono-bromide derivative 74 in 18% yield together with the aromatic 

product 65 (3%), the trienone 75 (19%) and a bicycle sistem [5.1.0]octane 76 (10%). 

 

 

 
Scheme 120. Dehydrohalogenation reaction of compound 75 at 70°C 

 
The espectroscopy analysis of compound 76 led us to deduce that the estructure corresponds to a 

bicycle [5.1.0]octane wherein the protons H-1, H-7 and H-8 are coupled as follows from their 

coupling constants. The olefinic protons can be observed at 6.86 ppm (1H, d, J 7.8, H-3), 6.41 ppm 

(1H, dd, J 7.8 and 12.5, H-4) and 6.13 ppm (1H, d , J 12.5, H-5). In its 13C NMR spectrum shows 

at 198.4 ppm the carbonyl group, the characteristic signal of the tert-butyl ester at 28.1, 82.0 and 

165.6 ppm. The appearance of two methines sp2 at 131.4 ppm (C-5) and 131.7 ppm (C-4) and the 

presence of the conjugated double bond with the ester at 127.2 and 141.1 ppm for C-3 and C-2, 

respectively. The 2D NMR experiments led us to corroborate its structure and to assign 

spectroscopy data (Table 36, see 2D NMR part). Figure 36, shows the most relevant 

connectivities. 

 

 
Figure 36. Heteronuclear multiple bond conectivity of compound 76, 13C-1H long distance. 

 
It is reasonable to think, that under the reaction conditions compound 75 and 76 have the same 

intermediate precursor (XI ), yielded by dehydrohalogenation reaction of 73 as shown in Scheme 

121. 
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Scheme 121. Mechanism proposal for the formation of compound 75 and 76 

 
The abstraction of different hydrogen atom in C-7 (route a) or C-6 (route b) by the amine produces 

a new dehydrohalogenation intermediates, which leads to the formation of the isomers 75 and 76. 

 
Compound 73 was treated with DBU since these were the only effective conditions for the 

transformation of compound 56 (previously discussed along this chapter). This reaction achieved 

compound 65 and 76 with 50% and 37% yield, respectively (Scheme 122). 

 

 

 
Scheme 122. Reactivity of compound 73 with DBU 

 
It is surprising to obtain the aromatic isomer 65, which was previously yielded in reactions were 5-

oxo-cycloocta-1,3 dienone 56 was incorporated as starting material. It is not ruled out here a basic 

mechanism of their formation and as in the previous case the isomer of 65, compound 75 may be a 

precursor, which explains the results obtained under the treatment with DBU. 

 
Since the main objective is to observe the reaction of the cyclooctadienones with the 

functionalized C-4 position by addition of primary amines, it was decided to test the reactivity of 

the mono-bromide derivative 74 and also for the di-bromide 73 as shown in Scheme 123. 
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Scheme 123. Reactivity of compounds 75 and 76 with benzylamine 

 
The reaction of compound 73 by addition of benzylamine after purification by CC, only afforded 

as a known compound the mono-bromide intermediate 74 with low yield (15%). When compound 

74 was submitted to react under the same conditions, compound 63 was the only isolated product 

in 15% yield, instead of the expected derivative with a bromide substituent in C-6 which supports 

the proposed mechanism and it is difficult to explain the loss of bromine without counting for an 

extra unsaturation. Taking into account these results, in the future will be convenient the synthesis 

of derivatives with less labile substituents. 

 
From this chapter we can conclude that the obtention of important intermediates in the synthesis of 

Anatoxin-a with the C-5 position activated was carried out, being 56 and 58 obtained by an allylic 

oxidation with SeO2. The yield on 56 and 58 can be improved because they are easily obtained 

from the alcohols 57 and 59 by TPAP oxidation. These reaction conditions also allow us to make 

an important contribution to the production of other cyclooctanic derivatives such as tert-butyl and 

methyl 4-oxo-9-oxabicyclo[3.3.1]non-2-ene-2-carboxylate, 60 and 61 when 7 and 55 were 

subjected to react under the same conditions. 

 

 

 
Scheme 124. 

 
Furthermore, through a complete study of the reactivity of 56 with primary amines, compounds 

with a bicycle[2.2.2]octane structure were obtained. This fact opens a new and very interesting 
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research pathway as its functionalization makes possible to achieve intermediates like XII  or XIII . 

These type of compounds exhibit potential as organocatalysts, particularly derivative XIII  which 

presents an own axis of symmetry C3 and could be obtained by the recently methodology reported 

by White et al.164 of remote methylene functionalization. 

                                                           
164

 Chen, M. S. and White, M. C. Science 2007, 318, 783-787. 
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APPROXIMATION TO THE SYNTHESIS OF ANATOXIN-A: 

 
Anatoxin-a was isolated in 1977 and it was reported by Edwards et al.165 its structure was 

corroborated by X-Ray diffraction from  N-acetyl derivative. The first Asymmetric synthesis were 

performed from tropane alkaloids such as cocaine through ring expansion (Scheme 125). The 

majority of theses syntheses were published by Edwards` research group.166 Years later, a more 

efficient synthesis was performed as well using chlorhydrate of (-) cocaine.167 

 

 
Scheme 125. (-)-Cocaine as starting material in the synthesis of Anatoxin-a. 

 
The first total racemic synthesis of anatoxin-a was described by Edwards in 1979 using cycloocta-

1,5-diene, as shown in Scheme 126.168 

 

 

 
Scheme 126. First racemic synthesis of Anatoxin-a 

 
Due to the importance that its synthesis means in the obtention of new adducts with similar 

biological characteristic as the anatoxin-a and the achievement of such as unusual 9-

azabicyclo[4.2.1]nonane skeleton, several research groups have been working in its synthesis and 

therefore exist a large number of articles about this theme. Among these, it can be found different 

obtention of (±)-Anatoxin-a,169 being relevant to our research group the reported by Parsons in 

                                                           
165 Devlin, J. P.; Edwards, O. E.; Gorham, P. R.; Hunter, N. R.; Pike, R. K. Can. J. Chem. 1977, 55, 1367-1371. 
166 Campbell, H. F.; Edwards, O. E.; Kolt, R.; Can. J. Chem. 1977, 55, 1372-1379. 
167 Wegge, T. Schwarz, S.; Seitz, G. Tetrahedron: Asymmetry, 2000, 11, 1405-1410. 
168 Campbell, H. F.; Edwards, O. E.; Elder, J. W.; Kolt, R. Pol. J. Chem. 1979, 53, 27-37. 
169 (a) Danheiser, R. L.; Morin, J. M. Jr.; Salaski, E. J. J. Am. Chem. Soc. 1985, 107, 8066-8073. (b) Parsons, P. 
J.; Camp, N. P.; Edwards, N.; Sumoreeah, L. R. Tetrahedron, 2000, 56, 309-315. (c) Roe, S. J.; Stockman, R. A. 
Chem. Commun., 2008, 3432-3434. 



Introduction chapter V 
 

 
140 

2000, whose synthesis has been achieved through a β-lactam ring opening-transannular cyclization 

sequence to set up the bridged bicyclic framework of the natural product (Scheme 127). 

 

 

 
Scheme 127. Reagents and conditions: (i) Boc2O, DMAP, CH3CN, r.t, 12 h. (ii) MeMgBr, PhMgBr ó n-
BuMgCl (1.1 eq), -40°C, 1 h, r.t, THF. (iii) PhSeCl, CH3CN, r.t, 30 min. (iv) H2O2, THF, 0°C- r.t (v) H2, 
Pd/C, MeOH, 1 h. (vi) Addition of MeOH or BnOH, NaH, THF, r.t, TBDMSCl, 9 h. (vii) 1) PhSeCl, 
CH3CN, r.t, 30 min. 2) H2O2, THF, 0°C- r.t 

 
This synthesis involves a cycloaddition of chlorosulfonyl isocyanate with cyclooctadiene followed 

by Boc protection of the resulting β-lactam. Reaction of the latter one with a variety of 

nucleophiles, followed by selenium-mediated cyclization and oxidation gave the skeleton of 

anatoxin-a bearing various sidechains. The methodology used for the obtention of the last two 

intermediates (Scheme 126) was reported by Rapoport.170  

 
Other examples of enantioselectives synthesis of (+)-Anatoxin-a found in literature are: the 

reported by Somfai et al., using L-pyroglutamic acid,171 chirospecific synthesis of 

conformationally constrained anatoxin analogues,172 and cyclization of electrophilic allenes.173  

A formal asymmetric synthesis of (+)-Anatoxin-a using an enantioselective deprotonation strategy 

on an eight-membered ring by Aggarwal et al.,174 is really interesting because used cis-1,5-

cyclooctanodiol as starting material and it is one of the most concise and efficient (34% overall 

yield) synthesis reported (Scheme 128). The key steps in this synthesis are the highly 

enantioselective desymmetrization of the cyclooctanone I and a novel cascade reaction to set up 

the 9-azabicyclo[4.2.1]nonane skeleton. 

                                                           
170 Sardina, F. J.; Howard, M. H.; Koskinen, A. M. P.; Rapoport, H. J. Org. Chem. 1989, 54, 4654-4660. 
171 Somfai, P. and Åhman, J. Tetrahedron Letters, 1992, 33, 3791-3794.  
172 Hernandez, A.; Rapoport, H. J. Org. Chem. 1994, 59, 1058-1066. 
173 Mansell, H. L. Tetrahedron, 1996, 52, 6025-6061. 
174 Aggarwal, V. K.; Humphries, P. S.; Fenwick, A. Angew. Chem. Int. Ed. 1999, 38, 1985-1986. 
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Scheme 128. Reagents and conditions: (a) PDC, DCM, 100%. (b) 1 aq. PhCH2NH2 (40%), p-TsOH (30 
mol%), ∆, 2. H2SO4 (10%). (c) PhCH2-OCOCl, Sc(OTf)3 (5 mol%), iPr2Net, MeCN. (d) (R,R)-NH, HCl, n-
BuLi (2 eq), (PhO)2POCl, THF, -100°C. (e) [Pd(PPh3)4], CH2=CH(OEt)SnBu3, LiCl, THF, ∆. (f) 45% HBr 
in AcOH. (g) Pd/C, H2, MeOH, (t-BuCO)2O. 
 

Another more recent and interesting contribution to the enantioselective synthesis of (+)-anatoxin-

a using enyne metathesis was reported by Sato and Mori (Scheme 129).175  
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Scheme 129. Synthesis of N-tosylanatoxin-a 

 
The formal total synthesis of (+)-anatoxin-a was accomplished using enyne metathesis as a key 

step. It was very interesting that (+)-anatoxin-a was synthesized from (S)-pyroglutamic acid via an 

unusual inversion of chirality, which is rationalized in terms of a skeletal rearrangement of 9-

azabicyclo[4.2.1]nonene derivative at the stage of oxymercuration of the diene.  

 
During the development of this research, it was reported the synthesis of anatoxin-a analogue by 

resolution of  the amino acid II using chiral (R)-4-phenyl-oxazolidin-2-thione as derivatizing 

agent, using cycloocta-1,5-diene as starting material (Scheme 130).176 

                                                           
175 Tomita, T.; Kita, Y.; Kitamura, T.; Sato, Y.; Mori, M. Tetrahedron, 2006, 62, 10518-10527. 
176 Marc, M.; Outurquin, F.; Renard, P-Y.; Créminon, C.; Franck, X. Tetrahedron Letters, 2009, 50, 4554-
4557. 
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Scheme 130. Resolution of the racemic mixture of amino acids and approach to the synthesis of anatoxin-a 
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APPROXIMATION TO THE SYNTHESIS OF ANATOXIN- A 

 

Retrosynthetic analysis: 

 

 

 
Scheme 131. Retrosynthetic analysis of Anatoxin-a 

 
As it can be observed in Scheme 131, the key step in the synthesis of Anatoxin-a is the formation 

of the intermediate III  where the stereogenic centers have to be generated. This compound is 

coming from adduct IV  that itself can be obtained from V, which has been prepared in the previous 

chapter as compound 56. The study of its reactivity by direct addition of the chiral lithium amide 

(R)-C with no results and the addition of different kind of amines which has opened the door to a 

new and interesting research pathway, bring us back to the point of trying new routes. For example 

when the carbonyl group in derivative V is protected as a dioxolane, it is possible to afford the 

diene system observed in derivative IV  away from the quaternary carbon in C-5 position which 

will not have the stabilization from the carbonyl by conjugation. It will also be interesting to have 

this 1,7-diene system because we have observed, in previous chapters, that the Michael addition 

reaction takes place quantitatively for this scaffold unlike with the cycloocta-1,3-diene system. 

 
Our first approach from III  will be in just one step to perform deprotection of the carbonyl group at 

C-5, hydrogenolysis of amine protecting groups, intramolecular condensation and a subsequent 
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reduction. A detailed bibliographic search for intramolecular cyclization throughout condensation 

of an amine group with a carbonyl group was made. Blechert et al. has published an interesting 

highly selective cross-coupling reaction of N-protected allylic and homoallylic amines with α,β-

unsaturated ketones and acrylates followed by reductive cyclization as a general approach to the 

synthesis of mono- and bicyclic-piperidine and pyrrolidine derivatives.177 

 
Cross-coupling of N-protected allylic and homoallylic amines with enones or acrylates should 

easily afford aminoenones, which upon catalytic hydrogenation are converted into the saturated N-

heterocycles in a sequence of double bond reduction, N-deprotection and cyclization (Scheme 

132).178 Simple reductive aminations affording piperidines and pyrrolidines are known to proceed 

cis-selectively under the control of the stereocentre adjacent to the nitrogen.179 In addition, 

aminoenones containing a second carbonyl group are shown to undergo a further diastereoselective 

cyclization180 yielding bicycles like (±)-Indolizidine 209D and (±)-Xenovenine. 
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Scheme 132. Synthesis of (±)-Xenovenine and (±)-Indolizidine 209D. 

 
Even when nucleophilic alkylation on anti-Bredt iminium ions to the synthesis of 1-alkylated 2-

azabicyclo[3.3.1]nonanes have been described,181 as shown in Scheme 133, the alternative 

obtention of the amine II  (Scheme 131) and the appropriate change of the functional group in this 

intermediate will give a synthetic versatility to the proposal. 

                                                 
177

 Gebauer, J.; Dewi, P.; Blechert, S. Tetrahedron Letters, 2005, 46, 43-46. 
178

 (a) Davies, S. B.; McKervey, A. M. Tetrahedron Letters, 1999, 40, 1229-1232. (b) Benetti, S.; Risi, C.; 

Marchetti, P.; Pollini, G. P.; Zanirato, V. Synthesis, 2002, 3, 331-338. (c) Boeglin, D.; Heitz, A.; Martinez, J.; 

Fehrentz, J. A. Eur. J. Org. Chem. 2003, 16, 3139-3146. 
179

 Mota, A. J.; Langlois, N. Tetrahedron Letters, 2003, 44, 1141-1143 and references cited therein. 
180

 Randl, S.; Blechert, S. J. Org. Chem. 2003, 68, 8879-8882 and references cited therein. 
181

 (a) Yamazaki, N.; Suzuki, H.; Kibayashi, C. J. Org. Chem. 1997, 62, 8280-8281. (b) Suzuki, H.; Yamazaki, N.; 

Kibayashi, C. Tetrahedron Letters, 2001, 42, 3010-3015. 
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Scheme 133. Nucleophilic alkylation on anti-Bredt iminium ions 

 
In this way compound 56 was subjected to 1,3-dioxolane protection as shown in the following 

Table. 

 

 

 
Table 11. 1,3-dioxolane protection of compound 56. General reaction conditions: Benzene, Dean-Stark 

110°C. 

Entry 
56 

(mmol) 

1,2-
Ethanediol 

(mmol) 

PTSA 
(mmol) 

t 
(h.) 

Recovery 
S.M. 

56 (%) 

79 
(%) 

80 
(%) 

81 
(%) 

82 
(%) 

83 
(%) 

1 1.20 12.00 0.06 27 - 21 8 - - - 
2 0.34 0.70 0.02 24 15a 34 - 46a - - 
3 0.54 1.08 0.03 24 13b - - 38b 27 11 

a Where obtained as a mixture in a 3:1 ratio 
b Where obtained as a mixture in a 3:1 ratio 
 
Broadly, the desired protected product was achieved in low yield due to ester reaction and 

formation of by-products. Migration of the conjugate double bond from 1,3 to 1,7 was expected in 

acid media. In this manner, by using PTSA the double bond could be isomerized to the farthest 

position from the spiranic centre being tert-butyl 5,5-ethylenedioxycyclooct-1,7-diene-1-

carboxylate 81 or its respective acid 79 the major products. Under the reaction conditions 

highlighted in Entry 1, the protected compound was obtained in its acid form and isolated as its 

ester by treatment with TMSCHN2 as shown in the following Scheme, compound 80 is formed due 

to the 12 fold excess of 1,2-ethanediol, by reducing the amount of 1,2-ethanediol to 2 eq. and the 
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reaction time (Entry 2), we obtained the protected product 81 in 46% yield and the protected acid 

79 in 34 % yield. In Entry 3, although the conditions were maintained, the reproducibility and 

control of this protection starts to play an important yield control. 

 
To recover efficiently the above acids, the methyl esters were obtained by treatment with  

trimethylsilyldiazomethane (Scheme 134). 

 

 

 
Scheme 134. Reagents and conditions: (a) TMSCHN2, Benzene/H2O (1:1 v/v), r.t. 

 
Compound 84 was isolated and full characterized showing in its I.R. spectrum the functional 

groups like C=O at 1723 cm-1 and C-O at 1256 cm-1 and its  1H NMR shows the characteristic 

splitting for its conjugated double bond in 1,7 position at 5.79-5.96 ppm (1H, m, H-7), 6.34 ppm 

(1H, d, J 11, H-8) and 7.02-7.09 ppm (1H, t, J 6.6, H-2). 

 
Due to the difficulty of isolating compounds 58 and 85 and taking into account that the protection 

of the carbonyl group as dioxolane promotes the obtention of compound 84 as a major product, it 

was decided to make the treatment on this mixture affording the results shown in Scheme 135. 

 

 

 
Scheme 135. 1,3-dioxolane protection for the unsaturated methyl esters 

 
Dioxolane protection for the 2:1 ratio mixture of 58 and 85 was nearly quantitative and migration 

of the double bond is significantly observed obtaining 13:1 ratio mixture of 84 and 86, respectively. 
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Deprotection of the ester did not take place being the methyl ester a stable group wherein 

protection of the carbonyl group can be perform under this conditions. The structure of compound 

86 was corroborated by 2D NMR experiments (Table 37), wherein the most important correlations 

in its COSY spectrum are between H-C-2 at 7.20 ppm (d, J 5.2) with H-C-3 at 5.89 ppm (dd, J 12.6 

and 5.2) and H-C-4 at 5.59 ppm (d, J 12.6) with H-C-3. 

 
Considering that the reactivity of the cyclooctadiene is very peculiar, highlighting the trend of 

double bonds migration in basic medium because of the greater thermodynamic stability as it was 

observed for Huber et al.,92 compound 86 was set to react under t-BuOK (Scheme 136). 

 

 

 
Scheme 136. Isomerization reaction of the double bonds in basic media 

 
In spite that this reaction yields by-products, compound 79 and 83 have got the conjugate 

unsaturated bond in the optimal position and can be easily esterified, and subsequently protected. 

This reaction was performed again using freshly sublimed t-BuOK and the same results were 

observed. The isomerization of the double bonds can be performed as well in acid media but exists 

a high probability of 1,3-dioxolane deprotection. 

 
Assuming that the Michael addition of chiral lithium amides over compounds 86 and 84 is going to 

behave like in compounds 6 and 7, this is a hypothesis, because a small change into a molecule 

may cause a large change in its reactivity. In this manner, to prove the behavior of compound 86 in 

the addition reaction of (R)-C is of great importance for further experiments to be developed later 

(Scheme 137). 
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Reactivity of the protected cyclooctadiene carboxylates with (R)-C: 

 

 

 
Scheme 137. Reagents and conditions: (a) (R)-N-benzyl-N-α-methylbenzylamine 6 eq., n-BuLi 5.8 eq., THF, 

-78°C.  
 

Comparing the yields achieved in the Michael addition for compound 6 (42%) and compound 86 

(32%) can show that the reactivity remains basically the same for the conjugated 1,3-unsaturated 

ester, incorporation of a functionalized group in C-5 turns to affect the reactivity slightly due to the 

presence of the 1,3-dioxolane group which is a relatively strong chelating group, unlike the reaction 

with compound 6 starting material was not isolated in this case. In order to increase the yield, it 

was decided to raise the temperature at -20°C, but the obtained results are those ones indicated in 

Scheme 137, it was also the first time that the formation of the anti diastereoisomer (1R,2R,αR)-88 

was observed. The two addition products were isolated and fully characterized, mainly 

emphasizing their different rotation powers being [α]��
�

 = +19.3 (c 0.15, CHCl3) and [α]��
�

 = -1.3 (c 

0.48, CHCl3), for compounds 87 and 88, respectively. These diastereoisomers show differences in 

their 1H and 13C NMR spectra, for compound 87 at 2.39-2.50 ppm (1H, m, H-1), 3.77 ppm (1H, m, 

H-2), 52.6 ppm (CH, C-1) and 56.7 (CH, C-2); for compound 88 at 2.68-2.75 ppm (1H, m, H-1), 

4.71 ppm (1H, dd, J 12.0 and 8.0, H-2), 49.1 (CH, C-1) and 57.7 (CH, C-2). 

 
When the Michael addition is performed over methyl 5,5-ethylenedioxycycloocta-1,7-diene-1-

carboxylate 84 as shown in the following Table, the reactions have better yields than those ones 

performed with compound 86 but unlike the Michael addition carried out with compound 7 this one 

it is not quantitative, starting material could be observed in the 1H NMR spectra from the reaction 

crudes but longer periods of time may reduce the yield (Entry 1). 
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Table 12. Michael addition of (R)-C to compound 84 at -78°C 

Entry 
84 

(mmol) 
(R)-C 

(mmol) 
n-BuLi 1.6 M. 

(mmol) 
THF 
(mL) 

t 
(hours) 

(-)-108 : 84 
Yield 
(%) 

1 0.61 3.70 3.50 1.5 2.5 2.5 : 1 43 
2 0.82 4.90 4.80 2.0 2 3 : 1 60 
3 0.93 5.60 5.40 2.0 2 3 : 1 50 

 

Tandem addition selenylation or hydroxylation reactions: 

 
Due to a retro-Michael reaction observed when (1S,2R,αR)-13 was purified through silica gel, it 

can be predicted that the same behavior may be observed for the Michael reaction product (-)-105 

obtained when 84 is submitted to the chiral lithium amide (R)-C addition. An alternative for 

achieving isolation of this product could be in situ addition of phenylselenyl chloride, which will be 

added to the α-position of the unsaturated ester position replacing the α-hydrogen preventing in this 

manner, elimination of the chiral amide. 

 

Tandem reaction: selenylation addition 

The α-phenylselenyl carbonyl compounds are important bifunctional synthons and α-phenylselenyl 

aldehydes and ketones have been extensively studied.182 Parlanti and Piancatelli et al.183 have 

worked in the direct amino-phenylselenylation of enoates as a route in the synthesis of α-

phenylseleno-β-amino esters and β-lactams. They have described that unactivated and deactivated 

olefins can be rapidly and efficiently functionalized by phenylselenyl chloride, via a Lewis acid 

mediated stereospecific addition; the enhanced reactivity observed in these conditions probably 

arises from the interaction between the Lewis acid and the chloride anion of the electrophilic 

reagent.184 

                                                 
182

 (a) Lebarillier, L.; Outurquin, F.; Paulmier, C. Tetrahedron, 2000, 56, 7483-7493. (b) Houllemare, D.; 

Ponthieux, S.; Outurquin, F.; Paulmier, C. Synthesis, 1997, 101 and references cited therein. 
183

 Torchiarolo, G. C.; D`Onofrio, F.; Margarita, R.; Parlanti, L.; Piancatelli, G.; Bella, M. Tetrahedron 1998, 54, 

15657-15666. 
184

 D`Onofrio, F.; Parlanti, L.; Piancatelli, G. Tetrahedron Lett. 1995, 36, 1929-1932. 
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Scheme 138. Applied methodology in the synthesis of α-phenylseleno-β-amino esters 

 
When addition of (R)-C is performed over 84 at -78°C followed after 1.5 hours by addition of 

PhSeCl, it is achieved adduct 89 as a reaction product, instead of the selenyl in α-position, probably 

due to the high steric bulk. 

 

 

 
Scheme 139. One-pot α-phenylselenylation 

 
Compound 89 was isolated in 29% yield and the proposed stereochemistry indicated in the 

previous Scheme is in accordance to the pattern of the tandem reactions of addition and anti α-

alkylation, even when in this case the influence is far away. Compound 89 can be an useful 

intermediate because it can be purified through CC and subsequent elimination of the 

phenylselenyl group and hydrogenation of the double bonds will afford an important adduct 

(Scheme 140). 
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Scheme 140. (a) H2O2, THF, 0°C-25°C, 3 min. (b) Pyridine, DCM, H2O2, 0°C-40°C, 1.5 h. 

 
Elimination reaction did not take place even when the mixture was refluxed at 40°C for 1.5 hours, 

probably the elimination of the α-phenylselenyl group to the double bond has to be carried out in 

stronger conditions For corroborating the influence of the double bond, compound 89 was 

submitted to hydrogenation but as it can be observed in Scheme 141, it was only recovered starting 

material and full elimination of the amine and phenylselenyl groups destroying the previously 

incorporated chirality so for this reason we changed the strategy to incorporate a hydroxy group 

instead. 

 

 

 
Scheme 141. Hydrogenation reaction of compound 89 

 

Tandem reaction: hydroxylation addition  

The examples found in literature on addition of lithium amides and subsequent hydroxylations of 

cyclic enoates are not very common. In 2002, Davies et al.,185 reported the conjugated addition and 

hydroxylation over ethyl 1-cyclopentene-1-carboxylate, achieving the desired product with high 

diastereoselectivity (>90%, 1H NMR data analysis from the reaction crude) and surprisingly the 

                                                 
185

 Davies, S. G.; Epstein, S. W.; Garner, C.; Ichihara, O.; Smith, A. D. Tetrahedron: Asymmetry 2002, 13, 

1555-1565. 
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obtention of only one diastereoisomer was yielded in 62% after purification, as shown in Scheme 

142. 

 

 
Scheme 142. Reagents and conditions: (i) Lithium (R)-N-benzyl-N-α-methylbenzylamide (1.6 equiv.), THF, 
-78°C, 2 h. (ii) (-)-(canforsulfonyl)-oxaziridine (2 equiv.), THF, -78°C-r.t 
 

Using the conditions described above for the asymmetric synthesis of β-amino-α-hydroxy acids via 

diastereoselective hydroxylation of homochiral β-amino enolates with oxaziridines.40 It was 

performed a complete study to search for the best conditions for finding the matched pair when 

compound 55 was used as a model of starting material to shift later to the more elaborated 

compound 84 once the optimal conditions are met. This argument is made by the major difficulty 

of obtaining the latter compound. 

 
Theoretical186 and experimental187 studies have suggested a SN2 type mechanism for the oxygen 

transfer from N-sulfonyloxaziridines to nucleophiles. Although the early part of the reaction 

coordinate is dominated by the four-electron repulsion of the nucleophiles and the lone pair on 

oxygen, the “electrophilic” nature of oxaziridines has been attributed to the presence of a low-lying 

empty Walsh orbitals (LUMO) that rapidly decreases in energy during C-O and N-O bond 

elongation induced by the attacking nucleophiles. It was concluded that the molecular recognition 

is steric in origin, dictated by the substituents on the oxaziridine nitrogen and carbon atoms. 

 
An SN2 type mechanism has been proposed by Davis et al. for the hydroxylation of enolate anions 

by oxaziridines (Scheme 143).188 The enolate anion attacks at the oxaziridine oxygen atom to give 

hemiaminal intermediate VI  which fragments to the sulfonimine VII  and alkoxide. When (±)-2-

(phenylsulfonyl)-3-phenyloxaziridine is used, exits evidence implicating VI  in the oxidation of 

enolates. Oxidation of lithium enolates by the previous (±)-trans-oxaziridine gives, in addition to 

the α-hydroxy carbonyl compound, the imino-aldol product VIII  resulting from addition of the 

enolate to the sulfonimine VII . 

 

                                                 
186

 (a) Bach, R. D.; Wolber, G. J. Am. Chem. Soc. 1984, 106, 1410-1415. (b) Bach, R. D.; Coddens, B. A.; 

McDouall, J. J. W.; Schlegel, H. B.; Davis, F. A. J. Org. Chem. 1990, 55, 3325-3330. 
187

 Davis, F. A.; Billmers, J. M.; Gosciniak, D. J.; Towson, J. C.; Bach, R. D. J. Org. Chem. 1986, 51, 4240-4245. 
188

 Davis, F. A.; Sheppard, A. C.; Chen, B.-C.; Haque, M. S. J. Am. Chem. Soc. 1990, 112, 6679-6690. 
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Scheme 143. General mechanism for enolate oxidation with N-Sulfonyloxaziridine 

 
For analyzing the stereoselective hydroxylation it is necessary to screen a variety of reagents. 

Firstly, the reaction has to be performed by addition of the Davis oxaziridine (±)-trans-2-

(phenylsulfonyl)-3-phenyloxaziridine as source of electrophilic oxygen (Scheme 144) to check the 

diastereoselectivity of the reaction. 

 
Scheme 144. One-pot α-hydroxylation of homochiral β-amino enolate 

 
In this experiment we could confirmed the selectivity as >95% d.e. since the alternative syn 

diastereoisomer could not be identified in the 1H NMR spectrum of the crude product. This 

reasoning can be evidenced from previous additions of (R)-C over cyclooctanic unsaturated esters 

where the stereoselectivity of the product is primarily directed by the chiral amine without having 

observed the formation of other diastereoisomers, taking into account the importance of the 

temperature in this kind of addition. Compounds (-)-90 and (+)-91 were isolated in 20% and 3% 

yields and fully characterized being their rotation powers [α]��
�

 = -15.7 (c 1.15, CHCl3) and [α]��
�

 = 

+4.7 (c 0.64, CHCl3), respectively. The low yield of compound (+)-91 is probably due to a retro-

Michael reaction which takes place during CC purification. For this reason the recovery of starting 

material (37%). Characteristic signals for compound (-)-90 are: In I.R. spectrum at 3348 cm-1 (O-

H), in 1H NMR at 4.94 ppm (1H, s, OH) and 5.40-5.48 ppm (2H, m, H-7 and H-8) and in 13C NMR 

at 76.4 ppm (C, C-1) and 134.5 ppm (CH x 2, C-7 and C-8), this compound also crystallized in a 

mixture Hex: ether (1:1 v/v) which melting point is 138-140°C and its structure has been confirmed 

by X-Ray (Fig. 37) as it shows Annexe F. 
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Figure 37. Molecular structure representation of compound (-)-90 

 
The X-Ray spectroscopy results confirm the proposed structure represented in Scheme 144 

confirming the stereochemistry of its three chiral centers as (1R,2R,αR). 

 
Under the same conditions, treatment with (-)-(2S,8aR)-D camphorsulfonyl oxaziridine in situ, 

provides the results shown in Scheme 145, unlike the previous experiment the presence of by-

products precluded an accurate assessment. Furthermore, isolation of the hydroxylated product (-)-

90 by flash chromatography was more complicated than before. 
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Scheme 145. One-pot α-hydroxylation of homochiral β-amino enolate 

 
To complete the screen, the last experiment was subjected in situ by addition of (+)-(2R,8aS)-D 

camphorsulfonyl oxaziridine (Scheme 146). 
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Scheme 146. One-pot α-hydroxylation of homochiral β-amino enolate 

 
The 1H NMR spectrum from the crude product showed a cleaner reaction in spite of the low yield 

and purification by CC was performed in a much better way. The selectivity could be confirmed as 

>95% d.e. from its spectrum. Compound (-)-90 was pure isolated showing a slight increase in its 

rotational power [α]��
�

 = -17.7 (c 1.18, CHCl3). 

 
Interestingly, the corresponding hydroxylation using the antipodal chiral lithium amide (S)-C by 

addition of (-)-(2S,8aR)-D in situ, led to recover 33% yield of starting material and to afford 

compound (+)-90 in 24% yield and its rotation power was measured as [α]��
�

 = +28.2 (c 0.98, 

CHCl3). In spite that the rotation power has slightly increased, the 1H NMR from the crude product 

is not clean and the isolation of the hydroxylated product (+)-90 by flash chromatography was as 

well complicated (Scheme 147). 

 

 

 
Scheme 147. One-pot α-hydroxylation of homochiral β-amino enolate 

 
With compounds (-)-90 and (+)-90 in hand, we tried the hydrogenation and hydrogenolysis 

reactions as we have been suggested in the retrosynthetic analysis of Anatoxin-a. 
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Scheme 148. Hydrogenation and hydrogenolysis reactions 

 
In Entry 1, the reaction product (-)-92 was afforded in 60% yield and successfully characterized. In 

this procedure the use of glacial acetic acid as a solvent may affect the yield during the extraction 

because in Entry 2 by addition of ethyl acetate the reaction products yields are quantitative. These 

entries show us that is viable to perform the hydrogenation and full hydrogenolysis in EtOAc but 

needs a longer period. In this way, we described the synthesis of β-amino-α-hydroxy cyclooctane 

carboxylic acid derivatives. 

 
With the best conditions in hand for the one-pot α-hydroxylation of homochiral β-amino enolate 55 

we used them for compound 84. 

 

 
Scheme 149. Reagents and conditions: (a) (R)-C, n-BuLi, THF, -78°C, 2 h, (+)-(2R,8aS)-D/THF, -78°C-r.t 20 h. 

 
After performing 9 entries (Table 21, see experimental part) making different variations on the 

reagents equivalents the reaction was led to its optimization (Entries 7-9, Table 21) by increasing 

slightly the reaction product yield (-)-94, which crystallized in a mixture of Hex: ether (1:1 v/v) and 

its structure has been corroborated by X-Ray spectroscopy as shown in Figure 38 (Annexe G) 

confirming the stereochemistry of its three chiral centers as (1R,2R,αR) and the measure of its mp 

of 158-160°C and its rotation power is [α]��
�

 = -5.11 (c 0.97; CHCl3). 



Figure 38. 

 
Regarding to its spectroscopic data, interesting

and 1224 cm-1 accounting for the functionalized groups O

NMR spectrum we can confirm the addition of the amine 

(1H, d, JAB, 14.0, CHACHBPh

m, H-Ar); the presence of the ester at 

3.93-3.98 ppm (4H, m, COO(C

8). By analysis of its 13C NMR

N(α)Me); 52.4 (CH3, COOMe

113.0 (C, C-5), 136.1 (CH x 2, C

 
In spite that the by-product at performing this conditions with compound 

addition compound (+)-91, in the

was isolated and fully characterized as 

carboxylate 95, showing that the simplicity of its spectra

plane in the molecule as shown 

and H-8) and at 130.0 ppm (CH x 2, C

to its double unsaturation. The

present as impurity in n-BuLi and Cope elimination by oxidative reaction of the tertiary amine.

 
Taking into account that the 

compounds (-)-90 and (+)-

deprotection of the carbonyl group because 

condensation with the amine. 
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. Molecular structure representation of compound (-)-94

Regarding to its spectroscopic data, interesting signals in its I.R. spectrum appear 

for the functionalized groups O-H, C=O and C-O, respectively; by 

spectrum we can confirm the addition of the amine at 1.41 (3H, d, J 7.0, N(

h), 4.19-4.23 (1H, d, JAB, 14.0, CHACHBPh) and 7.04

Ar); the presence of the ester at 3.64 ppm (3H, s, COOMe); the 1,3-dioxolane protection at 

H, m, COO(CH2)2) and the unsaturated system at 5.55-5.61 ppm 

NMR spectrum we could establish important signals as 

Me), 64.5 (CH2, OCH2CH2O), 64.9 (CH2, OCH2C

(CH x 2, C-7 and C-8) and 174.2 ppm (C, COOMe).  

product at performing this conditions with compound 

, in the same reaction with 84 as starting material, a

characterized as butyl-1-hidroxy-5,5-ethylenedioxycyclooct

t the simplicity of its spectra is due to the existence of a symmetry 

shown 1H and 13C NMR spectra at 5.73-5.81 ppm (4H, m, H

30.0 ppm (CH x 2, C-2 and C-3) and 134.4 ppm (CH x 2, C

The formation of this compound can be explained by reaction with BuO

BuLi and Cope elimination by oxidative reaction of the tertiary amine.

Taking into account that the protocol of hydrogenation and hydrogenolysis was developed

-90, the key step now, before subjecting these reactions is the 

deprotection of the carbonyl group because it may favour the intramolecular cyclization by 

condensation with the amine.  
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appear at 3427, 1726 

O, respectively; by its  1H 

7.0, N(α)Me), 3.62-3.65 

Ph) and 7.04-7.37 ppm (10H, 

dioxolane protection at 

ppm (2H, H-7 and H-

important signals as 12.0 (CH3, 

CH2O), 77.3 (C, C-1), 

product at performing this conditions with compound 55 was the Michael 

as starting material, a secondary product 

ethylenedioxycyclooct-2,7-diene-1-

is due to the existence of a symmetry 

5.81 ppm (4H, m, H-2, H-3, H-7 

134.4 ppm (CH x 2, C-7 and C-8) assigned 

can be explained by reaction with BuO- 

BuLi and Cope elimination by oxidative reaction of the tertiary amine. 

and hydrogenolysis was developed for 

before subjecting these reactions is the 

may favour the intramolecular cyclization by 
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Two reactions were performed. The first one by addition of H2O, PTSA in acetone and stirred at 

room temperature for 20 hours and the second one refluxed at 50°C for 60 hours. In the two cases 

the deprotected compound was not yielded. On the other hand, due to the great stabilization that 

this molecule shows, it could be that the hydrogenation and hydrogenolysis reactions will need a 

stronger media to afford the desirable product, the reaction was subjected in glacial acetic acid as a 

solvent, Pd/C (30 % Pd basis) and under H2 (4 atm.) for 40 hours (Scheme 150). 

 

 

 
Scheme 150. One pot hydrogenation and hydrogenolysis reaction test. 

 
In spite of a longer reaction time, compound (-)-96 was achieved in 11% yield. As a confirmation 

that hydrogenation and hydrogenolysis took place, the adduct (-)-97 was yielded in 48% and 

characterized. Its functionalized groups are present in the IR spectrum at 3385 cm-1 for O-H and N-

H, 1726 cm-1 for C=O and 1104-1056 cm-1 for C-O-C. Its 1H NMR spectrum is kind of simple but 

the 13C NMR spectrum show all the 12 carbons present in this structure being the most important 

the following: 52.6 ppm (CH3, COOMe), 64.1 and 64.8 ppm for (CH2 x 2 , OCH2CH2O), 77.2 ppm 

(CH, C-2), 82.2 ppm (C, C-1), 111.4 ppm (C, C-5) and 175.8 ppm (C, COOMe). 

 

Application of the Weinreb`s amide in earlier derivatives: 

One of the processes envisaged in the retrosynthetic Scheme 151 for the synthesis of Anatoxin-a, 

involves the conversion of the ester into the methyl ketone and it is planned to be performed 

through the Weinreb`s amide. 

 

 

 
Scheme 151. Weinreb`s amide protocol in the approximation to the synthesis of Anatoxin-a 
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Therefore, it seems appropriate to test the reactivity of this functional group in the initial 

cyclooctadiene, as it is known preferential reactivity of the conjugate amide to overcome Michael 

addition avoiding 1,2 addition reactivity. Different experiments were carried out. Firstly, 

compound (-)-94 was led to react by previous addition of N,O-dimethylhydroxylamine 

hydrochloride dissolved in THF and n-BuLi (Scheme 152). Unfortunately the reaction product was 

not yielded perhaps because of steric factors. 

 

 

 
Scheme 152. Preparation of the Weinreb´s amide 

 
In a similar manner, the Weinreb`s amide method was carried out for compound 84 affording in 

this case compound 98 with 80% yield (Scheme 153). 

 

 

 
Scheme 153. Preparation of the Weinreb´s amide 

 

With compound 98 in hand, Michael addition of lithium (R)-N-benzyl-N-α-methylbenzylamide and 

subsequent in situ addition of (1S)-(+)-(10-Camphorsulfonyl) oxaziridine was carried out. After 

purification by CC unreacted starting material 98 (53%) was recovered together with reaction 

product (-)-99 isolated in 38%, but due to the low quantity isolated it was not fully characterized. In 



Results and Discussion chapter V 
 

 

160 

spite of this, the yield achieved for compound (-)-99 is good, accounting for the recovery of starting 

material, and it could also be optimized for exploring further reactivity. 

 

Intramolecular cyclization reactions: 

Continuing the development of our planned synthetic route, the intramolecular cyclization is our 

next step. Synthesis of (±)-Indolizidine 209D showed in previous Scheme 132 resembles ours 

wherein deprotection of dioxolane has to take place to the formation of an anti-Bredt double 

bond.181 

 
Two experiments were performed for studying the possibility of intramolecular cyclization in 

compound (-)-94 under catalytic hydrogenation conditions. As shown in Scheme 154, compound (-

)-94 was dissolved in MeOH and Pd/C (30 % Pd basis) and HClc (37%, 8 drops) were added into 

the system and reacted under H2 (4 atm.) for 24 hours. This first entry yielded after purification by 

CC compound (-)-100 and (-)-101 in 17% and 44%, respectively. The expected intramolecular 

cyclization between the deprotected amine and the deprotected carbonyl group did not take place, 

nevertheless intramolecular cyclization did take place between the hydroxy group and the 

functionalized C-5 position. These results disclosed interesting issues to be considered, namely: 

under these conditions both the amine and the 1,3-dioxolane groups were deprotected but the amine 

need longer reaction period, moreover intramolecular cyclization is possible albeit interference of 

the hydroxy group in C-1 is observed. 

 

 

 
Scheme 154. Reagents and conditions: (a) c. HCl, MeOH, Pd/C, H2 (4 atm.), r.t. (b) Boc2O, THF, r.t, 3 h. 
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Compound (-)-100 was just identified by its 1H NMR spectrum but its structure can be confirmed 

by the full characterization of compound (-)-101 (Table 41), which has [α]��
�

 = -9.85 (c 1.02; 

CHCl3). The functional groups in the IR spectrum are present at 3383 (N-H), 1731 (C=O) and 

1068-1041 (C-O-C) cm-1 and its structure of 9-oxabicyclo[3.3.1]nonane can be corroborated by its 
13C NMR spectrum with the two quaternary carbons in the ring at 81.2 ppm (C, C-1) and 98.0 ppm 

(C, C-5). On the other hand, by the preparation of the protected derivative (-)-103 afforded in 43% 

yield confirms that the nature of the amine is primary, because if this functional group was forming 

the intramolecular cycle when we carry out its protection with Boc2O would be tertiary and it can 

be corroborated by the following signals in its 1H NMR being the most representative at 4.07 ppm 

(1H, m, H-2) and 4.40 ppm (1H, d, J 9.6, N-H). 

 
For studying the behavior of compound (-)-94 under longer reaction periods, this one was subjected 

to react under the same conditions for 70 hours. This second Entry yielded after purification by CC 

compound (-)-101 and (-)-102 in 44% and 19%, respectively. Formation of compound (-)-102 is a 

great achievement and its structure can be confirmed by analysis of its spectroscopic data. In its 

I.R. spectrum we can observed the typical vibrational bands of functional groups such as 3375 (N-

H, O-H), 1739 (C=O), 1141 and 1037 (C-O-C) cm-1. The most important signals in its 1H NMR 

spectrum are at 3.68-3.72 (3H, m, H-1 and OCH2CH2OH); 3.78 (3H, s, COOMe); 3.80-3.85 (2H, 

m, OCH2CH2OH) and its 13C NMR spectrum corroborates the presence of the 12 carbons at 20.0 

(CH2); 24.5 (CH2 x 2); 32.1 (CH2 x 2); 52.8 (CH3, COOMe); 63.2 (CH2, O-CH2-CH2-OH); 64.6 

(CH2, O-CH2-CH2-OH); 76.6 (CH, C-1); 92.4 (C, C-2); 98.1 (C, C-6); 174.0 (C, COOMe). 

 
Taking into account that compound (-)-101 may be an intermediate in the formation of derivatives 

with a nitrogen bridge, encouraged us to perform different kind of reactions to promote the desired 

intramolecular cyclization by activation of the amine group or/and opening reactions of the 

intramolecular [3.3.1] ring, with no results.189 

 

 

 
Scheme 155. Test reactions, reactivity of compound (-)-101 

                                                 
189

 (a) Sugiura, M.; Hagio, H.; Hirabayashi, R.; Kobayashi, S. J. Am. Chem. Soc. 2001, 123, 12510-12517. (b) 

Sugiura, M.; Kobayashi, S. Organic Letters 2001, 3, 477-480. (c) Reisman, S. E.; Doyle, A. G.; Jacobsen, E. N. J. 

Am. Chem. Soc. 2008, 130, 7198-7199. (d) Furukubo, S.; Moriyama, N.; Onomura, O.; Matsumura, Y. 

Tetrahedron Letters 2004, 45, 8177-8181. 
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To avoid the observed interaction of the α-hydroxy group and to promote intramolecular 

cyclization of the amine group, compound (-)-94 was subjected to a protection reaction with methyl 

chloromethyl ether (MOMCl), affording the protected product (-)-104 pure after flash 

chromatography in only 0.3%. 

 
After a careful study of the results obtained so far, we reconsider an alternative and feasible 

pathway in the synthesis of Anatoxin-a. Taking into account the retro-Michael reaction of 

compound (-)-105 occurring during purification by CC, the low yields and not viable intermediates 

obtained in the one-pot α-phenylselenylation and one-pot α-hydroxylation of homochiral β-amino 

enolates together with the results obtained in the intramolecular cyclization reaction, it was decided 

to perform the addition of (R)-C to compound 84 and further continue with the hydrogenation 

reaction without isolating the Michael adduct (-)-105. 

 
As shown previously in Table 12, were performed three entries which crudes` 1H NMR spectra 

show the ratio mixture of the products from the Michael addition reaching under the best 

conditions a 3:1 ratio of (-)-105 and 84 in 60% yield (Table 22). Subsequently, the crudes were 

subjected to hydrogenation reactions performing two experiments, in the first one, and after 2.5 

hours reaction, compounds (-)-106 and 108 were isolated after CC with 40% and 20% yields, 

respectively. The second test (Entry 2, Table 13) after 19 hours reaction and purification by flash 

column chromatography yielded compounds (-)-106, (-)-107 and 108 in 39%, 1% and 13% with a 

significant general increase. 

 

 
Scheme 156. Reagents and conditions: (a) (R)-C, n-BuLi, THF, -78°C, 2 h. (b) EtOAc (dry), PtO2, H2, r.t 

 

Table 13. Reaction conditions for protocol b 

Entry 
(-)-105 : 84 

(mmol) 
EtOAc 
(mL) 

PtO2 
(mmol) 

t 
(hours) 

(-)-106 
(%) 

(-)-107 
(%) 

108 
(%) 

1 0.37 15 0.36 2.5 40 - 20 

2 0.57 15 0.56 19 39 1 13 
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The study on the reactivity of compound 108 has helped us to corroborate that deprotection of the 

1,3 dioxolane group can be achieved under acid catalytic hydrogenation conditions (Scheme 157). 

On the other hand, it can be used to regenerated the Michael acceptor by addition of phenylselenyl 

chloride affording compound 110 in 29% yield followed by elimination of the phenylselenyl group 

obtaining compound 111 in 100% yield (Scheme 157) whose recovery is important due to the value 

of this intermediate for performing new Michael addition and because show the way to make the 

final double bond in Anatoxin-a synthesis. 

 

 
Scheme 157. Reactivity of compound 108 

 
With compound (-)-106 in hand, the previous hydrogenolysis, deprotection and intramolecular 

cyclization reaction was subjected. After 24 hours reaction, it yielded compound (-)-112 and (-)-

113 in 14% and 27%, respectively.  

 

 
 

Scheme 158. Hydrogenolysis, deprotection and intramolecular cyclization reaction 

 
These two compounds are highly advanced intermediates in the synthesis of Anatoxin-a. Methyl 

(1S,2R,αR)-2-N-α-methylbenzylamino-5-oxocyclooctane-1-carboxylate (-)-112 could be subjected 

to react under the same conditions to form probably the methyl 9-azabicyclo[4.2.1]nonane-2-

carboxylate which by protection of the amine with Boc2O and addition-elimination of 

phenylselenyl bromide we will led to the unsaturated bicyclic ring. 
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Scheme 159. Possible route to follow from adduct (-)-112. 

 
The main objective of this work was the synthesis of Anatoxin-a but the obtention of similar 

adducts is of great importance in the study of its activity to trace human and nonhuman nicotinic 

acetylcholine receptors. 

 
In conclusion in this chapter we have reached several goals, that there are shown in the general 

Scheme 160. Firstly, the preparation and optimization of the synthetic procedure that yields 

compound 84 obtained after 2 steps from cycloocta-1,3-diene carboxylate in 75% overall yield. 

Product 84 represents derivative IV  in the proposed retrosynthetic scheme of Anatoxin-a. 

 
The study of the reactivity of compound 55, to find appropriate conditions for the 

diastereoselective hydroxylation of homochiral β-amino enolates with oxaziridines afforded in 

reasonable yields the two products: methyl (1R,2R)- and (1S,2S)-1-hydroxy-2-amino-

cyclooctanecarboxylates, (-)-92 and (+)92, respectively, which can be further converted into their 

respective functionalized cyclooctanic β-amino acids enriching our adducts library. 

 
Through application of the aforementioned conditions to compound 84, adduct (-)-94 was obtained 

which provides (-)-101 and (-)-102 in 5.0% and 2.1% yield, respectively. These are interesting 

functionalized bicycles derivatives. In addition, their obtention made us redirect the synthesis 

pathway towards the direct addition of (R)-C to compound 84 wherein the intermediate (-)-106 was 

isolated and through catalytic acid hydrogenation compounds (-)-112 and (-)-113 were afforded in 

6.3% and 12.2% yield, respectively, being the two of them highly advanced synthons of Anatoxin-

a synthesis. 
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Scheme 160. Obtention of highly potential synthons for the synthesis of Anatoxin-a 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

METODOLOGÍA EXPERIMENTAL 

(Experimental methodology) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TÉCNICAS GENERALES 

(General techniques) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1. INSTRUMENTACIÓN
 
Rotaciones específicas: 

Se midieron en un polarímetro d

óptico y en disolución de cloroformo. La 

especifica en cada caso. 

 

 

 

 

 

 

 
Puntos de fusión: 
Se determinaron en un microscopio de p

 

 

 

 

 

 

 

 
Espectroscopía de IR: 
Las medidas se han realizado en un espectrofotómetro 

(Fig. 41) en película capilar sobre cristales de NaCl.

 

 

 

 

 

 

 

Metodología Experimental: Técnicas generales

INSTRUMENTACIÓN  

Se midieron en un polarímetro digital Perkin-Elemer 241 (Fig. 39), en cubetas de 1 dm de paso 

óptico y en disolución de cloroformo. La concentración a la que se realizó la medida se 

Figura 39. 

Se determinaron en un microscopio de platina caliente (Kofler) (Fig. 40) y están sin corregir.

Figura 40. 

Las medidas se han realizado en un espectrofotómetro AVATAR 370 FT

) en película capilar sobre cristales de NaCl. 

Figura 41. 

Experimental: Técnicas generales 
 

 

171 

), en cubetas de 1 dm de paso 

concentración a la que se realizó la medida se 

) y están sin corregir. 

AVATAR 370 FT-IR Thermo Nicolet 
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Espectroscopía de Resonancia magnética nuclear: 
1H y 13C: 

Se han realizado en un espectrómetro VARIAN 200 (200 MHz 1H y 50 MHz 13C) (Fig. 42) y 

en un espectrómetro BRUKER AVANCE 400 MHz DRX (400 MHz 1H y 100 MHz 13C) (Fig. 

43), equipado con una sonda de detección inversa con bobina de gradientes y una sonda 1H/13C. 

 
 

 

 

 

 

 

 

Figura 42. 

 

Los espectros se realizaron en CDCl3 como disolvente habitual y se referencian con respecto al 

disolvente residual CHCl3 (7.26 ppm en 1H y 77.0 ppm en 13C). Los desplazamientos químicos 

(δ) se expresan en ppm y las constantes de acoplamiento (J) en Hz. 

 

 

 

 

 

 

 

 

 

 

 

Figura 43. 
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La multiplicidad de los carbonos se determina utilizando la secuencia de pulsos DEPT 

(Distorsionless Enhancement by Polarization Transfer). La secuencia distingue los carbonos 

protonados CH, CH2 y CH3 utilizando pulsos de protón a través del desacoplador a 90º y 135º. 

 

nOe (nuclear Overhauser effect): 

La irradiación de una señal de protón causa variaciones a uno o varios protones. Esta variación 

está relacionada con el recíproco de la sexta potencia de la distancia entre los núcleos 1/r6. Se 

suele irradiar con baja potencia y de manera continua la señal que interesa. Además, se obtiene 

un espectro irradiado fuera de la zona de resonancia. Se restan ambos y se observa si hay 

variaciones en la intensidad de la señal. La secuencia utilizada permite irradiar todos los 

componentes de un multiplete con una potencia mucho menor que si se irradia el centro. 

 

HMQC (Heteronuclear Multiple Quantum Coherence): 

Los experimentos de correlación heteronuclear 1H/13C a un enlace se adquieren utilizando la 

secuencia Bruker inv4gs, con selección de la secuencia de cero cuanto y doble cuanto con una 

serie de tres pulsos de gradientes sinusoidales. La longitud del pulso de gradiente es de 1.5 ms 

y los pulsos guardan una relación de 50:30:40 con respecto a la longitud total del pulso. El 

intervalo de recuperación del gradiente es de 100 ms. 

Un experimento típico adquiere 256 series de uno o dos transientes cada uno. El intervalo de 

reciclado es de tres segundos y la modulación se sintoniza para 1JH,C = 145 Hz, que corresponde 

a un intervalo de 3.45 ms, y desacoplando con una secuencia garp en 13C en el momento de la 

adquisición. 

La transformada de Fourier (FT) en ambas dimensiones se realiza después de aplicar una 

función exponencial de 0.3 Hz en F2 (1H) y una función sinusoidal en F1 (13C). Se obtiene un 

espectro de correlación en magnitud con 1024 puntos en F2 y 512 en F1, que corresponde a una 

resolución de 4.68 Hz/pt en F2 y 45.2 Hz/pt en F1. 

 

HMBC (Heteronuclear Multiple Bond Conectivity):  

Para las correlaciones a larga distancia, 2 ó 3 enlaces, se utiliza la secuencia inv4gslplrnd, que 

utiliza un filtro de paso largo para la eliminación de la correlación directa en función de la 

constante de acoplamiento 1JH,C = 145 Hz. La secuencia de pulsos de gradientes para la 

selección de la coherencia es la misma que en el caso anterior y se aplica un nuevo intervalo de 

evolución [función 1JH,C cuyos valores pueden ser 50 ms (10 Hz), 83 ms (6 Hz) y 110 ms (4.5 
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Hz)] antes de la selección de la coherencia y no se desacopla durante la adquisición. Un 

acoplamiento típico se adquiere con 256 series de 4 transientes cada uno. 

 
La transformada de Fourier (FT) en ambas dimensiones se realiza con las mismas funciones 

que en el caso anterior y se obtiene un espectro de correlación en magnitud con 1024 puntos en 

F2 y 512 en F1, que corresponde a una resolución de 4.8Hz/pt en 1H y 45.2 Hz/pt en 13C. 

 

COSY (COrrelation SpectroscopY): 

La secuencia básica del COSY tiene dos pulsos de 90º y un tiempo de evolución. Para el 

procesado se utilizan funciones sinusoidales en ambas direcciones, obteniendo así una matriz 

simétrica de 512 puntos en ambas dimensiones. En general se utiliza la secuencia con filtro de 

doble cuanto, que permite la eliminación o disminución de las señales intensas, ya sea de 

disolventes o singletes en la diagonal y sus correspondientes artefactos. 

 

Espectrometría de masas: 

Se realizaron en un espectrómetro VG TS-250 de alta resolución capaz de llevar a cabo 

experimentos de impacto electrónico, ionización química y F.A.B. Dispone de inyección 

directa y en alta resolución es capaz de determinar una masa exacta con una precisión de 15 

ppm (Fig. 44). 

 

 

 

 

 

 

Figura 44. 

 

Difracción de rayos X en monocristal:  

La medida de intensidad de las reflexiones de los monocristales sintetizados en este trabajo se 

llevó a cabo con un difractómetro automático de cuatro círculos SEIFERT XRD 3003 SC (Fig.7), 

con geometría euleriana y detector puntual. Todos los monocristales se midieron a temperatura 

ambiente, utilizándose la radiación CuKα (λ =1.54178 Å),  con el generador de Rayos X operando 

a 40 kV y 30 mA. 
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Determinación de estructuras cristalinas:  

El proceso de resolución de estructuras cristalinas consta de varias etapas: 

 
1. Obtención de las dimensiones de la celda unidad y toma de datos de intensidades de 

difracción. 

 
2. Reducción de datos, consiste en realizar una serie de correcciones de las intensidades 

medidas, para convertirlas en valores útiles para su aplicación a la resolución de estructuras. 

Este proceso permite obtener unas cantidades positivas |Fhkl| denominadas “Módulo del Factor 

de Estructura”. Estas cantidades se pueden calcular teóricamente a partir de un modelo. Las 

intensidades medidas se relacionan con los módulos de los factores de estructura |Fhkl| por la 

siguiente relación: 

|Fhkl| = (K Ihkl /L . p)1/2 A 
donde: 
L: Factor de Lorenz 
p: Factor de polarización  
K: Factor de escala 
A: Factor de absorción  

 
3. Resolución estructural, consiste en obtener unas coordenadas atómicas a partir de unos 

factores de estructura medidos experimentalmente, para ello se aplican los métodos directos o 

el método de Patterson. Una vez que se dispone de un modelo, sucesivas síntesis de Fourier y 

cálculos de factores de estructura, permitirán localizar el resto de los átomos para poder obtener 

un modelo completo. 

 
4. Refinamiento del modelo, se realiza ajustando en una primera etapa, las tres coordenadas (x, 

y, z) posicionales de cada átomo y un parámetro térmico que da cuenta de su estado de 

vibración térmica isotrópica (esférica) alrededor de su posición de equilibrio. En la segunda 

etapa, es posible llevar a cabo un refinamiento asignando un tensor (6 variables) a cada 

posición atómica que expresa el estado de vibración de un modo anisotrópico, es decir, 

distinguiendo entre diferentes direcciones de vibración en forma de elipsoide. El proceso de 

refinamiento finaliza cuando se alcanza el mejor acuerdo entre los valores del espectro 

calculado (Fc) con el modelo (coordenadas + factores de vibración) y el espectro observado 

(Fo). El factor de acuerdo se define como: R = Σ [ | |Fo| - |Fc| | ] / |Fc| 
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Figura 45. 

 

 

2. TÉCNICAS GENERALES CROMATOGRÁFICAS 

 
Cromatografía en capa fina (CCF): 

Se realizaron sobre placas de 0.2 mm de espesor de gel de sílice Merck (60 F254). Para su 

revelado se utilizaron disoluciones de molibdato amónico en H2SO4/H2O al 0.05/1 p/v, seguido 

de calentamiento a 120º durante unos segundos. 

Las sustancias que presentan fluorescencia son visualizadas por iluminación con luz 

ultravioleta de λ= 254 nm λ= 336 nm antes de ser reveladas. 

 
Cromatografía en columna (CC): 

Se realizó en columna de vidrio, empaquetando con sílica gel Merck-60. Existen dos tipos de 

sílice, dependiendo del tamaño de partícula: 0.200-0.063 mm, llamada sílica gel normal y la 

que tiene un tamaño de partícula de 0.063-0.040 mm, llamada sílica gel flash que necesita la 

aplicación de presión adicional. La relación usada va desde 20 g a 100 g de sílica gel por gramo 

de sustancia.  
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La elución se realiza con disolventes y mezclas de disolventes de polaridad creciente 

(generalmente mezclas n-hexano/AcOEt o n-hexano/éter) y se sigue la composición de las 

fracciones eluidas por CCF. 

 

 

3. PURIFICACIÓN DE REACTIVOS Y DISOLVENTES 

• Acetato de etilo (AcOEt): Se destila y se almacena con CaCl2. 

• Acetona (Me2CO): Se somete a ebullición sobre KMnO4 y se destila. 

• Ácido m-cloroperbenzoico (m-ClC6H4CO3H): Se lava con disolución tampón de 

Na2HPO4/NaH2PO4 [0.1M] (pH=7.5), se evapora el disolvente orgánico y se seca. 

• Anhídrido acético (Ac2O): Se destila a partir del producto comercial. 

• Benceno (C6H6): Se destila sobre Na y benzofenona bajo atmósfera de Ar. Se 

almacena con Na. 

• Cloroformo (CHCl3): Se destila y se almacena con P2O5. 

• Diclorometano (CH2Cl2): Se destila sobre CaH2 bajo atmósfera de Ar. 

• Diisopropilamina ( i-Pr2NH): Se destila y almacena con KOH. 

• N,N-Dimetilformamida (HCONMe2): Se destila sobre CaH2, bajo atmósfera de Ar y 

a presión reducida. Se almacena con tamiz molecular (4Å). 

• Dimetilsulfóxido (DMSO): Se calienta a reflujo sobre CaH2 durante 2 horas, luego se 

destila en atmósfera anhidra. Se almacena con tamiz molecular (4Å). 

• Éter (Et2O): Se somete a ebullición sobre Na y se destila sobre Na y benzofenona. 

• n-Hexano (C6H12): Se destila y almacena con CaCl2 o Na. 

• Metanol (MeOH): Se destila. 

• Piridina (C5H5N): Se destila y almacena con BaO. 

• Tetrahidrofurano (C4H8O): Se somete a ebullición sobre Na y se destila sobre Na y 

benzofenona. 

• Trietilamina (Et3N): Se somete a ebullición sobre CaH2, se destila y almacena con 

KOH. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PARTE EXPERIMENTAL EN INGLES 

(Experimental section) 
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1. Asymmetric synthesis of (1S,2R)-2-aminocyclooctanecarboxylic acid: 

 
Synthesis of 1,2-epoxicycloocta-5-ene 1: 

 

 

Comercial available 1,5-cyclooctadiene (10.00 g, 92.60 mmol) was dissolved in DCM (150 mL), 

and stirred at 0ºC, MCPBA (18.50 g, 107.20 mmol) was added slowly and the solution was stirred 

for 1.5 hours at r.t.. The reaction mixture was quenched with Na2S2O3 (sat.) (15 mL), extracted with 

DCM (3 x 80 mL), washed with H2O, NaHCO3 (sat.) and Na2S2O3 (sat.). The combined organic 

extracts were dried over Na2SO4, filtered and concentrated in vacuo.  It was obtained a mixture of 

1 and 2 (8.61 g). Fractional microdistillation vacuum was performed to give the following 

compounds: 

 
Monoepoxide 1 (≈ 15 mm Hg, 65ºC) as a colourless oil (17.97 g, 72%). IR υmax (neat): 3050 (C-

H), 2955, 1655 (C=C), 1229 (C-O), 936, 862 cm-1. 1H NMR (200 MHz; CDCl 3): δ 1.90-2.25 (6H, 

m, H-3, H-8, H-4α and H-7α), 2.30-2.55 (2H, m, H-4β and H-7β), 3.02 (2H, m, H-1 and H-2), 5.52 

(2H, m, H-5 and H-6). 13C NMR (50 MHz; CDCl 3): δ 23.5 (CH2, C-3 and C-8), 28.0 (CH2, C-4 

and C-7), 56.4 (CH, C-1 and C-2), 128.7 (CH, C-5 and C-6). m/z (CI+) (rel. intensity): 124 (M, 

2), 95 (14), 80 (100), 67 (100), 54 (37). 

[Lit., (Davies S.G. and Whitham G. H. Journal Chemical Society Perkin II 1975, pp 861-863) 13C 

NMR (22.6 MHz; CDCl3): δ 23.7 (C-4 and C-7) a; 28.3 (C-3 and C-8) a; 56.5 (C-1 and C-2); 

128.9 (C-5 and C-6)].a Ambiguous assignment, may be interchanged. 

 
Diepoxide 2 (remaining of the distillation) as a yellow oil (8.65 g, 22%). IR υmax (neat): 3050 (C-

H), 2920 (C-H), 1258 (C-O), 912, 828 cm-1. 1H NMR (200 MHz; CDCl 3): δ 1.80-2.10 (8H, m, H-

3, H-4, H-7, H-8), 2.90 (4H, m, H-1, H-2, H-5, H-6). 13C NMR (50 MHz; CDCl 3): δ 21.9 (CH2, 

C-3, C-4, C-7, C-8), 55.1 (CH, C-1, C-2, C-5, C-6). m/z (EI+) (rel. intensity): 140 (M, 1), 122 (1), 

112 (2), 96 (8), 79 (34), 67 (80), 55 (100). 

[Lit., (Davies S.G. and Whitham G. H. Journal Chemical Society Perkin II 1975, pp 861-863) 13C 

NMR (22.6 MHz; CDCl3): δ 22.0 (C-3, C-4, C-7 and C-8); 56.0 (C-1 and C-2)]. 
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Synthesis of (1R*,2R*,5Z)-2-trimethylsilyloxi-cycloocta-5-enecarbonitrile 3: 

 

 

In a dried flask under Ar atmosphere was added Et2AlCl (1.0 M in heptane, 2.30 mL, 2.00 mmol) 

followed by the addition of Me3SiCN (7.50 mL, 56.00 mmol), the resulting solution was stirred for 

30 min. at r.t. After via cannula compound 1 (5.72 g, 46.00 mmol) was added slowly into the 

system and stirred for other 30 min. The crude was poured on a mixture of NaOH 3M. and ice 

(200 mL), extracted with Et2O, washed with NaCl (sat), dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified for full characterization by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-7:3 v/v) but purification can be 

avoided. It was obtained compound 3 as a pale yellow oil (10.3 g, 100%). IR υmax (neat): 3017 (C-

H), 2951, 2241 (C≡N), 1653 (C=C), 1251 (C-O), 1096, 1071 (Si-O), 843 (Si-C) cm-1. 1H NMR 

(400 MHz; CDCl3): δ 0.17 (9H, s, Me3SiO), 1.66 (2H, m, H-3), 1.87 (2H, m, H-8), 2.01 (2H, m, 

H-4), 2.23 (2H, m, H-7), 3.03 (1H, ddd, J 11.7, 7.9 and 3.9, H-1), 3.90 (1H, td, J 7.9 and 3.4, H-2), 

5.56 (1H, dt, J 7.0 and 2.7, H-6), 5.73 (1H, dt, J 10.8 and 7.0, H-5). 13C NMR (50 MHz; CDCl 3): 

δ 0.8 (3 x CH3, Me3SiO), 22.7 (CH2, C-8), 23.8 (CH2, C-3), 28.8 (CH2, C-7), 35.9 (CH2, C-4), 37.6 

(CH, C-1), 71.6 (CH, C-2), 121.5 (C, C≡N), 127.2 (CH, C-6), 131.2 (CH, C-5). m/z (CI+) (rel. 

intensity): 223 (MH+, 1), 208 (50), 195 (3), 180 (6), 167 (3), 152 (10), 126 (16), 116 (21), 101 

(47), 80 (23), 73 (100), 59 (48). 

 
Synthesis of cycloocta-1,3 and 1, 7-dienecarboxylic acid 4 and 5 respectively: 

 

 

Compound 3 (24.61 g, 110.00 mmol) was dissolved in a mixture of KOH (28.50 g) and 1,2-

Ethanediol (469 mL) previously prepared and the resulting solution was refluxed at 200 ºC for 20 

hours. After, the system was cooled down and H2O (330 mL) was added. The crude was extracted 

with Et2O (3 x 200 mL) and the aqueous phase was treated with HCl c. reaching pH acid, this 

solution was extracted with Et2O (3 x 100 mL), washed with H2O and NaCl (sat), dried over Na2SO4, 
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filtered and concentrated in vacuo. It was obtained a brown oil (16.44 g, 98%) that contains a 

mixture of 4 and 5 (1:1). Purification by silica gel for flash column chromatography (pore 60Å. 

40-63 µm) Hex/EtOAc (9:1-7:3 v/v) was performed for full characterization. 

 
Compound 4: IR υmax (neat): 3600 (O-H), 2958 (C-H), 2934, 1684 (C=O), 1622 (C=C) cm-1. 1H 

NMR (400 MHz; CDCl3): δ 1.56 (4 H, m, H-6 and H-7), 2.21 (2H, m, H-5), 2.50 (2H, m, H-8), 

5.85 (2H, m, H-3 and H-4), 7.28 (1H, m, H-2). 13C NMR (50 MHz; CDCl 3): δ 21.5 (CH2, C-7), 

25.6 (CH2, C-6), 25.8 (CH2, C-5), 29.8 (CH2, C-8), 124.0 (CH, C-4), 131.0 (C, C-1), 136.8 (CH, 

C-3), 139.3 (CH, C-2), 173.0 (C, COOH). m/z (EI+) (rel. intensity): 153 (MH+, 32), 136 (26), 124 

(10), 107 (74), 89 (72), 77 (100), 69 (32), 63 (25), 1 (57). HRMS (Cl+) m/z calcd. for C9H12O2: 

152.0837; found 152.0827; ∆∆∆∆ = -6.6 ppm. 

 
Compound 5: IR υmax (neat): 3600 (O-H), 3021 (C-H), 2930, 1690 (C=O), 1622 (C=C) cm-1. 1H 

NMR (400 MHz; CDCl3): δ 1.25 (2H, m, H-5), 1.48 (2H, m, H-4), 2.13 (2H, m, H-6), 2.31 (2H, 

m, H-3), 5.88 (1H, dt, J 11.3 and 7.2, H-7), 6.13 (1H, d, J 11.3, H-8), 7.08 (1H, t, J 8.0, H-2). 13C 

NMR (50 MHz; CDCl 3): δ 22.6 (CH2, C-5), 25.5 (CH2, C-4), 28.2 (CH2, C-6), 28.4 (CH2, C-3), 

122.5 (CH, C-7), 129.3 (C, C-1), 133.9 (CH, C-8), 144.9 (CH, C-2), 171.2 (C, COOH). m/z (CI+) 

(rel. intensity): 152 (MH+, 10), 135 (9), 107 (41), 89 (36), 77 (100), 63 (23), 1 (56). HRMS (Cl+) 

m/z calcd. for C9H12O2: 152.0837; found 152.0833; ∆∆∆∆ = -2.6 ppm. 

 
Synthesis of tert-butyl cycloocta-1,3 and 1,7-dienecarboxylate 6 and 7 respectively: 
 

 

In a flask was measured a mixture of the acids 4 and 5 (5.11 g, 33.60 mmol) and TFAA (9 mL, 64 

mmol) was added at 0 ºC, after the system was stirred at r.t. for 15 min. The temperature was again 

cooled down to 0ºC and t-BuOH (11 mL, 110 mmol) was added into the system and stirred for 4 h. 

The reaction mixture was quenched with NaOH (10%, 50 mL), extracted with Et2O, washed with 

NaOH 1M. and NaCl (sat), dried over Na2SO4, filtered and concentrated in vacuo. It was obtained as 

a crude a brown oil (7.08 g) that contains a mixture of 6 and 7 (1:1). Through acidulation of the 

aqueous phase with HCl c. and extraction with DCM it could be recovered mixture of the acids 

that did not react (1.58 g). Purification by silica gel for flash column chromatography (pore 60Å. 

40-63 µm) Hex/Et2O (98:2-70:30 v/v) gave a mixture of 6 and 7 (1:1, 4.35 g, 79%) and the 

following compounds: 
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1,3-cyclooctadiene ester 6 as a pale yellow oil (2.65g, 48%), IR υmax (neat): 2932 (C-H), 1709 

(C=O), 1368 (C=C),1155 (C-O) cm-1. 1H NMR (400 MHz; CDCl 3): δ 1.43 (9H, s, COOC(CH3)3), 

1.43-1.52 (4H, m, H-6 and H-7); 2.06 (2H, m, H-5), 2.33 (2H, m, H-8), 5.69 (2H, m, H-3 and H-

4), 6.92 (1H, d, J 2.0, H-2). 13C NMR (50 MHz; CDCl 3): δ 21.9 (CH2, C-6), 24.1 (CH2, C-7), 

26.3 (CH2, C-8), 28.2 (CH3 x 3, COOC(CH3)3), 29.8 (CH2, C-5), 79.9 (C, COOC(CH3)3), 124.5 

(CH, C-4), 133.6 (C, C-1), 135.4 (CH, C-3), 135.7 (CH, C-2), 166.0 (C, COOC(CH3)3). m/z (CI+) 

(rel. intensity): 152 (MH+-56, 36), 135 (13), 123 (6), 107 (35), 93 (5), 79 (32), 77 (13), 57 (100). 

HRMS (MH +) m/z calcd. for C13H20O2: 208.1463; found 208.1444; ∆∆∆∆ = -9.1 ppm. 

 
1,7-cyclooctadiene ester 7 as a pale yellow oil (1.70 g, 31%), IR υmax (neat): 2930 (C-H), 1717 

(C=O), 1456, 1368 (C=C), 1159 (C-O) cm-1. 1H NMR (400 MHz; CDCl 3): δ 1.49 (9H, s, 

COOC(CH3)3 ), 2.11 (4H, m, H-4 and H-5), 2.24 (4H, m, H-3 and H-6), 5.80 (1H, dt, J 11.2 and 

7.2, H-7), 6.09 (1H, d, J 11.2, H-8), 6.85 (1H, t, J 8.0, H-2).13C NMR (50 MHz; CDCl 3): δ 22.4 

(CH2, C-4), 22.9 (CH2, C-5), 28.2 (CH3 x 3, COOC(CH3)3), 28.3 (CH2, C-6), 28.4 (CH2, C-3), 80.1 

(C, COOC(CH3)3), 123.7 (CH, C-7), 131.8 (C, C-1), 132.8 (CH, C-8), 141.3 (CH, C-2), 166.6 (C, 

COOC(CH3)3). m/z (CI+) (rel. intensity): 208 (MH+, 1), 152 (31), 135 (12), 123 (6), 107 (32), 92 

(12), 79 (41), 67 (13), 57 (100). HRMS (MH +) m/z calcd. for C13H20O2: 208.1463; found 

208.1458; ∆∆∆∆ = -2.4 ppm. 

 
Synthesis of cyclooctane oxide 8: 
 

 

Comercial available cis-cyclooctene 95% from Aldrich (3.00 g, 27.00 mmol) was dissolved in 30 

mL of DCM and the system was stirred and cooled down at 0ºC. MCPBA (5.31 g, 30.80 mmol) 

was added slowly and the solution was stirred for 1.5 hours leaving the system to reach r.t. The 

reaction mixture was quenched with 10 mL of Na2S2O3 (sat.), extracted with DCM (3 x 30 mL), 

washed with H2O, NaHCO3 (sat.) and Na2S2O3 (sat.). The combined organic extracts were dried over 

Na2SO4, filtered and concentrated in vacuo. It was obtained monoepoxide 8 as a colourless to 

white solid (3.28 g, 100%). 1H NMR (200 MHz; CDCl 3): δ 1.17 (4H, m, H-5 and H-6); 1.58 (4H, 

m, H-4 and H-7), 2.17 (4H, m, H-3 and H-8); 2.92 (2H, m, H-1 and H-2). 

[Lit., (Paulson D. R.; Tang F.Y.H.; Moran G. F.; Murray A. S.; Pelka B. P. And Vasquez E. M. J. 

Org. Chem. 1975, 40 (2), 184-186) 13C NMR (50 MHz; CDCl 3): δ 55.1 (C-1)]. 
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Synthesis of (1R*,2R*)-2-trimethylsilyloxi-cycloocta-carbonitrile 9: 
 

 

Following previous procedure, it was added Et2AlCl (0.80 mL, 0.80 mmol) followed by the 

addition of Me3SiCN (2.50 mL, 18.00 mmol). Via cannula compound 8 (1.90 g, 15.00 mmol) was 

added slowly and the system was stirred for other 3 hours. The crude was poured on a mixture of 

NaOH 3M. and ice (50 mL), extracted with Et2O, washed with NaCl (sat), dried, filtered and 

concentrated in vacuo. The residue can be purified by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (95:5-70:30 v/v). It was obtained compound 9 (0.68 g, 20%). 
1H NMR (400 MHz; CDCl 3): δ 0.14 (9H, s, Me3SiO), 1.17-1.99 (12H, m), 2.10-2.20 (1H, ddd, J 

12.2, 7.8 and 2.6, H-1), 2.85-2.95 (1H, dd, J 7.8 and 4.4, H-2). 

 
Synthesis of cycloocta-1-enecarboxylic acid 10: 
 

 

Compound 9 (0.68 g, 3.00 mmol) was dissolved in a mixture of KOH (0.80 g) and 1,2-Ethanediol 

(14 mL) previously prepared and the resulting solution was refluxed at 200 ºC for 20 hours. After, 

the system was cooled down and it was added H2O (50 mL). The crude was extracted with Et2O (3 

x 30 mL) and the aqueous phase was treated with HCl c. reaching pH acid, this solution was 

extracted with Et2O (3 x 30 mL), washed with H2O and NaCl (sat), dried over Na2SO4, filtered and 

concentrated in vacuo. It was obtained compound 10 (0.39 g, 85%) which was characterized as its 

tert-butyl ester. 

 
Synthesis of tert-butyl cycloocta-1-enecarboxylate 11: 
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Following previous procedure, compound 10 (0.23 g, 1.50 mmol) and TFAA (0.4 mL, 3.0 mmol) 

was added at 0 ºC, after the system was stirred at r.t. for 15 min. The temperature was again cooled 

down to 0ºC and t-BuOH (0.5 mL, 5.2 mmol) was added into the system and stirred for 4 h. The 

reaction mixture was quenched with NaOH (10%, 10 mL), extracted with Et2O, washed with 

NaOH 1M. and NaCl (sat), dried over Na2SO4 and concentrated in vacuo. Through acidulation of 

the aqueous phase with HCl c. and extraction with DCM it could be recovered 

cyclooctenecarboxylic acid 10 (15%). Purification by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/Et2O (98:2-70:30 v/v) gave the unsatured ester 11 (253 mg, 80%). 1H 

NMR (200 MHz; CDCl3): δ 1.48 (9H, s, COOC(CH3)3), 1.55 (4H, m, H-5 and H-6), 2.24 (4H, m, 

H-4 and H-7), 2.41 (4H, m, H-3 and H-8), 6.88 (1H, t, J 8.4, H-2).13C NMR (50 MHz; CDCl 3): δ 

24.9 (CH2, C-5); 25.5 (CH2, C-6); 26.1 (CH2, C-4); 26.8 (CH2, C-7);  28.4 (3 x CH3, 

COOC(CH3)3), 29.3 (CH2, C-3); 29.4 (CH2, C-8); 79.9 (C, COOC(CH3)3), 135.0 ( C, C-1); 141.3 

(CH, C-2), 167.3 (C, COOC(CH3)3). 

 
Synthesis of tert-butyl cycloocta-1-enecarboxylate 11 by hydrogenation of compound 7: 
 

 

In a dry flask was measured compound 7 (270.0 mg, 1.3 mmol) and dissolved in 20 mL of EtOAc, 

after it was added PtO2 (147.0 mg, 0.7 mmol). The reaction system was purged with H2 and stirred 

under H2 atmosphere at r.t. for 30 min. It was obtained compound 11 (263mg, 97%). 

 
Synthesis of tert-butyl (1S,2R,αR,3Z)-2-N-benzyl-N-α-methylbenzylamino-cycloocta-3-

enecarboxylate 12: 

 

In a dry flask and under Ar atmosphere was added the chiral amine (4.1 mL, 19.6 mmol) and 

dissolved in THF (15 mL). After, the system was cooled down to -78ºC and n-BuLi (1.6 M., 11.4 

mL, 18.3 mmol) was added and stirred for 15 min., after warmed it up to 0ºC for other 15 min. The 

system was cooled down to -78ºC again and compound 6 (805 mg, 3.86 mmol) was added and 

stirred for 6 hours. The reaction mixture was quenched with NH4Cl (sat)  (5 mL), extracted with 
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EtOAc, washed with H2O and NaCl (sat), dried, filtered and concentrated in vacuo. After the crude 

was diluted in DCM and washed with Citric acid 10% and NaHCO3, dried, filtered and evaporated 

under reduce pressure. Purification by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/Et2O (98:2-90:10 v/v) afforded starting material 6 (531 mg, 42%) and compound 12 

(705 mg, 42%), [α]��
�

 = +98.0 (c 1.2, CHCl3); IR υmax (neat): 2932 (C-H), 1700 (C=O), 1653 

(C=C), 1559, 1493, 1368, 1248 (C-O), 1030, 783 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 

1.37 (9H, m, COOC(CH3)3); 1.45 (3H, d, J 6.8, C(α)Me); 1.20-1.65 (4H, m, H-6 and H-7); 1.22 

(1H, m, H-8A); 1.62 (1H, m, H-8B); 1.92 (1H, m, H-5A); 2.08 (1H, m, H-5B); 2.50 (1H, m, H-1); 

3.85 (1H, m, H-2); 3.85 (1H, AB, JAB 17.1, NCHACHBPh); 4.10 (1H, AB, JAB 17.1, NCHACHBPh); 

4.25 (1H, q, J 6.8, CH(α)); 5.80 (1H, m, H-4); 6.05 (1H, m, H-3); 7.30 (10H, m, H-Ar). 13C NMR 

(50 MHz; CDCl3): δ 13.2 (CH3, C(α)Me); 25.8 (CH2, C-6); 27.5 (CH2, C-7); 27.9 (CH3 x 3, 

COOC(CH3)3); 30.1 (CH2, C-8); 30.6 (CH2, C-5); 51.7 (CH2, N-CH2); 53.5 (CH, C-1); 54.7 (CH, 

CH(α)); 56.5 (CH, C-2); 80.0 (C, COOC(CH3)3); 126.5-129.9 (CH x 10, Ar); 128.0 (CH, C-4), 

129.6 (CH-C-3); 141.9 (C, Cipso); 144.1 (C, Cipso); 174.9 (C, COOC(CH3)3). m/z (CI+) (rel. 

intensity): 419 (MH+, 19), 258 (21), 205 (8), 172 (11), 136 (6), 105 (100), 77 (33). HRMS (Cl+) 

m/z calcd. for C28H37NO2: 419.2824; found 419.2843; ∆∆∆∆ = 4.5 ppm. C28H37NO2 requires C, 80.2; 

H, 8.9; N, 3.3; found C, 80.0; H, 8.5; N, 3.2%. 

 
Synthesis of tert-butyl (1S,2R,αR,7Z)-2-N-benzyl-N-α-methylbenzylamino-cycloocta-7-

enecarboxylate 13: 

 

Following general procedure for the Michael addition reaction, it was added the chiral amine (3.14 

g, 14.00 mmol), dissolved in THF (20 mL) and at -78ºC  n-BuLi (1.6 M, 7.4 mL, 12.0 mmol) was 

added, stirred for 15 min, and after for other 15 min at 0°C. At -78ºC compound 7 (942 mg, 4 

mmol) was added and stirred for 1.5 hours. The reaction mixture was quenched with NH4Cl (sat)  (5 

mL), extracted with EtOAc, washed with H2O and NaCl (sat), dried, filtered and concentrated in 

vacuo. After the crude was dissolved in DCM and washed with Citric acid 10% and NaHCO3, 

dried, filtered and evaporated under reduce pressure. It was obtained compound 13 (1.72 g, 100%) 

that can be used without further purification or by crystallization from a mixture of Hex/Et2O. mp 

119ºC, [α]��
�

 = -4.7 (c 0.96, CHCl3); IR υmax (neat): 2939 (C-H), 1717 (C=O), 1651 (C=C), 1541, 
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1493, 1456, 1368, 1248 (C-O), 1155, 1030, 783 (=C-H), 750, 700 cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.17 (3H, d, J 7.0, C(α)Me); 1.56 (9H, m, COOC(CH3)3); 1.65-1.75 (4H, m, H-4 and H-

5); 1.90-2.10 (5H, m, H-1, H-3 and H-6); 3.61 (1H, d, JAB 15.2, NCHACHB); 3.65 (1H, m, H-2); 

3.77 (1H, d, JAB 15.2, NCHACHB); 4.08 (1H, q, J 7.0, C(α)H); 5.74 (1H, m, H-7); 5.85 (1H, t, J 

10.1, H-8); 7.26 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 20.7 (CH3, C(α) Me); 26.3 (CH2); 

27.3 (CH2); 27.5 (CH2); 28.4 (CH3 x 3, COOC(CH3)3); 30.2 (CH2); 48.1 (CH, C-1); 50.8 (CH2, N-

CH2); 63.2 (CH, CH(α)); 65.8 (CH, C-2); 80.5 (C, COOC(CH3)3); 126.4 (CH); 128.6 (CH), 126.5 

– 128.3 (CH x 10, o, m, p-Ph); 143.2 (C, Cipso); 144.0 (C, Cipso); 173.1 (C, COOC(CH3)3). m/z (CI+) 

(rel. intensity): 420 (MH+, 70), 258 (22), 154 (52), 105 (100). HRMS (Cl+) m/z calcd. for 

C28H37NO2: 419.2824; found 419.2819; ∆∆∆∆ = -1.2 ppm. C28H37NO2 requires C, 80.2; H, 8.9; N, 

3.3; found C 79.9; H, 8.5; N, 3.1%. R-X: See annexe A. 

 

Synthesis of tert-butyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-cyclooctanecarboxylate 

14: 

 

Following general procedure for the Michael addition, compound 11 (500.0 mg, 2.4 mmol) was 

dissolved in THF (2 mL), (R)-N-benzyl-N-α-methylbenzylamine (1.2 g, 5.8 mmol) was dissolved 

in THF (10 mL) and n-BuLi (1.6 M., 3.6 mL, 5.7 mmol) were set to react. Purification by silica gel 

for flash column chromatography (pore 60Å. 40-63 µm) Hex/Et2O (9:1-7:3 v/v) gave (1S,2R,αR)-

14 (152 mg, 15%). 

 
Synthesis of tert-butyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-cyclooctanecarboxylate 

14 by hydrogenation of compound 13: 

 

 

Following general procedure for a hydrogenation reaction, (1S,2R,αR,7Z)-13 (338.0 mg, 0.8 mmol) 

in EtOAc (20 mL), PtO2 (93.0 mg, 0.4 mmol) was stirred under H2 atmosphere at r.t. for 3 hours 
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gave crude (1S,2R,αR)-14 (261 mg, 77%) and 23% of starting material was recovered. This 

compound was purified by crystallization from a mixture of Hex/Et2O. mp 110ºC, [α]��
�

 = +109 (c 

1.0, CHCl3); IR υmax (neat): 2970, 2927 and 2852 (C-H), 1719 (C=O), 1455, 1370, 1148 cm-1. 1H 

NMR (400 MHz; CDCl3): δ 1.26 (3H, d, J 7.0, C(α)-Me); 1.41 (9H, s, COOC(CH3)3); 1.57-1.62 

(8H, m, H-4, H-5, H-6, H-7); 2.24 (2H, m, H-8); 2.50 (2H, m, H-3); 3.12 (1H, m, H-1); 3.15 (1H, 

m, H-2); 3.85 (1H, d, JAB 14.0, N-CHACHB); 3.90 (1H, d, JAB 14.0, N-CHACHB); 3.96 (1H, q, J 6.5, 

N-C(α)H). 13C NMR (50 MHz; CDCl 3): δ 17.0 (CH3, C(α)Me); 24.3 (CH2, C-6); 26.1 (CH2 x 2 , 

C-5, C-7); 28.2 (CH3 x 3, COOC(CH3)3 ); 28.3 (CH2, C-4); 29.5 (CH2, C-8); 29.6 (CH2, C-3); 49.7 

(CH, C-1); 51.6 (CH2, N-CH2); 54.8 (CH, C-2); 58.7 (CH, CH(α)); 80.2 (C, COOC(CH3)3); 126.5 

(CH, o-Ph); 126.8 (CH, o-Ph); 128.0 (CH, m-Ph) 128.2 (CH, m-Ph); 128.2 (CH, p-Ph); 128.2 (CH, 

p-Ph); 143.2 (C, Cipso); 145.3 (C, Cipso); 176.3 (C, COOC(CH3)3). HRMS (Cl+) m/z calcd. for 

C28H40NO2 [M+H] +: 422.3054; found 422.3039; ∆∆∆∆ = -3.5 ppm. C28H39NO2 requires C, 79.8; H, 

9.3; N, 3.3; found C 80.1; H, 9.5; N, 3.0%. R-X: See annexe B. 

 
Synthesis of tert-butyl (1S,2R,αR)-2-N-α-methylbenzylamino-cyclooctanecarboxylate 15: 
 

 

In a dried vial for hydrogenation compound 13 (67.0 mg, 0.2 mmol) was added and connected to a 

high vacuum for 1h. After it was dissolved in glacial acetic acid (3 mL), Pd/C (10 % Pd basis, 35 

mg) was added into the system and connected under H2 (4 atm.) for 24 h. After, filtration through 

Celite (eluent DCM) was performed, the organic layer was washed with NaHCO3, dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (8:2-1:1 v/v) gave (1S,2R,αR)-15 (12 mg, 

23%). IR υmax (neat): 3374 (N-H), 2973, 2924 and 2856 (C-H), 1723 (C=O), 1452, 1367, 1151 

cm-1. 1H NMR (400 MHz; CDCl3): δ 1.34 (3H, d, J 6.2, C(α)-Me); 1.49 (9H, s, COOC(CH3)3); 

1.20-1.70 (10H, m); 1.80-1.95 (2H, m); 2.75 (1H, m, H-1); 2.95 (1H, m, H-2); 3.90 (1H, m, N-

C(α)H); 7.26 (5H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 24.6 (CH3, C(α)-Me); 24.8 (CH2, C-

6); 25.5 (CH2, C-5); 26.0 (CH2 , C-7); 27.1 (CH2 C-4); 27.5 (CH2, C-8); 28.4 (CH3 x 3, 

COOC(CH3)3 ); 32.3 (CH2, C-3); 46.7 (CH, C-1); 54.3 (CH, C(α)); 55.4 (CH, C-2); 80.5 (C, 

COOC(CH3)3); 126.9 (CH x 2, o-Ph); 127.1 (CH x 2, m-Ph); 128.5 (CH, p-Ph); 146.5 (C, Cipso); 



Experimental section 
 

 
190 

174.9 (C, COOC(CH3)3). HRMS (ESI) m/z calcd. for C21H34NO2 [M+H] +: 332.2584; found 

332.2572; ∆∆∆∆ = -3.6 ppm. 

 
Synthesis of tert-butyl (1S,2R)-2-amino-cyclooctanecarboxylate 16: 
 

 

Following general procedure for a hydrogenolysis reaction, compound 15 (11.00 mg, 0.03 mmol) 

was measured, dissolved in glacial acetic acid (1 mL) and Pd/C (10 % Pd basis, 33 mg) was added 

into the system and connected under H2 (4 atm.) for 24 h. After, filtration through Celite (eluent 

DCM) was performed, the organic layer was washed with NaHCO3, dried over Na2SO4, filtered 

and concentrated in vacuo. Purification by silica gel for flash column chromatography (pore 60Å. 

40-63 µm) Hex/EtOAc (7:3-1:1 v/v) gave (1S,2R)-16 (4.3 mg, 57%).  

 
Synthesis of tert-butyl (1S,2R)-2-amino-cyclooctanecarboxylate 16 by hydrogenolysis of 

compound (1S,2R,αR)-14: 

 

 

In a dried vial for hydrogenation compound 14 (67.0 mg, 0.2 mmol) was added and connected to a 

high vacuum for 1h. After it was dissolved in glacial acetic acid (4 mL), Pd/C (10 % Pd basis, 34 

mg) was added into the system and connected under H2 (4 atm.) for 24 h. After filtration through 

Celite (eluent DCM) was performed, the organic layer was washed with NaHCO3, dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (7:3-1:1 v/v) gave (1S,2R)-16 (45 mg, 100%). 

[α]��
�

= -11.2 (c 1.2, CHCl3), IR υmax (neat): 3375 (N-H), 2922 and 2847 (C-H), 1724 (C=O), 1464, 

1370, 1153 cm-1. 1H NMR (400 MHz; CDCl3): δ 1.43 (9H, s, COOC(CH3)3; 1.53-1.65 (6H, m, H-

5, H-6, H-7); 1.75-1.90 (6H, m, H-4 ,H-8, H-3); 2.62 (1H, m, H-1); 3.27 (1H, m, H-2). 13C NMR 

(50 MHz; CDCl3): δ 23.6 (CH2, C-6); 23.8 (CH2, C-5); 25.9 (CH2, C-7); 26.7 (CH2, C-4); 28.2 

(CH2, C-8); 28.3 (CH3 x 3, COOC(CH3)3 ); 33.8 (CH2, C-3); 47.6 (CH, C-1); 51.7 (CH, C-2); 80.4 
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(C, COOC(CH3)3); 175.6 (C, COOC(CH3)3). HRMS (ESI) m/z calcd. for C13H26NO2 [M+H] +: 

228.1958; found 228.1941; ∆∆∆∆ = -7.4 ppm. 

 
Synthesis of (1S,2R)-2-amino-cyclooctanecarboxylic acid 17 by hydrolysis of the β-amino ester 

(1S,2R)-16: 

 

 

The β-amino ester (1S,2R)-16 (34.0 mg, 0.2 mmol) was dissolved in CF3COOH (0.5mL, 7.0 mmol) 

and stirred for 1.5 hours at r.t. The solution was concentrated in vacuo and dissolved in HCl 1 M. 

(1.0 mL), organic impurities were washed with EtOAc. Purification by Ion-exchange resin 

DOWEX 50 x 8-200 gave (1S,2R)-17 (29 mg, 100%). [α]��
�

= -16.5 (c 0.7, H2O). 1H NMR (400 

MHz; D 2O): δ 1.49-1.52 (4H, m, H-5, H-6); 1.60-1.74 (4H, m, H-4, H-7); 1.86-1.88 (4H, m, H-3, 

H-8); 3.04 (1H, ddd, J 8.5, 5.0 and 3.0, H-1); 3.73 (1H, ddd, J 9.0, 6.3 and 3.0, H-2). 13C NMR (50 

MHz; D 2O): δ 23.0 (CH2, C-5); 24.4 (CH2, C-6); 25.0 (CH2, C-4); 25.7 (CH2, C-7); 26.5 (CH2, C-

8); 28.7 (CH2, C-3); 42.7 (CH, C-1); 50.9 (CH, C-2); 177.6 (C, C-9). HRMS (ESI) m/z calcd. for 

C9H17NO2 [M+H] +: 172.1332; found 172.1336; ∆∆∆∆ = 2.3 ppm. 

[Lit.,(Forró, E. and Fülöp, F. Org. Lett. 2003, 5, 1209-1212) β-amino acid (1R,2S)-17 [α]��
�

= +17.8 

(c 0.4, H2O)]. 
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1.1 Reactivity of tert-butyl (1S,2R,αR,3Z)-2-N-benzyl-N-α-methylbenzylamino-cycloocta-3-

ene carboxylate 12: 

 
Elimination reaction of benzyl alpha in compound 12: 
 

 

Procedure: 

Entry 1: 

Compound 12 (68.00 mg, 0.16 mmol) was dissolved in a mixture of AcCN/H2O (5:1 v/v, 5 mL) 

and Ammonium cerium (IV) nitrate (0.53 mg, 0.96 mmol) was added, the system was purged with 

Ar and stirred for 17 hours at r.t. under inert atmosphere. The reaction mixture was quenched with 

NaHCO3 (sat.) (10 mL), the double of mixture solvent volume used, it was stirred for 15 min, 

extracted with EtOAc, dried over Na2SO4, filtered and concentrated in vacuo. Purification by silica 

gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-7:3 v/v) afforded 

tert-butyl (1S,2R,αR,3Z)-2-N-α-methylbenzylamino-cycloocta-3-ene carboxylate 18 (50.1 mg, 

95%), IR υmax (neat): 3374 (N-H), 2974 and 2927 (C-H), 1721 (C=O), 1452, 1367 (C-O), 1150, 

701 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.31 (3H, d, J 6.5, C(α)Me); 1.44 (9H, s, 

COOC(CH3)3); 1.10-1.28 (1H, m, H-7B); 1.28-1.35 (1H, m, H-6B); 1.55-1.85 (4H, m, H-6A, H-7A 

and H-8); 1.85-2.10 (2H, m, H-5A and H-5B); 2.81-2.85 (1H, m, H-1); 3.68-3.72 (1H, dd, J 8.8 and 

5.1, H-2); 3.95-4.00 (1H, q, J 6.5, CH(α)); 5.51-5.55 (1H, t, J 10.5, H-3); 5.70-5.77 (1H, dd, J 10.5 

and 8.0, H-4); 7.22-7.35 (5H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 23.6 (CH3, C(α)Me); 25.7 

(CH2, C-6); 27.2 (CH2, C-5); 28.1 (CH3 x 3, COOC(CH3)3); 28.6 (CH2, C-7); 29.8 (CH2, C-8); 

50.9 (CH, C-1); 52.4 (CH, C-2); 54.7 (CH, CH(α)); 80.1(C, COOC(CH3)3); 126.6, 126.7 and 128.3 

(CH x 5, Ph); 130.0 (CH, C-4); 132.8 (CH, C-3); 145.9 (C, Cipso); 173.6 (C, COOC(CH3)3). 

HRMS [M+H] + m/z calcd. for C21H32NO2: 330.2428; found 330.2436; ∆∆∆∆ = 2.4 ppm.  
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Entry 2: 

Compound 12 (89.30 mg, 0.21 mmol) was dissolved in a mixture of AcCN/H2O (5:1 v/v, 6 mL) 

and Ammonium cerium (IV) nitrate (0.53 mg, 0.96 mmol) was added, the system was purged with 

Ar and stirred for 20 hours at r.t. under inert atmosphere. The reaction mixture was quenched with 

NaHCO3 (sat.) (12 mL), stirred for 15 min, extracted with EtOAc, dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/EtOAc (9:1-7:3 v/v) afforded compound 18 (44.6 mg, 65%) and tert-butyl 

(1S,2R,αR,3Z)-2-benzylamino-cycloocta-3-ene carboxylate 19 (10.2 mg, 14%). IR υmax (neat): 

3375 (N-H), 2928 and 2851 (C-H), 1720 (C=O), 1145, 848 (=C-H) cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.45 (9H, s, COOC(CH3)3); 1.46-2.09 (8H, m, H-5, H-6, H-7 and H-8); 2.81 (1H, m, H-

1); 3.73 (1H, m, H-2); 3.75 (1H, d, J 13.1, N-CH2); 3.89 (1H, d, J 13.1, N-CH2); 5.66 (1H, t, J 10.4, 

H-3); 5.84 (1H, dd, J 10.4 and 8.4, H-4); 7.21-7.34 (5H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 

25.6 (CH2, C-7); 27.3 (CH2, C-6); 28.3 (CH3 x 3, COOC(CH3)3); 28.9 (CH2, C-8); 30.0 (CH2, C-5); 

51.8 (CH2, CH2(N)); 52.3 (CH, C-1); 54.9 (CH, C-2); 80.6 (C, COOC(CH3)3); 127.1 (CH x 2, C-3, 

C-4); 128.5 (CH x 5, Ph); 131.6 (C, Cipso); 173.9 (C, COOC(CH3)3).HRMS [M+H] + m/z calcd. for 

C20H30NO2: 316.2271; found 316.2287; ∆∆∆∆ = 5.1 ppm.  

 
Reduction of the tert-butyl group with Lithium Aluminium Hydride in compound 12: 
 

 

In a dried flask with Ar atmosphere, compound 12 (82.5 mg, 0.2 mmol) was added and dissolved 

in THF (3 mL). The reaction system was stirred at 0°C and LiAlH4 (23.0 mg, 0.6 mmol) was 

added. After, the reaction mixture was stirred at r.t. for 48 hours. The reaction was quenched with 

a mixture of EtOAc/H2O (1:1 v/v, 2mL) and filtered through a sintered glass funnel layered with 1 

cm of celite and 0.5 cm silice. The combined organic extracts were dried over Na2SO4 and 

concentrated in vacuo. Purification by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/EtOAc (9:1-7:3 v/v) afforded (1S,2R,αR,3Z)-2-N-(benzyl-N-α-methylbenzylamino)-

cycloocta-3-enyl-methanol 20 (38.6 mg, 55%). 1H NMR (200 MHz; CDCl3): δ 1.46 (3H, d, J 7.0, 

C(α)Me); 1.50-2.30 (6H, m, H-6, H-7 and H-8); 2.46-2.48 (2H, m, H-5); 3.48 (1H, CHAHB, JAB 

15.3, CH2-N); 3.32-3.40 (1H, dd, J 21.2 and 9.2, H-1); 3.53 (1H, m, H-2); 3.92 (1H, dd, J 9.7 and 

3.2, CH2-OH);); 3.94 (1H, CHAHB, JAB 15.3, CH2-N); 4.59 (1H, q, J 6.9, C(α)H)); 5.50 (1H, t, J 
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10.3, H-3); 5.72 (1H, dd, J 18.4 and 10.3, H-4); 7.30 (10H, m, H-Ar). HRMS [M+H] + m/z calcd. 

for C24H32NO: 350.2478; found 350.2461; ∆∆∆∆ = - 4.8 ppm.  

 
Protective reaction of the alcohol group in compound 20: 
 

 

In a dried flask under Ar atmosphere, compound 20 (38.60 mg, 0.11 mmol) was added and 

dissolved in THF (2 mL). The reaction system was stirred at 0°C and NaH (5.20 mg, 0.13 mmol) 

previously dissolved in a minimum quantity of THF was added. After, at r.t. BnBr (0.03 mL, 0.22 

mmol) and TBAI (4.10 mg, 0.01 mmol) were added and the reaction mixture was stirred for 8 

hours. The system was quenched with H2O at 0°C and extracted with EtOAc. The 1H NMR 

spectrum of the crude showed the recovery of starting material.  

 
Elimination reaction of the benzyl group in the chiral amine fragment in compound 20: 
 

 

Under Ar atmosphere compound 20 (20.20 mg, 0.06 mmol) was dissolved in a mixture of 

AcCN/H2O (5:1 v/v, 3.6 mL) and CAN (0.13 mg, 0.24 mmol) was added into the system. The 

reaction mixture was stirred at r.t. for 60 hours. The 1H NMR spectrum of the crude showed the 

recovery of starting material. 

 
Protective reaction of the secondary amine in compound 18: 
 

 

 

 

 



Experimental section                                                                
 

 
195 

Table 14. 

Entry 
18 

(mg, mmol) 
THF 
(mL) 

Reaction conditions 
Time 

(hours) 
R.P. % 

1 
 

34.80, 0.11 
 

2.5 Boc2O (24.00 mg, 0.11 mmol), r.t 70 - 

2 
 

34.80, 0.11 
 

2.5 
Boc2O (24.00 mg, 0.11 mmol), 

110°C. 
24 - 

3 
 

24.30, 0.07 
 

1.0 

1) NaHMDS 0.6 M. 
 (0.27 mL, 0.16 mmol), r.t. 

2) Boc2O  
(16.20 mg, 0.07 mmol). 

10 - 

4 31.10, 0.10 1.5 

1) Boc2O 
 (46.00 mg, 0.21 mmol). 

2) NaHMDS 0.6 M. 
 (0.48 mL, 0.29 mmol), r.t. 

2 - 

 
Procedure: 

Entry 1 and 2: 

Under Ar Atmosphere compound 18 (34.80 mg, 0.11 mmol) was dissolved in THF (2.5 mL), 

Boc2O (24.00 mg, 0.11 mmol) was added previously dissolved in a minimum quantity of THF and 

the reaction system was stirred at r.t. for 70 hours. After, the reaction mixture was quenched with 

NaHCO3 5% (12 mL), extracted with EtOAc, washed with NaCl (sat.) and K2CO3 10%, filtered and 

concentrated in vacuo. The 1H NMR spectrum of the crude showed the presence of starting 

material, for this reason it was submitted in the same reactions conditions as at r.t. but being 

refluxed at 110°C., the protected product was not obtained. 

 
Entry 3: 

Compound 18 (24.30 mg, 0.07 mmol) in THF (1 mL) was added Sodium bis-(trimethylsilyl)-

amide (0.6 M., 0.27 mL, 0.16 mmol) at r.t. After 15 min., a solution of di-tert-butyl dicarbonate 

(16.20 mg, 0.07 mmol) in THF (1 mL) was added and the reaction was stirred for 10 hours. After, 

THF was removed by rotary evaporation, followed by portioning between 5 mL of HCl 0.1 M. and 

2 mL of EtOAc. A small amount of product may remain in the HCl layer at this point can be 

removed by treatment of the HCl layer with 2 mL of NaHCO3 (sat.) followed by extraction with 

EtOAc. The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The 1H 

NMR spectrum of the crude showed that the protected product was not obtained but maybe the 

formation of a β-lactam was instead. 

 
Entry 4: 

To avoid the formation of the β-lactam, compound 18 (31.10 mg, 0.10 mmol) was dissolved in 

THF (1.5 mL) and a solution of di-tert-butyl dicarbonate (46.00 mg, 0.21 mmol) in THF (1.5 mL) 
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was added.  After 15 min, Sodium bis-(trimethylsilyl)-amide (0.6 M., 0.48 mL, 0.29 mmol) was 

added and the system was stirred at r.t. for 2 hours. The work up consisted in the remove of THF 

by rotary evaporation, followed by portioning between 6 mL of HCl 0.1 M. and 3 mL of EtOAc. A 

small amount of product may remain in the HCl layer at this point can be removed by treatment of 

the HCl layer with 3 mL of NaHCO3 (sat.) followed by extraction with EtOAc. The combined 

organic layers were dried over Na2SO4 and concentrated in vacuo. The 1H NMR spectrum of the 

crude showed that the protected product was not obtained. 

 
Acetylation reaction of the secondary amine with acetic anhydride in compound 18: 
 

 

Compound 18 (21.50 mg, 0.06 mmol) was dissolved in Pyridine (0.04 mL) and acetic anhydride 

(0.04 mL, 0.42 mmol) was added. The reaction mixture was stirred at r.t. for 20 hours. The system 

was quenched with ice, extracted with EtOAc, washed with HCl 2M., H2O, NaHCO3 5% and 

NaCl(sat), filtered and concentrated in vacuo. The 1H NMR spectrum of the crude showed the 

presence of starting material. 

 
Acetylation reaction of the secondary amine with chloride acetate in compound 18: 
 

 

Compound 18 (22.00 mg, 0.07 mmol) was dissolved in THF (1 mL), triethylamine (0.03 mL, 0.20 

mmol) and chloride acetate (0.01 mL, 0.20 mmol) were added at 0°C and the system was stirred 

for 1 hour at this temperature. After, the reaction system was stirred for other 17 hours at r.t. The 

reaction mixture was quenched with EtOAc/H2O (1:1 v/v, 2 mL), extracted with EtOAc, washed 

with H2O and NaCl (sat.), dried over Na2SO4, filtered and concentrated in vacuo. Purification by 

silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-7:3 v/v) 

afforded starting material 18 (5.50 mg, 25%) and tert-butyl (1S,2R,αR,3Z)-2-N-acetamido-N-α-

methylbenzylamino-cycloocta-3-enecarboxylate 21 (18.40 mg, 74%), IR υmax (neat): 2977 and 
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2848 (C-H), 1716 (C=O),1660 and 1630 (C=O), 1443, 1143, 735 (=C-H) cm-1. 1H NMR (400 

MHz; CDCl 3): δ 1.25 (9H, s, COOC(CH3)3); 1.67 (3H, d, J 6.9, C(α)Me); 1.68 (3H, s, COMe); 

1.25-1.46 (2H, m, H-6); 1.79-2.00 (4H, m, H-7 and H-8); 2.05-2.20 (1H, m, H-5A); 2.20-2.35 (1H, 

m, H-5B); 2.52 (1H, m, H-1); 5.15 (1H, m, H-2); 5.32 (1H, m, CH(α)); 5.81 (1H, dd, J 10.4 and 8.1, 

H-4); 6.30 (1H, t, J 10.2, H-3); 7.34 (5H, m, H-Ar); δC (50 MHz; CDCl3) 19.4 (CH3, C(α)Me); 

24.4 (CH3, CO-Me); 25.8 (CH2); 26.9 (CH2); 28.1 (CH3 x 3, COOC(CH3)3); 30.2 (CH2); 30.6 

(CH2); 51.9 (CH, C-1); 52.3 (CH, C-2); 54.4 (CH, CH(α)); 80.1 (C, COOC(CH3)3); 126.9, 127.8 

and 128.6 (CH x 5, Ph); 127.3 (CH, C-4); 130.8 (CH, C-3); 141.9 (C, Cipso); 171.6 (C, COMe); 

173.8 (C, COOC(CH3)3). HRMS [M+Na] m/z calcd. for C23H33NO3Na: 394.2353; found 

394.2352; ∆∆∆∆ = -0.3 ppm.  

 
Ozonolysis reaction of compound 21: 
 

 

Under Ar atmosphere compound 21 (17.90 mg, 0.05 mmol) was dissolved in DCM (1 mL), the 

reaction system was stirred at -78°C and the reaction mixture was purged and bubbled with O3 

until a blue colouration was observed (approximately 5 min.), after dimethyl sulfide (54.00 mg, 

0.87 mmol) was added and stirred for a while. The system was warm up until r.t. and evaporated 

under reduced pressure. The 1H NMR spectrum of the crude showed the cleavage of the alkene 

and the formation of (2S,3S,αR)-2-(N-acetamido-N-α-methylbenzylamino)-3-tert-butoxy carbonyl-

octanedial 22 (20.40 mg, 100%), IR υmax (neat): 2966-2851 (C-H), 1716 (C=O), 1643 (C=O), 

1145, 790 701 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 0.5-1.25 (6H, m, H-4, H-5, H-6); 

1.41 (9H, s, COOC(CH3)3); 1.66 (3H, d, J 6.5, C(α)Me); 1.68 (3H, s, COMe); 2.21 (2H, m, H-7); 

2.99 (1H, m, H-3); 3.78 (1H, dd, J 6.0 and 1.8, H-2); 5.23 (1H, q, J 6.5, C H(α)); 7.38 (5H, m, H-

Ar); 9.46 (1H, CHO); 9.64(1H, d, J 1.8, CHO). 13C NMR (50 MHz; CDCl 3): δ 18.4 (CH3, 

C(α)Me); 21.8 (CH2); 22.4 (CH3, CO-Me); 26.3 (CH2); 28.2 (CH3 x 3, COOC(CH3)3); 29.0 (CH2); 

43.7 (CH2, C-7); 44.7 (CH, C-3); 57.8 (CH, C-2); 63.4 (CH, CH(α)); 81.2 (C, COOC(CH3)3); 

128.8 and 129.1(CH x 5, Ph); 139.0 (C, Cipso); 171.0 (C, COMe); 173.9 (C, COOC(CH3)3); 198.9 

(C, CHO, C-8); 202.6 (C, CHO, C-1). 
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Protective reaction of the secondary amine with Boc2O in compound 19: 
 

 

Under Ar atmosphere compound 19 (4.00 mg, 0.01 mmol) was dissolved in THF (1 mL), Boc2O 

(2.80 mg, 0.01 mmol) was added previously dissolved in a minimum quantity of THF and the 

reaction system was stirred at r.t. for 24 hours. The 1H NMR spectrum of the crude showed that the 

protected product was not obtained. 

 
 
1.2 Reactivity of tert-butyl cycloocta-1,3-dienecarboxylate 6: 

 
Epoxidation reaction of compound 6: 
 

 
Following previous procedure, compound 6 (623.8 mg, 3.0 mmol) was dissolved in DCM (30 

mL), and stirred at 0ºC, MCPBA (568.5 mg, 3.3 mmol) was added slowly and the solution was 

stirred for 5 hours at r.t.. The reaction mixture was quenched with Na2S2O3 (sat.) (10 mL), extracted 

with DCM (3 x 80 mL), washed with H2O, NaHCO3 (sat.) and Na2S2O3 (sat.). The combined organic 

extracts were dried over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for 

flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (99:1-70:30 v/v) gave recovery 

of starting material (93.6 mg, 15%) and the following compounds:  

(±) (1E,3R*,4S*) tert-butyl cycloocta-1,2-diene carboxylate 3,4 oxide 23 (450 mg, 67%), IR υmax 

(neat): 2976 and 2938 (C-H), 1701 (C=O), 1468, 1653 cm-1. 1H NMR (400 MHz; CDCl3): δ 1.49 

(9H, s, COOC(CH3)3; 1.40-1.80 (5H, m, H-5A, H-6 and H-7); 2.10 (1H, ddd, J 9.2, 8.0 and 4.0, H-

5B); 2.22 (1H, dd, J 13.6 and 10.4, H-8A); 2.55 (1H, dd, J 14.4 and 8.0, H-8B); 3.20 (1H, ddd, J 

12.0, 4.0 and 3.6, H-4); 3.56 (1H, d, J 3.6, H-3); 6.72 (1H, s, H-2). 13C NMR (50 MHz; CDCl 3): δ 

24.5 (CH2, C-6); 27.5 (CH2 x 2, C-7 and C-5); 28.0 (CH3 x 3, COOC(CH3)3 ); 28.2 (CH2, C-8); 

54.0 (CH, C-4); 58.6 (CH, C-3); 80.7 (C, COOC(CH3)3); 132.2 (CH, C-2); 137.7 (C, C-1); 166.3 

(C, COOC(CH3)3). m/z (CI+) (rel. intensity): 168 (MH+, 5), 152 (4), 139 (2), 123 (63), 107 (9), 95 

(16), 79 (22), 67 (19), 57 (100). 
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(±)-(1R*,2S*,3Z) tert-butyl cycloocta-3,4-diene carboxylate 1,2 oxide 24 (47 mg, 7%), IR υmax 

(neat): 2932 (C-H), 1732 (C=O), 1468, 1248, 963, 843 cm-1. 1H NMR (400 MHz; CDCl3): δ 

1.50-2.40 (8H, m, H-5, H-6, H-7, H-8); 1.48 (9H, s, COOC(CH3)3; 3.80 (1H, s, H-2); 5.54 (1H, d, 

J 11.6, H-3); 5.79 (1H, dd, J 11.6 and 7.0, H-4). 13C NMR (50 MHz; CDCl 3): δ 25.1 (CH2, C-7); 

25.4 (CH2, C-6); 27.6 (CH2, C-8); 27.9 (CH3 x 3, COOC(CH3)3 ); 29.2 (CH2, C-5); 58.3 (CH, C-2); 

62.6 (C, C-1); 81.9 (C, COOC(CH3)3); 121.7 (CH, C-4); 134.6 (CH, C-3); 169.2 (C, COOC(CH3)3). 

 
(1E,3Z) tert-butyl 5-oxo-cycloocta-1,3-dienecarboxylate 58 as a pale yellow oil (27 mg, 4%), IR 

υmax (neat): 2976 and 2868 (C-H), 1707 (C=O), 1663 (C=C), 1456, 1370, 1292 (C-O), 1252, 

1157cm-1. 1H NMR (400 MHz; CDCl3): δ 1.52 (9H, s, COOC(CH3)3); 2.10 (2H, q, J 6.6 and 13.4, 

H-7); 2.50 (2H, t, J 6.6, H-8); 2.57 (2H, t, J 6.6, H-6); 6.03 (1H, d, J 12.6, H-4); 6.57 (1H, dd, J 

5.5 and 12.6, H-3); 7.26 (1H, d, J 5.5, H-2). 13C RMN (50 MHz; CDCl 3): δ 26.3 (CH2, C-7); 28.0 

(CH3 x 3, COOC(CH3)3); 31.8 (CH2, C-8); 38.5 (CH2, C-6); 81.4 (C, COOC(CH3)3); 133.6 (CH, 

C-4); 134.7 (CH, C-2); 135.8 (CH, C-3); 140.1 (C, C-1); 165.5 (C, COOC(CH3)3); 205.2 (C, C-5). 

m/z (Cl+) (rel. intensity): 222 (M+, 5) 205 (3), 186 (5), 166 (19), 149 (19), 121 (22), 94(13), 77 

(26), 57 (100).  

 
(1E,3Z) tert-butyl 5-hydroxycycloocta-1,3-dienecarboxylate 59 as a brown yellow oil (47 mg, 

7%), IR υmax (neat): 3412 (O-H), 2934 (C-H), 1705 (C=O), 1624 (C=C), 1250 (C-O) cm-1. 1H 

NMR (400 MHz; CDCl3): δ 1.50 (9H, s, COOC(CH3)3); 1.8-1.9 (4H, m, H-6 and H-7); 2.74 (2H, 

dd, J 8.2 and 13.2, H-8); 4.36 (1H, dd, J 8.2 and 9.6, H-5); 5.89 (1H, dd, J 8.2 and 11.6, H-4); 6.09 

(1H, dd, J 4.2 and 11.6, H-3 ); 7.08 (1H, d, J 4.2, H-2). 13C NMR (50 MHz; CDCl 3): δ 22.4 (CH2, 

C-7); 27.0 (CH2, C-6); 27.4 (CH2, C-8); 28.3 (CH3 x 3, COOC(CH3)3); 80.9 (C, COOC(CH3)3);  

85.1 (CH, C-5); 125.6 (CH, C-4); 134.8 (CH, C-3); 135.6 (CH, C-2); 135.9 (C, C-1); 166.9 (C, 

COOC(CH3)3).  

 
This epoxydation reaction was performed again in the same conditions but for a shorter period to 

give rise to the monoepoxide (1E,3R*,4S*) tert-butyl cycloocta-1,2-diene carboxylate 3,4 oxide 

(±)-23 (67%) together with S.M. (23%) and (1R*,2S*,3E) tert-butyl cycloocta-3,4-diene 

carboxylate 1,2 oxide (±)-24 (7%). 
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Addition of lithium (S)-N-benzyl-N-α-methylbenzylamide to compound (±)-23: 
 

 

Following general procedure for the Michael addition reaction, compound (±)-23 (24.50 mg, 0.11 

mmol) was dissolved in THF (1 mL), (S)-N-benzyl-N-α-methylbenzylamine (34.60 mg, 0.16 

mmol) in THF (1 mL) and n-BuLi (1.6 M, 0.10 mL, 0.15 mmol) were added. After the addition of 

the unsaturated compound, the reaction was stirred for 2.0 hours. The reaction was quenched by 

addition of NH4Cl (sat.) Purification by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/EtOAc (95:5 v/v–70:10 v/v) gave recovery of starting material (±)-23. 

 

Epoxide ring opening reaction: 
 

 

Procedure: 

Entry 1: 

To a solution of Al2O3 (1.20 g) in Et2O (1 mL) was added H2O (0.12 mL) and under Ar 

atmosphere was stirred for 20 min. After, compound (±)-23 (24.7 mg, 0.11 mmol) was added and 

the reaction system was stirred for 18 hours. After this time, MeOH (2.5 mL) was added; the 

solution was filtered through Celite and concentrated in vacuo. The 1H NMR spectrum of the 

crude showed the recovery of starting material. 

 
Entry 2: 

A solution of Al2O3 (1.45 g) in THF (1.8 mL) and H2O (0.12 mL) was refluxed at 50°C. After, 

compound (±)-23 (24.7 mg, 0.11 mmol) was added and the reaction system was refluxed for 12 
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hours and other 4 hours at 80°C. After this time, MeOH (2.5 mL) was added; the solution was 

filtered through Celite and concentrated in vacuo. The 1H NMR spectrum of the crude showed the 

recovery of starting material. 

 
Entry 3: 

To compound (±)-23 (18.8 mg, 0.08 mmol) was added a solution of KOH in dioxane/H2O (1:9 v/v, 

2.7 M., 7.2 mL), the reaction system was stirred at r.t for 3.5 hours. After this time, the reaction 

crude was extracted with DCM, washed with H2O, dried over Na2SO4, filtered and concentrated in 

vacuo. The 1H NMR spectrum of the crude showed the recovery of starting material. 

 
Entry 4: 

Compound (±)-23 (17.00 mg, 0.08 mmol) was dissolved in THF (3mL) and LiOH (3M., 0.05 mL) 

was added. The reaction system was stirred at r.t for 216 hours. The reaction crude was extracted 

with DCM, washed with H2O, dried, filtered and evaporated under reduce pressure. The 1H NMR 

spectrum of the crude showed the recovery of starting material. 

 
Entry 5: 

To compound (±)-23 (352.5 mg, 1.6 mmol) was added a solution of HClO4 in dioxane/H2O (1:9 

v/v, 60%, 3.2 mL) at 0°C. The reaction system was stirred at r.t for 9.5 hours. After this time, H2O 

was added; the reaction crude was extracted with EtOAc, washed with NaHCO3 (sat.), dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (8:2-6:4 v/v) afforded starting material (±)-23 

(70.5 mg, 20%) and (±) (3R*,4R*,E) tert-butyl 3,4-dihydroxycycloocta-1-ene carboxylate 25 (240 

mg, 62%). IR υmax (neat): 3422 (O-H), 2930 (C-H), 1707 (C=O), 1653 cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.48 (9H, s, COOC(CH3)3; 1.65 (2H, m, H-6); 1.92 (2H, m, H-7); 2.12 (2H, dt, J 12.8 

and 3.6, H-5); 2.61 (2H, dt, J 7.2 and 3.6, H-8); 3.50 (1H, dt, J 8.8 and 3.6, H-4); 4.30 (1H, dd, J 

8.8 and 6.8, H-3); 6.67 (1H, d, J 6.8, H-2). 13C NMR (50 MHz; CDCl 3): δ 20.4 (CH2, C-7); 25.6 

(CH2, C-6); 27.2 (CH2, C-5); 28.3 (CH3 x 3, COOC(CH3)3 ); 32.4 (CH2, C-8); 74.4 (CH, C-4); 75.3 

(CH, C-3); 80.8 (C, COOC(CH3)3); 133.9 (C, C-1); 140.7 (CH, C-2); 166.1 (C, COOC(CH3)3). 

HRMS (Cl+) m/z calcd. for C13H22O4: 242.1518; found 242.1508; ∆∆∆∆ = -4.1 ppm. m/z (CI+) (rel. 

intensity): 242 (M, 1), 204 (16), 186 (48), 141 (8), 123 (17), 105 (10), 95 (9), 79 (14), 58 (100). 
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Protection reaction of compound (±)-25: 
 

 

Compound (±)-25 (158.00 mg, 0.65 mmol) was dissolved in acetone (10 mL) and 2,2-DMP (10 

mL) and CSA (catalytic amount) were added. The reaction system was purged with Ar and under 

inert atmosphere it was refluxed at 80°C and stirred for 2 hours. After, the reaction mixture was 

extracted with Et2O, washed with NaHCO3 (sat.), NaCl (sat.) and H2O, dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/EtOAc (8:2 – 1:1 v/v) gave (±) tert-butyl 3,4-isopropilidendioxicycloocta-1-en-

carboxylate 26 (184 mg, 100%). IR υmax (neat): 2936 and 2866 (C-H), 1709 (C=O), 1458, 1370, 

1238, 1163, 1067 cm-1. 1H NMR (400 MHz; CDCl3): δ 1.42 (3H, s, CCH3); 1.43 (3H, s, CCH3); 

1.48 (9H, s, COOC(CH3)3; 1.57 (4H, m, H-6 and H-7); 2.15 (2H, m, H-5); 2.65 (2H, m, H-8); 3.48 

(1H, dd, J 8.4 and 3.0, H-4); 4.40 (1H, dd, J 8.4 and 6.0, H-3); 6.78 (1H, d, J 6.0, H-2). 13C NMR 

(50 MHz; CDCl3): δ 20.2 (CH2, C-7); 24.6 (CH2, C-6); 26.9 (CH3 x 2, C(CH3)2); 27.8 (CH2 x 2, 

C-5 and C-8); 28.1 (CH3 x 3, COOC(CH3)3 ); 79.7 (C, COOC(CH3)3); 80.4 (CH, C-4); 81.4 (CH, 

C-3); 108.3 (C, CMe2); 133.6 (C, C-1); 137.6 (CH, C-2); 165.6 (C, COOC(CH3)3). HRMS (Cl+) 

m/z calcd. for C16H26O4: 282.1831; found 282.1825; ∆∆∆∆ = -2.1 ppm. m/z (CI+) (rel. intensity): 282 

(MH+, 1), 267 (2), 226 (9), 209 (3), 168 (54), 151 (29), 121 (43), 77 (37), 57 (100). 

 
Michael addition of lithium (S)-N-benzyl-N-α-methylbenzylamide to compound (±)-26: 
 

 

Following general procedure for the Michael addition reaction, compound (±)-26 (188.6 mg, 0.6 

mmol) in THF (2 mL), (S)-N-benzyl-N-α-methylbenzylamine (592.8 mg, 2.8 mmol) in THF (8 mL) 

and n-BuLi (1.6 M., 1.7 mL, 2.6 mmol). After the addition of the unsaturated compound, the 

reaction was stirred for 2 hours. Purification by silica gel for flash column chromatography (pore 

60Å. 40-63 µm) Hex/DCM (6:4 – 1:1 v/v) gave recovery of starting material (±)-26 (55 mg, 33%) 
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and (1S,2R,3S,4S,αS) tert-butyl 2-(N-benzyl-N-α-methylbenzylamino)-3,4-

isopropilidendioxicyclooctane carboxylate 27 (107 mg, 36%), which was full characterized and 

(1S,2R,3R,4R,αS) tert-butyl 2-(N-benzyl-N-α-methylbenzylamino)-3,4-

isopropilidendioxicyclooctane carboxylate 28 (27 mg, 9%). 

 
(1S,2R,3S,4S,αS)-27: IR υmax (neat): 2980 and 2930 (C-H), 1734 (C=O), 1456, 1368, 1148 (C-O), 

1055, 700 and 667 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.15 (3H, d, J 8.0, C(α)Me); 1.40 

(3H, s, CMe2); 1.41 (3H, s, CMe2); 1.50 (9H, s, COOC(CH3)3; 1.20-1.72 (6H, m, H-6, H-7 and H-

8); 1.80-2.00 (2H, m, H-5); 2.60 (1H, ddd, J 12.0, 8.0 and 4.0, H-1); 3.40 (1H, t, J 8.0, H-2); 3.61 

(1H, ddd, J 12.0, 8.0 and 4.0, H-4); 3.90 (1H, t, J 8.0, H-3); 4.02 (2H, CHAHB, CH2-N); 4.47 (1H, 

q, J 8.0, CH(α)); 7.40 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 21.1 (CH2, C-6); 22.2 (CH3, 

C(α)Me); 24.0 (CH2, C-7); 25.4 (CH2, C-5); 26.8 (CH3, CMe2); 27.2 (CH3, CMe2); 29.3 (CH3 x 3, 

COOC(CH3)3 ); 31.6 (CH2, C-8); 49.1 (CH, C-1); 52.1 (CH2, CH2-N); 60.6 (CH, CH(α)); 63.5 (CH, 

C-2); 79.7 (C, COOC(CH3)3); 81.1 (CH, C-3); 81.2 (CH, C-4); 106.5 (C, CMe2); 126.1-129.0 (CH 

x 10, H-Ar); 143.8 (C, Cipso); 145.7 (C, Cipso); 173.5 (C, COOC(CH3)3). HRMS (Cl+) m/z calcd. 

for C31H43NO4: 493.3192; found 493.3226; ∆∆∆∆ = 6.9 ppm. m/z (CI+) (rel. intensity): 493 (MH+, 4), 

435 (4), 316 (6), 288 (15), 274 (32), 190 (10), 153 (14), 105 (100), 77 (95). 

 
Isopropilidendioxi-opening reaction: 
 

 

Procedure: 

Entry 1: 

Compound 27 (18.70 mg, 0.04 mmol) was dissolved in THF (1.5 mL) and a solution of H5IO6 

(21.6 mg, 0.1 mmol) in H2O (0.5 mL) was added. The reaction system was stirred at r.t for 48 

hours. The work up of the reaction was performed by extraction with EtOAc; the crude was 
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washed with Na2S2O3 5% and NaHCO3 5%, dried over Na2SO4, filtered and concentrated in vacuo. 

The 1H NMR spectrum of the crude showed the recovery of starting material. 

 
Entry 2: 

To compound 27 (18.70 mg, 0.04 mmol) was added a solution of H5IO6 (43.0 mg, 0.2 mmol) in 

H2O (0.5 mL). The reaction system was stirred at r.t for 12 hours. The work up of the reaction was 

performed by extraction with EtOAc; the crude was washed with Na2S2O3 5% and NaHCO3 5%, 

dried, filtered and concentrated in vacuo. The 1H NMR spectrum of the crude showed the recovery 

of starting material. 

 
Entry 3: 

Compound 27 (18.70 mg, 0.04 mmol) was dissolved in THF (1 mL), after HCl 2M. (1 mL) and 

H5IO6 (43.0 mg, 0.2 mmol) were added. The reaction system was stirred at r.t for 4.5 hours. The 

work up of the reaction was performed by extraction with EtOAc; the crude was washed with 

Na2S2O3 5% and NaHCO3 5%, dried, filtered and concentrated in vacuo. The 1H NMR spectrum of 

the crude showed the recovery of starting material. 

 
Entry 4: 

Under Ar atmosphere, compound 27 (45.20 mg, 0.09 mmol) was dissolved in MeOH (5 mL) and a 

catalytic amount of PTSA was added, after HCl (gas) was passed for 2 min. The reaction system was 

stirred at r.t for 4 hours. The crude was extracted with DCM, washed with NaHCO3 10% and H2O, 

dried, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (8:2-6:4 v/v) afforded recovery of starting 

material 27 (2.0 mg, 5%) and the following compounds: 

 
(1R,6S,9R,10S,αS)-9-(N-benzyl-N-α-methylbenzylamino)-10-hydroxy-7-oxabicyclo[4.2.2]decan-

8-one 29 (19.3 mg, 57%). [α]20
�

 +28.4 (c 0.89, CHCl3); IR υmax (neat): 2926 and 2857 (C-H), 1728 

(C=O), 1454, 1371, 1217 (C-O), 1074, 754 and 700 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 

1.20-1.30 (2H, m, H-4); 1.43 (3H, d, J 6.8, C(α)Me); 1.50-1.70 (2H, m, H-3); 1.82 (1H, m, H-5A); 

1.91 (1H, m, H-5B); 2.02 (1H, m, H-2A); 2.20 (1H, m, H-2B); 3.05 (1H, m, H-1); 3.09 (1H, dd, J 

9.2 and 2.1, H-9); 3.79 and 3.84 (2H, CHAHB, J 14.4, CH2-N); 3.94 (1H, dd, J 9.2 and 5.6, H-10); 

3.97 (1H, q, J 6.8, CH(α)); 4.63 (1H, td, J 5.6 and 2.8, H-6); 7.38 (10H, m, H-Ar). 13C NMR (50 

MHz; CDCl 3): δ 13.1 (CH3, C(α)Me); 22.7 (CH2, C-4); 24.6 (CH2, C-3); 28.9 (CH2, C-5); 33.8 

(CH2, C-2); 41.8 (CH, C-1); 50.3 (CH2, CH2-N); 55.7 (CH, CH(α)); 59.1 (CH, C-9); 68.3 (CH, C-

10); 77.9 (CH, C-6); 127.4-128.7 (CH x 10, H-Ar); 139.5 (C, Cipso); 143.8 (C, Cipso); 174.8 (C, 

COO). HRMS (Cl+) m/z calcd. for C24H29NO3: 379.2147; found 379.2191; ∆∆∆∆ = 11.6 ppm. m/z 
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(CI +) (rel. intensity): 282 (MH+, 1), 267 (2), 226 (9), 209 (3), 168 (54), 151 (29), 121 (43), 77 

(37), 57 (100). 

 
(1R,2R,3S,4S,αS)-2-(N-benzyl-N-α-methylbenzylamino)-3,4-isopropilidendioxicyclooctane 

carboxylic acid 30 (12.5 mg, 32%). IR υmax (neat): 3400, 2930 and 2859 (C-H), 1726 and 1711 

(C=O), 1462, 1379, 1256 (C-O), 1065, 756, 731 and 700 (=C-H) cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.30 (3H, d, J 6.8, C(α)Me); 1.48 (3H, s, CMe2); 1.58 (3H, s, CMe2); 1.60-1.70 (4H, m, 

H-6 and H-7); 1.88-2.08 (2H, m, H-5); 2.18-2.40 (3H, m, H-1 and H-8); 3.30 (1H, dd, J 10.0 and 

8.0, H-2); 3.67 (1H, m, H-4); 4.10 (1H, t, J 8.0, H-3); 4.10-4.30 (2H, m, CH2-N); 4.47 (1H, q, J 8.0, 

CH(α)); 7.40 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 14.1 (CH3, C(α)Me); 22.1 (CH2, C-

6); 23.2 (CH2, C-7); 26.6 (CH3, CMe2); 27.2 (CH3, CMe2); 29.5 (CH2, C-5); 31.4 (CH2, C-8); 42.6 

(CH, C-1); 62.7 (CH, C-2); 62.7 (CH, CH(α)); 68.4 (CH2, CH2-N); 80.2 (CH, C-4); 80.5 (CH, C-3); 

107.4 (C, CMe2); 127.4-131.1 (CH x 10, H-Ar); 132.6 (C, Cipso); 141.7 (C, Cipso); 176.6 (C, 

COOH). 

 

 

2.  Approximation to the synthesis of Tashiromine: 

 
2.1. Reactivity of 1,2-epoxicycloocta-5-ene 1: 

 
Cis-hydroxylation: 
 

 

Compound 1 (200.0 mg, 1.6 mmol) was dissolved in a mixture of THF/H2O (1:1 v/v, 4 mL), OsO4 

(0.04 mL, 4.20 mmol) and NMO (568.0 mg, 4.2 mmol) were added to the system at 0°C. The 

solution was allowed to warm to 25°C and stirred for 22 hours before being cooled to 0°C. Excess 

Na2S2O4 was added. After filtration, the solution was concentrated under reduced pressure and 

transferred to a liquid – liquid extractor and continuously extracted with EtOAc for 24 hours, then 

with DCM for 72 hours. The combined organic phases were dried and evaporated under reduced 

pressure. Purification of the residue by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) DCM/MeOH (95:5 v/v) gave the epoxydiol (±)-31 (185 mg, 73%) as a white solid. Due to 

its polarity, it was protected and full characterized as 4,5 tert-butyldimethylsilyloxy (±)-32. 
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In a flask was added compound (±)-31 (368.0 mg, 2.3 mmol), TBDMSCl (879.0 mg, 5.8 mmol), 

imidazole (790.0 mg, 11.6 mmol) and DMF (0.5 mL). The reaction mixture was stirred at r.t. for 

20 hours. The solution was diluted with water and DCM. The aqueous layer was extracted with 

DCM (4x), dried and evaporated under reduced pressure to give a clear oil. Purification of the 

residue by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/Et2O (9:1-7:3 

v/v) (1R*,2S*,5R*,6S*)-1,2-bis-(tert-butyldimethylsilyloxy)-5,6-epoxicyclooctane (±)-32 (841 mg, 

94%). IR υmax (neat): 2954, 2928 and 2859 (C-H), 1476, 1256 (Si-Me2), 1048 (Si-O), 831 and 782 

(Si-C) cm-1. 1H NMR (200 MHz; 85°C, d8-toluene): δ 0.11 (6H, s, Si(CH3)2; 0.15 (6H, s, 

Si(CH3)2; 1.00 (18H, s, (C(CH3)3) x 2); 1.50-1.92 (8H, m, H-3, H-4, H-7 and H-8); 2.64-2.71 (2H, 

m, H-5 and H-6); 4.01-4.05 (2H, m, H-1 and H-2). 13C NMR (50 MHz; 85°C, d8-toluene): δ -4.9 

(CH3 x 2, Si(CH3)2); -4.7(CH3 x 2, Si(CH3)2); 18.1 (C x 2, (SiC(Me3) x 2); 22.7 (CH2 x 2); 25.9 

(CH3 x 6, (SiC(CH3)3); 31.2 (CH2 x 2); 54.4 (CH x 2, C-5 and C-6); 77.4 (CH x 2, C-1 and C-2). 

HRMS [M+Na] m/z calcd. for C20H42O3Si2Na: 409.2565; found 409.2558; ∆∆∆∆ = -1.7 ppm.  

[Lit., (Hodgson D.M.; Cameron I.D.; Christlieb M.; Green R. Lee G.P. and Robinson L.A. J. 

Chem. Soc., Perkin Trans. 1, 2001, 2161-2174.)  (1R*,4S*,5R*,8S)-4,5-bis(tert-

butyldimethylsilyloxy)-9-oxabicyclo[6.1.0]nonane 1H NMR (500 MHz; 85°C, d8-toluene): δ 0.04 

(6H, s, Si(CH3)2; 0.15 (6H, s, Si(CH3)2; 0.94 (18H, s, (C(Me3)3) x 2); 1.49-1.89 (8H, m, C(2)H2, 

C(3)H3, C(6)H6 and C(7)H7); 2.61-2.64 (2H, m, C(1)H1 and C(8)H8); 3.95-3.98 (2H, m, C(4)H4 

and C(5)H5). 
13C NMR (125 MHz; 85°C, d8-toluene): δ -4.9 (CH3 x 2, Si(CH3)2); -4.6 (CH3 x 2, 

Si(CH3)2); 18.2 (C x 2, (SiC(CH3)3); 22.8 (CH2 x 2); 26.0 (CH3 x 6, (SiC(CH3)3); 31.3 (CH2 x 2); 

54.5 (CH x 2, COC); 77.6 (CH x 2, COSi)]. 

 
Acetylation reaction of compound (±)-31: 
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Under Ar atmosphere compound (±)-31 (51.3 mg, 0.3 mmol) was dissolved in Pyridine (0.2 mL) 

and acetic anhydride (0.2 mL, 2.0 mmol) was added. The reaction mixture was stirred at r.t. for 19 

hours. The system was quenched with ice, extracted with EtOAc, washed with HCl 2M., H2O, 

NaHCO3 5% and NaCl (sat), filtered and concentrated in vacuo. Purification of the residue by silica 

gel for flash column chromatography (pore 60Å. 40-63 µm) DCM/MeOH (99:1-90:10 v/v) gave 

the following compounds:  

 
(1R*,2S*,5R*,6S*)-1,2-diacetoxy-5,6-epoxicyclooctane (±)-34 (40 mg, 55%). IR υmax (neat): 2938 

(C-H), 1733 (C=O), 1365, 1249 and 1224 (C-O), 1019 cm-1. 1H NMR (200 MHz; CDCl3): δ 1.38-

2.16 (8H, m, H-3, H-4, H-7 and H-8); 2.06 (6H, s, (OCOMe) x 2); 2.95-3.01 (2H, m, H-5 and H-6); 

5.08-5.14 (2H, m, H-1 and H-2). 13C NMR (50 MHz; CDCl 3): δ 20.8 (CH3 x 2, (MeCOO)2); 22.1 

(CH2 x 2, C-3 and C-8); 26.4 (CH2 x 2, C-4 and C-7); 54.2 (CH x 2, C-5 and C-6); 76.1 (CH x 2, 

C-1 and C-2); 167.0 (C x 2, MeCOO). HRMS [M+Na] m/z calcd. for C12H18O5Na: 265.1046; 

found 265.1048; ∆∆∆∆ = 0.8 ppm.  

 
1:1 ratio mixture of 9-oxabicyclo[3.3.1]nonane-2,6-diyl diacetate 35 and 9-

oxabicyclo[2.4.1]nonane-2,5-diyl diacetate 36 (20 mg, 28%). IR υmax (neat): 2950 C-H), 1721 

(C=O), 1368 and 1237 (C-O), 1013 cm-1. 1H NMR (200 MHz; CDCl3): δ 1.41-2.27 (16H, m, H-3, 

H-4, H-7, H-8 and H-3`, H-4`, H-7`, H-8`); 2.03 (3H, s, COMe); 2.06 (3H, s, COMe )̀; 4.31-4.38 

(2H, dd, J 9.6 and 3.0, H-1 and H-5 from [3.3.1]); 4.48 (1H, m, H-1 and H-6 from [2.4.1]); 4.67-

4.74 (1H, dd; J 5.0 and 4.0, H-2 and H-6 from [3.3.1]); 4.94-4.98 (1H, p, J 4.7, H-2 and H-5 from 

[2.4.1]). 13C NMR (50 MHz; CDCl 3): δ 21.4 (CH3, COMe); 21.5(CH3, COMe); 24.1 (CH2, C-4); 

24.6 (CH2, C-8); 24.8(CH2, C-3); 30.2 (CH2, C-7)); 73.9(CH x 2, C-1 and C-5 ); 78.9 (CH x 2, C-1 

and C-6); 79.0 (CH x 2, C-2 and C-6); 82.3 (CH, C-2 and C-5); 170.2 (C, COMe); 171.0 (C, 

COMe`). HRMS [M+Na] m/z calcd. for C12H18O5Na: 265.1046; found 265.1040; ∆∆∆∆ = -2.3 ppm.  

[Lit., (Duthaler, R. O.; Wicker, K.; Ackermann, P. And Ganter, C. Helvetica Chimica Acta 1972, 

Vol. 55, Fasc. 5, 1809-1827) 9-oxabicyclo[3.3.1]nonane-2,6-diyl diacetate 35, IR: 1730, 1468, 

1368, 1250, 1132, 1100, 1042, 1022, 971, 897. NMR : 1.40-2.50 (m, H2-C(3), -C(4), -C(7), -C(8)); 

2.10 (s, H3COO-C(2), -C(6)); 3.95 (m (W �
	
 ca. 11) H-C(1), -C(5)); 4.74 (t, J 2,3

endo = J 2,3
exo (bzw. J 

6,7
endo = J 6,7

exo) = 4 [zusätzl. Aufspaltung durch J1, 2 (bzw. J5,6) ca. 2)] H-C(2), -C(6). 

9-oxabicyclo[2.4.1]nonane-2,5-diyl diacetate 36, I.R:  1728, 1479, 1452, 1433, 1372, 985, 973, 

904. NMR:  1.50-2.60 (m, H2-C(3), -C(4), -C(7), -C(8)); 2.25 (s, H3COO-C(2), -C(5); 4.78 (m (W 
�

	
 ca. 14) H-C(1), -C(6), 5.25 (m (W �

	
 ca. 13) H-C(2), -C(5)]. 
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Epoxide opening reaction in compound (±)-32: 
 

 

In a dried flask under Ar atmosphere was added Et2AlCl (0.16 mL, 0.16 mmol) followed by the 

addition of Me3SiCN (0.40 mL, 3.00 mmol), the resulting solution was stirred for 30 min. at r.t. 

After via cannula compound (±)-32 (456.00 mg, 1.18 mmol) was added slowly and the system was 

stirred for other 68 hours. The crude was poured on a mixture of NaOH 3M. and ice, extracted 

with Et2O, washed with NaCl (sat), dried, filtered and concentrated in vacuo.  The residue was 

purified by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/Et2O (98:2-

90:10 v/v) gave (±) (1R*,2R*,5S*,6R*)-5,6-bis-(tert-butyldimethylsilyloxy)-2-(trimethylsilyloxy)-

cyclooctane-carbonitrile 37 (473 mg, 81%), IR υmax (neat): 2958, 2926 and 2860 (C-H), 2240 

(C≡N), 1244 (C-O), 1076 (Si-O), 840 and 780 (Si-C) cm-1. 1H NMR (200 MHz; CDCl3): δ 0.06 

(9H, s, Si(CH3)3); 0.07 (6H, s, Si(CH3)2); 0.16 (6H, s, Si(CH3)2); 0.89 (18H, s, (C(CH3)3) x 2); 

1.40-2-05 (8H, m, H-3, H-4, H-7 and H-8); 2.18-2.39 (1H, m, H-2); 2.98-3.05 (1H, m, H-1); 3.78-

3.95 (2H, m, H-5 and H-6). 13C NMR (50 MHz; CDCl 3): δ -4.8 (CH3 x 3, Si(CH3)3); -4.6 (CH3 x 

2, Si(CH3)2); -4.3(CH3 x 2, Si(CH3)2); 18.4 (C x 2, (SiC(Me3)); 26.1 (CH3 x 6, (SiC(Me3) x 2); 30.9 

(CH2 x 4); 38.9 (CH, C-1); 74.3 (CH, C-2); 76.6 (CH, C-5); 77.0 (CH, C-6); 122.8 (C, CN). 

HRMS [M+Na] m/z calcd. for C24H51NO3Si3Na: 508.3069; found 508.3073; ∆∆∆∆ = 0.8 ppm.  

 
Direct formation of the ester reaction from nitrile group: 
 

 



Experimental section                                                                
 

 
209 

Compound (±)-37 (114.00 mg, 0.23 mmol) was dissolved in MeOH (3 mL) and PTSA (46.00 mg, 

0.24 mmol) was added and the reaction system was stirred and refluxed at 65°C for 7 hours. The 

reaction was quenched with H2O dissolving the ammonium salts. The organic layer was washed 

with NaHCO3 (sat.), dried over Na2SO4, filtered and concentrated in vacuo. The 1H NMR spectrum 

of the crude (88 mg) showed the deprotection of the alcohol groups and due to its polarity and 

therefore difficulty to purify the crude was subjected to a protection reaction of the diols for full 

characterization. 

 

 

Compound (±)-48 (88.00 mg, 0.47 mmol) was dissolved in acetone (5 mL) and 2,2-DMP (5 mL) 

and CSA (catalytic amount) were added. The reaction system was refluxed at 80°C and stirred for 

16 hours. After, the reaction mixture was extracted with Et2O, washed with NaHCO3 (sat.), NaCl (sat.) 

and H2O, dried over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (7:3 – 1:1 v/v) gave the racemic 

mixture of compound (±) (1R*,2R*,5S*,6R*)-5,6-isopropilidendioxicycloocta-2-hydroxy-1-

carbonitrile 49 (27 mg, 28%), IR υmax (neat): 3444 (O-H), 2987 and 2942 (C-H), 2243 (C≡N), 

1217 (C-O), 1078, 1058, 1033 cm-1. 1H NMR (200 MHz; CDCl3): δ 1.31 (3H, s, CH3); 1.39 (3H, 

s, CH3); 1.61-2.05 (6H, m, H-3, H-4 and H-7); 2.18-2.41 (2H, m, H-8); 2.72-2.89 (1H, ddd, J 12.0, 

6.0 and 2.0, H-1); 3.59-3.73 (1H, m, H-2); 3.99-4.22 (2H, m, H-5 and H-6). 13C NMR (50 MHz; 

CDCl3): δ 23.3 (CH2, C-3); 25.3 (CH3); 28.1 (CH3); 28.9 (CH2, C-8); 30.1 (CH2, C-4); 32.2 (CH2, 

C-7); 38.8 (CH, C-1); 70.6 (CH, C-2); 76.9 (CH, C-5); 78.8 (CH, C-6); 107.2 (C, C(Me)2); 120.8 

(C, CN). HRMS [M+Na] m/z calcd. for C12H19NO3Na: 248.1257; found 248.1255; ∆∆∆∆ = -0.8 ppm.  
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Hydrolysis reaction of the nitrile group in compound (±)-37: 
 

 

Procedure: 

Entry 1: 

Following general procedure for the hydrolysis of the nitrile group, compound (±)-37 (166.0 mg, 

0.3 mmol) was dissolved in a mixture of KOH (103.0 mg, 1.8 mmol) and 1,2-Ethanediol (2 mL), 

the resulting solution was refluxed at 200 ºC for 20 hours. After, the system was cooled down and 

it was added H2O. The crude was extracted with Et2O and the aqueous phase was treated with HCl 

c. reaching pH acid, this solution was extracted with Et2O, washed with H2O and NaCl (sat), dried 

over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/Et2O (95:5 v/v) – EtOAc (100 v/v) gave (E)-5,6-

bis(tert-butyldimethylsilyloxy)cycloocta-1-ene carboxylic acid 40 as a white solid (73.0 mg, 59%). 

Due to difficulty in its purification it was full characterized as its methyl ester 43. 

 

 

Under Ar atmosphere compound 40 (48.00 mg, 0.12 mmol) was dissolved in a mixture of 

Benzene/MeOH (1:1 v/v, 1 mL) and TMSCHN2 2.0 M (0.07 mL, 0.14 mmol) was added. The 
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reaction system was stirred at r.t. for 4 hours. After, the solution was evaporated under reduced 

pressure. The residue was purified by silica gel for flash column chromatography (pore 60Å. 40-63 

µm) Hex/Et2O (95:5 v/v) gave (E)-methyl 5,6-bis(tert-butyldimethylsilyloxy)cycloocta-1-

enecarboxylate 43 (41.0 mg, 80%); IR υmax (neat): 2951, 2930 and 2860 (C-H), 1727 (C=O), 1255 

(C-O), 1054 (Si-O), 833 and 777 (Si-C) cm-1. 1H NMR (400 MHz; CDCl3): δ 0.11 (6H, s, 

Si(CH3)2); 0.15 (6H, s, Si(CH3)2); 1.02 (18H, s, (C(CH3)3) x 2); 1.50-1.56 (1H, m, H-4B); 1.76-1.89 

(1H, m, H-3B, H-4A, H-8B); 1.90-1.95 (1H, m, H-7B); 2.08-2.10 (1H, m, H-7A); 2.45-2.51 (1H, m, 

H-8A); 2.63-2.75 (1H, m, H-3A); 3.49 (3H, s, COOMe); 3.89-3.94 (2H, m, H-5 and H-6); 6.91 (1H, 

t, J 8.0, H-2). 13C NMR (50 MHz; CDCl 3): δ -4.9 (CH3 x 2, Si(CH3)2); -4.6 (CH3 x 2, Si(CH3)2); 

18.2 (C x 2, (SiC(Me3)); 20.8 (CH2, C-8) 21.2 (CH2, C-3); 25.9 (CH3 x 6, (SiC(Me3) x 2); 34.2 

(CH2, C-4); 34.4 (CH2, C-7); 50.7 CH3, COOMe); 77.7 (CH x 2, C-5 and C-6); 134.6 (C, C-1); 

141.3 (CH, C-2); 167.1 (C, COOMe). HRMS [M+Na] m/z calcd. for C22H44O4Si2Na: 451.2670; 

found 451.2678; ∆∆∆∆ = 1.8 ppm.  

 
Entry 2: 

Following previous procedure, compound (±)-37 (457.0 mg, 0.9 mmol) was dissolved in a mixture 

of KOH (241.0 mg) and 1,2-Ethanediol (4 mL) and refluxed at 200 ºC for 21 hours. After, the 

system was cooled down and it was added H2O, the crude was extracted with Et2O and the 

aqueous phase was treated with HCl c. pH acid, this solution was extracted with Et2O, washed 

with H2O and NaCl (sat), dried over Na2SO4, filtered and concentrated in vacuo. Purification by 

silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1 – 7:3 v/v) gave 

the carboxylic acid 40 (133.0 mg, 37%) and (E)-5,6-bis(tert-butyldimethylsilyloxy)cycloocta-1-

enecarbonitrile 41 (100 mg, 28%); IR υmax (neat): 2954, 2927 and 2862 (C-H), 2218 (C≡N), 1258 

(C-O), 1071 (Si-O), 836 and 775 (Si-C) cm-1. 1H NMR (200 MHz; CDCl3): δ 0.10 (6H, s, 

Si(CH3)2); 0.13 (6H, s, Si(CH3)2); 0.99 (18H, s, (C(CH3)3) x 2); 1.37-1.90 (4H, m, H-4 and H-7); 

2.42-2.81 (4H, m, H-3 and H-8); 3.87-3.94 (2H, m, H-5 and H-6); 6.17 (1H, t, J 8.0, H-2). 13C 

NMR (50 MHz; CDCl 3): δ -5.04 (CH3 x 2, Si(CH3)2); -4.99 (CH3 x 2, Si(CH3)2); 18.1(C x 2, 

(SiC(Me3)); 22.3 (CH2); 24.1 (CH2); 25.9(CH3 x 6, (SiC(Me3) x 2); 33.4 (CH2); 33.8 (CH2); 76.3 

(CH, C-5); 76.7 (CH, C-6); 116.2 (C, CN); 118.6 (C, C-1); 146.2 (CH, C-2). HRMS [M+Na] m/z 

calcd. for C21H41NO2Si2Na: 418.2568; found 418.2555; ∆∆∆∆ = -3.1 ppm.  

 
Entry 3: 

Following previous procedure, compound (±)-37 (164.0 mg, 0.3 mmol) was dissolved in a mixture 

of KOH (90.0 mg) and 1,2-Ethanediol (2 mL) and refluxed at 200 ºC for 54 hours. After, the 

system was cooled down and it was added H2O, the crude was extracted with Et2O and the 
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aqueous phase was treated with HCl c. pH acid, this solution was extracted with Et2O, washed 

with H2O and NaCl (sat), dried over Na2SO4, filtered and concentrated in vacuo. Purification by 

silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5 – 80:20 v/v) 

gave the carboxylic acid 40 (66.0 mg, 47%) and (E)-2-hydroxyethyl 5,6-bis(tert-

butyldimethylsilyloxy)cycloocta-1-enecarboxylate 42 (20 mg, 14%), IR υmax (neat): 3449 (O-H), 

2951, 2928 and 2862 (C-H), 1720 (C=O), 1257 (C-O), 1060 (Si-O), 832 and 774 (Si-C) cm-1. 1H 

NMR (200 MHz; CDCl3): δ 0.01 (6H, s, Si(CH3)2); 0.06 (6H, s, Si(CH3)2); 0.89 (18H, s, (C(CH3)3) 

x 2); 1.04-2.18 (4H, m, H-4 and H-3); 2.24-2.42 (2H, m, H-7); 2.51-2.84 (2H, m, H-8); 3.60-.3.98 

(2H, m, CH2CH2OH); 4.18-4.37 (2H, m, CH2CH2OH); 6.68-7.11 (1H, t, J 7.8, H-2). 13C NMR (50 

MHz; CDCl 3): δ -4.97 (CH3 x 2, Si(CH3)2); -4.70 (CH3 x 2, Si(CH3)2); 18.1 (C x 2, (SiC(Me3)); 

21.0 (CH2); 22.7 (CH2); 25.8 (CH3 x 6, (SiC(Me3) x 2); 33.8 (CH2); 34.0 (CH2); 61.6 (CH2, 

CH2CH2OH); 66.1(CH2, CH2CH2OH); 77.0 (CH x 2, C-5 and C-6); 134.0 (C, C-1); 142.7 (CH, C-

2); 167.7 (C, COO). HRMS [M+Na] m/z calcd. for C23H46O5Si2Na: 481.2776; found 481.2762; 

∆∆∆∆ = -2.9 ppm.  

 
Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 43: 
 

 

Procedure: 

Entry 1: 

Following general procedure for the Michael addition reaction, compound 43 (28.00 mg, 0.07 

mmol) in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.02 mL, 0.10 mmol) in THF (1 

mL) and n-BuLi (1.6 M., 0.06 mL, 0.10 mmol). After the addition of the unsaturated compound, 

the reaction was stirred for 2 hours. Purification by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/Et2O (9:1-7:3 v/v) gave recovery of starting material (17 mg). 

 

Entry 2: 

Following previous procedure, compound 43 (17.00 mg, 0.04 mmol) in THF (1 mL), (R)-N-

benzyl-N-α-methylbenzylamine (0.03 mL, 0.16 mmol) in THF (1 mL) and n-BuLi (1.6 M., 0.10 

mL, 0.16 mmol). After the addition of the unsaturated compound, the reaction was stirred for 3 

hours. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/Et2O 

(9:1-7:3 v/v) gave recovery of starting material (15 mg). 



Experimental section                                                                
 

 
213 

Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 42: 
 

 

Following previous procedure, compound 42 (19.60 mg, 0.04 mmol) in THF (1 mL), (R)-N-

benzyl-N-α-methylbenzylamine (0.04 mL, 0.18 mmol) in THF (1 mL) and n-BuLi (1.6 M., 0.11 

mL, 0.17 mmol). After the addition of the unsaturated compound, the reaction was stirred for 3 

hours. The 1H NMR spectrum of the crude (18 mg) showed recovery of starting material. 

 
Bromination reaction of compound 43: 
 

 

Compound 43 (27.00 mg, 0.06 mmol) was dissolved in CCl4 (10 mL) and the reaction system was 

stirred and cooled down to 0°C. After, Br2 (0.01 mL, 31 mmol) was added and stirred for 30 min, 

the ice bath was removed and stirred for 2 hours at r.t. The reaction mixture was evaporated under 

reduced pressure. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/Et2O (9:1 v/v) – CHCl3/MeOH (9:1 v/v) gave the supposable dibromide compound as a single 

spot in TLC (24 mg, 68%). When the characterization was performed for this fraction, it was 

observed than in 1H and 13C NMR spectroscopy the double bond signal vanished but due to the 

number of signals present in the spectrums the proper assignation could not be achieved and the 

HRMS results are also inconsistent because only mass peaks are observed for compounds 

containing single bromine being probably compound 53 the obtained product under this conditions. 

IR υmax (neat): 2951, 2928 and 2857 (C-H), 1741 (C=O), 1258 (C-O), 1093 (Si-O), 1048 (C-Br), 

842 (Si-C), 771 (C-Br) cm-1. HRMS [M+Na] m/z calcd. for C16H29O4SiBrNa: 415.0911; found 

415.0915; ∆∆∆∆ = -1.0 ppm. 
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Protection reaction of compound (±)-31: 
 

 
Compound (±)-31 (107.50 mg, 0.68 mmol) was dissolved in acetone (8 mL) and 2,2-DMP (8 mL) 

and CSA (catalytic amount) were added, the system was refluxed at 80°C and stirred for 16 hours. 

After work up was performed, purification by silica gel for flash column chromatography (pore 

60Å. 40-63 µm) DCM/MeOH (98:2 – 95:5 v/v) gave (±)-5,6-isopropilidendioxi-1,2-epoxy-

cyclooctane 33 (131 mg, 97%), IR υmax (neat): 2987 and 2930 (C-H), 1214 (C-O), 1055, 870 cm-1. 

1H NMR (400 MHz; CDCl3): δ 1.33 (3H, s, CH3); 1.45 (3H, s, CH3); 1.65-1.81 (4H, m, H-3 and 

H-8); 1.95-2.16 (4H, m, H-4 and H-7); 3.02-3.08 (2H, m, H-1 and H-2); 4.24-4.29 (2H, m, H-5 

and H-6) . 13C NMR (50 MHz; CDCl 3): δ 23.1 (CH2 x 2); 25.1 (CH2 x 2); 25.4 (CH3); 27.9 (CH3); 

55.4 (CH x 2, C-1 and C-2); 77.1 (CH x 2, C-5 and C-6); 106.8 (C, C(Me)2). HRMS [M+Na] m/z 

calcd. for C11H18O3Na: 221.1148; found 221.1155; ∆∆∆∆ = 3.2 ppm.  

 
Epoxide opening reaction in compound (±)-33: 
 

 

In a dried flask under Ar atmosphere was added Et2AlCl (1.0 M., 0.14 mL, 0.14 mmol) followed 

by the addition of Me3SiCN (0.46 mL, 3.40 mmol), the resulting solution was stirred for 30 min. at 

r.t. After, via cannula compound(±)-33 (254.00 mg, 1.28 mmol) was added slowly and the system 

was stirred for other 18 hours. The crude was poured on a mixture of NaOH 3M. and ice, extracted 

with Et2O, washed with NaCl (sat), dried, filtered and concentrated in vacuo.  The residue was 

purified by silica gel for flash column chromatography (pore 60Å. 40-63 µm) DCM/MeOH (10:0-

9:1 v/v) gave the following compounds: 

 



Experimental section                                                                
 

 
215 

(±)-(1R*,2R*,5S*,6R*)-5,6-isopropilidendioxi-2-trimethylsilyloxy-1-carbonitrile cyclooctane 38 

(333 mg, 88%), IR υmax (neat): 2986 and 2951 (C-H), 2241 (C≡N), 1257 (C-O), 1102 (Si-O), 879 

and 844 (Si-C) cm-1. 1H NMR (200 MHz; CDCl3): δ 0.16 (9H, s, OSiMe3); 1.38 (3H, s, CMe2); 

1.39 (3H, s, CMe2); 1.46-2.33 (8H, m, H-3, H-4, H-7 and H-8); 2.74-2.92 (1H, m, H-1); 3.45-3.83 

(1H, H-2); 4.01-4.32 (2H, m, H-5 and H-6). 13C NMR (50 MHz; CDCl 3): δ 0.20 (CH3 x 3, 

OSiMe3); 23.4 (CH2); 25.3 (CH3, CMe2); 28.1(CH2); 28.2 (CH3, CMe2) ; 29.8 (CH2); 32.5(CH2) ; 

38.9 (CH, C-2); 71.4 (CH, C-1); 77.5 (CH, C-5); 78.7 (CH, C-6); 107.1 (C, CMe2); 121.0 (C, CN). 

HRMS (Na) m/z calcd. for C15H27NO3SiNa: 320.1652; found 320.1650; ∆∆∆∆ = -0.6 ppm.  

 
(±)-(1R*,2R*,5S*,6R*)-5,6-isopropilidendioxicycloocta-2-trimethylsilyloxy-1-chloride 39 (47.5 

mg, 12%), IR υmax (neat): 2982 and 2955 (C-H), 1257 (C-O), 1099 and 1052 (Si-O), 840 (Si-C) 

cm-1. 1H NMR (200 MHz; CDCl3): δ 0.13 (3H, s, SiOMe); 1.33 (3H, s, CMe2); 1.42 (3H, s, CMe2); 

1.55-2.39 (8H, m, H-3, H-4, H-7 and H-8); 3.89-4.03 (2H, m, H-1 and H-2); 4.10-4.25 (2H, m, H-

5 and H-6). 13C NMR (50 MHz; CDCl 3): δ 0.42 (CH3 x 3, OSiMe3); 23.3 (CH2); 25.8 (CH3, 

CMe2); 27.1 (CH2); 28.5 (CH3, CMe2) ; 28.8 (CH2); 30.5(CH2) ; 66.8 (CH, C-2); 76.6 (CH, C-1); 

77.2 (CH x 2, C-5 and C-6); 107.4 (C, CMe2). HRMS (Na) m/z calcd. for C14H27O3SiCl: 

329.1310; found 329.1300; ∆∆∆∆ = -3.0 ppm.  

 
Hydrolysis reaction of the nitrile group in compound (±)-38: 
 

 

Following general procedure for the hydrolysis of the nitrile group, compound (±)-38 (380.0 mg, 

1.3 mmol) was dissolved in a mixture of KOH (337.0 mg) and 1,2-Ethanediol (5.5 mL) and 

refluxed at 200 ºC for 22 hours. After, the system was cooled down and H2O was added. The crude 

was extracted with Et2O and the aqueous phase was treated with HCl c. reaching pH acid, this 

solution was extracted with Et2O, washed with H2O and NaCl (sat), dried over Na2SO4, filtered and 

concentrated in vacuo, gave a crude (65 mg) which was purified by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (7:3 v/v) gave the expected unsaturated 

carboxylic acid 44 (9.2 mg, 3%) whose characterization was not performed due to the presence of 

impurities. Unsatisfied for the low quantity obtained in the first extraction, the possibility of 

deprotection in the reaction product is high, for this reason other extractions were performed in 
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different solvents. Using n-butanol was observed in its 1H NMR spectrum the presence of the 

deprotected carboxylic acid 45 (190 mg, 65%), which was esterified and protected again for full 

characterization. 

 
 
Following general procedure for the esterification of acids, compound 45 (178.50 mg, 0.96 mmol) 

was dissolved in a mixture of Benzene/MeOH (1:1 v/v, 4 mL) and TMSCHN2 2.0 M (0.60 mL, 

1.20 mmol) was added. The reaction system was stirred at r.t. for 4 hours, the reaction crude was 

used in a protection reaction: 

 

 

Following general procedure for the protection of the diol, compound 46 (190.00 mg, 0.95 mmol) 

was dissolved in acetone (10 mL) and 2,2-DMP (10 mL) and CSA (catalytic amount) were added, 

refluxed at 80°C and stirred for 5 hours. After work up was performed, purification by silica gel 

for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2 v/v) – CHCl3/MeOH 

(9:1 v/v) gave Methyl 5,6-isopropilidendioxicycloocta-1-en-carboxylate 47 (46 mg, 21%), IR υmax 

(neat): 2990 and 2950 (C-H), 1711 (C=O), 1214 (C-O), 1061 and 1039 (C-O-C) cm-1. 1H NMR 

(200 MHz; CDCl3): δ 1.30 (3H, s, CMe2); 1.44 (3H, s, CMe2); 1.95-2.63 (8H, m, H-3, H-4,H-7 

and H-8); 3.73 (3H, s, COOMe); 4.10-4.20 (2H, m, H-5 and H-6); 6.96-7.02 (1H, dt, J 5.4 and 2.0, 

H-2). 13C NMR (50 MHz; CDCl 3): δ 22.1 (CH2); 24.3 (CH2); 25.6 (CH3, CMe2); 28.3 (CH3, 

CMe2); 28.5 (CH2); 28.6 (CH2); 52.2 (CH3, COOMe); 77.9 (CH,C-5); 78.3 (CH, C-6); 106.8 (C, 

CMe2); 133.0 (C, C-1); 141.7 (CH, C-2); 168.5 (C, COOMe).  
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Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 47: 
 

 

Following general procedure for the Michael addition, compound 47 (6.20 mg, 0.03 mmol) was 

dissolved in THF (0.5 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.02 mL, 0.09 mmol) was 

dissolved in THF (0.5 mL) and n-BuLi (1.6 M., 0.05 mL, 0.08 mmol) were added. After the 

addition of the unsaturated compound, the reaction was stirred for 2.5 hours at -78°C. The 1H 

NMR spectrum of the crude (12 mg) showed recovery of starting material. 

 
2.2. Reactivity of 2-trimethylsiloxi-cycloocta-5-ene-1-carbonitrile 3: 

 
Cis-hydroxylation reaction of compound 3: 
 

 

Compound 3 (119.6 mg, 0.5 mmol) was dissolved in a mixture of t-BuOH/THF/H2O (7:2:1, v/v, 4 

mL), OsO4 (0.03 mL, 3.20 mmol) and NMO (184.0 mg, 1.3 mmol) were added to the system at 

0°C. The solution was allowed to warm to 25°C and stirred for 15 hours before being cooled to 

0°C. The reaction was quenched with Na2SO3 (sat.) and stirred for 30 min. Extracted with EtOAc, 

washed with Na2S2O3 10%, HCl 2M. and H2O, dried over Na2SO4, filtered and concentrated in 

vacuo. The 1H NMR spectrum of the crude (1.8 mg) showed the presence of the reaction product 

(±)-50. Due to the low quantity liquid – liquid extraction could not be carry out but it should be 

performed for these kinds of polar compounds. 

 
Epoxidation reaction of compound 3: 
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Compound 3 (49.10 g, 0.22 mmol) was dissolved in DCM (5 mL) and cooled down to 0ºC with 

previous stirring of the system, MCPBA (45.60 g, 0.26 mmol) was added slowly and the solution 

was stirred for 1.5 hours at r.t. The reaction mixture was quenched with Na2S2O3 (sat.), extracted 

with DCM, washed with H2O, NaHCO3 (sat.) and Na2S2O3 (sat.). The combined organic extracts were 

dried over Na2SO4, filtered and concentrated in vacuo. It was obtained 52.8 mg of crude which 

was purified by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/Et2O (95:5-

80:20 v/v) gave starting material 3 (1.0 mg, 2%) and the racemic mixture in 1:1 ratio: (±)-(1R,2S)-

5,6-epoxi-2-(trimethylsilyloxy)cyclooctane-1-carbonitrile 51 (49.0 mg, 98%). IR υmax (neat): 2954 

(C-H), 2218 (C≡N), 1252 (C-O), 1096 (Si-O), 879 and 844 (Si-C) cm-1. 1H NMR (200 MHz; 

CDCl3): δ 0.14 (18H, s, (OSiMe3) x 2); 1.25-2.28 (16H, m, H-3, H-4, H-7, H-8, H-3`, H-4`, H-

7`and H-8`); 2.81-3.08 (6H, m, H-1, H-5, H-6, H-1`, H-5`and H-6`); 3.95-4.02 (1H, m, H-2); 4.04-

4.21 (1H, ddd, J 8.0, 3.0, 1.0, H-2`). 13C NMR (50 MHz; CDCl 3): δ 21.8 (CH2); 22.6 (CH2`); 23.9 

(CH2); 25.0 (CH2`); 26.2 (CH2); 26.5 (CH2`); 31.9 (CH2); 33.4 (CH2`); 36.4 (CH, C-1); 36.8 (CH, 

C-1`); 54.4 (CH, C-5); 55.0 (CH, C-5`); 55.1 (CH, C-6); 55.7 (CH, C-6`); 69.6 (CH, C-2); 70.0 

(CH, C-2`); 120.2 (C, CN); 121.0 (C, C`N). HRMS [M+Na] m/z calcd. for C12H21NO2SiNa: 

262.1234; found 262.1228; ∆∆∆∆ = -2.3 ppm.  

 
Hydrolysis reaction of the nitrile group in compound (±)-51: 
 

 
Racemic mixture of (±)-51 (102.9 g, 0.4 mmol) was dissolved with a mixture of KOH (112 mg) 

and 1,2-Ethanediol (1.8 mL) previously prepared and the resulting solution was refluxed at 200 ºC 

for 22 hours. After the system was cooled down and H2O (2 mL) was added. The crude was 

extracted with Et2O and the aqueous phase was treated with HCl c. reaching pH acid, this solution 

was extracted with Et2O, washed with H2O and NaCl (sat), dried over Na2SO4, filtered and 

concentrated in vacuo. It was obtained 15 mg of crude that by 1H NMR resonance showed a lot of 

signals and because of the low quantity and presence of impurities it could not be purified. 

 
Alcoholysis reaction of the nitrile to ester in compound (±)-51: 
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Compound (±)-51 (112.60 mg, 0.47 mmol) was dissolved in EtOH (3 mL) and PTSA (91.00 mg, 

0.47 mmol) was added. The system was stirred and refluxed at 110ºC for 6 hours. The reaction 

mixture was quenched by the addition of H2O (1.5 mL), which caused the separation in two layers. 

The organic layer which contained the ester was washed with NaHCO3 (sat.) and dried over Na2SO4. 

Purification of the residue by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/EtOAc (95:5-0:100 v/v) gave a fraction that by I.R. showed characteristics signals for O-H 

and C≡N groups but due to the low quantity it could not be purified again for full characterization. 

 

 

3. Synthesis and reactivity of (1E,3Z) tert-butyl and methyl 5-oxo-cycloocta-1,3-diene 

carboxylate: 

 
3.1 Preparation of starting materials: 

 
Synthesis of methyl cycloocta-1,3 and 1,7-dienecarboxylates 54 and 55, respectively: 

 

 

In a flask was measured a mixture of the acids 4 and 5 (0.98 g, 6.44 mmol) and it was added 

TFAA (1.71 mL, 12.30 mmol) at 0 ºC, after the system was stirred at r.t. for 15 min. The 

temperature was again cooled down to 0ºC and MeOH (0.53 mL, 21.00 mmol) was added into the 

system and stirred for 4 h. The reaction mixture was quenched with NaOH (10%, 15 mL), 

extracted with Et2O, washed with NaOH 1M. and NaCl (sat), dried over Na2SO4, filtered and 

concentrated in vacuo. It was obtained a brown oil (749.40 mg, 70%) that contains a mixture of 54 

and 55 (1:1). Through acidulation of the aqueous phase with HCl c. and extraction with DCM it 

could be recovered mixture of the acids that did not react (116.50 mg, 12%). Purification by silica 

gel for flash column chromatography of the ester mixture (pore 60Å. 40-63 µm) Hex/Et2O (98:2-

80:20 v/v) was performed, it was obtained the following compounds: 

Methyl cycloocta-1,3-dienecarboxylate 54 (characterization of a pure fraction, 156 mg), 1H NMR 

(200 MHz; CDCl3): δ 1.54-1.56 (4H, m, H-6 and H-7); 2.18-2.21 (2H, m, H-5); 2.47-2.53 (2H, m, 

H-8); 3.76 (3H, s. COOMe); 5.83-5.87 (2H, m, H-3 and H-4); 7.15 (1H, m, H-2). 
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Methyl cycloocta-1,7-dienecarboxylate 55 (characterization of a pure fraction, 181 mg), 1H NMR 

(200 MHz; CDCl3): δ 1.43-1.58 (4H, m, H-4 and H-5); 2.07-2.16 (2H, m, H-6); 2.23-2.33 (2H, m, 

H-3); 3.75 (3H, s, COOMe); 5.78-5.91 (1H, m, H-7); 6.09-6.14 (1H, d, J 11.0, H-8); 6.94-7.02 (1H, 

t, J 8.2, H-2). 

 

 

Under Ar atmosphere the mixture of compounds 4 and 5 (6.80 g, 44.7 mmol) was dissolved in a 

mixture of Benzene/MeOH (1:1 v/v, 1 mL) and TMSCHN2 2.0 M (26.0 mL, 50.0 mmol) was 

added. The reaction system was stirred at r.t. for 21 hours. After, the solution was evaporated 

under reduced pressure. The 1:1 crude mixture of the esters was purified by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (99:1 v/v) – CHCl3/MeOH (9:1 v/v). It 

was recovered 3.84 g (56%) in total from different fractions containing the esters 54 and 55. 

 
Oxidation of the 1:1 ratio mixture of compounds 6 and 7: 
 

 

The unsaturated 1:1 ratio mixture of the esters 6 and 7 (1.40 g, 6.70 mmol) was dissolved in t-

BuOH (30 mL), a mixture of SeO2 (6.00 g, 54.10 mmol) and glacial acetic acid (1.5 mL) was 

added. The reaction system was stirred and refluxed at 105ºC for 5 hours. The reaction time 

depends on the quantity, for this reason TLC must be carried out. After, the system was cooled 

down and t-BuOH was evaporated under reduced pressure, the crude was poured into a mixture of 

water/ice, extracted with Et2O, filtered through celite and concentrated in vacuo. It was obtained a 

crude mixture (2.42 g) which was purified by silica gel for flash column chromatography (pore 

60Å. 40-63 µm) Hex/Ether (95:5- 8:2 v/v) gave compound 56 (769 mg, 52%), compound 57 (257 

mg, 17%) and compound 60 (250 mg, 10%). For optimization of the reaction and study of the 

reaction products, this reaction was carried out separately for every ester. 
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Synthesis of (1E,3Z) tert-butyl 5-oxo-cycloocta-1,3-dienecarboxylate 56: 
 

 

Unsaturated ester 6 (1.88 g, 9 mmol) was dissolved in t-BuOH (39 mL), a mixture of SeO2 (8.65 g, 

78.00 mmol) and glacial acetic acid (1.5 mL) was added. The reaction system was stirred and 

refluxed at 105ºC for 5.5 hours. The reaction time depends on the quantity, for this reason TLC 

must be carried out. After, the system was cooled down and t-BuOH was evaporated under 

reduced pressure, the crude was poured into a mixture of water/ice, extracted with Et2O, filtered 

through celite and concentrated in vacuo. It was obtained a mixture of 56 and 57 (2.91 g) purified 

by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1- 8:2 v/v) 

gave the following compounds which were previously full characterized: Compound 56 as a pale 

yellow oil (1.02 g, 51%) and (1E,3Z) tert-butyl 5-hydroxycycloocta-1,3-dienecarboxylate 57 as a 

brown yellow oil (0.64 g, 32%). 

 
Synthesis of (1E,3Z)-methyl 5-oxo-cycloocta-1,3-dienecarboxylate 58: 
 

 

Unsaturated ester 54 (267.0 mg, 1.6 mmol) was dissolved in t-BuOH (7 mL), a mixture of SeO2 

(1.5 g, 14.0 mmol) and glacial acetic acid (0.13 mL) was added. The reaction system was stirred 

and refluxed at 105ºC for 5.0 hours. After, the system was cooled down and t-BuOH was 

evaporated under reduced pressure, the crude was poured into a mixture of water/ice, extracted 

with Et2O, filtered through celite and concentrated in vacuo. Purification by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-8:2 v/v) gave the following 

compounds: 

(1E,3Z)-methyl 5-oxo-cycloocta-1,3-dienecarboxylate 58 (134.00 mg, 46%), 1H NMR (200 MHz; 

CDCl3): δ 2.04-2.18 (2H, q, J 7.0 and 13.6, H-7); 2.52-2.61 (4H, m, H-6 and H-8); 3.82 (3H, s, 

COOMe); 6.03-6.09 (1H, d, J 12.8, H-4); 6.54-6.64 (1H, dd, J 5.8 and 12.8, H-3); 7.36-7.39 (1H, d, 

J 5.6, H-2).  
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(1E,3Z)-methyl 5-hydroxycycloocta-1,3-dienecarboxylate 59 (53.00 mg, 18%), 1H NMR (200 

MHz; CDCl 3): 1.20-1.97 (4H, m, H-6 and H-7); 2.70-2.77 (2H, m, H-8); 4.06-4.17 (1H, dd, J 5.8 

and 8.8, H-5); 5.76-5.84 (1H, dd, J 4.0 and 11.8, H-4); 5.95-6.06 (1H, dd, J 3.0 and 11.8, H-3 ); 

7.16-7.18 (1H, d, J 4.0, H-2). 

 
Oxidation reaction of compounds 57 and 59: 
 

 

Procedure: 

Entry 1: 

Compound 57 (180.0 mg, 0.8 mmol) was dissolved in DCM (6 mL) and 3A molecular sieves 

previously activated, NMO (380.0 mg, 2.8 mmol) and TPAP (catalytic amount) were added into 

the system, under Ar atmosphere the reaction was stirred for 2 hours at r.t. After, the residue was 

filtered through celite/silica gel column passing abundant DCM and concentrated in vacuo. 

Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc 

(9:1-8:2 v/v) gave compound 56 (161.0 mg, 90%). 

 
Entry 2: 

Compound 59 (53.0 mg, 0.3 mmol) was dissolved in DCM (2.5 mL) and 3A molecular sieves 

previously activated, NMO (122.0 mg, 0.9 mmol) and TPAP (catalytic amount) were added into 

the system, under Ar Atmosphere the reaction was stirred for 8 hours at r.t. After, the residue was 

filtered through celite/silica gel column passing abundant DCM and concentrated in vacuo. 

Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc 

(9:1-8:2 v/v) gave compound 58 (47.0 mg, 87%). 
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Oxidation reaction of compound 7 with Selenium dioxide: 
 

 

Unsaturated ester 7 (316.20 mg, 1.52 mmol) was dissolved in t-BuOH (7 mL), a mixture of SeO2 

(1.5 g, 14.0 mmol) and glacial acetic acid (0.13 mL) was added. The reaction system was stirred 

and refluxed at 105ºC for 5.0 hours. After, the system was cooled down and t-BuOH was 

evaporated under reduced pressure, the crude was poured into a mixture of water/ice, extracted 

with Et2O, filtered through celite and concentrated in vacuo. Purification by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2-80:20 v/v) gave 11% of by-

products which were not identified due to quantity and tert-butyl 4-oxo-9-oxabicyclo[3.3.1]non-2-

ene-2-carboxylate 60 (104.10 mg, 29%) which was allowed to crystallize in a mixture 

Hexane/Et2O (1:1, v/v). 1H NMR (200 MHz; CDCl3): δ 1.52 (9H, s, COOC(CH3)3); 1.68 (2H, m, 

H-7); 1.71-2.08 (4H, m, H-6, H-8); 4.23 (1H, d, J 4.8, H-5); 4.87 (1H, d, J 5.2, H-1); 6.87 (1H, s, 

H-3). 13C NMR (50 MHz; CDCl 3): δ 14.7 (CH2, C-7); 25.0 (CH2, C-6); 26.2 (CH2, C-8); 27.9 

(CH3 x 3, COOC(CH3)3); 68.4 (CH, C-1); 75.7 (CH, C-5); 82.9 (C, COOC(CH3)3); 131.7 (CH, C-

3); 150.3 (C, C-2); 163.4 (C, COOC(CH3)3); 199.2 (C, C-4). HRMS [M+Na] m/z calcd. for 

C13H18O4Na: 261.1097; found 261.1101; ∆∆∆∆ = 1.5 ppm.  

 
Crystallization product of compound 60: 

 

Compound 60 was dissolved in a mixture of Hex/Et2O (1:1 v/v) and it was leave for a period in 

conditions of crystallization, it afforded the compound dimer 62, (1R*,5S*,1`R*,5`S*)-dimethyl 

6,12-dioxohexadecahydro-1,5:7,11-diepoxycyclobuta[1,2:3,4]di[8]annulene-6b,12b-dicarboxylate, 

mp 171–172 ºC, IR υmax (neat): 2947 (C-H), 1718 (C=OOt-Bu), 1699 (C=O), 1458, 1370, 1262 

(C-O), 1159, 1045 and 1024 cm-1.1H NMR (400 MHz; CDCl3): δ 1.51 (CH3 x 6, COOC(Me)3 and 
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COOC(Me)3`); 1.48-1.65 (4H, m, H-7 and H-7`); 1.75-1.97 (8H, m, H-6, H-8, H-6`and H-8`); 3.93 

(2H, s, H-3 and H-3`); 4.18 (2H, d, J 4.0, H-1 and H-1`); 4.25 (2H, d, J 5.3, H-5 and H-5`). 13C 

NMR (50 MHz; CDCl 3): δ 16.8 (CH2 x 2, C-7 and C-7`); 27.1 (CH2 x 2, C-6 and C-6`); 27.9 

(CH3 x 6, COOC(CH3)3 and COOC(CH3)3`); 29.1 (CH2 x 2, C-8 and C-8`); 51.6 (C x 2, C-4 and 

C-4`); 54.6 (CH x 2, C-3 and C-3`); 74.5 (CH x 2, C-5 and C-5`); 77.2 (CH x 2, C-1 and C-1`); 

83.1 (C x 2, COOC(CH3)3  and COOC (̀CH3)3); 169.4 (C x 2, COO(CH3)3 and C`OO(CH3)3); 

211.3 (C x 2, C-2 and C-2`). m/z (CI+) (rel. intensity): 420 (MH+, 70), 258 (22), 154 (52), 105 

(100). HRMS [M+Na] m/z calcd. for C26H36O8Na: 499.2302; found 499.2301; ∆∆∆∆ = -0.2 ppm. R-

X: See annexe C. 

 
Oxidation reaction of compound 55 with Selenium dioxide: 
 

 

Following previous procedure, unsaturated ester 55 (173.0 mg, 1.0 mmol) was dissolved in t-

BuOH (4 mL), a mixture of SeO2 (1.0 g, 8.7 mmol) and glacial acetic acid (0.1 mL) was added. 

The reaction system was stirred and refluxed at 105ºC for 5.0 hours. After, the system was cooled 

down and t-BuOH was evaporated under reduced pressure, the crude was poured into a mixture of 

water/ice, extracted with Et2O, filtered through celite and concentrated in vacuo. Purification by 

silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2-80:20 v/v) 

gave 11% of by-products which were not identified due to quantity and compound 61 (22.30 mg, 

11%) which was allowed to crystallize in a mixture Hexane/Et2O (1:1, v/v). 1H NMR (200 MHz; 

CDCl3): δ 1.66 (2H, H-7); 1.85-2.10 (4H, H-6, H-8); 3.85 (3H, COOMe); 4.25 (1H, d, J 5.4, H-5); 

4.91 (1H, d, J 5.0, H-1); 6.95 (1H, H-3). 
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3.2. Reactivity of (1E,3Z) tert-butyl 5-oxo-cycloocta-1,3-diene carboxylate: 

 
Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide: 
 

COOt-Bu

56

Ph
HN

Ph
1) , THF, -78ºC

2) n-BuLi

O

COOt-Bu

O

N
Ph

Ph

 

Following general procedure for the Michael addition, compound 56 (40.0 mg, 0.18 mmol) was 

dissolved in THF (2 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.09 g, 0.43 mmol) was 

dissolved in THF (3 mL) and n-BuLi (1.6 M., 0.26 mL, 0.41 mmol) were added. After the addition 

of the unsaturated compound, the reaction was stirred for 2.5 hours at -78°C. The 1H NMR 

spectrum of the crude showed recovery of starting material. 

 
Addition of benzylamine: 
 

 

Compound 56 (197.0 mg, 0.9 mmol) was dissolved in EtOH (15 mL) and Bn-NH2 (0.16 mL, 1.40 

mmol) was added. The system was stirred and refluxed at 110ºC for 114 hours. After the reaction 

system was cooled down and evaporated under reduced pressure. It gave a mixture (297 mg) 

purified by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2- 

7:3 v/v) gave the following compounds: 

 
tert-butyl 3-benzylamino-5-oxo-bicyclo[2.2.2]octane-1-carboxylate 63 as a pale yellow oil (123 

mg, 42%), IR υmax (neat): 2974 and 2875 (C-H), 1724 (C=O), 1455, 1370, 1261 (C-O), 1162, 

1073 cm-1. 1H NMR (400 MHz; CDCl3): δ 1.43 (9H, s, COO(CH3)3); 1.40-1.69 (1H, m, H-2A); 

1.70-1.90 (4H, m, H-8 and H-7 );  2.23 (1H, ddd, J 3.3, 9.2, 12.2, H-2B); 2.35 (1H, dd, J 3.3, 18.3, 

H-6A); 2.52 (1H, m, H-4); 2.55 (1H, dd, J 3.3, 18.3, H-6B); 3.17 (1H, dt, J 3.3, 9.2, H-3); 3.70 and 

3.80 (2H, SAB, J 13.2, NH-CH2-Ph); 7.21-7.32 (5H, m, Ph). 13C NMR (50 MHz; CDCl 3): δ 20.3 

(CH2, C-8 ); 27.2 (CH2, C-7 ); 27.9 (CH3 x 3, COOC(CH3)3); 45.6 (CH2, C-6); 43.5 (C, C-1); 36.8 

(CH2, C-2); 47.0 (CH, C-4); 54.0 (CH, C-3); 50.6 (HN-CH2-Ph); 80.8 (C, COOC(CH3)3) 127.0-
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128.0 (CH x 5, Ph); 139.7 (C, Cipso ); 173.8 (C, COOC(CH3)3), 213.0 (C, C-5). HRMS (ESI) m/z 

calcd. for C20H28NO3 [M+H] +: 330.2069; found 330.2049; ∆∆∆∆ = -6.1 ppm.  

 
tert-butyl 4-acetylcyclohexa-1,3-diene carboxylate 64 (45.10 mg, 23%), IR υmax (neat): 2970 and 

2870 (C-H), 1724 (C=O), 1252 (C-O), 1167, 1073 cm-1. 1H NMR (400 MHz; CDCl 3): δ 1.49 (9H, 

s, COOC-(CH3)3); 2.34 (3H, s, CH3); 2.46-2.48 (2H, m, H-5); 2.46-2.48 (2H, m, H-6); 6.94 (1H, 

S.AB, J 6.0, H-3); 7.02 (1H, S.AB, J 6.0, H-2). 13C NMR (50 MHz; CDCl 3): δ 20.4 (CH2, C-5); 

21.8 (CH2, C-6); 25.4 (CH3); 28.0 (CH3 x 3, COOC(CH3)3); 80.9 (C, COOC(CH3)3); 138.3 (CH, 

C-3); 130.8 (CH, C-2); 136.0 (C, C-1); 140.3 (C, C-4); 165.7 (C, COOC(CH3)3); 196.6 (C, CO-

Me). HRMS (ESI) m/z calcd. for C13H18O3 [M+Na]:  245.1154; found 245.1145; ∆ = -3.7 ppm.  

 
tert-butyl 4-acetylbenzoate 65 (8.75 mg, 5%), IR υmax (neat): 2932 (C-H), 1713 (C=O), 1693 

(C=O), 1291 (C-O), 1164, 1117, 849, 769 (=C-H) cm-1. 1H NMR (400 MHz; CDCl 3): δ 1.61 (9H, 

s, COOC-(CH3)3); 2.64 (3H, s, CH3); 7.98 (2H, S.AB, J 8.6, H-3 and H-5); 8.07 (2H, S.AB, J 8.6, 

H-2 and H-6). 13C NMR (50 MHz; CDCl 3): δ 26.8 (CH3, COCH3); 28.1 (CH3 x 3, COOC(CH3)3); 

81.7 (C, COOC(CH3)3);  128.0 (CH x 2, C-3 and C-5); 129.6 (CH x 2, C-2 and C-6); 135.8 (C, C-

1); 139.8 (C, C-4); 164.8 (C, COOC(CH3)3); 197.6 (C, CO-Me). 

 
Addition of (R)-N-α-methylbenzylamine: 
 

 

Compound 56 (182.10 mg, 0.82 mmol) was dissolved in EtOH (15 mL) and D(+)-alpha-

methylbenzyl-amine (99% e.e., 0.17 mL, 1.31 mmol) was added. The system was stirred and 

refluxed at 110ºC for 114 hours. After the reaction system was cooled down and evaporated under 

reduced pressure. It gave a mixture (254 mg) purified by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2-70:30 v/v) afforded starting material 56 

(10.10 mg, 7%), compound 64 (66.00 mg, 39%), compound 65 (4.70 mg, 3%) and tert-butyl 

(1S,3R,4S,αR)-3-N-α-methylbenzylamino-5-oxo-bicyclo[2.2.2]octane-1-carboxylate (+)-68 as a 

pale yellow oil (90.00 mg, 34%), crystallized in a 1:1 (v/v) mixture of Hex/EtOAc, mp 108–109 

ºC, [α]�

�

= +32.7 (c 0.90, CHCl3), IR υmax (neat): 2970 and 2870 (C-H), 1724 (C=O), 1450 (N-H), 

1370, 1252 (C-O), 1167, 1073 cm-1. 1H NMR (400 MHz; CDCl3): δ 1.25-1.28 (3H, d, J 6.6, 

CH3(α)); 1.40 (9H, s, COO(CH3)3); 1.60-1.76 (5H, m, H-2a, H-7 and H-8 ); 2.23 (1H, ddd, J 3.3, 
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9.2, 12.2, H-2b); 2.35 (1H, dd, J 3.3, 15.3, H-6a); 2.52 (1H, m, H-4); 2.55 (1H, dd, J 3.3, 15.3, H-

6b); 2.85-2.96 (1H, td, J 3.3, 9.2, H-3); 3.85 (1H, q, J 6.6, CH(α)); 7.21-7.32 (5H, m, Ph). 13C 

NMR (50 MHz; CDCl 3): δ 20.3 (CH2, C-8 ); 25.1 (CH3, HC-CH3-Ph); 27.2 (CH2, C-7 ); 27.9 

(CH3 x 3, COOC(CH3)3); 36.7 (CH2, C-2); 43.7 (C, C-1); 45.6 (CH2, C-6); 46.9 (CH, C-4); 54.0 

(CH, C-3); 50.6 (CH, NH-CH-Ph); 80.8 (C, COOC(CH3)3); 127.0-128.0 (CH x 5, Ph); 139.7 (C, 

Cipso ); 173.8 (C, COOC(CH3)3), 213.0 (C, C-5). HRMS (ESI) m/z calcd. for C21H30NO3 [M+H] +: 

344.2226; found 344.2207; ∆∆∆∆ = -5.5 ppm. R-X: See annexe D. 

 
Addition of (S)-N-α-methylbenzylamine: 
 

 

Compound 56 (195.40 mg, 0.88 mmol) was dissolved in EtOH (15 mL) and (S)-(-)-alpha-

methylbenzyl-amine 99+% (99% e.e., 0.18 mL, 1.41 mmol) was added. The system was stirred 

and refluxed at 110ºC for 116 hours. After the reaction system was cooled down and evaporated 

under reduced pressure. It gave a mixture (263 mg) purified by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2-70:30 v/v) afforded starting material 56 

(1.11 mg, 1%), compound 64 (113.12 mg, 53%), compound 65 (5.58 mg, 3%) and tert-butyl 

(1R*,3S*,4R*,αS)-3-N-α-methylbenzylamino-5-oxo-bicyclo[2.2.2]octane-1-carboxylate (-)-68 as a 

pale yellow oil (115.00 mg, 39%); [α]�

�

 = -31.8 (c 0.99, CHCl3). 

 
Addition of (S)-N-α-methylbenzylamine in the presence and absence of light: 
 

 
Table 15. 

Entry 
56 

(mg, mmol) 
(S)-amine 

(mg, mmol) 
Solvent (mL) 

Time 
(h.) 

56% (-)-68% 64% 65% 

1  
200W 

 
110.0, 0.5 

 
73.0, 0.6 

EtOH  
(10) 

45 7 23 58 1 

2 
isolated 

 
107.0, 0.5 

 
73.0, 0.6 

Monoglyme 
(18) 

96 0 30 62 1 
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Following general procedure for the protection reaction of the carbonyl group, compound 56 was 

dissolved and (S)-amine was added. A system was refluxed in the presence of a lamp (200W) at 

110ºC and the other system was completed light isolated and refluxed at > 110ºC. Reaction 

systems were concentrated in vacuo. Purification by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (98:2-70:30 v/v) were performed for every entry. 

 
Addition of phenylamine: 
 

 

Procedure: 

Entry 1: 

Following previous procedure, compound 56 (111.00 mg, 0.50 mmol) was dissolved in EtOH (10 

mL) and aniline (58.00 mg, 0.60 mmol) was added. The system was stirred and refluxed at 110ºC 

for 408 hours. After the reaction system was cooled down and evaporated under reduced pressure. 

It gave a crude (75 mg) purified by silica gel for flash column chromatography (pore 60Å. 40-63 

µm) Hex/EtOAc (98:2-70:30 v/v) afforded starting material 56 (14.00 mg, 12%), 64 (4.00 mg, 9%) 

and the following compounds:  

 
(E) tert-butyl 5-oxo-3-phenylaminocycloocta-1-ene carboxylate 70 as a pale yellow oil (46.00 mg, 

30%). 1H NMR (400 MHz; CDCl3): δ 1.46 (9H, s, COOC(CH3)3); 1.60 (1H, m, H-7b); 1.98 (1H, 

m, H-7a); 2.31 (1H, m, H-8a); 2.46 (1H, m, H-6a); 2.59 (1H, t, J 12.1, H-4a); 2.64 (1H, m, H-6b); 

2.87 (1H, m, H-8b); 3.08 (1H, dd, J 4.4 and 12.1, H-4b); 4.72 (1H, ddd, J 4.2, 8.5, 12.1, H-3); 6.60 

(2H, d, J 9.4, H-2` and H-6`); 6.70 (1H, d, J 8.5, H-2); 6.78 (1H, t, J 8.2, H-4`); 7.21 (2H, t, J 8.8, 

H-3`and H-5`). 13C NMR (50 MHz; CDCl 3): δ 24.9 (CH2, C-7); 27.0 (CH2, C-8); 28.0 (CH3 x 3, 

COOC(CH3)3 ); 41.2 (CH2, C-6); 49.0 (CH, C-3); 53.4 (CH2, C-4); 81.0 (C, COOC(CH3)3); 113.3 

(2 x CH, C-2` and C-3`); 118.5 (CH, C-4`); 129.4 (CH x 2, C-5`and C-6`); 134.4 (C, C-1); 144.0 
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(CH, C-2); 146.0 (C, Cipso); 165.0 (C, COOC(CH3)3); 210.0 (C, C-5). HRMS (ESI) m/z calcd. for 

C19H26NO3 [M+H] +: 316.1907; found 316.1903; ∆∆∆∆ = -1.3 ppm. 

 
(E) tert-butyl 5-oxo-7-phenylaminocycloocta-1-ene carboxylate 71 (11.00 mg, 9%) . 1H NMR 

(400 MHz; CDCl3): δ 1.46 (9H, s, COOC(CH3)3); 1.98 (2H, m, H-3); 2.31 (1H, m, H-8a); 2.87 

(1H, m, H-8b); 2.46 (1H, m, H-4a); 2.59 (1H, m, H-6a); 2.64 (1H, m, H-4b); 3.08 (1H, m, H-6b); 

4.72 (1H, m, H-7); 6.60 (2H, d, J 7.7, H-2` and H-6`); 6.70 (1H, dd, J 7.8, 17.7, H-2); 6.78 (1H, t, 

J 7.3, H-4`); 7.21 (2H, t, J 7.3, H-3`and H-5`). 13C NMR (50 MHz; CDCl 3): δ 26.6 (CH2, C-7); 

28.0 (CH3 x 3, COOC(CH3)3 ); 29.6 (CH2, C-2); 38.0 (CH2, C-6); 45.8 (CH, C-3); 50.5 (CH2, C-4); 

81.2 (C, COOC(CH3)3); 113.3 (CH x 2, C-2` and C-6`); 118.2 (CH, C-4`); 129.4 (CH x 2, C-3` and 

C-5`); 134.4 (C, C-1); 136.5 (CH, C-8); 146.0 (C, Cipso); 173.4 (C, COOC(CH3)3); 212.9 (C, C-5). 

HRMS (ESI) m/z calcd. for C19H25NO3 Na: 338.1726; found 338.1738; ∆∆∆∆ = 3.5 ppm. 

 
Entry 2: 

Following general procedure for the protection reaction of the carbonyl group, compound 56 

(81.00 mg, 0.40 mmol) was dissolved in EtOH (9 mL) and distilled aniline (50.00 mg, 0.50 mmol) 

was added. The system was stirred and refluxed at 110ºC for 92 hours. After the reaction system 

was cooled down and evaporated under reduced pressure. It gave a crude (75 mg) that was purified 

by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2- 70:30 v/v) 

afforded 14:1 ratio mixture of compounds 64 and 65 (48.00 mg, 45%) and tert-butyl 3-

phenylamino-5-oxo-bicyclo[2.2.2]octane-1-carboxylate 72 as a pale yellow oil (7.00 mg, 3%). . 1H 

NMR (400 MHz; CDCl3): δ 1.43 (9H, s, COO(CH3)3); 1.40-1.60 (1H, m, H-2A); 1.70-1.90 (4H, 

m, H-7 and H-8 ); 2.23 (1H, ddd, J 2.9, 6.0, 12.2, H-2B); 2.35 (1H, dd, J 3.3, 15.3, H-6A); 2.52 (1H, 

d, J 9.2, H-3); 2.55 (1H, dd, J 3.3, 11.3, H-6B); 3.17 (1H, dt, J 3.3, 9.2, H-4); 6.60 (2H, d, J 9.4, H-

2` and H-6`); 6.78 (1H, t, H-4`); 7.21 (2H, t, H-3` and H-5`).  

 
Addition of (±)-sec-butyl amine: 
 

 

Following general procedure for the protection reaction of the carbonyl group, compound 56 

(64.00 mg, 0.30 mmol) was dissolved in EtOH (6 mL) and sec-butyl amine (31.00 mg, 0.40 mmol) 

was added. The system was stirred and refluxed at 110ºC for 96 hours. After the reaction system 
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was cooled down and evaporated under reduced pressure. It gave a mixture (72 mg) purified by 

silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2- 80:20 v/v) 

afforded starting material 56 (9.00 mg, 14%), compounds 64 and 65 (22.00 mg, 39%) and tert-

butyl 3-(sec-butylamino)-5-oxo-bicyclo[2.2.2]octane-1-carboxylate (±)-69 as a pale yellow oil 

(13.00 mg, 18%), IR υmax (neat): 2967 and 2931 (C-H), 1724 (C=O), 1368, 1253 (C-O),1162 cm-1 . 

1H NMR (400 MHz; CDCl3): δ 0.83-0.87 (3H, td, J 7.4 and 1.8, CH3`); 0.97-0.99 (3H, dd, J 7.4 

and 2.7, CH`and CH2`); 1.44 (9H, s, COOC(CH3)3); 1.40-1.60 (1H, m, H-2a); 1.76-1.78 (4H, m, 

H-8 and H-7 ); 2.23-2.25 (1H, ddd, J 3.3, 9.2, 12.2, H-2b); 2.26 (1H, dd, J 3.3, 15.3, H-6a); 2.35 

(1H, dd, J 9.2 and 3.3, H-4); 2.45 (1H, dd, J 3.3, 15.3, H-6b); 2.40-2.65 (1H, td, J 3.3, 9.2, H-3); 

3.50-3.51 (1H, m, NH-CH`). 13C NMR (50 MHz; CDCl 3): δ 10.1 (CH3, C-3`); 19.6 (CH3, C-1``); 

20.3 (CH2, C-8 ); 20.6 (CH2, C-2`); 27.2 (CH2, C-7 ); 28.0 (CH3 x 3, COOC(CH3)3); 37.9 (CH2, C-

2); 43.5 (C, C-1); 45.6 (CH2, C-6); 46.9 (CH, C-4); 50.5 (CH, C-1`); 52.0 (CH, C-3); 80.8 (C, 

COOC(CH3)3); 173.9 (C, COOC(CH3)3), 213.4 (C, C-5). HRMS (ESI) m/z calcd. for C17H30NO3 

[M+H] +: 296.2220; found 296.2223; ∆∆∆∆ = 1.0 ppm. 

 
Addition of diethylamine: 
 

 

Following general procedure for the protection reaction of the carbonyl group, compound 56 

(20.00 mg, 0.09 mmol) was dissolved in EtOH (5 mL) and diethylamine (13.00 mg, 0.20 mmol) 

was added. The system was stirred and refluxed at 110ºC for 54 hours. After the reaction system 

was cooled down and evaporated under reduced pressure. It afforded starting material 56 (20.00 

mg). 

 
Addition of triethylamine: 
 

 

Following general procedure for the protection reaction of the carbonyl group, compound 56 

(20.00 mg, 0.09 mmol) was dissolved in EtOH (5 mL) and triethylamine (22.00 mg, 0.20 mmol) 

was added. The system was stirred and refluxed at 110ºC for 84 hours. After the reaction system 



Experimental section                                                                
 

 
231 

was cooled down and evaporated under reduced pressure. It afforded starting material 56 (20.00 

mg). 

 
 
3.3 Stability tests of (1E,3Z) tert-butyl 5-oxo-cycloocta-1,3-diene carboxylate in different 

mediums: 

 
Refluxed in Ethanol: 
 

 

Compound 56 (20.00 mg, 0.09 mmol) was dissolved in EtOH (5 mL). The system was stirred and 

refluxed at 110ºC for 176 hours. After the reaction system was cooled down and evaporated under 

reduced pressure. It afforded starting material 56 (20.00 mg). 

 
Addition of p-Toluenesulfonic acid: 
 

 

Compound 56 (20.00 mg, 0.09 mmol) was dissolved in THF (5 mL) and PTSA (25.00 mg, 0.13 

mmol) was added. The system was stirred and refluxed at 110ºC for 90 hours. After the reaction 

system was cooled down and evaporated under reduced pressure. It afforded starting material 56 

(20.00 mg). 

 
Addition of 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone: 
 

 

Compound 56 (11.00 mg, 0.05 mmol) was dissolved in benzene (8 mL) and DDQ (43.00 mg, 0.20 

mmol) was added. The system was stirred and refluxed at 110ºC for 62 hours. After the reaction 

system was cooled down and evaporated under reduced pressure. It afforded starting material 56 

(11.00 mg). 
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Addition of 1,8-Diazabicyclo [5.4.0] undec-7-ene: 
 

 

Unsaturated ester 56 (8.00 mg, 0.04 mmol) was dissolved in Toluene (5 mL) and DBU (12.00 mg, 

0.08 mmol) was added. The reaction system was stirred and refluxed at 110ºC for 185 hours and 

followed by TLC. The system was cooled down, extracted with DCM, washed with NaHCO3, 

dried, filtered and concentrated in vacuo. It was obtained 2 mg of crude that by 1H NMR 

spectroscopy showed starting material 56 and compound 65 in a 2:1 relation respectively. 

 
 
3.4 Reactivity of the reaction products of (1E,3Z) tert-butyl 5-oxo-cycloocta-1,3-diene 

carboxylate: 

 
Dehydrogenation reactions: 
 

 
Table 16. 

Entry 64 
(mg, mmol) 

Reaction conditions Solvent % 
64 

% 
65 

% 
67 

1 58.00, 0.26 
SeO2 

(60.00 mg, 0.54 mmol), 
110ºC, 138 h. 

EtOH  
(10 mL) 

60 40 - 

2 22.00, 0.10 

SeO2 
(44.00 mg, 0.39 mmol),  

 2 drops CH3COOH, 
105ºC, 15 h. 

t-BuOH  
(10 mL) 

Decomposition of starting 
material 

3 11.00, 0.05 
DDQ 

(12.60 mg, 0.06 mmol), 
90ºC, 20 h. 

Benzene 
(6 mL) 

41 52 - 

4 28.50, 0.13 
DDQ 

(43.00 mg, 0.19 mmol), 
95ºC, 62 h. 

Benzene 
(8 mL) 

31 50 - 

5 13.30, 0.06 
DBU 

(16.50 mg, 0.11 mmol), 
110ºC, 20 h. 

Toluene 
(5 mL) 

7 64 13 

6 3.34, 0.02 
Br2 

(5.00 mg, 0.03 mmol),  
0°C - r.t., 2 h. 

CCl4 
(2 mL) 

- 100 - 
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Procedure: 

Entry 1: 

Compound 64 (58.00 mg, 0.26 mmol) was dissolved in EtOH (5 mL) and SeO2 (60.00 mg, 0.54 

mmol) was added previously dissolved in EtOH (5 mL). The reaction system was stirred and 

refluxed at 110ºC for 138 hours and followed it by TLC and analyzing aliquots by 1H NMR to 

control the formation of compound 65. After 66 hours reflux, it was observed the major yield of 65 

after this time the signals of both 64 and 65 decreased and it was observed the formation of other 

compounds with structures no common to ours. The reaction mixture was poured into a mixture of 

H2O (50 mL) neutralized with NaHCO3. Deposited selenium was removed through Celite filtration, 

washed and extracted with CCl4, filtered and concentrated in vacuo. It was obtained 58 mg of 

crude whose purification was tried by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/EtOAc (98:2-80:20 v/v). 

 
Entry 2: 

Compound 64 (22.00 mg, 0.10 mmol) was dissolved in t-BuOH (10 mL) and it was added a 

mixture of SeO2 (44.00 mg, 0.39 mmol) and CH3COOH glacial (1.5 mL). The reaction system was 

stirred and refluxed at 105ºC for 15 hours and followed it by TLC. After this time t-BuOH was 

evaporated and the crude was poured into a mixture of H2O/ice (25 mL), extracted with Et2O, 

filtered through Celite and concentrated in vacuo. It was obtained 53 mg that both by TLC and 1H 

NMR showed the decomposition of the starting material. 

 
Entry 3: 

Compound 64 (11.00 mg, 0.05 mmol) was dissolved in PhH (6 mL) and it was added DDQ (12.60 

mg, 0.06 mmol). The reaction system was stirred and refluxed at 90ºC for 20 hours under Ar 

atmosphere. The reaction mixture was concentrated in vacuo and purification by silica gel for 

column chromatography (pore 60Å. 40-63 µm) was performed to remove DDQ excess. It was 

obtained 8 mg of crude whose 1H NMR spectrum showed compound 64 and 65 (52%) in 1:0.74 

relation. 

 
Entry 4: 

Compound 64 (28.50 mg, 0.13 mmol) was dissolved in PhH (8 mL) and it was added DDQ (43.00 

mg, 0.19 mmol). The reaction system was stirred and refluxed at 95ºC for 62 hours under Ar 

atmosphere. The reaction mixture was concentrated in vacuo and purification by silica gel for 

column chromatography (pore 60Å. 40-63 µm) was performed to remove DDQ excess. It was 

obtained 24 mg of crude whose 1H NMR spectrum showed compound 64 and 65 (50%) in 0.75:1 

relation. 
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Entry 5: 

Compound 64 (13.30 mg, 0.06 mmol) was dissolved in toluene (5 mL) and it was added DBU 

(16.50 mg, 0.11 mmol). The reaction system was stirred and refluxed at 110ºC for 20 hours. The 

reaction mixture diluted in DCM and HCl 10%, extracted with DCM, washed with NaHCO3 (sat.), 

dried over Na2SO4 and concentrated in vacuo. It gave 13 mg of a mixture purified by silica gel for 

flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2-70:30 v/v) obtaining 

compound 64 (0.50 mg, 7%), compound 65 (4.00 mg, 64%) and tert-butyl 4-(1-

hydroxyethyl)benzoate 67 (0.80 mg, 13%), IR υmax (neat): 3410 (O-H), 2974 (C-H), 1716 (C=O), 

1373, 1295 (C-O), 1164, 852 and 778 (p-Ph), 709, 662 cm-1 . 1H NMR (400 MHz; CDCl3): δ 1.44 

(3H, d, CH-CH3); 1.61 (9H, s, COOC(CH3)3); 4.98 (1H, q, HO-CH-CH3); 7.42 (2H, S.AB, J 8.6, 

H-3 and H-5); 7.88 (2H, S.AB, J 8.6, H-2 and H-6). 13C NMR (50 MHz; CDCl 3): δ  25.6 (CH3, 

CH-CH3) 28.4 (CH3 x 3, COOC(CH3)3); 70.3 (CH, OH-CH-CH3); 81.2 (C, COOC(CH3)3);  125.0 

(CH x 2, C-3 and C-5); 129.9 (CH x 2, C-2 and C-6); 131.8 (C, C-4); 150.6 (C, C-1); 166.0 (C, 

COOC(CH3)3). HRMS (ESI) m/z calcd. for C13H18O3Na: 245.1148; found 245.1166; ∆∆∆∆ = 7.3 

ppm. 

 
Entry 6: 

Compound 64 (3.34 mg, 0.02 mmol) was dissolved in CCl4 (2 mL) the system was cooled down at 

0°C and it was added Br2 (5.00 mg, 0.03 mmol). The reaction system was stirred for 15 min. at 

0°C and after at r.t. for 2 hours. The reaction mixture was diluted in DCM (20mL) and washed 

with HCl 2M., NaHCO3 (sat.), H2O and NaCl (sat.), dried over Na2SO4 and concentrated in vacuo. It 

afforded compound 65 (3.00 mg, 100%) 

 
Addition of benzylamine: 
 

64

COOt-Bu

O

EtOH, 110ºC, 69 h.

Ph NH2

64

COOt-Bu

O

+ Ph NH2 + Unknown
compound

64

COOt-Bu

O

EtOH, 110ºC, 32 h.

Ph NH2

64

COOt-Bu

O

+ Ph NH2 +

Entry 1

Entry 2

COOt-Bu

NPh

 

 
 
 
 



Experimental section                                                                
 

 
235 

Procedure: 

Entry 1: 

Compound 64 (48.00 mg, 0.22 mmol) was dissolved in EtOH (5 mL) and it was added 

benzylamine (29.00 mg, 0.27 mmol). The reaction system was stirred and refluxed at 110ºC for 69 

hours and followed it by TLC. The reaction mixture was cooled down and concentrated in vacuo. 

It was obtained 68 mg of crude whose purification was carried out by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (99:1- 70:30 v/v) gave starting material 64 

(7.00 mg, 14%), benzylamine (24 mg) and an unknown compound that it could not be 

characterized. 

 
Entry 2: 

Compound 64 (89.5 mg, 0.40 mmol) was dissolved in EtOH (10 mL) and it was added 

benzylamine (0.07 mL, 0.64 mmol). The reaction system was stirred and refluxed at 110ºC for 32 

hours and followed it by TLC. The reaction mixture was cooled down and concentrated in vacuo. 

It was obtained 98 mg of crude which 1H NMR spectrum (R-300, CD spectroscopic data) showed 

the presence of starting material and the unknown compound, due that this compound cannot be 

isolated after purification by silica gel for flash column chromatography. It is proposed the 

formation of the imine which can be easily deprotected during purification. 

 
Spontaneous oxidation of compound 64: 
 

 

Union of fractions (100 mg) that were stored during months from different reactions containing 

tert-butyl 5-oxo-cycloocta-1,3-dienecarboxylate 56 to be purified from compound 64 and 65 (148 

mg) was performed. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 

µm) Hex/EtOAc (99:1-60:40 v/v) afforded also tert-butyl 4-acetyl-1,2-epoxi-cyclohex-3-ene-1-

carboxylate 66 (13 mg); IR υmax (neat): 2974 and 2920 (C-H), 1716 (C=O), 1373, 1295 (C-O), 

1164, 852, 778, 709 cm-1 . 1H NMR (400 MHz; CDCl3): δ 1.49 (9H, s, COOC(CH3)3); 1.95 (1H, 

m, H-6a); 1.96 (1H, m, H-5a); 2.32 (3H, s, COCH3) 2.43 (1H, m, H-6b); 2.72 (1H, m, H-5b); 3.62 

(1H, d, J 4.0, H-2); 6.89 (1H, dd, J 2.5 and 4.0, H-3). 13C NMR (50 MHz; CDCl 3): δ 18.4 (CH2, 

C-5); 21.1 (CH2, C-6); 25.3 (CH3, COCH3); 28.1 (COOC(CH3)3); 52.0 (CH, C-2); 61.6 (C, C-1); 
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82.6 (C, COOC(CH3)3);  131.9 (CH, C-3); 143.7 (C, C-4 ); 168.0 (C, COOC(CH3)3); 197.2 (C, 

COCH3). HRMS (ESI) m/z calcd. for C13H18O4Na: 261.1097; found 261.1103; ∆∆∆∆ = 2.3 ppm. 

 
Deprotection reaction of the tert-butyl group in compound 65: 
 

 

Compound 65 (10.00 mg, 0.05 mmol) was dissolved in DCM (2 mL) and it was added TFA (0.30 

mL, 4.00 mmol). The reaction system was stirred at r.t. under Ar atmosphere for 20 hours. After, 

solvent  and reagent were evaporated. The 1H NMR spectrum of the crude showed the deprotected 

product (11.00 mg, 100%), which could be corroborated by comparison with its commercially 

available one. 

 
Esterification reaction of 4-acetylbenzoic acid comercial available: 
 

 

To corroborate the proposed structure of compound 65, it was used as a starting material 4-

acetylbenzoic acid (98%) comercial available from Aldrich (100.00 mg, 0.61 mmol), TFAA (0.20 

mL, 0.63 mmol) was added at 0°C. The reaction system was stirred for 15 min. and leaved it to 

reach r.t. After, at 0°C it was added t-BuOH (0.20 mL, 3.46 mmol). The reaction mixture was 

stirred for 3 hours, quenched with NaOH 10% (20 mL), extracted with Et2O, washed with NaOH 

1M. and NaCl (sat), dried over Na2SO4, filtered and concentrated in vacuo. The 1H NMR spectrum 

from the crude (75 mg, 56%) showed the formation of the proposed compound 26, 1H NMR (200 

MHz; CDCl 3): attached. 

 
Reduction reaction of the carbonyl group in compound 65:  
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Compound 65 (11.00 mg, 0.05 mmol) was dissolved in MeOH (2mL) and NaBH4 (1.00 mg, 0.03 

mmol) was added. The reaction system was stirred at r.t. for 3.5 hours. After, the mixture was 

quenched with H2O and some drops of HCl 2M., extracted with EtOAc, washed with H2O, dried 

over Na2SO4 and concentrated in vacuo. The 1H NMR spectrum of the crude showed the formation 

of compound 67 (12.00 mg, 100%). 

 
Hidrogenolysis reactions of tert-butyl-(benzylamino)-5-oxo-bicyclo[2.2.2]octane-1-carboxylate: 
 

 
Table 17. 

Entry 
63 

(mg, mmol) 
Reaction conditions Solvent 63% R.P.% 

1 
 

12.60, 0.04 
 

6.20 mg Pd/C, H2 (4 atm.), 
24 hours. 

CH3COOH glacial 

(1mL) 
- 

35 
(Identified by 

I.R and 1H 
NMR, no 

pure)* 

2 
 

48.00, 0.15 
 

19.40 mg Pd/C, H2 (4 atm.), 
24 hours. 

CH3COOH glacial 

(2mL) 
25 

Polymeric 
specie 

3 
 

24.00, 0.07 
 

11.00 mg Pd (OH)2/C, H2 (4 
atm.), 24 hours. 

EtOAc 
(2mL) 

100 - 

4 
 

21.50, 0.07 
 

11.00 mg Pd/C, H2 (4 atm.), 
24 hours. 

EtOAc 
(2mL) 

79 - 

5 
 

17.00, 0.05 
 

10.00 mg Pd/C, H2 (4 atm.), 
24 hours. 

EtOH 
(2mL) 

88 - 

* Find the I.R. and 1H NMR in the CD (spectroscopic part) identified as CW-F1. 

 
Procedure: 

Entry 1: 

In a dried vial for hydrogenation compound 63 (12.60 mg, 0.04 mmol) was added and connected 

to a high vacuum for 1h. After it was dissolved in glacial acetic acid (1 mL), Pd/C (10 % Pd basis, 

6.20 mg) was added into the system and connected under H2 (4 atm.) for 24 h. After filtration 

through Celite (eluent DCM) was performed, the organic layer was washed with NaHCO3, dried 

over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (8:2-1:1 v/v) gave (1R,4R) tert-butyl 3-amino-

5-oxo-bicyclo[2.2.2]octane-1-carboxylate R.P (3.00 mg, 35%). Due to its polarity, impurities and 
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low quantity, it could not be fully characterized but the deprotection of the amine can be observed 

in its IR υmax (neat): 3386 (N-H), 2924 and 2853 (C-H), 1727 (C=O), 1460, 1260 (C-O), 1162, 

and 1072 cm-1. 

 
Entry 2: 

Following general procedure for a hydrogenolysis reaction, compound 63 (48.00 mg, 0.15 mmol) 

was added, dissolved in glacial acetic acid (2 mL), Pd/C (10 % Pd basis, 19.40 mg) was added and 

connected under H2 (4 atm.) for 24 h. After filtration through Celite (eluent DCM) was performed, 

the organic layer was washed with NaHCO3, dried over Na2SO4, filtered and concentrated in vacuo. 

Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc 

(9:1- 1:1 v/v) gave compound 63 (12.00 mg, 25%) and a polymeric specie (15 mg) characteristic 

because of the wide signals in its 1H NMR spectrum and corroborated by mass spectroscopy. 

 
Entry 3: 
Compound 63 (24.00 mg, 0.07 mmol) was added, dissolved in EtOAc (2 mL), Pd(OH)2/C (20 % 

Pd basis, 11.00 mg) was added and connected under H2 (4 atm.) for 24 h. After filtration through 

Celite (eluent DCM) was performed, the organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. The 1H NMR spectrum of the crude showed recuperation of starting 

material 63 (24.00 mg, 100%). 

 
Entry 4: 

Compound 63 (21.50 mg, 0.07 mmol) was added, dissolved in EtOAc (2 mL), Pd/C (10 % Pd 

basis, 11.00 mg) was added and connected under H2 (4 atm.) for 24 h. After filtration through 

Celite (eluent DCM) was performed, the organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. The 1H NMR spectrum of the crude showed recuperation of starting 

material 63 (17.00 mg, 79%). 

 
Entry 5: 

In a dried vial for hydrogenation compound 63 (17.00 mg, 0.05 mmol) was added and connected 

to a high vacuum for 1h. After it was dissolved in EtOH (2 mL), Pd/C (10 % Pd basis, 10.00 mg) 

was added into the system and connected under H2 (4 atm.) for 24 h. After filtration through Celite 

(eluent DCM) was performed, the organic layer was dried over Na2SO4, filtered and concentrated 

in vacuo. The 1H NMR spectrum of the crude showed recuperation of starting material 63 (15.00 

mg, 88%). 
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Reactions of tert-butyl-(1S,3R,4S,αR)- and (1S,3S,4S,αS)-3-N-α-methylbenzylamino-5-oxo-

bicyclo[2.2.2]octane-1-carboxylate (+) and (-)-68 respectively with benzylamine: 

 

 
Table 18. 

Entry 
Starting 
material 

(mg, mmol) 
Reaction conditions Solvent S.M. 

(mg, %) 
63 (mg, %) Rotation 

Power 

1 

 
(+)-68 

(23.00, 0.07) 
 

BnNH2 
(10.00 mg, 0.10 mmol) 

EtOH 
(5 mL) 

(+)-68 
(4.00, 17%) 

(+)-63 
(15.00, 82%) 

[α]�

�

= + 0.20 

(c 0.58, CHCl3) 

2 

 
(-)-68 

(27.00, 0.08) 
 

BnNH2 
(15.00 mg, 0.14 mmol) 

EtOH 
(6 mL) - (-)-63 

(22.11, 84%) 
[α]�


�
= - 3.30 

(c 0.84, CHCl3) 

 

Procedure: 

Entry 1 and 2: 

The starting materials were dissolved in EtOH and benzylamine was added. The systems were 

stirred and refluxed at 110ºC for 24 and 27 hours, respectively. After the reaction systems were 

cooled down and evaporated under reduced pressure. It gave 30.00 mg (entry 1) and 41.00 mg 

(entry 2) of crude. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 

µm) Hex/EtOAc (9:1-7:3 v/v) afforded as it shown in the table X compounds (+)-24 in 82% yield 

and (-)-24 in 84% yield and their rotation powers, respectively. 

 
Addition of benzylamine to (E) tert-butyl 5-oxo-3-(phenylamino)-cycloocta-1-enecarboxylate 70: 
 

 

Following general procedure for the protection reaction of the carbonyl group, compound 70 

(11.00 mg, 0.04 mmol) was dissolved in EtOH (2 mL) and benzylamine (6.00 mg, 0.06 mmol) was 

added. The system was stirred and refluxed at 110ºC for 6 hours. After the reaction system was 
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cooled down and evaporated under reduced pressure. It gave a mixture (14 mg) purified by silica 

gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-7:3 v/v) afforded 

compound 63 (6.00 mg, 53%) and compound 64 (3.80 mg, 47%). 

 
 
3.5 Synthesis of (1E,3E) tert-butyl-4-bromo-5-oxo-cycloocta-1,3-diene carboxylate: 

 
Bromination reaction of compound 56: 
 

 

Compound 56 (27.00 mg, 0.12 mmol) was dissolved in CCl4 (10 mL) and the reaction system was 

stirred and cooled down at 0°C. After, Br2 (0.01 mL, 31 mmol) was added and stirred for 30 min, 

the ice bath was removed and stirred for 4 hours at r.t. The reaction mixture was dissolved in DCM 

(20 mL), washed with HCL 2M., NaHCO3 (sat.), H2O and NaCL (sat.); dried over Na2SO4, filtered 

and concentrated in vacuo. It afforded (3R*,4R*,E) tert-butyl 3,4-dibromo-5-oxo-cycloocta-1-

enecarboxylate 73 (43.00 mg, 91%), [α]�

�

= -0.33 (c 0.61, CHCl3) which crystallizes in Hex/EtOAc 

(1:1 v/v), mp 161–162 ºC, IR υmax (neat): 2976 and 2930 (C-H) , 1712 (C=O), 1449 (C=C), 1369, 

1292 (C-O), 1253, 1159, 1127, 1110 (C-Br) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.47 (9H, s, 

COOC(CH3)3); 2.00-3.02 (6H, m, H-6, H-7, H-8); 4.23 (1H, d, J 11.2, H-4); 5.01 (1H, dd, J 11.2 

and 9.6, H-3); 6.80 (1H, d, J 9.6, H-2). 13C NMR (50 MHz; CDCl 3): δ 27.1 (CH2, C-7); 27.8 (CH2, 

C-8); 28.2 (CH3 x 3, COOC(CH3)3); 37.8 (CH2, C-6); 46.8 (CH); 60.4 (CH); 82.2 (C, 

COOC(CH3)3); 137.5 (CH, C-2); 138.1 (C, C-1); 164.7 (C, COOC(CH3)3); 202.0 (C, C-5). HRMS 

(ESI) m/z calcd. for C13H18Br 2O3 [M+Na]: 402.9515; found 402.9543; ∆∆∆∆ = 6.9 ppm. R-X: See 

annexe E. 

 
Dehydrobromination reaction of compound 73: 
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Compound 73 (13.00 mg, 0.03 mmol) was dissolved in THF (5 mL) and stirred at r.t. It was added 

triethylamine (5.00 mg, 0.05  mmol) and the reaction was followed by TLC for 24 hours. During 

this period it was not observed other spot diferent to the starting material so a reflux system was 

coupled and the reaction mixture was stirred at 70°C, after 77 hours reaction, it was observed by  

TLC three spots. At this point, it was added 1 equivalent of triethylamine and the system was 

refluxed for other 48 hours. After solvent and triethylamine excess were evaporated under reduced 

pressure. It gave a mixture (20 mg) that it was purified by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5-70:30 v/v) afforded compound 65 (0.30 

mg, 3%) and the following compounds: 

 
(1E,2E) tert-butyl-4-bromo-5-oxo-cycloocta-1,3-dienecarboxylate 74 (3.00 mg, 18%), IR υmax 

(neat): 2914 (C-H), 1707 (C=O), 1678 (C=O), 1457 (C=C), 1365, 1153, 1114, 872, 781 (C-Br) 

cm-1. 1H NMR (400 MHz; CDCl3): δ 1.52 (9H, s, COOC(CH3)3), 2.15 (2H, m, H-7);  2.48 (2H, t, 

J 10.0, H-8); 2.70 (2H, t, J 10.0, H-6); 7.11 (1H, d, J 15.0, H-3); 7.40 (1H, d, J 10.0, H-2). 13C 

NMR (50 MHz; CDCl 3): δ 26.9 (CH2, C-7); 28.3 (CH3 x 3, COOC(CH3)3); 32.9 (CH2, C-8); 

38.1(CH2, C-6); 82.1 (C, COOC(CH3)3); 130.2 (C, C-1); 134.0 (CH, C-2); 138.5 (CH, C-3); 141.1 

(C, C-4); 165.5 (C, COOC(CH3)3); 197.3 (C, C-5). HRMS (ESI) m/z calcd. for C13H17BrO 3 

[M+Na]: 323.0253; found 323.0236; ∆∆∆∆ = -5.3 ppm. 

 
tert-butyl 5-oxo-cycloocta-1,3,7-trienecarboxylate 75 (2.00 mg, 19%), IR υmax (neat): 2925 (C-H), 

1783 (C=O), 1709 (C=O), 1385, 1369, 1279, 1257, 1160, 1093 (C=C) cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.55 (9H, s, COOC(CH3)3), 2.95-3.07 (2H, m, H-6);  5.87 (1H, q, J 10.2, H-7); 6.65 

(1H, d, J 13.2, H-4); 6.68 (1H, d, J 10.2, H-8); 6.84 (1H, dd, J 12.2 and 7.2, H-3); 7.41 (1H, d, J 

7.2, H-2). 13C NMR (50 MHz; CDCl 3): δ 28.2 (CH3 x 3, COOC(CH3)3); 43.7 (CH2, C-6); 82.2 (C, 

COOC(CH3)3); 128.4 (CH, C-7); 129.8 (CH, C-8); 130.5 (C, C-1); 132.1 (CH, C-4); 135.8 (CH, C-

3); 141.1 (CH, C-2); 173.8 (C, COOC(CH3)3); 205.8 (C, C-5). 

 
tert-butyl 6-oxo-bycicle[5.1.0]octa-2,4-diene-2-carboxylate 76 (1.00 mg, 10%), IR υmax (neat): 

3020 (C-H), 1694 (C=O), 1655 (C=O), 1280 (C-O), 1163, 1061 cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.54 (9H, s, COOC(CH3)3), 1.60 (1H, ddd, J 4.6, 6.3 and 7.2, H-8a); 1.99 (1H, ddd, J 

4.6, 9.0 and 13.5, H-8b); 2.55 (1H, ddd, J 1.5, 6.3 and 9.0, H-7);  2.72 (1H, ddd, J 1.5, 6.3 and 9.0, 

H-1); 6.13 (1H, d , J 12.5, H-5); 6.41 (1H, dd, J 7.8 and 12.5, H-4); 6.86 (1H, d, J 7.8, H-3). 13C 

NMR (50 MHz; CDCl 3): δ 14.1 (CH2, C-8); 23.4 (CH, C-1); 28.1 (CH3 x 3, COOC(CH3)3); 44.4 

(CH, C-7); 82.0 (C, COOC(CH3)3); 127.2 (CH, C-3); 131.4 (CH, C-5); 131.7 (CH, C-4); 141.1 (C, 

C-2); 165.6 (C, COOC(CH3)3 ); 198.4 (C, C-6). HRMS (ESI) m/z calcd. for C13H16O3 [M+Na]: 

243.0992; found 243.0998; ∆∆∆∆ = 1.9 ppm.  
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Optimization of the Dehydrobromination reaction: 
 

 

Compound 73 (21.00 mg, 0.06 mmol) was dissolved in THF (5 mL) and triethylamine (23.00 mg, 

0.20 mmol) was added. It was coupled to the reaction mixture flask a CaCl2 trap and the system 

was stirred for for 95 hours at r.t. After solvent and triethylamine excess were evaporated under 

reduced pressure. It was obtained a crude (16 mg) that it was purified by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-7:3 v/v) afforded compound 74 (14 mg, 

83%). 

 
Addition of of 1,8-Diazabicyclo[5.4.0]undec-7-ene: 
 

 

Compound 73 (21.00 mg, 0.06 mmol) was dissolved in toluene (5 mL) and DBU (96.00 mg, 0.60 

mmol) was added. The reaction system was stirred at 110°C for 5.5 hours. After, the reaction 

mixture was diluted with DCM and HCl 10%, extracted with DCM, washed with NaHCO3 (sat.), 

dried over Na2SO4, filtered and concentrated in vacuo. It gave a mixture (17 mg) that it was 

purified by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5-

70:30 v/v) afforded the recovery of starting material 73 (10.00 mg, 48% ), compound 65 (3.00 mg, 

23%) and compound 76 (2.00 mg, 15%). 

 
Reaction of (1E,3E) tert-butyl-4-bromo-5-oxo-cycloocta-1,3-dienecarboxylate 74 with 

benzylamine: 

 

Compound 74 (14.00 mg, 0.05 mmol) was dissolved in EtOH (5 mL) and it was added 

benzylamine (14.00 mg, 0.13 mmol). The reaction system was stirred at 110°C for 31 hours. After, 

solvent and benzylamine excess were evaporated under reduced pressure. It was obtained a crude 
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(34 mg) which presents the posibility of a salt formation, for this reason it was dissolved in Et2O, 

cooled down at 0°C and filtered through a sintered glass funnel layered with 1 cm of celite. The 

combined organic extracts were washed with NaHCO3 (sat.), dried over Na2SO4 and concentrated in 

vacuo. It gave a crude (24 mg) that it was purified by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (98:2-70:30 v/v) afforded compound 63 (2.00 mg, 15%). 

 
Reaction of tert-butyl-3,4-dibromo-5-oxo-cycloocta-1-enecarboxylate 73 with benzylamine: 
 

 

Compound 73 (16.00 mg, 0.04 mmol) was dissolved in EtOH (5 mL) and it was added 

benzylamine (7.00 mg, 0.06 mmol). The reaction system was stirred at 110°C for 67 hours. After, 

solvent and benzylamine excess were evaporated under reduced pressure. It was obtained a crude 

(24 mg) which presents the posibility of a salt formation, for this reason it was dissolved in Et2O, 

cooled down at 0°C and filtered through a sintered glass funnel layered with 1 cm of celite. The 

combined organic extracts were washed with NaHCO3 (sat.), dried over Na2SO4 and concentrated in 

vacuo. It gave a crude (13 mg) that it was purified by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (98:2-70:30 v/v) afforded compound 74 (2.00 mg, 15%). 

 
 
3.6 Reactivity of tert-butyl 4-oxo-9-oxabicyclo[3.3.1]non-2-ene-2-carboxylate 60: 

 
Addition of (R)-N-benzyl-N-α-methylbenzylamine: 
 

 

Following general procedure for the Michael addition reaction, compound 60 (35.20 mg, 0.15 

mmol) in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.06 mL, 0.27 mmol) in THF (1 

mL) and n-BuLi (1.6 M., 0.15 mL, 0.24 mmol). After 3 hours reaction it was not observed any 

change in the TLC, for this reason the reaction was quenched with NH4CL ( 2mL) and worked it 

up recovering starting material. 
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Reduction reaction of compound 60 with Sodium borohydride: 
 

 

Compound 60 (24.00 mg, 0.10 mmol) was dissolved in EtOH (2mL) and NaBH4 (1.50 mg, 0.04 

mmol) was added at 0°C. The reaction system was stirred at r.t. for 45 min.. After, the mixture was 

quenched with H2O and some drops of HCl 2M., extracted with EtOAc, washed with H2O, dried 

over Na2SO4 and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-6:4 v/v) gave tert-butyl 4-hydroxy-9-

oxabicyclo[3.3.1]non-2-ene-2-carboxylate 77 (24.0 mg, 100%). 1H NMR (200 MHz; CDCl3): δ 

1.45 (9H, s, COOC(CH3)3); 1.66 -2.02 (6H, H-6, H-7 and H-8); 2.54 (1H, broad singlet, H-4); 4.05 

(1H, t, J 5.2, H-5); 4.62 (1H, dd, J 6.2, 4.4, H-1); 6.96 (1H, d, J 2.6,H-3).13C NMR (50 MHz; 

CDCl3): δ 15.2 (CH2, C-7); 24.1 (CH2, C-8); 27.8 (CH2, C-6); 28.3 (CH3 x 3, COOC(CH3)3); 66.0 

(CH, C-5); 67.4 (CH, C-1); 69.8 (CH, C-4); 81.3 (C, COOC(CH3)3); 134.2 (C, C-2); 140.6 (CH, C-

3); 164.1 (C, COOC(CH3)3 

 
Protective reaction of the alcohol group in compound 77: 
 

 

In a dried flask under Ar atmosphere, compound 77 (24.20 mg, 0.10 mmol) was added and 

dissolved in THF (3 mL). The reaction system was stirred at 0°C and NaH (4.80 mg, 0.12 mmol) 

previously dissolved in a minimum quantity of THF was added. After, at r.t. BnBr (0.02 mL, 0.20 

mmol) and TBAI (3.70 mg, 0.01 mmol) were added and the reaction mixture was stirred for 24 

hours. The system was quenched with H2O at 0°C and extracted with EtOAc. Purification by silica 

gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5-70:30 v/v) gave 

tert-butyl 4-benzyloxy-9-oxabicyclo[3.3.1]non-2-ene-2-carboxylate 78 (24.4 mg, 74%). IR υmax 

(neat): 2936 (C-H), 1706 (C=O), 1167 (C-O), 1045 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 

1.47 (9H, s, COOC(CH3)3); 1.66-2.04 (6H, H-6, H-7 and H-8); 4.17 (1H, t, J 5.8, H-1); 4.38 (1H, 

m, H-5); 4.42 (1H, m, H-4); 4.60 (2H, s, CH2Ph); 7.06 (1H, d, J 2.6, H-3); 7.35 (5H, H-Ar). 13C 
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NMR (50 MHz; CDCl 3): δ 15.4 (CH2, C-7); 24.9 (CH2, C-8); 27.7 (CH2, C-6); 28.3 (CH3 x 3, 

COOC(CH3)3); 67.6 (CH, C-1); 68.4 (CH, C-5); 71.7 (CH2, CH2Ph); 72.6 (CH, C-4); 81.1 (C, 

COOC(CH3)3); 127.9, 128.1 and 128.7 (CH x 5, Ph) ; 134.4 (C, C-2); 138.1(C, Cipso); 138.4 (CH, 

C-3); 164.1(C, COOC(CH3)3. HRMS [M+Na] m/z calcd. for C20H26O4Na: 353.1723; found 

353.1718; ∆∆∆∆ = -1.4 ppm.  

 
Addition of (±)-α-Methyl-benzylamine and (R)-N-benzyl-N-α-methylbenzylamine to compound 

78: 

 
Table 19. 

Entry 
78 

(mg, mmol)/ 
solvent 

Amine (mg, mmol) / 
solvent 

n-BuLi 
1.6 M. 

(mL, mmol) 
T. (°C) t .(h.) S.M. 

(%) 

1 

 
20.70, 0.06 

 
THF (1mL) 

 

 
13.20 mg, 0.11 mmol 

 
THF (1 mL) 

0.06, 0.10 -78 2 100 

2 

 
21.00, 0.06 

 
THF (1 mL) 

 

 
23.20 mg, 0.11 mmol 

 
THF (1 mL) 

0.06, 0.10 -78 3.5 100 

3 

 
21.00, 0.06 

 
EtOH (3 mL) 

 

 
13.20 mg, 0.11 mmol 

- 110 36 100 

 

Procedure: 

Entry 1: 

Following general procedure for the Michael addition, compound 78 (20.70 mg, 0.06 mmol) was 

dissolved in THF (1 mL), (±)-α-Methyl-benzylamine (13.20 mg, 0.11 mmol) was dissolved in 

THF (1 mL) and n-BuLi (1.6 M., 0.06 mL, 0.10 mmol) were set to react at -78°C. After 2 hours 

reaction it was not observed any change in the TLC, for this reason the reaction mixture was 

quenched with NH4CL ( 2mL) and  worked it up recovering starting material. 
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Entry 2: 

Following general procedure for the Michael addition, compound 78 (21.00 mg, 0.06 mmol) in 

THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (23.20 mg, 0.11 mmol) in THF (1 mL) and n-

BuLi (1.6 M., 0.06 mL, 0.10 mmol) were set to react. After 3.5 hours reaction it was not observed 

any change in the TLC, for this reason the reaction mixture was quenched with NH4CL ( 2mL) and  

worked it up recovering starting material. 

 
Entry 3: 

Following general procedure for the protection reaction of the carbonyl group, compound 78 

(21.00 mg, 0.06 mmol) was dissolved in EtOH (3 mL) and (±)-α-Methyl-benzylamine (12.40 mg, 

0.10 mmol) was added. The system was stirred and refluxed at 110ºC for 36 hours. After the 

reaction system was cooled down and evaporated under reduced pressure, it afforded the recovery 

of starting material. 

 

 

4. Approximation to the synthesis of Anatoxin-a: 

 
Protective reaction of the carbonyl group in compound 56: 
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Procedure: 

Entry 1: 

Using a Dean-Stark apparatus, compound 56 (266.0 mg, 1.2 mmol) was dissolved in Benzene. 1,2-

Ethanediol (0.7 mL, 12.0 mmol) and PTSA (11.40 mg, 0.06 mmol) were added and the reaction 

system was stirred and refluxed at 110°C for 27 hours. After, the solution was evaporated under 

reduced pressure, dissolved in Et2O, washed with NaOH 10% and H2O, dried over Na2SO4, 

filtered and concentrated in vacuo.  

Due to the reduction of the ester signal in the 1H NMR spectrum of the crude, the inorganic layer 

was treated with HCl c. reaching pH acid, extracted with DCM, washed with H2O, dried and 

concentrated, the 1H NMR spectrum from the inorganic layer showed the presence of 5,5-

ethylenedioxycycloocta-2,7-diene-1-carboxylic acid 79 (52 mg, 21%) which was fully 

characterized by its methyl ester 84 added below. 

 
The crude extracted from the organic layer was purified by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1-0:10 v/v) gave 2-hydroxyethoxy-ethyl 

5,5-ethylenedioxycycloocta-2,7-diene-1-carboxylate 80 (27 mg, 8%), IR υmax (neat): 3498 (O-H), 

2951 and 2878 (C-H), 1716 (C=O), 1257 (C-O), 1129, 1064 cm-1. 1H NMR (200 MHz; CDCl3): δ 

2.24-2.46 (6H, m, H-3, H-4, H-6); 3.58-3.63 (2H, m, CHCCHDOH); 3.66-3.80 (4H, m, 

COOCHACHBOCHC); 3.90-4.02 (4H, m, OCH2CH2O); 4.24-4.38 (2H, m, COOCHACHB); 5.77-

5.96 (1H, m, H-7); 6.26-6.39 (1H, d, J 10, H-8); 7.01-7.13 (1H, t, J 8, H-2). 13C NMR (50 MHz; 

CDCl3): δ 26.0 (CH2, C-3); 31.6 (CH2, C-4); 36.6 (CH2, C-6); 62.0 (CH2, CHCCHDOH); 64.1 (CH2, 

CHCCHD); 64.7 (CH2 x 2, OCH2CH2O); 69.4 (CH2, COOCHACHB); 72.5 (CH2, COOCHACHB); 

108.3 (C, C-5); 126.8 (CH, C-7); 128.8 (C, C-1); 129.5 (CH, C-8); 143.6 (CH, C-2); 167.4 (C, 

COO). HRMS [M+Na] m/z calcd. for C15H22O6: 321.1308; found 321.1309; ∆∆∆∆ = -0.3 ppm.  

 
Entry 2: 

Following general procedure for the protection of the carbonyl group as a dioxolane, compound 56 

(76.40 mg, 0.34 mmol) was dissolved in Benzene. 1,2-Ethanediol (0.04 mL, 0.70 mmol) and 

PTSA (3.80 mg, 0.02 mmol) were added, the reaction system was refluxed at 110°C for 24 hours. 

After, the solution was evaporated under reduced pressure, dissolved in EtOAc, washed with 

NaHCO3 6%, H2O and NaCl (sat.), dried over Na2SO4, filtered and concentrated in vacuo. The 1H 

NMR spectrum of the crude (47 mg, ≈ 61%) showed the presence of starting material and tert-

butyl 5,5-ethylenedioxycycloocta-1,7-diene-1-carboxylate 81 in a relation 1:3 respectively.  

The inorganic layer was treated with HCl c. reaching pH acid, extracted with DCM, washed with 

H2O, dried and concentrated under reduced pressure, gave the acid 79 (20 .1 mg, 34%). 
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Entry 3: 

Following general procedure for the protection of the carbonyl group as a dioxolane, compound 20 

(120.00 mg, 0.54 mmol) was dissolved in Benzene. 1,2-Ethanediol (0.06 mL, 1.08 mmol) and 

PTSA (5.70 mg, 0.03 mmol) were added, the reaction system was refluxed for 24 hours. After, the 

solution was evaporated under reduced pressure, dissolved in EtOAc, washed with NaHCO3 6%, 

H2O and NaCl (sat.), dried, filtered and concentrated in vacuo. The 1H NMR spectrum of the crude 

(61.40 mg, ≈ 51%) showed the presence of starting material and the protected ester 81 in a relation 

1:3 respectively.  

The inorganic layer was treated with HCl c. reaching pH acid, extracted with DCM, washed with 

H2O, dried and concentrated gave a mixture of the carboxylic acids 82 and 83 (30.0 mg, 38%), this 

crude was purified by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/EtOAc (1:1 v/v) – CHCl3/MeOH (9:1 v/v) and gave 5-oxo-cycloocta-1,3-diene carboxylic 

acid previously identified and full characterized as its tert-butyl or methyl ester and 5-oxo-

cycloocta-1,7-diene carboxylic acid 83 (9 mg, 11%), IR υmax (neat): 2932 (C-H), 1708 (C=O), 

1249 (C-O), 1037 cm-1. 1H NMR (200 MHz; CDCl3): δ 2.59 (2H, m, H-3); 3.18 (2H, d, J 7.4, H-

6); 3.76 (2H, m, H-4); 6.01 (1H, m, H-7); 6.36 (1H, d, J 11, H-8); 7.33 (1H, t, J 7.2, H-2). 13C 

NMR (50 MHz; CDCl 3): δ 26.2 (CH2, C-3); 38.1 (CH2, C-4); 44.2 (CH2, C-6); 126.9 (CH, C-7); 

128.1 (CH, C-8); 134.8 (C, C-5); 143.7 (CH, C-2); 168.5 (C, C-1); 206.7 (C, COOH). HRMS (Cl+) 

m/z calcd. for C9H10O3: 189.0522; found 189.0516; ∆∆∆∆ = -3.2 ppm.  

 
Esterification reaction of the mixtures containing the acids: 
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Procedure: 

Entry 1: 

Under Ar atmosphere compound 79 (18.10 mg, 0.09 mmol) was dissolved in a mixture of 

Benzene/MeOH (1:1 v/v, 1 mL) and TMSCHN2 2.0 M (0.05 mL, 0.10 mmol) was added. The 

reaction system was stirred at r.t. for 21 hours. After, the solution was evaporated under reduced 

pressure. The residue was purified by silica gel for flash column chromatography (pore 60Å. 40-63 

µm) Hex/EtOAc (95:5 v/v) – CHCl3/MeOH (9:1 v/v) gave Methyl 5,5-ethylenedioxycycloocta-

1,7-diene-1-carboxylate 84 (18.3 mg, 94%), IR υmax (neat): 2951 (C-H), 1723 (C=O), 1430, 1256 

(C-O), 1065 cm-1. 1H NMR (200 MHz; CDCl3): δ 1.78-1.85 (2H, m, H-3); 2.35-2.49 (4H, m, H-4 

and H-6); 3.75 (3H, s, COOMe); 3.93-4.01 (4H, m, OCH2CH2O); 5.79-5.96 (1H, m, H-7); 6.34 

(1H, d, J 11, H-8); 7.02-7.09 (1H, t, J 6.6, H-2). 13C NMR (50 MHz; CDCl 3): δ 25.9 (CH2, C-3); 

31.6 (CH2, C-4); 36.6 (CH2, C-6); 52.2 (CH3, COOMe); 64.7 (CH2 x 2, OCH2CH2O); 108.3 (C, C-

5); 126.9 (CH, C-7); 128.8 (C, C-1); 129.4 (CH, C-8); 143.3 (CH, C-2); 167.9 (C, COOMe). 

HRMS [M+Na] m/z calcd. for C12H16O4Na: 247.0941; found 247.0946; ∆∆∆∆ = 2.0 ppm.  

 

Entry 2: 

Under Ar atmosphere a mixture of the acids 82 and 83 (12.90 mg, 0.08 mmol) was dissolved in a 

mixture of Benzene/MeOH (1:1 v/v, 1 mL) and TMSCHN2 2.0 M (0.1 mL, 0.16 mmol) was added. 

The reaction system was stirred at r.t. for 24 hours. After, the solution was evaporated under 

reduced pressure. The residue was purified by silica gel for flash column chromatography (pore 

60Å. 40-63 µm) Hex/EtOAc (95:5 v/v) – CHCl3/MeOH (9:1 v/v) gave Methyl 5-oxo-cycloocta-

1,3-diene-1-carboxylate 58 (8 mg, 63%) and Methyl 5-oxo-cycloocta-1,7-diene-1-carboxylate 85 

(4 mg, 32%), IR υmax (neat): 2947 (C-H), 1708 (C=O), 1438, 1264 (C-O), 1056 cm-1. 1H NMR 

(200 MHz; CDCl3): δ 2.47-2.63 (4H, m, H-3 and H-4); 3.16 (2H, d, J 7.4, H-6); 3.77 (3H, s, 

COOMe); 5.92-6.02 (1H, m, H-7); 6.34 (1H, d, J 11, H-8); 7.19-7.26 (1H, t, J 6.8, H-2). 13C NMR 

(50 MHz; CDCl3): δ 26.0 (CH2, C-3); 38.3 (CH2, C-4); 44.2 (CH2, C-6); 52.1 (CH3, COOMe); 

127.4 (CH, C-7); 127.9 (CH, C-8); 130.8 (C, C-5); 141.7 (CH, C-2); 166.8 (C, C-1); 206.9 (C, 

COOMe). HRMS [M+Na] m/z calcd. for C10H12O3Na: 203.0678; found 203.0667; ∆∆∆∆ = -5.4 ppm.  
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Protective reaction of the carbonyl group in a mixture containing the unsaturated methyl-5-oxo-

esters: 

 

 

Following general procedure for the protection reaction of the carbonyl group as a dioxolane, a 

mixture of the esters 58 and 85 (14.50 mg, 0.07 mmol) was dissolved in Benzene. 1,2-Ethanediol 

(0.01 mL, 0.13 mmol) and PTSA (0.62 mg, 0.01 mmol) were added, the reaction system was 

refluxed for 22 hours. After, the solution was evaporated under reduced pressure, dissolved in 

EtOAc, washed with NaHCO3 6%, H2O and NaCl (sat.), dried, filtered and concentrated in vacuo. 

The 1H NMR spectrum of the crude (15.7 mg) showed the presence of the two protected ester 84 

and 86 in relation 13:1 respectively. Purification by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (95:5 – 90:10 v/v) gave the unsaturated ester 1,7-84 (14.0 mg, 

89%) and Methyl 5,5-ethylenedioxycycloocta-1,3-diene-1-carboxylate 86 (1.0 mg, 7%), IR υmax 

(neat): 2951 and 2882 (C-H), 1713 (C=O), 1272 and 1223 (C-O), 1098 and 1042 (C-O-C) cm-1. 

1H NMR (400 MHz; CDCl3): δ 1.72 (4H, m, H-6 and H-7); 2.45 (2H, m, H-8); 3.75 (3H, s, 

COOMe); 3.94-4.04 (4H, m, OCH2CH2O); 5.59 (1H, d, J 12.6, H-4); 5.89 (1H, dd, J 12.6 and 5.2, 

H-3); 7.20 (1H, d, J 5.2, H-2). 13C NMR (50 MHz; CDCl 3): δ 24.3 (CH2, C-7); 25.3 (CH2, C-8); 

31.1 (CH2, C-6); 52.2 (CH3, COOMe); 65.0 (CH2 x 2, OCH2CH2O); 108.7 (C, C-5); 124.5 (CH, C-

3); 133.6 (C, C-1); 134.6 (CH, C-4); 136.6 (CH, C-2); 167.8 (C, COOMe). HRMS [M+Na] m/z 

calcd. for C12H16O4Na: 247.0941; found 247.0938; ∆∆∆∆ = -1.2 ppm.  

 
Migration reaction of the double bond: 
 

 

Compound 86 (25.00 mg, 0.11 mmol) was dissolved in t-BuOH (5 mL) and t-BuOK (7.11 mg, 

0.06 mmol) was added. The reaction system was stirred and refluxed at 110°C for 24 hours. After 

the t-BuOH was evaporated under reduced pressure, diluted in DCM and washed with H2O and 

NaCl (sat.), dried over Na2SO4, filtered and concentrated in vacuo gave the crude (22 mg, 89%) 
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which showed in its 1H NMR spectrum compound 84. Due to the high possibility of deprotection, 

the inorganic layer was acidified with HCl c. and extracted with DCM; it was observed in its 1H 

NMR spectrum of the crude the presence of the acids 79 and 83 in a 1:1 mixture (3 mg, 11%).This 

reaction was submitted again using t-BuOK (sublimated). It was observed the same results in 

contrast to a slight increase in the amount of the hydrolysis products. 

 
Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 86: 
 

 

Procedure: 

Entry 1: 

Following general procedure for the Michael addition reaction, compound 86 (35.00 mg, 0.16 

mmol) in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.20 mL, 0.96 mmol) in THF (1 

mL) and n-BuLi (1.6 M., 0.60 mL, 0.93 mmol) were added. After the addition of the unsaturated 

compound, the reaction was stirred at -78°C for 1.5 hours. Purification by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5 v/v) – CHCl3/MeOH (9:1 v/v) 

gave Methyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino 5,5-ethylenedioxycycloocta-3-ene-

1-carboxylate 87 (22.5 mg, 32%), [α]�

�

 = +19.3 (c 0.15, CHCl3); IR υmax (neat): 2932 and 2877 

(C-H), 1726 (C=O), 1163 and 1072 (C-O-C), 701 (C-H, Ph) cm-1. 1H NMR (100 MHz; CDCl3): δ 

1.35 (3H, d, J 6.6, C(α)Me); 1.43-1.75 (6H, m, H-6, H-7 and H-8); 2.39-2.50 (1H, m, H-1); 3.52 

(3H, s, COOMe); 3.77 (1H, m, H-2); 3.64 (1H, AB, JAB 17.1, NCHACHBPh); 3.84 (1H, AB, JAB 

17.1, NCHACHBPh); 4.03 (4H, m, OCH2CH2O); 4.52 (1H, q, J 5.4, C(α)H); 5.73 (1H, d, J 12.2, H-

4); 6.04 (1H, dd, J 12.2 and 10.0, H-3); 7.20-7.49 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 

12.1 (CH3, N(α)Me); 20.2 (CH2, C-7); 29.7 (CH2, C-8); 41.0 (CH2, C-6); 51.8 (CH3, COOMe); 
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52.1 (CH2, N-CH2); 52.6 (CH, C-1); 54.3 (CH, N(α)CH); 56.7 (CH, C-2); 64.0 (CH2, OCH2CH2O); 

65.2 (CH2, OCH2CH2O); 109.7 (C, C-5); 128.0, 128.4, 128.5 and 128.6 (CH x 10, Ar); 131.6 (CH, 

C-4); 133.8 (CH, C-3); 142.0 (C, Cipso, CH2Ph); 144.0 (C, Cipso, CHPh); 176.0 (C, COOMe). 

HRMS [M+H] + m/z calcd. for C27H34NO4: 436.2482; found 436.2464; ∆∆∆∆ = -4.1 ppm.  

 
Entry 2: 

Following previous general procedure, compound 86 (121.00 mg, 0.54 mmol) in THF (1 mL), (R)-

N-benzyl-N-α-methylbenzylamine (0.70 mL, 3.24 mmol) in THF (2 mL) and n-BuLi (1.6 M., 2.00 

mL, 3.13 mmol) were set to react. After the addition of the unsaturated compound, the reaction 

was stirred at -20°C for 2.5 hours. Purification by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (95:5 v/v) – CHCl3/MeOH (9:1 v/v) gave Methyl (1S,2R,αR) 

carboxylate 87 (17.0 mg, 7%) and Methyl (1R,2R,αR)-2-N-benzyl-N-α-methylbenzylamino 5,5-

ethylenedioxycycloocta-3-ene-1-carboxylate 88 (6.0 mg, 3%), [α]�

�

 = -1.3 (c 0.48, CHCl3); IR 

υmax (neat): 2927 (C-H), 1727 (C=O), 1445, 1381 (C-O), 1099 (C-OC) cm-1. 1H NMR (200 MHz; 

CDCl3): δ 1.36 (3H, d, J 6.6, C(α)Me); 1.43-1.85 (6H, m, H-6, H-7 and H-8); .2.68-2.75 (1H, m, 

H-1); 3.35 (3H, s, COOMe); 3.62-3.84 (2H, m, NCHACHBPh); 4.03 (4H, m, OCH2CH2O); 4.33 

(1H, q, J 6.8, C(α)H); 4.71 (1H, dd, J 12.0 and 8.0, H-2); 5.70-5.91 (2H, m, H-4 and H-3); 7.14-

7.44 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 13.6 (CH3, N(α)Me); 18.5 (CH2, C-7); 27.1 

(CH2, C-8); 39.0 (CH2, C-6); 49.1 (CH, C-1); 50.7 (CH2, N-CH2); 51.4 (CH3, COOMe); 54.1 (CH, 

N(α)CH); 57.7 (CH, C-2); 64.3 (CH2, OCH2CH2O); 65.3 (CH2, OCH2CH2O); 109.3 (C, C-5); 

126.7-129.3 (CH x 10, Ar); 130.9 (CH, C-4); 133.6 (CH, C-3); 141.1 (C, Cipso, CH2Ph); 143.9 (C, 

Cipso, CHPh); 175.1 (C, COOMe). HRMS [M+H] + m/z calcd. for C27H34NO4: 436.2482; found 

436.2503; ∆∆∆∆ = 4.8 ppm.  

 
Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 84 and addition 

of phenylselenyl chloride in situ: 

 

 

Following general procedure for the Michael addition reaction, compound 84 (48.00 mg, 0.21 

mmol) in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.14 mL, 0.69 mmol) in THF (1 
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mL) and n-BuLi (1.6 M., 0.40 mL, 0.63 mmol) were added. After the addition of the unsaturated 

compound, the reaction was stirred for 2 hours and PhSeCl (132.00 mg, 0.69 mmol) was added, 

previously dissolved in THF (1 mL) and transferred under Ar atmosphere into the system, the 

reaction mixture was stirred until the system reached r.t. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1 v/v) – CHCl3/MeOH (9:1 v/v) gave 

Methyl (2R,7R,αR)-2-N-benzyl-N-α-methylbenzylamino 5,5-ethylenedioxy 7- 

phenylselenylcycloocta-8-ene-1-carboxylate 89 (34.1 mg, 29%); IR υmax (neat): 2948 (C-H), 1720 

(C=O), 1449, 1279 (C-O), 1147 cm-1. 1H NMR (400 MHz; CDCl3): δ 1.38 (3H, d, J 6.8, N(α)Me); 

1.50-1.75 (2H, m, H-6); 1.75-1.90 (3H, m, H-3 and H-4a); 2.01-2.05 (1H, dt, J 13.3 and 2.1, H-4b); 

3.66-3.70 (1H, m, H-7); 3.65-3.90 (6H, m, N-CH2 and OCH2CH2O); 3.74 (3H, s, COOMe); 3.95-

4.05 (1H, m, H-2); 3.99-4.07 (1H, q, J 6.6, CH(α)); 6.32 (1H, d, J 9.3, H-8); 7.17-7.52 (15H, m, H-

Ar) 13C NMR (50 MHz; CDCl 3): δ 15.9 (CH3, N(α)Me); 27.6 (CH2, C-4); 34.5 (CH, C-7); 35.1 

(CH2, C-6); 47.9 (CH2, C-3); 51.1 (CH2, N-CH2); 51.8 (CH3, COOMe); 57.1 (CH, N(α)CH); 58.3 

(CH, C-2); 63.7 (CH2, OCH2CH2O); 65.2 (CH2, OCH2CH2O); 110.2 (C, C-5); 126.4-129.3 (CH x 

10, Ar); 128.3 (C, C-1); 135.3 (CH x 5) 136.9(C, Cipso, CHSePh) ; 138.8 (CH, C-8); 143.1 (C, Cipso, 

CH2Ph); 143.4 (C, Cipso, CHPh); 168.6 (C, COOMe). HRMS [M+H] + m/z calcd. for 

C33H38NO4Se: 592.1961; found 592.1938; ∆∆∆∆ = -3.9 ppm.  

 
Hydrogenation reaction of compound 89:  
 

 

In a dry flask was measured compound 89 (33.30 mg, 0.06 mmol) and dissolved in EtOAc (4 mL), 

after it was added PtO2 (12.70 mg, 0.06 mmol). The reaction system was purged with H2 and 

stirred under H2 atmosphere at r.t. for 18 hours. Purification by silica gel for flash column 

chromatography (60Å. 40-63 µm) Hex/EtOAc (9:1 – 7:3 v/v) gave recovery of starting material 

(15 mg, 45%) and the unsaturated ester 84 (2 mg, 15%). 
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Elimination reaction of the fragment –SePh: 
 

 

Procedure: 

Entry 1: 

Under Ar atmosphere, compound 89 (15.7 mg, 0.03 mmol) in THF (1.5ml) at 0°c was added 

dropwise H2O2 (30% w/v aq., 0.01  mL). The resulting yellow solution was stirred at 0°C for 3 

min., the ice-water bath was removed and the reaction was stirred at 25°C for another 10 min, 

diluted with Et2O and washed with NaHCO3 (sat.) and NaCl (sat.). The organic layer was dried over 

Na2SO4, filtered and concentrated in vacuo. The 1H NMR spectrum of the crude (11.4 mg) showed 

the recovery of starting material. 

 
Entry 2: 

Compound 89 (11.40 mg, 0.02 mmol) was dissolved in DCM (4 mL) at 0°C; Pyridine (0.01 mL, 

0.04 mmol) and H2O2 (30% w/v aq., 0.04 mL) were added. The ice-water bath was removed and 

the system was refluxed at 40°C for 1.5 hours. After, the reaction mixture was diluted with H2O 

and extracted with DCM, washed with NaHCO3 (sat.) and NaCl (sat.), dried over Na2SO4, filtered and 

concentrated in vacuo. The 1H NMR spectrum of the crude (12.0 mg) showed the recovery of 

starting material. 
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Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 55 and addition 

of (±)-trans-2-(phenylsulfonyl)-3-phenyloxaziridine in situ: 

 

 

Following general procedure for the Michael addition reaction, compound 55 (105.00 mg, 0.63 

mmol) in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.27 mL, 1.30 mmol) in THF (1 

mL) and n-BuLi (1.6 M., 0.63 mL, 1.01 mmol) were added. After the addition of the unsaturated 

compound, the reaction was stirred for 2 hours and (±)-trans-2-(phenylsulfonyl)-3-

phenyloxaziridine (303.00 mg, 1.30 mmol) was added, previously dissolved in THF (1 mL) and 

transferred under Ar atmosphere into the system, the reaction mixture was stirred for 19 hours, 

reaching r.t. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/EtOAc (98:2 v/v) – CHCl3/MeOH (9:1 v/v) gave recovery of starting material (39 mg, 37%) 

and the following compounds: 

 
Methyl (1R,2R,αR)-1-hydroxy-2-N-benzyl-N-α-methylbenzylamino-cycloocta-7-ene-1-carboxylate 

(-)-90 (47 mg, 20%); crystallized in a mixture Hex: ether (1:1 v/v) mp 138-140°C; [α]�

�

 = -15.7 (c 

1.15, CHCl3); IR υmax (neat): 3348 (O-H), 2932 and 2858 (C-H), 1728 (C=O), 1454, 1222 (C-O), 

1099, 751 and 697 (=C-H) cm-1. 1H NMR (200 MHz; CDCl3): δ 1.41 (3H, d, J 7.0, N(α)Me); 

1.42-1.62 (3H, m); 1.83-2.38 (5H, m); 3.06-3.12 (1H, dd, J 11.0, H-2); 3.59-3.62 (1HA, d, JAB 13.0, 

N-CH2); 3.65 (3H, s, COOMe); 3.95-4.09 (1H, q, J 7.0, C(α)H); 4.27-4.34 (1HB, d, JAB 13.0, N-

CH2); 4.94 (1H, s, OH); 5.40-5.48 (2H, m, H-7 and H-8); 7.04-7.37 (10H, m, H-Ar). 13C NMR (50 

MHz; CDCl 3): δ 12.0 (CH3, N(α)Me); 24.5 (CH2, C-4); 24.8 (CH2, C-5); 25.3 (CH2, C-3); 26.1 

(CH2, C-6); 51.7 (CH2, N-CH2); 52.4 (CH3, COOMe); 57.8 (CH, N(α)CH); 64.8 (CH, C-2); 76.4 

(C, C-1); 127.4-129.3 (CH x 10, Ar); 134.5 (CH x 2, C-7 and C-8); 140.8 (C, Cipso, CH2Ph); 142.7 

(C, Cipso, CHPh); 174.7 (C, COOMe). HRMS [M+H] + m/z calcd. for C25H32NO3: 394.2377; 

found 394.2369; ∆∆∆∆ = -2.0 ppm. R-X: See annexe F. 

 
Methyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-cycloocta-7-ene-1-carboxylate (+)-91 (7 

mg, 3%); [α]�

�

 = +4.7 (c 0.64, CHCl3); IR υmax (neat): 3028, 2928 and 2847 (C-H), 1735 (C=O), 

1168, 774, 751 and 705 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.27 (3H, d, J 7.0, C(α)Me); 
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1.57-2.17 (8H, m, H-3, H-4, H-5 and H-6); 3.35 (3H, COOMe); 3.43 (1H, NCHACHB); 3.54 (1H, 

m, H-2); 3.64 (1H, NCHACHB); 3.67 (1H, m, H-1); 3.87 (1H, C(α)H); 5.80 (1H, m, H-7); 6.03 (1H, 

t, J 10.1, H-8); 7.19-7.42 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 15.9 (CH3, C(α)Me); 

26.4 (CH2); 28.3 (CH2); 29.8 (CH2); 47.0 (CH, C-1); 51.7 (CH3, COOMe); 52.2 (CH2, N-CH2); 

58.5 (CH, CH(α)); 62.3 (CH, C-2); 126.4–129.2 (10 x CH, o, m, p-Ph); 129.4 (CH); 131.6 (CH); 

141.7 (C, Cipso); 144.3 (C, Cipso); 173.8 (C, COOC(CH3)3). HRMS [M+Na] m/z calcd. for 

C25H31NO2Na: 400.2247; found 400.2252; ∆∆∆∆ = 1.2 ppm.  

 
Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 55 and addition 

of (-)-(2S,8aR)-D camphorsulfonyl oxaziridine in situ : 

 

 
Table 20. 

Entry 
55 

(mg, eq) 

(R)-
amide 

(mL, eq) 

n-BuLi 
(mL, eq) 

(R)-(-)-
CSO 

(mg, eq) 

t 
(h.) 

55 
(%) 

(-)-90 
(%) 

(+)-91 
(%) 

4 U. C. 
(%) 

1 
 

85.0, 1.0 
 

0.21, 1.8 0.55, 1.6 229.0, 1.8 12 0 26 2 

7  
(FL-F3)* 

1 
(FL-F7)* 

2 
 

72.0, 1.0 
 

0.20, 2.0 0.43, 1.6 197.0, 2.0 22 15 9 0 5 

3 
 

88.0, 1.0 
 

0.23, 2.0 0.53, 1.6 252.0, 2.0 21 0 12 5 6 

*1H, 13C NMR, IR and MS spectrums of these fractions have been attached in the CD (spectroscopy part) and they can 
be found with the fraction name appears in the table. 
 
Procedure: 

Entry 1-3: 

Following general procedure for the Michael addition reaction, compound 55 was dissolved in 

THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine in THF (1 mL) and n-BuLi were added. After 

the addition of the unsaturated compound, the reaction was stirred for 2 hours and (1R)-(-)-(10-

Camphorsulfonyl) oxaziridine was added, previously dissolved in THF (1 mL) and transferred 

under Ar atmosphere into the system, the reaction mixture was stirred respectively for every entry, 
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reaching r.t. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/EtOAc (98:2 v/v) – CHCl3/MeOH (9:1 v/v) were performed for every entry affording the 

corresponding compounds and yields as shown in the previous table X. 

 
Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 55 and addition 

of (+)-(2R,8aS)-D camphorsulfonyl  oxaziridine : in situ 

 

COOMe

55

Ph
HN

Ph
1) , THF, -78ºC

2) n-BuLi, 2.5 h.

3) *(+)-(2R,8aS)-D, THF, 18 h.

COOMe COOMeN N
OHPh

Ph Ph

Ph

+

*

S
O

O

N

O

+ By-products

(-)-90 (+)-91

 
Following general procedure for the Michael addition reaction, compound 55 (145.30, 0.87 mmol) 

was dissolved in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.38 mL, 1.80 mmol) in 

THF (4 mL) and n-BuLi (1.6 M, 0.88 mL, 1.4 mmol) were added. After the addition of the 

unsaturated compound, the reaction was stirred for 2.5 hours and (1S)-(+)-(10-Camphorsulfonyl) 

oxaziridine (412.00 mg, 1.8 mmol) was added, previously dissolved in THF (4 mL) and 

transferred under Ar atmosphere into the system, the reaction mixture was stirred for 18 hours 

reaching r.t. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/Et2O (98:2 v/v) – CHCl3/MeOH (9:1 v/v) gave compound (-)-90 (102 mg, 30%); [α]�

�

 = -17.7 

(c 1.18, CHCl3) and compound (+)-91 (3.6 mg, 1%) and by-products (2%). 

 
Michael Addition of lithium (S)-N-benzyl-N-α-methylbenzylamide to compound 55 and addition 

of (-)-(2S,8aR)-D camphorsulfonyl oxaziridine in situ: 

COOMe

55

1) , THF, -78ºC

2) n-BuLi, 2 h.

3) *(-)-(2S,8aR)-D, THF

COOMe COOMeN N
OHPh

Ph Ph

Ph

+

N
H

Ph

Ph

(+)-90 (-)-91  

Following general procedure for the Michael addition reaction, compound 55 (156.20 mg, 0.94 

mmol) was dissolved in THF (2 mL), (S)-N-benzyl-N-α-methylbenzylamine (0.42 mL, 2.0 mmol) 

in THF (4 mL) and n-BuLi. (1.6 M, 1.0 mL, 1.6 mmol) were added. After the addition of the 

unsaturated compound, the reaction was stirred for 2 hours and (1R)-(-)-(10-Camphorsulfonyl) 

oxaziridine (459.0 mg, 2.0 mmol) was added, previously dissolved in THF (4 mL) and transferred 

under Ar atmosphere into the system, the reaction mixture was stirred for 12 hours, reaching r.t. 
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Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/Et2O (99:1 

v/v) – CHCl3/MeOH (8:2 v/v) gave recovery of staring material (52 mg, 33%), compound (+)-90 

(91 mg, 24%); [α]�

�

 = +28.2 (c 0.98, CHCl3) and compound (-)-91 (11 mg, 3%). 

 
Hydrogenolysis reaction of compounds (+) and (-)-90: 
 

 

Procedure: 

Entry 1: 

In a dried vial for hydrogenation compound (-)-90 (35.50 mg, 0.09 mmol) was added and 

connected to a high vacuum for 1h. After it was dissolved in glacial acetic acid (2 mL), Pd/C (30 % 

Pd basis, 5.30 mg) was added into the system and connected under H2 (4 atm.) for 24 h. After 

filtration through Celite (eluent DCM) was performed, the organic layer was washed with 

NaHCO3 (sat.), dried over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for 

flash column chromatography (pore 60Å. 40-63 µm) CHCl3/MeOH (95:5-80:20 v/v) gave methyl 

(1S,2R)-1-hydroxy-2-amino-cyclooctanecarboxylate (-)-92 (11 mg, 60%). IR υmax (neat): 3364 

(O-H), 3298 (N-H), 2920 (C-H), 1731 (C=O), 1450, 1218 (C-O), 1145 cm-1. 1H NMR (400 MHz; 

CDCl3): δ 1.35-1.40 (2H, m, H-5); 1.40-1.56 (4H, m, H-4 and H-6); 1.56-1.84 (6H, m, H-3, H-7 

and H-8); 3.72 (1H, m, H-2); 3.79 (3H, s, COOMe). 13C NMR (50 MHz; CDCl 3): δ 21.7 (CH2, C-

5); 25.9 (CH2, x 2, C-4 and C-6); 29.3 (CH2 x 3, C-3, C-7 and C-8); 52.6 (CH3, COOMe); 63.8 

(CH, C-2); 77.4 (C, C-1); 176.0 (C, COOMe). HRMS [M+H] + m/z calcd. For C10H20NO3: 

202.1438; found 202.1439; ∆∆∆∆ = 0.5 ppm. 

 
Entry 2: 

In a dried vial for hydrogenation compound (+)-90 (19.50 mg, 0.05 mmol) was added and 

connected to a high vacuum for 1h. After it was dissolved in EtOAc (1 mL), Pd/C (30 % Pd basis, 

4.00 mg) was added into the system and connected under H2 (4 atm.) for 16 h. After filtration 
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through Celite (eluent DCM and MeOH) was performed, the organic layer was evaporated under 

reduced pressure, diluted in DCM and washed with NaHCO3 (sat.), dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by silica gel for flash column chromatography (pore 60Å. 40-

63 µm) Hex/EtOAc (8:2-0:10 v/v) - CHCl3/MeOH (8:2 v/v) gave compound (+)-92 (4.0 mg, 40%) 

and methyl (1S,2S)-1-hydroxy-2-N-α-methylbenzylamino-cyclooctanecarboxylate (+)-93 (9.2 mg, 

60%).  

 
Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 84 and addition 

of (+)-(2R,8aS)-D camphorsulfonyl  oxaziridine in situ: 

 
Table 21. 

Entry 
84 

(mg/THF(mL)) 

(R)-amide 
(mL, eq) 

/THF (mL) 

n-BuLi 
(mL, eq) 

(S)-(+)-CSO 
(mg, eq)/THF 

(mL) 

t 
(h.) 

(-)-94 
(%) 

95 
 (%) 

1 
 

59.0 / 1.0 
 

(0.13, 2.0) / 
2.0 

0.34, 1.8 
(137.4, 2.0) / 

2.0 
18 14 5 

§2 
 

58.0 / 1.0 
 

(0.13, 2.0) / 
1.5 

0.34, 1.8 
(137.0, 2.0) / 

1.5 
19 2 3 

3 
 

48.0 / 1.0 
 

(0.13, 3.0) / 
1.5 

0.40, 2.8 
(137.4, 2.0) / 

1.5 
20 15 4 

4 
 

113.0 / 1.5 
 

(0.31, 3.0) / 
1.4 

1.10, 2.8 
(344, 3.0) / 

1.5 
17 20 8 

5 
 

176.0 / 2.0 
 

(0.52, 3.0) / 
3.0 

1.44, 2.8 
(573.0, 3.0) / 

3.0 
19 8 2 

6 
 

120.0 / 1.5 
 

(0.34, 3.0) / 
1.5 

0.94, 2.8 
(366.0, 3.0) / 

1.5 
20.5 19 12 

7 
 

120.0 / 1.5 
 

(0.34, 3) / 
1.5 

0.94, 2.8 
(344.0, 2.8) / 

2.8 
17 38 9 

8 
 

120.0 / 1.5 
 

(0.34, 3) / 
1.3 

0.94, 2.8 
(321.0, 2.6) / 

2.6 
20 38 9 

9 
 

120.0 / 1.5 
 

(0.34,3) / 
1.3 

0.94, 2.8 
(272.0, 2.2) / 

2.2 
20 38 9 

§ Temperature - 40°C 
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Procedure: 

Entry 1-9: 

Following general procedure for the Michael addition reaction, compound 84 was dissolved in 

THF, (R)-N-benzyl-N-α-methylbenzylamine in THF and n-BuLi (1.6 M) were added. After the 

addition of the unsaturated compound, the reaction was stirred for 2.5 hours and (1S)-(+)-(10-

Camphorsulfonyl) oxaziridine was added, previously dissolved in THF and transferred under Ar 

atmosphere into the system, the reaction mixture was stirred reaching r.t. Purification by silica gel 

for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5 v/v) – CHCl3/MeOH 

(9:1 v/v) gave the following compounds: 

 
Methyl (1R,2R,αR)-1-hydroxy-2-N-benzyl-N-α-methylbenzylamino-5,5-ethylenedioxycycloocta-

7-ene-1-carboxylate (-)-94; crystallized in a mixture Hex: ether (1:1 v/v) mp 158-160°C; [α]�

�

 = -

5.11 (c 0.97; CHCl3); IR υmax (neat): 3427 (O-H), 2970 and 2943 (C-H), 1726 (C=O), 1224 (C-O), 

1123, 1100 and 1059 (C-O-C), 756 and 707 (=C-H) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.41 

(3H, d, J 7.0, N(α)Me); 1.76-3.16 (6H, m, H-3, H-4 and H-6); 3.62-3.65 (1H, d, JAB, 14, 

CHACHBPh); 3.64 (3H, s, COOMe); 3.93-3.98 (4H, m, OCH2CH2O) and CH(α)); 4.19-4.23 (1H, d, 

JAB, 14, CHACHBPh); 5.49 (1H, t, J 13.2, H-2); 5.55-5.61 (1H, ddd, J 11.6, 4.1 and 2.2, H-7); 7.05-

7.08, d, J 11.6, H-8); 7.04-7.37 (10H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 12.0 (CH3, 

N(α)Me); 22.4 (CH2, C-4); 34.9 (CH2, C-3); 35.4 (CH2, C-6); 51.6 (CH2, N-CH2); 52.4 (CH3, 

COOMe); 57.9 (CH, N(α)CH); 64.5 (CH, C-2); 64.5 (CH2, OCH2CH2O); 64.9 (CH2, OCH2CH2O); 

77.3 (C, C-1); 113.0 (C, C-5); 126.8-129.4 (CH x 10, Ar); 136.1 (CH x 2, C-7 and C-8); 140.5 (C, 

Cipso, CH2Ph); 142.5 (C, Cipso, CHPh); 174.2 (C, COOMe). HRMS [M+Na] m/z calcd. for 

C27H33NO5Na: 474.2251; found 474.2230; ∆∆∆∆ = -4.4 ppm. R-X: See annexe G. 

 
Butyl-1-hidroxy-5,5-ethylenedioxycycloocta-2,7-diene-1-carboxylate 95; IR υmax (neat): 3464 (O-

H), 2958 and 2868 (C-H), 1726 (C=O), 1213 (C-O), 1067 and 1041 (C-O-C) cm-1. 1H NMR (400; 

CDCl3): δ 0.92 (3H, t, J 7.4, (CH2)3CH3); 1.33-1.38 (2H, m, (CH2)2-CH2-CH3); 1.61-1.65 (2H, q, J 

6.6, -CH2-CH2-CH2CH3); 2.65-2.67 (4H, dd, J 8.4, 6.1, H-4 and H-6); 3.98 (4H, s, -O(CH2)2O-); 

4.18-4.21 (2H, t, J 6.6, COO-CH2-); 5.73-5.81 (4H, m, H-2, H-3, H-7 and H-8). 13C NMR (50 

MHz; CDCl 3): δ 13.8 (CH3, (CH2)3CH3); 19.2 (CH2); 30.7 (CH2); 34.0 (CH2 x 2, C-4 and C-6); 

64.8 (CH2 x 2, OCH2CH2O); 66.8 (CH2, COOCH2-); 75.4 (C, C-1); 112.5 (C, C-5); 130.0 (CH x 2, 

C-2 and C-8); 134.4 (CH x 2, C-3 and C-7); 174.9 (C, COO-). HRMS [M+Na] m/z calcd. for 

C15H22O5Na: 419.2824; found 419.2819; ∆∆∆∆ = -1.2 ppm. 
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Deprotected reaction of the 1,3-dioxolane group in compound (-)-94: 
 

 

Procedure: 

Entry 1: 

Compound (-)-94 (6.30 mg, 0.01 mmol) was dissolved in acetone (1 mL), H2O (3 drops) and p-

Toluene sulfonic acid (catalytic amount) were added. The reaction mixture was stirred at r.t. for 20 

hours. After, the residue was diluted in EtOAc, washed with NaHCO3 (5%) and NaCl (sat.), dried 

over Na2SO4, filtered and concentrated in vacuo. 1H NMR spectrum of the crude showed the 

recovery of starting material. 

 
Entry 2: 

Compound (-)-94 (6.30 mg, 0.01 mmol) was dissolved in acetone (5 mL), H2O (6 drops) and p-

Toluene sulfonic acid (catalytic amount) were added. The reaction mixture was stirred and 

refluxed at 50°C for 60 hours. After, the residue was diluted in EtOAc, washed with NaHCO3 (5%) 

and NaCl (sat.), dried over Na2SO4, filtered and concentrated in vacuo. 1H NMR spectrum of the 

crude (1.2 mg) showed no reaction product or starting material, for this reason the inorganic layer 

was acidified reaching pH = 6 and extracted with DCM. The 1H NMR spectrum of the crude from 

the inorganic layer (2.0 mg) showed decomposition of the starting material and also the hydrolysis 

of the ester. 

 
Hydrogenolysis reaction of compound (-)-94: 
 

 

In a dried vial for hydrogenation compound (-)-94 (19.30 mg, 0.04 mmol) was added and 

connected to a high vacuum for 1h. After it was dissolved in glacial acetic acid (1 mL), Pd/C (30 % 

Pd basis, 3.0 mg) was added into the system and connected under H2 (4 atm.) for 40 hours. After 
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filtration through Celite (eluent CH3Cl/MeOH 8:2 v/v) was performed, the organic layer was 

evaporated under reduced pressure, diluted in DCM, washed with NaHCO3 (sat.), dried over Na2SO4, 

filtered and concentrated in vacuo. Purification by silica gel for flash column chromatography 

(pore 60Å. 40-63 µm) Hex/EtOAc (8:2 v/v) - CHCl3/MeOH (8:2 v/v) gave the following 

compounds, due to the low amount, full characterization could not be performed for Methyl 

(1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-1-hydroxy-5,5-ethylenedioxycyclooctane 1-

carboxylate (-)-96 (2.0 mg, 11%). 

 
Methyl (1S,2R)-1-hydroxy-2-amino-5,5-ethylenedioxycyclooctane-1-carboxylate (-)-97 (5.0 mg, 

48%). IR υmax (neat): 3385 (O-H and N-H), 2943 and 2880 (C-H), 1726 (C=O), 1224 (C-O), 1104 

and 1056 (C-O-C) cm-1. 1H NMR (200 MHz; CDCl3): δ 1.68-2.05 (10H, m, H-3, H-4, H-6, H-7 

and H-8); 3.2-3.4 (2H, broad singlet, NH2); 3.79 (3H, s, COOMe); 3.88-3.94 (5H, m, H-2 and 

OCH2CH2O). 13C NMR (50 MHz; CDCl 3): δ 17.5 (CH2); 32.7 (CH2); 35.0 (CH2); 35.7 (CH2); 

38.5 (CH2); 52.6 (CH3, COOMe); 64.1 (CH2, OCH2CH2O); 64.8 (CH2, OCH2CH2O); 77.2 (CH, C-

2); 82.2 (C, C-1); 111.4 (C, C-5); 175.8 (C, COOMe). 

 

Weinreb ketone synthesis in compound 84: 
 

 

Under Ar atmosphere, N,O-dimethylhydroxylamine hydrochloride (179.00 mg, 1.80 mmol) was 

dissolved in THF (3 mL). At -78°C n-BuLi (1.6 M., 2.25 mL, 3.60 mmol) was added and the 

reaction system was stirred for 15 min. and at r.t. for other 15 min. After, the reaction system was 

cooled down to -78°C and the unsaturated ester 84 (43.00 mg, 0.19 mmol) was added, previously 

dissolved in THF (1 mL) and transferred under Ar atmosphere into the system, the reaction 

mixture was stirred for 1.5 hours. The reaction was quenched with NH4Cl (sat.) (2 mL), extracted 

with EtOAc, dried over Na2SO4 and concentrated in vacuo. Purification by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) CHCl3/MeOH (98:2 v/v) gave the carboxamide 98 

(40.4 mg, 80%). IR υmax (neat): 2935 and 2888 (C-H), 1653 (C=O), 1373 (C-O), 1116 and 1047 

(C-O-C) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.73-1.84 (2H, m, H-4); 2.29-2.47 (4H, m, H-3 and 

H-6); 3.19 (3H, s, NMe); 3.59 (3H, s, NOMe); 3.90-4.00 (4H, m, OCH2CH2O); 5.74-5.85 (1H, ddd, 

J 11.0, 8.3 and 8.3, H-7); 6.14-6.21 (2H, m, H-2 and H-8). 13C NMR (50 MHz; CDCl 3): δ 25.5 
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(CH2, C-4); 31.8 (CH2, C-3); 33.8 (CH3, NMe); 36.8 (CH2, C-6); 61.3 (CH3, NOMe); 64.6 (CH2 x 

2, OCH2CH2O); 108.5 (C, C-5); 129.0 (CH, C-7); 129.6 (CH, C-8); 133.2 (C, C-1); 135.1 (CH, C-

2); 171.0 (C, CON). HRMS [M+Na] m/z calcd. for C13H19NO4Na: 276.1206; found 276.1223; ∆∆∆∆ 

= 6.2 ppm. 

 
Weinreb ketone synthesis in compound (-)-94: 
 

 

N,O-dimethylhydroxylamine hydrochloride (30.00 mg, 0.30 mmol) was dissolved in THF (1 mL), 

n-BuLi (1.6 M., 0.34 mL, 0.54 mmol) was added. After, the unsaturated hydroxy-ester (-)-94 

(15.00 mg, 0.03 mmol) was added, previously dissolved in THF (0.5 mL) and transferred under Ar 

atmosphere into the system, the reaction mixture was stirred for 2 hours. The reaction was 

quenched with NH4Cl (sat.), extracted with EtOAc, dried over Na2SO4 and concentrated in vacuo. 
1H NMR spectrum of the crude showed the recovery of starting material. 

 
Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 98 and addition 

of (1S)-(+)-(10-Camphorsulfonyl) oxaziridine in situ: 

 

 
Following general procedure for the Michael addition reaction, compound 98 (30.00 mg, 0.12 

mmol) was dissolved in THF (1 mL), (R)-N-benzyl-N-α-methylbenzylamine (0.10 mL, 0.36 mmol) 

in THF (1 mL) and n-BuLi. (1.6 M, 0.2 mL, 0.34 mmol) were added. After the addition of the 

unsaturated compound, the reaction was stirred for 2 hours and (1S)-(+)-(10-Camphorsulfonyl) 

oxaziridine (82.0 mg, 0.36 mmol) was added, previously dissolved in THF (1 mL) and transferred 

under Ar atmosphere into the system, the reaction mixture was stirred for 17 hours, reaching r.t. 

Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (6:4 
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v/v) – CHCl3/MeOH (1:1 v/v) gave recovery of starting material 98 (16.1 mg, 53%) and 

compound (-)-99 (9.0 mg, 38%). Due to its low quantity and presence of impurities it could not be 

purified again for full characterization. 

 
Michael Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 98: 
 

 
Following the general procedure, compound 98 (16.10 mg, 0.06 mmol) was dissolved in THF (1 

mL), (R)-N-benzyl-N-α-methylbenzylamine (0.04 mL, 0.20 mmol) in THF (1 mL) and n-BuLi. 

(1.6 M, 0.11 mL, 0.18 mmol) were added. After the addition of the unsaturated compound, the 

reaction was stirred for 4 hours. 1H NMR spectrum of the crude showed the recovery of starting 

material. 

 
Hydrogenolysis, deprotection and intramolecular cyclization reaction of compound (-)-94: 
 

 
Procedure: 

Entry 1: 

Compound (-)-94 (102.0 mg, 0.23 mmol) was measured and dissolved in MeOH (10 mL), Pd/C 

(30 % Pd basis, 20.5 mg) and HCl c. (37%, 8 drops) were added into the system and connected 

under H2 (4 atm.) for 24 hours. After filtration through Celite (eluents EtOAc and MeOH) was 

performed and the combined organic extracts evaporated, diluted in DCM, washed with NaOH 
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1M., dried over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash 

column chromatography (pore 60Å. 40-63 µm) EtOAc, DCM, CHCl3, CHCl3/MeOH (1:1 - 0:10 

v/v) gave the following compounds: 

 
Methyl (1S,2R,5R,αR)-2-N-α-methylbenzylamino-5-methoxy-9-oxabicyclo[3.3.1]nonane-1-

carboxylate (-)-100 (11.8 mg, 17%). 1H NMR (200 MHz; CDCl3): δ 1.25 (3H, d, J 6.6, C(α)-Me); 

1.36-2.24 (10H, m, H-3, H-4, H-6, H-7 and H-8); 3.15 (1H, m, H-2); 3.17 (3H, s, COOMe); 3.67 

(1H, q, J 6.6, CH(α)); 3.80 (3H, s, COMe); 7.20-7.36 (5H, m, H-Ar). 

 
Methyl (1S,2R,5R)-2-amino-5-methoxy-9-oxabicyclo[3.3.1]nonane-1-carboxylate (-)-101 (21.3 

mg, 44%); [α]�

�

 = -9.85 (c 1.02; CHCl3); IR υmax (neat): 3383 (N-H), 2951 (C-H), 1731 (C=O), 

1288 (C-O), 1129, 1068 and 1041 (C-O-C) cm-1. 1H NMR (400 MHz; CDCl3): δ 1.65-2.21 (10H, 

m, H-3, H-4, H-6, H-7 and H-8); 2.38 (2H, broad singlet, NH2); 3.20-3.25 (1H, m, H-2); 3.38 (3H, 

s, COMe); 3.77 (3H, s, COOMe) . 13C NMR (50 MHz; CDCl 3): δ 19.8 (CH2); 24.5 (CH2); 29.3 

(CH2); 31.3 (CH2); 32.8 (CH2); 49.1 (CH3, COMe); 51.6 (CH, C-2); 52.7 (CH3, COOMe); 81.2 (C, 

C-1); 98.0 (C, C-5); 174.2 (C, COOMe). HRMS [M+H] + m/z calcd. for C11H20NO4: 230.1387; 

found 230.1392; ∆∆∆∆ = 2.2 ppm. 

 
Entry 2: 

Compound (-)-94 (72.2 mg, 0.16 mmol) was measured and dissolved in MeOH (15 mL), Pd/C (30 % 

Pd basis, 20.6 mg) and HCl c. (37%, 6 drops) were added into the system and connected under H2 

(4 atm.) for 70 hours. After filtration through Celite (eluent CH3Cl/MeOH 8:2 v/v) was performed 

and the combined organic extracts evaporated, diluted in DCM, washed with NaOH 1M., dried 

over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) CHCl3/MeOH (10:0–9:1 v/v) gave Methyl (1S,2R,5R)-2-

amino-5-methoxy-9-oxabicyclo[3.3.1]nonane-1-carboxylate (-)-101 (16.1 mg, 44%) and 

(1R,2R,5S)-methyl-2-hydroxy-6-(2-hydroxyethoxy)-9-azabicyclo[4.2.1]nonane-2-carboxylate (-)-

102 (8.0 mg, 19%); IR υmax (neat): 3375 (N-H, O-H), 2947 (C-H), 1739 (C=O), 1388, 1141 and 

1037 (C-O-C) cm-1. 1H NMR (200 MHz; CDCl3): δ 1.75-2.15 (10H, m, H-3, H-4, H-5, H-7 and 

H-8); 3.68-3.72 (3H, m, H-1 and OCH2CH2OH); 3.78 (3H, s, COOMe); 3.80-3.85 (2H, m, 

OCH2CH2OH). 13C NMR (50 MHz; CDCl 3): δ 20.0 (CH2); 24.5 (CH2 x 2); 32.1 (CH2 x 2); 52.8 

(CH3, COOMe); 63.2 (CH2, O-CH2-CH2-OH); 64.6 (CH2, O-CH2-CH2-OH); 76.6 (CH, C-1); 92.4 

(C, C-2); 98.1 (C, C-6); 174.0 (C, COOMe). HRMS [M+H] + m/z calcd. for C12H22NO5: 260.1493; 

found 260.1504; ∆∆∆∆ = 4.2 ppm. 
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Protection reaction with Di-tert-butyl dicarbonate of compound (-)-101: 
 

 

Under Ar atmosphere compound (-)-101 (16.00 mg, 0.07 mmol) was dissolved in THF (0.5 mL), 

Boc2O (17.50 mg, 0.08 mmol) was added previously dissolved in a minimum quantity of THF (0.5 

mL) and the reaction system was stirred at r.t. for 3 hours. After, the reaction mixture was 

quenched with NaHCO3 5% (1 mL), extracted with EtOAc, washed with NaCl (sat.) and K2CO3 

10%, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (6:4 – 4:5 v/v) gave the protected compound  

(-)-103 (10 mg, 43%); IR υmax (neat): 3368 (N-H), 2951 (C-H), 1743 (C=O), 1712 (C=O), 1249 

(C-O), 1172 and 1048 (C-O-C), 998 cm-1. 1H NMR (200 MHz; CDCl3): δ 1.61 (9H, s, 

COOC(CH3)3), 1.66-2.13 (10H, m, H-3, H-4, H-6, H-7 and H-8); 3.37 (3H, s, COMe); 3.73 (3H, s, 

COOMe); 4.07 (1H, ddd, J 8.8, 5.0 and 3.8, H-2); 4.40 (1H, d, J 9.6, N-H) 13C NMR (50 MHz; 

CDCl3): δ 19.9 (CH2); 24.9 (CH2); 27.9 (CH2); 28.5 (CH3 x 3, COOC(CH3)3); 31.6 (CH2); 32.4 

(CH2); 49.1 (CH3, COMe); 50.8 (CH, C-2); 52.9 (CH3, COOMe); 77.4 (C, C-5); 79.9 (C, 

COOC(CH3)3); 97.8 (C, C-1); 155.1 (C, COOC(CH3)3); 172.5 (C, COOMe). HRMS [M+Na] m/z 

calcd. for C16H27NO6Na: 352.1731; found 352.1748; ∆∆∆∆ = 4.8 ppm. 

 
Reaction of compound (-)-101 with LDA: 
 

 

In a dry flask and under Ar atmosphere was added the DIPA (0.01 mL, 0.06 mmol) and dissolved 

in THF (0.3 mL). After, the system was cooled down to -78ºC and n-BuLi (1.6 M, 0.03 mL, 0.05 

mmol) was added and stirred for 15 min., after warming up to 0ºC for other 15 min. The system 

was cooled down to -78ºC again and compound (-)-101 (10.0 mg, 0.04 mmol) was added and 

stirred for 2 hours. The reaction mixture was quenched with NH4Cl (sat)  (5 mL), extracted with 

EtOAc, washed with H2O and NaCl (sat), dried, filtered and concentrated in vacuo. After the crude 

was dissolved in DCM and washed with Citric acid 10% and NaHCO3, dried, filtered and 
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evaporated under reduce pressure. The 1H NMR spectrum of the crude showed the recovery of 

starting material. 

 
Opening reaction of the epoxide in compound (-)-103 and (-)-101: 
 

 
Procedure: 

Entry 1: 

Compound (-)-103 (10.00 mg, 0.03 mmol) and 4A molecular sieves powder (9 mg) in DCM (0.3 

mL) and Trimethylsilyl trifluoro-methane sulfonate (0.01 mL, 0.03 mmol) was added dropwise at 

r.t. After being stirred for 30 min, the mixture was quenched with NaHCO3 (sat.), diluted with 

EtOAc, filtered through a Celite pad. After separation of the organic layer, the aqueous layer was 

extracted with EtOAc and washed with brine. The combined organic layers were dried and 

concentrated in vacuo.  The 1H NMR spectrum of the crude showed as the only product 

unprotected (-)-101. 

 
Entry 2: 

Compound (-)-101 (10.00 mg, 0.04 mmol) and 4A molecular sieves powder (12 mg) in DCM (0.4 

mL) and Trimethylsilyl trifluoro-methane sulfonate (0.02 mL, 0.08 mmol) was added dropwise at 

r.t. After being stirred for 30 min, the mixture was quenched with NaHCO3 (sat.), diluted with 

EtOAc, filtered through a Celite pad. After separation of the organic layer, the aqueous layer was 

extracted with EtOAc and washed with brine. The combined organic layers were dried and 

concentrated in vacuo.  The 1H NMR spectrum of the crude showed the recovery of starting 

material. 
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Protection reaction with Chloro methoxymethyl of compound (-)-94: 
 

 

A mixture of NaI (45.00 mg, 0.30 mmol) and MOMCl (33.00 mg, 0.41 mmol) in DME (0.5 mL) 

was stirred for 10 min. at r.t. Then a solution of the alcohol (-)-94 (38.00 mg, 0.08 mmol) and 

DIPEA (0.08 mL, 0.44 mmol) in DME (1.0 mL) were added and the reaction system was stirred 

for 1 hour at r.t. and for an additional 12 hours under reflux at 85°C. The reaction mixture was 

quenched with Na2CO3 (sat.) (2 mL), washed with H2O (1 mL) and extracted with DCM (4x). The 

combined extracts were washed with brine, dried and concentrated in vacuo. Purification by silica 

gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (9:1 – 1:1 v/v) gave a 

pure fraction with the protected compound (-)-104 (0.7 mg, 0.3%) and two fractions more with the 

reaction product and impurities (24 mg). It was submitted other flash column chromatography but 

polar impurities could not be removed. Due to the low quantity of the protected product it could 

not be characterized. 

 
Addition of lithium (R)-N-benzyl-N-α-methylbenzylamide to compound 84: 

 
Table 22. 

Entry 
84 

(mg, mmol) 
(R)-1 

(mL, mmol) 
n-BuLi 1.6 M. 
(mL, mmol) 

THF 
(mL) 

t 
(hours) 

(-)-105:S.M. 
Yield 
(%) 

1 
 

136.00, 0.61 
 

0.77 mL, 3.70 2.20, 3.50 1.5 2.5 2.5 : 1 43 

2 
 

184.00, 0.82 
 

1.00 mL, 4.90 3.00, 4.80 2.0 2 3 : 1 60 

3 209.00, 0.93 1.20 mL, 5.60 3.40 mL, 5.40 2.0 2 3 : 1 50 
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Procedure: 

Entry 1-3: 

Following general procedure for the Michael addition reaction, compound 84 was weight for every 

entry and the quantities of (R)-N-benzyl-N-α-methylbenzylamine, THF and n-BuLi were 

calculated. After the addition of the unsaturated compound, the reaction was stirred at -78°C for 

the respectively times shown in the table. Due that the reaction product cannot be purified via 

column chromatography the yields were calculated by identification of the reaction product from 

the 1H NMR spectrums from the crudes. 

 
Hydrogenation reaction of the mixture of compounds (-)-105 and 84: 
 

COOMe

O
O

N
Ph

Ph

EtOAc (dry), PtO2

H2, r.t.

COOMe

O
O

N
Ph

Ph

C27H35NO4

Exact Mass: 437,2566

Mol. Wt.: 437,5711

COOMe

O
O

NH

+

C20H29NO4

Exact Mass: 347,2097
Mol. Wt.: 347,4486

Ph
COOMe

O
O

COOMe

O
O

C12H20O4

Exact Mass: 228,1362

Mol. Wt.: 228,2848

+

+

(-)-105 84 (-)-106 (-)-107

108

 
Table 23. 

Entry 
S.M. (crude) 
≈ (mg, mmol) 

EtOAc 
(mL) 

PtO2 
(mg, mmol) 

t 
(hours) 

(-)-106 
(%) 

(-)-107 
(%) 

108 (%) 

1 
 

161.30, 0.37 
 

15 82.00, 0.36 2.5 40 - 20 

2 
 

250.00, 0.57 
 

15 127.00, 0.56 19 39 1 13 

 
Procedure: 

Entry 1-2: 

Following general procedure for a hydrogenation reaction, the crude from the previous reactions 

were dissolved in EtOAc, PtO2 was added and stirred under H2 atmosphere at r.t. for different 

periods of time. Purification by silica gel for flash column chromatography (pore 60Å. 40-63 µm) 

Hex/EtOAc (98:2 – 0:100 v/v) gave the following compounds: 
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Methyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-5,5-ethylenedioxycyclooctane-1-

carboxylate (-)-106.  1H NMR (200 MHz; CDCl3): δ 1.30 (3H, d, J 6.6, C(α)Me); 1.40-2.04 (10H, 

m, H-3, H-4, H-6, H-7 and H-8); 2.52-2.65 (1H, m, H-1); 3.46 (3H, s, COOMe); 3.58 (1H, m, H-2); 

3.68 (1H, AB, JAB 9.0, NCHACHBPh); 3.84 (1H, AB, JAB 9.0, NCHACHBPh); 3.91 (4H, m, 

OCH2CH2O); 3.99 (1H, q, J 5.4, C(α)H); 7.18-7.41 (10H, m, H-Ar). 

 
Methyl (1S,2R,αR)-2-N-α-methylbenzylamino-5,5-ethylenedioxycyclooctane-1-carboxylate (-)-

107. 1H NMR (200 MHz; CDCl3): δ 1.29 (3H, d, J 6.8, C(α)-Me); 1.39-2.05 (10H, m, H-3, H-4, 

H-6, H-7 and H-8); 2.63 (1H, m, H-1); 3.48 (3H, s, COOMe); 3.66 (1H, m, H-2); 3.84-3.93 (5H, m, 

N-C(α)H and OCH2CH2O); 7.18-7.36 (5H, m, H-Ar). 

 
Methyl 5,5-ethylenedioxycyclooctane-1-carboxylate 108. IR υmax (neat): 2939 (C-H), 1731 (C=O), 

1164, 1118 and 1044 (C-O-C) cm-1. 1H NMR (200 MHz; CDCl3): δ 1.13-2.04 (12H, m, H-2-H-4 

and H-6-H8); 2.51-2.57 (1H, m, H-1); 3.65 (3H, s, COOMe); 3.90 (4H, s, COO(CH2)2). 
13C NMR 

(50 MHz; CDCl3): δ 21.5 (CH2 x 2, C-3 and C-7); 30.6 (CH2 x 2, C-2 and C-8); 35.1 (CH2 x 2, C-

4 and C-6); 42.5 (CH, C-1); 51.7 (CH3, COOMe); 64.3 (CH2, OCH2CH2O); 64.4 (CH2, 

OCH2CH2O); 112.0 (C, C-5); 177.6 (C, COOMe). HRMS [M+Na] m/z calcd. for C12H20O4Na: 

251.1254; found 251.1263; ∆∆∆∆ = 3.6 ppm. 

 
Deprotected reaction of compound 108: 
 

 

Compound 108 (20.00 mg, 0.09 mmol) was dissolved in MeOH (2 mL), Pd/C (30 % Pd basis, 5.0 

mg) and HCl c. (37%, 2 drops) were added into the system and connected under H2 (4 atm.) for 24 

hours. After filtration through Celite (eluents DCM and MeOH) was performed and the combined 

organic extracts evaporated, diluted in DCM, washed with NaOH 1M., dried over Na2SO4, filtered 

and concentrated in vacuo. Purification by silica gel for flash column chromatography (pore 60Å. 

40-63 µm) Hex/EtOAc (98:2 – 0:100 v/v) gave recovery of starting material 108 (2 mg, 10%) and 

methyl 5-oxo-cyclooctane-1-carboxylate 109 (4 mg, 31% ); IR υmax (neat): 2943 and 2862 (C-H), 

1735 (C=O), 1701 (C=O), 1450, 1168 (C-O) cm-1. 1H NMR (200 MHz; CDCl3): δ 1.21-2.37 (12H, 

m, H-2-H-4 and H-6-H-8); 2.54-2.66 (1H, m, H-1); 3.64 (3H, COOMe). 13C NMR (50 MHz; 

CDCl3): δ 24.7 (CH2 x 2, C-3 and C-7); 30.4 (CH2 x 2, C-2 and C-8); 42.2 (CH2 x 2, C-4 and C-6); 
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42.5 (CH, C-1); 51.9 (CH3, COOMe); 176.9 (C, COOMe); 178.0 (C, C-5). HRMS (Na) m/z calcd. 

for C10H16O3Na: 207.0992; found 207.0976; ∆∆∆∆ = -7.7 ppm. 

 
Reaction of compound 108 with LDA and addition of PhSeCl in situ: 
 

 

DIPA (0.01 mL, 0.10 mmol) was added and dissolved in THF (1 mL). The system was cooled 

down to -78ºC and n-BuLi (1.6 M, 0.06 mL, 0.10 mmol) was added and stirred for 15 min, after 

warming up to r.t. and stirred for other 15 min. The system was cooled down to -78ºC again and 

compound 108 (17.2 mg, 0.08 mmol) was added previously dissolved in THF (1 mL) and stirred 

for 1 hour. After, PhSeCl (20.00 mg, 0.10 mmol) dissolved in THF (1 mL) was added, the reaction 

was stirred until the system reached r.t. The reaction mixture was quenched with NaHCO3 6%, 

extracted with Et2O, washed with NaCl (sat), dried, filtered and concentrated in vacuo. Purification 

by silica gel for flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (95:5–80:20 v/v) 

gave methyl 1-(phenylselenyl)-5,5-ethylenedioxy-cyclooctane-1-carboxylate 110 (11 mg, 29%). 

 
Elimination reaction of the fragment –SePh: 
 

 

Compound 110 (11.00 mg, 0.03 mmol) in THF (1 mL) at 0°C was added dropwise H2O2 (30% w/v 

aq., 0.02 mL, 0.12 mmol). The resulting yellow solution was stirred at 0°C for 5 min, and after at 

r.t. for 1 hour. Diluted with Et2O, and washed with H2O and NaCl (sat.). The organic layer was dried 

over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for flash column 

chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2 – 80:20 v/v) gave (E)-methyl 5,5-

ethylenedioxycycloocta-1ene-1-carboxylate 111 (7 mg, 100%). 1H NMR (200 MHz; CDCl3): δ 

1.56-2.01 (8H, m, H-4, H-6, H-7 and H-8); 2.29-2.39 (2H, m, H-3); 3.73 (3H, s, COOMe); 3.89-

3.92 (4H, m, OCH2CH2O); 7.09 (1H, t, J 7.5, H-2). 
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Hydrogenolysis and deprotected reaction of compound (-)-106: 
 

 

Following previous procedure, compound (-)-106 (54.00 mg, 0.12 mmol) was dissolved in MeOH 

(5 mL), Pd/C (30 % Pd basis, 13.0 mg) and HCl c. (37%, 4 drops) were added into the system and 

connected under H2 (4 atm.) for 24 hours. After filtration through Celite (eluents DCM and MeOH) 

was performed and the combined organic extracts evaporated, diluted in DCM, washed with 

NaOH 1M., dried over Na2SO4, filtered and concentrated in vacuo. Purification by silica gel for 

flash column chromatography (pore 60Å. 40-63 µm) Hex/EtOAc (98:2 – 0:100 v/v) – 

CHCl3/MeOH (90:10 v/v) gave the following compounds: 

 
Methyl (1S,2R,αR)-2-N-α-methylbenzylamino-5-oxo-cyclooctane-1-carboxylate (-)-112 (5 mg, 

14%); [α]�

�

 = + 15.8 (c 0.33; CHCl3); IR υmax (neat): 3356 (N-H), 2951 (C-H), 1731 (C=O), 1695 

(C=O), 1167 (C-O), 1095, 698 (C-H, Ph) cm-1. 1H NMR (200 MHz; CDCl3): δ 1.22-1.26 (3H, d, J 

6.6, C(α)Me); 1.29-2.49 (10H, m); 2.61-2.74 (1H, m, H-1); 3.08-3.20 (1H, m, H-2); 3.69 (3H, s, 

COOMe); 3.80 (1H, q, J 6.6, CH(α)); 7.22-7.32 (5H, m, H-Ar). 13C NMR (50 MHz; CDCl 3): δ 

24.0 (CH2); 24.4 (CH3, N(α)Me); 27.8 (CH2); 29.5 (CH2); 40.8 (CH2); 41.3 (CH2); 47.3 (CH, C-1); 

51.8 (CH3, COOMe); 56.6 (CH, CH(α)N); 57.0 (CH, C-2); 126.6, 127.1 and 128.6 (CH x 5, o, m, 

p-Ph); 146.8 (C, Cipso); 175.5 (C, COOMe); 194.4 (C, C-5). HRMS [M+H] + m/z calcd. for 

C18H26NO3: 304.1907; found 304.1912; ∆∆∆∆ = -1.2 ppm. 

 
(1R,2S,6S)-methyl 6-(2-hydroxyethoxy)-9-azabicyclo[4.2.1]nonane-2-carboxylate (-)-113 (8 mg, 

27%), [α]�

�

 = + 14.1 (c 0.49, CHCl3); IR υmax (neat): 3364 (O-H, N-H), 2928 (C-H), 1728 (C=O), 

1438, 1023, 1172 and 1091 (C-O-C).cm-1. 1H NMR (200 MHz; CDCl3): δ 1.48-2.17 (10H, m); 

2.32-2.52 (1H, m, H-1); 3.20-3.50 (broad band from N-H and O-H); 3.60-3.68 (4H, m, 

OCH2CH2OH); 3.69 (3H, s, COOMe); 3.74-3.81 (1H, m, H-2) 13C NMR (50 MHz; CDCl 3): δ 

21.8 (CH2); 27.0 (CH2); 31.3 (CH2); 31.8 (CH2); 41.8 (CH2); 52.1 (CH, C-2); 52.2 (CH3, COOMe); 

56.2 (CH, C-1) 62.9 (CH2, OCH2CH2OH); 64.4 (CH2, OCH2CH2OH); 96.5 (C, C-6); 176.1 (C, 

COOMe). HRMS [M+H] + m/z calcd. for C12H22NO4: 244.1543; found 244.1555; ∆∆∆∆ = 4.9 ppm. 
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1. Starting materials and products from the asymmetric synthesis of (1S,2R)-2-

aminocyclooctanecarboxylic acid: 
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1.1 Products from the reactivity of tert-butyl (1S,2R,αR)-2-N-benzyl-N-α-

methylbenzylamino-cyclooct-3-enecarboxylate 12: 

 

 
 

1.2 Products from the reactivity of tert-butyl cycloocta-1,3-diene carboxylate 6: 
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2. Approximation to the synthesis of Tashiromine: 

 
2.1 Products from the reactivity of 1,2-epoxicyclooct-5-ene 1: 

 

 
 
2.2 Products from the reactivity of 2-trimethylsiloxi-cycloocta-5-enecarbonitrile 3: 
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3. Synthesis and reactivity of (1E,3Z)-tert-butyl and methyl 5-oxocycloocta-1,3-diene 

carboxylate: 

 
3.1 Starting materials: 

 
3.2 Products from the reactivity of (1E,3Z)-tert-butyl 5-oxocycloocta-1,3-diene carboxylate 

56: 
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3.3 Reactivity of the reaction products of (1E,3Z)-tert-butyl 5-oxocycloocta-1,3-diene 

carboxylate: 

 

 
 

3.4 Synthesis of (1E,3E)-tert-butyl-4-bromo-5-oxocycloocta-1,3-diene carboxylate, products: 

 

 
 
3.5 Products from the reactivity of tert-butyl 4-oxo-9-oxabicyclo[3.3.1]non-2-ene-carboxylate 

60: 
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4. Approximation to the synthesis of Anatoxin-A, intermediates: 
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TABLAS DE CORRELACIONES BIDIMENSIONALES 

(Experiments 2D NMR) 
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Table 24 

C δ 13C DEPT HMQC HMBC 

1 133.6 C  3 

2 135.7 CH 6.92 (1H, s) 4, 8 

3 135.4 CH 5.69 (1H, m) 1, 5 

4 124.5 CH 5.69 (1H, m) 2, 6 

5 29.8 CH2 2.06 (2H, m) 3, 7 

6 21.9 CH2 1.43-1.52 (2H, 

m) 

4, 8 

7 24.1 CH2 1.43-1.52(2H, m) 5, COO 

8 26.3 CH2 2.33 (2H, m) 2, 6 

COOC(CH3)3 166.0 C  2, 8 

COOC(CH3)3 79.9 C  (CH3)3 

COOC(CH3)3 28.2 CH3 x 3 1.43 (9H, s) C(CH3)3 
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Table 25 

C δ 13C DEPT HMQC HMBC 

1 53.5 CH 2.50 (1H, m) 2, 3, 7 

2 56.5 CH 3.85 (1H, m) CH(α)N, CH2(α)N 

3 129.6 CH 6.05 (1H, t, J 10) 5, CH(α)N 

4 128.0 CH 5.80 (1H, m) 5 

5 27.5 CH2 
1.92 (1HA, m) 

2.08 (1HB, m) 
3, 4, 7 

6 30.1 CH2 1.20-1.65 (2H, m) 5, 8 

7 25.8 CH2 1.20-1.51 (2H, m) 5, 6, 8 

8 30.6 CH2 
1.22 (1HA, m) 

1.62 (1HB, m) 
6, 7 

CH2-N 51.7 CH2 
3.85 (1HA, AB, JAB 17.1);  

4.10 (1HB, AB, JAB 17.1) 
2, CH(α)N, Co 

CH(α)N 54.7 CH 4.25 (1H, q, J 6.8) 2, CH2(α)N,  

CH3(α)N 13.2 CH3 1.45 (3H, d, J 6.8) CH(α)N 

COOC(CH3)3 174.9 C   

COOC(CH3)3 80.0 C   

COOC(CH3)3 27.9 CH3 x 3 1.37 (9H, m)  

C ipso 141.9 C  C o, m, p, CH(α)N 

C ipso 144.1 C  C o, m, p, CH(α)N 

C o, m, p 126.5-129.9 CH x 10 7.30 (10H, m)  
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COO-CNH
Ph
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7

6

8

5

12

3
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Table 26 

C δ 13C DEPT HMQC HMBC 

1 50.9 CH 2.81-2.85 (1H, m); 2, 8 

2 52.4 CH 
3.68-3.72 (1H, dd, J 8.8 and 

5.1) 
4, CH(α)N,  

3 132.8 CH 5.51-5.55 (1H, t, J 10.5); 5 

4 130.0 CH 
5.70-5.77 (1H, dd, J 10.5 and 

8.0) 
2, 6 

5 27.2 CH2 
1.85-2.10 (2H, m, H-5A and  

H-5B) 
6, 7 

6 25.7 CH2 
1.28-1.35 (1H, m, H-6B); 

1.55-1.85 (1H, m, H-6A) 
5, 7, 8 

7 28.6 CH2 
1.10-1.28 (1H, m, H-7B); 

1.55-1.85 (1H, m, H-7A) 
5, 6, 8 

8 29.8 CH2 1.55-1.85 (2H, m, H-8) 6, 7 

CH(α) 54.7 CH 3.95-4.00 (1H, q, J 6.5) 2, CH o, CH3(α)N 

CH3(α)N 23.6 CH3 1.31 (3H, d, J 6.5) CH(α)N 

COOC(CH3)3 173.6 C  2 

COOC(CH3)3 80.1 C  COOC(CH3)3 

COOC(CH3)3 28.1 CH3 x 3 1.44 (9H, s);  

C ipso 145.9 C  C o, m, p, CH(α) 

C o, m, p 126.6-128.4 CH x 5 7.22-7.35 (5H, m, H-Ar). CH(α) 
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Table 27 

C δ 13C DEPT HMQC HMBC 

1 41.8 CH 3.05 (1H, m) 2, 8 

2 33.8 CH2 
2.02 (1HA, m) 

2.20 (1HB, m) 
9 

3 24.6 CH2 1.50-1.70 (2H, m)  

4 22.7 CH2 1.20-1.30 (2H, m) 2 

5 28.9 CH2 
1.82 (1HA, m) 

1.91 (1HB, m) 
4 

6 77.9 CH 4.63 (1H, td, J 5.6, 3.0) 5, 10  

7     

8 174.8 CO  9 

9 59.1 CH 3.09 (1H, dd, J 9.2 and 2.1) CH(α)N 

10 68.3 CH 3.94 (1H, dd, J 9.2 and 5.6) 9 

CH2-N 50.3 CH2 
3.79 (1HA, AB, JAB 14.4);  

3.84 (1HB, AB, JAB 14.4) 
CH(α)N 

CH(α)N 55.7 CH 3.97 (1H, q, J 6.8) 
CH2(α)N, CH3(α)N, 

9, CH o, 

CH3(α)N 13.1 CH3 1.43 (3H, d, J 6.8)  

C ipso 139.5 C  CH2(α)N 

C ipso 143.8 C  
CH o, m, p, CH3(α)N, 

CH(α)N  

C o, m, p 127.4-128.7 CH x 10 7.38 (10H, m)  
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Table 28 

C δ 13C DEPT HMQC HMBC 

1 134.6 C   

2 141.3 CH 6.91 (1H, t, J 8.0)  

3 21.2 CH2 
2.63-2.75 (1H, m, H-3A) 

1.76-1.89 (1H, m, H-3B) 
 

4 34.4 CH2 
1.76-1.89 (1H, m, H-4A) 

1.50-1.56 (1H, m, H-4B) 
 

5 77.7 CH 3.89-3.94 (1H, m)  

Si(CH3)2 -4.6 CH3 x 2 0.15 (6H, s) Si(CH3)2 

Si-C-(CH3)3 18.2 C x 2  
Si-C-(CH3)3, 

Si(CH3)2 

Si-C-(CH3)3 25.9 (CH3)3 x 3 1.02 (18H, s)  

6 77.7 CH 3.89-3.94 (1H, m)  

Si(CH3)2 -4.9 CH3 x 2 0.11 (6H, s)  

7 34.2 CH2 
2.08-2.10 (1H, m, H-7A) 

1.90-1.95 (1H, m, H-7B) 
 

8 22.8 CH2 
2.45-2.51 (1H, m, H-8A) 

1.76-1.89 (1H, m, H-8B) 
H-2 

COOMe 50.7 CH3 3.49 (3H, s, COOMe)  

COOMe 167.1 C  COOMe, H-2 

 

 

 

 



Experiments 2D NMR 
 

 

290 

 

 

 

 

 

Table 29 

C δ 13C DEPT HMQC HMBC 

1 68.4 CH 4.87 (1H, d, J 5.2) H-3, H-5 

2 150.3 C  H-8 

3 131.7 CH 6.87 (1H, s) H-1 

4  199.2 C  H-6 

5 75.7 CH 4.23 (1H, d, J 4.8). H-3, H-1 

6 25.0 CH2 1.71-2.08 (2H, m) H-1 

7 14.7 CH2 1.68 (2H, m, H-7) H-1, H-5 

8  26.2 CH2 1.71-2.08 (2H, m) H-5 

COOC(CH3)3 163.4 C  H-3 

COOC(CH3)3 82.9 C  
COOC(CH3)3,  

COOC(CH3)3,` 

COOC(CH3)3 27.9 (CH3)3 1.52 (CH3 x 3)  
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Table 30 

C δ 13C DEPT HMQC HMBC 

1 and 1  ̀ 77.2 CH x 2 4.18 (2H, d, J 4.0) H-5, H-5` 

2 and 2  ̀ 211.3 C x 2  H-3, H-3` 

3 and 3  ̀ 54.6 CH x 2 3.93 (2H, s) H-5, H-5` 

4 and 4  ̀ 51.6 C x 2  H-3, H-3` 

5 and 5  ̀ 74.5 CH x 2 4.25 (2H, d, J 5.3). H-3, H-3` 

6 and 6` 27.1 CH2 x 2 1.75-1.97 (4H, m) 
H-7, H-7`, H-8, 

H-8` 

7 and 7` 16.8 CH2 x 2 1.48-1.65 (4H, m) 
H-1, H-1`, H-5, 

H-5` 

8 and 8  ̀ 29.1 CH2 x 2 1.75-1.97 (4H, m)  

COOC(CH3)3 169.4 C x 2  H-3, H-3` 

COOC(CH3)3 83.1 C x 2  
COOC(CH3)3,  

COOC(CH3)3,` 

COOC(CH3)3 27.9 (CH3)3 x 2 1.51 (CH3 x 6)  
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Table 31 

C δ 13C DEPT HMQC HMBC 

1 43.5 C  2, 6, 8 

2 36.8 CH2 
1.40-1.69 (1HA, m) 

2.23 (1HB, ddd, J 12.2, 9.2, 3.3) 
1, 3, 6 

3 54.0 CH 3.17 (1H, dt, J 9.2, 3.3) 2, 8, CH2(α)N 

4 47.0 CH 2.52 (1H, m) 7 

5 213.0 C  3, 4, 6 

6 45.6 CH2 
2.35 (1HA, dd, J 18.3, 3.3) 

2.55 (1HB, dd, J 18.3, 3.3) 
2, 7 

7 27.2 CH2 1.70-1.90 (2H, m) 2, 4, 6, 8 

8 20.3 CH2 1.70-1.90 (2H, m) 7 

CH2-N 50.6 CH2 
3.70 (1HA, SAB, J 13.2) 

3.80 (1HB, SAB, J 13.2) 
3, Ar-H 

COOC(CH3)3 173.8 C   

COOC(CH3)3 80.8 C  (CH3)3 

COOC(CH3)3 27.9 CH3 x 3  C(CH3)3 

C ipso 139.7 C  CH2N 

C orto 128.4 CH 7.21-7.32 (2H, m) CH2N 

C meta 128.4 CH 7.21-7.32 (2H, m) C para 

C para 127.0 CH 7.21-7.32 (1H, m) C orto 
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Table 32 

C δ 13C DEPT HMQC HMBC 

1 136.0 C  3, 5 

2 130.8 CH 7.02 (1H,SAB, J 6.0) 3, 4, 6, COO 

3 138.3 CH 6.94 (1H, SAB, J 6.0) 1, 2, 5, CO 

4 140.3 C  2, 6 

5 20.4 CH2 2.46-2.48 (2H, m) 1, 3 

6 21.8 CH2 2.46 – 2.48 (2H, m) 2, 4 

COCH3 25.4 CH3 2.34 (3H, s) CO 

COOC(CH3)3 165.7 C  2 

COOC(CH3)3 80.9 C  (CH3)3 

COOC(CH3)3 28.0 CH3 x 3 1.49 (3H, s) C(CH3)3 

COCH3 196.6 C  3, CH3 
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Table 33 

C δ 13C DEPT HMQC HMBC 

1 135.8 C  3, 5 

2, 6 129.6 CH 8.07 (SAB, J 8.6)  3, 4, COO 

3, 5 128.0 CH 7.98 (SAB, J 8.6) 1, CO 

4 139.8 C  2, 6 

COCH3 26.8 CH3 2.64 (3H, s) CO 

CO 197.6 C  5, CH3 

COOC(CH3)3 164.8 C  2, 6 

COOC(CH3)3 81.7 C  (CH3)3 

COOC(CH3)3 28.1 CH3 x 3 1.61 (9H, s) C(CH3)3 
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Table 34 

C δ 13C DEPT HMQC HMBC 

1 61.6 C  5, 6 

2 52.0 CH 3.62 (1H, d, J 4.0) 3, 6 

3 131.9 CH 6.89 (1H, dd, J 4.0, 2.5) 2, 5 

4 143.7 C  5, 6, CH3 

5 18.4 CH2 
1.96 (1HA, m) 

2.72 (1HB, m) 
3, 6 

6 21.1 CH2 
1.95 (1HA, m) 

2.43 (1HB, m)  
5 

COCH3 25.3 CH3 2.32 (3H, s) CO 

CO 197.2 C  3, 5B, COCH3 

COOC(CH3)3 168.0 C  (CH3)3  

COOC(CH3)3 82.6 C  (CH3)3 

COOC(CH3)3 28.1 CH3 x 3 1.49 (9H, s) C(CH3)3 
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Table 35 

C δ 13C DEPT HMQC HMBC 

1 134.4 C  2, 8 

2 144.0 CH 6.70 (1H, d, J 8.5) 4, 8 

3 49.0 CH 4.72 (1H, ddd, J 12.1, 8.5,4.4) 4 

4 53.4 CH2 
2.59 (1HA, t, J 12.1)  

3.08 (1HB, dd, J 12.1, 4.4) 
6A 

5 210.0 C  4A, 6B 

6 41.2 CH2 
2.46 (1HA, m) 

2.64 (1HB, m) 
8, 4A 

7 24.9 CH2 
1.98 (1HA, m) 

1.60 (1HB, m) 
6, 8 

8 27.0 CH2 
2.31 (1HA, m) 

2.87 (1HB, m) 
2, 6 

COOC(CH3)3 165.0 C  2, 8A 

COOC(CH3)3 81.0 C  (CH3)3 

COOC(CH3)3 28.0 CH3 1.46, s C(CH3)3 

Cipso 146.0 C  C meta 

Corto 113.3 CH 6.60 (2H, d, J 9.4) Cmeta 

Cmeta 129.4 CH 7.21 (2H, t) Cpara 

Cpara 118.5 CH 6.78 (1H, t) Corto 
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Table 36 

C δ 13C DEPT HMQC HMBC 

1 23.4 CH 
2.72 (1H, dddd, J 9.0, 9.0, 9.0, 

1.5) 
3 

2 141.0 C  3, 4 

3 127.2 CH 6.86 (1H, d, J 7.8) 1, 5 

4 131.7 CH 6.41 (1H, dd, J 12.5, 7.8) 3 

5 131.4 CH 6.13 (1H, d, J 12.5) 3. 7 

6 198.4 C  1, 4 

7 44.4 CH 
2.55 (1H, dddd, J 9.0, 9.0, 9.0, 

1.5) 
1, 8 

8 14.1 CH2 
1.60 (1HA, ddd, J 9.0, 9.0, 4.6) 

1.99 (1HB, ddd, J 9.0, 9.0, 4.6) 
1 

COOC(CH3)3 165.6 C  1, 3, (CH3)3 

COOC(CH3)3 82.0 C  (CH3)3 

COOC(CH3)3 28.1 CH3 x 3 1.54 (9H, s) C(CH3)3 
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Table 37 

C δ 13C DEPT HMQC HMBC 

1 133.6 C  2, 3, 7, 8 

2 136.6 CH 7.20 (1H, d, J 5.2) 4, 8 

3 124.5 CH 
5.89 (1H, dd, J 12.6 and 

5.2) 
 

4 134.6 CH 5.59 (1H, d, J 12.6) 2, 3 

5 108.7 C  3, 4, 7 

6 31.1 CH2 1.72 (2H, m) 4, 8 

7 24.3 CH2 1.72 (2H, m)  6, 8 

8 25.3 CH2 2.45 (2H, m); 2, 6 

COOMe 52.2 CH3 3.75 (3H, s) COO 

OCH2CH2O 65.0 CH2 x 2 3.94-4.04 (4H, m)  

COOMe 167.8 C  2, COOMe, 8 
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Table 38 

C δ 13C DEPT COSY ROESY 

1 128.3 C   

2 58.3 CH 3.95-4.05 (1H, m) C-H3, COOMe 

3 47.9 CH2 1.75-1.90 (2H, m) C-H2 

4 27.6 CH2 

1.75-1.90 (2H, m, H-4a) 

2.01-2.05 (1H, dt, J 13.3 

and 2.1, H-4b) 

 

5 110.2 C   

6 35.1 CH2 1.50-1.75 (2H, m)  

7 34.5 CH 3.66-3.70 (1H, m, H-7) C-H6 

8 138.8 CH 6.32 (1H, d, J 9.3) C-H7 

COOMe 51.8 CH3 3.74 (3H, s, COOMe);  

OCH2CH2O 63.7 CH2 x 2 3.65-3.90 (4H, m)  

CH2-N 51.1 CH2 3.65-3.90 (2H, m) COOMe 

CH(α)N 57.1 CH 3.99-4.07 (1H, q, J 6.6) COOMe 

CH3(α)N 15.9 CH3 1.38 (3H, d, J 6.8);  

C ipso 136.9 C   

C o, m, p 135.3 CH x 5 7.17-7.52 (15H, m, H-Ar)  C-H7 

C ipso 143.1 C   

C ipso 143.4 C   

C o, m, p 126.4-129.3 CH x 10 7.17-7.52 (15H, m, H-Ar)  
C-H1, COOMe, 

CH2-N 

COOMe 168.6 C   
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Table 39 

C δ 13C DEPT HMQC 

1 77.4 C  

2 63.8 CH 3.72 (1H, m) 

3 29.3 CH2 1.56-1.84 (2H, m) 

4 25.9 CH2 1.40-1.56 (2H, m) 

5 25.9 CH2 1.35-1.40 (2H, m) 

6 25.9 CH2 1.40-1.56 (2H, m) 

7 21.7 CH2 1.56-1.84 (2H, m) 

8 29.3 CH2 1.56-1.84 (2H, m) 

COOMe 52.6 CH3 3.79 (3H, s) 

COOMe 176.0 C  
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Table 40 

C δ 13C DEPT HMQC HMBC 

1 75.4 C   

2 130.0 CH 5.73-5.81 (1H, m) H-4 

3 130.0 CH 5.73-5.81 (1H, m) H-4 

4 34.0 CH2 
2.65-2.67 (2H, dd, J 8.4, 

6.1) 
H-3, H-6 

5 112.5 C  H-4, H-6 

6 34.0 CH2 
2.65-2.67 (2H, dd, J 8.4, 

6.1) 
H-4, H-7, H-8 

7 134.4 CH 5.73-5.81 (1H, m) H-6 

8 134.4 CH 5.73-5.81 (1H, m) H-6 

COOCH2 66.8 CH2 4.18-4.21 (2H, t, J 6.6) 

COOCH2-CH2-, 

COO-(CH2)2-

CH2- 

COOCH2-CH2- 30.7 CH2 1.61-1.65 (2H, q, J 6.6) 

COOCH2,COO-

(CH2)2-CH2-, 

COO-(CH2)3-CH3 

COO-(CH2)2-

CH2- 
19.2 CH2 1.33-1.38 (2H, m) COOCH2 

COO-(CH2)3-CH3 13.8 CH3 0.92 (3H, t, J 7.4)  

OCH2CH2O 64.8 CH2 x 2 3.98 (4H, s)  

COO- 174.9 C  COOCH2 
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Table 41 

C δ 13C DEPT HMBC 

1 98.0 C H-3, H-7, OMe 

2 51.6 CH H-4, H-8 

3 32.8 CH2  

4 29.3 CH2 H-2 

5 81.2 C H-2, H-3, H-7 

OMe 49.1 CH3  

6 31.3 CH2  

7 19.8 CH2  

8 24.5 CH2 H-2 

COOMe 52.7 CH3  

COOMe 174.2 C 
H-2, H-8, 

COOMe 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ESPECTROSCOPIA 

En este apartado se recoge la espectroscopia I.R, 1H y 13C RMN de los 

compuestos de esta memoria†  

(Spectroscopic data, in this part is collected I.R, 1H and 13C NMR from all 

compounds) 

 

 

 

 

 

 

 

 

† 
Se puede consultar la espectroscopia completa en el CD-anexo de esta memoria. 

  (Full spectroscopic data can be found in the attached CD) 
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ESTUDIO CRISTALOGRÁFICO: 

La toma de datos y la resolución de las estructuras cristalinas que aparecen en esta memoria se han 

llevado a cabo por el mismo procedimiento general. Monocristales de dimensiones y calidad 

adecuadas se han montado sobre un capilar de vidrio con orientación aleatoria. La recogida de datos se 

ha realizado con un difractómetro automático de cuatro círculos Bruker Kappa Apex II, provisto de un 

detector de área CCD (charge-coupled device) de alta sensibilidad. Todos los monocristales se 

midieron a temperatura ambiente, utilizándose la radiación CuKα (λ =1,54178 Å), con el generador de 

rayos X operando a 40 kV y 30 mA. 

 

Se exploró el espacio recíproco en tres orientaciones distintas recogiéndose un total de 36 imágenes, 

de las cuales se obtuvieron un determinado número de reflexiones que se ajustaron por mínimos 

cuadrados para determinar las dimensiones de la celda unidad. Posteriormente, se procedió a la toma 

de datos sobre una esfera completa del espacio recíproco, recogiéndose 1638 imágenes con una 

anchura de barrido de 0,5º y un tiempo de exposición de 10 s/imagen. Las imágenes se integraron con 

el programa SAINT,189 usando un algoritmo de integración de imagen-estrecha. A las intensidades de 

las reflexiones medidas se aplicaron correcciones de absorción empíricas usando el programa 

SADABS.190 

 

Las estructuras se han resuelto por métodos directos y se han refinado con el método de mínimos 

cuadrados basados en F2 utilizando el paquete de programas SHELXTLTM.191 Las posiciones de los 

átomos de hidrógeno se fijaron geométricamente, excepto algunas de ellas que se obtuvieron mediante 

síntesis de diferencias de Fourier. Las representaciones de las moléculas se han realizado con los 

programas SHELXTLTM 3 y MERCURY.192 

 

La obtención de los monocristales, algunos detalles de la determinación estructural, las tablas de datos 

cristalográficos y resultados del refinamiento, así como representaciones gráficas para cada uno de los 

compuestos que cristalizaron durante esta investigación se recogen en los siguientes anexos. 

                                                 
189

 International Tables for Crystallography, Vol. C, Kluwer Academic Publishers, Dordrecht, New York, 1995. 
190

 M. Martínez-Ripoll, F. H. Cano, “An Interactive Program for Operating Rich. Seifert Single-Crystal Four-Circle 

Diffractometers”. Institute of Physical Chemistry Rocasolano, C.S.I.C., Serrano 119, Madrid, 1996. 
191

 J. M. Stewart, F. A. Kundell, J. C. Baldwin. The X-RAY80 System. Computer Science Center, University of 

Maryland. College Pard, Maryland, USA, 1990. 
192

 Siemens SHELXTL
TM

 Version 5.1, Bruker AXS, Inc., Madison, Wisconsin 53711, USA, 1997. 
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Annexe A: 

tert-butyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino-cycloocta-7-ene carboxylate, 13: 

La estructura se resolvió y refinó empleando el grupo espacial monoclínico P21 (Nº= 4). Las 

posiciones de los átomos de hidrógeno enlazados a los grupos metilo se fijaron geométricamente y el 

resto se localizaron por síntesis de diferencias de Fourier. Los factores finales de acuerdo obtenidos 

fueron R1 = 0.0293, ωR2 = 0.0721 para un total de 407 parámetros. 

 

En la tabla 42 se muestran los parámetros cristalográficos, así como algunas características de la toma 

de datos; una proyección de la estructura del compuesto C28H37NO2 se presenta en la Fig. 46 y en la 

tabla 43 las coordenadas atómicas y factores isotrópicos. 

 

Tabla 42.  

 
Fórmula empírica 
Peso molecular 
Temperatura 
Longitud de onda 
Sistema cristalográfico 
Dimensiones de la unidad de celdilla 
 
 
Volumen 
Z, Densidad calculada 
Coeficiente de absorción 
F (000) 
Tamaño de cristal 
Límites de � para datos colectados 
Límites de los índices 
 
Reflexiones recogidas / observadas 
Método de refinamiento 
 
Datos / restricciones / parámetro 
Bondad del ajuste en F2 
Índice R final [I > 2 sigma (I)] 
Índice R (todos los datos) 
Parámetro de estructura absoluta 
Coeficiente de extinción 
Diferencia máxima pico y agujero 

 
C28 H37 NO2 
419.59 
293 (2) K 
1.54180 Å 
Monoclínico, P21 
a = 10.202 (2) Å  alfa = 90 deg. 
b = 10.819 (2) Å  beta = 90.87 (3) 
c = 11.253 (2) Å  gamma = 90 deg. 
1241.9 (4) �3 
2, 1.122 Mg/ m3 
0.069 mm-1 

456 
0.6 x 0.8 x 1.0 mm 
3.93 a 59.90 deg. 
0<=h<=11, 0<=k<=11,                             
-12<=1<=12 
1947 / 1947  
Mínimos cuadrados con matriz completa 
en F2 
1947 / 1 / 429 
1.087 
R1= 0.0286, �R2= 0.0698 
R1= 0.0304, �R2= 0.0710 
0.35 (148) 
0.3204 (109) 
0.103 y – 0.106 e. �

-3 
 

 



 

Figura 46. (a) Representación ORTEP de C(a) Representación ORTEP de C28H37N1O2. (b) Estructura molecular de C
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. (b) Estructura molecular de C28H37N1O2. 
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Tabla 43. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 
define como la tercera parte del tensor ortogonal Uij. 

 
 x y z U (eq) 
 

O (1) 
 

11480 (2) 
 

9351 (2) 
 

9514 (1) 
 

59 (1) 
O (2) 9841 (1) 9348 (2) 8148 (1) 46 (1) 
N (1) 12286 (2) 8509 (2) 6668 (2) 35 (1) 
C (1) 11866 (2) 9807 (2) 6479 (2) 33 (1) 
C (2) 11715 (2) 10488 (2) 7690 (2) 35 (1) 
C (3) 12952 (2) 11021 (2) 8199 (2) 43 (1) 
C (4) 13379 (3) 12155 (2) 7966 (2) 52 (1) 
C (5) 12688 (3) 13095 (2) 7201 (3) 56 (1) 
C (6) 12856 (3) 12930 (2) 5857 (3) 59 (1) 
C (7) 12136 (3) 11834 (2) 5298 (2) 50 (1) 
C (8) 12687 (2) 10548 (2) 5601 (2) 41 (1) 
C (9) 11027 (2) 9654 (2) 8568 (2) 39 (1) 
C (10) 8887 (2) 8665 (2) 8878 (2) 53 (1) 
C (11) 7710 (4) 8584 (6) 8059 (4) 95 (1) 
C (12) 9430 (5) 7434 (3) 9290 (6) 101 (1) 
C (13) 8559 (4) 9459 (4) 9941 (3) 80 (1) 
C (14) 13712 (2) 8340 (2) 6673 (2) 41 (1) 
C (15) 14224 (2) 7273 (2) 7403 (2) 41 (1) 
C (16) 15085 (2) 6433 (3) 6921 (2) 52 (1) 
C (17) 15629 (3) 5489 (3) 7586 (3) 65 (1) 
C (18) 15326 (3) 5381 (3) 8763 (3) 69 (1) 
C (19) 14475 (3) 6202 (3) 9265 (3) 65 (1) 
C (20) 13916 (3) 7143 (3) 8597 (2) 53 (1) 
C (21) 11498 (2) 7619 (2) 5941 (2) 39 (1) 
C (22) 11547 (3) 6319 (2) 6458 (3) 56 (1) 
C (23) 11788 (2) 7630 (2) 4614 (2) 44 (1) 
C (24) 11058 (3) 8366 (3) 3852 (2) 58 (1) 
C (25) 11316 (4) 8412 (4) 2632 (3) 80 (1) 
C (26) 12307 (4) 7719 (4) 2174 (3) 87 (1) 
C (27) 13034 (4) 6997 (4) 2903 (3) 83 (1) 
C (28) 12788 (3) 6930 (3) 4122 (3) 63 (1) 
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Annexe B: 

tert-butyl (1S,2R,αR)-2-N-benzyl-N-α-methylbenzylamino cyclooctanecarboxylate, 14: 

La estructura se resolvió en el grupo espacial P21 (Nº = 4) perteneciente al sistema cristalino 

monoclínico. Las posiciones de los átomos de hidrógeno se fijaron geométricamente, excepto las 

correspondientes a los hidrógenos H1, H2 y H1N que se obtuvieron mediante síntesis de diferencias 

de Fourier. El refinamiento final converge para valores de los factores de acuerdo R1 = 0.0375 y ωR2 

= 0.1030. En la unidad asimétrica cristaliza una molécula del compuesto C28H39NO2.  

 

En la tabla 44 se muestran los parámetros cristalográficos, así como algunas características de la toma 

de datos; una proyección de la estructura del compuesto C28H39NO2 se presenta en la Fig. 47 y en la 

tabla 45 las coordenadas atómicas y factores isotrópicos. 

 

Tabla 44.  

 
Fórmula empírica 
Peso molecular 
Temperatura 
Longitud de onda 
Sistema cristalográfico 
Dimensiones de la unidad de celdilla 
 
 
Volumen 
Z, Densidad calculada 
Coeficiente de absorción 
F (000) 
Tamaño de cristal 
Límites de � para datos colectados 
Límites de los índices 
 
Reflexiones recogidas / observadas 
Método de refinamiento 
 
Datos / restricciones / parámetro 
Bondad del ajuste en F2 
Indice R final [I > 2 sigma (I)] 
Indice R (todos los datos) 
Diferencia máxima pico y agujero 

 
C28 H39 NO2 
421.60 
293 (2) K 
1.54178 Å 
Monoclínico, P21 
a = 10.9530 (2) Å  alfa = 90 deg. 
b = 9.12210 (4) Å  beta = 91.2210 (10) 
c = 13.0534 (2) Å  gamma = 90 deg. 
1303.93 (4) �3 
2, 1.074 Mg/ m3 
0.510 mm-1 

460 
0.10 x 0.08 x 0.06 mm 
4.04 a 53.45 deg. 
-11<=h<=9, -7<=k<=9,                      -
11<=1<=10 
3118 / 1829 [R (int) = 0.0143] 
Mínimos cuadrados con matriz completa 
en F2 
1829 / 1 / 297 
1.076 
R1= 0.0375, �R2= 0.1030 
R1= 0.0378, �R2= 0.1035 
0.168 y – 0.133 e. �

-3 
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Figura 47. (a) Representación ORTEP de C

 

 

 

(a) Representación ORTEP de C28H39N1O2. (b) Estructura molecular de C

 

 

. (b) Estructura molecular de C28H39N1O2. 
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Tabla 45. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 
define como la tercera parte del tensor ortogonal Uij. 
 

________________________________________________________________ 
 

                                                  x                            y                         z                   U(eq) 
________________________________________________________________ 

 
                       O (1)              646 (2)               1819 (3)              7583 (2)             68 (1) 
                       O (2)              948 (3)                -459 (4)              8152 (3)           117 (1) 
                       N (1)           -2456 (2)                 666 (3)              7750 (2)             43 (1) 
                       C (1)           -1758 (3)                -495 (3)              7223 (3)             45 (1) 
                       C (2)             -509 (3)                  -31 (3)              6800 (3)             46 (1) 
                       C (3)                 45 (3)             -1203 (4)              6112 (4)             72 (1) 
                       C (4)             -728 (4)             -1749 (5)               5219 (4)             89 (2) 
                       C (5)           -1648 (6)             -2910 (7)               5375 (5)          133 (2) 
                       C (6)           -1900 (6)             -3679 (5)               6277 (5)          115 (2) 
                       C (7)         -2090 (10)             -3259 (5)               7274 (5)          196 (5) 
                       C (8)           -1752 (4)             -1910 (4)               7848 (3)             67 (1) 
                       C (9)               422 (3)                385 (4)              7589 (4)             60 (1) 
                     C (10)             1616 (4)             2509 (6)               8243 (4)             90 (1) 
                     C (11)             1390 (6)             2278 (9)               9324 (5)           158 (1) 
                     C (12)             1464 (8)             4105 (7)               7928 (7)           203 (1) 
                     C (13)             2836 (4)           1942 (10)               7923 (5)           171 (1) 
                     C (14)            -1970 (3)             1082 (4)               8756 (3)             53 (1) 
                     C (15)            -2917 (3)             1225 (4)               9587 (3)             53 (1) 
                     C (16)            -3950 (3)               368 (4)               9594 (4)             67 (1) 
                     C (17)            -4788 (4)               479 (6)             10353 (5)             88 (1) 
                     C (18)            -4593 (5)             1459 (6)             11142 (4)             93 (1) 
                     C (19)            -3556 (5)             2307 (5)             11159 (4)             83 (2) 
                     C (20)            -2739 (4)             2197 (4)             10385 (3)             64 (1) 
                     C (21)            -2753 (3)             1940 (3)               7098 (3)             46 (1) 
                     C (22)            -3638 (4)             2969 (4)               7632 (3)             74 (1) 
                     C (23)            -3283 (3)             1500 (3)               6071 (3)             51 (1) 
                     C (24)            -2786 (3)             2006 (4)               5177 (4)             62 (1) 
                     C (25)            -3249 (5)             1636 (5)               4228 (4)             90 (1) 
                     C (26)            -4222 (5)               723 (6)               4144 (5)           108 (1) 
                     C (27)            -4754 (5)               194 (6)               5018 (6)           113 (1) 
                     C (28)            -4285 (4)               578 (5)               5984 (4)             80 (1) 

________________________________________________________________ 
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Annexe C: 

Dimer from tert-butyl 4-oxo-9-oxabicyclo[3.3.1]non-2-ene-carboxylate, 62: 

El resolución y refinamiento de la estructura se realizó en el grupo espacial monoclínico P21/n 

(Nº = 14). Las posiciones de los átomos de hidrógeno se fijaron geométricamente. El 

refinamiento final converge para valores de los factores de acuerdo R1 = 0.0407 y ωR2 = 

0.1094.  

 

En la tabla 46 se muestran los parámetros cristalográficos, así como algunas características de la toma 

de datos; una proyección de la estructura del compuesto C26H36O8 se presenta en la Fig. 48 y en la 

tabla 47 las coordenadas atómicas y factores isotrópicos. 

 

Tabla 46.  

 
Fórmula empírica 
Peso molecular 
Temperatura 
Longitud de onda 
Sistema cristalográfico 
Dimensiones de la unidad de celdilla 
 
 
Volumen 
Z, Densidad calculada 
Coeficiente de absorción 
F (000) 
Tamaño de cristal 
Límites de � para datos colectados 
Límites de los índices 
 
Reflexiones recogidas / observadas 
Método de refinamiento 
 
Datos / restricciones / parámetro 
Bondad del ajuste en F2 
Indice R final [I > 2 sigma (I)] 
Indice R (todos los datos) 
Diferencia máxima pico y agujero 

 
C26 H36 O8 
476.55 
293 (2) K 
1.54180 Å 
Monoclínico, P21/n 
a = 13.5227 (3) Å  alfa = 90 deg. 
b = 11.0781 (3) Å  beta = 92.5800 (10) 
c = 16.5932 (4) Å  gamma = 90 deg. 
2485.07 (11) �3 
4, 1.274 Mg/ m3 
0.771 mm-1 

1024 
0.15 x 0.10 x 0.08 mm 
4.31 a 62.26 deg. 
-15<=h<=15, -11<=k<=12,                      
-18<=1<=18 
13617 / 3855 [R (int) = 0.0277] 
Mínimos cuadrados con matriz completa 
en F2 
3855 / 0 / 313 
1.046 
R1= 0.0407, �R2= 0.1094 
R1= 0.0460, �R2= 0.1139 
0.169 y – 0.144 e. �

-3 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figura 48. (a) Representación ORTEP de C

 

(a) Representación ORTEP de C26H36O8. (b) Estructura molecular de C
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. (b) Estructura molecular de C26H36O8. 
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Tabla 47. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 
define como la tercera parte del tensor ortogonal Uij. 

 
________________________________________________________________ 

 
                                               x                            y                         z                     U(eq) 

________________________________________________________________ 
 

                       O (1)             10295 (1)              -882 (1)               7286 (1)             63 (1) 
                       O (2)               9759 (1)               624 (1)               9087 (1)             52 (1) 
                       O (3)               8101 (1)             2637 (2)               9014 (1)             72 (1) 
                       O (4)               8218 (1)               201 (1)               7641 (1)             52 (1) 
                       O (5)             11493 (1)             3256 (1)               7534 (1)             72 (1) 
                       O (6)             10715 (1)             4142 (1)               8549 (1)             50 (1) 
                       O (7)               9217 (1)             3572 (1)               6339 (1)             75 (1) 
                       O (8)               9874 (1)             1893 (1)               5818 (1)             46 (1) 
                       C (1)             11268 (2)              -585 (2)               9001 (1)             62 (1) 
                       C (2)             11889 (2)               551 (2)               8986 (1)             64 (1) 
                       C (3)             11354 (2)             1567 (2)               9401 (1)             59 (1) 
                       C (4)             10303 (1)             1738 (2)               9055 (1)             48 (1) 
                       C (5)             10219 (1)              -333 (2)               8665 (1)             52 (1) 
                       C (6)             10194 (1)             2197 (2)               8187 (1)             42 (1) 
                       C (7)             10247 (1)             1232 (1)               7509 (1)             41 (1) 
                       C (8)             10233 (1)                -69 (2)               7773 (1)             47 (1) 
                       C (9)               9099 (1)             2496 (2)               7879 (1)             43 (1) 
                     C (10)               9249 (1)             1733 (1)               7107 (1)             40 (1) 
                     C (11)               8294 (1)             2073 (2)               8413 (1)             52 (1) 
                     C (12)               7681 (1)               980 (2)               8152 (1)             57 (1) 
                     C (13)               8462 (1)               772 (2)               6899 (1)             46 (1) 
                     C (14)               6717 (2)             1372 (2)               7744 (2)             71 (2) 
                     C (15)               6894 (2)             2007 (2)               6949 (2)             72 (1) 
                     C (16)               7535 (2)             1203 (2)               6436 (1)             61 (1) 
                     C (17)             10885 (1)             3249 (2)               8039 (1)             46 (1) 
                     C (18)             11302 (1)             5277 (2)               8555 (1)             55 (1) 
                     C (19)             12387 (2)             4990 (3)               8721 (2)             96 (1) 
                     C (20)             10866 (2)             5956 (2)               9248 (2)             94 (1) 
                     C (21)             11121 (2)             5931 (2)               7767 (1)             74 (1) 
                     C (22)               9440 (1)             2527 (2)               6383 (1)             45 (1) 
                     C (23)             10216 (1)             2466 (2)               5068 (1)             46 (1) 
                     C (24)               9342 (2)             2948 (3)               4577 (1)             87 (1) 
                     C (25)             10686 (2)             1425 (2)               4646 (1)             64 (1) 
                     C (26)             10980 (2)             3419 (2)               5294 (1)             79 (1) 

________________________________________________________________ 
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Annexe D: 

tert-butyl (αR)-3-N-α-methylbenzylamino-5-oxobicyclo[2.2.2]octane-1-carboxylate, (+)-68: 

Para la determinación estructural del compuesto C21H29NO3 se seleccionó un monocristal prismático 

de dimensiones 0.15 x 0.10 x 0.08 mm. Las dimensiones de la celdilla unidad se establecieron por el 

ajuste de mínimos cuadrados de 25 reflexiones bien centradas en el rango angular 2º < θ < 20º. Una 

vez determinada la celda elemental y la simetría del cristal se midieron las intensidades difractadas 

mediante barridos ω/2θ hasta un ángulo máximo de Bragg de 120º, recogiéndose 3581 reflexiones. 

Una vez realizadas las correcciones de Lorentz y polarización quedaron 1758 reflexiones observadas [I 

> 2σ (I)] para la resolución y refinamiento de la estructura. Los factores de difusión y corrección de 

dispersión anómala para los átomos de C, N y O se tomaron de las Tablas Internacionales de 

Cristalografía (1).  

 

La estructura se resolvió en el grupo espacial ortorrómbico P212121 (Nº = 19) usando métodos directos. 

Refinamientos por mínimos cuadrados con matriz completa empleando parámetros térmicos 

anisotrópicos para los átomos de carbono, nitrógeno y oxígeno condujeron a los factores de acuerdo R 

= 0.0646, ωR2 = 0.1661. Los átomos de hidrógeno se posicionaron mediante cálculos geométricos 

apropiados, incluyéndolos en las últimas fases de refinamiento estructural. 

 

En la tabla 48 se muestran los parámetros cristalográficos, así como algunas características de la toma 

de datos; una proyección de la estructura del compuesto C21H29NO3 se presenta en la Fig. 49 y en la 

tabla 49 las coordenadas atómicas y factores isotrópicos. 
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Tabla 48.  

 

 

Fórmula empírica 

Peso molecular 

Temperatura 

Longitud de onda 

Sistema cristalográfico 

Dimensiones de la unidad de celdilla 

 

 

Volumen 

Z, Densidad calculada 

Coeficiente de absorción 

F (000) 

Tamaño de cristal 

Límites de � para datos colectados 

Límites de los índices 

Reflexiones recogidas / observadas 

Método de refinamiento 

 

Datos / restricciones / parámetro 

Bondad del ajuste en F2 

Indice R final [I > 2 sigma (I)] 

Indice R (todos los datos) 

Coeficiente de extinción 

 

C21 H29 NO3 

343 

293 (2) K 

1.54180 Å 

Ortorrómbico, P212121 

a = 6.4000 (13) Å alfa = 90 deg. 

b = 8.812 (2) Å  beta = 90 deg 

c = 35.433 (7) Å gamma = 90 deg. 

1998.3 (7) �3 

4, 1.228 Mg/ m3 

0.643 mm-1 

798 

0.15 x 0.10 x 0.08 mm 

2.49 a 59.95 deg. 

0<=h<=7, 0<=k<=9, 0<=1<=39 

3581 / 1758 

Mínimos cuadrados con matriz completa 

en F2 

1757 / 0 / 231 

0.994 

R1= 0.0646, �R2= 0.1661 

R1= 0.1020, �R2= 0.2042 

0.0024 (8) 
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Figura 49 (a) Representación ORTEP de C21H29NO3. (b) Estructura molecular de C21H29NO3. 
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Tabla 49. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 

define como la tercera parte del tensor ortogonal Uij. 
 

________________________________________________________________ 
 

                                               x                            y                         z                      U(eq) 
________________________________________________________________ 

 
                      O (1)           1228 (14)                4021 (8)              7752 (2)             143 (3) 

                      O (2)             3421 (9)                4878 (5)              8190 (1)               73 (2) 

                      O (3)            -2106 (7)                2654 (7)              9183 (1)               88 (2) 

                      N (1)             3100 (8)                1496 (5)              9214 (1)               54 (1) 

                      C (1)           5388 (11)               -1451 (8)              9374 (2)               68 (2) 

                      C (2)           5985 (14)               -2953 (9)              9323 (2)               90 (3) 

                      C (3)           4635 (19)             -4090 (10)              9406 (3)             103 (3) 

                      C (4)           2670 (19)               -3755 (9)              9542 (3)             103 (3) 

                      C (5)           2086 (14)               -2266 (8)              9580 (2)               78 (2) 

                      C (6)           3407 (10)               -1101 (7)              9498 (2)               53 (2) 

                      C (7)           2750 (10)                  566 (7)              9538 (2)               58 (2) 

                      C (8)             2390 (9)                  925 (7)              8849 (2)               53 (2) 

                      C (9)              -13 (10)                  868 (7)              8851 (2)               55 (2) 

                      C (10)          -770 (11)                  454 (9)              8458 (2)               77 (2) 

                      C (11)          -227 (14)               1 657 (9)              8183 (2)               83 (2) 

                      C (12)         1238 (10)                2808 (7)              8351 (2)               55 (2) 

                      C (13)         3116 (10)                1991 (9)              8535 (2)               76 (2) 

                      C (14)            -802 (9)                2411 (8)              8940 (2)               59 (2) 

                      C (15)             74 (12)                3597 (7)              8692 (2)               64 (2) 

                      C (16)         1948 (15)                3959 (9)              8075 (2)               83 (2) 

                      C (17)         4119 (13)                6196 (7)              7973 (2)               70 (2) 

                      C (18)         5609 (24)              6939 (15)              8251 (4)             190 (7) 

                      C (19)         5056 (22)              5803 (12)              7620 (3)             157 (5) 

                      C (20)         2315 (19)              7225 (11)              7920 (3)             150 (5) 

                      C (21)         3836 (12)                1304 (9)              9888 (2)               79 (2) 

______________________________________________________________ 
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Annexe E: 

(3R*,4R*,E)-tert-butyl 3,4-dibromo-5-oxocyclooct-1-enecarboxylate, 73: 

La estructura se resolvió en el grupo espacial ortorrómbico Pca21 (Nº = 29). Las posiciones de los 

átomos de hidrógeno se calcularon teóricamente. El refinamiento final empleando parámetros térmicos 

anisotrópicos para todos los átomos distintos de hidrógeno condujo a los factores de acuerdo R1 = 

0.0291, ωR2 = 0.0741. Todos los átomos de hidrógeno se calcularon geométricamente, con distancias 

C-H constreñidas a 0.93 Å (CH aromático), 0.96 Å (CH3 metilo), 0.97 Å (CH2 metileno) y 0.98 Å (CH 

metino). Esta estructura se encuentra depositada en la base de datos cristalográfica de Cambridge con 

número de depósito CCDC-XXXXXX y publicada en Acta Cryst. (2012). E68, 0.  

 

Los datos fundamentales del cristal y algunas características de la recogida de datos aparecen en la 

Tabla 50. En la Fig. 50 se ha representado la estructura del compuesto C13H18O3Br2 y en la tabla 51 las 

coordenadas atómicas y factores isotrópicos. 

 

Tabla 50. 

 
Fórmula empírica 
Peso molecular 
Temperatura 
Longitud de onda 
Sistema cristalográfico 
Dimensiones de la unidad de celdilla 
 
 
Volumen 
Z, Densidad calculada 
Coeficiente de absorción 
F (000) 
Tamaño de cristal 
Límites de � para datos colectados 
Límites de los índices 
Reflexiones recogidas / observadas 
Método de refinamiento 
 
Datos / restricciones / parámetros 
Bondad del ajuste en  F2 
Índice R final [I > 2 sigma (I)] 
Índice R (todos los datos) 
 

 
C13 H18 Br2 O3 
382.09 
293 (2) K 
1.54180 Å 
Ortorrómbico, Pca21 
a = 14.0779 (10) Å alfa = 90 deg. 
b = 9.6097 (7) Å  beta = 90 deg 
c = 11.2713 (10) Å gamma = 90 deg. 
1524.8 (2) �3 
4, 1.664 Mg/ m3 
6.740 mm-1 
760 
0.06 x 0.08 x 0.10 mm 
4.60 a 59.16 deg. 
-15<=h<=11, -7<=k<=10, -10<=l<=7 
3360 / 1472 [R(int) = 0.0227] 
Mínimos cuadrados con matriz completa 
en F2 
1472 / 1 / 203 
1.132 
R1= 0.0207, �R2= 0.0505 
R1= 0.0211, �R2= 0.0508 
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Figura 50 (a) Representación ORTEP de C

 

 

 

 

 

 

 

(a) Representación ORTEP de C13H18O3Br2. (b) Estructura molecular de C

 

 

. (b) Estructura molecular de C13H18O3Br2. 
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Tabla 51. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 
define como la tercera parte del tensor ortogonal Uij. 

 

  
x 
 

y z U(eq) 

 

Br (1) 

 

2364 (1) 

 

9680 (1) 

 

8317 (1) 

 

43 (1) 

Br (2) 582 (1) 7277 (1) 7371 (1) 56 (1) 

O (1) 548 (2) 14190 (4) 4932 (4) 64 (1) 

O (2) 2052 (2) 13432 (3) 5156 (3) 39 (1) 

O (3) 405 (2) 9164 (4) 4578 (4) 58 (1) 

C (1) 1266 (3) 10113 (4) 7299 (6) 32 (1) 

C (2) 1037 (3) 8882 (4) 6485 (5) 33 (1) 

C (3) 256 (3) 9291 (5) 5630 (6) 37 (1) 

C (4) -671 (3) 9851 (5) 6101 (7) 45 (2) 

C (5) -800 (3) 11403 (5) 5884 (6) 44 (2) 

C (6) -163 (3) 12331 (5) 6662 (7) 42 (1) 

C (7) 859 (3) 12313 (4) 6256 (5) 32 (1) 

C (8) 1487 (2) 11343 (4) 6555 (5) 31 (1) 

C (9) 1124 (3) 13421 (4) 5382 (5) 38 (1) 

C (10) 2488 (3) 14418 (4) 4303 (6) 41 (1) 

C (11) 2076 (4) 14200 (6) 3097 (6) 69 (2) 

C (12) 2359 (5) 15893 (5) 4771 (8) 82 (2) 

C (13) 3519 (3) 13966 (6) 4323 (7) 69 (2) 
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Annexe F: 

Methyl (1S,2R,αR)-1-hydroxy-2-N-benzyl-N-α-methylbenzylamino-cyclooct-7-ene-1-carboxylate, 

(-)-90: 

La determinación estructural y el refinamiento se llevó a cabo en el grupo espacial ortorrómbico 

P212121 (Nº = 19). El refinamiento final empleando parámetros térmicos anisotrópicos para todos los 

átomos distintos de hidrógeno condujo a los factores de acuerdo R1 = 0.0243, ωR2 = 0.0615. Las 

posiciones de los átomos de hidrógeno se calcularon teóricamente, excepto aquellas correspondientes 

a los hidrógenos unidos a los átomos de carbono, C1, C2, C3, C8 y C18 que se obtuvieron por síntesis 

de diferencias de Fourier. 

 
Los datos fundamentales del cristal y algunas características de la recogida de datos aparecen en la 

Tabla 52. En la Fig. 51 se ha representado la estructura del compuesto C25H31NO3 y en la tabla 53 las 

coordenadas atómicas y factores isotrópicos. 

 

Tabla 52. 

 
Fórmula empírica 
Peso molecular 
Temperatura 
Longitud de onda 
Sistema cristalográfico 
Dimensiones de la unidad de celdilla 
 
 
Volumen 
Z, Densidad calculada 
Coeficiente de absorción 
F (000) 
Tamaño de cristal 
Límites de � para datos colectados 
Límites de los índices 
Reflexiones recogidas / observadas 
Método de refinamiento 
 
Datos / restricciones / parámetros 
Bondad del ajuste en  F2 
Índice R final [I > 2 sigma (I)] 
Índice R (todos los datos) 
Diferencia máxima pico y agujero 
 

 
C25 H31 NO3 
393.51 
293 (2) K 
1.54178 Å 
Ortorrómbico, P212121 
a = 7.9167 (2) Å alfa = 90 deg. 
b = 13.8411 (4) Å  beta = 90 deg 
c = 20.0788 (5) Å gamma = 90 deg. 
2200.15 (10) �3 
4, 1.188 Mg/ m3 
0.610 mm-1 
848 
0.10 x 0.08 x 0.06 mm 
3.88 a 47.63 deg. 
-5<=h<=7, -13<=k<=13, -19<=l<=19 
9887 / 2033 [R(int) = 0.0250] 
Mínimos cuadrados con matriz completa 
en F2 
2033 / 0 / 285 
1.056 
R1= 0.0243, �R2= 0.0615 
R1= 0.0250, �R2= 0.0621 
0.092 y -0.087 e. �

-3 
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Figura 51 (a) Representación ORTEP de C25H31N1O3. (b) Estructura molecular de C25H31N1O3. 
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Tabla 53. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 
define como la tercera parte del tensor ortogonal Uij. 

 

  
x 
 

 
y 
 

 
z 
 

 
U(eq) 

 
 

O (1) 
 

1933 (2) 
 

-1472 (1) 
 

8231 (1) 
 

68 (1) 
O (2) 2295 (2)     -73 (1) 8752 (1) 65 (1) 
O (3) 4599 (2)     -69 (1) 7687 (1) 60 (1) 
N (1) 5212 (2) -1620 (3) 7150 (1) 44 (1) 
C (1) 4682 (2)   -672 (1) 8182 (1) 43 (1) 
C (2) 5760 (3)   -296 (2) 8748 (1) 54 (1) 
C (3) 5893 (3)   -648 (2) 9352 (1) 60 (1) 
C (4) 4994 (3) -1511 (2) 9613 (1) 62 (1) 
C (5) 5996 (3) -2443 (2) 9539 (1) 70 (1) 
C (6) 6690 (3) -2637 (2) 8845 (1) 63 (1) 
C (7) 5465 (3) -2523 (1) 8257 (1) 51 (1) 
C (8) 5588 (3) -1569 (1) 7867 (1) 42 (1) 
C (9) 2840 (3)  -816 (2) 8387 (1) 50 (1) 
C (10)   558 (3)    -89 (2) 8961 (1) 86 (1) 
C (11) 3852 (3) -2286 (2) 6952 (1) 55 (2) 
C (12) 3086 (3) -2010 (2) 6293 (1) 51 (2) 
C (13) 
C (14) 
C (15) 
C (16) 
C (17) 
C (18) 
C (19) 
C (20) 
C (21) 
C (22) 
C (23) 
C (24) 
C (25) 

 

2857 (5) 
2157 (7) 
1686 (5) 
1900 (4) 
2576 (3) 
6740 (2) 
7894 (3) 
7647 (3) 
8991 (3) 
9712 (3) 
9121 (4) 
7816 (4) 
7087 (3) 

-2672 (2) 
-2425 (3) 
-1522 (3) 
 -840 (2) 
-1088 (2) 
-1717 (2) 
-2569 (2) 
 -758 (1) 
 -515 (2) 
 393 (2) 
1070 (2) 
 841 (2) 
 -63 (2) 

 

5808 (1) 
5202 (2) 
5073 (2) 
5540 (2) 
6152 (1) 
6716 (1) 
6880 (1) 
6682 (1) 
7089 (1) 
7069 (1) 
6633 (2) 
6212 (1) 
6237 (1) 

          104 (2) 
          155 (2) 
          113 (1) 
          100 (1) 

82 (1) 
50 (1) 
71 (1) 
48 (1) 
64 (1) 
79 (1) 
83 (1) 
74 (1) 
61 (1) 
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Annexe G: 

Methyl (1S,2R,αR)-1-hydroxy-2-N-benzyl-N-α-methylbenzylamino-5,5-ethylenedioxycyclooct-7-

ene-1-carboxylate, (-)-94: 

La estructura fue elucidada empleando el grupo espacial monoclínico P21 (Nº = 4). 

Refinamientos por mínimos cuadrados con matriz completa empleando parámetros térmicos 

anisotrópicos para los átomos de carbono, nitrógeno y oxígeno condujeron a los factores de 

acuerdo R1 = 0.0284 y ωR2 = 0.0741. Las posiciones de los átomos de hidrógeno se 

calcularon teóricamente, excepto aquellas correspondientes a los hidrógenos unidos a los 

átomos de carbono, C1, C2, C3 y C18 que se obtuvieron por síntesis de diferencias de 

Fourier.  

Los datos fundamentales del cristal y algunas características de la recogida de datos aparecen en la 

tabla 54. En la Fig. 52 se ha representado la estructura del compuesto C27H33NO5 y en la tabla 55 las 

coordenadas atómicas y factores isotrópicos. 

 
Tabla 54. 

Fórmula empírica 
Peso molecular 
Temperatura 
Longitud de onda 
Sistema cristalográfico 
Dimensiones de la unidad de celdilla 
 
 
Volumen 
Z, Densidad calculada 
Coeficiente de absorción 
F (000) 
Tamaño de cristal 
Límites de � para datos colectados 
Límites de los índices 
Reflexiones recogidas / observadas 
Método de refinamiento 
 
Datos / restricciones / parámetros 
Bondad del ajuste en  F2 
Índice R final [I > 2 sigma (I)] 
Índice R (todos los datos) 
Diferencia máxima pico y agujero 

C27 H 33 N O5 
451.54 
293 (2) K 
1.54178 Å 
Monoclinic, P21 
a = 7.8008 (2) Å alfa = 90 deg. 
b = 7.9231 (2) Å beta = 94.410 (2) deg 
c = 19.9878 (5) Å gamma = 90 deg. 
1231.72 (5) �3 
2, 1.217 Mg/ m3 
0.673 mm-1 
484 
0.15 x 0.10 x 0.8 mm 
2.22 a 62.24 deg. 
-8<=h<=8, -9<=k<=6, -22<=l<=22 
6688 / 2776 [R(int) = 0.0222] 
Mínimos cuadrados con matriz completa 
en F2 
2776 / 1 / 318 
1.023 
R1= 0.0284, �R2= 0.0741 
R1= 0.0300, �R2= 0.0755 
0.137 y -0.092 e. �

-3 
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Figura 52. (a) Representación ORTEP de 

 

 

 

 

 

(a) Representación ORTEP de C27H33N1O5. (b) Estructura molecular de . (b) Estructura molecular de C27H33N1O5. 
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Tabla 55. Coordenadas atómicas (x 104) y factores isotrópicos de temperatura (Ǻ2 x 103). U(eq) se 
define como la tercera parte del tensor ortogonal Uij. 

 
  

x 
 

y z U(eq) 

 
O (1) 

 
2503 (2) 

 
1077 (2) 

 
1833 (1) 

 
70 (1) 

O (2) 5337 (2) 1188 (2) 1759 (1) 69 (1) 
O (3) 
O (4) 
O (5) 

4807 (2) 
1322 (2) 
3082 (2) 

3559 (2) 
4197 (2) 
6447 (2) 

2773 (1) 
   -90 (1) 
   -83 (1) 

68 (1) 
62 (1) 
74 (1) 

N (1) 1548 (2) 4442 (2) 2755 (1) 51 (1) 
C (1) 4052 (2) 3709 (3) 2103 (1) 49 (1) 
C (2) 5302 (3) 4683 (3) 1705 (1) 57 (1) 
C (3) 5271 (3) 4826 (3) 1047 (1) 59 (1) 
C (4) 3995 (3) 4016 (3)  551 (1) 57 (1) 
C (5) 2500 (2) 5148 (3)  336 (1) 52 (1) 
C (6) 1594 (3) 5934 (3)  913 (1) 56 (1) 
C (7) 1125 (2) 4730 (3) 1478 (1) 52 (1) 
C (8) 2352 (2) 4774 (3) 2123 (1) 47 (1) 
C (9) 3820 (3) 1866 (3) 1875 (1) 51 (1) 
C (10) 5337 (4)  -564 (3) 1563 (2) 93 (1) 
C (11)     93 (3) 3246 (3) 2730 (1) 58 (1) 
C (12)  -107 (3) 2472 (3) 3407 (1) 54 (1) 
C (13) 
C (14) 
C (15) 
C (16) 
C (17) 
C (18) 
C (19) 
C (20) 
C (21) 
C (22) 
C (23) 
C (24) 
C (25) 
C (26) 
C (27) 

 

-1564 (3) 
-1701 (4) 
 -400 (4) 
1040 (4) 
1196 (3) 
1195 (3) 
   70 (3) 
2867 (3) 
3691 (3) 
5253 (4) 
6007 (4) 
5205 (4) 
3646 (3) 
  523 (3) 
1735 (3) 

2710 (4) 
1985 (4) 
1010 (5) 
  750 (4) 
1485 (3) 
6000 (3) 
7310 (4) 
6682 (3) 
8089 (3) 
8620 (4) 
7750 (6) 
6372 (5) 
5826 (4) 
5361 (4) 
6833 (3) 

3745 (1) 
4368 (1) 
4654 (1) 
4324 (1) 
3707 (1) 
3144 (1) 
2757 (2) 
3467 (1) 
3239 (1) 
3544 (2) 
4086 (2) 
4319 (2) 
4018 (1) 
 -563 (1) 
 -571 (1) 

70 (1) 
85 (1) 
89 (1) 
85 (1) 
69 (1) 
57 (1) 
78 (1) 
54 (1) 
69 (1) 
92 (1) 

          102 (1) 
94 (1) 
71 (1) 
78 (1) 
67 (1) 
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CONCLUSIONS: 

 
1. A efficient method aimed to the synthesis of cycloocta-1,3- and 1,7-diene carboxylates 

has been achieved from cycloocta-1,5-diene. 

 

2. A highly efficient asymmetric synthesis of (1S,2R)-2-aminocyclooctanecarboxylic acid 

17 has been completed using cycloocta-1,5-diene as starting material. It is achieved in 

77% yield via a four-step sequence from tert-butyl cycloocta-1,7-dienecarboxylate 7 

where the extra double bond adjacent to the unsaturated ester is essential to improve the 

yield. 

 

 

 

3. From the cyclooct-1,3-diene carboxylate derivative 6 has been achieved the 

functionalized β-amino acid 22 incorporating in its structure two aldehydes groups in 

30% overall yield. This strategy will lead to the synthesis of Tashiromine by using as 

starting material the β-amino cycloocta-5-ene isomer XX. 

 

 

 

4. The highly functionalized cyclooctanic β-amino acids 29 and 30 have been obtained in 

2 steps from (±)-26 in 26% and 15%, respectively. Through a Michael addition of chiral 

lithium amide to the racemic mixture of isopropilidendioxi derivatives (±)-26, a 

matched pair approaches transformation accounts for the obtained results. 
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(1R,6S,9R,10S, S)-29

COOH

O

O

(1R,2R,3S,4S, S)-30

NBnPh

+

O

O

N

H

Ph

Ph

H

OH

COOtBu

O

O

(±)-26

N
H

Ph

Ph

 

 

5. An oxygen functionalized C-5 and C-6 adduct 47 has been proposed to the approach of 

Tashiromine. As the Michael addition of chiral lithium amide did not take place, further 

functionalized derivatives from 47 are suggested for future research works. 

 

 

 

6. (1E,3Z) tert-butyl and methyl 5-oxo-cycloocta-1,3-diene carboxylates 56 and 58 were 

obtained from their respective cycloocta-1,3-diene carboxylates. The yield of the 5-oxo 

compounds is optimized by oxidation with TPAP of the alcohol intermediate. 

 

 

 

7. Through application of the same conditions used for the obtention of compounds 56 and 

58 with the unsaturated esters 7 and 55, different cyclooctanic derivatives were found 

such as tert-butyl and methyl 4-oxo-9-oxabicyclo[3.3.1]non-2-ene-2-carboxylate, 60 

and 61. When 60 is subjected to crystallization, the dimer 62 is obtained throughout a 

[2+2] cyclization. The structure of these compounds have been determined by X-Ray 

diffraction of 62. 
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8. Through a complete study of the reactivity of 56 with amines, compounds with a 

bicycle[2.2.2]octane structure were obtained with primary amines. This fact opens a 

new and very interesting research pathway as its functionalization makes possible to 

obtain intermediates like XII or XIII. These type of compounds exhibit potential as 

organocatalysts, particularly derivative XIII which presents an own axis of C3 

symmetry. 

 

 

9. Methyl 5,5-ethylenedioxycycloocta-1,7-diene-1-carboxylate 84 is obtained in 6 steps 

from cycloocta-1,5-diene in a 75% overall yield. This compound represents a key 

derivative IV proposed in the approach to the synthesis of Anatoxin-a. 

 

 

 

10. Methyl (1S,2R)- and (1S,2S)-1-hydroxy-2-amino-cyclooctanecarboxylates, (-)-92 and 

(+)92 are obtained in 16% and 26% overall yield from cycloocta-1,7-diene carboxylate 

55, respectively. Through a tandem reaction with chiral lithium amide followed by 

oxaziridine addition, which can be further converted into their respective functionalized 

cyclooctanic β-amino acids enriching our adducts library. 

 

COOMe

1) (R)-C or (S)-C

2) (±)-trans-oxaziridine
or (1R)- or (1S)-(-)-CSO

COOMeN
OHPh

Ph

55 (-)-90
or

(+)-90

CH3COOH (glacial), Pd/C

H2 (4 atm.), r.t., 24 h.

EtOAc, Pd/C

H2 (4 atm.), r.t., 16 h.

COOMeH2N
OH

COOMeH2N
OH

(-)-92(+)-92  
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11. Using the previous tandem reaction, (-)-94 is obtained in 32% from 84 and it has led to 

the synthesis of the bicycles (-)-101 and (-)-102. 

 

 

 

12. When the β-amino ester without the hydroxy group (-)-106 is used in the previous 

cyclization reaction, the deprotected product from the carbonyl group and partial 

hydrogenolysis (-)-112 is obtained in14% yield, together with the 9-

azabicyclo[4.2.1]nonane (-)-113 in 27% yield. The latter is a highly advanced synthon 

into the synthesis of Anatoxin-a. 
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