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a Naturaleza, con mas de 170000 moléculas, ha ofrecido y ofrece unas
posibilidades inagotables en cuanto al descubrimiento de complejidad
y diversidad molecular. A pesar del acelerado progreso en los métodos
de sintesis orgdnica y de las técnicas de automatizado robotizadas para
desarrollar facilmente librerias de compuestos, en la actualidad se considera
mejor, en términos de eficacia, seleccionar “cabezas de serie” de origen natural

para la busqueda de nuevas moléculas bioactivas.!

De entre las distintas familias de Productos Naturales, los terpenos
constituyen probablemente el grupo con mayor niimero de moléculas descritas,
superior a 25000,> pertenecientes a mas de 400 esqueletos carbonados. Este tipo

de moléculas destaca por su gran variedad de aplicaciones, desde la antigiiedad

1 Rémpp Encyclopedy of Natural Products; W. Steglich, B. Fugmann, S. Lang-Fugmann, Eds.;
Thieme-Verlag 2000, Stuttgart.
2Dictionary of Terpenoids; J. D. Connolly, R. A. Hill, Eds.; Vol. 1-3, Chapman and Hall 1991,

London.
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se usan en perfumeria y cosmética, y en la actualidad también se emplean como
farmacos, insecticidas, herbicidas, fitorreguladores, etc.? Desde el punto de vista
cientifico, su origen tiene lugar en 1887 cuando O. Wallach propone la regla del
isopreno para relacionar las estructuras de mono-terpenos y L. Ruzicka a
mediados del siglo pasado la redefine y emplea para establecer la estructura de
sesqui-, di- y triterpenos.* La regla biogenética del isopreno del Instituto
Politécnico de Zurich contribuye al descubrimiento del concepto de ciclaciones
de terpenoides, teniendo en cuenta las consideraciones mecanisticas de Stork en
1950.5 Ha sido aceptado hasta hace pocos afos que el acido mevalonico era el
unico precursor de las unidades de isopreno Cs, difosfato de isopentenilo (IPP)

o difosfato de dimetil-alilo (DMAPP), precursores biosintéticos de los terpenos

(Esquema 1).
HMG-CoA
(@] Tiolasa O O sintasa H(}Q?\SC A
2| A scon AAscon L oo T
Acetil-CoA Acetoacetil-CoA ' : : : :
' ' B-Hidroxi-B-metilglutaril-CoA
:_%_5_99!*_: (HMG-CoA)
HMG-CoA
reductasa
Mevalonato Mevalonato
HO quinasa HO 5-fosfotransferasa HQ
OPP OoP OH
COO COO” COO
5-Pirofosfomevalonato 5-Fosfomevalonato Mevalonato

O ~ Pirofosfato
-0-p{O? Pirofosfomevalonato de isopentilo
(0] (F;_O ADP descarboxilasa )\/\ isomerasa )\/\
Hoj Y oPP~ — oPP
(?</\OPP CO, Pirofosfato de Pirofosfato de
LN 3-isopentilo 2-isopentilo
O Oe

3 Medicinal Natural Products; P. M. Dewick, Ed.; 2d Edition, Wiley 2002, Chichester.

4 a) Ruzicka, L. Experientia 1959, 9, 357. b) Eschenmoser, A.; Ruzicka, L.; Jeger, O.; Arigoni, D.
Helv. Chim. Acta 1955, 38, 1890-1904.

5 a) Stork, G. Burgstahler, A. W. |. Am. Chem. Soc. 1955, 77, 5068-5077. b) Eschenmoser, A.;
Ruzicka, L.; Jeger, O.; Arigoni, D. Helv. Chim. Acta. 1955, 38, 1890-1904.

6
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Esquema 1. Ruta mevaldnica

Sin embargo en 1995, M. Rohmer y D. Arigoni descubrieron una nueva
via a través del fosfato de gliceraldehido-piruvato (desoxixilulosafosfato), 1-
desoxi-D-xilulosa-5-fosfato o metileritritolfosfato, inicialmente en hopanoides
de bacterias (Esquema 2). Esta ruta también estd presente en plantas, donde
coexisten ambas, aunque separadas en compartimentos celulares bien
diferenciados. En el citosol funciona la ruta mevaldnica que conduce a
triterpenos y esteroles, y en los cloroplastos actia la ruta del

metileritritolfosfato originando los restantes terpenos.®

6 a) Rohmer, M.; Knani, M.; Simonin, P.; Sutter, B.; Sahm, H. Biochem. J. 1993, 295, 517-524. b)
Rohmer, M.; Seeman, M.; Horbach, S.; Bringer-Meyer, S.; Sahm, H. . Am. Chem Soc. 1996, 118,
2564-2566. c) Rohmer, M. Nat. Prod. Rep. 1999, 16, 565-574. d) Arigoni, D.; Sagner, S.; Latzel, C,;
Eisenreich, W.; Bacher, A.; Zenk, M. Proceedings of the National Academy of Sciences of the United
States of America 1997, 94, 10600-10605. d) Eisenreich, W.; Schwarz, M.; Cartayrade, A.; Arigoni,
D.; Zenk, M. H.; Bacher, A. Chemistry & Biology 1998, 5, R221-R233. e) Fellermeier, M.; Raschke,
M.; Sagner, S.; Wungsintaweekul, J.; Schuhr, C. A.; Hecht, S,; Kis, K.; Radykewicz, T.; Adam, P.;
Rohdich, F.; Eisenreich, W.; Bacher, A.; Arigoni, D.; Zenk, M. H. Eur. |. Biochem. 2001, 268, 6302-
6310. f) Kuzuyama, T.; Seto, H. Mat. Prod. Rep. 2003, 20, 171-183.
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OYCOZH

. OH
Piruvato Sintasa O Reductoisomerasa o
+ —_— OP03H2 OP03H2
OH OH OH
L 3 1-desoxi-D-xilulosa-5-fosfato 2-C-metil-D-eritritol-4-fosfato

Triosa fosfato

Citidil-
transferasa
NH NH
O, JOH \ 2 2
’OH (X [N
O 9.0 NSO e OH o 9 NS0
O-P-0-P-O L O-P-0-P-O
OH OH OH OH o OH OH OH OH o
OH OH OH OH
2-fosfo-4-(CDP)-2-C-metil-D-eritritol 4-(CDP)-2-C-metil-D-eritritol
Sintasa

Pirofosfaro de
)\WOPP

3-isopentenilo (IPP)

O/P/O\ /}(
A\ S, T NOPP N
3 OH \

HO HOH

2-C-metil-D-eritritol- )\ﬁ Pirofosfato de
2,4-ciclofosfato X-"opp | dimetilalilo (DAMPP)

1\ Isomerasa

Esquema 2. Ruta no mevaldnica

La formacién biosintética de los distintos tipos de terpenos a partir del
isopreno (2-metil-butadieno), tiene lugar mediante uniones mayoritariamente
cabeza-cola o cabeza-cabeza originando poliprenos aciclicos de 5, 10
(monoterpenos), 15 (sesquiterpenos), 20 (diterpenos), 25 (sesterterpenos), 30
(triterpenos), 40 (tetraterpenos), etc., carbonos (Esquema 3). Cada uno de ellos
es el precursor de las distintas subfamilias de terpenos, a través de ciclaciones

enzimaticas, mediante ciclasas.



Horacio R. Diéguez

Introduccién y Objetivos TESIS DOCTORAL
/K/COPP * )éﬁopp
H
Pirofosfato de Pirofosfato de
2-isopentenilo (IPP) dimetilalilo (DMAPP)
Ceranil
transferasa
cabeza-cola

)\/fr}\ﬁopp —— | monoterpenos (C)

Pirofosfato de geranilo (GPP)

)’\/\Opp Geranil
IPP

transferasa
cabeza-cola

)\/\)\/Sg/&ﬁopp — | sesquiterpenos (C;5)

Pirofosfato de farnesilo (FPP)
IPP Ceranil Escualeno FPP

transferasa sintasa
cabeza-cola cabeza-cabeza

X N X NN0opp X A X A X A
Pirofosfato de geranilgeranilo (GGPP) Escualeno
diterpenos (G,q) triterpenos (G;g)
Esquema 3

Se ha aceptado que la actuacién de estas enzimas transcurre en cinco

etapas:’

a) Generacion del carbocation.
b) Control de la conformacion del substrato.
¢) Ciclacion.

d) Estabilizacidon de los carbocationes intermedios.

7 1. Abe, G. D. Prestwich, en Comprehensive Natural Products Chemistry; D. Barton, K.
Nakahishi, Eds.; Elsevier 1999, Vol. 2.
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e) Transformacion final con estabilizacion del carbocation

resultante de la ciclacion.

Este tipo de mecanismo puede ser interpretado mediante la quimica de
carbocationes, a través de ciclaciones y reordenamientos de Wagner-Meerwein.
Asi, puede haber a lo largo de los procesos migraciones de H y/o grupos
alquilo, y los cationes finales pueden sufrir procesos de eliminacion de H* para
dar olefinas, o estabilizacion por nucleofilos presentes en el medio. Un ejemplo
clasico es la biosintesis de lanosterol a partir de 6xido de escualeno (Esquema
4). En la actualidad existen evidencias suficientes, tanto teodricas como
experimentales, para interpretar este proceso de ciclacion cascada desde la
quimica de carbocationes, ya que ha sido objeto de numerosos estudios en los

ultimos afos.®

X2
\(_| g
Lj —_—
v L
O
6xido de escualeno lanosterol

Esquema 4

El proceso se inicia en este caso (Esquema 4), previa epoxidacion del
precursor poliprénico escualeno hasta éxido de escualeno, mediante la enzima
oxidoescualenociclasa, que protona selectivamente (parte dcida de la enzima)
originando el carbocation por apertura del oxirano, que cicla en cascada,
provoca una serie de reordenamientos de hidrogeno y metilos y finalmente

origina lanosterol por pérdida de un proton.

8 a) Corey, E. J.; Virgil, S. C. J. Am. Chem. Soc. 1991, 113, 4025-4026. b) Corey, E. ].; Virgil, 5. C.;
Sarshar, S. J. Am. Chem. Soc. 1991, 113, 8171-8172. c) Corey, E. J; Virgil, S. C.; Cheng, H.; Baker,
C. H.; Matsuda, S. P. T.; Singh, V.; Sarshar, S. . Am. Chem. Soc. 1995, 117, 11819-11820. d) Corey,
E.].; Cheng, H. Tetrahedron Lett. 1996, 37, 2709-2712.

10



Horacio R. Diéguez

Introduccion y Objetivos TESIS DOCTORAL

Otra forma que ofrece la naturaleza para la biosintesis de muchos
terpenos, es la protonacion directa del polipreno mediante una ciclasa, como la
biosintesis de drimenol a partir de farnesol (Esquema 5). En este caso, el
proceso involucra la protonacion del doble enlace C-10-C-11, ciclacién y

desprotonacion final.

farnesol drimenol

Esquema 5

Una tercera forma de ciclacidon estriba en la eliminacion de grupos
pirofosfato de los precursores esterificados, asi se genera un carbocation alilico
que puede iniciar un proceso de ciclacion. Este tipo de biosintesis esta

involucrado en la obtencién de germacranos a partir de pirofosfato de farnesilo

(Esquema 6).
S A
= N H /@\v\ “_H z
(orp
pirofosfato de farnesilo (FPP) germacreno-A
Esquema 6

Una caracteristica importante de estas ciclaciones es su
estereoespecificidad. La hipotesis de Stork-Eschenmoser® postula que los
procesos de formacion de carbocationes y ciclaciones sucesivas transcurren a

través de ciclaciones anti sincronizadas, via conformacién silla de los

11
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poliprenos, originando generalmente compuestos con configuraciones anti,

trans, anti... en las uniones inter-anulares (Esquema 7).

e, — ot

Esquema 7

El conocimiento de estos mecanismos de biosintesis de terpenos ha dado
lugar al desarrollo de procedimientos de sintesis basados en un paso clave de

“ciclacion biomimética”. Se han puesto a punto ciclaciones biomiméticas en su

mayoria de dos clases, via carbocationes o a través de radicales carbonados.

Ciclaciones biomiméticas carbocationicas se pueden inducir sobre dobles
enlaces mediante protonacion. Asi, son bien conocidos los trabajos de Vlad® con

superacidos proténicos (Esquema 8).

| isoi + otros regioisomeros
X SO,Ph SO,Ph

46%

Esquema 8

También se han empleado sales mercaricas como electrofilos para
inducir las ciclaciones. Los procesos son quimioselectivos, dan rendimientos
aceptables, son versatiles, puesto que el mercurial intermedio se puede
transformar en diferentes grupos funcionales. M. Nishizawa y colaboradores™

encontraron que el triflato mercturico complejado con dimetil-fenilamina da los

°a) Vlad, P. F.; Ungur, N. D. Synthesis 1983, 3, 216-219. b) Vlad, P. F.; Ungur, N. D.; Koltsa, M.
N. Tetrahedron 1983, 39, 3947-3958. c) Kulcitki, V.; Ungur, N.; Vlad, P. F. Tetrahedron 1998, 54,
11925-11934. d) Vlad, P. F. Pure and Applied Chemistry 1993, 65, 1329-1336.

10 Nishizawa, M.; Takenaka, H.; Hayashi, Y. ]. Org. Chem. 1986, 51, 806-813.

12
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mejores resultados. Asi cuando se emplea sobre geranilgeraniol esterificado, se
obtiene, con un 22%, el producto de triple ciclacién (Esquema 9). Generalmente
el cloromercurial se reduce a lo largo del proceso sintético aunque se puede
eliminar via fenil-selenoéter a doble enlace o transformar en el hidroxilo

correspondiente.

OCOC¢H;NO,  a) Hg(OTf),-amina
b) NaCl

Esquema 9

También se pueden emplear como iniciadores de la reaccion de ciclacion,
acidos de Lewis. En este caso el rendimiento y la reactividad de los precursores
aciclicos dependen del &cido empleado y de la funcionalizacion del
polipreno.>!! Ejemplos de acidos de Lewis utilizados son SnCls? y BFs!®

(Esquema 10y 11).

SncCl,

Esquema 10
COOMe
X O0TBDMS BF;-MeNO,

11 Sadler, P. A.; Eschenmoser, A.; Schinz, H.; Stork, G. J. Helv. Chim. Acta 1957, 40, 2191-2198.
12 Saito, A.; Matsushita, H.; Tsujino, Y.; Kaneko, H. Chem. Lett. 1981, 757.
13 Harring, S. R.; Livinghouse, T. |. Chem. Soc., Chem. Comm. 1992, 503-504.

13
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Esquema 11

Otros tipos de ciclaciones relacionadas, son las que utilizan como
iniciadores para generar el carbocation, alcoholes o derivados, acetales etc. En
este campo son bien conocidas las aplicaciones de W. S. Johnson vy
colaboradores,!* que pusieron de manifiesto que la reaccion es esteroespecifica

con respecto a la estereoquimica del alqueno’® (Esquema 12 y 13).

QD‘”OOOCVOJ/

0S0,C6H,4NO, 14% 5% 57%

Esquema 12

Y = oy

0S0,CsH,NO, 13% 56%

Esquema 13

Con epoxi-poliprenos también existen trabajos de ciclaciones en medios
acidos, en este campo destacan los trabajos de E. E. van Tamelen y
colaboradores,'® que emplean acidos de Lewis. Lo mads destacable es la
funcionalizacion de las estructuras ciclicas con un hidroxilo en C-3 al iniciar la
ciclacion con epdxidos. En el caso del epoxido de acetato de geranilgeraniol, se
obtiene un 10% del espongiano correspondiente (Esquema 14).1” El principal

inconveniente es la formacién de productos de reordenamiento u dxidos.

14 Johnson, W. S.; Bailey, D. M.; Owyang, R.; Bell, R. A.; Jaques, B.; Crandall, J. K. . A. Chem.
Soc. 1964, 86, 1959-1966.

15 Johnson, W. S.; Lunn, W. H.; Fitzi, K. . Am. Chem. Soc. 1964, 86, 1972-1978.

16 Van Tamelen, E. E.; James, D. R. ]. Am. Chem. Soc. 1977, 99, 950-952.

17 Vam Tamelen, E. E.; Storni, A.; Hessler, E. J.; Schwartz, M. |. Am. Chem. Soc. 1963, 85, 3295-
3296.
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| N OAc  gng, OAc
0 HO /-
acetato de epoxigeranilgeraniol 10%
Esquema 14

Cuando se emplean substratos elaborados de partida, la metodologia ha
servido para la sintesis de terpenos naturales. Son de destacar las sintesis de E.

J. Corey y colaboradores'® en el campo de los triterpenos (Esquema 15).

XS MeAICl,

15 1.0
41%

Esquema 15

También se han descrito ciclaciones biomimeéticas radicalarias, entre ellas
merece mencionarse el método puesto a punto por G. Pattenden y
colaboradores, que emplea acilselenios.!* Mediante reduccion de acilselenios
con BusSnH / AIBN, preparan el acil-radical que origina las ciclaciones
(Esquema 16). En estos procesos aunque hay que sintetizar el precursor inicial,
y la reaccion de ciclacion termina de manera reductora con incorporacion final
de hidrdégeno, los rendimientos mejoran a los cationicos. La estereoquimica de

las ciclaciones es idéntica a la observada en procesos iénicos.

18 Huang, A. X,; Xiong, Z.; Corey, E. J. . Am. Chem. Soc. 1999, 121, 9999-10003.
19 Pattenden, G.; Handa, S. J. Chem. Soc., Perkin Trans I 1999, 843-847.
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53%

Esquema 16

Otra metodologia interesante consiste en la ciclaciéon fotoinducida en
polienos via cation-radical, puesta a punto por H. Demuth y colaboradores.?
Consiste en la irradiacién de una olefina en CHsCN:H:0 (20:1) en presencia de
un aceptor de e como 1,4-diciano-benceno. El cation-radical intermedio es
generado via PET (photoinduced electron transfer) y capturado por un nucledfilo
presente en el medio, normalmente agua, de manera regioselectiva (anti-

Markownikoff) (Esquema 17).

B e Lo

PET: Photo Induced Electrontransfer

Esquema 17

En el proceso, tras la adicion nucleofilica de H20 al cation-radical, se
produce la ciclacion, finalizando con la reduccién del radical final a
hidrocarburo. Cuando se aplica sobre acetato de farnesilo se obtiene un 25% del

3-hidroxi-drimano (Esquema 18).

2 Hoffman, U.; Gao, Y.; Pandey, B.; Kingle, S.; Warzecha, K.; Kriiger, C.; Roth, H. D.; Demuth,
M. J. Am. Chem. Soc. 1993, 115, 10358-10359.
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OAc OAc

X" hv380nm
|
CH3CN:H20 HO

acetato de farnesilo 3-hidroxidrimano
25%

Esquema 18

Dentro de las ciclaciones radicalarias se han usado también metales de
transicion? como alternativa a la quimica radicalaria de estannanos, ya que los
intermedios de estas reacciones se pueden comportar de manera diferente. Asi

se emplean sales de Mn2?2 o Fe!' [Cp:2Fe(IlI)PF¢],* para oxidar enolatos hasta

radicales.

21 a) Gansatier, A.; Bluhm, H. Chem. Rev. 2000, 100, 2771-2788. b) Igbal, J.; Bhatia, B.; Nayyar,

N. K. Chem. Rev. 1994, 94, 519-564.
2 a) Heiba, E. L.; Dessau, R. M.; Koehl Jr., W. R. J. Am Chem. Soc. 1968, 90, 2706-2707. b) Heiba,

E. L; Dessau, R. M. J. Am. Chem. Soc. 1971, 93, 524-527. c) Heiba, E. I.; Dessau, R. M.; Rodewald,
P. G. J. Am Chem. Soc. 1974, 96, 7977-7981. d) Heiba, E. I.; Dessau, R. M. J. Am. Chem. Soc. 1974,

39, 3456-3462.
% Jahn, U.; Hartmann, L. D.; Jones, P. G. Eur. |. Org. Chem. 2001, 66, 3333-3355.
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En cuanto a ciclaciones biomiméticas, nuestro grupo ademas de llevar a
cabo ciclaciones cationicas de epdxidos o poliprenos,? o radicalarias con
Mn(OAc)s (Esquema 19),> recientemente hemos puesto a punto un método
general de ciclaciones radicalarias basado en la apertura homolitica de epoxi-

poliprenoides mediada por Ti'! (Esquema 20).%

OH OH
N Mn(OAC) 5
Qu(OAC), Py~
COOEt EtooC “H
58%
Esquema 19
| Cp,TiMCl I
o OAc Cp,CITiVO O\ OAC HO OAc
acetato de o
6,7-epoxi-geranilo 63%
| X | OAc sz.Ti”'Cl OAC OAC
o) Cp,CITiVO HO
acetato de
14,15-epoxi-geranilgeranilo 31%

Esquema 20

2 a) Barrero, A. F.; Sanchez, J. F.; Altarejos, J. Tetrahedron Lett. 1988, 29, 3713-3717. b) Barrero,
A. F.; Quintana, R.; Altarejos, J. Tetrahedron 1991, 47, 4441-4455. c) Barrero, A. F.; Altarejos, J.;
Alvarez-Manzaneda, E. J.; Ramos, J. M,; Salido, S. J. Org. Chem. 1996, 61, 2215-2219. d) Barrero,
A.F,; QOltra, J. E.; Morales V; Alvarez, M. J. Nat. Prod. 1997, 60, 1034-1035.

% Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Valdivia, M. Org. Lett. 2002, 4, 1379-
1382.

2% a) Barrero, A. F.; Cuerva, ]. M.; Herrador, M. M,; Valdivia, M. V. J. Org. Chem. 2001, 66, 4074-
4078. b) Justicia, J.; Rosales, A.; Bufiuel, E.; Oller-Lopez, J. L.; Valdivia, M.; Haidour, A.; Oltra, J.
E.; Barrero, A. F.; Cardenas, D. ].; Cuerva, J. M. Chem. Eur. |. 2004, 10, 1778-1788.
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En los dltimos afios uno de los grandes objetivos de nuestro Grupo de
Investigacion, ha sido el desarrollo de nuevas estrategias sintéticas
encaminadas a la sintesis de Productos Naturales Bioactivos.?” Abordar la
sintesis de moléculas bioactivas es un interesante ejercicio de creatividad a
través del correcto disefio de retrosintesis, persiguiendo el empleo de
estrategias cada vez mas limpias, suaves y eficaces. En este sentido la quimica

de radicales libres es actualmente una de las principales herramientas en

77 a) Barrero, A. F.; Arseniyadis, S.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga, J. F.;
Sanchez, E. M. Synlett 2005, 4, 0591-0594; b) Barrero, A. F.; Quilez del Moral, J. F.; Sanchez, E.
M.; Arteaga, J. F. Eur. . Org. Chem. 2006, 7, 1627-1641; c) Barrero, A. F.; Quilez del Moral, J. F,;
Herrador, M. M.; Loayza, I.; Sanchez, E. M.; Arteaga, ]. F. Tetrahedron 2006, 62, 5215-5222; d)
Barrero, J. F.; Herrador, M. M.; Quilez del Moral, ]. F.; Arteaga, P.; Sanchez, E. M.; Arteaga, . F.;
Piedra, M. Eur. J. Org. Chem. 2006, 15, 3434-3441; e) Barrero, A. F.; Quilez del Moral, J. F,;
Herrador, M. M.; Cortés, M.; Catalan, J. V.; Sanchez, E. M.; Arteaga, J. F. . Org. Chem. 2006, 71,
5811-5814; f) Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga, J. F.; Diaz, V. D,;
Sanchez, E. M. Tetrahedron 2008, 64, 5111-5118; g) Arteaga, J. F.; Domingo, V.; Quilez del Moral,
J. E.; Barrero, A. F. Org. Lett. 2008, 10, 1723-1726; h) Domingo, V; Arteaga, J. F.; Quilez del Moral,
J. E.; Barrero, A. F. Nat. Prod. Rep. 2009, 26, 115-134; i) Domingo, V.; Silva, L.; Diéguez, J. H,;
Arteaga, J. F.; Quilez del Moral, J. F.; Barrero, A. F. J. Org. Chem. 2009, 74, 6151-6156; j) Barrero,
A. F,; Herrador, M. M.; Lépez-Pérez, ]. L; Arteaga, J. F.; Catalan, J. V. Org. Lett. 2009, 11, 4782-
4785; k) Domingo, V.; Diéguez, H. R.; Morales, C. P.; Arteaga, J. F.; Quilez, J. F.; Barrero, A. F.
Synthesis 2010, 67-72.
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sintesis organica,?® gracias a que opera bajo condiciones suaves de reaccion y a

la elevada selectividad que presentan sus distintos procesos.

Las reacciones de ciclacion radicalaria constituyen un grupo importante
dentro de las reacciones de formacioén de enlaces carbono-carbono y permiten
incluso la obtencion de compuestos mono- y policiclicos. Son procesos que
muchas veces dan buenos rendimientos, en general con alto grado de regio y
estereoselectividad, y en los que puede llegar a controlarse la formacion de
ciclos de diferentes tamanos.”? Se han empleado para sintetizar numerosos
productos naturales, incluyendo terpenoides y esteroides,® lignanos y otros

heterociclos oxigenados,* y B-lactamas.®

De los distintos tipos de reacciones de ciclacion radicalarias existentes,

destacan por su potencial sintético las secuencias en cascada, ya que permiten la

28 a) Radicals in Organic Synthesis: Formation of Carbon-Carbon Bonds, Giese, B., Pergamon Press:
Oxford, 1986. b) Stereochemistry of Radical Reactions, Curran, D. P.; Porter, N. A.; Giese, B., VCH:
Weinheim, 1996. c) Free Radicals in Organic Chemistry, Fossey, J.; Lefort, D.; Sorba, J., Wiley: New
York, 1995. d) Radikale und Radikalionen in der Organischen Synthese, Linker, T.; Schmittel, M.,
Wiley-VCH: Weinheim, 1998; e) Bazukis, P.; Campos, O. O. S.; Bazukis, M. L. E. J. Org. Chem.
1976, 41, 3261-3264. f) Curran, D. P.; Rakiewicz, D. M. J. Am. Chem. Soc. 1985, 107, 1448-1449. g)
Curran, D. P.; Chen, M.-H. Tetrahedron Lett. 1985, 26, 4991-4994. h) Danishefsky, S. L.; Panek, ].
S. J. Am. Chem. Soc. 1987, 109, 917-918. i) Chen, Y.-].; Lin, W.-Y. Tetrahedron Lett. 1992, 33, 1749-
1750.

» a) Giese, B. Radicals in Organic Synthesis: Formation of Carbon-Carbon Bonds. Pergamon Press,
Oxford, 1986. b) Curran, D. P. Comprehensive Organic Synthesis (Eds.: B. M. Trost, 1. Flemimg),
Pergamon, Oxford, 1991, Vol. 4, 779-831. c¢) Curran, D. P.; Porter, N. A.; Fiese, B. G.
Stereochemistry of Radical Reactions. VCH, Weinheim, 1996. d) Parsons, A. F. An Introduction to
Free Radical Chemistry. Blackwell Science, Oxford, 2000, Chap. 7, p. 139-159. e) Radicals in Organic
Synthesis (Eds.: P. Renaud, M. P. Sibi), Wiley-VCH, Weinheim, 2001, Vol. 2.

% Dhimane, A. L.; Fensterbank, L.; Malacria, M. Radicals in Organic Synthesis (Eds.: P. Renaud,
M. P. Sibi), Wiley-VCH, Weinheim, 2001, Vol. 2, 4.4, p. 350-382.

31 Lee, E. Radicals in Organic Synthesis (Eds.: P. Renaud, M. P. Sibi), Wiley-VCH, Weinheim,
2001, Vol. 2, 4.2, p. 303-333.

3% Srikrishna, A. Radicals in Organic Synthesis (Eds.: P. Renaud, M. P. Sibi), Wiley-VCH,
Weinheim, 2001, Vol. 2, 3.1, p. 151-187.
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formacion de varios ciclos en un solo paso.* Tales reacciones son de especial
interés en la sintesis de terpenoides y esteroles, debido a que mimetizan los
sistemas enzimadticos involucrados en la biosintesis de éstos compuestos.
Breslow, Julia y colaboradores, fueron los primeros en describir las poli-
ciclaciones radicalarias de poliprenos.®® Desde entonces, se ha indicado su
empleo en numerosas sintesis destacando la sintesis total de hirsuteno de
Curran y Rakiewicz;* y el desarrollo de diferentes métodos hacia esqueletos

triquinanos.”

Dentro de los reactivos que participan en Quimica Radicalaria, el
complejo cloruro de bis-ciclopentadieniltitanio(Ill) (reactivo de Nugent)?® es un
reactivo suave y eficaz para la generacion de radicales carbonados en sintesis
organica, siendo muy util su empleo en la formacion de enlaces carbono-

carbono e intercambio de grupos funcionales.

Este reactivo ha sido seleccionado como herramienta sintética para los
trabajos aqui desarrollados, debido a sus extraordinarias cualidades para
provocar la generacion de radicales libres y su eficaz transformacion, y a la
experiencia previa adquirida por nuestro grupo en anos precedentes. Esta

experiencia es la base que ha permitido proponer y desarrollar en esta memoria

% a) Jasperse, C. P.; Curran, D. P.; Fevig, T. L. Chem. Rev., 1991, 91, 1237-1286; b) Bunce, R. A.
Tetrahedron 1995, 51, 13103-13159. c¢) McCarroll, A. J.; Walton, J. Angew. Chem. Int. Ed., 2001, 40,
2224-2248. d) McCarroll, A. J.; Walton, J. J. Chem. Soc., Perkin Trans. 1, 2001, 3215-3229.

3 a) Wendt, K. W.; Schulz, G. E.; Corey, E. J; Liu, D. R. Angew. Chem. Int. Ed., 2000, 39, 2812-
2833. b) De la Torre, M. C.; Sierra, M. A. Angew. Chem. Int. Ed., 2004, 43, 160-181.

% a) Breslow, R.; Barret, E.; Mohacsi, E. Tetrahedron Lett., 1962, 1207-1211. b) Breslow, R,;
Groves, J. T,; Olin, S. S. Tetrahedron Lett., 1966, 4717-4719. c) Lallemand, ]J. Y.; Julia, M.; Mansuy,
D. Tetrahedron Lett. 1973, 14, 4461-4464.

3 Curran, D. P.; Rakiewicz, D. M. Tetrahedron 1985, 41, 3943-3958.

37 a) Beckwith, A. L. J.; Schiesser, C. H. Tetrahedron 1985, 41, 3925-3941. b) Dombrowski, M. A;
Kates, S. A.; Snider, B. B. J. Am. Chem. Soc. 1990, 112, 2759-2767. c) Journet, M.; Malacria, M. .
Org. Chem. 1992, 57, 3085-3093. d) Journet, M.; Malacria, M. J. Org. Chem. 1994, 59, 718-719. e)
Devin, P.; Festerbank, L.; Malacria, M. J. Org. Chem. 1998, 63, 6764-6765.

38 Green, M. L.; Lucas, C. R. J. Chem. Soc. 1972, 1000-1003.
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una serie de novedosos procesos sintéticos de interés general en Sintesis

Organica.

El reactivo Cp:Ti"lCl se prepara in situ a partir de la reduccion del
Cp2TiVCl2 comercial con metales reductores como Mn,* Zn,* o Mg* (Esquema
21). Una vez obtenido puede comportarse dando lugar a distintas especies
mono-, di-*? y trinucleares (aunque ésta ultima es caracteristica exclusivamente
del estado solido) (Figura 1).#3 En esas condiciones este compuesto no es caro ni
toxico, sus reacciones transcurren en condiciones suaves y son toleradas por un
gran namero de grupos funcionales (alcoholes, amidas, cetonas, acidos, ésteres,
etc.). Esto sugiere que puede ser un agente selectivo ideal para ser utilizado con
sustratos sensibles y altamente funcionalizados. En esta memoria todas las

especies de Ti'' citadas anteriormente serdn nombradas como Cp-Ti"Cl.

2 Cp,TiVCl, + M 2 Cp,Ti'lcl + mdl,

Cp: Ciclopentadienilo
M: Metal reductor

Esquema 21
X 4 ® _a, & QO\_/CL/, a,, /Cp
= N T M
e 7, L] e ’/, ’, o\
op o c Op op (@ c
Figural

% Sekutowski, D. J.; Stucky, G. D. Inorg. Chem. 1975, 14, 2192-2199.

4 Coutts, R. S.; Wailes, P. C.; Martin, R. L. J. Organomet. Chem. 1973, 375-382.

41 Stephan, D. W. Organometallics. 1992, 11, 996-999.

2 Enemaerke, R. J.; Larsen, J.; Skrydstrup, T.; Daasbjerg, K. J. Am. Chem. Soc. 2004, 126, 7853-
7864.

# Sekutowski, D. J.; Jungst, R.; Stucky, G. D. Inorg. Chem. 1978, 17, 1848-1855.
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El Cp2Ti"Cl posee un electron desapareado que le confiere un caracter
reductor mono-electronico suave.* Ademds posee una vacante electrénica que
le permite funcionar como 4acido de Lewis y coordinarse a distintos
heterodtomos, bases de Lewis. La facil formacién de complejos con diversos
grupos funcionales le transfiere la capacidad de promover procesos de

transferencia mono-electrénica y originar radicales alquilo.

En los ultimos afios el Cp:Ti"Cl se ha utilizado ampliamente en
reacciones de gran interés en sintesis organica. Entre ellas destacaremos las
reacciones que derivan de la apertura homolitica de oxiranos* y las reacciones
de acoplamiento pinacolinico.*® Ademds se ha empleado entre otras, en
reacciones de reduccién de bromuros de glicosilo,*” de dibromuros vecinales,*
de a-halocetonas,* en reacciones de homoacoplamiento mediante apertura de
vinil-oxiranos,® en reacciones de ciclacion de haluros de alquilo,® asi como en

la formacion de B-hidroxi ésteres® y de alcoholes homo-alilicos.*

# Enemaerke, R. J.; Larsen, J.; Skrydstrup, T.; Daasbjerg, K. Organometallics. 2004, 23, 1866-
1874.

4 Nugent, W.; RajanBabu, T. V. . Am. Chem. Soc. 1988, 110, 8561-8562.

46 a) Barden, M. C.; Schwartz, J. |. Am. Chem. Soc. 1996, 118, 5484-5485 ; b) Gansduer, A.; Bauer,
D. Eur. J. Org. Chem. 1998, 2673-2676; c) Gansduer, A.; Moschioni, M.; Bauer, D. Eur. J. Org.
Chem. 1998, 1923-1927.

4 a) Spencer, R.; Schwartz, J. Tetrahedron Lett. 1996, 37, 4357-4360; b) Cavallaro, C. L.; Schwartz,
J. J. Org. Chem. 1995, 60, 7055-7057; c¢) Hansen, T.; Krintel, S. L.; Daasbjerg, K.; Skrydstrup, T.
Tetrahedron Lett. 1999, 40, 6087-6090.

# a) Davies, S. G.; Thomas, S. E. Synthesis 1984, 1027-1028; b) Qian, Y.; Li, G.; Zheng, X,
Huang, Y.-Z. Synlett 1991, 489-490.

# Parrish, J. D,; Little, R. D. Org. Lett. 2002, 4, 1439-1442.

% Barrero, A. F.; Quilez del Moral, J. F.; Sanchez, E. M.; Arteaga, J. Org. Lett. 2006, 8, 669-672.

51 Hersant, G.; Ferjani, S. M. B.; Bennet, S. M. Tetrahedron Lett. 2004, 45, 8123-8126.

52 Parrish, J. D.; Shelton, D. R.; Little, R. D. Org. Lett. 2003, 5, 3615-3617.

5 Rosales, A.; Oller—Lépez, J. L.; Justicia, J.; Gansauer, A.; Oltra, J. E.; Cuerva, J. M. Chem.
Commun. 2004, 2628-2629.
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Referente a la apertura de los epoxidos, el reactivo fue por primera vez
usado por Nugent y RajanBabu en 1988 via transferencia mono-electronica.>* El
Cp:Ti"Cl origina la ruptura homolitica del enlace C-O en el oxirano para
generar el radical carbonado (Esquema 22). La reaccién de este radical con un
segundo equivalente de Cp:Ti''Cl da lugar a la formacién de un complejo
alquil-Ti", que mediante eliminacion de Ti"V-O-TiV produce la correspondiente
olefina. También es posible obtener alcoholes con buenos rendimientos
mediante la adicién a la mezcla de reaccion de una fuente de hidrdgeno tal

como 1,4-ciclohexadieno.>®

Clop, Ti'Vo

Fod™ (™

TszTi”'CI
Clcp, Ti'VO

©/\/\ szTi”IC| °

ciclohexadieno

Esquema 22

Actualmente la utilidad sintética de este reactivo se esta centrando
mayoritariamente en su reaccidn con sustratos que contienen epdxidos, grupos

carbonilo y haluros activados.*

% a) Nugent, W. A.; RajanBabu, T. V. J. Am. Chem. Soc. 1988, 110, 8561-8562; b) Nugent, W. A ;
RajanBabu, T. V. J. Am. Chem. Soc. 1989, 111, 4525-4527; c) Nugent, W.; RajanBabu, T. V. Beattie,
M. S. J. Am. Chem. Soc. 1990, 112, 6408-6409.

5% RajanBabu, T. V.; Nugent, W. A. J. Am. Chem. Soc. 1994, 116, 986-997.

% a) Cuerva, J. M.; Justicia, J.; Oller-Lépez, J. L.; Bazdi, B.; Oltra, J. E. Mini-ReV. Org. Chem.
2006, 3, 23.
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Teniendo en cuenta todo lo anteriormente expuesto, en esta Memoria se
van a plantear una serie de estudios encaminados a mejorar las aplicaciones
sintéticas del reactivo cloruro de titanoceno (Cp:Ti"Cl), divididas en los

siguientes objetivos perfectamente diferenciados.

1. Estudio de los acoplamientos carbono-carbono en derivados

halogenados alilicos promovidos por Cp:TiCl y por Mn/Zx(IV).

Recientemente han sido publicados con excelentes resultados (Esquema
23)%” por nuestro Grupo de Investigacion, los primeros resultados para el
empleo catalitico de cloruro de titanoceno (Cp:Ti"Cl) en el homo-acoplamiento
de haluros alilicos. Esta reaccion tiene lugar bajo condiciones suaves y destaca
por ser quimioselectiva ante un amplio nimero de grupos funcionales, tales

como alcoholes, aminas, cetonas, acidos y ésteres.*

5 Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga, P.; Arteaga, J. F.; Piedra, M;
Sanchez, E. M. Org. Lett. 2005, 7, 2301-2304.
% Spencer, R. P.; Cavallaro, C. L.; Schwartz, J. . Org. Chem. 1999, 64, 3987-3995.
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Cp, TiCl
—_—

87%
| Cp,TiCl
e OAc )
76% A0
Br
Esquema 23

El proceso se ha justificado mecanisticamente a través de la coordinacion
inicial de tipo dcido-base entre el derivado halogenado y el reactivo de Ti". Una
transferencia monoelectronica via Su2, conduce al correspondiente radical
alilico, el cual mediante reaccion con una segunda molécula de reactivo, origina
los correspondientes alil-titanios (isomeros alilicos, II y III) que se acoplan con
el derivado halogenado (Esquema 24). Este mecanismo permite que el método
pueda ser catalitico, al eliminarse en cada etapa Cp:TiVClz, susceptible de
reducirse en el medio por el exceso de Mn. Este hecho presenta ventajas
evidentes pues la mayoria de métodos de acoplamiento de este tipo utilizan
cantidades estequiométricas de reactivos, haciendo que el proceso catalitico con

Ti" sea mas limpio, barato y menos perjudicial para el medio ambiente.
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Esquema 24. Mecanismo de homo-acoplamiento de bromuros alilicos

mediado/catalizado por Cp:TiCl

Teniendo todo esto presente y debido al parecido estructural y
electronico entre el titanoceno y el zirconoceno, pensamos que mediante la
elecciéon de unas condiciones apropiadas de reaccién, el reactivo Cp2Zr!'Cl
podria ser capaz igualmente de inducir una reaccion de homo-acoplamiento

entre derivados halogenados alilicos.

De esta forma, ensayos iniciales para generar este acoplamiento en
condiciones andlogas a las empleadas con Ti", empleando Cp:Zr'VCl: con Mn en
exceso, en presencia de derivados halogenados alilicos, han conducido a homo-
acoplamientos si bien nunca se ha observado en el medio el intenso color rojo

caracteristico de la presencia de Zr'.
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Teniendo todo esto presente, se pretende estudiar este tipo de
metodologia sintética hacia la formacion de enlaces C-C partiendo de la
hipdtesis de que la reaccion puede tener lugar mediante la presencia del
reactivo de zirconio en forma de Zr'", actuando entonces como acido de Lewis

activando el enlace C-Halogeno, que de esta forma puede ser reducido por Mn.

(Esquema 25).
Zrlll
X X X N )\/\)\A
ZrIII
ph/\/\/\/Ph i PhM
Esquema 25
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2. Estudio de los acoplamientos C-C en derivados halogenados
bencilicos y gem-dihalogenados, y acoplamientos mixtos

promovidos por metales de transicion.

Se pretende en segundo lugar extender la metodologia de homo-
acoplamiento de derivados halogenados activados catalizada por metales de
transicion, generalizando su empleo hasta derivados bencilicos y gem-
dihalogenados, viendo ademas la posibilidad de llevar a cabo acoplamientos

cruzados con compuestos carbonilicos (Esquema 26).

//R
. | Cp,TiCl
| catalitico O/
| X
7
R/
//
- |
ey Nt
=
R/

Cp,TiCl
catalitico

Esquema 26

Considerando el mecanismo propuesto para la reaccion con haluros
alilicos (Esquema 24), pensamos que el Cp:Ti""Cl] podria intervenir
eficientemente en el homo-acoplamiento de haluros bencilicos mediante un

mecanismo similar (Esquema 27).
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| N TXs _Cp | N Dimerizacion S |
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Cp, TiCIX MnCl,
. | N X
Cp, TiCl . _ P
Cp,TiCl Cp, TiCIX \R
MnCl,
| X7 % O/\TiCpZCI (rutab)
R// G Acoplamiento
R

I
Esquema 27. Posible mecanismo de homo-acoplamiento de derivados

halogenados bencilicos mediado por Cp-TiCl.

Siguiendo el mecanismo propuesto, el exceso de Mn presente en el
medio permitiria la regeneracion del reactivo de Ti' consiguiendo asi que el
proceso pueda ser también susceptible de ser catalizado con titanio. En este
sentido, andlisis voltamperométricos y cinéticos de la naturaleza de las especies
reductoras de haluros de titanio, recientemente realizados por Skrydstrup y
Daasbjerg, sugieren la ruta b) como el proceso mas viable que tiene lugar en

estas reacciones de acoplamiento.”

Por lo tanto, el monocloruro de titanoceno podria catalizar el homo-
acoplamiento de haluros bencilicos y asimismo de gem-dibromuros bencilicos
para dar los correspondientes esqueletos de tipo dibencilico y estilbenilico. Por
otra parte se propone que los bromuros bencilicos tratados con Ti"' y en
presencia de aldehidos podrian conducir a productos de acoplamiento mixto

tipo Barbier (Esquema 28).

% a) Enemeerke, R. J.; J. Am. Chem. Soc. 2004, 126, 7853-7864; b) Enemcerke, R. J;
Organometallics 2005, 24, 1252-1262.
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R Cp, TiCl 0 R
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Y=H R™ H
X Ry
|
R
Esquema 28

La principal aplicaciéon de estos acoplamientos estriba en facilitar la
sintesis de moléculas con esqueleto di-bencilico. Los compuestos que contienen
este tipo de esqueleto como parte fundamental de su estructura constituyen un
interesante conjunto de moléculas que han sido fundamentalmente usadas
como intermedios para la sintesis de tintes, pinturas, resinas y en la formacion
de productos naturales tales como estilbenil o di-bencil derivados. Un namero
de compuestos bioldgicamente importantes como resveratrol y derivados,®
combretastatinas® y isocombretastatinas,® o acido lunuldrico® también estan

incluidos en este grupo de moléculas.

6 Baur, J. A.; Sinclair, D. A. Nat. Rev. Drug Discovery 2006, 5, 493-506.

61 Cirla, A.; Mann, J. Nat. Prod. Rep. 2003, 20, 558-564.

62 Singh, S. B.; Pettit, G. R. Synthetic Commun. 1987, 17, 877-892.

6 Bracher, F.; Kreauss, J.; Bornatsch, A. Nat. Prod. Lett. 2000, 14, 305-310.
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3. Diastereoselectividad en carbociclaciones radicalarias hacia

ciclopentanos catalizadas por Ti'. Hacia la sintesis de Toxicol A.

El tercer objetivo fundamental de esta Memoria se centra en un estudio
encaminado a mejorar las aplicaciones sintéticas de Cp:Ti"'Cl. Asi, se pretende
optimizar algunos aspectos de las reacciones de ciclacion de epoxi-poliprenos,
como son el control de la regio- y la diastereoselectividad en el cierre hacia
ciclopentano-derivados. Estas ciclaciones hacia la formacion de esqueletos de
cinco miembros, hasta ahora habian dado mezclas de diastereoisdmeros en
proporcion relativa 1:1, en el centro estereogénico donde se produce el cierre

del anillo.

Como ya hemos comentado anteriormente, nuestro grupo de
investigacion viene desarrollando desde comienzos del siglo XXI una estrategia
general de sintesis de terpenoides ciclicos mediante la apertura homolitica de
epoxi-poliprenos promovida por el reactivo cloruro de titanoceno (Cp:Ti"'Cl).
Esta estrategia utiliza sustratos aciclicos naturales con pequefias modificaciones
y permite el cierre de ciclos de 5 a 7 eslabones en procesos cataliticos y
reacciones en cascada que llevan a la construccién con un control sobre las
cuestiones estereoquimicas de moléculas poli-ciclicas en una sola etapa de

reaccion (Esquema 29).262 27t 64

6 a) Justicia, ].; Oller-Lopez, J. L.; Campana, A. G.; Oltra, J. E.; Cuerva, ]J. M.; Bunuel, E,;
Cardenas, D. J. J. Am. Chem. Soc. 2005, 42, 14911-14921.
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| OAc Ti I A\

o HO

OTBS regio-, estereo- OTBS

selectividad
Esquema 29

Por otra parte, el compuesto denominado como toxicol-A (Figura 2) es

un bis-sulfato de hidroquinona hexaprenoide consistente en dos partes

policiclicas, aislado en el Mar Rojo, de la esponja Toxiclona toxius (Figura 2).% Ha

sido descrito que inhibe la transcriptasa inversa del virus de inmunodeficiencia

humano (VIH) y que posee actividad contra Candida albicans. La biogénesis de

este compuesto se considera mixta, con una parte procedente de la ruta

mevaldnica, que origina los ciclos A-F mediante ciclaciones irregulares, y otra

procedente de la ruta del shikimato, que da lugar al ciclo G. Ha sido

recientemente descrita la sintesis del sistema ciclico AB de su estructura.®

0SO;Na

Toxicol A OSO;Na

Figura 2

6 Isaacs, S.; Hizi, A.; Kashman, Y. Tetrahedron 1993, 49, 4275-4282.

66 Couladorus, E. A.; Vidali, V. P. Chem. Eur. ]. 2004, 10, 3822-3835.
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Es destacable que uno de los ciclos ubicados en el centro de la molécula,
el C es un ciclopentano que posee tres centros estereogénicos de configuracion
relativa bien definida. Su sintesis puede ser afrontada mediante un proceso de
ciclacion = radicalaria catalizada por Ti'® de un epoxi-polipreno
convenientemente funcionalizado. Asi, ha sido propuesto un planteamiento
retrosintético dibujado en el Esquema 30. La sintesis de un sintén como S
(Esquema 30) que contenga el ciclo C y que esté debidamente funcionalizado,
debe permitir conectar con otros fragmentos convenientemente funcionalizados
que aporten la estructura ciclica A, y con otros que aporten los ciclos E y F,
facilitando de esta manera la sintesis total de Toxicol A y siendo capaces de
transferir en el proceso de acoplamiento la estereoquimica absoluta adecuada

para la construccidén de buena parte de sus centros estereogénicos.

a) X=H, Y=0Ac

H b) X=0,Y=0R,;
OO O I TR g
| 12 7 1/
OGO = {
_ 0OSO;Na (S) farnesil-6,7-epoxi
Toxicol A cicloC derivado
Esquema 30

Los pasos iniciales de esta propuesta sintética pasan por el estudio del
comportamiento de epdxidos ubicados en el doble enlace interior de la cadena
de un derivado de farnesilo (6,7-epoxi-farsenil derivados) frente a la apertura
homolitica con Cp:Ti"Cl que generard un radical en C7. No existen
antecedentes en bibliografia de quimica radicalaria sobre este tipo de
ciclaciones y debido a ello, es conveniente comprobar como se comportan
derivados con un grupo acetilo en C1, que se presupone deben conducir a
procesos 6-endo-trig y formacion de los correspondientes ciclohexano-
derivados. Posteriormente se estudiard el comportamiento en procesos 5-exo-

trig, favorecidos si se ubica un grupo éster sobre CI1. Este estudio requiere
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ademas el control de la estereoselectividad en la construccion de los diferentes

estereocentros del ciclopentano.
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4. Biomimetizacion de las desoxigenaciones en la ruta no-mevaldnica
hacia terpenos: Nuevo proceso en una sola etapa para la
desoxigenacion-reduccion de alcoholes mediada/catalizada por

Cp:TiCL

En esta parcela del trabajo de Tesis Doctoral se tratard de explorar la
posibilidad de mimetizar la desoxigenacién catalizada por la enzima IspH en la
ruta no-mevaldnica de terpenos para el proceso de desoxigenacion-reduccion

de alcoholes, mediante el empleo de Cp:TiCL

Recientemente se ha puesto de manifiesto que las tltimas etapas hacia la
biosintesis de los precursores Cs, IPP y DMAPP, en la ruta no-mevalonica hacia
terpenoides, conocida como la ruta de la 1-desoxi-D-xilulosa-5-fosfato o del

metil-eritritol, estan catalizadas por las enzimas IspG y IspH (Esquema 31).%

¢ a) M. Seemann, B. T. S. Bui, M. Wolff, D. Tritsch, N. Campos, A. Boronat, A. Marquet, M.
Rohmer, Angew. Chem. Int. Ed. 2002, 41, 4337-4339; b) M. Rohmer, Nat. Prod. Rep. 1999, 16, 565-
574.
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Esquema 31. Ruta no-mevaldnica hacia IPP y DAMPP

Los detalles mecanisticos no se conocen completamente, pero se ha

sugerido que la actividad de las enzimas radica en sendos cluster Fe!-S. La

enzima IspH acttia gracias a la formacion de un complejo hydroxilo- Fe! con el

4-hidroxi-3-metil-buten-1-il pirofosfato provocando la ruptura homolitica del

enlace C-O por transferencia mono-electronica y generando un radical alilico.

Este radical se reduce mediante una segunda transferencia mono-electrénica

43



Horacio R. Diéguez

TESIS DOCTORAL Introduccion y Objetivos

desde otro Fe'' al carbanion alilico, que es protonado produciendo una mezcla

de IPP y DMAPP (Esquema 32).%

Fe'l'-OH

Pirofosfato de

1e° )\/\ l_;( )\/\OPP 3-isopentenilo (IPP)

S>"opp

1\ Isomerasa

)\ﬁ Pirofosfato de
NX-"opp | dimetilalilo (DAMPP)

Esquema 32. Mecanismo propuesto para la reaccion de desoxigenacion

catalizada por la enzima IspH

Tratando de mimetizar a IspH pensamos que la interaccion entre un
alcohol y el Cp:TiCl podria generar un complejo alcohol-Ti" (I) que activaria el
enlace C-O y bajo unas adecuadas condiciones podria inducirse la ruptura

homolitica que generaria un alquil-radical centrado en el carbono (II) (Esquema

33).
Cp, Ti'VCI(OH)
. Cp,Ti'lcl
Cp,Ti'"al A .
R_O\ R_o\ R
H H Ruptura
| homolitica T
Complejo alcohol-Ti' Alquil-radical

sz‘l.'i“'CI
R— R—Ti'VCp,Cl

i
Alquil-titanoceno

6 W. Eisenreich, A. Bacher, D. Arigoni, F. Rohdich, Cell. Mol. Life Sci. 2004, 61, 1401-1426.
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Esquema 33. Mecanismo propuesto para la desoxigenacion-reduccion de

alcoholes con Till.

La formacion de II (Esquema 33) supondria un paso clave para la
desoxigenacion de alcoholes, y permitiria el desarrollo de nuevas aplicaciones
sintéticas. Por ejemplo, el radical II evolucionaria hacia el hidrocarburo
correspondiente, si es atrapado por una segunda molécula del reactivo
generando un alquil-titanoceno (III, Esquema 33) que podria ser protonado en

el medio de reaccion hasta el hidrocarburo correspondiente.

45



Horacio R. Diéguez

TESIS DOCTORAL Introduccion y Objetivos

5. Nuevos procesos sintéticos para la reduccion-olefinacion de

carbonilos mediados/catalizados por Ti'.

Hasta la fecha, los tres tipos principales de aplicaciones sintéticas que
emplean el cloruro de titanoceno (Cp:Ti"Cl), las reacciones con oxiranos,
carbonilos o derivados halogenados, se llevan a cabo de manera general a
temperatura ambiente, y utilizando como disolvente THF en la mayoria de los
casos.” Unicamente en algunas ciclaciones por apertura de oxiranos se ha
llegado a calentar la disolucién bien en THF o en mezclas de THF-benceno o

THE-tolueno para acelerar los procesos de reaccion.

Teniendo todo esto presente, en el objetivo anterior se plantea la
posibilidad de que calentando la disolucidon de un alcohol en presencia de Ti™
se pueda forzar la ruptura homolitica del enlace C-OH. En el caso de dioles
vecinos, la evolucion de la etapa de desoxigenacion puede conducir hacia la

formacién de compuestos con una nueva insaturacion (Esquema 34).

oM BB

Esquema 34

Dado que es bien conocido el empleo del cloruro de titanoceno
(Cp2Ti"Cl), para dar acoplamientos pinacolinicos mediante la generacion en el

medio de reaccion un radical carbonado (a partir del correspondiente carbonilo
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que en las condiciones adecuadas puede producir homo-acoplamiento
generando un nuevo enlace C-C). Se estudiara el empleo del mismo reactivo de
Nugent para generar en un unico proceso en cascada, una etapa inicial de
homo-acoplamiento seguido de una segunda etapa de desoxigenacion
(Esquema 35). Este proceso permite abrir la posibilidad de estudiar el empleo
del Cp2Ti"Cl como precursor de otra reaccion de gran importancia en Sintesis
Organica como es la Olefinacién de Carbonilos, conocida generalmente como

“acoplamiento de McMurry”.®

Asi, se propone que el reactivo de Nugent podria ser capaz de promover
procesos generales de olefinacion de carbonilos, como resultado de la ruptura
homolitica de los enlaces C-O pertenecientes a las especie pinacolato de Ti',
(Esquema 35, II) originadas por reduccion de los pinacolatos de Ti'V (Esquema
35, I) con exceso de metal reductor. Dichos pinacolatos de Ti"V son justamente el
resultado del acoplamiento pinacolinico de los correspondientes carbonilos
precursores. Esta metodologia presentaria fundamentalmente la gran ventaja de
poder llevarse a cabo en un proceso “one pot” y en condiciones mas suaves que

las empleadas actualmente.

0 a) McMurry, J. E. Chem. Rev. 1989, 89, 1513-24; b) Fiirstner, A.; Bogdanovic, B. Angew. Chem.
Int. Ed. 1996, 35, 2442-2449. c) Wirth, T. Angew. Chem. Int. Ed. 1996, 35, 61-63. d) Ephritikhine, M.
Chem. Commun. 1998, 2549-54.
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?
/Ti\ +
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Esquema 35. Mecanismo propuesto para la olefinacion de carbonilos mediada

por Cp2Ti"Cl.
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os procesos que conducen al acoplamiento de derivados
halogenados, constituyen una buena metodologia para la
formacién de enlaces carbono-carbono en sintesis organica.”
Dentro de este conjunto de reacciones, los acoplamientos de derivados
halogenados alilicos y bencilicos (Esquema 36) resultan de enorme interés,
puesto que permiten el acceso sencillo a estructuras de 1,5-dienos y dibencilos.
Estas unidades estructurales tienen gran importancia, pues estan presentes en

un gran numero de terpenoides y otros productos naturales.

70 Para una revision, ver: Baker, R. Chem. Rev. 1973, 73, 487-530.
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Esquema 36

Hasta la fecha, aparece descrito en bibliografia el empleo de diferentes
métodos para el homo- y hetero-acoplamiento derivados halogenados alilicos y
bencilicos. Desde que E. J. Corey en el afio 1964 llevara a cabo reacciones de
acoplamiento en presencia de Ni(CO)s” han sido descritas importantes
contribuciones para el desarrollo de esta metodologia. Entre ellas aparecen por
ejemplo, metodologias de homo-acoplamiento electroquimico,”> y métodos de
homo-acoplamiento y acoplamiento mixto, mediante el empleo de distintos

tipos de metales.”

Es conocido que los haluros alilicos y bencilicos reaccionan rapidamente
en presencia de Sml,”* (agente reductor muy util en sintesis organica,
introducido en 1980 por Girard, Namy y Kagan)” originando exclusivamente
los productos de homoacoplamiento con buenos rendimientos. De esta forma el

cloruro de cinamilo (1a, Esquema 37) condujo en 30 minutos, a la mezcla de los

7iCorey, E. J.; Hamanaka, E. J. Am. Chem. Soc. 1964, 86, 1641-1642.

2a) Yoshida, J.; Funahashi, H.; Iwasaki, H.; Kawabata, N. Tetrahedron Lett. 1986, 27, 4469-4472.
b) Tokuda, M.; Endate, K.; Suginome, H. Chem. Lett. 1988, 945-948.

73 Coupling Reactions Between sp® Carbon Centers en Comprehensive Organic Synthesis;
Trost, B. M.; Patenden, G., Eds.; Pergamon Press: Oxford, 1991; Vol. 3, 413-434.

74 Molander, G. A.; Harris, C. R. Chem. Rev. 1996, 96, 307-338.

75 Girard, P.; Namy, ]. L.; Kagan, H. B. J. Am. Chem. Soc. 1980, 102, 2693-2698

54



Horacio R. Diéguez

Antecedentes Bibliograficos TESIS DOCTORAL

productos de acoplamiento aa’, ay’ y vy’ (2, 3, 4, Esquema 37) con un 51%, 23%
y 7% de rendimiento respectivamente. Cuando se empled bromuro de cinamilo
(1b, Esquema 37), en tan solo 5 minutos, se obtienen los mismos productos de
acoplamiento: aa’, oy’ y vy’ (2, 3, 4) con rendimientos parecidos (55%, 21% y 6%)

(Esquema 37).

' Ph
X X /\/(x\/\/ X .
W S, THE, (2 PN - X Ph , phw + W
Ph ! I8

X=Cl, 30 min
X=Br,5 min 2 3 4
la X=0 55% 21% 6%
1b X=Br 51% 23% 7%
Esquema 37

De la misma forma, la reacciéon de cloruro de bencilo (5a) con Sml,
condujo al di-bencilo (6) con un 67% de rendimiento en 90 minutos, mientras
que el bromuro de bencilo (5b) en las mismas condiciones, origin6 (6) con un

82% de rendimiento en tan sélo 20 minutos (Esquema 38).

X
Sml,, THF, ta O
X=Cl,90 min O
Sa X=Cl . gr 20 min 6
5b X=Br
Esquema 38

El mecanismo por el cual se produce la formacion de los
correspondientes productos de homo-acoplamiento en presencia de este
reactivo, no esta hasta la fecha bien definido. H. B. Kagan propone la formacion

de los mismos a través de colision de radicales (Esquema 39). Por otra parte
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Denis P. Curran,”® propone la existencia de evidencias que apoyan que los
productos de acoplamiento, no se originan mediante combinacion de radicales,
sino que tiene lugar la formaciéon de un alil-samario (mediante un proceso de
segunda transferencia electronica) que reacciona posteriormente con otra
molécula de derivado halogenado, dando lugar asi a los correspondientes

productos de homo-acoplamiento (Esquema 40).

Smly, THF, ta © X2

Esquema 39

Br

PhCH,Br + Sml, —= PhCH, + Smi,Br
[ ]
PhCH, + Sml, —= PhCH,Sml,

PhCH,Sml, + PhCH,Br —> PhCH,CH,Ph

Esquema 40

Los haluros alilicos también sufren procesos de homo-acoplamiento en
presencia del reactivo de transferencia electronica Cr'.”” Asi cuando el bromuro
alilico (7, Esquema 41) se trata con CrCls/LiAlHs, se obtienen tanto los
productos de acoplamiento ao’, como oy y vy (8, 9, 10) con un 70% de

rendimiento y en proporcion 72:22:6 (Esquema 41).

\KVB" THF, I7_(|)%|-|4 \(\ \)\ \(\\Q />\\</

7

76 Curran, D. P; Fevig, T. L.; Jasperse, C. P.; Totleben, M. J. Synlett 1992, 12, 943-961.
77 Para una revision de este reactivo, ver: Flirstner, A. Chem. Rev. 1999, 99, 991-1045.
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Esquema 41

Desde un punto de vista mecanistico, esta reaccién se puede explicar a
través de la formacion en primer lugar de un radical de tipo alilico, el cual se
reduciria rapidamente en presencia de un exceso de Cr" para dar el
correspondiente intermedio alil-cromo, que reaccionaria con los derivados
halogenados alilicos de partida originando los productos de homo-

acoplamiento (Esquema 42).

/\/Br

Esquema 42

Este reactivo de Cr" también ha sido empleado por Sustmann et al.”® en
reacciones de acoplamiento mixto, por ejemplo mediante la adiciéon de un
derivado halogenado alilico sobre un bencil-cromo formado previamente

(Esquema 43).

THF
| ——— X
+ T asw
Esquema 43

El cobre metdlico ha sido empleado también en reacciones de homo-
acoplamiento. Asi, Ebert et al.,”” observaron que cloruros, bromuros y yoduros
de alilo (11) y bencilo (13) reaccionaban en presencia de Cu’, generado in situ

mediante la reduccion con naftalenuro de litio de complejos de Cu' con

78 Sustmann, R.; Altevogt, R. Tetrahedron Lett. 1981, 22, 5167-5170.
7 Ginah, F. O.; Donovan, T. A.; Suchan, S. D.; Pfenning, D. R.; Ebert, G. W. J. Org. Chem. 1990,
55, 584-589.
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trialquil-fosfinas (Cul-PRs), para dar lugar a los respectivos productos de homo-

acoplamiento con buenos rendimientos: 1,5-hexadieno (12) y di-bencilo (14)

(Esquema 44).
CUO
X /\/\/
/\/ 10 min ©/\ 60 min
1l1a X=dl 12 56% 13a X=Cl 14 48%
11b X=Br 12 85% 13b X=Br 14 87%
11c X=1 12 92% 13c X=1 14 90%

Esquema 44

Clive et al® llevaron a cabo en 1982 el acoplamiento de una gran
variedad de haluros alilicos (bromo y cloro-derivados) en presencia de Te*
[generado in situ a partir de la reduccidon de teluro metdlico en polvo con
LiB(C2Hs)sH] bajo condiciones de reaccidon suaves, conduciendo con buenos
rendimientos a los correspondientes productos de acoplamiento: 1,5-dienos. Por
ejemplo, el derivado clorado alilico (15) en presencia de Te*, condujo con un
82% de rendimiento a la mezcla de los productos de acoplamiento aa.” y ay” (16,

17) en proporcion 1.3:1 (Esquema 45).

, z
2- a v
O e NF NS NN
THF,80°C o
1h
15 16 17
Esquema 45

8 Clive, D. L. ].; Anderson, P. C.; Moss, N.; Singh, A. J. Org. Chem. 1982, 47, 1641-1647.
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Estudios mecanisticos han establecido la existencia de un intermedio de
teluro bis-alilico que origina los radicales alilicos, los cuales dimerizan

formando asi el producto de homo-acoplamiento (18) (Esquema 46).
B Te?", dioxano, THF
' reflujo, 86%
1h
18
OO — [ O+ v

Esquema 46

Rieke et al.,®! llevaron a cabo el homo-acoplamiento de cloruro y bromuro
de alilo (19a y 19b) por formacion del compuesto (n-alil-NiX)2, obteniendo 1,5-
hexadieno (20) con un 73% y un 25% de rendimiento respectivamente (Esquema

47).

/\/X K \/
85 °C
19a X=q¢  omin 20 73%
19b X=Br 20 25%
Esquema 47

Los complejos (n-alil-NiX):** se preparan normalmente a partir de un
derivado halogenado alilico y de especies de Ni’, tales como Ni(CO): (22). El

procedimiento mds comun implica el tratamiento de un bromuro alilico con

81 a) Rieke, R. D.; Kavaliunas, A. V.; Rhyne, L. D.; Fraser, D. J. J. J. Am. Chem. Soc. 1979, 101,
246-248. b) INab, S.; Matsumoto, H.; Rieke, R. D. J. Org. Chem. 1984, 49, 2093-2098.

82 Para una revision sobre el uso sintético de este reactivo, ver: Billington, D. C. Chem. Soc. Rev.
1985, 14, 93-120.
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Ni(CO): a 50-70 °C.#* Cuando el bromuro alilico 21 se puso en presencia de
Ni(CO)4 (22) en benceno a 50 °C, se formo el producto de acoplamiento 23 con

un 70% de rendimiento (Esquema 48).

. CH, CH
_ Ni(CO), (22) i 2 72
BreHG=CH, T4 %% ¢, HoO00CCH, CH,CC0,CoHe
CeHe
CO,GHs 70%
21 23
Esquema 48

Se han llevado a cabo reacciones de acoplamiento mixto con
rendimientos razonables, en presencia de este reactivo. En ellas el complejo de
niquel (24) reacciona con el derivado bromado alilico (25), originando un 60%
del producto de acoplamiento mixto, el monoterpeno acetato de geranilo (26),
formandose solamente pequenas cantidades de los correspondientes productos

de homo-acoplamiento (Esquema 49).

ALRSN OAc
+ Br = T e )\/\)\/\
Y|\ /\(\/ — “ “ oA

NiBr),
24 25 26

Esquema 49

Siguiendo este método, el aldehido sesquiterpénico B-sinensal (30), ha
sido preparado a partir del cloruro alilico (27) y el complejo (rn-alil-NiX)2 (28).%
Ademas de la formacion de un 50% del producto de acoplamiento mixto
deseado (29), se formaron como productos minoritarios los correspondientes

productos de homo-acoplamiento (20% y 26%) (Esquema 50).

8 Semmelhack, M. F.; Helquist, P. M. Org. Synth. 1972, 52, 115-121.
84 Sato, K,; Inoue, S.; Watanabe, K. |. Chem. Soc., Perkin Trans 11981, 9, 2411-2414.
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27 28 29 30

Esquema 50

Maés recientemente, Sonoda et al.** han investigado el empleo de lantano
metalico en sintesis organica. La reaccidon de derivados halogenados alquilicos
no activados R-X en presencia de lantano, conduce mayoritariamente al
producto de homo-acoplamiento R-R, junto con producto de reduccion R-H y la
correspondiente olefina sobre todo cuando se utilizan derivados halogenados

secundarios y terciarios (Esquema 51).

La
THF, 65 °C

R-X R-R + R-H + alqueno

Esquema 51

Cuando la reaccion se llevo a cabo con 1-iodododecano (31) en presencia
de cantidades estequiométricas de lantano, se obtuvo un 70% de (32), producto
correspondiente a la reaccion de dimerizacion, ademas de un 18% del producto

de reduccién (33) y un 6% de la olefina (34) (Esquema 52).

L W A QAN

9 67 °C, 2h
31 34

8 Nishino, T.; Watanabe, T.; Okada, M.; Nishiyama, Y.; Sonoda, N. |. Org. Chem. 2002, 67, 966-
969.
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Esquema 52

Esta reaccion en presencia de lantano metalico también ha sido aplicada
a derivados halogenados alilicos y bencilicos, de forma que se ha llevado a cabo
la dimerizacion reductiva de cloruro de bencilo (5a) y bromuro de cinamilo (1b)
para obtener eficientemente los correspondientes productos de homo-
acoplamiento. En el caso del cloruro de bencilo, se obtiene un 77% de di-bencilo

(6) junto con un 6% del correspondiente producto de reduccion (35) (Esquema

a H
1.0 La, THF, 67°C O
2h,77% O +
6 35

Esquema 53

53).

5a

En el caso de bromuro de cinamilo, se obtienen los productos de
acoplamiento ao’, ay’ y vy’ (2, 3, 4) en una proporcién relativa 33:48:19 con un

84% de rendimiento, junto con un 4% del producto de reduccion (Esquema 54).

10 La
X Br THF, 67 °C o on %y Ph '
2h,84%  pp N XN ph/\/\(\ N \)\Y(\
o Y X
Ph
Ph

1b 2 3 4
Esquema 54

Desde un punto de vista mecanistico, los autores proponen que los

radicales formados a través de la transferencia electronica del lantano al
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derivado halogenado, son las especies implicadas en el proceso de homo-

acoplamiento (Esquema 55).

La La3+ I

3R U 3[R-1]e QKL. 3R — . |RR

Esquema 55

Otro metal utilizado en procesos de homo-acoplamiento ha sido Ba. En el
campo de los terpenoides, la reaccion de homo-acoplamiento de haluros alilicos
usando Ba, origina exclusivamente los productos de acoplamiento aa’. Este
proceso llevado a cabo por Corey et al.,* represento la primera sintesis directa
del triterpeno escualeno (36) con un 79% de rendimiento mediante el

acoplamiento de dos unidades de E,E-farnesilo (37) (Esquema 56).

Br
N -78°Ca 23 °C
NS + 19 h,79%
¥
36 37
Esquema 56

La sintesis de dienos asimétricos a través del acoplamiento mixto
regioselectivo ao’ de derivados halogenados alilicos, también se ha abordado
mediante el empleo de este reactivo. Asi el bencil éter de geranilgeraniol (40), se
obtuvo con un 81% de rendimiento mediante el tratamiento del bromuro alilico

(39) con el geranil-bario (38) a -75 °C en THF (Esquema 57).

8 Corey, E. J.; Shieh, W.-C. Tetrahedron Lett. 1992, 33, 6435-6438.
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\(\/\(\/ . BrWOMQ

38 THF, -75 °C 39
81%

a
W WO\/O
a
40
Esquema 57

A partir de bromuro de farnesilo se puede sintetizar escualeno, el
proceso fue llevado a cabo por Yamada et al.,¥ empleando el reactivo cloro-
tris(trifenilfosfina)cobalto(I) [CoCl(PhsP)s]. Esta reaccion se llevd a cabo bajo
condiciones suaves de reaccion, obteniéndose escualeno en un 55%, ademas de
los productos de acoplamiento oy y vy’ (41, 42) con un 22% y 12% de

rendimiento respectivamente (Esquema 58).

X
Br
AN
12 _ S
S CsHg, 30 min
89% 37 41
+
36 X

|
42

Esquema 58

8 Momose, D.; Iguchi, K,; Sugiyama, T.; Yamada, Y. Tetrahedron Lett. 1983, 24, 921-924.
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Cuando la reaccion se llevo a cabo con bromuro de geranilo (43) en
presencia de un disolvente polar aprotico tal como N,N-dimetilformamida
(DMF) y hexametil-fosforamida, se formé una especie trimérica (47) ademas de
los correspondientes productos de acoplamiento oo’ (44), ay’ (45) v vy (46)
(Esquema 59). Los autores explican la formacion del trimero (47) mediante la
adicion del radical geranilo a la posicion menos impedida de la olefina presente

en el producto de acoplamiento oy’ (45).

L qﬂl Q@@

44 (53%) 45 (10%) 46 (10%)
47 (10%)
Esquema 59

Yamamoto et al.,’® demostraron que la reaccién de haluros alilicos tales
como (48) y de organometalicos alilicos del tipo (49), donde M = Na, Li, Mg, Zn,
conduce generalmente a la mezcla de los cuatro productos de acoplamiento oo,

ay’, ya y vy (50, 51, 52, 53) (Esquema 60).

8 Yamamoto, Y.; Maruyama, K. J. Am. Chem. Soc. 1978, 100, 6282-6284.
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o R R L~ R
RM ﬁy/\/ﬂ"
, + |
Y a Y a 50 51
R,/V\BI’ + RMM .
R R
a . o

48 49 R\ R + Y
- I

. 52 53

M= Na, Li, Mg, Zn
Esquema 60

Por ejemplo, el organometalico alilico (54), en presencia de cloruro de
cinamilo a -78 °C, origind un 75% de la mezcla de productos de acoplamiento,

aa’, yo', ay" vy vy (55, 56, 57, 58) en proporcion 71:22:3:4 (Esquema 61).

Y o
CHyCH=CHCH, Li

PhCH=CHCH,  PhCH=CHCH, PhCHCH=CH, PhCHCH=CH,
54
. -78°C CHyCH=CHCH, + CH,=CHCHCH; +  CH,CH=CHCH; + CH;CHCH=CH,
0,
¥ N 7o% 71 22 3 4
PhCH=CHCH,CI
55 56 57 58
Esquema 61

Sin embargo, cuando se emplearon alilboratos de litio (preparados por la
adicién de alquil-boranos a una solucion de un alil-litio), tales como (60),
mostraron una alta regioselectividad hacia la formacion de los productos de

acoplamiento ya’ (61) (Esquema 62).

Li* R \/\R,
R,/\/\x + R‘ﬁ\/ - . f
59 60 61
Esquema 62
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Cuando se lleva a cabo la reaccion del alil-borato de litio (62) en
presencia del bromuro alilico (63), se obtiene mayoritariamente (64), resultante
del acoplamiento ya’, frente a (65) resultante del acoplamiento oo’ en

proporcion 81:19 (Esquema 63).

Y'\ o
Br j/
v o Lt 63 a o
>7o°"\/\ 4 >7Om‘\/ /Y
o “

66%
62 64 65

Esquema 63

También se han llevado a cabo reacciones de homo-acoplamiento y de
acoplamiento mixto, empleando complejos de Pd. El método consiste en la
reaccion entre un derivado halogenado alilico y un alil-estannano. Este alil-
estannano se puede generar in situ®, mediante la reduccidn electroquimica del
haluro organico con cloruro de tributil-estafio, que en presencia de paladio
catalitico conduce al producto oy’ como tnico regioisdémero. Cuando cloruro de
cinamilo (1a) se puso a reaccionar en estas condiciones, condujo con un 89% de
rendimiento al producto de acoplamiento ay” (3) como unico producto de

reaccion (Esquema 64).

Esquema 64

8 Yoshida, J.; Funahashi, H.; Iwasaki, H.; Kawabata, N. Tetrahedron Lett. 1986, 27, 4469-4472
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Cuando el alil-estanano (67) se acopla con el bromuro alilico (66), se

obtiene exclusivamente el producto de acoplamiento mixto (68) (Esquema 65).”

W\A\)\AW N </\/> %(l/?» C16H33)\/ PN

2 4
66 67 68

Esquema 65

Respecto de acoplamientos de derivados halogenados arilicos, Yanlong y
colaboradores’® reducen haluros alilicos y bencilicos con cantidades
equimoleculares de Cp:Ti"'Cl a temperatura ambiente, obteniendo asi los
correspondientes productos de homo-acoplamiento. Di-bencilo (6) se obtiene
con un 86% de rendimiento cuando el cloruro de bencilo (5a) se anade a una

solucion de Ti"' en THF (Esquema 66).

) g
Cp,TiCly, Al O
THF, 86%

5a 6

Esquema 66

Por otro lado el producto de acoplamiento mixto (69) se obtiene con un
32%, cuando el cloruro de alilo (11a) se pone en presencia de cloruro de bencilo
(5a) y dos equivalentes de Cp:Ti"!'Cl. Ademas se forman productos de homo-

acoplamiento: 1,5-hexadieno (12) 33% y dibencilo (6) 35% (Esquema 67).

9% Godschalx, J.; Stille, J. K. Tetrahedron Lett. 1980, 21, 2599-2602
1 Yanlong, Q.; Guisheng, L.; Huang, Y. |. Organometallic Chem. 1990, 381, 29-34.
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5a lla 12 69 6
Esquema 67

Finalmente, y tal y como indicamos en el apartado de Introduccion y
Objetivos (Esquema 24), nuestro Grupo de Investigacion ha desarrollado una
metodologia para el homo-acoplamiento de haluros alilicos mediante el empleo
catalitico de Cp2Ti""Cl con excelentes resultados (Esquema 68).5” Esta reaccion se
caracteriza fundamentalmente por tener lugar bajo condiciones suaves y
destaca por ser quimioselectiva ante un amplio nimero de grupos funcionales

tales como alcoholes, aminas, cetonas, acidos y ésteres.”

OAc

Esquema 68

%2 Spencer, R. P.; Cavallaro, C. L.; Schwartz, J. |. Org. Chem. 1999, 64, 3987-3995.
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n el caso de epodxidos, entre 1988 y 1994 Rajanbabu y Nugent
describieron  la  reaccion de  ruptura = homolitica
mediada/catalizada por Cp:Ti""Cl que origina la apertura hacia
un PB-titanoxi-radical y las primeras aplicaciones.”® Desde entonces, muchas
otras han sido descritas utilizando como herramienta principal el carbono
radical que se genera, tales como la reduccion a alcoholes, desoxigenacion a
olefinas y formacion de enlaces C-C en adiciones radicalarias inter e

intramoleculares sobre insaturaciones C-C, C-O y C-N (Esquema 69).7

% a) Nugent, W. A; Rajanbabu, T. V. J. Am. Chem. Soc. 1988, 110, 8561-8562. b) Rajanbabu, T.
V.; Nugent, W. A. . Am. Chem. Soc. 1989, 111, 4525-4527. c) Rajanbabu, T. V.; Nugent, W. A,;
Beattie, M. S. J. Am. Chem. Soc. 1990, 112, 6408-6409. d) Rajanbabu, T. V.; Nugent, W. A. |. Am.
Chem. Soc. 1994, 116, 986-997.

% a) Spencer, R. P.; Schwartz, ]. Tetrahedron 2000, 56, 2103-2112. b) Nugent, W. A.; RajanBabu,
T. V. ]. Am. Chem. Soc. 1988, 110, 8561-8562. c) RajanBabu, T. V.; Nugent, W. A. J. Am. Chem. Soc.
1989, 111, 4525-4527. d) RajanBabu, T. V.; Nugent, W. A.; Beattie, M. S. ]. Am. Chem. Soc. 1990,
112, 6408-6409. e) RajanBabu, T. V.; Nugent, W. A. J. Am. Chem. Soc. 1994, 116, 986-997. f)
Gansduer, A.; Pierobon, M.; Bluhm, H. Angew. Chem. Int. Ed. 1998, 37, 101-103. g) Ganséuer, A.;
Bluhm, H.; Pierobon, M. |. Am. Chem. Soc.1998, 120, 12849-12859. h) Gansauer, A.; Pierobon, M.;
Bluhm, H. Synthesis 2001, 2500-2520. i) Ferndndez-Mateos, A.; Martin de la Nava, E.; Pascual
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PPN

a. Reduccién con H

A

,'I!iCpZCI /b. Atrapamiento intermolecular

. , con olefinas activadas
Cp,TICI /\A /\)'w -
R/\)\ P2 R — R | OTiCp,ClI

T~ d. Polimerizaciones

l radicalarias

TiCp,Cl
R/\)Q/OTiCpZCI

1
C. Desoxigenac,ié% \f. Isomerizacion

Esquema 69

La regioselectividad de la apertura del anillo oxirano vendrad definida
por la estabilidad del radical formado® y por las interacciones estéricas entre los
ligandos del catalizador y el sustrato,” lo que habitualmente genera el radical

mas sustituido (Figura 3).”

Cl< {Cp
oIl
S\ q Cp
3 Cp Nk
(0] . ° O/TI\
Figura 3

Coca, G.; Ramos Silvo, A.; Rubio Gonzalez, R. Org. Lett. 1999, 1, 607-609. j) Fernandez-Mateos,
A.; Mateos Burdn, L.; Rabanedo Clemente, R.; Ramos Silvo, A. I.; Rubio Gonzalez, R. Synlett
2004, 1011-1014. Review reference 27.

% Zipse, H.; Top. Curr. Chem. 2006, 263, 163-189.

% Gansatier, A.; Barchuk, A.; Keller, F.; Schmitt, M.; Grimme, S.; Gerenkamp, M; Miick-
Lichtenfeld, C.; Daasbjerg, K.; Svith, H. . Am. Chem. Soc. 2007, 129 1359-1371.

97 Gansatier, A.; Bluhm, H. Chem. Rev. 2000, 100, 2771-2788.
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El p-titanoxi-radical asi generado puede dar lugar a reacciones de
formacion de enlaces C-C mediante la adicion inter- o intramolecular a olefinas
activadas o a grupos carbonilo.”® Este tipo de adiciones pueden generar, con
sustratos epoxi-olefinicos o epoxi-alquinos y condiciones de reaccion
adecuadas, las atractivas reacciones de ciclacion radicalaria que cierran un solo
ciclo u otras en cascada que permiten acceder facilmente a innumerables
esqueletos de Productos Naturales mono- y policiclicos.”” Asi entre otras ha
dado lugar a ciclaciones 5-exo en numerosas aplicaciones llevadas a cabo por
RajanBabu,” Clive!® y Roy,'! permitiendo la sintesis directa de derivados

ciclopentanicos funcionalizados tal como la de triquinanos (Esquema 70).

2.0 Cp,TiCl
THF, 81%

70

Esquema 70

Ferndndez-Mateos et al. estudiaron la influencia de la longitud de la
cadena carbonada en la ciclacion de epoxi-alquenos inducida por Ti't,
observando que solo se producian procesos de ciclacion 5-exo y 6-ex0.'2 Los
productos obtenidos son consecuencia de la reduccion final de las especies de

alquil-titanio generadas. Es destacable que la presencia de un grupo carbonilo

% a) Fernandez-Mateos, A.; Martin de la Nava, E.; Pascual, G.; Ramos, A.; Rubio, R. Org. Lett.
1999, 1, 607-609; b) Fernandez-Mateos, A.; Herrero, P.; Mateos, L. Rabanedo, R.; Rubio, R. J. Org.
Chem. 2007, 72, 9973-9982.

% RajanBabu, T. V.; Nugent, W. A. J. Am. Chem. Soc. 1994, 116, 986-997.

100 a) Clive, D. L. J.; Magnusson, S. R. Tetrahedron Lett. 1995, 36, 15-18; b) Clive, D. J. L,;
Magnusson, S. R.; Manning, H. W.; Mayhew, D. L. J. Org. Chem. 1996, 61, 2095-2108.

101 3) Maiti, G.; Chandra Roy, S. C. J. Chem. Soc., Perkin Trans. 1 1996, 403-404; b) Mandal, P. K.;
Maiti, G.; Chandra Roy, S. C. J. Org. Chem. 1998, 63, 2829-2834.

102 Fernandez-Mateos, A.; Mateos Burdn, L.; Martin de la Nava, E.; Rabanedo Clemente, R,;
Rubio Gonzélez, R.; Sanz Gonzalez, F. Synlett 2004, 2553-2557.
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conjugado con el doble enlace produce una aceleracion en el proceso de
ciclacion. Asi, cuando se emplea 81 como sustrato, el proceso 3-exo hacia la

formacion de 82 se produce de manera cuantitativa (Esquema 71).1%

~R .
1) 2.2 Cp,TicCl
- 2)H

(72)n=0,R=Et - (76a) (90%)
(73) n=1,R=H - (77a) (74%)
(74) n=2,R=H (78a) (48%) -
(79b) (16%)
(75) n=3,R=H (80a) (69%)  (80b) (8%)
1) 2.2 Cp,TiCl : %
. 2 .,
.
0 H
(81) (82) (cuantitativo)
Esquema 71

Relacionado con lo anterior, A. Gansauer et al. establecieron, mediante
una combinacién de estudios tedricos y experimentales de ciclaciones 3-exo
catalizadas por Cp:TiCl, que ambas reacciones son termodindmicamente
favorables y que la eficacia del proceso depende, de la facilidad con la que los

radicales de ciclopropano son atrapados por una segunda molécula de

Cp2TiCl.104

Se ha empleado también epoxi-aldehidos, epoxi-cetonas y epoxi-nitrilos
como sustratos en ciclaciones catalizadas por Ti. Cuando se emplean epoxi-

carbonil derivados (83, 86, Esquema 72) se obtienen cicloalcanoles (84, 85, 87, 88,

103 a) Fernandez-Mateos, A.; Martin de la Nava, E.; Pascual Coca, G.; Ramos Silvo, A.; Rubio
Gonzalez, R. Org. Lett. 1999, 1, 607-609; b) Fernandez-Mateos, A.; Mateos Buron, L.; Rabanedo
Clemente, R.; Ramos Silvo, A. I.; Rubio Gonzalez, R. Synlett 2004, 1011-1014.

104 Friedrich, J.; Dolg, M.; Gansauer, A.; Geich-Gimbel, D.; Lauterbach, T. J. Am. Chem. Soc.
2005, 127, 7071-7077.
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Esquema 72), mientras que se obtienen cicloalcanonas, si los sustratos son
epoxi-nitrilos. En lo referente a experimentos con derivados de epoxi-
carbonilos, se obtienen productos desde ciclopropanoles hasta ciclohexanoles
con buenos rendimientos especialmente altos en el caso los hidroxi-

ciclopropanos.

1) 2.2 Cp,Tidl : OH+ i
CHO 2)H* Q:r

(83) (84) 55% (85) 37%
R 1) 2.2 Cp,Tidl : 2OH

@ 2H '

(86) (87) 67% (88) 33%

Esquema 72

La pérdida de eficacia detectada en los procesos 6-exo es debida a la
competencia con la f-eliminacién de hidrogeno del radical carbonado resultante

de la apertura homolitica inicial del epdxido.'%

En cuanto al comportamiento de los epoxi-nitrilos, este método conduce
con buenos rendimientos a compuestos resultantes de procesos de ciclaciones 4-
, 5- 'y 6-exo-dig.1® El mecanismo propuesto requiere la adicion de un B-titanoxi
radical al nitrilo para dar lugar a un radical de iminio que evoluciona hasta la

correspondiente cetona (Esquema 73).

105 Fernandez-Mateos, A.; Martin de la Nava, E.; Pascual Coca, G.; Ramos Silvo, A.; Rubio
Gonzalez, R. Org. Lett. 1999, 1, 607-609.

106 Fernandez-Mateos, A.; Mateos Burdn, L.; Rabanedo Clemente, R.; Ramos Silvo, A. I.; Rubio
Gonzalez, R. Synlett 2004, 1011-1014.
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O[Ti] O[Til N
|- X —
(89) j Til Tt
[Ti]O [Ti O[Ti] [I\|—[T|]
o B
o j -H[Ti] l HyO*
[Ti]O

0O
(91)
o N jj

e

3

(92)

Esquema 73

En el caso de los B-epoxi-nitrilos se ha observado la pérdida del grupo
nitrilo, mientras que en el caso de los e-epoxi-nitrilos, se produce la
competencia entre la eliminacion del B-titanoxi-radical intermedio y la ciclacion

7-exo-dig (Esquema 74).

0]
1) 2.2 Cp, TiCl
2) H*
CN
(93) (94) 88%
(0]
1)22,TiC po
2) H*
CN CN CN
(95) (96) 45%  (97) 9% (98) 18%
Esquema 74

Un conjunto de estudios llevados a cabo sobre series de epoxi-cetonas
conjugadas con dobles enlaces mono-sustituidos mostraron tinicamente buenos

rendimientos en las ciclaciones quimioselectivas hacia el ciclopropil-derivado
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correspondiente cuando se emplean [-cetonas como material de partida
(Esquema 75).17 En el resto de series se obtiene mezclas de ciclaciones sobre los

dobles enlaces o carbonilos.

Z 1) 2.2 Cp,Ticl T
S0 2)H : )y A ANe
(99) n=1 (102) (40%) (103) (17%) - (104) (21%)
(100) n=2 - - (105) (51%)  (106) (26%)
(101) n=3 - (107) (22%) - (108) (8%)
Esquema 75

Las ciclaciones 6-endo catalizadas por Ti! han sido empleadas en
numerosas secuencias sintéticas. En sus estudios hacia la sintesis de paclitaxel,
T. Takahashi et al. prepararon los sintones ciclicos A- y C de su estructura

comenzando a partir de geraniol (Esquema 76).1%

OR OR OR
placlitaxel j 2:§;\ + H);'Q
@] O
anillo A anillo C
OR
OAC wh
zi ) 2 5 szTlClz o N
S 2) H+ 0
A-ring
MOBO. + O MOBO OH OR OR
1) 2.5 Cp,TicCl,
N 2) H , H
OAc OAc i 0
CGring
Esquema 76

107 Fernandez-Mateos, A.; Mateos Burén, L.; Rabanedo Clemente, R.; Ramos Silvo, A. I.; Rubio
Gonzalez, R. Synlett 2004, 1011-1014.

108 Nakai, K.; Kamoshita, M.; Doi, T.; Yamada, H.; Takahashi, T. Tetrahedron Lett. 2001, 42,
7855-7857.
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Se ha indicado el empleo de Ti' en ciclaciones 5-exo-dig y 5-exo-trig para
la sintesis de lignanos y productos naturales derivados de tetrahidrofurano,
como son v-lactonas. Asi, dos potentes antibidticos: el acido (&)-
dihidroprotolichesterinico (111) y el acido (f)-roccellarico (112) se han
sintetizado eficientemente empleando el epoxi-alqueno 109 como producto de

partida (Esquema 77).1%

HOOC
7 1)20,TiCL, 21 Ho _ — Gt ™o
) 111
Ci3Hy7 o) 2) HY CizHa7"

@)
109 76% 110 —— MeOOC,
(5:1) .
CisHr S0
112
Esquema 77

Ziegler ha descrito dos aproximaciones a la sintesis de uno de los ciclos
de entecavir (113), un nucledsido sintético activo contra el virus de la hepatitis

B, a partir de D-diacetona glucosa (Esquema 78).11°

N
/\&/ r/ﬂo
HO N~
\ N=(
HO' NH;
113

109 Mandal, P. K;; Roy, S. C. Tetrahedron, 1999, 55, 11395-11398.
10 Ziegler, F. E.; Sarpong, M. A. Tetrahedron, 2003, 59, 9013-9018.
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D-diacetona glucosa

1) 3 Cp,Ti''lCl \OTBS
Az DI NN e o

- 2)H* .
SBTO  OTBS 82% TBSO HO
0
COOMe /COOMe

o) OH
1 Ti'l'cl
Oj\/\/l( ) &1 WOTBS + WOTBS

:o: 2) 10% H,S0,
SBTO  OTBS R

TBSO TBSO 40%
32 ™\ 1"
Esquema 78

En relacion con todas estas tematicas, en los ultimos afos se han
publicado nuevas reacciones de mono-ciclacion 6 ciclaciones en cascada: por
ejemplo las que utilizan epoxi-esteres, epoxi-enonas,!'!! epoxi-nitrilos,!!? sintesis
de ciclobutanos mediante ciclaciones 4-exo,'® y sintesis de ciclopentitoles.!* Se
han desarrollado nuevas sintesis de compuestos heterociclicos del tipo de las p-

lactamas!?® y anillos oxigenados desde 4 a 8 eslabones que incluyen lactonas

11 Martin-Rodriguez, M.; Galan-Fernandez, R.; Marcos-Escribano, A.; Bermejo, F. A. |. Org.
Chem. 2009, 74, 1798-01.

112 a) Fernandez-Mateos, A.; Teijon, P. H.; Clemente, R. R.; Gonzélez, R. R.; Gonzdlez, F. S.
Synlett 2007, 2718-22; b) Monledn, L. M.; Grande, M.; Anaya, J. Tetrahedron 2007, 63, 3017-3025.

113 Friedrich, J.; Walczak, K.; Dolg, M.; Piestert, F.; Lauterbach, T.; Worgull, D.; Gansauer, A. |.
Am. Chem. Soc. 2008, 130, 1788-96

114 Chiara, ]. L.; Bobo, S.; Sesmilo, E. Synthesis 2008, 3160-66.

115 a) Monleon, L. M.; Grande, M.; Anaya, J. Synlett 2007, 1243-46; b) Monleén, L. M.; Grande,
M.; Anaya, ]. Tetrahedron 2007, 63, 3017-25.
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como las dihidro-isocumarinas etc.!’® Se han estudiado reacciones de reduccion

de oxazinas, acidos hidroxamicos y N-hidroxi-carbamatos.!'”

Otro aspecto relevante de la quimica de monocloruro de titanoceno son
nuevas reacciones de acoplamiento C-C incluyendo homo-acoplamientos-
dimerizaciones,''® acoplamientos entre epoxidos y nitrilos,!’ metodologias de

acoplamiento pinacolinico y acoplamientos cruzados-alilaciones.

También se pusieron a punto nuevas metodologias que incluyen la
sintesis de 2-ene-1,4-dioles a través de una apertura en cascada de 1,3-
diepoxidos,'® sintesis de C-cuaternarios mediante apertura de 2,3-
epoxialcoholes,’? hidrogenacién de alquenos y alquinos mediada por

Cp:Ti"Cl/metales de transicidn, apertura de oxetanos catalizada por Ti'..122

116 a) Banerjee, B.; Roy, S. C. Eur. J. Org. Chem. 2006, 489-97, Mandal, S. K.; Roy, S. C.
Tetrahedron 2007, 63, 11341-48; b) Mandal, S. K.; Roy, S. C. Tetrahedron Lett. 2007, 48, 4131-34; c)
Mandal, S. K; Roy, S. C. Tetrahedron Lett. 2008, 49, 11050-57; d) Xu, L.; Huang, X. Tetrahedron
Lett. 2008, 49, 500-03.

117 Cesario, C.; Tardibono, L. P. Jr.; Miller, M. J.. J. Org. Chem. 2009, 74, 448-51.

118 Ramesh, N.; Prakash, C.; Sureshbabu, R.; Dhayalan, V.; Mohanakrishnan, A. K. Tetrahedron
2008, 64, 2071-79.

119 Fernandez-Mateos, A.; Madrazo, S. E.; Teijon, P. H.; Gonzalez, R. R. J. Org. Chem. 2009, 74,
3913-18.

120 Aldegunde, M. J.; Castedo, L.; Granja, J. R. Chem. Eur. . 2009, 15, 4785-87.

121 Chakraborty, T. K.; Samanta, R.; Das, S. J. Org. Chem. 2006, 71, 3321-24.

12 Gansduer, A.; Ndene, N.; Lauterbach, T.; Justicia, J.; Winkler, 1.; Mick-Lichtenfeld, C.;
Grimme, S. Tetrahedron 2008, 64, 11839-44.
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opP
TiIII
d OoP
oP
116
OH OH Ti'" OH
- - OTBDPS > - o OTBDPS
8
OTBS OTBS
118 119
Esquema 79
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Junto a estos tipos de nuevas reacciones, recientemente se ha utilizado
Cp2Ti"Cl como paso clave en sintesis totales de Productos Naturales,'?
especialmente los terpenoides como el acido fomitélico B (114) e hyptolida (117)

(Esquema 79).

Para las ciclaciones radicalarias ha sido desarrollada una version
catalitica (Esquema 80), reduciéndose considerablemente las proporciones de
Cp:TiCl: empleadas y las elevadas diluciones de la version estequiométrica.!?*
Asi, el empleo de la combinacion de 2,4,6-colidina/TMSCI o hidrocloruro de
2,4,6-colidinio, que son compatibles con los oxiranos, regenera Cp:TiCl. desde
los enlaces Ti-O y Ti-C formados en el transcurso de la reaccion, cerrando de
esta manera el ciclo catalitico. Este protocolo catalitico es altamente
quimioselectivo en la apertura del epdxido conduciendo como en el caso de la
version estequiométrica a P-titanoxi-radicales. Ademds la alta tolerancia a
diferentes grupos funcionales se mantiene en la version catalitica respecto a la

estequiométrica.

Gansaeuer, Andreas; Justicia, Jose; Rosales, Antonio; Worgull, Dennis; Rinker, Bjoern; Cuerva,
Juan Manuel; Oltra, Juan Enrique. Transition-metal- catalyzed allylic substitution and
titanocene- catalyzed epoxypolyene cyclization as a powerful tool for the preparation of
terpenoids. European Journal of Organic Chemistry (2006), (18), 4115-4127. CODEN:
EJOCFK ISSN:1434-193X. CAN 146:8123 AN 2006:991058 CAPLUS

» a) Yamaoka, M.; Fukatsu, Y.; Nakazaki, A.; Kobayashi, S. Tetrahedron Lett. 2009, 50, 3849-52;
b) Chakraborty, T. K.; Purkait, S. Tetrahedron Lett. 2008, 49, 5502-04; c) Bermejo, F. A.; Fernandez
Mateos, A.; Marcos Escribano, A.; Martin Lago, R.; Mateos Burdn, L.; Rodriguez Lopez, M,;
Rubio Gonzalez, R. Tetrahedron 2006, 62, 8933-42.

124 a) Gansduer, A. Synlett 1998, 801-809; b) Gansduer, A., Lauterbach, T.; Bluhm, H.;
Noltemeyer, M. Angew. Chem., Int. Ed. 1999, 38, 2909-2910; c) Gansauer, A.; Bluhm, H. Chem.
Rev. 2000, 100, 2771-2788; d) Gansauer, A.; Narayan, S. Adv. Synth. Cat. 2002, 344, 465-475; e)
Gansduer, A.; Bluhm, H.; Rinker, B.; Narayan, S.; Schick, M.; Lauterbach, T.; Pierobon, M. Chem.
Eur. J. 2003, 9, 531-542; f) Gansauer, A.; Lauterbach, T.; Narayan, S. Angew. Chem., Int. Ed. 2003,
42, 5556-5573; g) Gansduer, A.; Barchuk, A.; Fielenbach, D. Synthesis 2004, 2567-2573; h) Barrero,
A. F,; Rosales, A; Cuerva, J. M,; Oltra, J. E. Org. Lett. 2003, 5, 1935-1938; i) A. Ganséduer, H.
Bluhm, M. Pierobon, |. Am. Chem. Soc. 1998, 120, 12849-12859; j) Gansauer, A.; Pierobon, M.;
Bluhm, H. Synthesis 2001, 2500-2520; k) Gansduer, A.; Justicia, J.; Rosales, A.; Worgull, D.;
Rinker, B.; Cuerva. J. M.; Oltra, J. E. Eur. ]. Org. Chem.. 2006, 18, 4115-4127.
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Bu,NF
MeSiO OAc OAC

+

(121)

colidina

Me,SiCl/ colidina

Mn C|2

Me;SiCl + colidina

Me,SiCl/ colidina 2 Cp,Ticl
. OAC 3 2
(c|)Cp2T|o’;;/C
2 Cp, Ti(CHH |
o
TiCp,(Cl) (120)
(Cl)Cp, TiO OAc

Esquema 80

Gansatier y colaboradores utilizaron una version catalitica para obtener
ciclaciones 5-exo hacia ciclopentanos, tetrahidrofuranos y pirrolidinas con
excelentes resultados (Esquema 81).1% Siguiendo esta idea, luego desarrollaron
la captura intermolecular del radical formado después de la ciclacion con

compuestos carbonilicos a,p-insaturados.!?

125 a) Gansduer, A.; Pierobon, M.; Bluhm, H. Angew. Chem. Int. Ed. 1998, 37, 101-103. b)
Gansduer, A.; Pierobon, M. Synlett 2000, 1357-1359. c) Gansaduer, A.; Bluhm, H.; Pierobon, M. J.
Am. Chem. Soc. 1998, 120, 12849-12859. d) Gansauer, A.; Pierobon, M.; Bluhm, H. Synthesis 2001,
2500-2520.

126 Gansauer, A.; Pierobon, M.; Bluhm, H. Angew. Chem. Int. Ed. 2002, 41, 3206-3208.
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OH
o) ~ 0.1 Cp,Ti'VCl, 59%
2.5 colidinaHCI
2 Mno Zn H
122 123
o 0.1 Cp,Ti'Val,
. 66%
X 2.5 colidinaHCl
2MnoZn
124 125
OH
OtBu
0.1 Cp,Ti'Val
°© L oA ol \/\g
2.5 colidina HCl
Z O 2MnoZn 51%
H  4r=5545
126 127 128
OH
1V
2.5 colidina HCl —_79-
o/v/ 2 Mn 0 Zn ! g dr=re2l
129 130
OH <
1V, N
2.5 colidinaHCI dr =86:14
N/\/ 2 Mn o Zn \
Ts AT
131 132
Esquema 81

En este terreno nuestro Grupo de Investigacion como ya se ha
mencionado, desde comienzos del siglo XXI disefid una estrategia general de

sintesis de terpenoides ciclicos, mediante la apertura homolitica de epoxi-
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poliprenos promovida por cloruro de titanoceno.?* Esta estrategia se caracteriza
por utilizar sustratos aciclicos naturales, con pequenas modificaciones y
permite el cierre de ciclos de 5 a 7 eslabones, tanto en procesos de
monociclaciéon como en reacciones en cascada. De esta forma llevan a la
construccion de moléculas policiclicas en una sola etapa de reaccion con un

buen control sobre las cuestiones estereoquimicas (Esquema 82).%

>

| 1) 2.2 Cp,TiCl +
- HO
5 2)H
120 121 (endo + exo) 133 (endo + exo) 134 (1:1)
54 5% 8.5% 8%

1) 0.2 Cp,TiCl,

| ,7.0 colldlna o
5 _40TMSCl TMSCI S'OZ

2) TBAF
135 86% 136a 136b 137
| , 7.0 colidina
4 TMSCI
O HO
2) Sio,
OTBS 41%
138
| 1) 0.2 Cp,TiCl,
| , 7.0 colidina
4.0 TMSCI
@) ;
2) Si0,
OoTBS 5204
140
Esquema 82

La relacion cis observada en estos procesos de ciclacion entre el grupo
hidroxilo generado y el grupo acetoxi-metilo para los productos mayoritarios,
es consecuencia del estado de transicion tipo silla que se atraviesa en la etapa de
ciclaciéon (Esquema 83). La formacion de III cuando la reaccién se lleva a cabo
en presencia de acrilato de metilo, sirve para apoyar la propuesta de este

mecanismo. La facilidad del intermedio ciclico de alquil-titanio para producir
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Cp2Ti(C)H por una eliminacién syn podria justificar la eliminacion

regioselectiva hacia el doble enlace exociclico observada.

Ti . COOMe
0K . OAC Z>C00Me OAC
Tio — > Tio

OAc

Tio OAc HO’@(VIQ

v (121)

Esquema 83

Comparativamente la eficacia del proceso de ciclacion radicalaria por
apertura de oxiranos promovida por Cp:Ti"'Cl, se mejor6é considerablemente
con la versidn catalitica de la reaccion. Asi, por ejemplo, para el biciclo
driménico 142 se consiguid aumentar el rendimiento para su formacién con un
15% extra. En consecuencia, con las condiciones cataliticas se han sintetizado

diferentes drimanos naturales con actividad insecticida (Esquema 84).1

127 a) Justicia, J.; Oltra, J. E.; Barrero, A. F.; Guadafo, A.; Gonzalez-Coloma, A.; Cuerva, ]J. M.
Eur. . Org. Chem. 2005, 712-718; b) Justicia, J.; Alvarez de Cienfuegos, L.; Estévez, R. E.; Paradas,
M.; Lasanta, A. M.; Oller, J. L.; Rosales, A.; Cuerva, J. M.; Oltra, J. E. Tetrahedron, 2008, 64, 11938-
11943; c) Justicia, J.; Campana, A. G.; Bazdi, B.; Robles, R.; Cuerva, J. M,; Oltra, J. E. Adv. Synth.
Catalysis, 2008, 4, 571-576; d) Cuerva, J. M.; Justicia, J.; Oller, J. L.; Oltra, J. E. Top. Curr. Chem.
2006, 264, 63-91.

89



Horacio R. Diéguez

TESIS DOCTORAL Antecedentes Bibliograficos

OH
0
OH -y 0
l OAC !
HO ‘ |
\ ://', HO
o) ~ : o
0 ! l
AcO I . L | HO

Esquema 84

El protocolo catalitico también ha sido utilizado como paso clave para
llevar a cabo la sintesis de numerosos terpenoides,” entre ellos estructuras
biciclicas como las de 3B-hidroxi-manool (145), y triciclicas tales como el

metabolito marino Stypoldiona (148) (Esquema 85).

0/> 0.2 Cp,TiCl,

0]
N Me;SiCl-colidina
| 42%

143 144 145
N OAc
| Me;SiCl-colidina
31%
146 147 148

Esquema 85

Otro interesante ejemplo de la aplicacion de este método fue la primera
sintesis del triterpeno monociclico achilleol-A (149) en nuestros laboratorios.®

En esta sintesis convergente, el sinton monociclico (150) se prepara a partir del
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epoxido (153), obtenido previamente a partir de geranilacetona comercial

(Esquema 86).

150 152

achilleol A(149)

_~_OH
1) 2 Op,Tic el ;I/\(V
o 2 H+ elegansidiol (155)

154 :
endo, exo (1:13)
65% o

Esquema 86

También hemos desarrollado una metodologia de ciclaciones
transanulares en cariofileno-derivados catalizadas por Cp:Ti"'Cl. La ciclacion

transanular de los epoxi-cariofilenos 157-162 catalizada por Cp2Ti"'Cl conduce a

los alcoholes triciclicos 163-170 (Esquema 87).%

157

167 oOH

+ aOH R=H R=H
164 PBOH R=H 168 BOH R=H
165 POH R=0TBS 169 BOH R=0TBS
166 oOH R=0TBS 170 aOH R=0TBS
159 R=H 161 R=H
160 R=0TBS 162 R=0TBS

(a) Cp,TiCl, (0.2 eg.), Mn (polvo), 2,4,6-colidina, TMSCI, THF, t.a., 40 min.

Esquema 87
91



Horacio R. Diéguez e
TESIS DOCTORAL Antecedentes Bibliograficos

La ciclaciéon transcurre con altos rendimientos (>80%) via las

conformaciones oo 0 B del radical intermedio I (Esquema 88).

R=H '
R=0TBS \/\

MnCl, Cp,TiCl

OTi(Cl)Cp,

Mn

\J ) OTi(Cl)Cp,

Me,SiCl/ colidina

Esquema 88

La conformacion BB origina los alcoholes 163, 164, 165 y 166

(Esquema 89), mientras que la ao. conduce a los alcoholes 167, 168, 169 y 170

(Esquema 90).
R . 163 aOH R=H
164 BOH R=H
D 165 BOH R=OTBS
166 oOH R=0TBS
OTi(CCp, |

(conformacion pp)

Esquema 89
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La ciclacion radicalaria transcurre con marcada estereoselectividad hacia
la formacion de diferentes isdmeros hidroxilados. Esta estereoselectividad esta
determinada por la facilidad de que se produzca la ciclacion en las diferentes
conformaciones que adopta el anillo de 9 miembros del radical intermedio I. En
el conformero B la proximidad del radical al grupo metilen exociclico es mayor

que en el conférmero ao (Esquemas 89 y 90).

" 167 aOH R=H
168 BOH R=H
— 169 BOH R=0TBS
Cp,(CI)TiO 170 oaOH R=0TBS
I R
(conformacion aa)
Esquema 90

Relacionado estructuralmente con achilleol A, se sintetizd por primera
vez el achilleol B (171),%s triterpeno aislado por primera vez en 1990 de la planta
Achillea odorata'?. Este posee un “esqueleto irregular” caracterizado por poseer
menos ciclos que los esperados a partir de la ciclacién del 6xido de escualeno
por las dxido-escualeno ciclasas. Se ha sintetizado a través de una secuencia lineal
de 14 etapas, con un acoplamiento final de una mitad monociclica (172),
obtenida a través de una ciclacion radicalaria catalizada por Ti'! de un mono-
epoxido quiral (173)?*,? y de la correspondiente mitad biciclica (174)
construida mediante el empleo de una anelacion de Robinson como etapa clave

(Esquema 91).772

128 Barrero, A. F.; Manzaneda, E. A.; Manzaneda, R. A.; Arseniyadis, S.; Guittet, E. Tetrahedron
1990, 46, 8161.

129 3) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung, J.; Jeong, K. S.;
Kwong, H. L.; Morikawa, K.; Wang, Z. M. |. Org. Chem. 1992, 10, 2768; b) Barrero, A. F.; Quilez,
J. E.; Herrador, M. M,; Sanchez, E. M.; Arteaga, ]J. F. J. Mex. Chem. Soc. 2006, 4, 149.
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0]

-
~
e

(-)-Achilleol B (171)

(172) (173)

Esquema 91

La metodologia ha sido también empleada para la sintesis de (+)-
myrrhanol A (175),% compuesto natural aislado de la mirra con esqueleto de
triterpeno de la clase de los polipodanos,’® a través de una secuencia cuyos
pasos clave son una ciclacién radicalaria catalizada por Ti'"' del mono-epdxido
quiral (176)"®' que da lugar al esqueleto biciclico clave (177) y su

correspondiente acoplamiento con el iodolvinil-derivado (178) (Esquema 92).

(178)
OAc
' TiIII .
"OMEM = |
*H o)
(177) (176)

Esquema 92

130 a) Kimura, I.; Yoshikawa, M.; Kobayashi, S.; Sugihara, Y.; Suzuki, M.; Oominami, H.;
Murakami, T.; Matsuda, H.; Doiphode, V. Bioorg. Med. Chem. Lett. 2001, 11, 985; b) Matsuda, H.;
Morikawa, T.; Ando, S.; Oominami, H.; Murakami, T.; Kimura, I.; Yoshikawa, M. Bioorg. Med.
Chem. 2004, 12, 3037.

131 a) Nugent, W. A,; RajanBabu, T. V. J. Am. Chem. Soc. 1988, 110, 8560; and references 26a,
27b, 57, 124h.
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Mas recientemente se ha llevado a cabo la sintesis del (13E)-ent-labda-
8(17),13-dieno-3p,15,18-triol,>’* compuesto diterpénico que procede de la corteza
de Suregada multiflora,'3? destacando por poseer actividades antialérgicas y que
pertenece a este conjunto de productos, mediante el empleo de dos
metodologias novedosas de sintesis organica, como son la cloracion alilica
selectiva de olefinas catalizada por compuestos de Se,?”® asi como la ciclacion
radicalaria catalizada por Ti™ de estructuras de epoxi-poliprenos

convenientemente funcionalizados (Esquema 93).262 270

OAc
AN Ti'll
> — -
HO'
OH
(13B)-ent-labda-8(17),13-
dieno-3b,15,18-triol

Esquema 93

132 Cheepracha, S.; Yodsaoue, O.; Karalai, C.; Ponglimanont, C.; Subhadhirasakul, S.;
Tewtrakul, S.; Kanjana-opas, K.; Phytochemistry 2006, 67, 2630.
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a desoxigenacion de alcoholes constituye una poderosa
herramienta sintética empleada especialmente en sintesis
complejas de productos naturales.!’® La mayor parte de los
procesos de desoxigenacion conocidos, tienen lugar a través de varias etapas,
siendo la metodologia de Barton-McCombie la mas empleada. Especialmente
para el caso de alcoholes secundarios, debido a su compatibilidad con una
amplia gama de grupos funcionales.’® Hasta la fecha han sido descritos pocos
procedimientos de desoxigenacion en una Unica etapa, por lo que es necesario y

conveniente investigar en este campo.

133 a) Zard, S. Z. Xanthates and Related Derivatives as Radical Precursors. en Radicals in
Organic Synthesis, Vol. 1; Renaud, P., Sibi, M. P., Eds.; Wiley-VCH: Weinheim, Germany, 2001;
pp 90-108; b) McCombie, W. S. en ComprehensiVe Organic Synthesis, Vol. 8; Trost, B. M., Fleming,
L., Eds.; Pergamon Press: Oxford, U.K., 1991; pp 811-833.

134 a) Zard, S. Z. Angew. Chem., Int. Ed. 1997, 36, 672-685; b) Barton, D. H. R;; Jang, D. O,;
Jaszberenyi, J. C.; Joseph, C. J. Org. Chem. 1993, 58, 6838-6842; c) Barton, D. H. R.; Jang, D. O,;
Jaszberenyi, J. C.; Joseph, C. Synlett 1991, 435-438; d) Barton, D. H. R.; Motherwell, W. B.;
Stange, A. Synthesis 1981, 743-745.
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Asi, basandose en la idea de que los derivados activados de alcoholes
mas comunmente empleados en sintesis, cloruros, bromuros y aril-sulfonatos,
pueden ser suficientemente reactivos para una desoxigenacién, pero a menudo
presentan problemas. Tratando de superarlos Corey durante el desarrollo de la
sintesis total del sesquiterpeno sesquicarene, desarrolld una metodologia que
emplea el complejo piridina-trioxido de azufre, como reactivo para la activacion
del hidroxilo y llevd a cabo la etapa de reduccion, sin aislar el mono-éster

sulfato intermedio (Esquema94).1%

S04/ Py /‘\/\)\/\ HAH, )\/\)\/\
)\/\)\/\OH N N 0 NS NN H

o=s=o0| THF

Ho |/ 98%
N

[ Ne 7 °

P

Esquema 94

Otra posibilidad para afrontar el proceso de desoxigenacién, radica en el
empleo de reactivos de Ti de baja valencia y LiAlHs. Asi, tras estudios
iniciales llevados a cabo tanto por J. E. McMurry'* como por Tkatchenko y
Young,' se desarroll6 un proceso de desaluminoxilacion de alcoxidos de
aluminio alilicos o bencilicos y desoxigenacion de éteres alilicos, empleando
catalizadores de Ti (TiCls o Cp2TiClL2) sin especificar con detalle el mecanismo
del proceso.!*® En el caso de alcoholes alilicos con dobles enlaces terminales, la
reduccion del doble enlace tiene lugar simultaneamente ademas de la

desoxigenacion (Esquema 95).

135 Corey, E. J.; Achiwa, K. J. Org. Chem. 1969, 34, 3667-3668

136 McMurry, J. E.; Silvestri, M. G.; Fleming, M. P.; Hoz, T.; Grayston, M. W. |. Org. Chem. 1978,
43, 3249-3254.

137 Ledon, H.; Tkatchenko, I.; Young, D. Tetrahedron Lett. 1979, 20, 173-176.

138 Sato, F.; Tomuro, Y.; Ishikawa, H.; Oikawa, T.; Sato, M. Chem. Lett. 1980, 103-106.
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HAH, )\/\)\/\
)\/\)\/\O A A H

Al Cp,TiCl 78%
LiAIH, Br,
W A — B~
Cp,TiCl,
OH 71% 62%
Esquema 95

Posteriormente se ha empleado de manera similar un anién
hidrocobaltato!'® generado in situ, para inducir la desoxigenacion de alcoholes
alilicos. Este método emplea ademas f-ciclodextrina como agente de
transferencia de fase, seguido por tratamiento con hidrogeno (Esquema 96).14 El
método se restringe fundamentalmente a olefinas trans y a alcoholes alilicos

primarios y secundarios.

H,
CoCl,
KCN, KCl

KOH
B-Ciclodextrina
70°C
40%

Esquema 96

Mas recientemente Mayer, J]. M. puso a punto una metodologia para la
homolisis de enlaces C-O a través del empleo de alcoxidos de W.14! Asi, los
reactivos WClz(PMes)s y WH2Cl2(PMes)s reaccionan con alcoholes dando lugar a
la formacion de W(O)Clo(PMes)s junto con PMes, los correspondientes

hidrocarburos y H: (Esquema 97). La distribucion de productos obtenidos

139 Lee, ].T.; Alper,H., J. Org. Chem. 1990, 55, 1854-1859.
140 Lee, J. T.; Alper, H. Tetrahedron Lett. 1990, 31, 4101-4104.
4 Crevier, T. J.; Mayer, ]. M. . Am. Chem. Soc. 1997, 119, 8485-8491.
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indica la existencia de un mecanismo que pasa por la formacién de alquil-
radicales. Asimismo, estudios cinéticos igualmente sugieren que el proceso
tiene lugar a través de la formacidon de especies de alcoxidos de tungsteno
intermedias. Los radicales alquilicos se forman por homolisis de los enlaces C-O
del complejo alcoxido y dan lugar a la aparicion de compuestos de oxo-W
estables. También se ha probado la eficacia en procesos de desulfuracién de

tioles.

C|:I ~PMej

M63P_W;PM63
Me;P” |

OH c H
Benceno
80°C,40 h O
97%

+ O +PMe; + H,

0O
oo
—W-PMe,
7|
ME3P a
Esquema 97

En 2004 Zhang y Koreeda pusieron a punto una metodologia para la
desoxigenacion de alcoholes, en este caso mediante el empleo de fosfitos en una
secuencia de dos etapas.? El correspondiente alcohol es inicialmente
convertido en un derivado de fosforo trivalente que genera un radical arilico
por tratamiento con un iniciador de radicales. Este ataca intra-molecularmente
al atomo de P evolucionando a través de una B-escision a un radical alquilico
que por abstraccion de hidrégeno, conduce hasta el correspondiente
hidrocarburo (Esquema 98). Esta metodologia es altamente eficiente incluso

para alcoholes impedidos y terciarios.

42 Zhang, L.; Koreeda, M. |. Am. Chem. Soc. 2004, 126, 13190-13191.
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Esquema 98

Spiegel et al. han puesto a punto otra novedosa estrategia de
desoxigenacion que emplea el agua como fuente de atomos de hidrogeno.!*3 En
este caso se emplea agua-trialquilborano en mezclas de disolventes y ausencia
de hidruros metalicos, transcurriendo el proceso probablemente a través de la

formacion de complejos de trialquilborano-H20.

14 Spiegel, D. A.; Wiberg, K. B.; Schacherer, L. N.; Medeiros, M. R.; Wood, J. L. |. Am. Chem.
Soc. 2005, 127, 12513-12515.
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a reaccion de olefinacion de carbonilos catalizada por reactivos
de Ti de baja valencia, conocida generalmente por el nombre de
acoplamiento de McMurry'* ha sido extensamente empleada en
Sintesis Organica por su habilidad para dar buenos resultados tanto en
acoplamientos inter- como intra-moleculares. Esta reaccion es una de las mas

conocidas debido a sus numerosas aplicaciones. Entre otras destacan procesos

144 a) McMurry, J. E. Chem. Rev. 1989, 89, 1513-24; b) Fiirstner, A.; Bogdanovic, B. Angew. Chem.
Int. Ed. 1996, 35, 2442-2449; c) Wirth, T. Angew. Chem. Int. Ed. 1996, 35, 61-63; d) Ephritikhine, M.
Chem. Commun. 1998, 2549-54.
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de acoplamiento tanto inter- como intra-moleculares, que han sido

ampliamente descritos debido a su alta eficiencia.!#®

La bien conocida oxofilia del Ti que origina enlaces Ti-O muy estables, es
la fuerza motriz de estos acoplamientos. En la década de los setenta los grupos
de Mukaiyama, Tyrlik y McMurry publican casi simultdneamente que
aldehidos y cetonas dan acoplamientos a olefinas en presencia de reactivos de
Titanio de baja valencia generados a partir de TiCly/Zn, TiCls/Mg vy

TiCls/LiAlHs, respectivamente. !4

Normalmente esta clase de reacciones transcurren en dos etapas; primero
se prepara el reactivo de titanio de baja valencia, mediante reduccién de TiCls 0
TiCls, para después realizar la adicion del carbonilo correspondiente. Han sido
descritos numerosos agentes reductores del reactivo de titanio: Li, Na, K, Mg,
Zn, KCs, Zn(Cu), LiAlH4, etc.; asi como distintos protocolos en el intento de

mejorar los problemas de reproducibilidad asociados a esta reaccion.!#”

Es destacable indicar que los protocolos para llevar a cabo esta

metodologia sintética, presentan problemas de reproducibilidad. Para evitarlos

145 a) McMurry J. E. Chem. Rev. 1989, 89, 1513-1524; b) Robertson G. M. en Comprehensive
Organic Synthesis; Trost, B. M., Fleming, I, Pattenden, G., Eds.; Pergamon: Oxford, 1991, Vol. 3,
pp- 563; c) Dushin R. en Comprehensive Organometallic Chemistry II; Hegedus, L. S., Ed.,
Pergamon: Oxford, 1995, Vol. 3, pp. 1071; d) Lectka T. In Active Metals: Preparation,
Characterization, Applications; Fiirstner, A., Ed.; Wiley-VCH: Weinheim, Germany, 1995, pp. 85;
e) Flirstner, A.; Bogdanovic, B. Angew. Chem. Int. Ed. Engl. 1996, 35, 2442-2449; f) Wirth, T.
Angew. Chem. Int. Ed. Engl. 1996, 35, 61-63; g) Ephritikhine, M. Chem. Comm. 1998, 2549-2554.

146 a) McMurry, J. E.; Fleming, M. P. J. Am. Chem. Soc. 1974, 96, 4708-09; b) Mukaiyama, T.;
Sato, T.; Hanna, J. Chem. Lett. 1973, 1041-44; c) Tyrlik, S.; Wolochowicz, 1. Bull. Soc. Chim. Fr.
1973, 2147-48.

47 a) McMurry J. E. Chem. Rev. 1989, 89, 1513-1524; b) Robertson G. M. en Comprehensive
Organic Synthesis; Trost, B. M., Fleming, I, Pattenden, G., Eds.; Pergamon: Oxford, 1991, Vol. 3,
pp- 563; ¢) Dushin R. en Comprehensive Organometallic Chemistry II; Hegedus, L. S., Ed.,
Pergamon: Oxford, 1995, Vol. 3, pp. 1071, d) Lectka T. en Active Metals: Preparation,
Characterization, Applications; Fiirstner, A., Ed.; Wiley-VCH: Weinheim, Germany, 1995, pp. 85;
e) Fiirstner A., Bogdanovic B. Angew. Chem. Int. Ed. Engl. 1996, 35, 2442-2449; f) Wirth, T. Angew.
Chem. Int. Ed. Engl. 1996, 35, 61-63; g) Ephritikhine, M. Chem. Commun. 1998, 2549-2554.
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McMurry recomienda el empleo de TiCl:-Zn(Cu),'*® mientras que Fiirtsner et al.
posteriormente pusieron a punto el denominado método instantdneo, donde el
carbonilo se afiade conjuntamente con TiCls/Zn, considerando que solo es
posible reducir el Ti'"! cuando se encuentra coordinado al carbonilo.!* También
se ha publicado un método catalitico en Ti empleando TiCls/Zn en presencia de
TMSCI1 como regenerador, habiéndose comprobado que la presencia de TMSC1

permite hacer olefinaciones con polvo de Ti.!>

Desde un punto de vista mecanistico, en esta metodologia sintética son

tres las etapas a considerar:

e Formacion de la especie de titanio de baja valencia.
e Reaccién de acoplamiento.

e Reaccidén de desoxigenacion para dar la olefina correspondiente.

Respecto de la primera, en los primeros afios desde la puesta a punto de
estas reacciones, se penso que la especie reductora era Ti’, siendo necesario ese
estado del metal para provocar acoplamientos. Evidencias aportadas por Corey
et al.®! y por Bogdanovic et al.’®> demuestran que especies hasta de Ti"' también

pueden efectuar la reaccion.

En cuanto a la etapa de acoplamiento tres son los caminos que se han
propuesto,’® el primero pasa por la dimerizacion de titanoxi-radicales que

conduce a pinacolatos intermedios. Estos se pueden aislar operando a bajas

148 McMurry, J. E.; Letcka, T.; Rico, J. G. J. Org. Chem. 1989, 54, 3748-49.

149 a) Flirtsner, A.; Jumbam, D. N. Tetrahedron 1992, 48, 5991-10; b) Fiirtsner, A.; Hupperts, A.;
Ptock, A; Janssen, E. J. Org. Chem. 1994, 59, 5215-29.

150 Furstner, A.; Hupperts, A. J. Am. Chem. Soc., 1995, 117, 4468-75.

151 Corey, E. J.; Danheiser, R. L.; Chandrasekaran, S. J. Org. Chem. 1976, 41, 260-65.

152 Bogdanovic, B.; Bolte, A. J. Organomet. Chem. 1995,502, 109.

153 Villiers, C.; Ephritikhine, M. Angew. Chem. Int. Ed. Engl. 1997. 36, 2380-82.
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temperaturas, de la misma manera que es bien conocido que monocloruro de
titanoceno, conduce a pinacoles con buenos rendimientos tanto en condiciones
estequiométricas como cataliticas. Sin embargo en condiciones de reduccion
enérgicas, se ha postulado el acoplamiento a través de oxa-titanaciclos 6 a
través de carbenos. Igualmente para esta segunda etapa de acoplamiento, se
han propuesto como intermedios los acil-radicales y/o carbenos en la formacion
del correspondiente pinacolato. La participacion de un intermedio u otro viene
condicionada en cada caso por la naturaleza del grupo carbonilo, las especies de
titanio involucradas y el agente reductor usado. Actualmente todavia existen
dudas sobre el mecanismo de la tercera etapa de desoxigenacidn; aunque
generalmente hayan sido aceptadas las especies de Ti! y/o Ti’ como las

responsables de esta etapa de reduccion.

Respecto a la etapa de desoxigenacion, estd generalmente bien aceptado
que los pinacolatos tanto abiertos como ciclicos necesitan por lo menos que el

titanio esté como Ti" para poder evolucionar hacia la olefina.

Es por otra parte destacable que hasta la fecha, la reaccion mas relevante
que emplea el Cp:Ti"Cl para reaccionar con grupos carbonilo conduce al
acoplamiento pinacolinico,'™ un ejemplo de las cuales puede verse en el

Esquema 99.

154 a) Dunlap, M. S.; Nicholas, K. M. . Organomet. Chem. 2001, 630, 125-131; b) Handa, Y.;
Inanaga, J. Tetrahedron Lett. 1987, 28, 5717-5720; c) Barden, M. C.; Schwartz, J. J. Am. Chem. Soc.
1996, 118, 5484; d) Gansauer, A. Chem. Comm. 1997, 457; e) Gansauer, A.; Bauer, D. J. Org. Chem.
1998, 63, 2070; f) Gansauer, A.; Bauer, D. Eur. |. Org. Chem. 1998, 2673; g) Gansauer, A.;
Moschioni, M.; Bauer, D. Eur. . Org. Chem. 1998, 1923; i) Dunlap, M. S.; Nicholas, K. M. Synth.
Commun. 1999, 29, 1097; j) Hirao, T.; Hatano, B.; Asahara, M.; Muguruma, Y.; Ogawa, A.
Tetrahedron Lett. 1998, 39, 5247; k) Yamamoto, Y.; Hattori, R.; Itoh, K. Chem. Commun. 1999, 825;
1) Yamamoto,Y.; Hattori,R.; Miwa, T.; Nakagai, Y.; Kubota, T.; Yamamoto, C.; Okamoto, Y.; Itoh,
K. J. Org. Chem. 2001, 66, 3865-3870.
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Esquema 99. Ciclo catalitico propuesto para el acoplamiento pinacolinio

catalizado por Ti'.
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Two new efficient methods for the regioselective homocoupling of allylic halides using cither catalytic
Ti" or the combination Mn/Zr'V catalyst have been developed. The regio- and stereoselectivity of the
process proved to increase significantly when the Mn/Zr™ catalyst is used as the coupling reagent and
when cyclic substituted allylic halides are used as substrates. The use of Lewis acids such as collidine
hydrochloride allowed the quantity of catalyst to be lowered up to 0.05 equiv. We have proved the
utility of these protocols with the synthesis of different terpenoids such as (+)-f-onoceradiene (1), (+)-
fi-onocerine (2), squalene (5), and advanced key-intermediates in the syntheses of (+)-cymbodiacetal (3)
and dimeric enr-kauranoids as xindongnin M (4a).

Introduction

Several publications have described methods to achieve the
homocoupling of both alkyl and allyhic halides, mcluding the
electrochemical coupling of allylic halides by using a copper
anode.! the coupling of two allylic moteties via the reaction of
allylic or benzylic halides with Sml; in THF? the reduction of
organic halides with lanthanum metal ? the reaction of allylic

1 Dedicated to Professor Miguel Yus on the oceasion of his 60th birthday.

(1) Tokuda. M.: Endate. K.: Suginome. H. Chenr. Letr. 1988, 945—948.

(2) Knief. A.; Laval. A. Clhem. Rev. 1999, 90, 745-777.

(3) Nishino. T.: Watanabe. T.. Okada. M.; Nisluyama. Y.. Sonoda. N.
J Org. Chem. 2002, 67, 9660969,

2988 . Org. Chem. 2007, 72, 2988—2995

organometallic compounds with allylic halides.* the coupling
of m-methallylnickel(I) bromide with halides* the homocoupling
of alkyl halides via activated copper.® the reductive coupling
of allylic halides by chlorotris(triphenylphosphine) cobalt(T),”

8

the coupling of allylic halides promoted by Te? ™ species,® and

so on. Within the field of terpenoid synthesis. the homocoupling

(4) Yamamoto, Y.; Maruyama, K. J. Am. Chem. Soc. 1978, 100, 6282~
6284,

(5) Corey. E. 1.: Semmelhack. M. F. J. Am. Chem. Soc. 1967. 89, 2755
2757,

(6) Ginah. F. O.; Donovan, T. A.; Suchan. S. D.; Ptenning. D. R.. Ebert.
G. W. J. Org. Chem. 1990, 55. 584—589.

10.102150062630a CCC: §37.00 © 2007 American Chemical Society
Published on Web 03/22/2007
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TiM- and Mn/Zr"-Catalvtic Reductive Coupling

SCHEME 1.  Possible Mechanistic Pathways for the
Homocoupling of Allylic Halides
X Dimerization
» ] reaction
R/:"\“‘) EZM_GI. R/\‘:‘\*‘/ RWV R
1
M =TiorZr
Cp,MCI
l paMC x| Coupling
reaction
MCpsCl /\)MCPM R/\\)
RA\/ = R

reaction of allylic halides using Rieke barium? is very interesting,

aiving satisfactory results in the coupling of (E£.£)-farnesyl
barium with famesyl bromide. This process represents the first
direct synthesis of squalene by the coupling of two E E-famesyl
units. Most of the above-mentioned methods use stoichometric
quantities of reducing species.

Titanocene chloride!® has been widely used through SET
processes in the homolytic opening of oxiranes!! and in pinacol
coupling reactions.'* It has also been used in the reduction of
glycosyl bromides'#and vic-dibromides'™ and in the homocou-
pling of allylic and benzylic halides!'® with satisfactory results.
These reactions take place under mild conditions and are
tolerated by a large number of functional groups. such as
alcohols, amines, amides, ketones, acids, and esters.'™d By
comparison with their T analogues, Zr' complexes have been
much less used in organic synthesis. Zirconocene chloride can
be obtained by reduction of Cp.ZrCl; with sodium-amalgam in
THF or toluene.!'®¢17 Cp,ZrCl has been used to achieve
pmacolinic couplings with aliphatic aldehydes.!” These pina-
colinic couplings have also been successfully achieved using
catalytic amounts of Cp,ZrCly in the presence of Mg and
TMSCL' Cp,ZrCl also provokes the slow reduction of glycosyl

halides to glycals,'™!¥ although when this reagent was prepared

(7) Momose, D.; Iguchi, K.; Sugiyama, T.; Yamada, Y. Temahedron Lett.
1983, 24, 921-924.

(8) Clive, D. L. J.: Anderson. P. C.: Moss, N.; Singh, A. J. Org. Chem.
1982, 47, 16411647,

(9) (a) Wu, T-C.: Hiong, H.: Rieke. R.D. J. Org. Clem. 1990, 55, 5045~
5051. (b) Yanagisawa, A.; Habaue, 5.: Yamamoto, H. J. 4m. Chem. Soc.
1991, /3. 58935895 (c) Corey, E. J: Noe, M. C.; Shieh, W-C.
Tetraledron Letr. 1993, 34, 59955998,

(10) Spencer, R. P.; Schwartz, I. Terrahedran 2000, 56, 2103—2112.

(11) (a) Nugent, W. A.; RajanBabu, T. V.J. Am. Chem. Soc. 1988, 110,
85618562, (b) For a recent review of different cyclization reactions
mediated by CpTiCl and its use i the construction of natural products:
Barrero, A. F.; Quilez del Moral, I. F.; Arteaga, J. F.; Sanchez, E. M. Enr.
J. Org. Clrems. 2006, 7, 16271641 (c) Barrero. A_ F.: Quilez del Moral,
I F.; Sanchez, E. M.; Arteaga, J. F. Org. Letr. 2006, 8, 669—672.

(12) Gansauver, A.. Moschioni, M.: Baver, D. Evr. J. Org. Chem. 1998,
1923—1927.

(13) (a) Cavallaro, C. L.; Schwartz, 1. J Org. Chem. 1995, 60, 7055—
7057. (b) Spencer, R. P.; Schwartz, J. Temraliedron Lert. 1996, 37, 4357~
4360. (c) Spencer, R. P.; Schwartz, I. J Org. Chem. 1997, 62, 4204
4205, (d) Spencer, R. P.; Cavallaro, C. L.: Schwartz, J. J. Org. Chem. 1999,
64, 39873995, (e) Hansen, T.; Knntel, S. L.; Daasbjerg, K.; Skrydstrup,
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FIGURE 1. Natural dimeric structures,

in situ, it proved to be more efficient than Cp.TiCl for the
reduction of aliphatic halides.

Bearing in mind the mechanism proposed for the reactions
mediated by these two reagents, we surmised that these species
could well intervene efficiently in the homocoupling of allvlic
halides (Scheme 1).

In a previous paper'™ we described the first results of a new
catalytic method for the homocoupling of allylic bromides
mediated by Ti'™, including the enantioselective preparation of
onocerane derivatives 1 and 2. We describe here the complete
development of the process, the ability of Zr'V to catalyze these
homocouplings i the presence of manganese metal (to our
knowledge no precedence of Zr'V catalyzing these kind of
processes can be found in the literature). and finally, new
applications toward the synthesis of synunetric terpenes, such
as the preparation of advanced key-imtermediates m the syn-
theses of (+)-cymbodiacetal (3)*° and dimeric ent-kauranoids
(4), such as xindongnin M (4a).*! and an improved synthetic
way to prepare squalene (5) (Figure 1).

Results and Discussion

The development of these synthetic methods began with the
use of gerany] bromide (6) and 1ts geometric stereoisomer neryl
bromide (7).'%* The treatment of 6 and 7 in THF with an excess
of Cp,TiCl led rapidly to the formation of the homocoupling
products being the ce” coupling majority together with lesser
quantities of the oy adduct (8 and 9) (Figure 2). Digeranyl
and isodigeranyl, regioisomers derived from the coupling of 6
(obtained with 57% and 32%, respectively), are naturally
occurring terpenes found in the commercially available bergamot
o1l ?

Accordmg to these results, we surmised that the process may
well begin with a fast single-electron transfer (SET) from Cp,-

T, Tetrahedron Letr. 1999, 40, 6087—6090, (f) Hansen, T.; Daasjerg, K.
Skrvdstrup, T. Tetrahedron Lett. 2000, 41, 86458649,

(14) Davies, 5.; Thomas, 5. E. Synthesis 1984, 10271029,

(15) (a) Yanlong, Q.. Guisheng, L., Huang, Y. J Organontet. Chem.
1990, 38/, 2934, (b) Rasmus, I. E.; Larsen, I.; Skrydstrup, T.; Daasbjerg,
K. J dm. Chem. Soc. 2004, 126, 78537864,

(16) (a) Fochi, G.; Guidi, G.: Floriami, C. J. Chem. Soc., Dalton Trans,
1984, 12531256, () Cuenca, T.: Royo, P. J. Qrganomet. Chem. 1985,
293, 61—67. (c) Paul, R. C.; Ray, T.; Parkash, R. Indian J. Chem. 1972,
10, 939—940.

(17) Barden, M. C.: Schwartz, J. J. Org. Clhem. 1997, 62, 7520—7521.

(18) Kantam, M. L.: Aziz, K.. Likhar, P. R. Syth. Conmin, 2006, 36,
14371445,
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(19) (a) Barrero, A. F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga,
P.: Arteaga, J. F.: Piedra, M.: Sanchez. E. M. Org. Len. 2005, 7. 2301—
2304, (b) Barrero, A F.; Herrador, M. M.; Quilez del Moral, J. F.; Arteaga,
P.: Arteaga, J. F.; Piedm, M.; Sdnchez, E. M. Synjfacts 20085, [, 157.

(20) (a) Bottini, A. T.; Dev, V.. Garfagnoli, D. J.; Hope, H.; Joshi, P.;
Lohani, H.; Mathela, C. 8.; Nelson, T. E, Plvtochemisiry 1987, 20, 2301
2302, (b) D"Souza, A.; Pakuikar, 5. K.; Dev, V.; Beauchamp, P. 5.; Kamat,
S. P.J. Nat, Prod. 2004, 67, 700—702.

(21) Han, Q.-B.; Lu, Y.; Zhang, L.; Zheng. Q.; Sun, H. Terrahedron
Lerr. 2004, 45, 28332837,

(22) Soucek, M.. Herowt, V.. Sonm. F.; Ceskoslov, A. Collect. Czeclh,
Chem. Conmmure. 1961, 26, 2551—2556.
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6(E)R=CH,y
7(Z)R=CHs
10 (2E6E) R = COOMe
11 (2E6Z) R = COOMe

13 R=C0O0OMe

FIGURE 2. Coupling of allylic bromides using Cp,TiCl,/Mn.

TiCl (generated n situ) to the corresponding halogenated
derivative to give an allvlic radical species (I). This would then
either dimerize to give the coupling products or suffer a second
SET process to give an allyltitanium species (IT), which would
react with a molecule of unaltered halogenated dervative to
also produce the coupling products (Scheme 1).

To provide more data about the mechanistic aspects of this
couplmg, we carried out the reaction with the compounds 10
and 11, in which the o, f-unsaturated methyl ester group ought
to favor the radical cychzaton process* The treatment of 10
and 11 with Ti™ produced similar results to those obtained with
6 and 7. and the homocoupling products 12 and 13 were
obtained in vields of 84% and 60%. respectively, and no
cychization products were observed. On the other hand, when
10 and its geometric stereoisomer 11 were treated with n-Bus;-
SnH/AIBN in benzene at 80 °C under free-radical-forming
conditions, the corresponding cyelization product, methyl 1-p-
menthen-9-oate (14).>* was formed via a 6-exo-lrig process
mvolving allylic radical Ia (Scheme 2). In both cases the
cyclization vields were about 70%. together with a 10% yield
of coupling products. Thus, the tendency of Ia to cychize rather
than to dimerize seems to confirm the involvement of an
allvlutamum species m the formation of the coupling com-
pounds. Additionally. this process constitutes an efficient and
new mild method for the biomimetie preparation of p-menthanes
starting from geraniol or nerol.

Once we had established the presence of the allyvltitanium
species as intermediates in this reaction and bearing in mind
that in this double SET process Cp2TiCIBr is released. we
anticipated that the excess of Mn m the medium ought to permut
the regeneration of Ti™ from Cp:TiClBr and thus render the
process susceptible to catalysis by titanium. Gratifyingly, when
6 was made to react with 0.4 equiv of Cp-TiCls and an excess
of Mn, the hoped-for conversion took place efficiently. produc-
mg 88% coupling products 8. To our knowledge this protocol
constitutes the only catalytic process involving the reduction
of allvlic hahides.

To find out the extent to which the quantity of Ti'" could be
reduced 1 this catalytic process, we made several assays
lowering the proportion of Cp,TiCly used and deduced that the
minimum quantity necessary for the reaction to take place was
0.2 equiv. Experiments made with lesser quantities of Ti'f
mvariably showed the presence of unaltered starting material
even after prolonged reaction times.

To widen the scope of this catalytic procedure, apart from
the previously reported allylic terpenic halides 6. 7. 10, 11. and
21."% other structurally varied allylic bromides such as 15, 17,
19, and 23 and the secondary chloro derivative 25 (which 1s
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SCHEME 2. 6-Exo-Trig Cyclization Reaction

CE, Bu;Sr;
. Br T‘
MeO,C

n-BusSnX MeQ,C

10 (E)
1(2) la
cyclization
G-exo-trig
BusSnH
T-come BusSn ~CO:Me

14

easily obtained by regioselective chlorination of fi-pinene)®®
were made to react with only 0.2 equiv of Cp,TiCl; and an
excess of Mn. It was then found that these reactions took place
rapidly (5—15 min) to form the hoped-for coupling products
(8,9 12, 13, 16, 18, 20, 22, and 24) (Table 1, entries 1, 2,
4—11), with acceptable selectivity and yields ranging from good
to excellent (64—98%). The results obtained with compound
19 deserve special consideration. In this case. the starting
material was recovered after 23 h of reaction (Table 1, entry
3). Nevertheless, when the concentration of the coupling reaction
of 19 was increased from 0.07 to 0.8 M, 85% of the coupling
products 20 was vielded in only 5 min (Table 1. entry 4). The
need for a higher concentration in this case compared with the
rest of the allyhic halides studied may be attributed to the greater
stability of the intermediate radical. This concentration effect
may suggest that compounds 20 are formed by radical dimer-
1zation.

The results shown in Table | allowed us to extend the
catalytic coupling reaction to different structures deriving from
allylic halides and are in accordance with the proposed absence
of radicals duning the coupling process, given that under these
catalytic conditions the concentration of radical T (Scheme 1)
would be much lower and the probability of coupling would
fall significantly versus the much more favorable cyclization
process (Table 1, entries 5-9).

Once we had established the catalytic process, we began to
study the possibility of further decreasing the quantities of Cpa-
TiCl; and Mn by using electrophilic salts such as 2.4 6-collidine
hydrochloride and 1.1C1 (Table 2).

With allyhic bromide 10 as the starting matenal, we reduced
the initial quantity of Cp2TiCls to 0.1 equiv, obtaining 31% of
homocoupling products and recovering 27% of 10 after 90 min
(Table 2, entry 2). When using 0.05 equiv of Ti™ and 1.5 equiv
of Mn, no reaction took place and the starting material was
recovered after 90 min (Table 2. entry 3). Nevertheless. when
2.4.6-collidine hydrochlonde (2.5 equv) was added to the
reaction medium, the homocoupling of 10 or 11 completed in
20 mun (Table 2. entries 4 and 5), although the corresponding
reduction product was formed to some extent (12%). If 2.4.6-
collidine hydrochloride is replaced by LiCl (2.5 equiv) (Table
2, entry 6). the hoped-for homocoupling products 12 (38%) were
now accompanied by the formation of the trans-halogenated
dervative 27 (17%). It 1s believed that 2 4. 6-collidine hydro-

(23) Zhang, W. Tetralhedron 2001, 57, 7237-7262,
(24) Compound 14 was oblamed as a mixture of diastereoisomers at a
1:1 ratio.
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(25) Barrero, A. F.; Quilez del Moral, 1. F.: Hemador, M. M.: Cortés,
M.: Arteaga, P.; Catalan, J. V.; Sanchez, E. M.; Arteaga, I. F. J. Org. Chem.
2006. 71. 58115814,
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TABLE 1. Coupling of Allylic Halides” under Catalytic Conditions® of Ti™
Entry Allylic Halide [MJ Compounds Ratio’ Yield'
(oo sy (%)
1 A~ B 0.07 N 08
15 16
P e
2 e 0.07 = = W (76:24) 85"
17 18a T
3 Ph " gy 0.07 no reaction x =
19
4 PN 038 L Sl 4sss) 88
19 Ph
20a 20b
= T £ £
5 M/\Bf 0.07 8a (64:36) 89
& =
= S 8b
S R %
=
6 ’k/\)“\k 0.07 (73:27) 90
7
Br
= o 8b
=
JoJon weoe AN
7 MeooC B 0.07 (74:26) 85
10
. COOMe 12b
Me00G” X # Z~coome 132
8 MaoocJ*‘-/\/l\\l\ 0.07 (81:19) 64
1 -
MeOOC™> = coome 130

PN MRy =
9 = ~"oae 007 (80:20) 76
21
m\/ﬁ/V\‘/I\/K/\OM 270

CH.Br
10 0.07 s (61:39) 70
- - )
24b
1 m 0.07 s (52:48) 90
. - o)
24b

7 Prepared by the reaction of the corresponding alcohols with PhsP/CBry in benzene except for the commercially available 6. 15. 17. and 19 and for the
secondary chloro derivative 25, which is easily obtained by regioselective chlorination of F-pinene. *0.2 equiv of Cp,TiCL and 5.0 equiv of Mu, THF, nt.
© Molar concentration compared to the starting material. @ Determined by GC—MS analysis. © A certain degree of £/Z isomerization was observed. In most
cases the different 1somers obtamed in each coupling process could be isolated erther by column clwromatography on AgNO; (20%)—silica gel or by HPLC,
Flsolated yield after column chromatography. £ Determined by GC—MS analysis. " This yield includes 15% of the ¥y regicisomer.
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TABLE 2. Effect of 2.4.6-Collidine Hydrochloride and LiCl on the Reductive Coupling of Allylic Bromides

equiv of
2.4.6-collidine compd
entry allylic bromide equiv of CpTiClz equiv of Mn conen® (M) time (min) equiv of LiCl hydrochloride (yield. %)
1 10 0.2 8.0 0.07 10 [i] 0 12 (85)
2 10 0.1 8.0 0.07 ) 1] 0 12 (31
3 10 0.05 1.5 0.07 90 0 0 no reaction
4 10 0.05 L5 0.07 20 0 25 12 (58F
5 11 0.05 1.5 0.07 20 (4] e 13 {55y
6 10 0.05 1.5 0.07 60 25 0 12 (38y

@ Molar concentration of the starting material. » 27% of 10 was recovered. © A 12% vield of the reduced product was obtained. A 12% yield of the
reduced product was obtained. * A 17% wyield of the trans-halogenated compound 27 was also obtained.

TABLE 3. Coupling of Allylic Bromides under Catalytic Conditions of Zr™

entry allyhe halide Cp2ZiCly conen® (M) time couplng products ratio® (aa/ay’) vields (%)

1 23 0.2 0.07 28h no reaction

2 23 0.2 0.8 21h 24 354

3 23 0.3 0.8 10 min 24 70:30 65

4 6 0.3 0.8 20 min 8 81:19 84

5 19 0.3 0.8 30 mun 20 48:52 82°

6 10 0.3 0.8 20 min 12 82:18 78

7 25 0.3 0.8 24h no reaction

2 Molar concentration compared to the starting material. ® Determined by GC—MS analysis. © Isolated yield after column chromatography. 4 Even after
21 h, 32% of starting material 23 was recovered. © This yield includes 14% of the 33" regioisomer.

chloride or LiCl establish a Lewis acid—base interaction with
the allylic bromide, which facilitates its reduction and subse-
quent coupling. Thus we conclude that the quantity of Cp2TiCl2
and Mn used m the standard protocol (3.0 and 8.0 equv,
respectively) can be considerably reduced to 0.05 equiv of Cp,-
TiCl; and 1.5 equiv of Mn with no significant loss of efficiency
m the process.

Another factor that has been analyzed during this work 1s
the influence of the type of C—X bond (X = CI. Br. 1) upon
the coupling reactions. As expected. the main difference
observed was the lesser reactivity of the chloro derivatve, 27,
compared to the bromo and iodo derivauves, 10 and 28. Thus,
while with 10 and 28 the coupling reaction completed in 10
and 5 min with vields of 83% and 84%, 27 generated 37%
coupling products 12 in 75 mm, with 10% of the staruing
material being recovered. The differences in reactivity found
can be attributed to the different speeds at which radical I was
formed due to the different dissociation energies of the C—X 3¢

MeQ,C

10 X =Br
27T X=Cl
28X=1

We then turned our attention to the behavior of the Zr™
species analogous to those of Ti'". Bearing in mind both the
antecedents of Zr'" chemistry and the similar electronic structure
of Zr and Ti. we presumed that the Zr'™ species could also affect
the homocoupling of allvlic halides. We began this studv by
making myrtenyl bromide (23) react under the standard catalytic
conditions used with Ti'™, namely, 0.2 equiv of Cp.ZrCls, 8
equiv of Mn, and THF (0.07 M). After 28 h, no coupling product
was formed and 23 was recovered unaltered (Table 3, entry 1).

(26) (a) 83.2 keal/mel (C—Cl). 709 keal/mol (C—Br). and 57.6 keal/
mol (C—1). (b) Me Givern, W. 5.: North, 5. W.: Francisco. J. 5. J. Plivs.
Chem. 4 2000, 104, 436—442. (c) Blansksby. S. I.: Ellison. G. B. Acc.
Chem. Res. 2003, 36. 255—263.
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Nevertheless. an increase to 0.8 M in the concentration of the
starting material led to a 35% vield of the coupling products
24 with 32% of the starting material being recovered (Table 3,
entry 2). However, although 1t has been reported that THF
solutions of Cp,ZrCl are deep red.!®™!” in our case. the
combination of Cp,ZrCl; and Mn in THF remained colorless,
which suggests that Zr'!! species were not onginated. Thus, with
the aim of gaimng an msight mto the real active species m this
process, we proceeded to reduce Cp.ZrCl; with Na(Hg)
amalgam'®® to obtain a deep red solution, thus confirming the
presence of Zr' species. Addition of myrtenyl bromide to this
Zr'"! solution did not lead to any coupling adduct in our hands.
Considering that Mn itself 1s not able to reduce allylically
halogenated derivatives, an activation of the C—X bond by Cpa-
ZrCls (actung as an efficient Lewis acid) 1s proposed as the
preliminary step to trigger this CpaZrCly/Mn-mediated trans-
formation.?” The thus-activated C—X bond is now susceptible
to be reduced by Mn to give the corresponding organomanga-
nese derivatives (species represented in Scheme 1 by II with
M now being Mn).

Additionally, we found that the vield of this process could
be further improved when the reaction was carried out at the
same molar concentration but increasing the quantty of Zr™
from 0.2 o 0.3 equiv (Table 3, entry 3). In this case, the
conversion is total. and 23 gave rise to the corresponding
coupling products 24 after only 10 min with a 65% yield. 'H
NMR and GC—MS analyses of the coupling adducts showed a
distribution of regioisomers 70:30 favoring the o regioisomer.
When these data were compared to those obtained with Ti'l
(Table 1, entry 10). a noticeable increase of the reaction
regioselectivity was observed when the combination Mn/Zr™
catalvst was used, while the efficiency of the coupling showed

(27)(a) Ma, J.; Chan, T.-H. Terrahedron Letr. 1998, 39, 24992502,
(b) L1, C.-1; Meng, Y. Y1, X. H. J. Org. Chem. 1998, 63, 74987504, (c)
Kim. S-H.: Rieke, R. D J Org. Clhem. 2000, 65, 23222330, (d) Hiyama,
T.. Obayashi, M.; Nakamura, A. Organomet. 1982, 1, 1249—1251. (e)
Cahiez, G.: Chavant, P-Y. Terrahedron Lerr. 1989 30, 7373—7376. (f)
Suh. Y.: Lee. I.-S.: Hoi. S.: Rieke. R. D. J. Organomet. Clent. 2003. 654,
20-36.
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30R =0TBS 1R=H
MR=0TBS, 2R=0H

SCHEME 4.  Approach to the Synthesis of
{+)-Cymbodiacetal (3)

i A
35a 34

SCHEME 5. Homocoupling Reaction of (K)-Perillvl
Bromide (34): Synthesis of the Advanced Intermediate 36
CBQ PhsP

Giig Br
a)0.2Ti"
@ LiAlH, THF TT%
0°C, 96% 0"’(‘, CgHg - b) Mn/0.3 2V

3 9% A 75%

S
32 33 34
o
. +
a
o
- 35¢
A 5%
35a 3i5b
424 using Ti" 31% using T"
48% using MnZr" 24% using MnZr'
JL OH OH
-3 AD-mix- s 7 Jk
o 65% § 4
j[ jf bH OH
35a 36

no substantial alteration. Simalar results were found when either
geranyl bromide (6) (Table 3. entry 4) or cinmnamyl bromide
(19) (Table 3, entry 5) was treated with 0.3 equiv of Zr™_ which
seems to confirm the mcrease of regioselectivity denved from
the use of this reagent in all cases. Furthermore, a thorough
analysis of the 'H NMR and GC—MS of the homocoupling

products now showed an almost complete geometric purity of

the oo’ and ay” adducts, thus improving significantly the results
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Preparation of Dimeric ens-Kauranoids

SCHEME 6.

obtained with Ti.! In fact, when geranyl bromide was used as
the substrate, the 6:1 ratio of (6F, 10E) and (6.7, 10E) cet” 1somers
obtained with Ti™ improved by up to 50:1 when Zr'V/Mn
mediated the coupling process. This seems to indicate that
geometric isomerization (trans to cis) of the allvlic manganese
should be kept to a minimum during the coupling conditions,
which makes this process particularly advantageous. Finally,
as happened to be with the Ti'l-mediated reactions of allvlic
bromudes 6 and 10, when these compounds were exposed to
the combination Mn/Zr™ catalyst, only the corresponding
homocoupling products were obtamned (Table 3. entries 4 and
6). The absence of cyclization adducts seems to confirm again
that these homocoupling processes should proceed via allylic
manganese rather than via radical dimenzation (Scheme 1).

When the secondary allvlic chlonde 25 was treated under
these catalytic procedure conditions, the homocoupling products
24 were not formed and the starting material was recovered
unaltered even after prolonged reaction times (Table 3, entry
7). When 25 was exposed to catalytic Ti™, a 90% vield of
homocoupling products 24 was obtained in only 5 min (Table
I, entry 11).

Although we have already reported the synthesis of (+)-f3-
onoceradiene (1) and (+)-f-onocerine (2) via Ti™-induced
homocouphing of key intermediates 29 and 30.'"* we considered
that these homocoupling products could also be achieved using
Mn and catalytic Cp2ZrCls, which would also allow the utility
of this method to be tested. Thus, when 29 and 30 were treated
using the combination Mn/Zr™ catalyst, (+)-fi-onoceradiene and
(+)-f3-onocerine were obtained in comparable yields to those
obtained with Ti"™ (Scheme 3).

We present here new applications of these catalytic homo-
coupling protocols. such as the preparation of compound 36.
an advanced key-intermediate in the enantioselective synthesis
of (+)-cymbodiacetal (3) (Scheme 3), and the straightforward
access to the framework of nawrally occurring dimeric enr-
kauranoids 4 (Scheme 6).

(+)-Cymbodiacetal (3) 1s a dihemiacetal bis-monoterpenoid
isolated from the essential o1l of Cymbopogon martini *® Several
varieties ol this plant are cultvated for use n soaps and
perfumes. The enantioselective synthesis of (+)-cymbodiacetal
(3) was designed starting from (R)-perllyl aldehvde (32)
(Scheme 4). The key step of this strategy rests on the
homocouphng reaction of (R)-penllyl bromide (34) catalyzed
by Ti'f or Zr™ to obtain the key intermediate 7,7°-bis((4R)-1.8-
p-menthadiene) (35a).
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TABLE 4. Synthesis of Squalene (5)

Br
= ajo2T
| or
5 b) Mn/0.3 Z¢V
39 5
coupling
allylic conenn  time  products  squalene
entry  bromide® Ti™  Zy™ (M) (min) vield (%) vield (%)
1 39 0.2 ] 0.07 10 63 43
2 39 0 0.3 08 60 62 51

@ Prepared by reaction of frans.mrans-famnesol with PhsP/CBry in Cgls.

Allylic bromide 34 was obtained by reduction of com-
mercially available (R)-perillyl aldehyde (32) with LiAIH, THF
and subsequent bromination with CBry/Ph;P. (R)-Penlly] bro-
mide (34) in the presence of 0.2 equiv of Ti' or 0.3 equiv of
Zr™V underwent the expected homocoupling reaction to give 77%
and 75%, respectively, of the corresponding coupling adducts.
with the o’ regioisomer 35a being the major reaction product
(Scheme 5). Moving forward with the synthetic planning, we
found that compound 35a could be chemo- and stercoselectively
hydroxylated to efficiently lead to tetrol 36 as the only detectable
stereoisomer using AD-mix-f3.>* as evidenced by the NOE effect
observed between H2 and H4, both protons in an axial
disposition m the most stable chair conformation of the
cyclohexane ring in 36. Even though preliminary dihemiacetal
formation assays (PDC and Dess—Martin oxidations) were
disappomting m that they furmished unacceptably low vields
(approximately 5%) of the desired natural product 3, the four-
step sequence illustrated above for the preparation of 36 appears
sufficiently pronusing to warrant completion of the synthesis.

Recently, the isolation of bioactive dimeric enf-kauranoids,
such as xindongnins M—0_** lushanrubescensin 1. and bis-
rubescensins A—C*" from different species of Isodon rubescens,
called our attention. Tt was then envisioned that the dimeric
framework of these structures could be easily constructed via
the Ti- or Zr™¥/Mn-mediated homocoupling of the correspond-
mg allylic halides (Scheme 6). We chose as the starting materal
ent-kaur- 1 6-en-19-ol isolated from Odontites longiflora *! When
its acetate derivative 37 was treated with PhSeCl and NCS 2
the mixtre of allylic chlorides 38 was obtained. When this
mixture was exposed to catalytic Ti'™, we found the octacycelic
structure 4, although unreacted starting material 38 remained
unaltered even after prolonged reaction times. It was neverthe-
less found that when 1.1 equiv of Cp,TiCl was used, the reaction
was completed after only 5 min and a 67% yield of dimer 4
was obtamned.

Finally, we previously reported that squalene (5) can be
prepared from frans frans-famesyl bromide (39) using 0.2 equiv
of Ti in only one step in 43% vield (Table 4, entry 1). Bearing

(28) (a) Anderson. P. G.: Sharpless. K. B. J. Am. Chem. Soc. 1993, 115,
T047—7048. (b) Vidan, G.: Dappragg, A.: Zanom. G.: Garlaschellr, L.
Tetrahedron Lert. 1993, 34. 6485—6488.

(29) Han. Q.-B.: Lu, Y.: Wu. L.; He, Z-D.: Qiao, C-F.: Xu, H-X.:
Zheng, Q.-T.: Sun. H.-D. Terrahedran Lert. 2005, 46, 53735375,

(30) Huang, S.-X.: Xiao. W.-L.; Li. L.-M.: Li. S.-H.: Zhou. Y.: Ding.
L.-S.. Lou, L.-G.. Sun. H.-D. Org. Len. 2006, 8, 1157—1160.

(31) Bamrero. A. F.: Rin. M. V.. Ramirez. A.. Altarejos, J. An. Quim.
1988, S4C. 203206,
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in mind the higher degree of regioselecuvity and geometric
purity of the Mn/Zr-mediated couplings. we hoped that this vield
could be improved using these metals. Graufymgly, the exposure
0f 39 to 0.3 equiv of Zr™ and 8 equiv of Mn led to a 51% yield
of squalene (Table 4, entry 2). In fact, the '"H NMR and GC—
MS analyses of the coupling products in both cases showed
that the 66:22:12 ratio of aot'(EE)Y oo (ZE) oty (E) regioisomers
obtained with Ti'! improved considerably in the Zr'V-mediated
process, where no E/'Z isomerization was noticed and a 82:18
ratio of aw'(EE)wy'(E) regioisomers was obtained. This
catalytic process probably constitutes one of the easiest and most
efficient synthetic wavs to prepare squalene.

Conclusion

In conclusion, we present new catalytic methods for the
homocoupling of allylic halides mediated either by Ti™ or by
Mun/Zr™ species with good 1o excellent vields. Thus. on the one
hand, the range of applicability of the previously published Cp.-
TiCl-protocol coupling has been widened with the successful
homocoupling of a number of allylic halides. Furthermore, it
was found that the use of Lewis acids such as 2.4.6-collidine
hydrochlonide allows for the lowering of the quanuty of Ti'!
up to 0.05 equiv. On the other hand, the results obtamed in the
use of the combination Mn and Cp,ZrCl; catalyst are presented.
Both methods are very mild and should tolerate most functional
groups. It 1s noteworthy that the regioselectivity of the process
increases significantly when the combination Mn/Zr'" catalyst
is used as the reagent and when cycelic substituted allvlic halides
are used as substrates. These reagents have been employed in
the efficient synthesis of symmetric terpenes, such as the
onocerane derivatives (1 and 2), the preparation of an advanced
key-intermediate in the enantioselective synthesis of (+)-
cymbodiacetal (3), the framework of dimeric ent-kauranoids (4),
and the svnthesis of squalene (5).

Experimental Section

Homocoupling Reactions. Catalytic Protocol with Ti'™. A
mixture of Cp,TiCl, (190 mg, 0.74 manol) and Mn dust (1620 mg,
29.44 mmol) n thoroughly deoxvgenated THF (50 mL) and under
Ar atmosphere was stiured at 1t untl the red solution turned green.
The corresponding allylic halide (3.68 mmol) in strictly deoxy-
genated THF (1 mL) was then added to the Cp,TiCl solution. The
reaction mixture was stirred for 15 min. quenched with | N HCI,
extracted with -BuOMe. washed with brine, diied over anhydrous
Na 50, and concentrated under reduced pressure. The resulting
crude product was purified by column chromatography on silica
gel to afford the comresponding coupling products,

Representative Example. (R)-Perillyl bromide (34) (2644 mg,
12.3 mumol) was subjected to the Ti™ catalytic procedure conditions
(631 mg, 2.46 mmol of Cp,TiCl; and 5412 mg, 98.4 mumol of Mn),
and the resulting crude product was purified by colummn chroma-
tography on sihea gel (hexane/t-BuOMe, 50:1) to afford 1275 mg
(77% yield) of a mixture of the comesponding coupling products
35 (oe/(oy” + ') at a 54:46 ratio). The corresponding mixture
was sulyected to flash colunm chromatography on AgNO; (20%)—
silica gel (hexane/r-BuOMe, 99:1), and two fractions were obtained.
the first containing the oo’ coupling product 7.7-bis((4R)-1.8-p-
menthadiene) (35a) and the second contaming the oy’ coupling
product (48)-7-((2R.AR)-1(7).8-p-menthadien-2-yl)-1.8-p-mentha-
diene (35b). Fmally. -BuOMe was added and the yy" coupling
product (35¢) could be 1solated.

Catalytic Protocol with Zr™. A mixture of Cp,ZrCl: (462 mg,
1.58 munol) and Mn dust (2323 mg, 42.20 mmol) n deoxygenated
THF (9 mL) and under Ar atmosphere was stured at rt. The
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corresponding allylic bromide (5.28 mmol) in strictly deoxygenated
THF (1 mL) was then added (TLC momtorng). The reactuon
mixhure was qlmnc]lcr] with | N HCL, extracted with ~BuOMe,
washed with brine, dned over anhydrous NayS0,, and concentrated
under reduced pressure. The resulting crude product was punfied
by column chromatography on silica gel to afford the comesponding
coupling products 35,

Representative Example. (R)-Penllyl bromumde (34) (240 mg,
0.95 mmol) was subjected to the Zir'V/Mu catalytic procedure
conditions (56 mg, 0.19 mmol of Cp;Z1Cl; and 421 mg. 7.67 mmol
of Mn). and the resulting crude was purified by column chroma-
tography on silica gel (hexane/-BuOMe, 50:1) to afford 192 mg
(75% yield) of a mixture of the corresponding coupling products
35 (o/(ap” + py’) at a 63:37 ratio).

7,7-Bis((4R)-1.8-p-menthadiene) (35a). [a]p +75.9 (¢ 2.65,
CH.CL); v (film) 3080, 2962, 2921, 2854, 1644, 14535, 1436, 1373,
886 ecm™: Oy (400 MHz. CDCly) 1,48 (2H, ddd. J = 5.6, 11.3,
17.1 Hz), 1.75 (6H, s). 1.80—1.85 (2H, m), 1.87—2.15 (10H, m),
2.06 (4H, bs), 4.73 (4H, bs), 5.43 (2H. bs) ppm: o¢ (100 MHz,
CDCl;) 209, 28.0,29.0, 309, 36.1, 41.3, 108.5, 120.3, 137.6, 150.3
ppui: EIMS (70 eV) m/z (relative mtensity) 270 (15), 227 (35).
187 (22), 159 (18). 145 (32). 134 (25), 119 (53), 105 (61), 93 (95).
91 (100). 79 (73). 67 (42). 44 (45).

7,7-Bis(1(R),2(R)-dihydroxy-8-p-menthene) (36). 7.7'-Bis-
((4R)-1.8-p-menthadiene) (35a) (285 mg. 1.06 mmol) was added
to a solution of AD-mix-# (2968 mg) and CH;SO,NH; (207 mg.
211 mumel) i +~BuOHHO 1:1 (10 mL) at 0 °C and stured. After
7 h. Na;S:0; (2385 mg) was added to the reaction nuxture whale
sturing for 10—20 mun was continued at rt. The +-BuOH was
removed and extracted with EtOAc. The orgame phase was washed
with 6 N NaOH (3 % 100 mL) and brine, then dned over anhydrous
Na;S0,. and concentrated under reduced pressure. with the crude
product thus obtained being purified by column chromatography
on silica gel (+-BuOMe) to give 36 (230 mg. 63%). [a]p +9.96 (¢
0.5, MeOH); v (film) 3399, 3327, 2941, 2916, 2854, 1642, 1441,
1261, 1161, 1062, 880, 749 em ™' dy (400 MHz, DMSO) 1.10—
1.65 (16H, m), 1.66 (6H. s), 1.80—1.90 (ZH. m), 3.20 (2H, m),
4,22 (2H, d. J= 6.7 Hz), 4.63 (2H, s), 4.64 (2H, s) ppm; d¢ (100
MHz, DMS0) 20.7,25.7,32.3, 33.5,35.3,43.2, 71.6, 72.9, 108 .4,
1495 ppm: HRFABMS caled for CyHuO:Na [M + Na]*
361.2355, found 361.2354,

17,17"-Bis(19-acetoxy-ent-isokaurene) (4). A nuxnue of Cpa-
TiCl; (37 mg, 0.14 mmol) and Mn dust (53 mg, 0.96 mmol) in
strictly deoxygenated THF (1 mL) was stired at room temperaniure
untl the red solution turmed green. Then 38a and 38b (46 mg, 0.12
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mmol) in strictly deoxygenated THF (I mL) were added ro the
solution of Cp;TiCL The reaction nuxture was stured for 5 mu
(]lu:uch::d with | N HCI, extracted with +-BuOMe, washed with
brine, dried over anhydrous Na;SO,. and concentrated under
reduced pressure. The resulting crude product was punfied by
column chromatography on sihica gel (hexane/-BuOMe. 20:1) to
afford a 67% vield of the coupling product 4. []p —42.0 (¢ 1.0,
CH,CLy): v (film) 2926, 2865, 1739, 1456, 1371, 1238, 1031 e %;
Oy (400 MHz, CDCl3) 0.94 (6H, s), 1.04 {6H. s}, 1.20—1.90 (36H,
m), 2.04 (6H, ). 2.20 (4H, s), 2.39 (2H, bs). 387 (IH, d. SJ=11.0
Hz), 4.22 (2H, d. ./ = 11.0 Hz), 5.07 (2H. bs) ppm: d¢ (100 MHz.
CDCls) 18.3, 18,5, 19.1, 19.7, 21.3, 25.8, 27.7, 28.1, 36.6, 37.3,
39.6, 40.2, 40.7, 43.8, 44.0, 49.1, 49.3, 56.8, 67.4, 134.3, 147.0,
171.6 ppm: HRFABMS caled for CyHgOy [M + Na]* 681.4859,
found 681.4857.

Procedure for Radical Cyclization Reaction of 10 and 11. A
solution of mbutylim hydnde (228 mg, 0.76 mmeol) and AIBN (7
mg. 0.04 mmel) in drv. degassed benzene (14 mL) was added
dropwise (10 mL/h) to a solution of the bronnde (10 or 11) (100
mg, 0.38 mmol) m dry, degassed benzene (136 mlL) heated to
80 °C under an atmosphere of argon. After the addinon tune plus
an additional hour (TLC momtorng), the cooled muxture was
evaporated under reduced pressure. and the residue was dissolved
m diethyl ether. An aqueous saturated KI solution (5 mL) was
added, and the mixture was stured for 2 h at 1. After filration
through Celite. the biphasic filtrate was extracted with diethyl ether.
The aqueons layer was extracted with diethyl ether after separation.
The combined orgame extracts were concentrated under reduced
pressure, and the crude product was purified by column chroma-
tography (petroleumn ether/diethyl ether, 20:1) on silica gel to afford
50 mg (72%) of the cyclized compound methyl 1-p-menthen-9-
oate (14).
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Titanocene monochloride catalyzes the homocoupling of
benzylic halides and benzylic gem-dibromides to give the
corresponding bibenzyl and stilbenyl systems. Exposure of
benzylic bromides to Ti(IIl) in the presence of aldehydes
gave rise to the Barbier-tvpe products, Examples of the utility
of the herein described processes are included.

Compounds contanung the bibenzyl moiety as the core of
their structure constitute an interesting group of molecules.
These molecules have been used as key mtermediates both for
the synthesis of dyes, pamts, and resins, and for the preparaton
of a number of natural products as stilbenyl or bibenzvl
dervatives. A number of biologically important compounds such
as the well-known resveratrol and derivatives.' combretastatins®
and isocombretastatins,® or lunularic acid® are included among
this group of compounds.

Dafferent methods have already been developed to achieve
the synthesis of compounds of this type. among them. the
homocoupling of benzylic halides mediated mostly by equi-
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molecular quantties of reducing systems such as Ni.¥ Mg.®
In,” Mn/CuCly,® Zn/Cu.? Smly, ' CrCl,, ' Ti(Ieitrate/ vitamin
By cat..'? and salts and carbonyl complexes of Ni. Mn, or Fe.'?
The Pd/C-catalyzed" coupling of benzylic chlonide, 1-(dichlo-
romethyl)-, and 1-(trichloromethyl)benzene leading to the cor-
responding bibenzyl systems with uneven yields has also been
described. MeMurry coupling reaction of different benzalde-
hydes was used to svnthesize a series of stilbenoids.'® There
has also been a very recent description of the stereoselective
synthesis of hydroxystlbenoids by ruthenium-catalvzed cross-
metathesis.'® One precedent of the reaction of benzylic and
allvlic halides using equumolecular quantities of Ti(IlI) to give
the corresponding homocoupling products has been reported by
Yanlong et al.!” Heterocoupling of benzylic halides with
benzaldehyde or derivatives has also been reported to be
achieved using conventional methods such as Wittig synthesis,'®
condensation via sulfones,!” and either Sml.-.'" CrCl-"' or
Mn-mediated™ carbon—carbon bond forming processes, among
others.

As a result of our research into the use of CpaTiCl in the
synthesis of bioactive natural products. we have recently
developed novel processes of homocoupling of allylic halides®!
and vinvlepoxides catalyzed by titanocene chloride.”* Subse-
quently. we wanted to explore the feasibility of accomplishing
Ti(Il)-mediated homo- and heterocoupling of benzylic halides.
Thus, considering the mechanism proposed for the reaction with
allyhic halides and vinylepoxides, we surmused that titanocene
could well intervene efficiently in the homocoupling of benzylic
halides (Scheme 1). Following this mechanistical proposal,

(5) Inaba, S.. Matsumoto, H.: Rieke. B. D. J, Org. Chem. 1984, 49,
20932098,
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Cp2TiCIX should be released after a SET process; consequently,
the excess of Mn present in the medium should pernut the
regeneration of Ti(I1T), and thus the process would be susceptible
to catalysis by titanium. In this sense, voltammetric and kinetic
analyses of the nature of reducing species in titanocene hahde-
promoted reactions carried out by Skrydstrup and Daasbjerg
suggest path b as the most likely process taking place in this
coupling reaction.™

We started our study by making benzyl bromude (1a) react
with 0.2 equiv of Cp:TiCl: and 8.0 equiv of Mn in dry and
deoxygenated THF (¢ 0.07 M)—conditions which had been
previously reported to promote homocoupling reactions of allylic
bromides in short reaction times (10—20 min).?! Under these
conditions, the reaction was completed after 8 h, and bibenzyl
(2a) was obtained m a 73% vield (Table 1, entry 1). The marked
lesser reactivity of 1a when compared to that of allvlic bronudes
could be attributed to the higher stability of the intermediate
benzylic radical (I, Scheme 1). When the molar concentration
of 1a was mecreased around 10 times (¢ 0.8 M), a remarkable
mnerease of the reaction rate was noticed (Table 1. entry 2).
Furthermore, whereas no reaction was detected after 24 h when
benzyl chlonde (1b) was forced to react under diluted conditions
(Table 1, entry 3), a 52% yield of bibenzyl (2a) was obtamed
when the concentration was increased up to 0.8 M (Table 1,
entry 4). Additionally, 2-(bromomethyl)naphthalene (3) behaved
similarly, and a 60% yield of 1. 2-bis(naphtvljethane (4a) was
obtamed when the concentration used was 0.07 M (Table 1,
entry 5).

With the aum of widening the scope of this reaction, the
influence of different oxvgenated substituents on the aromatic
ring was then tested. Thus. the presence of an electron-donating
substituent as the methoxy group in para position to the
bromomethyl molety made the corresponding methoxybenzyl
dervative § react within a few minutes to afford 6a in a 77%
vield (Table 1, entry 6). On the other hand, an electron-
withdrawing substituent as the carboxymethyl group slowed
down the homocoupling process (57%) (Table 1. entry 7), and
more concentrated experimental conditions (¢ 0.8 M) were
needed to reach satisfactory results (72%) (Table 1. entry 8).
Furthermore, good yields were also detected when two or three
methoxy groups were present in the starting benzylic bromide
(Table 1, entries 9—12). The formaton of 12a, a dimer 1solated
from Frullania brittoniae spp. Truncatifolia™ and comprised
in a patented antitumoral composition, constituted a direct
synthetic application of this process.

(23) (a) Enemserke, R. J; Larsen, I; Skrydstrup, T.; Daashjerg, K. J
Am. Chem. Soc. 2004, 126, 7853—7864. (1) Enemzrke, B J.: Larsen, J.:
Hjollund, G. H.: Skrydstrup, T.: Daasbjerg, K. Org rallics 2008, 24,
1252—1262.

(24) Asakawa, Y., Taukawa, K.; Aratani, T. Plytocheniistn 1976, 15
1057—1059.
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TABLE 1. Homocoupling Reactions of Benzylic Bromides
Mediated by Ti(II)

Ra
Rz
R
! Br 02 cppTict N R
Ry BMn, THFE g, Ry
Ry n Ry Ry

faR;= Ry= Ry=H 2a zZb
5R,=H, R, = OMe, Ry = H 6a

7Ry = H, R; =COOMe, R; = H 8a

9R, = R;=0OMe, Ry=H 10a 10b
11R, =R, =R, = OMe 12a

benzylic c compotds
entry halide (M) time (vield)”

1 1a 0.07 §h 2a (73%)

2 1a 08 2h 20 (74%)

3 1h 0.07 24h

4 b 0.8 sh 2a (52%)°

5 3 0.07 200 4a (60%)

6 5 0.07 5 min 6a (77%)

7 7 007 Th 8a (57%)°

8 . 0.8 30 min 8a (72%)

g 9 0.07 75 min 10a (74%)
10 9 0.8 35 min 10a (70%)
11 11 0.07 8h 12a (40%)7
12 11 0.8 35 min 12a (70%)
13¢ 1a 0.07 25 min 2a (12%) + 2b (85%)
142 1a 0.07 20 wmin 20 (3%) + 2b (89%)
15¢ 9 0.07 15 min 10a (15%) + 10b (83%)

@ Isolated yield after column chromatography. # A 30% vield of starting
material was recovered. © A 23% yield of starting material was recovered,
4 A 37% yield of starting material was recovered, ¢ Conditions: 1.0 equiv
of CpaTiCly. 8.0 equiv of Mn, 5.0 equiv of 1.4-cyclohexadiene, THF. 1.
FCalenlated by NMR. £ Conditions: 1.0 equiv of Cp.TiCls, 8.0 equiv of
Mn, 5.0 equiv of -BuSH, THF, rt.

To gain an msight into the mechanism of this process, benzyl
bromide (1a) was treated with 1.0 equiv of Ti(II) in the presence
of radical reductors such as | 4-cyclohexadiene or r-BuSH
(5.0 equiv). In the event, the main product of both reactions
was toluene (2b), while only minor amounts of bibenzvl (2a)
were detected (Table 1. entnies 13 and 14). This seems 1o denote
that the initially formed benzylic radical is stable enough to be
trapped by a proton donor before evolving to the benzyltitanium
species. This result was confirmed after noticing that, in the
reaction of bromide 9 with 1.0 equiv of Ti(III) and 5.0 equiv of
I 4-cvclohexadiene, the corresponding reduction product 10b
was obtained in a 83% vield (Table 1. entry 15). Since in our
previous work on Ti(IIl)-mediated homocoupling of terpenic
allvlic halides® we postulated that the reacting mtermediates
were allylutanium species, we considered that the result of the
treatment of allylic halides with titanocene in the presence of
hydrogen radical donors would add new evidence to help clarify
the mechanistic nature of these two processes. Thus, when
geranyl bromide was exposed to 1.0 equiv of Ti(lll) in the
presence of 5.0 equiv of -BuSH or 1.4-cyclohexadiene. only
the corresponding homocoupling product was detected n
excellent yields (=90%). It could then be nferred that, in the
case of terpenic allylic halides, the rate of reduction of the allylic
radical to the allylic titanium 1s faster than any other collateral
process; hence, allyltitanium species are mainly the species
involved in the coupling process, while when benzylic halides
are considered, the intermediacy of benzylic radicals should not
be ruled out.
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TABLE 2. Cross-Coupli Mediated by Ti(IIT)

wralE N

1aR;= Ry= Ry=H 13R, = Ry = Ry=H, Ry=CgHs
5R,=H, Ry = OMe, Ry=H 14 R, =H, R, = OMe, Ry = H, R, = CgH,
9Ry= Ry=OMe, Ry=H 15R, =Ry = OMe, Ry = H, Ry = CgHs
9Ry= Ry=OMe, Ry=H 16 Ry =R, = OMe, Ry =H,Re = { {

benzylic compounds
entry halide time (yieldy®
1¢ 1a ih 13 (38%) + 2a (5%)
2¢ 1a 5 min 13 (35%) + 2a (24%)
3 1a 10 min 13 (57%) + 2a (15%)
4 5 S nun 14 (50%) + 6a (15%) + 17 (19%)
5 9 10 min 15 (58%) + 17 (20%)
& 9 15 mm 16 (60%)

@ Isolated vield after column chromatography. * Conditions: 0.2 equiv
of CpaTiCla. 8.0 equiv of Mu. 7.0 equiv of collidine, 4.0 equiv of TMSCL
THF, 1.  Conditions: 2.0 equiv of CpaTiCl, 8.0 equiv of Mn, THF, .
4 For entries 3—6, 1.0 equiv of CpyTiCl; was used.

Encouraged by the good vields found in the homo C—C bond
forming, we decided then to explore the feasibility of ac-
complishing crossed C—C bonds between benzylic bromides
and aldehvdes.

In this sense, there have been recent descriptions of Barbier-
tvpe reactions—mostly allylations—mediated by titanocene

monochloride using either catalytic quantities® or 2 equiv of

this reagent.®® In our hands, when benzyl bronude (Ia) was

reacted with benzaldehyde using catalytic Ti(IIl) mn the presence
of the combiation Mn/collidine/ TMSCI, the cross-coupling
adduct 13 was the main reaction product (Table 2, entry 1). On
the other hand. when an excess of Ti(III) (2.0 equiv) was added
to 1a and benzaldehvde, the result was sinmlar (Table 2, entry
2). We focused then our efforts to improve the experimental
conditions for this cross-coupling. In the event, the use of only
1 equiv of Ti(Ill) together with the quick and simultaneous
addition of the aldehyde and the corresponding benzvl bromide.
as well as the employment of an excess of aldehvde due to its
tendency to undergo pinacol coupling reactions in the presence
of SET reagents, allowed vields of the Barbier-tvpe adducts
ranging from 50 to 60% vield (Table 2, entries 3—6). In entries
4 and 5, apart from the corresponding cross-coupling products,
a byproduct possessing structure 17 could also be 1solated m
19 and 20% vield, respectively. The formation of 17 seems 1o
mndicate an unprecedented transference of a cyclopentadienyl
motety from Cp2TiCL

Once we had postulated the intermediacy of radical species
in the reaction of benzylic bromides with Ti(IIT). 1t was
envisioned that stilbene and derivatives could be prepared from
the corresponding 1.1-dihalobenzyl derivatives after treatment

(25) Rosales, A_; Oller-Lapez, J. L. Justicia, 1., Gansauer, A.; Oltra, 1.
E.: Cuerva. J. M. Chem. Commun. 2004, 22, 2628—2629.

(26) Jana, S.: Guin, C.. Chandra, Roy, S. Terrahedron Ler. 2004, 45,
65756577,
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SCHEME 2.  Synthesis of Stilbene Derivatives
X R
O)\x cpsz(H H;\/r‘ |
18R=H,X=8r
19R=H. X=Cl 20R=H
SCHEME 3.  Synthesis of 3 3',5,5'—']'&'[rame!hnx\'slilhene (21)
HO
L *‘Yd“‘z'"a ozr-cm}
MeO OMe 2 CuBr,
22

OMe

with catalytic quantities of Ti(Ill) (Scheme 2). 'l'hus‘.‘ the benzyl
radical initially formed (III). now further stabilized by the
presence of the halogen atom at o, would dimerize to give the

2-dihalodibenzyl derivative (IV'), which could further evolve
to give mise to the formation of the corresponding sulbene
derivatives via a Ti(III)-mediated reductive dehalogenation.®”

Thus, we caused |,1-dibromobenzyl (18) to react with 0.2
equiv of Cp-TiCl: and an excess of Mn (¢ 0.8 M) and found
that the reaction took place after 35 mun, vielding 74% of rrans-
stilbene (20). Under identical expenmental conditions, 1.1-
dichlorobenzyl (19) led after 18 h only to a 32% yield of 20,
with 50% of unaltered starting material being recovered. In our
opinion, it deserves to be underlined the ability of catalyvtic
quantities of Ti(lll) to promote in an one-pot reaction two
chemical transformations, namely, a carbon—carbon bond
forming process and the reduction of 1.2-dibromides to the
corresponding olefins.

At this juncture, we felt that naturally occurring 3,3°.5.5"-
tetramethoxystilbene (21), isolated from Centipeda minima.*
could be efficiently synthesized using this catalvtic protocol.
Compound 21 15 contained 1n a pharmaceutical composition used
in the prevention of carcinogenesis.* while its tetrahydroxy
denvative showed significantly lower IC«; values against COX-2
than clinically established celecoxib.®® This synthesis was
designed starting from commercially available 3.5-dimethoxy-
benzaldehvde (22). When this compound was treated with
hvdrazine hvdrate following the conditions described by Takeda
et al..*! considerable quantities of the corresponding azine were
formed. The reduction of the quantity of hydrazine from 20 to
2.5 equiv led efficiently to the corresponding hyvdrazone, which
was converted mto dibromide 24 by reaction with EtN/CuBra. !
Graufyingly, exposure of 24 to catalytic TiIIT) led to natural
product 21 in a 72% vield (Scheme 3).

In summary, the reductuon of benzylic halides and benzylic
gem-dibromides with CpTiCl resulied in good vields of the

(27) Davies and Thomas reported the titanmnn-catalyzed reduction of
1.2-dibromides to the corresponding olefins, although these authors did not
employ this reaction for the formation of stilbenes: Davies, 5. G.: Thomas,
S. E. Svnthesis 1984, 10271029,

(28) Gupta. D.; Singhi, J. Plnrochemisiry 1990, 29, 1945—1950.

(29) Sang-Hee, K.: Young-Jin, C. Stilbene Derivative with Cytochrome
P450 IBI Inlubitory Activity, Pharmacentically Acceptable Salt, Preparation
Method. Pharmaceutical Composition. and Use m Prevention of Carcmno-
genesis. Patent No. WO 2003018013, 2003,

(30) Murias, M.; Handler, N.; Erker, T.; Pleban, K.; Ecker, G.; Saiko,
P Szekeres. ger. W. Bioorg. Med. Chen. 2004, 12, 55713578,

(31) Takeda. T.: Sasaki. R.: Yamauchi, S.: Fujiwara, T. Terrairedron
1997, 53, 557—-566.
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corresponding bibenzyls and stilbenes. Cp-TiCl also proved to
mediate the heterocoupling reaction of benzylic halides and
aldehydes. The synthesis of different bibenzyls and stilbenes
illustrates the utlity of these processes.

Experimental Section

General Procedure for the Catalytic Homocoupling Reaction
of Benzylic Bromides Mediated by Ti(III). A nuxture of Cp;-
TiCl; (190 mg, 0.74 mmol) and Mn dust (1620 mg, 29 44 mmol)
in thoroughly deoxygenated THF (50 mL) was stirred under an Ar
anunosphere at room temperature until the red solution wimed green.
The corresponding benzylic bromide (3.68 mmol) m strictly
deoxygenated THF (2 mL, C; = 0.07 M) was then added to the
Cp:TiCl solution (TLC monttoring). Then, THF was removed, and
the reaction was quenched wath | N HCI, extracted with --BuOMe,
washed with brme, dned over anhydrous Na,S0y, and concentrated
under reduced pressure. The resulting crude was purified by column
chromatography on silica gel to afford the corresponding coupling
products (2a, 4a, 6a, 8a, 10a, and 12a). The same procedure was
followed when the molar concentration was 0.8,

General Procedure for the Cross-Coupling Reaction Medi-
ated by Ti(III). A mixwre of Cp,;TiCl; (333 me. 1.30 mumol) and
Mn dust (572 mg, 10.40 mmol) in thoroughly deoxygenated THF
(18 mL) was stured under an Ar anmosphere at room temperature
until the red solution tumed green. Then, the coresponding benzyhe
bronude (1.30 mmol, 1.0 equiv) and the corresponding aldehyde
(2.60 mmol, 2.0 equiv) were added sumultaneously to the Cp:TiCl
solution (TLC monitoring). THF was removed, and the reaction
mxture was quenched with 1 N HCl, extracted with ~BuOMe,
washed with brine, dried over anhydrous Na;S0y, and concentrated
under reduced pressure. The resulting erude was purified by column
chromatography on silica gel to afford the comresponding alcohols
(13, 14, 15 16, and 17). In some cases, mimor quantines of
homocoupling products were obtained. Please see Table 2.

General Procedure for the Catalytic Homocoupling Reaction
of Benzylic gem-Dihalides Mediated by Ti(III). A muxture of Cp;-
TiCl: (61 mg, 0.24 mumol) and Mn dust (528 mg, 9.60 mmol) in
thoroughly deoxygenated THF (2 mL) was stired under an Ar
atmosphere at room temperature until the red solution turned green.
The comrespondmg benzyhe gem-dihahide (1.2 numol) m stnetly
deoxygenated THF (1 mL) was then added to the Cp.TiCl solution
(TLC monitoring). Then, THF was removed. and the reaction was
quenched with 1 N HCL extracted with r-BuOMe. washed with
brine, dried over anhydrons Na,SO., and concentrated under
reduced pressure. The resulting erude was purified by column
chromatography on silica gel o afford the comresponding stilbene
derivatives (20, 21).

2254 J. Org. Chem., Vol. 72, No. 6, 2007
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Synthesis of 3.3"5.5-Tetramethoxystilbene (21). 1-(3.5-
Dimethoxybenzylidene)hydrazine (23): Finely powdered 4 A
molecular sieves (2 g) were placed m a flask under argon
atmosphere. MeOH (5 mL) and hydrazine hydrate (160 mg. 5.0
mumol) were added successively. After 20 mun, a methanol solution
(5 mL) of 3 5-dimethoxybenzaldehyde (22) (332 mg. 2.0 mmol)
was added dropwise to the reaction mixture for 5 mun at room
temperature (TLC momtormg). Then, molecular sieves were filtered
off and washed with +-BuOMe. The solvent was concentrated under
reduced pressure at 0 °C to obtamn 310 mg of 23. Compound 23
was directly nsed m the following reaction without purification,

1-(Dibromomethyl)-3,5-dimethoxybenzene (24): Copper(Il)
bromide (670 mg. 3.0 mmol) was dissolved in MeOH (6 mL) under
argon atmosphere. Then, EGN (0.15 mL) was added, and the
mixture was stured for 20 min ar room temperature. Then, 1-(3.5-
dimethoxybenzylidene)hydrazine (23) (180 mg, 1.0 mmol) was
added dropwise m 3 mL of MeOH for 5 mun at 0 °C (TLC
monitoring), After being stired for 5 min, the reaction was
quenched by addition of 3.53% NH; aqueous solution. extracted with
t-BuOMe, washed with brine. dried over anhydrous Na,50,. and
concentrated under reduced pressure to afford 24: IR (film) 2961,
2036, 2838, 1596, 1461, 1427, 1349, 1323, 1298, 1203, 1158, 1064,
697 cm b TH NMR (300 MHz, CDCl3) & 3.73 (6H. s). 6.31 (1H.
t.J= 2.2 Hz), 6.48 (1H. s). 6.62 (1H. d. J = 2.2 Hz). 6.63 (1H.
s); B¥C NMR (75 MHz, CDCls) o 41.0, 55.6 (2C), 101.9, 104.8
(20), 143.8, 160.7 (2C).

3,355 -Tetramethoxystilbene (21): According to the general
procedure described for the homocouphng of benzylic gem-
dihalides, the resulting crude was purnified by colunn chromatog-
raphy using hexane as eluent on silica gel to afford 72% of 21° as
a colorless solid: Mp 129-=130 °C. lit* 130—132 °C: 'H NMR
(300 MHz, CDCI) 6 3.75 (12H, 5), 6.33 (2H, 1, J= 2.3 Hz), 6.60
(4H, d, J = 2.3 Hz), 6.94 (2H, s); *C NMR (75 MHz, CDCl:) &
55.5. 1003, 104.8, 129.3, 139.3, 161.1.
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The titanocense-mediated cyclization of acyclic epoxypolyprenes conveniently functionalized
leads with high yields and good stereochemical control to functionalized cyclopentanes
possessing three contiguous stereogenic centers. These cyclopentanes can be considered as
useful intermediates in the synthesis of toxical A.

2009 Elsevier Lid. All rights reserved.

1. Introduction

The titanocene-mediated radical cyclization of acyclic mono-
epoxypoliprenoids is a powerful synthetic tool which permits the
construction of rings with different sizes.' In contrast to what is
reported for cyclizations involving carbacations,” this kind of
radical cyclization is employed In cascade processes to originate
different-sized rings, after properly modulating the electronic
distribution of the double bonds involved. In this regard, a few
years ago, our research group reported that the Ti(Ill)-mediated
cyclization of methyl 6 7-epoxygeraniate (1) led to an
equimolecular ratio of 2a and 2b,” via a 5-exo-trig process

(Scheme 1).
O/QQ““COOME
HO™ ™
1)0.2 Cp,TiCk
| 8.0 Mn, 7.0 callidine 7a
cooMe  40TMSCI 5
2) TBAF
1 <. Ccoome
B6%
b
Scheme 1

The control of the diastereoselectivity of this reaction may
derive into a good method to generate advanced Intermedlates in
the synthesis of natural terpenoids. Among these intermediates, a
toxicol-A C subunit (Scheme 2) could be accessible using the
mentioned approach. Toxlcol A is a hexaprenold hydroquinone
sulfate isolated from the Red Sea sponge Toxiclona toxius,' and
was reported to inhibit the reverse transcriptase of human
immuno deficlency virus (HIV) and to possess activity against
Candida aibicans. Thus, synthon 1, easily avallable from
commercial farnesyl acetate, and containing the C ring subunit,
adequately functionalized (Scheme 2), should permit further
transformations with the ultimate goal of incorporating the A, D,
E and F rings to achieve the total synthesis of toxicol A.

toxicol A

Scheme 2

+ Corresponding authors. Tel.: +34-958-243318; fax: +34-958-243318 (J: F: Arteaga); tel.: +34-958-243318; fax: +34-958-243318 (A: F:
Barrero); e-mail: jesus.fernandez@diq.uhu.es h (J: F: Arteaga); afbarre@ugr.es (A: F: Barrero).
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2. Results and discussion

We started the development of our idea by studying the
reactivity of different 6 7-epoxy-farsenyl derivatives with
CP2T|][[C|. In this sense, we must mention the absence of
precedents in radical cyclizations of epoxy-poliprenes presenting
the oxirane located in an intermediate position of an acyclic
chain. Thus, when compound 3, obtained from farnesyl acetate
via standard transformations and which possesses two acetate
groups located at C1 and C12 positions, was made to react with
catalytic  Cp,Ti"CL'® the reaction crude showed almost
exclusively the formation of the opened allylic alcohol 4 (Scheme
3, Table 1, entry 1).

Contrarlly to what was the case with 6 7-epoxygeranyl
acetate, which after treatment with Ti(Ill} produced the G-endo-
trig cyclization product,” the isoprenic chain at C8 in 3 prevented
the formation of the chair-like transition state II needed to
complete the cyclization process (Scheme 4).

HCHLC _ CHy

Re X

adopt a chair
conformation

¥,
TiNg.
Ohe +.. R(_:i

Scheme 4

When the epoxyfarnesyl derivative 5.° which possesses an
isopropenyl at the end of the acyclic moiety was made to react
with catalytic CpgTImCI, the resulting products were the acyclic
allylic alcohol 6 (39.7%), together with the cyclization product 7
(13.3%), originated via a 6-endo-trig process (Scheme 5, Table 1,
entry 2). The formation of this highly functionalized cyclohexane
is rationalized by considering that the radical initially originated
after the homolytic opening of the oxirane adds to the A* double
hond. Comparing these results with those obtained with 3, the
formation now of a significant quantity of cyclization product
seems to suggest a higher conformational freedom in the
intermediate radical which allows an easler achlevement of the
chair-like transition state leading to the cyclization process.

Horacio R. Diéguez
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Scheme 5

Table 1. Ti(IlIT}-mediated cyclizations of 6,7-epoxy-farsenyl
derivatives

Entry Starting  Reaction Time Yield % Ratio azb
material  product min.

1 3 i 70 56

2 5 6+7 50 53 K|

3 8 9+10 25 95 BT

4 11 12 +13 + 14 200 90 47:2

Reaction of acetoxyester 8 with Ti(IIl) following the catalytic
protocol afforded after 25 min a 50.7 and 44.3% yield of
cyclopentanes 9 and 10, respectively (Table 1, entry 3, Scheme
6). Compound 10 was obtained as a result of a spontaneous
lactonization after work-up of the reaction mixture.

Tivo HO,
anianic
cyclization
- S OMe . COOMe
R\ ! /~cooMe
i 14
Scheme 6

When diester 11 was treated with catalytic quantities of
Ti(IM), cyclopentanes 12 and 13 were obtained in 27.7 and 48.5%
yleld, respectively, together with a distereomeric mixture of
hydrindane derivatives (13.8%), from which compound 14 could
be isolated. The stereochemistry of 14 was established by NOE
diff experiences (Figure 1) and also by the coupling constant
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value /=12 Hz between H-2, H-10, which suggests an anti
relationship between these two protons.

These hydrindane derivatives were probably generated as a
result of a cascade process Involving a radical cyclization and a
Michael addition (Scheme 6), the second step being caused
through the Intermediate enolate-radical produced after the first
cyclization.

Figure 1.

Considering the lack of stereoselectivity obtained in the
closure of the cyclopentane ring of these C15 precursors, then we
focussed our efforts on improving the stereochemical outcome of
the radical 5-exo-trig cyclization by using C10 epoxypolyprenes
derived from commercial geraniol (15-19) (Table 2).

Table 2. 5-Exo-trig cyclizations catalyzed by Ti(III).

(

Tl A " R

O/ MRz = * R
a b

1

Entry  Starting R Rz Reaction  Yield  Ratio
material product % ab
1 1 COOMe H 2 86 1:1
2 15 COO0+-Bu H 20 81 1:1
3 16 COO0--)- H 27 Tl 1:1
mentyl
4 17 C0O0-8- H 28 69 1:1
phenyl-(-)-
mentyl
5 18° COOEt COOEt 29 94 z1
i 19 CN H 30 99 41

At this point, it has to be sald that the preparation of the
menthyl esters 25 and 26, precursor of epoxides 16 and 17, could
not be achieved using standard esterification or transesterification
transformations,” but employing a convergent methodology via
the corresponding 2-dlethylfosfonoacetates (22 and 23) and
subsequent Wadsworth-Emmons condensation' with
coq}merciall}r available 5-methylhex-4-en-2-one (24) (Scheme

Unfortunately, none of the epoxyderivatives 15-17 showed
diastereselection in their reaction with Ti({IlI) (Table 2). Thus, in
the reaction of the menthyl esters 16 and 17, two couples of

Horacio R. Diéguez
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diastereomers in a 1:1 ratio were obtained in each case, which
were distinguished in '"H NMR as 27a (trans)-27b (cis) y 28a
(frans)-28b (cis), respectively, in a 1:1 ratio.

o o
FoR= ENEWES Bt
+ Bt — .
HO™ 2% DT
T 21

R =H, menthol
R = Ph, 8-phenylmenthol

R=H 1TRJIE 2Ta; 1535, 2Ty
15,38, 2Tag;, TRIR, 27h,
R=Ph R3S, 28a, 1535, 28b,
1'5,3'S, 28ag; T'R,3R, 28b;
1 : 1
(a) 21, DMAP, toluene, 120 °C, 140 h. (b) 24, NaH, THF, 25 °C.
(¢) m-CPBA, DCM, 0°C, 20 min._ (d) 0.2 CpsTiVCls, 80Mn , 70
2,4,6-collidine, 4.0 TMSCI, THF, 25 =C, 80 min.

Scheme 7

The mnext step in our work plan led us to test an
epoxyderivative possessing a diester at the start of the chain such
as compound 18. This substrate offers the possibility of
introducing an additional alkoxycarbonyl group at C2, that is, at
the position adjacent to the ring closing. Thus, treatment of
diester 18 with Cp,Ti"Cl following the catalytic protocol
afforded a 94% (Table 1, entry 5) of cyclization products (29),
showing for the first time in this work a stereoselectivity towards
the desired product 29a (2:1 ratio), which possessed a relative cis
disposition between the hydroxyl and the methyl group at C3
(Table 2, entry 5).

Basing ourselves in previous works by Fernandez-Mateos et
al," we also studied the Ti(I1])-mediated cyclization of the 6,7-
epoxy derivative of geranylnitrile (19). Remarkably, it was
observed that the yileld was nearly guantitative to give the
mixture of cyclopentanes 30 (Table 2, entry 6) with a
diastereoselectivity of 4:1 in favour of 30a. Most likely, the
coordination of the Ti(Ill) species to the nitrile moiety should be
responsible for the observed selectivity.

At this point, we turned our efforts to test the Influence of
oxygenated functions at the methyls groups located In o position
to the oxirane ring in this kind of cyclizations. The steric
requirements of this new functionalization, which Is also
necessary to extend the chain in synthon I towards toxicol A
(Scheme 1), could also affect the stereochemical outcome of the
process. Thus, the cyclization of 31 (Scheme 8) using catalytic
quantities of Cp,Ti"'Cl led to the mixture of diastereomers 32,
which could be resolved after lactonization of 32b in acid
medium to give 33. Unfortunately, diastereomers 32 were
produced in a 1:1 ratio, which proved that although the formation
of the new stereogenic center at C2° proceeded with total
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stereochemical control, no diastereoselectivity was generated in
the formation of C1°.

TsOH
| (f@QCOOMe Et,0, 26h

QTBS
3\281—32h
iz »049,/ —-COOMe + @
DTF_!S
32a
Scheme 8
Continuing with this study. the cyclization of the

phenylmenthyl epoxide 34 using Cp,T1™Cl led to a 71% of the
cyclopentanic derivatives 35 (Scheme 9; Table 3, entry 2), as a
mixture of four diastereomers (1'5.3'%; I'R3'K, 1'R.3'S; and
1'S.3'R), which are differentiated in NMR H' as two couples,
namely 35a (trans) y 35b (cis), in a relative ratio of 1.3:1

(Scheme 9).
bt qad
= i

TBSO.

Scheme 9

Subsequently, we tested the behavior of the epoxy derivatives
36 and 38, which possess an additional ester at C2. Thus, the
reaction of 36 with Cp,Ti"™"Cl resulted In the formation of a 92%
yield of cyclization product 37, showing a stereoselectivity 2.5:1
in favour of the desired compound 37a, which presents a cis
relative disposition between the hydroxyl group and the methyl at
C3 (Table 3, entry 3).

Table 3. 5-Exo-trig cyclization reactions of epoxyterpenoids
hydroxylated at C8 catalyzed by Ti(IlI).

Entry Statting R, R Reaction  Yield Ratio
material product % ah
1 3 COOMe H 32 76 1:1
2 3 COO-8-phenyl- H 35 Tl 131
(~)-mentyl
3 36 COOEt COOEt 37 9z 251
1 38 H CN 39 95 11
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Finally, cyclization of 38, an oxirane possessing an
unsaturated nitrlle, led In  nearly quantitative yield to
cyclopentanes 39. The diastereoselectivity in the ring closing was
then acceptable as the formation of the desired isomer 39a was
4.5 times higher than that of the isomer presenting the undesired
stereachemistry 39b (Table 3, entry 4).

In conclusion, with the present work we have shown that, in
radical cyclizations of epoxypolyprenes catalyzed by Cp,TiCl, it
is possible to control both the regioselectivity of the process
towards cyclopentanes, and the stereoselectivity in the
cyclization process by using malonyl derivatives or nitriles o, fi-
unsaturated as radical acceptors. Thus, the wuse of
epoxypolyprenes conveniently functionalized provokes 5-exo-trig
ring closures with excellent yields and good stereochemical
control on the three stereogenic centres created. This
methodology permits an easy access to highly functionalized
cyclopentanes, potential intermediates in the synthesis of toxicol

3. Experimental
3.1. General

NMR spectra were performed with a Varian Direct-Drive 600
(*H 600 MHz/"*C 150 MHz), 500 ("H 500 MHz/"C 125 MHz),
Bruker ARX 400 ('H 400 MHz/"*C 100 MHz) and Varian Inova
Unity 300 ('H 300 MHz"C 75 MHz) spectrometers. The
accurate mass determination was carried out with an AutoSpec-0)
mass spectrometer arranged In a EBE geometry (Micromass
Instrument, Manchester, UK) and equipped with a FAB (LSIMS)
source. The instrument was operated at 8 KV of accelerating
voltage and Cs" was used as primary ion. Optical rotations were
measured on a Perkin-Elmer 141 polarimeter, using CHCI; as the
solvent. Silica gel SDS 60 (35-70 wm) was used for flash column
chromatography. Reactions were monitored by thin layer
chromatography (TLC) carried out on 0.25 mm E. Merck silica
gel plates (60F-254) using UV light as the visualizing agent and a
solution of phosphomolybdic acid In ethanol and heat as
developing agent. GC-MS analyses were carried out in a Hewlett
Packard 6830 chromatograph connected to a Hewlett-Packard
5988A mass spectrometer using an fonization voltage of 70 eV.
The GC conditions were: HP-1 methylsilicone capillary column
(25 m x 0.2 mm); He 1.9 mL/min; the injection and detector
heater temperature was 250 °C; temperature program from 50 °-
300 °C at 10 °C/min. Quantitative chromatographic analysis were
carried out on Hewlett Packard 6890 chromatograph equipped
with a flame Ionizatlon detector (FID) and coupled to an
integrator HP-33090A. The column and experimental conditions
were the same as those described above, except that the detector
heater temperature was 300 °C and the inlet head was 20 psi. The
percentage compositions were computed from the GC peak areas
without correction factors. HPLC with UV and RI detection was
used. Semipreparative HPLC separations were carried out on a
column (5 pm Silica, 10 x 250 mm) at a flow rate of 2.0 mL/min
in an Agilent Series 1100 instrument. All air- and water-sensitive
reactions were performed in flaks flame-dried under a positive
flow of argon and conducted under an argon atmosphere. The
solvents used were purified according to standard literature
techniques and stored under argon. THF and toluene were freshly
distilled immediately prior to use from sodium/benzophenone
and strictly deoxygenated for 30 min under argon for each of the
Cp,;TiCl/Mn reactions. Reagents were purchased at the higher
commercial quality and used without further purification, unless
otherwise stated.
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Preparation of all varleties of epoxy-polyprenes used in
cyclizatlon reactions Involving known procedures are described
in the Supplementary Material part.

3.2. Experimental general procedure for catalytic cyclization
of epoxy-poliprenes mediated by Ti(IIT).

A mixture of CpyTICl; (70.7 mg, 0.275 mmol) and Mn dust
(778.7 mg, 7.34 mmol) in strictly deoxygenated THF (5 mL) and
argon atmosphere was stirred at room temperature until the red
solution turned green. Then, a solution of the corresponding
epoxide (0.918 mmol), 2.4.6-collidine (0.85 mL, 6.12 mmaol) and
TMSCI (0.46 mL, 3.67 mmol) in strictly deoxygenated THF (2.0
mL) was added and stirred until disappearance of the starting
material (25-200 min). The reaction was quenched with HC1 2 N
{dropwise addition of 20 mL), extracted with ~BuOMe (3x40
mL), washed with brine, dried over anhydrous Na,S0,, and
concentrated under reduced pressure. The resulting crude was
diluted in THF {40.0 mL) and stirred at room temperature. Then
TBAF 1M in THF (5.7 mmol) was added and stirred for 1 h."* At
this point the mixture was concentrated under reduced pressure,
rediluted in H;0, extracted with EtOAc (4x10 mL), washed with
brine and concentrated wunder reduced pressure. Final
purifications and isolations of the resulting compounds were
carried out through 510 column chromatography eluting with
hexane:+-BuOMe mixtures.

3.3. Experimental general procedure for stoichiometric
cyclization of epoxy-poliprenes mediated by Ti(IlI).

A mixture of CpyTICl; (707.0 mg, 2.75 mmol) and Mn dust
(778.7 mg, 7.34 mmol) in strictly deoxygenated THF (5.0 mL)
and argon atmosphere was stirred at rt until the red solution
turned green. Then, a solution of the corresponding epoxide
(0.918 mmaol) in strictly deoxygenated THF (2.0 mL) was added
and stirred untll disappearance of the starting material (25-200
min). The reactlon was quenched with HCl 2 N (dropwise
addition of 20 mL), extracted with +~BuOMe (3x40 mL), washed
with brine, dried over anhydrous Na,S0,, and concentrated under
reduced pressure. Final purifications and Isolations of the
resulting compounds were carried out through 5i0; column
chromatography eluting with hexane:--BuOMe mixtures.

3.4. Radical Cyclization of 3.

After subjecting 3 (320 mg, 0918 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography (hexane/t-BuOMe, 4:1, 2:1) on silica gel to
afford 173 mg (0.514 mmol, 56%) of non-cyclized 4.

341  (2E10E)-6-Hydroxy-3 1 1-dimethyl-7-methylenedodeca-
2 10-diene-1,12-diyl diacetate (4). Colourless oil; 'H NMR
(CDCls, 400 MHz): 65.49 (1H, t, /~7.4 Hz), 5.38 (1H, t, =7.3
Hz), 5.07 (1H, s), 4.88 (1H. s), 4.60 (2H, d, /=7.2 Hz), 4.45 (2H,
s), 4.07 (1H, m), 2.08 (3H, s), 2.05 (3H, s), 1.72 (3H, s), 1.69
(3H, s); FABHRMS calced for CgHqO;Na [M+Na]® 361.1985,
found 361.1983.

3.5. Radical Cyclization of 5.

After subjecting 5 (220 mg, 0.536 mmol) to the catalytlc
procedure conditions, the resulting crude was treated with TBAF
in THF (3.3 mmol) for 3h. The corresponding diol derivatives of
6 and 7, that Is 6a and Ta were purifiled by column
chromatography (hexane/t-BuOMe, 4:1, 2:1) on silica gel to
afford 88 mg of 6a (39.7%5) and 29 mg of 7a (13.3%).
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4.1, (E)-6,10-Difiydroxy-3. 11-dimethyl-7-methylenedodeca-
2.11-dienyl acetate (6). Colourless oil, "H NMR (CDCl,, 500
MHz): 5 5.37 (1H, t, /=7.4 Hz), 5.05 (1H, s), 4.96 (1H, s), 4.90
(1H, s), 4.85 (1H, s), 4.58 (2H, d, /=7.0 Hz), 4.10 (2H, m), 2.19-
2.05 (5H, m), 2.05 (3H, s), 1.74 (3H, s), 1.71 (3H, s), 1.70-1.40
(3H, m) ppm; “C NMR (CDCl;, 100 MHz): & 173.6, 150.1,
144,72, 135.3, 120.7, 113.7, 113.2, 77.9, 77.8, 63.9, 382, 36.0,
35.9, 296, 23.7, 202, 194 ppm; FABHRMS calced for
C,7H,0,Na [M+Na]" 319.1880, found: 319.1812.

252 [{1R.25,35)-3-Hydroxy-2-(3-hydroxy-4-methylpent-4-
enyl)-2-methyl-6-methylenecyclohexyl] methyl  acetate  (7a).
Colourless oil, 'H NMR (CDCl;, 500 MHz): & 4.98 (1H, m), 4.85
(1H. s), 4.84 (1H, 5), 4.64 (1H, 5), 4.57 (1H, dd, /=13.2, 7.0 Hz),
4.35 (IH, dd, J/=11.2, 3.9 Hz), 4.07 (1H, m), 3.61 (1H, s), 2.54
(1H, dt, /=13.3, 4.0 Hz), 2.18 (1H, dd, J~10.6, 3.8 Hz), 2.00 (3H,
s), 1.83 (IH, m), 1.74 (3H. s), 1.65-1.15 (6H, m), 0.88 (3H, s)
ppm; “C NMR (CDCls, 100 MHz): & 174.0, 150.1, 145.0, 114.6,
113.9, 79.2, 74.8, 65.8, 54.6, 33.2, 33.0, 30.7, 304, 23.7, 204,
16.0 ppm; FABHRMS caled for Cy7Hzs0,Na [M+Na]™ 319.1880,
found: 319.1862.

3.6. Radical Cyclization of 8.

After subjecting 8 (350 mg. 1.08 mmol) to the catalytic
procedure conditions, the resulting crude 332 mg (95%) was
purified by column chromatography (hexane/t-BuOMe. 4:1) on
silica gel to afford 9 (169 mg, 50.7%6) and 10 (133 mg, 44.3%).

3.6.1. Methyl [(1R.25.35)-2-((E)-5-acetoxy-4-methylpent-3-enyl)-
3-hydroxy-1, 2-dimethylcyciopentyl] acetate (9). Colourless ofl, 'H
NMR (CDCl,, 500 MHz): § 5.45 (LH, t, /=7.2 Hz), 4.39 (2H., s),
3.83 (1H, dd, J=7.2, 2.2 Hz), 3.58 (3H, s), 2.16 (2H, dd, /~17.0,
13.0 Hz), 2.05-1.10 (8H. m), 2.00 (3H, s). 1.60 (3H, m), 1.06
(3H. s), 0.75 (3H. s) ppm; *C NMR (CDCl,, 100 MHz): & 173.8,
171.2, 130.4, 130.2, 81.1, 76.9, 70.35, 51.4, 50.6, 45.8, 43.1,
36.7. 32.3, 30.2, 23.7, 22.3, 20.9, 14.1 ppm: FABHRMS calcd
for CgHagOsNa [M+Na]" 349.1985, found: 349.1977.

362 (E)-2-methyl-5-((15.55.85)-5. 8-dimethyl-3-oxo-2-oxa-
bicyclo|3.2 1 ]octan-8-yi) pent-2-enyl acetate (10). Colourless oil,
'"H NMR (CDCl,, 500 MHz): & 5.35 (1H, t, J=7.2 Hz), 4.38 (1H,
s), 437 (2H, t, /~4.2 Hz), 2.48 (1H, dd, /<18.9, 3.4 Hz), 2.26
(1H, d, /<189 Hz), 2.11-1.85 (4H, m), 2.01 (3H, s), 1.66 (1H,
m), 1.60 (3H, m), 1.33-1.15 (3H, m), 1.00 (3H, s), 0.87 (3H, s)
ppm; “C NMR (CDCl,. 100 MHz): & 171.5, 171.1, 131.1, 128.8,
86.7. T0.1, 46.3, 45.5, 43.2, 36.3, 33.1, 29.8, 224, 21.2, 19.1,
14.2, 13.5 ppm; FABHRMS caled for Ci7Hz04Na [M+Na]”
317.1723, found: 317.1727.

3.7. Radical Cyclization of 11.

After subjecting 11 (297 mg, 0.92 mmol) to the stoichiometric
procedure conditions, the resulting crude (280 mg, 90%) was
purified by column chromatography (hexane/t-BuOMe, 4:1) on
silica gel to afford 12 (79 mg, 27.7%), 13 (125 mg, 48.5%) and
14 (40 mg, 13.8%).

371 Methyi (E)-5-((15.2R. 55)-5-hydroxy-2-
methoxycarbonyimethyl-1, 2-dimethylcyclopentyl)-2-methylpent-
Z-enoate (12). Colourless oil, '"H NMR (CDCl;, 300 MHz):
6 6.80 (1H, dt, /=7.4, 1.4 Hz), 3.91 (1H, dd, /=7.3, 1.3 Hz), 3.72
(3H, s), 3.67 (1H, m), 3.63 (3H, s), 2.27-2.13 (3H, m), 1.85-1.10
(6H, m), 1.84 (3H, s), 1.11 (3H, s), 0.81 (3H, s) ppm; "*C NMR
(CDCl,, 75 MHz): & 173.6, 168.8, 143.0, 127.5, 80.8, 51.8, 51.3,
50.4, 45.7, 43.0, 36.6, 32.5, 20.4, 24.6, 22.2, 20.8, 124 ppm;
FABHEMS calcd for Ci;Hz0sNa [M+Na]™ 335.1829, found:
335.1834.
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3.7.2 Methyl (E)-2-methyl-5-((15,55 85)-5, 8-dimethyl-3-oxo-2-
oxa-bicyclof3.2.1]octan-8-yl)pent-Z-enoate (13). Colourless oil,
'H NMR (CDCls, 300 MHz): 5 6.72 (1H, t, J=7.4 Hz), 4.43 (1H,
d, J=4.1 Hz), 3.74 (3H, s), 2.50 (1H, dd, J=14.5, 1.4 Hz), 2.36
(1H, d. /=14.5 Hz). 2.35-1.13 (8H. m), 1.83 (3H, s), 1.04 (3H, s,
0.95 (3H, s) ppm; “C NMR (CDCl;, 75 MHz): 6 171.3, 168.1,
141.4, 128.7, B6.7, 51.8, 46.6, 45.7, 43.4, 36.6, 33.1, 29.8, 28.3,
198, 146, 125 ppm; FABHRMS caled for CjgHz;ONa
[M+Na]™ 303.1719, found 303.1716.

373 Methyl (153aR 4555 7aS)-5-(1-methoxycarbonylethyl)-
octahydro- I-hydroxy-3a, 7a-dimethyl- 1 H-indene-4-carboxylate
(14). Colourless oil, '"H NMR (CDCls, 300 MHz): & 4.36 (1H, dd,
J=0.1, 7.2 Hz), 3.67 (3H, s), 3.64 (3H, s), 2.50 (1H. dg, J=T.1,
2.3 Hz), 2.48 (1H, d, /=12.0 Hz), 2.19-1.23 (8H, m), 1.90 (1H,
m), 1.13 (3H, d, J=7.1 Hz), 0.91 (3H, s), 0.79 (3H. s) ppm: “C
NMR (CDCl,, 75 MHz): 8 178.3, 177.1, 77.5, 54.6, 54.5, 54.4,
47.9, 48.2, 43.1, 41.9, 35.3, 32.6, 32.3, 24.5, 20.6, 20.1, 18.2
ppm; FABHRMS caled for Cj;HpOsNa [M+Na]® 335.1834,
found: 335.1812.

3.8. Radical Cyclization of 15.

After subjecting 15 (571 mg, 2.38 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography (hexane/t-BuOMe, 2:1) on silica gel yielding
455 mg (1.93 mmol, 81%) of a equimolecular mixture of 20a and
20b. A solution of this mixture (61 mg, 0.25 mmol) in Et;O was
treated with an excess of TsOH during 26 h at room temperature.
Then, the reaction mixture was washed with saturated aqueous
NaHC(O4 (2x25 mL) and brine (30 mL), dried over anhydrous
Na,S0,, and concentrated under reduced pressure. The resulting
crude was purified by column chromatography (hexane/&
BuOMe, 4:1) on silica gel to afford to afford 21 mg (0.12 mmol)
of the lactone derived from 20b and 30 mg (0.12 mmol) of 20a.

381 t-Butyl 2-({1R. 35)-3-hydroxy-1,2,2-
irimethylcyclopentyl)acetate (20a). Colourless oil; 'H NMR
(CDCl,, 400 MHz): 53.86 (1H, dd, /=8.4, 5.2 Hz), 2.21-2.08
(1H, m), 2.07 (2H. s). 1.90-1.79 (1H, m), 1.68-1.48 (2H. m), 1.45
(9H, s), 1.04 (3H, s), 0.85 (3H, s), 0.80 (3H. s) ppm; *C NMR
(CDCl;, 100 MHz): 6 172.6, 81.4, B0.2, 47.3, 44.8, 43.7, 34.2,
31.0,28.2,22.8, 21.6, 17.4 ppm.

3.82 (1545)-5.88-Trimethyl-Z-oxa- bfc_}t‘fo{.’s‘.? 1foctan-3-one,
(lactone derived from 20b), colourless oil; 'H NMR (CDCl,, 300
MHz): §4.16 (1H, d, J=4.5 Hz), 2.48 (11, dd, /=18.8, 3.2 Hz),
2.30 (1H, d, J-18.8 Hz), 2.11-1.89 (2H, m), 1.88-1.63 (2H, m),
0.95 (3H, s), 0.86 (3H, s), 0.82 (3H. s) ppm: “C NMR ({CDCl,,
75 MHz): 8 171.5, 89.1, 44.0, 43.6, 41.9, 36.1, 29.7, 20.5, 19.2,

16.8 ppm: FABHRMS: caled for CgHjgO.Na [M+Na]
191.1048, found: 191.1060.

3.9. Synthesis of epoxide 16.

3.49.1. (15.2R, 55)-2-Isopropyil-5-methyl cye lohexyl, z2-

(diethoxyphosphoryllacetate (22). A solution of (-)-menthol (600
mg, 3.84 mmol) in anhydrous toluene (10.0 mL), DMAP (142
mg, 1.15 mmol) and (EtO),P(O)CH:CO.EL (21) (2.34 mL, 11.54
mmol), was refluxed under argon atmosphere. After 27 h the
solvent was removed under reduced pressure and the crude
filtrated through silica gel eluting with hexane (100 mL) and #
BuOMe (200 mL), dried over anhydrous Na,SO, and
concentrated under reduced pressure. Purification by column
chromatograchy (hexane/t-BuOMe, 3:1) on silica gel afforded
1243 mg (3.72 mmol, 97%) of 22 as colourless oil, 'H NMR
(CDCl,, 400 MHz): & 4.68 (1H, «d, /=10.9, 10.9, 4.4 Hz), 4.12
(4H, g, J=7.1 Hz), 291 (2H, d, /~21.7 Hz), 2.00-1.88 (2H, m),
1.67-1.60 (2H, m), 1.48-1.35 (2H, m), 1.30 (6H, t, /=7.1 Hz),
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1.06-0.92 (2H, m), 0.90-0.80 (1H, m), 0.87 (3H, d, J/~2.7 Hz),
0.85 (3H, d, /=3.2 Hz), 0.71 (3H, d, /=7.0 Hz) ppm; “C NMR
(CDCl;, 100 MHz): 6 165.4, 75.6, 62.6, 62.5, 46.9, 40.6, 35.2,
34.1,33.9,31.4,25.8,23.1,22.0, 20.8, 16.3, 16.0 ppm.

39.2  ((15.2R 55)-2-Isopropyi-5-methyvicyclohexyl  (E)-3.7-
dimethylocta-Z, 6-dienoare) (25). A mixture of NaH (163 mg,
4.07 mmol) and anhydrous THF (15.0 mL) was stirred and
cooled to 0 °C under argon atmosphere. Then, 22 (1236 mg, 3.70
mmol) in anhydrous THF (3.0 mL) was added and stirred for 7
min. At this point commercial 24 (5-methylhex-4-en-2-one) (E7
mixture of isomers, 7.7:2.3) (0.6 mL, 4.07 mmol) was added and
the solution stirred at rt for 4 h. The reaction was diluted with
BuOMe (50 mL), saturated aqueous NH,CI was added dropwise,
and finally quenched with H;O (60 mL). The aqueous layer was
extracted with ~BuOMe (3x80 ml). The aqueous layer was
extracted with +BuOMe (3x80 mL). The resulting organic
mixture was then dried over anhvdrous Na;50; and concentrated
under reduced pressure. Purification by column chromatography
(hexane/-BuDMe, 10:1) on silica gel afforded 780 mg (2.70
mmol, 73%) of condensation product 25 as colourless oil, 'H
NMR (CDCl., 300 MHz): & 5.62 (1H, s), 5.07 (1H, m), 4.68 (1H,
td, /=10.8, 108, 4.4 Hz), 2.62 (td, /=7.8, 7.8, 1.6 Hz), 2.14 (3H,
s), 2.00 (1H, d, J=11.7 HzJ, 1.92-0.75 (12H, m), 1.86 (3H, s).
1.67 (3H, s), 1.50 (3H ), 0.89 (3H, d, J=2.2 Hz), 0.87 (3H. d.
J=2.6 Hz), 0.75 (3H. d, /7.0 Hz) ppm; “C NMR (CDCls, 73
MHz): 5 166.6, 166. ['_l1 159.7", 1594, 1325, 132.0', 123.8",
123.2, 116.8, 116.1, 73.2, 47.2, 41.3, 41.1, 34.4, 33.5, 31.5, 20.8,
26.0, 26.4, 26.2, 25.7, 25.4, 23.7, 22.1, 20.8, 189, 17.7, 165
ppm; FABHRMS: caled for CyH3O:Na [M+Na]™ 320.2456;
found: 329.2461.

393  ((152R.55)-2-Isopropyl-5-methylcyclohexyl)  (E)-5-(3.3-
dimethyloxiran-2-yl)-3-methyipent-Z-enoate (16). To a solution
of 25 (400 mg, 1.31 mmol) in DCM (7.0 mL) at 0 °C under argon
atmosphere, was dropwisely added m-CPBA (271 mg, 1.57
mmol) in DCM (7 ml) and the mixture stirred wuntil
disappearance of starting material. Then the mixture was diluted
with DCM (25 mL), washed with NaOH 2 N (3x40 mL) and
brine (2x40 mL), dried over anhydrous Na,50, and concentrated
under reduced pressure. The resulting crude was purified by
column chromatography (hexane/rBuOMe, 5:1) on silica %el
affording 409 mg (1.27 mmol, 97%) of 16 as colourless oil, 'H
NMR (CDCl,, 300 MHz): 8 5.66 (1H, s), 4.68 (1H, td, J=10.8,
10.8, 4.4 Hz), 2.69 (1H, t, J=6.2 Hz), 2.28 (2H, m), 2.16 (3H, d,
J=1.2 Hz), 1.98 (1H, d, J=11.7 Hz), 1.92-0.75 (10H, m), 1.28
(3H, s), 1.24 (3H, s), 0.89 (3H, d, J=2.2 Hz), 0.87 (3H, d, J=2.6
Hz). 0.75 (3H, d, /-7.0 Hz) ppm; *C NMR (CDCl;, 75 MHz):
& 166.3, 158.2, 116.6, 73.3, 63.7, 58.6, 47.2, 41.2, 37.6, 344,
31.5, 27.0, 26.3, 248, 23.6, 22.1, 208, 18.9, 18.8, 16.5 ppm;
FABHRMS: caled for CypHayOsNa [M+Na]™ 345.2406, found:
345.2407.

3.10. Radical Cyclization of 16.

After subjecting 16 (322 mg, 1.00 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography (hexane/t-BuOMe, 4:1, 1:1) on silica gel to
afford 230 mg (71%) of a diasteromeric mixture (1'R.3'S;
1'S3'S 1'S3R. y 1'R3'R) showing in 'H NMR two
representative groups of signals corresponding to 27a (frans) and
27b (cis) in equimolecular ratio.

3.10.1. Compounds 27a;+27a;+27by+2Th;. Pale vellow oil, 'H
NMR (CDCl;, 300 MHz): 54.63 (2H, tdd, /=10.8, 10.8, 4.3, 1.4
Hz). 3.96 (1H, ddd, J=9.1, 7.4, 2.3 Hz), 3.85' (1H, ddd, J=8.1,
5.3, 1.9 He), 2.33 (1H, dd, j/~13.1, 4.5 Hz), 2.20-1.75 (31H, m),
1.03' (3H, s), 0.92 (3H. d, /=2.1 Hz), 0.87 (6H. s), 0.84 (12H, s},
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0.78 (6H, dd, J=4.4, 1.7 Hz), 0.71 (6H, d, /=7.0 Hz) ppm; °C
NMR (CDCls, 75 MHz): 8 172.8, 172.7, 81.3, 81.2, 74.1, 74.0,
40.4, 47.3, 47.2, 47.0, 46.5, 46.5, 44.8, 44.7, 44.2, 44.1, 42.8,
42.7. 42.7, 42,6, 41.0, 34.3, 34.3, 34.2, 34.0, 31.4, 31.0, 30.9,
30,0, 30.0, 27.0, 26.2, 23.3, 23.3, 228 ppm. (" signal
corresponding to diastereomeric couple 27a).

3.11. Synthesis of epoxide 17.

3.11.1. (152R 55)-5-methy 2-(2-phenyipropan-Z-vi)cyclohexyl 2-
(diethoxyphosphoryllacetate  (23). A solution of (-)-8-
phenylmenthol (1000 mg, 4.30 mmol) in anhydrous toluene (10.0
mL), DMAP (158 mg, 1.29 mmol) and (EtO):P(O)CHCO,Et
(21) (261 mL, 1291 mmol) was refluxed under argon
atmosphere. After 140 h the solvent was removed under reduced
pressure and the crude filtrated through silica gel eluting with
hexane (100 mL) and +BuOMe (200 mL), dried over anhydrous
NayS0, and concentrated under reduced pressure. Purification by
column chromatograchy (hexane/t-BuOMe, 2:1) on silica gel
afforded 1720 mg (4.17 mmol, 97%) of 23 as colourless oil, H
NMR (CDCl,, 300 MHz): 67.23 (4H, m), 7.07 (1H, m), 4.79
(1H, td, /=108, 10.8, 4.4 Hz), 4.08-3.91 (4H, m), 2.35 (1H, dd,
J=21.3, 14.3 Hz), 2.03 (1H, dd, J=21.3, 14.4 Hz), 2.00 (1H, m),
1.79 (2H, tg, J/=13.4, 13.4, 3.4 Hz), 1.63 (1H, dt, /=12.9, 2.8, 28
Hz). 1.40 (1H, m), 1.30-0.80 (3H. m), 1.25 (9H, m), 1.15 (3H, s),
0.83 (3H. d, /6.5 Hz) ppm; “C NMR (CDCl,, 75 MHz):
6 165.0, 151.7, 127.9 (2C), 125.3, 125.0, 75.1, 62.4, 62.3, 50.2,
41.3. 39.4, 34.7, 34.4, 33.0, 31.2, 29.1, 26.2, 23.2, 21.7, 16.3,
16.2 ppm.

3.11.2. (15.55)-5-methyl-2-(2-phenyipropan-2-ylcyclohexyl (E)-
3, 7-dimethylocta-2, 6-dienoate (26). A mixture of NaH (172 mg,
4.31 mmol) and anhydrous THF (20.0 mL), was stirred and
cooled to 0 *C under argon atmosphere. Then, 23 (1615 mg, 3.92
mmol) in anhydrous THF (3.0 mL) was added and stirred for 7
min. At this point commercial 24 (E2Z mixture of isomers,
7.7:2.3) (0.64 mL, 4.31 mmol) was added and the solution stirred
at rt for 4 h. The reaction was diluted with +~BuOMe (50 mL),
saturated agueous NHCl was added dropwise, and finally
quenched with HyO (60 mL). The aqueous laver was extracted
with #+BuOMe (3x80 mL). The resulting organic mixture was
then dried over anhydrous Na,50, and concentrated under
reduced pressure. Purification by column chromatography
(hexane/t-BuOMe, 10:1) on silica gel afforded 1093 mg (2.86
mmol, 73%) of condensation product 26 as colourless oil, 'H
NMR (CDCl;, 300 MHz): §7.23 (4H, m), 7.07 (1H, m), 5.12'
(0.22H, m), 5.05 (0.77H, m), 4.99 (1H, s). 4.78 (1H, td, J=10.7,
10.7, 4.3 Hz), 2.68-2.48 (m), 2.07 (3H, s), 1.92-0.75 (12H, m),
1.78 (s), 1.68 (3H, s), 1.61 (3H, s), 1.30 (3H, s), 1.22 (3H, s),
085 (3H. d, J~6.5 Hz) ppm; "“C NMR (CDCl, 75 MHz):
§166.1, 159.4", 159.0', 151.8, 132.4, 128.0, 125.6, 125.0, 123.9',
123.3, 116.9', 116.2, 73.4, 73.3", 50.8, 42.1, 40.9, 39.9, 348,
33.3', 31.4, 27.3, 26.9, 26.8, 26.3', 26.1, 25.9, 25.7, 25.2', 21.9,
18.8, 17.8 ppm; FABHRMS: caled for CyHagONa [M+Na]®
405.2770; found: 405.2771. [": signals corresponding to minor
diastereoisomer (22)].

3.11.3.  (15.2R 55)-5-methyi-2- (2-phenylpropan-2-yi)cyciohexyl
(E)-5-(3.3-dimethyloxiran-2-yl)-3-methyipent-2-enoate (17). To a
solution of 26 (1073 mg, 2.81 mmol) in DCM (9.0 mL) at 0 °C
under argon atmosphere, was dropwisely added m-CPBA (582
mg, 3.37 mmol) in DCM (9.0 mL) and the mixture stirred until
disappearance of starting material. Then the mixture was diluted
with DCM (25 mL), washed with NaDH 2 N (3x40 mL) and
brine (2x40 mL), dried over anhydrous Na,SO, and concentrated
under reduced pressure. The resulting crude was purified by
column chromatography (hexane/t-BuOMe, 5:1) on silica ﬁel
affording 1085 mg (2.73 mmol, 97%) of 17 as pale yellow oil, H
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NMR (CDCl;, 300 MHz): §7.23 (4H, m), 7.07 (1H, m), 5.02-
4.96 (1H, m), 478 (1H. td, /<108, 10.8, 4.2 Hz), 2.67 (1H, t,
J=6.2 Hz), 2.28-1.93 (2H, m), 2.08 (3H, s), 1.92 (1H, d, J=12.3
Hz), , 1.70-1.56 (5H, m). 1.52-1.40 (2H, m), 1.29 (6H, m), 1.26
(3H. 5). 1.21 (3H, 5). 1.16-1.03 (2H, m). 085 (3H. d, J=6.5 Hy)
ppm; “C NMR (CDCla, 75 MHz): 5 165.8, 157.6, 151.8, 127.9,
125.5, 1249, 116.6, 116.5, 73.5, 63.6, 58.4, 50.7, 42.0, 39.8,
37.4, 34.7, 31.4, 27.7, 274, 26.9, 26.7, 25.6, 25.4, 25.1, 24.9,
21.9 ppm; FABHRMS: caled for CyHyOsNa [M+Na]”
421.2719; found: 421.2717.

3.12. Radical Cyclization of 17.

3121 Compounds 28a;+28a, After subjecting 17 (398 mg,
1.00 mmol) to the catalytic procedure conditions, the resulting
crude was purified by column chromatography (hexane/t
BuOMe, 4:1, 1:1) on silica gel to afford 276 mg (69%) of a
diasteromeric mixture (1'R3'5; 1'S3'S5 1'S3'R vy 'R3'R)
showing in 'H NMR two representative groups of signals
corresponding to 28a (trans) and 28b (cis), in equimolecular
ratio. General structure of this mixture was determined after
isolation of frans diasteromeric couple (28a) as pale yellow oil,
'H NMR (CDCl, 300 MHz): & 7.28 (4H, m), 7.13 (1H, m), 4.78
(2H, wd, J/=10.7, 10.7, 4.3 Hz), 3.71 (1H, dd, /=8.2, 4.8 Hz), 2.11-
1.95 (2H, m), 1.89-1.78 (2H, m), 1.73-1.65 (1H, m), 1.62 (1H, d,
J=13.0 Hz), 1.57-1.39 (4H, m), 1.35-1.15 (3H, m), 1.29 (3H, s),
1.18 (3H, s), 0.98-0.84 (1H, m), 0.94 (3H, s), 0.87 (3H, d, /=6.5
Hz), 0.80 (3H, 5), 0.66 (3H, s) ppm; *C NMR (CDCls, 75 MHz):
§172.4, 152.3, 128.0, 125.4, 124.8, 81.3, 73.9, 50.3, 47.2, 42.3,
41.8, 39.5, 34.7, 340, 31.4, 30.9, 205, 26.4, 232, 22.8, 21.9,
21.5, 17.2 ppm.

3.14. Radical Cyclization of 18.

After subjecting 18 (260 mg. 0.91 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography on silica gel (hexane/t-BuOMe, 4:1) on silica
gel yielding 241 mg (94%) of a mixture 2:1 of 29a and 29b. A
solution of this mixture (241 mg, 0.84 mmol) in Et;0 was treated
with an excess of TsOH during 26 h at room temperature. Then,
the reaction mixture was washed with saturated aqueous
NaHCO, (2x25 mL) and brine (30 mL), dried over anhydrous
Na,S0y, and concentrated under reduced pressure. The resulting
crude was purified by column chromatography (hexane/t
BuOMe, 4:1) on silica gel to afford to afford 154.6 mg (0.54
mmol, 64.3%) of 29a and 61.1 mg (0.27 mmol, 32.1%) of the
lactone derived from 29h.

3141 Diethyl 2-((1R 35)-3-hydroxy-1,2,2-
trimethylcyclopentyl)malonate (29a). Colourless oil; 'H NMR
{CDCl, 500 MHz): 6 4.18 (4H, m), 3.76 (1H, dd, /=3.6, 3.6 Hz),
3.46 (1H,s). 2.19 (IH. m), 1.84 (2H, m), 1.61 (1H, m), 1.34 (3H,
s). 1.28 (3H, t, J=7.0 Hz), 1.25 (3H, t, /=7.0 Hz), 0.95 (6H, s)
ppm; “C NMR (CDCl,, 125 MHz): & 169.0, 168.8, 83.5, 61.2,
fil.1, 58.1, 48.6, 48.2, 36.8, 31.1, 24.6, 19.1, 18.6, 14.3, 14.2
ppm; FABHRMS: caled for CsHzOsNa [M+Na]™ 309.1672;
found: 309.1667.

3142 Ethyi (15, 4R.55)-5,8.8- Trimethyi-3-oxo-Z-oxa-
bicyclof3.2. I Joctane-4-carboxylate (lactone derived from 29b).
Colourless oil, 'H NMR (CDCl,, 500 MHz): & 4.26 (1H, m), 4.24
(2H, dd, /=7.1, 7.1 Hz), 3.48 (1H, d, /=2.2 Hz), 2.34 (1H, ddd,
J=13.9, 9.2, 42 Hz), 2.08 (2H, m), 1.61 (1H, m), 1.31 (3H, t,
J=T.1 Hz), 1.06 (3H, s). 1.05 (3H, s). 0.95 (3H, s) ppm; *C NMR
(CDClL,, 125 MHz): 6 169.0, 167.8, 89.1, 61.7, 58.3, 46.1, 45.5,
30.3, 29.7, 20.9, 18.0, 17.0, 14.4 ppm; FABHRMS: calcd for
C1zHzp0yNa [M+Na] ™ 263.1254; found: 263.1252.
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3.15. Radical Cyclization of 19.

After subjecting 19 (165 mg, 1.00 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography on silica gel (hexane/-BuOMe, 5:1, 2:1)
affording 131.2 mg (79.2%) of 30a and 32.8 mg (19.8%) of 30h.

315.1. 2-((1R.35)-3-Hydroxy-1,2,2-
trimethylcyclopentylacetonitrile (30a). '"H NMR (CDCl;, 500
MHz): §5.12 (1H, m), 3.95 (1H, dd, /-8.2, 6.4 Hz), 2.18 (2H,
m), 1.75 (1H, t, /=7.2 Hz), 1.61 (1H, m), 1.50 (2H, m), 1.18 (3H,
s). 0.93 (3H, s), 0.89 (3H, s) ppm: “C NMR (CDCls, 125 MHz):
61104, 81.1, 46.6, 44.5, 34.8, 30.4, 27.3, 22.7, 224, 17.7 ppm.

3.15.2. 2-((15.35)-3-Hydroxy-1,2.2-
trimethylcyclopentyl)acetonitrile (30b). "H NMR (CDCl,, 500
MHz): &5.19 (1H, m). 3.93 (1H, dd, /=7.6, 4.6 Hz), 2.70 (1H, d.
J=16.5Hz), 2.29 (1H, d, /=16.5 Hz), 2.18 (1H, m), 1.90 (1H, m),
1.88-1.50 (2H, m), 1.10 (3H, s), 0.90 (3H, s), 0.89 (3H, s) ppm;
C NMR (CDCl;, 125 MHz): & 118.4, 80.0, 45.6, 43.1, 33.6,
29.2,25.7, 21.7, 21.3, 15.9 ppm.

3.16. Radical Cyclization of 31.

After subjecting 31 (594 mg, 1.81 mmol) to the catalytic
procedure conditlons, the resulting crude was purified by column
chromatography (hexane/t BuOMe, 3:1) on silica gel to afford
455 mg (1.38 mmol, 76%) of an equimolecular mixture of 32a
and 32b. A solution of this mixture (53 mg, 0.16 mmol) in E;O
was treated with an excess of TsOH for 26 h at rt. Then the
reaction was quenched with saturated agueous NaHCO, and
washed with brine, dried over anhydrous Na,50; and
concentrated under reduced pressure. The resulting crude was
purified by column chromatography (hexane/t-BuOMe, 5:1) on
silica gel to afford 14 mg of lactone 33, 29 mg of 32a, and 7 mg
corresponding to a mixture of both compounds.

316.1. Methyl 2-[{1R 2R 35)-3-hydroxy-2-(i-
butyldimethyisilyloxy)-1,2-dimethylcyclopentyl|acetate (32a). 'H
NMR (CDCl,, 400 MHz): 64.20 (1H, dd, /8.6, 6.8 Hz), 3.64
(3H. s). 3.54 (1H, d, j=09.6 Hz), 3.46 (1H, d, /=9.6 Hz), 2.25 (2H,
q, J=13.2 Hz), 2.17-2.05 (1H, m), 1.86-1.74 (1H, m), 1.65-1.46
(2H, m), 107 (3H, 5), 0.92 (3H, s), 0.8 (9H, s), 0.04 (6H. s)
ppm; “C NMR (CDCl,, 100 MHz): §173.3, 78.2, 68.7, 51.4,
50.6. 448, 41.5, 34.1, 30.1, 25.9 (3C), 22.6, 18.2, 13.1, -5.6 (2C)
ppm; FABHRMS: caled for Cj;H340,5iNa [M+Na]™ 353.2124,
found: 353.2106.

3.16.2. (15.55.8R)-8-(t-Butyldimethylsilyloxymethyi)-5. 8-
dimethyi-2-oxa-bicyclof3.2.1]octan-3-one (33). Colourless oil,
'H NMR (CDCl,, 400 MHz): § 4.51 (1H, d, J~4.5 Hz), 3.39 (2H,
dd, /=119, 10.2 Hz), 2.49 (1H, dd, /<185, 2.9 Hz), 2.24 (1H, d,
J=17.7 Hz), 1.98 (2H, m), 1.75 (2H, m). 1.05 (3H. s), 0.86 (3H.
s), 0.84 (OH. s), 0.00 (3H, s), -0.01 (3H, s) ppm; “C NMR
(CDCl,, 100 MHz): 6 171.4, B6.2, 65.5, 49.0, 45.5, 41.5, 36.6,
29.6, 25.9 (3C), 19.0, 18.3, 12.2, 5.6 (2C) ppm; FABHRMS:
caled for CgHsy0,5iNa [M+Na]” 321.1862, found: 321.1855.

3.17. Radical Cyclization of 34.

After subjecting 34 (391 mg, 0.74 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography (hexane/tBuOMe, 3:1) on silica gel to afford
278 mg (0.54 mmol, 71%) of a diasteromeric mixture 35
(I'R3'S; 1'§3'S: 1'S3'R, vy 1'R3'R). 35 was saponified by
reaction with KOH/MeOH, and the corresponding crude treated
with TMSCHN,; to obtain a mixture of compounds 32a and 33 in
a 1.3:1 ratio.
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3.18. Radical Cyclization of 36.

After subjecting 36 (216 mg, 0.72 mmol) to the catalytic
procedure conditions, the resulting crude was purified by column
chromatography (hexane/tBuOMe, 3:1; 2:1) on silica gel
affording 145 mg (0.47 mmol, 65.7%) of 37a and 58 mg (0.19
mmol, 26.3%) of 3Th.

3.18.1 Diethyl 2-[(IR 2R.35)-2-(t-Butyldimethylsilyloxymetiyi)-
3-hydroxy-1,2-dimethvicyclopentylf malonate (37a). Colourless
oll, '"H NMR (CDCl,, 500 MHz): 4.16 (4H, m), 4.02 (1H, d.
J=9.9 Hz), 3.96 (1H, dd, /8.2, 4.2 Hz), 3.47 (1H, d, /~9.9 Hz),
345 (1H, s), 2.14 (1H, m), 1.78 (2H, m), 1.65 (1H, m), 1.38 (3H,
s), 1.28 (3H, t, /=7.1 Hz), 1.25 (3H, t, /=7.1 Hz), 0.95 (3H, s),
0.80 (9H, s), 0.06 (3H, s), 0.05 (3H, s) ppm; *C NMR (CDCL,
125 MHz): &174.3, 174.2, B8.0, 71.3, 66.7, 66.5, 63.5, 58.2,
53.0, 44.7, 35.2, 31.4 (3C), 25.5, 23.6, 23.4, 19.7, 19.6, -5.6 (2C)
ppm; FABHRMS: caled for CyHyOgSiNa [M+Na]™ 439.2492,
found 439.2517.

3.18.2. . Diethyl 2-[(15, 2R, 35)-2-{t-Butyldimethyisilyloxymetiyi)-
3-hydraxy-1, 2-dimethyicyclopentyl] malonate  (37h). Colourless
oil, '"H NMR (CDCL, 500 MHz): 6 4.16 (5H, m), 3.69 (1H, s),
3.59 (1H, d, /=9.9 Hz), 3.48 (1H, d, /=9.9 Hz), 2.16 (1H, m),
1.95 (1H, m), 1.63 (LH, ddd, j/=15.2, 9.5, 2.6 Hz), 1.56 (1H, m),
1.32 (3H, s), 1.26 (6H, m), 0.92 (3H. s), 0.90 (9H, s), 0.06 (3H,
s). 0.05 (3H, s) ppm; “C NMR (CDCl,, 125 MHz): & 174.5,
174.4, B4.4, 74.9, 66.7, 66.6, 62.5, 57.7, 534, 42.4, 37.2, 31.6
(3C). 26.0, 23.9, 23.7, 19.8, 19.7, 0.0 (2C) ppm; FABHRMS:
caled for CyyHyyOpSiNa [M+Na]™ 430.2492, found 439.2517.

3.19. Radical Cyclization of 38.

After subjecting 38 (502 mg, 1.81 mmol) to the catalytic
procedure conditions, the resulting crude was purifled by column
chromatography (hexane/tBuOMe, 5:1; 3:1) on silica gel
affording 381.6 mg (1.38 mmol, 76%) of 39a and 95.4 mg (0.34
mmol, 19%) of 39b.

319.1. 2-[(1R 2R 35)-2-(t-Butyldimethylsilyloxymethyl)-3-
hydroxy-1, 2-dimethyicyclopentyi] acetonitrile  (39a). Colourless
oil, '"H NMR (CDCl,, 500 MHz): 8 4.02 (1H, dd, /=7.9, 4.2 Hz),
3.73 (1H, d, J/10.1 Hz), 3.58 (1H, d, /=10.1 Hz), 2.81 (1H, d,
J=16.5 Hz), 2.41 (1H, d, /=16.5 Hz), 2.19 (1H, m), 1.98 (1H, m),
1.62 (2H, m), 1.12 (3H, s), 0.93 (3H, m), 0.90 (9H, s), D.08 (6H,
s) ppm; “*C NMR (CDCls, 125 MHz): & 119.4, 81.4, 65.1, 50.6,
43.9,36.4, 30.8, 265, 25.0 (3C), 23.2, 19.1, 18.1, -5.6 (2C) ppm;
FABHRMS: caled for CigHsNO;Na [M+Na]"™ 320.2022, found
320.1974.

3.19.2. 2-[(15.2R 35)-2-(t-Butvidimethylsilyloxymethyl)-3-
hydroxy-1, 2-dimethylcyclopentyi] acefonitrile (39b). Colourless
oll, 'H NMR (CDCl;, 500 MHz): 54.18 (11, t, J=8.0 Hz), 3.53
(1H, d, /~10.1 Hz), 3.48 (1H, d, J=10.1 Hz), 2.39 (2H, d, /~1.7
Hz), 2.14 (1H, m), 1.75 (2H, m), 1.59 (1H, m), 1.19 (3H, s}, 0.94
(3H, m), 0.89 (9H, s), 0.06 (3H, ), 0.06 (3H, s) ppm; “C NMR
(CDCl,, 125 MHz): 5 119.3, 76.8, 68.1, 50.0, 44.3, 35.0, 29.9,
27.1, 25.9 (3C), 23.5, 18.2, 13.5, -5.6 (2C) ppm; FABHRMS:
caled for CigHy NO:Na [M+Na]™ 320.2022, found: 320.1974.
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Weakening C—0O Bonds: Ti(lll), a New Reagent for Alcohol
Deoxygenation and Carbonyl Coupling Olefination
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Abstract: Investigations detailed herein, including density functional theory (DFT) calculations, demonstrate
that the formation of either alkoxy— or hydroxy—Ti(lll) complexes considerably decreases the energy of
activation for C—0 bond homolysis. As a conseguence of this observation, we described two new synthetic
applications of Nugent's reagent in organic chemistry. The first of these applications is an one-step
methodology for deoxygenation—reduction of alcohols, including benzylic and allylic alcohols and 1,2-
dihydroxy compounds. Additionally, we have also proved that Ti(lll) is capable of mediating carbonyl
coupling—olefination. In this sense, and despite the fact that for over 35 years it has been widely accepted
that either Ti(ll) or Ti{0) was the active species in the reductive process of the McMurry reaction, the
mechanistic evidence presented proves the involvement of Ti(lll) pinacolates in the deoxygenation step of
the herein described Nugent's reagent-mediated McMurry olefination. This observation sheds some light
on probably one of the mechanistically more complex transformations in organic chemistry. Finally, we
have also proved that both of these processes can be performed catalytically in CpsTiCly by using
trimethylsilyl chloride (TMSCI) as the final oxygen trap.
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Introduction

It is well-known that Cp,TiCl (Nugent's reagent) is a mild
reductant, useful through monoelectronic transfer and widely
employed in organic synthesis.' Its applications arise from the
interaction of titanocene dichloride, acting as a Lewis acid. with
the heteroatoms of different functional groups. which behave
as Lewis bases. This interaction leads to a balanced complex
that may evolve into different products. Recent research
revealing mechanistic details about this interaction has been
|'epo|1ccl.: In this sense. evidence showing that H,O and
methanol can act, via the corresponding Ti(Ill) complexes. as
an efficient hydrogen-atom donor has been publishe(l.:“'

With these considerations in mind, it would be reasonable to
postulate that the interaction of an alcohol and Cp,TiCl would

" University of Granada.
F University of Huelva,

(1} The single electron transfer bisteyclopentadienyl-titaniumi ehloride,
Nugent's reagent, can be generated in situ by stirring commercial
CpeTiCl;y with dust Ma or Zn. For pioneering reports on the use of
this reagent. see: (a) RajanBabu, T. V.. Nugent, W. A_ J. Am. Chem.
Soe. 1994, 176, 986—=997 and references cited therein. For pertinent
reviews on the use of this reagent. see: (b) Gansiuer, A.. Bluhm, H.
Chem, Rev. 2000, 100, 2771-2788. (c) Gansiiver, A.: Pierobon, M. In
Radicals in Organic Synthesis; Renaud, P, Sibi, M. P., Eds.; Wilev-
VCH: Weinheim, Germany., 2001: Vol. 2. pp 207-220. (d) Gi T,
A Lauterbach. T.: Narayan. S. Angew. Chenm., Inr. Ed. 2003, 42,
5556-3573. (e) Barrero. A. F.: Quilez del Moral, J. F.: Sanchez. E. M.:

Arteaga, ). F. Eur. J. Org. Chem, 2006, 16271641, (1) Cuerva, J. M.;

Justicia, I.; Oller-Lapez, J. L Bazdi, B.: Oltra, 1. E. Mini-Rev. Org.

Chem. 2006, 3. 23-35.
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Scheme 1. Proposed Mechanism for Ti(lll)-Promoted C—~O Bond
Homolysis

homolysis 1y

\ SET
= 3oL Tice,

" , S0
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produce the alcohol complex L. The formation of this species.
or of the titanocene alkoxide derivative I1. could weaken the
corresponding C—0 bond allowing under suitable conditions
and by means of monoelectronic transfer their homolytic
cleavage to give rise to the C-centered radical HI. which would
finally evolve to the corresponding products (Scheme 1).

To validate this approach, we chose two synthetic transforma-
tions including C—0 cleavages as Key processes, namely,
deoxygenation—reduction of alcohols and carbonyl coupling—
olefinations.

(2) (a) Encmrke. R. J.: Larsen. J.; Skrydstrup. T.: Daasbjerg. K. J. Am.
Chem. Soc. 2004, 126, T853-7864. (b) Gansduer, A.: Barchuk. A.:
Keller, F.; Schmitt, M.; Grimme, S.; Gerenkamp, M.; Miick-Licht-
enfeld. C.: Daashjerg. K. Svith, H. J. Am. Chem. Soc. 2007, 129,
1359-1371. {c) Cuecrva, J. M.: Campaia. A. G.: Justicia. J.: Rosales,
AL Oller-Lépez, ). L.; Robles, R.; Cardenas. D. J.; Buiivel, E.; Oltra,
1. E. Angew. Chem., Int. Ed. 2006, 45, 5522-5526, (d) Jin, J.;
Neweomb, M. 1. Org. Chem. 2008, 73, 7901=7905 and references
cited therein.
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Alcohol deoxygenation constitutes a powerful synthetic tool
especially used in complex natural product synthesis.” Most of
the known synthetic procedures take place via a number of steps.
the Barton—MecCombie methodology being the most commonly
used, mainly for secondary alcohols, due to its compatibility
with different functional groups.” Few procedures involving one-
step deoxygenations have been described.” which in our opinion
makes necessary further efforts in this subject.

On the other hand. the reductive coupling of carbonyls into
olefins by use of low-valent titanium species (LVT). known as
the McMurry reaction, has been extensively used in organic
synthesis, and both inter- and intramolecular couplings have
been described to proceed with remarkable efficiency.” This kind
of reaction is usually carried out in two consecutive steps,
namely, reduction of TiCly or TiCls followed by addition of
the carbonyl compound. In this regard, a number of reducing
agents such as Li. Na. K. Mg, Zn. KCg. Zn(Cu). LiAIH,. and
others were used. in an attempt to overcome the reproducibility
problems usually associated with this reaction. To this end,
different improved protocols have been reported.” From a
mechanistic point of view, there are three main features to
consider: formation of the LVT species, coupling reaction. and
finally, deoxygenation of the intermediates leading to the olefin.
In the coupling step, the involvement of acyl radical and/or
carbenoid intermediates in the metallopinacolate formation is
accepted, although their structure is claimed to be influenced
by the nature of the carbonyl group, the titanium species, and
the reducing agent.” In this sense, even more uncertainties exist
about the actual mechanism of the deoxygenation of these
metallopinacolate intermediates, although it has been widely

(3) (a) Zard, 8. 7. Xanthates and Related Derivatives as Radical Precursors.
In Radicals in Organic Synthesis, Vol. 1; Renaud. P.. Sibi, M. P..
Eds.: Wiley-VCH: Weinheim, Germany, 2001: pp 90—108. (b)
McCombie, W, 8. In Comprehensive Organie Syathesis, Vol. 8; Trost,
B. M., Fleming, L., Eds.; Pergamon Press: Oxford, UK., 1991; pp
811-833.

(a) Zard. S. Z. Angew. Chem., Int. Ed. 1997, 36, 672-685. (b) Barton.
D. H. R.: Jang. D. O.; Jaszberenyi. J. C.: Joseph. C. J. Org. Chem.
1993, 58, 6838-6842. (¢) Barton, D. H. R.; Jang, D. O.; Jaszberenyi,
L. C.; Joseph, C. Synlenr 1991, 435-438. (d) Barton, 1. H. R.:
Muotherwell, W. B.: Stnge, A. Svwithesis 1981, 743-745.

(a) Corey, E. 1.: Achiwa, K. . Org. Chem. 1969, 34, 3667-3668. (b)
MeMurry. J. E.: Silvestri. M. G.: Fleming. M. P.: Hoz. T.: Grayston,
M. W. I Org. Chem. 1978, 43, 3249-3254. () Ledon. H.: Tkatchenko,
L: Young, D. Tetrahedron Lent. 1979, 20, 173-176. (d) Sato, F.;
Tomuro, Y. Ishikawa, Ho: Oikawa, T.: Sato, M. Chem. Len. 1980,
103-106. (e) Lee, 1. T.: Alper. H. Tetrahedron Ler. 1990, 371, 4101-
4104 (f) Crevier, T. J.: Mayer. J. M. /. Am. Chem. Soc. 1997, 179,
B485-8491. (g) Zhang, L.. Koreeda, M. /. Ane. Chem. Soc. 2004, 126,
13190-13191. (h) Spiegel, D. A.; Wiberg, K. B.; Schacherer, L. N.;
Medeiros, M. R.; Wood, J. L. J, Am. Chem. Soc. 2008, 127, 12513~
12515.

(6) (a) McMurry, J. E. Chem. Rev. 1989, 89, 1513-1524. (b) Robert-
sonG, M, In Comprehensive Organic Synthesis, Trost, B, M.,
Fleming, .. Pattenden. G.. Eds.: Pergamon: Oxford, UK., 1991 Vol.
3, p 563, (¢) DushinR. In Comprehensive Organomelallic Chemistry
II: Hegedus. L. S.. Ed.. Pergamon: Oxford. U.K.. 1995; Vol. 3, p 1071,
(d) Lectka, T. In Acrive Metals: Preparation, Characterization,
Applications; Firstner, A., Ed.; Wiley-VCH: Weinheim, Germany,
1995; p 85. (e¢) Fiirsiner, A.: Bogdanovie, B. Angew. Chem., Ini.
Ed. Engl. 1996, 35, 2442-2449_ () Wirth, T. Augew. Chem., Inr.
Ed. Engl. 1996, 35, 61-63. (g) Ephritikhine. M. Chen. Commun.
1998, 15492554,

(a) McMurry. 1. E:: Letcka, T.: Rico, J. G. J. Org. Chen. 1989, 54,
3748-3749. (b) Fiirtsner, A.; Huppens, A.: Prock, A.; Janssen, E. J.
Org. Chem. 1994, 59, 5215-5229.
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Scheme 2. Proposed Mechanism for Ti(lll)-Mediated Alcohol
Deoxygenation—Reduction
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Table 1. Calculated® AG" and AG,, Values for C—O Bond
Homolytic Cleavage of Different Alcohols
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@A\"” 290 27
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3
m 317 63
4
/“;’o ) a7 19.8
H
@D 523 36.7
&

“ Caleulated via UMO5/Ahlrichs-VDZ.

accepted that species with low valence states of Ti, either Ti(Il)
or Ti(0). were required in this reductive process.

Results and Discussion

A. Deoxygenation—Reduction of Alcohols. i. Mechanistic
Proposal and DFT Calculations, The mechanistic proposal for
deoxygenation—reduction of alcohols is depicted in Scheme 2.
Thus. the C-centered radical IIL. originating from homolysis
of the corresponding C—0O bond. could evolve to the corre-
sponding hydrocarbon after being trapped by another molecule
of Cp,TiCl, generating alkyltitanium V, which would then be
protonated easily to afford the alkane. In this regard. the direct
reduction of the radical III by species such as L. IV, or the
solvent should not be ruled out.

To verify this hypothesis. density functional theory (DFT:
UMO5/Ahlrichs-VDZ)® calculations were carried out. Thus, the
energy barriers (AG,, and AG¥) for homolytic cleavage of the
C—0 bond in the alcohol complex I were calculated for different
type of alcohols (Table 1 and Figure 1),

Although the calculated values were endothermic for all
compounds studied (1—6), the allylic and benzylic alcohols
showed. as expected. lower activation and reaction energies

(8) (a) Frisch, M. ). Gaussian 03, Revision E.01; Gaussian, Inc.,
Wallingford, CT, 2004. For complete reference, see Supporting
Information. (h) Zhao, ¥.: Schuliz, N. E.: Truhlar, . G. J. Chem.
Phys., 2005, 123, 161103, (¢) Schacfer. A.: Horn, H.: Ahlrichs, R.
S Chem, Phys, 1992, 97, 2571-2577. (d) Feller, D. J. Comput, Chem.
1996, 17, 1571-1586. (¢) Schuchardt, K. L.; Didier, B. T.: Elsethagen,
T.; Sun, L.; Gurumoorthi, V.; Chase, L; Li, 1. Windus, T. L. . Cheam.
Inf: Model. 2007, 47, 1045-1052.
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Figure 1. Energy diagram for C=0 bond homolytic cleavage in allylic
aleohol 1 (activation energy AG* and reaction energy AGy,).

(Table 1). In any case, when these data were compared with
those calculated theoretical and experimentally for the uncom-
plexed homolytic C—0O bond dissociation.” significant higher
values were found for the uncomplexed species. which clearly
show that this homolytic cleavage is strongly affected by
coordination to Ti(Il).

In light of these observations. we surmised that the necessary
energy for this homolysis could be obtained by simply heating
organic solutions of the corresponding alcohol—Cp, TiCl com-
plexes. Thus, a solution of benzyl alcohol 4 in THF (0.2 M)
was treated with 2.1 equiv of TiCpyCl, and 8.0 equiv of Mn in
THEF. After the mixture was refluxed for 45 min, the reaction
was proven to be completed, and gratifyingly. only toluene was
obtained in an excellent yield of 93%.

Variations on the quantities of Nugent’s reagent were carried
out in order to gain further insight into the course of the reaction.
Thus, when only 1.1 equiv of Cp,TiCl> was used, the reaction
stopped when approximately half the starting material 4
remained unaltered, toluene being obtained in a 47% yield. This
fact suggests that the C-centered radical (III) is efficiently
trapped by a second equivalent of Ti(IIl) leading to the formation
of a benzyl—titanium intermediate (V). Consequently, 2.0 equiv
of Ti(Ill) is required to drive the reaction to completion, With
respect to the reducing agent, its quantity can be lowered up to
1.5 equiv, and the transformation still remains efficient (92%),

ii. Scope of the Reaction. We devoted our efforts to inves-
tigate the scope of this transformation (Table 2). Ti(Ill) (2.0
equiv). 1.3 equiv of reducing agent. and tetrahydrofuran (THF)
as solvent were used, except for entry 19, where toluene was
employed. Thus, different benzylic ulcohols were transformed
efficiently into the corresponding deoxygenated—reduced com-
pounds (Table 2, entries 1—3). Allylic alcohols reacted in a
similar way producing the expected deoxygenated—reduced
products (Table 2. entries 6—12). Thus, farnesol 19 gave rise
mainly to hydrocarbon 20 (Table 2. entry 7). In this case. the
absence of cyclization products resulting from an intermediate
allylic radical also supports the fust reduction of this species
(Scheme 2). This result is in good accordance with previous
results by some of us, which reported the high tendency of allylic
radicals to evolve to allyltitanium species in presence of excess

(9) Complementary calculations on nonmediated homolytic C—0O bond
cleavages gave values larger that 56 keal mol ' in any case. The
reported experimental value for MeOH is 102 keal mol™": Kerr, 1 A
Chem. Rev. 1966, 66, 465—500. For supplementary data, see Sup-
porting Information.
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Table 2. Ti(lll)-Mediated Deoxygenation—Reduction of Alcohols

! yield
entry substrate product (min) (%)
1 wu CEr 60 79
P P
2 iy = iz N 60 91
MaD, MO,
3 -n}?_ e o 50 o0
o4

3

Ol
”
i 0 5 0
“
oo AT 55 8y
" "
6 ,H‘..?»\m J‘-l"‘w‘ 50 91¢
7 o 5:6, 60 0
8 p 55 02
9 m;:('”‘g’ x 240 =
n
10 MJ;»W — 60 70
1 QE""{““’ Q(""r“" 0 87
L . e
12 gg Q(SX 120 38
13 £ u - 240 85"
14 »%’“ i 65 94
m
A
T L 9% 86
oH
A > 0 68
£
o
oM
18 é é 90 9
M E
1o Ao AT 20 o

“2.0 equiv of Tilll) and 1.5 equiv of reducing agent per mole of
starting material were used; THF was used as solvent. 0.3 equiv of
Tl 4.0 equiv of TMSCI equiv, and 8 equiv ol reducing agent per
mole of starting material were used; THF was used as solvent. * Toluene
was used as solvent,

Cp:TiCL" The conversion of 4-hydroxy-3-methylbut-2-enyl
benzoate 22 to isopentenyl benzoate 23 (Table 2. entry 10)
deserved to be emphasized, since it mimicks the function of

(10} (a) Seemann, M.; Bui. B. T. S.; Wolll. M.; Tritsch. D.; Campos, N.;
Boronat, A.; Marquet, A.: Rohmer, M. Angew. Chem., Ini. Ed. 2002,
41, 43374339, (b) Rohmer. M. Nat. Prod. Rep. 1999, 16, 565-574.
(¢} Eisenreich, W.; Bacher, A.; Arigoni, D.; Rohdich, F. Cell. Mol
Life Sei. 2004, 61, 1401-1426. (d) Xiao, L: Chu, L.; Sanakis, Y.: Lig,
P. L Am. Chem. Soc. 2009, 131, 9931-9933,

(11} (a) Barrero. A. F.; Herrador, M. M.; Quilez del Moral, J. F.: Arteaga,
P.; Arteaga, L F.; Diéguez, H. R.; Sinchez, E. M. J, Org. Chem. 2007,
72, 29088-2995. (b) Barrero, A. F.: Herrador, M. M.: Quilez del Moral,
J. F.: Anteaga, P.: Arteaga, ). F.: Piedra, M.: Sdnchez, E. M. Org.
Lete. 2005, 7, 2301-2304,
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Scheme 3. Proposed Mechanism for Ti(lll)-Promoted
Deoxygenation of 1,2-Diols
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Diol-Complex VI

the IspH enzyme in the natural biosynthesis of C35 units of the
terpenoids through the deoxyxylulose phosphate pathway.''
With respect to 1.2-diols, treatment of 1.2-diphenylethane-1.2-
diol 28 with 2.1 equiv of TiCp,Cl: and 1.5 equiv of Mn led
almost quantitatively to trans-stilbene 29 (Table 2, entry 14),
Other 1.2-diols such as tetradecane-1.2-diol 32 and pinanediol
34 were easily deoxygenated to 33 and f-pinene 35, respec-
tively, in high vield (Table 2. entries 17 and 18). The
stoichiometry of the reagents and good vield seem to indicate
that the double bond would be formed via an initial deoxygen-
ation from the diol complex VI leading to the C-centered radical
VII (Scheme 3). The presence of this first radical would facilitate
the second C—0 cleavage to lead to the corresponding olefin.

When nonactivated alcohols such as octadecanol 36 were used
as starting material, no reaction was observed (see AG,,, in
Table 1). To overcome this unreactivity. other solvents with
higher boiling point were tested. Thus, when a mixture of
Nugent's reagent and 36 were heated in toluene at reflux, 37
and 38 (1:1) were obrained as result of deoxygenation—reduction
and dehydration processes, respectively (Table 2, entry 19).

When we focused our attention on the presence of different
functional groups in the alcohols o be deoxygenated, good
yields of the corresponding deoxygzenation products were also
obtained in the presence of hydroxyls protected as methyl ethers
(Table 2. entries 3 and 4), although the acid-labile silyl ethers
did not tolerate the reaction conditions. Other hydroxyl protect-
ing groups such as acetate also decompose under the reaction
conditions. However, most robust esters such as the benzoate
or. even more efficiently. the pivalate proved to be appropriate
protecting groups in our deoxygenation protocol (Table 2. entries
10 and 11). Furthermore, alcohols containing carboxylic acids
protected as methyl esters, as well as chloro derivatives, also
deoxygenated in acceptable yields (Table 2. entries 5 and 15).
Finally, although in a low-yield. nonoptimized process, a
primary allylic alcohol was deoxygenated in the presence of a
carbonyl group (Table 2, entry 12), which in our opinion widens
promisingly the possibilities of this transformation.

B. Carbonyl Coupling—Olefination, i. Mechanistic Proposal.
On the basis of the above findings, namely. the dramatic
decrease in the calculated homolytic C—0 bond dissociation
energy for RH,C—OH compared to that calculated for the
complex CpTi"™(CHHO—CH;R and the observed double-bond
formation upon treatment of diols 28, 30, 32, and 34 with
titanocene(I11), we surmised that the Nugent's reagent (Cp,TiCl)
would be able to promote carbonyl olefinations via homolysis
of the carbon—oxygen bonds present in the Ti(IIl) pinacolates
(IX. Scheme 4). Species IX would originate after reduction of
the corresponding Ti(1V) pinacolates (VITL Scheme 4). which
are described as intermediates in Ti(lll)-mediated pinacol
coupling of carhun)’ls.IE

To test the validity of this hypothesis, we began by examining
whether homolytic cleavage of the C—0 bond in the species

PhCH,OTi"Cp; could be obtained by treating sodium benzoxide
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Scheme 4. Proposed Mechanism for Ti(lll)/Mn-Promoted Carbonyl
Olefination
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with Cp,TiCl in refluxing THE."? Gratifyingly. after this mixture
was heated for 3 h, gas chromatographic (GC) analysis of the
crude product proved the generation of toluene, which seemed
to confirm the first premise of our hypothesis.™ Encouraged
by this result, we made benzaldehyde 39 react with 2 equiv of
titanocene(I11) in THF at reflux. Stilbene 29 was thus obtained
with high efficiency (93% vield) after | h (Table 3. entry ).
Considering that the system Cp,TiCl/Mn was previously
reported to mediate pinacol coupling of aldehydes and ketones.,'”
we focused our efforts to gain an insight into the real species
participating in the deoxygenation step.

To this end. we subjected benzaldehyde 39 to the same
experimental conditions described above but now maintained
the temperature at 25 °C. After 10 min of stirring at this
temperature, analysis of an aliquot taken from the green reaction
mixture revealed complete consumption of the starting material,
benzopinacol being the only product formed. Excess Mn was
then removed from the remaining reaction mixture, and the
filtrate was heated at reflux for 1 h to afford again stilbene 29.
It is worth noting the progressive color change, from green to
blue, during the heating. At this point, it was reasonable to
assume the involvement of a Ti(III) pinacolate in this olefination
process, according to the mechanistic proposal depicted in
Scheme 4. The excess Mn present in the reaction medium would
reduce the initially generated Ti(IV) pinacolate species'? to the
corresponding Ti(Ill) species. The fact that. to the best of our
knowledge. Mn is not able to reduce Ti to a valence lower than
3 at room temperature, together with the green color of the
solution, constitutes a strong hint to confirm the presence of
this Ti(Ill) metallopinacol.™

A final piece of evidence to denote the involvement of Ti(IIl)
pinacolates in the deoxygenation step was derived from the
following experience. Thus, addition of only 0.5 equiv of Zn
or Mn to a solution of | equiv of Cp,TiCl, in THF at room
temperature, after 3 min of stirring, caused the expected color
change in the solution, which turned from red to green. thus
confirming the reduction of the Ti(IV) species to Ti(lll).
Addition at this point of | equiv of benzaldehyde 39 caused
the solution to show an orange hue within a few minutes. most
likely due to the presence of Ti(IV) pinacolates. NMR analysis
of an aliquot confirmed the disappearance of benzaldehyde and

(12) (a) Barden. M. C.; Schwarzt. J. J. Am. Chem. Soc. 1996, 118, 5484—
5485, Enemerke, R. 1.; Larsen, J.; Hjollund, G. H.; Troels Skrydstrup,
T.: Daasbjerg, K. Organometallics 2005, 24, 1252-126. (b) Paradas.
M.: Campaiia, A. G.; Estévez, R. E.; Alvarez de Cienfuegos, L.
Jiménes, T Robles, R, Cuerva, 1. M. Oltra, ) EC o Org. Chen,
2009, 74, 3616—3619 and references cited therein.

(13) For the preparation of biscyclopentadienyl titanium alkoxides. see:
Huffman. J. C.: Moloy, K. G.: Marsella. J. A.: Caulton, K. G. J. Am.
Chem. Soc. 1980, [02, 3009—-3014.

(14) Villiers and Ephritikhine postulated the involvement of U
analogues in the reductive coupling of ketones: Villiers, C.. Ephri-
tikhine, M. Chem.—Eur. J. 2001, [4. 30433051,
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Table 3. Titanocene(lll}-Mediated Reductive Carbonyl Coupling
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1.2 equiv of Ti(lll) and 2.4 equiv of reducing agent per mole of
starting material were used: THF was used as solvent. " 0.3 equiv of
Till, 4.0 equiv of TMSCI equiv, and 8 equiv of reducing agent per
mole of starting material were used; THF was used as solvent. © For
details, see text.

the sole presence of benzopinacol as reaction product. This
orange solution remained unaltered for hours, in both color and
composition. At this point, addition of a further (L3 equiv of
Zn or Mn led the reaction mixture to recover its former green
color (15 min). which was rationalized by assuming a new
reduction from the corresponding Ti(IV) to Ti(Ill) pinacolate
(Scheme 4). At this moment. benzopinacol was again proven
to be the only component of the reaction mixture. As happened
previously. no change in the color or composition was observed
after several hours of stirring. However. gentle heating until
refluxing temperature was reached produced the formation of
stilbene 29, as well as a last color change, in this case. from
green to dark blue. which was attributed to the production of
titanocene oxide as a result of the deoxygenation step.

ii. Scope of the Reaction. Once we obtained conclusive
evidence confirming the involvement of Ti(Ill) species in the

258 J. AM. CHEM. SOC. » VOL. 132, NO. 1, 2010

deoxygenation process, we devoted our effort to investigate the
scope of this transformation. Thus, excellent to good yields and
reproducibility were also found with other aromatic and
conjugated aldehydes (Table 3, entries 1—=10). This protocol
proved also to be applicable. less efficiently, to aromatic and
aliphatic ketones (Table 3. entries 11 and 12). where longer
reaction times were necessary to complete the reductive cou-
|)Iing.li Different aliphatic and aromatic aldehydes bearing
additional functional groups led efficiently to the coupling
products, which increases substantially the potential of this
transformation. Thus, aldehydes containing hydroxyl groups
protected as ethers or esters. and even unprotected hydroxyl
derivatives, coupled efficiently (Table 3. entries 2, 4, and 10).
Methoxyecarbonyl and halogen derivatives also reacted with
acceptable yields (Table 3, entries 3 and 3).

With the aim of widening the scope of this transformation.
we checked the ability of titanocene(IIl) to promote intermo-
lecular cross-coupling reaction between dissimilar ketones. Thus,
we submitted benzophenone 60 and excess (4 equiv) cyclohex-
anone 59 to the standard reaction conditions to obtain the
intermolecular cross coupling adduct 61 at 65% yield (Table 3.
entry 13). Similar results were obtained with a mixture of citral
49 and benzaldehyde 39 in excess (Table 3. entry 14). It was
thus proven that unsymmetrical olefins can be generated by
reaction of aromatic and aliphatic carbonyls.

C. Catalytic Processes in Titanium. Our final efforts were
devoted to render these processes catalytic. Among the types
of reagents that have been described to regenerate CpsTiCl, from
species of oxygzen-bonded titanium,'® chlorosilanes were claimed
to promote carbonyl coupling reactions catalytic in titanium by
regenerating TiCl; from the corresponding titanium oxide.
namely, CITi=0, and accumulating the corresponding hexam-
ethyldisiloxane, which is finally removed in vacuum. Since we
propose the formation of titanocene oxides or hydroxytitanocene
derivatives in the deoxygenation step of these processes, we
decided to make farnesol 19 react with 0.3 equiv of Cp,TiCly
(2 equiv is required in the noncatalytic route) in the presence
of excess Mn and 4 equiv of trimethylsilyl chloride (TMSCI).
To our delight, the deoxygenation product was obtained after
55 min in an exceptional 92% yield (Table 2, entry 8). The
deoxygenation of diol 30 could also be achieved by employing
substoichoimetric quantities of Ti and TMSCI as regenerator.
The yield of the corresponding alkene (86%) was again higher
than that obtained in the stoichoimetric version (Table 2. entry
16).

Additionally. this catalytic protocol could also be also used
to promote the reductive coupling of benzylic aldehydes, and
thus, by using only 0.3 mmol of Cp,TiCly and 4 equiv of
TMSCI, 46 was transformed into 31 in 95% vyield (Table 3.
entry 6), which again meant an increase in the efficiency of
transformation when compared to the stoichiometric version.

The catalytic protocol for this McMurry reaction can be
rationalized as depicted in Scheme 5. Thus. the titanium oxo
species resulting from the deoxygenation step would react with
TMSCI in view of the pronounced oxophilicity of silicon.
Consequently. hexamethyldisiloxane, which can be easily
removed. would be the final acceptor of oxygen. In this sense.
the fact that TMSCI. a known regenerator of titanium chloride
from titanium oxides. is capable of regenerating the final

(135) Although in these cases. other reductive coupling mechanisms possibly
coexist, it should be noted that the corresponding pinacols deriving
from acetophenone 55 and geranylketone 57 could be isolated.

(16) Fiirstner, A Hupperts, Ao Am. Chent, Soc. 1995, 117, 4468-4475.
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Scheme 5. Proposed Catalytic Cycle for Reductive Carbonyl
Olefination
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MnCl 2R
2 CpgTilcl
Mn Cp
! v
C-Ti=0 R
2 Cp,TivVCl, O = G
R O-Ti=Cl
2Ma,sn3iMe3\8\ ‘XM" Cp
) Cp, g MnCly
4Me;SICI 5 g v Ti—o R
Yoo ) o
R R o=-1{"
= Cp
R

titanium species produced in this transformation strongly
supports the proposed formation of Cp,Ti=0 in the deoxygen-
ation process.

A final piece of evidence of the potential of this protocol
was obtained when the keto alcohol 26 was subjected to catalytic
conditions, giving an excellent 85% yield of the deoxygenated
compound. The yield improved significantly on that obtained
in the stoichiometric version, an increase that was noticed in
all cases where both versions were compared.

Conclusion

We describe two new synthetic applications of Nugent's
reagent in organic chemistry as a direct consequence of the
dramatic decrease in homolytic C—0O bond dissociation energy
for RH,C—OH compared to that for the complex
Cp-Ti"{CHHO—CH,R. The first of these applications is an easy
and reproducible deoxygenation—reduction procedure for al-
cohols and |.2-diols. This method complements alternative
previously reported deoxygenations and is of general interest
to organic synthesis. Its application on the allylic terpenoid
alcohol 22 deserved to be emphasized. since it mimicks the
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function of the IspH enzyme in the natural biosynthesis of C5
units of the terpenoids through the deoxyxylulose phosphate
pathway."!

We have also described that Nugent's reagent has the
capability to induce reductive carbonyl coupling in reasonable
short reaction times and with total reproducibility. The mecha-
nistic evidence presented, proving the involvement of Ti(IIl)
pinacolates in the deoxygenation step of this McMurry olefi-
nation, is particularly noteworthy since. in our opinion, it casts
some light on one of the mechanistically more obscure
transformations in organic chemistry.

Additionally, we have proven how these processes can be
performed catalytically in Cp>TiCl, by using TMSCI as the final
oxygen trap. In this sense. we should underscore the fact that
keto alcohol 26 was efficiently transformed into the correspond-
ing deoxygenated compound 27 by using the catalytic protocol.
a process where the less reactive aliphatic keto group was
completely discriminated in favor of the allylic alcohol.

Our current interest is focused to gain a comprehensive
understanding of the overall reactions and to widen the scope
of these innovative processes, We are also engaged in testing
the applicability of these processes in the synthesis of bioactive
natural products,
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IV. DISCUSION DE
RESULTADOS







1. ACOPLAMIENTOS C-C EN

DERIVADOS HALOGENADOS

ALILICOS Y BENCILICOS.
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1.1 Acoplamiento catalitico de derivados halogenados

alilicos mediante Mn/Zr'V.

Como se ha indicado en el apartado de introduccion, uno de los objetivos
que persigue nuestro Grupo de Investigacién es llevar a cabo un estudio
comparativo de las especies de Cp2Zr"'Cl andlogas a las de Ti"! para comprobar
su comportamiento quimico en reacciones radicalarias. Teniendo en cuenta la
estructura electronica similar del Zr y el Ti, se pens6 que las especies de

Cp2Zr"Cl podrian también originar acoplamiento con los haluros alilicos.

Nuestro estudio empezd haciendo reaccionar el bromuro de mirtenilo (1)
bajo las mismas condiciones cataliticas usadas con el Ti':% 0.2 equivalentes de
Cp2Zr'VCls, 8 equivalentes de y THEF (0.07 M), pero después de 28 horas no
se habia producido acoplamiento. Tras este primer intento, se incremento la
concentracion de producto de partida hasta 0.8 M obteniéndose un rendimiento
en productos de acoplamiento (2a + 2b) del 35% quedando un 32% de material

de partida sin reaccionar (Esquema 1).
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8 Mn
THF
@ 21 horas 0 G
35%
1 2a 2b

Esquema 1

Se comprobo entonces en bibliografia que las disoluciones de Cp2Zr"Cl
en THF son de color rojo intenso.®™® Sin embargo, en nuestro caso la
combinacion de Cp2Zr'VCl: y Mn en THF producia disoluciones incoloras, lo
cual indica que la especie Cp2Zr''Cl no se forma. Entonces se procedio a reducir
Cp2ZrVCl con un metal de mayor potencial reductor, como Na en forma de
amalgama con Hg, y se obtuvo una disolucién de color rojo intenso, que
confirmaba la presencia de la especie Cp2Zr"'Cl. Sobre esta disolucion de color
rojo se adiciond el bromuro de geranilo (3) obteniéndose un 85% de productos

de acoplamiento (4a + 4b, Esquema 2).

4b

Esquema 2

Este resultado hace pensar que la reacciéon con Cp2ZrVCl:/Mn del

Esquema 1, considerando que el Mn por si solo no es capaz de llevar a cabo la

155 Cuenca, T.; Royo, P. J. Organomet. Chem. 1985, 293, 61-67
1% Barden, M. C.; Schwartz, J. J. Org. Chem. 1997, 62, 7520-7521
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reduccion de los haldgeno-derivados alilicos, se produce mediante una
activacion del enlace C-X por parte del Cp:Zr'VCl:, actuando como un buen
acido de Lewis.’™ Asi el enlace C-X activado, es ahora susceptible de ser
reducido con Mn para dar el correspondiente organomanganeso derivado

(especie representada en el Esquema 3 por II).

X X
/\) /\) AR
R™™X R™™NY R™™NX X
|
X=halégeno
Mn .
l Acoplamiento

Esquema 3. Posible mecanismo para el homo-acoplamiento de haluros alilicos.

Posteriormente se comprobd que el rendimiento de este proceso podia
ser optimizado, cuando la reaccion se llevaba a cabo incrementando la cantidad
de Zr" de 0.2 a 0.3 equivalentes. Asi la conversiéon de (1) hasta los
correspondientes productos de acoplamiento (2) fue total después de solo 10

minutos con un rendimiento del 65% (Esquema 4).

8 Mn e
Br [0.8M]
THF

G 10 min 0 G
65%
1 oc' oy
2a
70 30 2b

157 a) Ma, J.; Chan, T.-H. Tetrahedron Lett. 1998, 39, 2499-2502; b) Li, C.-].; Meng, Y.; ]. Org.
Chem. 1998, 63, 7498-7504; c) Kim, S.-H.; Hiyama, T. Organomet. 1982, 1, 1249-1251; d) Cahiez, G.;
Tetrahedron Lett. 1989, 30, 7373-7376; e) Suh, Y.; Lee, ].-S. |. Organomet. Chem. 2003, 684, 20-36.
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En el siguiente esquema se ilustran el resto de las reacciones de homo-

acoplamiento con Cp:ZrVCl/Mn que se han realizado para generalizar el

método (Esquema 5). Los productos de acoplamiento fueron analizados en cada

reaccion mediante espectroscopia de 'H RMN y CG/EM, obteniéndose las

correspondientes distribuciones de regioisomeros que se indican en los

esquemas correspondientes. Ademds se han aislado en cada caso los

correspondientes productos mediante cromatografia en columna y HPLC semi-

preparativo en fase normal con silica gel.

8 Mn
[0.8M]
THF
)\/\/K/\ 20 min
o 84%
3 (]
o’ oy
81 19

8 Mn
[0.8M]
THF
20 min
Ph X" Br
82%
7 ool . ay
48 52

Esquema 5

S SN

8b

Ph
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A efectos comparativos, a continuacion se exponen en la siguiente tabla
los resultados previos a este trabajo, correspondientes a las reacciones de
homoacoplamiento mediante el empleo de Ti'! sobre los mismos sustratos que

se han utilizado para el estudio del proceso con Cp:ZrVClo/Mn (Tabla 1).
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TABLA 1. Acoplamiento de haluros alilicos bajo condiciones cataliticas de Ti'’.

Caso Haluro alilico [M]¢ Compuesto Proporcion  Rend.
(aa”:0y’) (%)

1 Ph" X" Br 0.07 No reacciona _ _
7
/\/\ Ph/\/\/\/Ph Ph X XN
2 Ph , Bl s /\/j,f\ (45:55) 85
8a 8b
)\/\/k/\ ) ) b b
3 ~ N 0.07 4a (64:36) 89
3 X
A A N
4b
MeOOCJ\/VK/\WCOOMS
4 Meoocw& 0.07 ba (74:26) 85

5 A
N N COOMe
MeOOC N

6b
5 G 0.07 0 (61:39) 70
2a 2b
; 5
6 e 0.07 (52:48) 90
; S
2a 2b

¢ Concentracion molar en THF.

La comparaciéon de estos resultados con los anteriormente expuestos de
Cp2ZrVCl:/Mn, pone de manifiesto por un lado que los rendimientos globales
de homo-acoplamiento son de la misma magnitud. En segundo lugar se
observa una mayor regioselectividad hacia la formacién de productos
resultado del acoplamiento aa’ mayoritaria en todos los casos cuando se
emplea la mezcla reactiva Cp2Zr'VClo/Mn. Esta mayor regioselectividad llega a
hacerse muy acusada en la sintesis del diterpeno digeranilo, donde se pasa de
un balance (aa’:ay’) de 64/36 con el empleo de Ti'! a 81/19 en este caso.
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Posteriormente se han llevado a cabo diversas aplicaciones de esta
metodologia de homo-acoplamiento catalitico, dentro de diversas sintesis en
multi-etapas. Se eligieron sintesis en las que la reaccién constituye una etapa
clave para la eficacia del procedimiento sintético global. En la sintesis de los
triterpenos (+)-B-onoceradieno (11) y (+)-pf-onocerina (13) se realizé el homo-
acoplamiento de los sintones triterpénicos biciclicos 10 y 12,5 mediante el
empleo de Mn y CpZr"Clo como catalizador, obteniéndose los
correspondientes productos de acoplamientos con buenos rendimientos,

rendimientos del 75% y 80% respectivamente (Esquema 6).

8 Mn/

10R=H
12 R=0TBS

11R=H
13'R=0TBS,13 R=0H

Esquema 6. Sintesis del (+)-f-onoceradieno (11) y de la (+)-B-onocerina (13).

Otro ejemplo se ha centrado en la sintesis del diterpeno natural (+)-
cimbodiacetal (18) (Esquema 7). En este caso el esquema retrosintético muestra
como intermedio clave la formacién del compuesto (16a) que se puede obtener
aplicando nuestra metodologia por homo-acoplamiento del bromuro alilico (15)

(bromuro de perillilo).
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OH OH OH J\
W ’/O\‘ j \[\\\‘ =z 5 j
OH OH OH
18 17
J\ Br CHO
- — —
16a 15 14

Esquema 7. Aproximacion a la sintesis de (+)-cimbodiacetal (18).

El bromuro alilico 15 fue obtenido a partir de perillilaldehido comercial
(14) en dos etapas mediante reduccion hasta el correspondiente alcohol alilico
19 con hidruro de aluminio y litio a 0 °C y posterior bromacion con
tetrabromuro de carbono en presencia de trifenilfosfina (Esquema 8). Se obtiene
asi el bromuro de perillilo con mas del 87% de rendimiento global. La reaccion
de homo-acoplamiento de 15 se realizé primero con Ti"! obteniéndose un
balance de regioselectividad de 42% aa’ frente a 31% oay’, y posteriormente
empleando el reactivo Cp2Zr"VClo/Mn resultando un 48% aa’ frente a un 24%
ay’. En este caso se comprueba como nuevamente el nuevo reactivo mostr6 una

mejor regioselectividad (Esquema 8).
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Br
CHO OH _
a) 0.2 Ti(lln
LiAIH,, THF CBr,,PhsP 77%
_ 0°C, 96% 0 °C, CgHe _ b) Mn/ 0.3 Zr(1V)
AL = 91% AL 5%
14 19 15
\/
+
o
o
: : 16¢
P A 5%
16a 16b
42% usando Ti'" 319% usando Ti'!l
48% usando Mn/ 24% usando Mn/
g
’ OH OH
% AD-mix-
o 65%
OH OH

16a 17
Esquema 8. Homo-acoplamiento de bromuro de (R)-perillilo (15): sintesis del

compuesto 17.

Dentro del esquema sintético, el producto de homo-acoplamiento 16a se

hizo reaccionar con los reactivos de la dihidroxilacién asimetrica de Sharpless!'*®

158 Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.; Hartung, ].; Jeong, K. S.;
Kwong, H. L.; Morikawa, K.; Wang, Z. M.; et al, The Osmium-Catalyzed Asymmetric
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con AD-mix-a obteniéndose con un buen rendimiento y completa
diastereoseleccion el compuesto tetra-hidroxilado 17. Este dltimo paso deja

expedita la ruta hacia el producto natural 18.

Finalmente un tercer ejemplo ha estribado en la sintesis del triterpeno
comercial escualeno (21). Este producto puede ser preparado a partir del
bromuro de trans, trans-farmesilo (20), mediante el empleo de 0.2 equivalentes
de Ti"™ en sélo una etapa y con un rendimiento del 43% (Tabla 2, Entrada 1).
Teniendo en cuenta los resultados anteriores de esta memoria, pensamos que el
rendimiento podria mejorarse mediante el uso de Cp2Zr'VCl/Mn.
Afortunadamente, el tratamiento de 20 con 0.3 equivalentes de Cp2Zr'VCl y 8
equivalentes de Mn dio como resultado un rendimiento del 51% de escualeno
(Tabla 2, Entrada 2) como consecuencia de la mejor regioselectividad que se

venia observando a lo largo de todo este estudio.

TABLA 2. Sintesis del escualeno (21)

Br
~ a) 0.2 Ti'"
)
S b) Mn/0.3
20 21
Caso Bromuro Til 7V M] t Escualeno
Alilico (min) (%)

1159 20 0.2 0 0.07 10 21 (43%)

Dihydroxylation: A New Ligand Class and a Process Improvement. |. Org. Chem. 1992, 57, 2768-
2771.

159 “Mild Ti(lII)- and Mn/Zr(IV)-Catalytic Reductive Coupling of Allylic Halides: Efficient
Synthesis of Symmetric Terpenes” |. Org. Chem. 2007, 72, 2988-2995.
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2 20 0 0.3 0.8 60 21 (51%)
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1.2 Acoplamiento de derivados halogenados bencilicos

mediante Ti'": Sintesis de derivados dibencilicos.

Empezamos nuestro estudio haciendo reaccionar el bromuro de bencilo
(22) con 0.2 equivalentes de Cp:Ti"VCl2 y 8.0 equivalentes de Mn en THF seco y
desoxigenado (c 0.07 M). Estas condiciones son las que se habian empleado
previamente para las reacciones de homo-acoplamiento de bromuros alilicos en
tiempos reducidos (10-20 minutos). Bajo estas condiciones, la reaccion se
completd después de 8 horas y el dibencilo (23) se obtuvo con un 73% de

rendimiento (Esquema 9).

o 0200TiOL O
' 8.0 Mn

[0.07M]
8 horas
73% O
23
Esquema 9

La notoria reactividad inferior de (22) comparada con la de los bromuros
alilicos, podria atribuirse a la elevada estabilidad del radical bencilico

intermedio debido al efecto resonante del anillo aromatico. Cuando la
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concentracion de reactivo se elevo cerca de 10 veces (c 0.8 M), se increment6

notoriamente la velocidad de reaccidn.

Cuando se cambia el bromo por cloro, se observa que tras 24 horas el
cloruro de bencilo (24) no da reaccion empleando Cp:Ti"VCl> en condiciones
diluidas. Sin embargo se obtuvo un 53% de rendimiento de dibencilo (23),

cuando la concentracién se incrementé hasta 0.8M (Esquema 10).

0.2 Cp,Ti'Vel,
a 8.0 Mn

[0.8M]
10-20 min
53% u[;
24 23
Esquema 10

Adicionalmente, el 2-(bromometil)naftaleno (25) se comporta de manera
similar, y se obtiene 1,2-bis(naftil)etano (26a) con un 60% de rendimiento

cuando se realiza el proceso con una concentracion de 0.07 M (Esquema 11).

Br 0.2 Cp,Ti'VCl,

8.0 Mn
Oy e
60%

25

Esquema 11

Con el objetivo de intentar aumentar el alcance de este tipo de reacciones
y generalizar el método, se examino la influencia de diferentes sustituyentes
oxigenados en el anillo aromatico. Asi la presencia de sustituyentes electrén-
donantes, tales como el grupo metoxi- en posicidén para respecto del bromo-
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metileno en el bencil-derivado (27), hace que este reaccione rdpidamente y en
pocos minutos origina el producto (28a) con un 77% de rendimiento (Esquema

12).
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0.2 Cp,Ti'Val,
Br 8.0 Mn

[0.07M] MeO
5 min O
T7% O
OMe OMe

27 28a

Esquema 12

En el caso opuesto, cuando se coloca un grupo electron-atrayente como
sustituyente en para, se observa una disminucién notable del rendimiento en la
formacion del producto de homo-acoplamiento (57%). En este caso usando
condiciones de mayor concentracion (c 0.8M) se obtuvieron resultados

satisfactorios (73%) (Esquema 13).

0.2 Cp,Ti'VCl,
Br 8.0 Mn

[0.8M] MeOOC
30 min O
7% O
COOMe COOMe

29 30a

Esquema 13

También se obtuvieron buenos resultados cuando se introdujeron tres
grupos metoxi- en el anillo aromatico del bromuro bencilico de partida. El
derivado (31) conduce a un 40% de (32a) tras 8 horas de reaccion, en
condiciones de baja concentracion [0.07M]. Sin embargo, elevando la
concentracion [0.8M] el rendimiento obtenido es de un 70% de (32a) en 35

minutos, y constituye una sintesis directa de este producto natural aislado de
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Frullania brittoniae subsp. truncatifolia’®® que entra a formar parte de la

composicion de un antitumoral patentado (Esquema 14).

AV
Br 0.2 Cp,Ti'VCl, OMe
8.0 MIn

M
[0.8M] €0
35 min OMe
o MeO
MeO Me 75%
OMe

OMe
OMe

31 32a

Esquema 14

160 Asakawa, Y.; Tanikawa, K.; Aratani, T. Phytochemistry 1976, 15, 1057-1059.
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1.3 Acoplamientos mixtos entre derivados halogenados

bencilicos vy aldehidos catalizados por Ti''..

Animados por los excelentes resultados anteriores, se decidié explorar la
viabilidad de la formacion de enlaces C-C por reaccion entre bromuros de

bencilo y aldehidos (Esquema 15, Tabla 3).

Cuando el bromuro de bencilo (22) se hace reaccionar con benzaldehido
usando 0.2 equivalentes de Ti"' en presencia de la mezcla de reactivos
Mn/colidina/TMSCI, el producto de acoplamiento mixto (35a) fue el mayoritario
(Tabla 3, Entrada 1; Esquema 15). Siguiendo con el estudio, cuando se anade un
exceso de Ti'" (2.0 equivalentes) sobre una disolucion de (22) y benzaldehido, se

obtiene un resultado similar (Tabla 3, Entrada 2).

TABLA 3. Reacciones de acoplamiento mixto mediadas por Ti'"

Haluro T Compuesto
Entrada
de bencilo (min) (%)

1 22 180 35a (38%) + 23 (5%)

2 22 5 35a (35%) + 23 (24%)

3 22 10 35a (57%) + 23 (15%)

4 27 5 36a (50%) + 28a (15%) + 39 (19%)
5 33 10 37 (58%) + 39 (20%)

6 33 15 38a (60%)
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1 R 23
R, Ti R R 3
Br RT 1 4
Ry — - OH OH
2
Rs R4)J\H Rs O Q
22R1=R2=R3=H 35aR1:R2: R3:H,R4:C6H5 39
27 Ry =H,R; =0OMe,R; =H 36aR; =H,R, =OMe, Ry =H, R, = GgHs
33 Rl: RZZOMe,R3:H 37aR1:R2:OMe7R3:H’R4:CBH5
33 R; = R, =OMe, Ry =H 38aR; =R, =OMe,Ry = H,R, = _O.{
Esquema 15

Tras estos resultados preliminares, enfocamos nuestros esfuerzos en
intentar mejorar las condiciones experimentales de estos acoplamientos mixtos.
En este sentido se experimentaron los siguientes factores: el uso de un solo
equivalente de Ti", la rdpida y simultdnea adicién del aldehido (2.0 equiv.) y
del bromuro de bencilo correspondiente (1.0 equiv), asi como el empleo de un
exceso de aldehido (2.0 equiv) (debido a la tendencia de producirse
acoplamiento pinacolinico en presencia de este conjunto de reactivos). Estas
modificaciones permitieron que los rendimientos de la reaccion tipo Barbier
estuvieran cerca del 60% (Tabla 3, casos 3-6). En los casos 4 y 5, ademas de los
correspondientes productos de acoplamiento mixto, se obtuvo de forma
minoritaria otro producto con una estructura peculiar (compuesto 39, Figura 1)

que se aislé con un rendimiento del 19% y 20% respectivamente.

OH

DAY,

39

175



Horacio R. Diéguez

TESIS DOCTORAL Discusion de Resultados

Figura1

Este compuesto presenta una férmula molecular CisHu0 segun su
espectro de masas de alta resolucion. La funcidon oxigenada se trata de un
hidroxilo, pues presenta absorcién a 3400 y 1033 cm™ en el IR, donde asimismo,
se observan bandas de doble enlace y anillo bencénico. En su espectro de H-
RMN se pone de manifiesto la presencia de un anillo bencénico mono-
sustituido, por la existencia de cinco protones aromaticos, lo cual se corrobora
con las senales y d correspondientes en *C-RMN. Ademads se comprueba la
presencia de dos dobles enlaces en 1H-RMN; uno de ellos terminal di-sustituido
con dos sefiales singlete ancho entre 5.0 y 5.2 ppm y otro 1,2-di-sustuido con
estereoquimica Z a 5.4 y 5.8 ppm con un acoplamiento de 4.8 Hz. Las restantes
sefales se asignan a un proton de un alcohol secundario (4.4 ppm, | = 7.4 Hz)
acoplado con otro proton sobre carbono secundario (3.4 ppm, | = 7.4 Hz), un
sistema AB centrado a 3.0 ppm y el proton del hidroxilo. Este resultado indica
la existencia en la molécula de las siguientes agrupaciones estructurales (Figura

2):

Figura 2

Dada la formula molecular con un indice de instauracion de siete, el
compuesto ademds del anillo aromatico posee otro ciclo, y para realizar las
conectividades entre las agrupaciones mencionadas, resultaron imprescindibles
el espectro COSY donde se pone de manifiesto la existencia de acoplamientos
directos entre las agrupaciones (E y D) y a larga distancia (alilico) entre (E y C)

y (C y B). Por otro lado el espectro HMQC ha permitido localizar los carbonos
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acoplados a cada sefial del espectro de protones, mientras que el espectro
HMBC presenta acoplamientos a larga distancia, claves para identificar la

estructura (Figura 3).

Figura 3

El acoplamiento a larga distancia del proton del alcohol secundario con
los carbonos bencénicos, unido a su 0, indica su naturaleza bencilica. Esta
conexion, por otra parte implica la presencia de un ciclopenteno existiendo

entonces las posibilidades estructurales I y II (Figura 4):

OH OH

J P UYQ

Figura 4

Diferentes experiencias de NOE dif que estan resumidas en la figura

siguiente (Figura 5), confirman inequivocamente la estructura I.
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Figura 5

Este subproducto podria provenir del acoplamiento de un anion
ciclopentadienilo del reactivo Cp:Ti"VCl> con el benzaldehido, pero esta
hipoétesis no aclara la procedencia del carbono adicional que forma el metileno

unido al ciclopentano.
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1.4 Homo-acoplamientos de gem-dibromuros bencilicos

catalizados por Ti!.

Una vez postulada la intermediacion de las especies radicalarias en la
reaccion de los bromuros bencilicos con Ti, se penso que el estilbeno y
sustancias relacionadas podrian ser preparados a partir de los correspondientes
1,1-dihalobencil derivados, después del tratamiento con cantidades cataliticas
de Ti" (Esquema 16). Asi, el radical bencilico formado inicialmente (I), puede
estabilizarse adicionalmente por la presencia de un dtomo de haldgeno en a, y
podria dimerizar para dar el correspondiente 1,2-dihalo-dibencil derivado (II),
que evolucionaria para dar el correspondiente estilbeno derivado via

deshalogenacion reductiva mediante Ti'.1¢!

O)\X Cp. Tidl Oﬁ

40 R=H,X=Br /
41 R=H,X=0 42R=H

Esquema 16. Sintesis de estilbeno derivados.

161 Davies, S.G.; Thomas, S. E. Synthesis 1984, 1027-1029
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Cuando se puso a reaccionar 1,1-dibromobenzilo (40) con 0.2
equivalentes de Cp:Ti'VCl: y un exceso de Mn (c 0.8 M,) la reaccion se completd

en 35 minutos dando un rendimiento del 74% de trans-estilbeno (42).

Se procedi6 entonces a aplicar esta metodologia para llevar a cabo la
sintesis del estilbeno natural 43. Para la consecucion de este objetivo se utilizo
como sustrato de partida el 3,5-dibenzaldehido (46) disponible comercialmente.
Cuando se tratd 46 con hidracina hidratada, siguiendo las condiciones descritas
por Takeda et al,'%? se obtuvo la correspondiente acina. La reduccion del numero
de equivalentes de hidracina empleados, de 20 a 2.5 equivalentes, condujo a la
obtencion de la correspondiente hidrazona, que fue transformada en dibromuro
45 mediante tratamiento con EtsN/CuBr.. Rapidamente, se realizd sobre el
compuesto 45 el proceso catalitico con Ti", obteniéndose el producto natural 43

con un rendimiento del 72% (Esquema 17).

2
_ N MeO OMe
CHO Br O
1.hidrato de Al
hidracina _ 2.CuBr, 02Ti
MeO OMe 2% =

46 44 45 O
MeO OMe

43

Esquema 17. Sintesis del 3,3',5,5 -tetrametoxi-estilbeno (43)

162 Takeda, T.; Sasaki, R.; Yamauchi, S.; Fujiwara, T. Tetrahedron 1997, 53, 557-566.
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Para la aproximacion a la sintesis de Toxicol A, se ha propuesto un
planteamiento retrosintético que implica su construccion a partir de un sinton
sesquiterpénico convenientemente funcionalizado (dibujado I en el Esquema
18). Asi, la sintesis de I (Esquema 18) debe permitir conectar con otros
fragmentos que aporten el ciclo A y los ciclos E y F respectivamente, facilitando
la sintesis total de Toxicol A y transfiriendo la estereoquimica absoluta

adecuada para la construccion de buena parte de sus centros estereogénicos.

C
Fezm
oA N\
FG,

I
FG: Grupo Funcional

toxicol A

Esquema 18

Considerando la estrategia propuesta, los pasos iniciales de este trabajo
se han centrado en el estudio del comportamiento de diversos 6,7-epoxi-farsenil
derivados tipo I (Esquema 18) frente a la apertura homolitica del enlace C-O del
anillo oxirdnico mediante empleo de Cp:Ti"'Cl. Aunque para este tipo de

ciclaciones de epoxi-poliprenos que presentan el oxirano situado en un doble
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enlace intermedio no hay antecedentes en bibliografia, el epoxi-farnesil
derivado mads simple (I con FG:1 = OAc y FG:2 = H, Esquema 19), deberia
conducir, segin nuestra experiencia previa en ciclaciones radicalarias
catalizadas por Cp:Ti"'CL!% a la formacion de ciclohexano-derivados via
ciclaciones 6-endo-trig (Ruta B, Esquema 19), un proceso que tendria un interés

alternativo para la sintesis de emindoles bioactivos.!¢*

TiVG TiVQ

Ti'o Ruta A(% (%
a.

1T :
| 3 T| \,

FG \ TiMo TiVo
Q) Ruta B \(ﬁ/ \(/\Q:
GF

|

emindoles bioactivos

Esquema 19

De esta forma, se ha tratado de favorecer los procesos de ciclacién 5-exo-
trig (Ruta A, Esquema 19) variando la funcionalizaciéon sobre C-1 en el
correspondiente epoxi-farnesil derivado (por ej. FGi = COOMe y FG2=H en I,
Esquema 19). Ademas se ha prestado especial atencién respecto a la
estereoselectividad en la construccion de los diferentes centros estereogénicos

del ciclopentano, con el objetivo final de ajustar la estereoquimica de nuestros

163 E] empleo combinado de MesSiCl/2,4,6-colidina ha sido publicado previamente por nuestro
Grupo para la regeneracién de Cp2TiClz a partir de Cp2Ti(Cl)H y oxi-titanio derivados.

164 a) Nozawa, K.; Yuyama, M.; Nakajima, S.; Kawai, K.; Udagawa, S. J. Chem. Soc., Perkin
Trans. 1 1988, 2155; b) Nozawa, K.; Udagawa, S.; Nakajima, S.; Kawai, K. J. Chem. Soc., Chem.
Commun. 1987, 1157; c¢) Nozawa, K.; Nakajima, S.; Kawai, K.; Udagawa, S. J. Chem. Soc., Perkin
Trans. 1 1988, 1689; d) Hosoe, T.; Itabashi, T.; Kobayashi, N.; Udagawa, S.-1.; Kawai, K.-I. Chem.
Pharm. Bull. 2006, 54, 185-187.
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intermedios a aquellas que presenta en su estructura el producto natural toxicol

A.

Inicialmente se prepararon diversos 6,7-epoxi-derivados
sesquiterpénicos (47-50), funcionalizados en los extremos, a partir de farnesol
comercial. Cuando en los carbonos C1 y C12 de la molécula se sitian dos
grupos acetato, como se muestra en el compuesto 47, preparado desde acetato
de 12-acetoxi-farnesilo por tratamiento con AMCPB, la reaccion con Cp:Ti"'Cl
conduce casi exclusivamente a la formacion del alcohol alilico abierto 51

(Esquema 20; Tabla 4, Entrada 1).

\)\NB/\)\/\ Til”, \)\/\)MA

----------------- © 70 min OH
Esquema 20

Lo que probablemente puede suceder, es que el resto isoprénico de 5
carbonos que alarga el sustrato acetato de epoxi-geranilo (sefialado entre puntos
en el Esquema 20) habitual en nuestras experiencias previas de ciclaciones de
epoxidos, impida alcanzarse facilmente el estado de transicion tipo silla
necesario para que se complete satisfactoriamente el proceso de ciclacion
(Esquema 21).2¢ De esta forma, el radical inicialmente formado (I) evoluciona
por reduccion hasta alquil-titanio (II) y posteriormente elimina formando el
doble enlace terminal (51) de manera regioselectiva. Esta regioselectividad esta
de acuerdo con aquella observada para los procesos de terminacion de las

ciclacién que conducen habitualmente a doble enlace exociclico.
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giro hacia OAc
conformacion
de silla
7 1 1Ml 7 1 V.
R X T R A X TiVO_~°+ £~
8 O 6 OAC —— 5 R OAC % R/
oTi'v
a7 H,CH,C _ CHs ' I
R="y :CHZOAC jcp Tilgy J
OAc
R ! e X
8 6 OAC =—— X OAc “
OH T oriv TiVQ
51 I R
Esquema 21
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Con el fin de comprobar la influencia de la cadena situada en C7 sobre el
proceso de ciclacion, se preparo el otro 6,7-epdxido (47b) estereoisémero de 1,
mediante dihidroxilacién asimétrica de acetato de 12-acetoxi-farnesilo, posterior
mesilacién y tratamiento con base. Desafortunadamente, la reaccion del
epoxido 47b con Cp:Ti"'Cl no produjo ciclacion, obteniéndose exclusivamente el

compuesto abierto 51 (Esquema 22; Tabla 4, Entrada 2).

OAc OAC
R
1V
0 L Cp,Ti'VCl, L
HO
47b 51
Esquema 22

Cuando se modifica la cadena, colocando un metileno terminal en C11-
C12, como es el caso de 48,%¢ la reaccion con Cp:2Ti"Cl conduce al derivado
aciclico 52, junto con dos productos de ciclacion 53 y 54 originados por sendos
procesos de ciclacion 6-endo-trig (Esquema 23, Tabla 4, Entrada 3). El radical
producido como consecuencia de la ruptura homolitica del oxirano en C6-C7,
evoluciona adiciondndose tanto al doble enlace del inicio de la cadena A?>* como
al metileno terminal A2, dando lugar a dos productos ciclohexanicos
altamente funcionalizados diferentes, 53 y 54. Comparando estos resultados
respecto a la reaccion de los compuestos 47 6 47b, el hecho de que se produzca
un porcentaje significativo de ciclacion hacia el doble enlace A*® indica la
existencia de una mayor facilidad para el proceso de ciclacion. El cambio en las
funciones sobre C10-C12 debe permitir ahora, una mayor libertad
conformacional, para alcanzar mas facilmente el estado de transicién tipo silla

necesario.
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OAc OAC OTBS
Xy Ti'lcat S
O Mn exceso +
TBSO o5 min  TBSO OH oac
95% OH |
0 OTBS
48 52 53 54
Esquema 23

Para favorecer la formacion de ciclos de cinco miembros a través de
procesos 5-exo-trig, frente a 6-endo-trig en el proceso de ciclacion radicalaria, se
modificé la estructura electrénica de la cadena carbonada situando un potente
aceptor de radicales como un éster metilico a,B-insaturado. Asi se ubicé dicha
funcion bien tnicamente en el comienzo (C1, 49), o bien en el comienzo y final
de la cadena carbonada (C1 y C12, 50). Los resultados previamente descritos del
empleo de ésteres a,B-insaturados como aceptores radicalarios en procesos de
ciclacion intramolecular, nos permitian anticipar la posible obtencion de buenos
resultados en este tipo de procesos.!® ?¢ La reaccion de 49 con Cp:Ti"'Cl
condujo mayoritariamente a los productos monociclicos con anillo

ciclopentanico 55 y 56 (Esquema 24; Tabla 4, Entradas 4 y 5).

165 ) Gansauer, A.; Bluhm, H.; Rinker, B.; Narayan, S.; Schick, M.; Lauterbach, T.; Pierobon, M.
Chem. Eur. |. 2003, 9, 531-542.
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TiO

OMe
57

tiempo | ciclacion
mayor anionica

AV
MeO.__O Meo._Q 1O
AN 1) ciclacién
S Ti Y radicalaria
o o 7 2)0p,TiCl «
Ti
X 55 min X AQ) ) \-OMe
0,
ACO 60% | A Ti'V['o
49 | 1
medio 4cido
procesado
--II\
AcO 1 7
AcO
55 56
Esquema 24

Es destacable que el aumento en el tiempo de reaccion supone la
formacién de proporciones cada vez mayores de los correspondientes

derivados hidrindanicos tipo 57 (Esquema 24, Tabla 4, Entrada 5).

Los rendimientos hacia la formacion de los ciclopentanos deseados
alcanzan hasta el 60%, pero sin embargo no se observa diastereoselectividad en
el cierre del ciclo. Resulta destacable que la obtencion de los derivados
hidrindanicos biciclicos tipo 57 es el resultado de un proceso de ciclacion
cascada radical-aniénico con participacién de los dos dobles enlaces de ambos
extremos de la molécula de partida. Inicialmente se produce el cierre del

ciclopentano y posteriormente el radical intermedio resultante, ubicado en a del
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éster, debe reducirse hasta enolato de titanio (Esquema 24), que puede

evolucionar mediante un proceso SN2’ con desplazamiento del acetato.

Al situar doble funcion éster en la estructura cambia el comportamiento
en el proceso de ciclacion. Asi, la reaccion del di-éster 50 mejora sensiblemente
el rendimiento de ciclacion (95%, Tabla 4, Entrada 6) obteniéndose los mono-
carbociclos 58 y 59 en un 35% de rendimiento junto con una mezcla de
hidrindanos estereoisdmeros de la cual se pudo aislar 60 (Esquema 25). Este
ultimo es formado nuevamente como resultado de una cascada de ciclaciones la
primera radicalaria y la segunda probablemente una Michael anionica. Su
estereoquimica relativa se ha podido establecer mediante experiencias de nOe y

medida de las | (Figura 6).

60

Figura 6. Principales efectos nOe observados en 60.
El compuesto 50 también se hizo reaccionar empleando cantidades

estequiométricas de Cp:Ti"'Cl, obteniendo los mismos productos de reaccion,

pero con peores rendimientos (Tabla 4, Entrada 7).
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HO

/\
50 58 59 60

Esquema 25

TABLA 4. Reacciones de ciclacion 5-exo-trig catalizadas por Ti'!

Entrada | P.P. P.F. T(i::;so R;Z;i " Ratio
1 47 51 70 56% a
2 47b 51 70 58% a
3 48 52 +53 50 53% 3:1
4 49 55 + 56 25 95% 8:7
5 49 55+56+57 300 55%  15:25:20
6" 50 58+59+60 200 90% 4:7:2
7¢ 50 58+59+60 200 65%  20:25:20

P.P. = Producto de Partida, P. F. = Producto Final
2 S6lo se observan trazas del producto ciclado; ® Experimento empleando cantidades

cataliticas en Ti"; ¢ Experimento realizado empleando cantidades estequiométricas en
Ti,

Considerando la baja diastereoselectividad obtenida en el cierre de los
anillos ciclopentanicos, centramos a continuacion nuestros esfuerzos en la

mejora del comportamiento estereoquimico en la ciclacion radicalaria 5-exo-trig.

Para ello como materiales de partida se emplearon epoxi-poliprenos
derivados de geraniol comercial (61-65). Este estudio se disefio teniendo
presente la experiencia previa de la reaccién de 6,7-epoxigeraniato de metilo

66),7< molécula que posee un éster a,p-insaturado como aceptor con Cp2Ti"CI
que p P p
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catalitico en presencia de exceso de Mn (Tabla 5, Entrada 1).1%¢ La reaccion
condujo en solo 10 minutos y posterior desproteccion del trimetilsilileter, a los
productos de ciclacién 5-exo-trig 67a y 67b en un rendimiento del 86%
(Esquema 26). Estas mezclas presentan la ventaja de ser facilmente resueltas ya
que 67b se transforma cuantitativamente en 68, por lactonizacion espontanea en
silica gel o reaccion con TsOH en DCM (Esquema 26). Esta transformacion

permite asignar inequivocamente las configuraciones relativas de 67ay 67b.

M‘ —» f?‘ + HO’9\’
86% -

(66) (67a) (67b)
1 : 1

(a) 0.2 Cp,Ti'VCl,, 8.0 Mn en polvo, 7.0 2,4 6-colidina, 4.0 TMSCI, THF, l(b)

25°C, 45 min. (b) TsOH, Et,0, 25° C, 26 h. 2 N
O\ 4
(68)
Esquema 26

Teniendo en cuenta este precedente, se pensdé que un aumento del
impedimento estérico sobre el éster situado en C1, podria conducir al
incremento en el control estereoquimico de la reaccion. De acuerdo con esto, se
prepararon los correspondientes tert-butil- (61), (—)-mentil- (62) y 8-fenilmentil-
(63) ésteres.’” Para la preparacion de geraniato de fert-butilo (61) fueron
empleadas diferentes metodologias'® hasta conseguir su obtencién de manera
eficiente empleando KOt-Bu en Et:O anhidro,'® obteniendo con esta ultima

metodologia buenos resultados (81%).

166 E] empleo combinado de MesSiCl/2,4,6-colidina ha sido publicado previamente por nuestro
Grupo para la regeneracion de Cp2TiClz a partir de Cp:Ti(Cl)H y oxi-titanio derivados.

167 Vasin, V. A.; Razin, V. V. Synlett 2001, 5, 658-660.

168 a) Wiener, H. J. Mol. Cat. 1986, 37, 45-52. b) Hassner, A.; Alexanian, V. Tetrahedron Lett. 1978,
19, 4475-4478. c) Wipf, P.; Stephenson, C. R. J. Org. Lett. 2003, 5, 2449-2452.

169 Vasin, V. A.; Razin, V. V. Synlett 2001, 5, 658-660.

192



Horacio R. Diéguez

Discusion de Resultados TESIS DOCTORAL

Cabe destacar que la preparacion de los ésteres mentilicos 62 y 63 no
pudo completarse por procesos de esterificacion o trans-esterificacion
convencionales,'”® sino a partir de una metodologia convergente via los
correspondientes 2-dietilfosfonoacetatos (70 y 71) y posterior condensacion de
Wadsworth-Emmons'”? con el producto comercial 5-metilhex-4-en-2-ona (76)
para obtener asi los geraniato de (-)-mentilo (72) y de (-)-8-fenilmentilo (73)
deseados. La formacién de 70 y 71 se lleva a cabo por acoplamiento de 2-
dietilfosfonato de etilo (69) y mentol u 8-fenilmentol (97% de rendimiento en

ambos casos) (Esquema 27).172

[oIN S SN'ENNY Yo
Ho N (Ao ™S o (/\O}Fz’\)l\o -
AN

A (69)
R R
R=H (mentol) R=H(70)
R=Ph (8-fenilmentol) R=Ph (71)
(b)l 73%
% b < w b ‘—(C) )\/\)voj\ b
HO 4 o) H 69% ~ @) Y 96% (0) Y
- T~ AT~ T~
R R R
R=H 1'R3'S(74a;) 1'S3'S (74by) R=H(62) R=H(72)
1'53'S(74a;) 1'R3'R(74by) R=Ph (63) R=Ph (73)

R=Ph1'R3'S(75a;) 1'$3'S (75b;)
1'$3'S(75a,) 1'R3'R(75b,)
1 1
(a) 3.0 69, 0.3 DMAP, tolueno, 120° C, 140 h. (b) 1.1 76, 1.1 NaH, THF, 25°C, 5 h. (c) 1.1 AMCPB, DCM, 0° C,
20 min. (d) 0.2 Cp,Ti'VCl,, 8.0 Mn en polvo, 7.0 2 4,6-colidina, 4.0 TMSCI, THF, 25° C, 80 min.

Esquema 27

170 a) Wiener, H. J. Mol. Cat. 1986, 37, 45-52. b) Hassner, A.; Alexanian, V. Tetrahedron Lett. 1978,
19, 4475-4478. c) Wipf, P.; Stephenson, C. R. J. Org. Lett. 2003, 5, 2449-2452. d) Yang, D.; Xu, M.
Orgq. Lett. 2001, 3, 1785-1788. e) Kasai, Y.; Taji, H.; Fujita, T.; Yamamoto, Y.; Akagi, M.; Sugio, A.;
Kuwahara, S.; Watanabe, M.; Harada, N.; Ichikawa, A.; Schurig, V. Chirality 2004, 16, 569-585. f)
Kamalinga, K.; Vijayalakshmi, P.; Kaimal, T. N. B. Tetrahedron Lett. 2002, 43, 879-882. g) Chavan,
S. P.; Kale, R. R.; Shivasankar, K.; Chandake, S. I.; Benjamin, S. B. Synthesis 2003, 17, 2695-2698.
h) Matsukawa, Y.; Isobe, M.; Kotsuki, H.; Ichikawa, Y. J. Org. Chem. 2005, 70, 5339-5341.

171 Wadsworth, W. S.; Emmons, W. D. J. Am. Chem. Soc. 1961, 83, 1733-1738.

172 Hatakeyama, S.; Satoh, K.; Sakurai, K.; Takano, S. Tetrahedron Lett. 1987, 28, 2713-2716.
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Una vez preparados los epdxidos, primero se hizo reaccionar el éster t-
butilico (61) con Cp:Ti"Cl se obtuvieron buenos rendimientos de ciclacion (78)
pero sin mejoria del control estereoquimico en el cierre del ciclo (Tabla 5,
Entrada 2). En el caso del éster mentilico, la ciclacion catalizada por Cp2Ti"Cl de
62 da lugar con un 71% (Tabla 4, Entrada 3), a una mezcla de cuatro
diastereoisomeros (Esquema 27, 1'S,3’S; 1'R,3'R; 1'R,3’S; y 1'5,3'R) que se
distinguen en 'H-RMN como dos parejas, 74a (trans) y 74b (cis), en una
proporcion 1:1. Posteriormente se estudio el comportamiento del geraniato de
8-fenil-(-)-mentilo 63, cuya distribucion del producto de ciclacion es igualmente
de 1:1 entre dos parejas de diastereoisomeros, 75a (trans) y 75b (cis) (Esquema

27; Tabla 5, Entrada 4).

A continuacion se llevd a cabo el estudio del comportamiento de un
epoxi-derivado que posea un di-ester en el inicio de la cadena R1=R2= COOMe
(64). Esta opcion permite introducir asi un grupo alcoxi-carbonil adicional sobre
C2 y de esta manera se ubica una ramificacién sobre la posicién adyacente al
cierre del ciclo. Por otra parte esta distribucion electronica del doble enlace A??
,JJo convierte en un mds potente aceptor de radicales. La reaccion de (64) con
Cp2Ti"Cl condujo a un 94% (Tabla 5, Entrada 5) de producto de ciclacién (79), y
por primera vez obteniéndose una apreciable estereoselectividad 2:1, hacia el
producto deseado (a, Esquema 28) que posee una disposicion relativa cis entre

hidroxilo y metilo en C3.

Basado en resultados previos descritos en bibliografia,'”® se probo
finalmente el comportamiento del epoxi-derivado de geraniol con un grupo

nitrilo, también o,B-insaturado (excelente aceptor de radicales) en el comienzo

173 a) Fernandez-Mateos, A.; Herrero-Teijon, P.; Mateos-Burdn, L.; Rabanedo-Clemente, R.;
Rubio-Gonzalez, R. |. Org. Chem. 2007, 72, 9973-9982; b) Fernandez-Mateos, A.; Herrero-Teijon,
P; Rabanedo-Clemente, R.; Rubio-Gonzalez, R.; Sanz-Gonzalez, F. Synlett 2007, 17, 2718-2722.
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de la cadena carbonada (65), frente a las condiciones de ciclacion radicalaria. Se
observd que el rendimiento en el proceso deseado es muy elevado hacia 80
(Tabla 5, Entrada 6) y que la distribucion de compuestos ciclados muestra una
mayor proporcion de diastereoisomero deseado (a, Esquema 28) que en los

diferentes casos anteriores.

Rl
11 \\\ A\
: R
L Ho’9\ Re , HO 2
1 Z g Rl
a b
Esquema 28

TABLA 5. Reacciones de ciclacion 5-exo-trig catalizadas por Ti'"

Rend. Ratio
Entrada | P.P. Ri R: P.F. %) (a:b)
1 66 COOMe H 67  86% 1:1
2 61 COOt-Bu H 78  81% 1:1
3 62 COO-(-)-mentilo H 74 71% 1:1
4 63 COO-8-fenil-(-)-mentilo H 75  69% 1:1
5 64 COOEt COOEt 79  94% 2:1
6 65 CN H 80  99% 4:1

P.P. = Producto de Partida, P. F. = Producto Final

Llegado a este punto, se consideré6 que la funcionalizacion con un
hidroxilo de uno de los metilos del extremo final de la cadena carbonada
(adyacentes al grupo oxirano), y su posterior proteccion con un grupo fert-
butildimetilsililo (TBS), podria suponer un aporte extra de condicionamiento
estérico que originara control estereoquimico en la ciclacion hacia el anillo de
cinco eslabones. Ademas hay que tener en cuenta que el disefio de la sintesis de
toxicol-A, implica necesariamente la funcionalizacion de ese metilo, para que

sirva de union con el sintén que permita la construccion de los anillos A-B.
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La epoxidacion y subsiguiente proteccion con TBSCl sobre (2E,6E)-8-
hidroxi-3,7-dimetilocta-2,6-dienoato de metilo (81) conduce a (2E)-6,7-epoxi-8-
tert-butildimetilsililoxi-3,7-dimetioct-2-enoato de metilo (82) (Esquema 29). La
ciclaciéon de éste empleando cantidades cataliticas de Cp:Ti"Cl, conduce a la
mezcla de estereoisdmeros 83 nuevamente con una distribucién de 1:1
(Esquema 29; Tabla 6 Entrada 1), lo cual demuestra un buen control

estereoquimico en la formacién del C-2’, mientras que es nulo para C-1".

3
>

| Til N
A CoOMe —= HO/COOMe + HO 2 COOMe
1

(82) (83a) (83h)
TsOH
Et,0, 26 h.
Q;[a\
0]
(84)
Esquema 29

La lactonizaciéon empleando TsOH de 83 hasta 84 (Esquema 29), junto
con experimentos de nOe dif. en su espectro de 'H-RMN, permiten asignar la

configuracion relativa de los diferentes carbonos de 83a (Figura 7).
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83a

Figura 7. Efectos nOe mas representativos observados en 83a

Se emplea a continuacion un éster mas voluminoso, siguiendo el mismo
razonamiento que en los derivados no funcionalizados anteriormente
estudiados. La oxidacion alilica con SeO: de geraniato de 8-fenil-(-)-mentilo (65),
seguida de epoxidacion y proteccion con TBSCl, permite llegar con buenos
rendimientos hasta 86 (Esquema 30). La ciclacion empleando Cp:Ti"Cl del
epoxido 86 conduce en un 71% de rendimiento al conjunto de productos
ciclopentanicos 87 (Esquema 30; Tabla 6, Entrada 2). 87 consiste en una mezcla
de cuatro diastereoisomeros (1'S,3’S; 1'R,3'R; 1'R,3’S; y 1'S,3'R), que se
diferencian en 'H-RMN como dos parejas, 87a (trans) y 87b (cis), en una
proporcion relativa de 1.3:1 (Esquema 30). La asignacion de las configuraciones
relativas de los diferentes estereocentros ha sido en este caso realizada por

comparacion con los casos precedentes.
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HO’%{)CJ)\ O% HO’WO’%

1'R2'R3'S (87ay) 1'S2'R3'S (87by)

6 ; \'\ ;
HO" R S ®) f HO" R "’)]\O f
(86) < = N =

1'S2'S3'R (87a,) 1'R2'S3'R (87b,)

_______________________________

Esquema 30

Al igual que en los productos no funcionalizados en el extremo de la
cadena C8, se llevd a cabo el estudio del comportamiento de un epoxi-derivado
que posea un di-ester en el inicio de la cadena (90, Esquema 31; Ri = Rz =
COOMe, Rs = TBS) y funcion en C8. La reaccion de 90 con Cp:Ti""Cl condujo a
un 92% de producto de ciclacion (91) obteniéndose una estereoselectividad 2.5:1
hacia el producto deseado que posee una disposicion relativa cis entre hidroxilo

y metilo en C3 (Tabla 6, Entrada 3).

)\/\)\(Rl & \)\/\)\(RI(M MRl
76% 5

Ry R, Ry
(88) (89) 90, R, = Ry = COOEt, Ry = TBS
92,R; =R, = COOEt, Ry = H

(a) 0.5 Se0,, 2.0 t-BuOOH, DCM, 0° C, 2 horas.
(b) 1.2 AMCPB, DCM, 0° C, 40 minutos.
(c) 2.0 TBSCI, 2.6 imidazol, DCM, 0° C, 45 minutos.

Esquema 31
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El compuesto con -OH libre en C8 (92, Esquema 31) todavia mejora este
balance hasta un 3:1 (Tabla 6, Entrada 4), probablemente debido a la

coordinacion inicial del Ti con el hidroxilo libre.

Por otra parte, si se lleva a cabo la ciclacion sobre 94, molécula que
contiene un nitrilo insaturado en lugar de un éster en el inicio de la cadena
carbonada, se obtiene un rendimiento del producto de ciclacion (95)
practicamente cuantitativo y una significativa relacién de 4.5:1 a favor del

estereoisomero buscado (Tabla 6, Entrada 5).

Esquema 32

TABLA 6. Reacciones de ciclacidn 5-exo-trig catalizadas por Ti"! de compuestos

funcionalizados en el final de la cadena carbonada.

Entrada | P.P. Ri R: P.F. R;Z;l' 1({::;’
1 81 COOMe H OIBS 8 76 11
2 86 COO-8-fenil-(-)-mentilo H OTBS 87 71 1.3:1
3 90 COOEt COOEt OTBS 91 92 251
4 92 COOEt COOEt OH 93 90 31
5 94 H CN OTBS 95 95 41

P.P. = Producto de Partida, P. F. = Producto Final
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Teniendo presente nuestra experiencia previa en la quimica del reactivo
de Nugent Cp:Ti""CL? junto con evidencias anteriores donde se comprobé que
H:0 y MeOH pueden actuar como donadores de hidrogeno a través de los
correspondientes complejos con Ti','”* se puede plantear que la interaccion de

un alcohol o alcdxido con Cp:Ti"'Cl podria producir el complejo alcohdlico 1

(Esquema 33).
. Op, Ti'—al
Ti'llcl z SET
—>C—O‘H ‘CF)Z:‘_E\—FO—X ' —/\C' productos
| homolisis |q|
\ . SET
Aoy, =
/ CO . .
I homolisis
Esquema 33

La formacion de este tipo de especies o las derivadas del alcoxido de
titanio (II, Esquema 33), puede producir el debilitamiento del correspondiente

enlace C-O permitiendo que se produzca, bajo las condiciones adecuadas, la

174 a) Enemrke, R. J.; Larsen, J.; Skrydstrup, T.; Daasbjerg, K. J. Am. Chem. Soc. 2004, 126, 7853-
7864; b) Gansauer, A.; Barchuk, A.; Keller, F.; Schmitt, M.; Grimme, S.; Gerenkamp, M.; Miick-
Lichtenfeld, C.; Daasbjerg, K.; Svith, H. J. Am. Chem. Soc. 2007, 129, 1359-1371; c) Cuerva, J]. M,;
Campana, A. G,; Justicia, J.; Rosales, A.; Oller-Lépez, J. L.; Robles, R.; Cardenas, D. J.; Bufiuel, E.;
Oltra, J. E. Angew. Chem., Int. Ed. 2006, 45, 5522-5526; d) Jin, J.; Newcomb, M. J. Org. Chem. 2008,
73, 7901-7905.
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ruptura homolitica a través de una transferencia mono-electronica para
producir el radical carbonado III (Esquema 33), que finalmente evoluciona

hacia la formacién de los productos de reaccion.

Para verificar nuestra hipdtesis mecanistica, se realizaron estudios
teoricos!” preliminares por métodos DFT (UMO05/Ahlrichs-VDZ)."7¢ En estos
estudios se calcularon las barreras de energia para la etapa clave de ruptura
homolitica del alcohol-complex I del mecanismo de reduccién (Figura 8). Los

resultados obtenidos se muestran en la Figura 8 y la Tabla 7.

— —:tl

od
P

P
»la'
—

Allyl radical

Alcohol-complex Il
|

Figura 8. Ruptura homolitica (energia de activacion AG! y energia de reaccion
AGrxn) para la primera etapa del mecanismo de reaccion propuesto con el

alcohol bencilico (96).

175 M. J. Frisch, et al.,, Gaussian 03, Revission E.01, Gaussian, Inc., Wallingford CT, 2004. For
complete reference, see supporting information.

176 a) Y. Zhao, N. E. Schultz, D. G. Truhlar, J. Chem. Phys. 2005, 123, 161103/1-161103/4; b) A.
Schaefer, H. Horn, R. Ahlrichs, J. Chem. Phys. 1992, 97, 2571-2577; c) D. Feller, J. Comp. Chem.
1996, 17, 1571-1586; d) K. L. Schuchardt, B. T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J.
Chase, J. Li, T. L. Windus, J. Chem. Inf. Model. 2007, 47, 1045-1052.
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Los resultaros mostraron que aunque la ruptura homolitica sea una etapa
endotérmica para todos los compuestos estudiados (Tabla 7, Casos 1-6), se
produce una clara diferencia en las energias de Gibbs ya que los alcoholes
alilicos y bencilicos mostraron tal y como se esperaba energias de activaciéon y
reaccion menores (Tabla 7). En cualquier caso al comparar estos valores con los
calculados tedricamente y experimentalmente para la disociacion homolitica de
enlaces C-O, se encontraron valores significativamente mayores para las
especies no-complejadas, lo que viene claramente a demostrar que esta ruptura

homolitica se ve fuertemente afectada por la coordinacioén con Ti'.

Tabla 7. Valores de AG* y AGra calculados para la ruptura homolitica de enlaces

C-O de diferentes alcoholes.

Compuesto AG® AGxn
~.OH 30.0 2.3
OH

29.0 2.7

OH 29.9 49
©AOH 317 6.3

/\/OH 41.7 19.8

OH
©/ 523 367

Para validar esta hipodtesis, en una primera reaccion se utilizé alcohol

bencilico 96 como producto de partida y THF como disolvente (Esquema 34). Se
prepard un montaje equipado con refrigerante de reflujo. Se tuvieron todas las

precauciones propias de las reacciones habituales con el reactivo Cp2Ti"Cl:
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destilacion y estricta desoxigenacion del disolvente, creacion de atmosfera

inerte en el matraz de reaccion, etc.

OH 2.1 Cp,TiCl,
8.0 Mn

THF
96 50°C 97

Esquema 34

De esta forma, inicialmente se tratd un equivalente de alcohol bencilico
(96) con 2.1 equivalentes de Cp-Ti"'Cl y 8.0 equivalentes de Mn como reductor
en una disolucién de 0.2 M en THF (Tabla 8, Entrada 1; Esquema 34). No se
observd transformacion a temperatura ambiente, por lo que se calentd a 50 °C
durante 6 horas. Tras el procesado, se detectdo producto de desoxigenacion-
reduccion, tolueno (97), con un 35% de rendimiento (Tabla 8, Entrada 1a). A la
vista de este resultado, se repitio el ensayo a reflujo y la reaccion se completd en
45 minutos. En este caso se produjo una transformacion del 93% hacia tolueno
(Tabla 8, Entrada 1b). Posteriormente se realizé otro ensayo con 1.1 equivalentes
de Cp:Ti"Cl pero la reaccion terminé con un 50% de material de partida sin

reaccionar (Tabla 8, Entrada 1c).

Con respecto a la cantidad de metal reductor se pudo disminuir la
proporcion hasta 1.5 equivalentes de Mn o Zn por equivalente de alcohol. En
estos casos la transformacion fue del 92% y 87% respectivamente (Tabla 8,

Entradas 1d y 1e).
Una vez puesto a punto el método, se realizoé un estudio del alcance del

proceso usando los diferentes alcoholes bencilicos (96, 98, 100, 103 y 106) que

aparecen en la Tabla 8.
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Tabla 8. Desoxigenaciéon-reduccion de alcoholes bencilicos catalizada por Ti'.?

Entrada Substrato Producto t Rend.
(min) (%)
360 a 35
©/\OH ©/ 45 193
1 60 ¢ 50
96 97 60 d92
60 e 87
MeO
MEOI;/\OH I;/
2 MeO MeO 50 90
OMe o OMe  gg

”

trazas
w
77
MeO

106 107

» Se emplearon 2.0 equiv de Ti", 1.5 equiv de agente reductor por mol de
material de partida y THF como disolvente.

En todos los casos se observaron elevados rendimientos y tiempos
relativamente cortos de reaccién. Hay que destacar la formacion de trazas de
producto de dimerizacién (102) en la Entrada 3 probablemente generado a

causa de la alta estabilidad del radical formado. En el caso del alcohol bencilico
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secundario 103 (Tabla 8, Entrada 4), se gener6 mayoritariamente el producto de
desoxigenacion-reduccion 104, junto con una pequena cantidad del derivado

vinilico 105 fruto de un proceso de eliminacion.

Considerando conjuntamente los resultados obtenidos con los diferentes
alcoholes junto con la ausencia de formacién de productos de acoplamiento,
puede proponerse para estas transformaciones el mecanismo representado en el
Esquema 35. La debilitaciéon del enlace C-O en I provoca su homolisis al
calentar dando el radical III."”7 Asi, el radical centrado en el carbono (III) es
atrapado por una segunda molécula de Cp:Ti"'Cl generandose el intermedio
bencil-titanio (IV, R = PhCH>-), apoyandose de esta manera la necesidad de

emplear 2.1 equivalentes de Cp2Ti"'ClL.

+
.. SN —Cl .
coooom OppTilla PTICH | Co Ty
(ROHi—— . 4 R R—Ti'VCp,Cl — R—H |
"""" R‘)O\H \H \ 11 \V Tt
' Cp, TiVCIOH

v
Esquema 35. Mecanismo propuesto para la reaccion de desoxigenacion-

reduccion catalizada por Ti'.

Una vez demostrada la viabilidad del método para desoxigenaciones a
partir de alcoholes bencilicos, se paso a realizar ensayos analogos con diferentes
alcoholes alilicos (Tabla 9). Inicialmente, el alcohol alilico 108 fue tratado bajo
las mismas condiciones que los que alcoholes bencilicos: 2.1 equivalentes de
Cp:Ti"Cl], 1.5 equivalentes de metal reductor en THF a reflujo. La reaccion de

desoxigenacion-reduccion se dio en 1 hora dando mayoritariamente isopentenil

177 Otro mecanismo alternativo hacia III basado en la homolisis inicial del enlace O-H esta
siendo investigado en nuestro Grupo de Investigacion, con evidencias claras de formacién de
un alcoxido de Ti'V que se reduce a alcoxido de Ti" con exceso de Mn antes de la homolisis.
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benzoato (109) junto con una pequefa proporcion del dimetilalil benzoato (110)

(Tabla 9, Entrada 1).

Este proceso mimetiza la biosintesis natural de la unidad C5 isoprénica
en la ruta no-mevalonica (Esquema 36), que transcurre mediante dos
transferencias mono-electronicas que dan como resultado el proceso natural de
desoxigenacion-reduccion. El tltimo paso de dicha ruta es mediado por IspH, y
estd basado en la formacién de un complejo entre Fe! y el OH, a través del cual
se transfiere un primer electréon que provoca la homolisis del enlace C-O y
origina un radical alilico. La reduccién monoelectrénica de éste lleva a un

carbanion alilico que es protonado hacia una mezcla de IPP y DMAPP.
M-OH M-OH

)%\OPP
HY “H
\)\/\ —>1e@ )\/\ _»169 )\/\
OPP 2" 0pp ZoNgiNe Y
® N
M=Fe' o Ti'! v H\/\OPP
Hy

Esquema 36. Mecanismo de la reaccién catalizada por IspH.

<

He

I
\
Qi

Como queda recogido en la Tabla 8, se realizaron ensayos para los
distintos tipos de sustituyentes en alcoholes alilicos (primarios, secundarios y
terciarios). En todos los casos los rendimientos fueron de buenos a excelentes en
tiempos relativamente cortos de reaccion. En el caso del farnesol (111) la
reaccion tuvo lugar en una hora, dando mayoritariamente como resultado el
hidrocarburo 112, fruto de la desoxigenacién en C1 y la incorporacién de un
hidrégeno en C3, junto con los isomeros 113 y 114 (Tabla 9, Entrada 2). La
ausencia de productos de ciclacién o dimerizacion en este caso, avala la rapida

reduccion del radical alilico intermedio por una segunda molécula de CpTi"'CL
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Los derivados dihidroxilados del farnesol (117 y 120) se prepararon para
estudiar la selectividad del método. Debido a la presencia de dos funciones
hidroxilo en el mismo sustrato, en este caso se emplearon 4.2 equivalentes de
Cp:Ti"Cl y 3 equivalentes de Mn (Tabla 9, Entradas 4 y5). Se comprobd que la
cinética de la reaccién se ve afectada por la sustitucion del grupo hidroxilo,

siguiendo el siguiente orden:

Alcohol primario > Secundario > Terciario

Tabla 9. Desoxigenacion-reduccion de alcoholes alilicos catalizada por Ti".”

t Rend.
(min) (%)

)\/\OBZ 70
109
108 //L\V/A\
X 0Bz 3

110

80
o 112
X
2 60
X
111

|
|

N
N

Entrada Substrato Producto

113,114 10

P e N P o
7 N OH 7

3 50 91
115 116
|
OH 65
| 118
X
4 S 70
S
117 119
OH 20
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|
OH | 70
118
NS
5 | 75
HO
120 | 121
HO -
| 50
| | 112
X
6 I JoH 120
\\
122 | 113,114
X 35

« Todas las reacciones fueron llevadas a cabo con 2.1 equivalentes de Cp:Ti''Cl, 1.5
equivalentes de Mn en THF como disolvente a reflujo. Excepto las entradas 4-5 donde se usaron
4.2 equivalentes de Cp:TiCl2y 3 equivalentes de Mn

Para verificar estos resultados se repitid un ensayo con el sustrato 120
(Tabla 9 Entrada 5), demostrando que se puede aislar el compuesto 118, fruto
de la desoxigenacion-reduccion selectiva del alcohol primario, en tiempos
cortos de reaccion. El estudio finalizo con el alcohol terciario nerolidol (122,
Tabla 9, Entrada 6), utilizado para avalar la viabilidad y eficacia del método en

todo tipo de alcoholes alilicos.

Una vez realizada la primera parte de los ensayos, el estudio de los
resultados demuestra que el método es totalmente efectivo para todo tipo de
alcoholes activados. Por lo tanto, se pasé a una segunda etapa de ensayos con
otro tipo de funciones hidroxiladas, tales como 1,2-dihidroxi-derivados y

alcoholes no activados (Tabla 10).

La desoxigenacion del 1,2-dihidoxitetradecano 123 fue llevada a cabo

usando 2.1 equivalentes de Cp:Ti"Cl, y 1.5 equivalentes de Mn produciendo
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cuantitativamente el hidrocarburo insaturado 124 (Tabla 10, Entrada 1). Este
resultado se confirmd con los sustratos 125 y 127 (Tabla 10, Entradas 2 y 3) con
buenos rendimientos, mostrando la viabilidad del método también para la 1,2-

desoxigenacion.

La estequiometria de los reactivos y el excelente rendimiento
observado, indican que probablemente el doble enlace se forma tras una
primera desoxigenacion de hidroxilo secundario del diol-complejo IV

(Esquema 37), que conlleva a la homolisis del segundo enlace C-O.

His Tilep,al
\\T/l\\ - TiCp,CI(OH) Hos - Ti'VCp,CI(OH) N
/O}ﬂ \g\
"TiMcp,Cl Vi
Vi
Diol-Complejo

Esquema 37.

Tabla 10. Desoxigenacion-reduccion de compuestos dihidroxilados

mediada/catalizada por Ti".

Entrada Substrato Producto t Rend.
(min) (%)
OH
\/W
1 W 19 90 98
OH 124
123
OH
Ph X1
2 Ph Ph 65 94
OH 126
125
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127 128
. o e A s
129 130 131 b 90

Con respecto a los alcoholes no activados, cuando se puso a reaccionar el
1-octadecanol 129 (Tabla 10, Entrada 4), en las mismas condiciones; 2.1
equivalentes de Cp:TiCl y 1.5 equivalentes Mn en THF at reflujo, no se

observo reaccién.

Pensando que ahora la Energia de Activacion es mas alta que para
alcoholes activados y tratando de poder aplicar el método a alcoholes no
activados, se utilizaron otros disolventes con mayor punto de ebullicién. Con
dioxano a reflujo se produjo una transformacion del 75% hacia producto de
desoxigenacion-reduccion 131 (Tabla 10, Entrada 4a), pero el resultado no es
facilmente reproducible. Con tolueno se produjo una excelente transformacion

del 90% y mostrando una total reproducibilidad (Tabla 10, Entrada 4b).

Estas nuevas condiciones fueron llevadas a cabo con otros alcoholes
alifaticos de distinta naturaleza, demostrandose la eficacia de la metodologia en
todos los casos. Esto supone otra innovacién, porque hasta donde nosotros
sabemos, es la primera vez que se utiliza tolueno como disolvente para

aplicaciones sintéticas con Cp2Ti"'Cl.

Para demostrar la eficacia del tolueno en este tipo de reacciones, se

repitieron algunos de los ensayos con el alcohol activado 115 y 1,2-diol 125.
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Comparativamente, las reacciones fueron mas rapidas y con rendimientos
sensiblemente superiores (ver desarrollo experimental). En contraste, no se

produjo la transformacion del fenol bajo ninguna de las condiciones fijadas.

Es destacable resefiar que estas mismas reacciones y procesos pueden
igualmente llevarse a cabo empleando cantidades subestequiométricas de
Cp:Ti"Cl, obteniendo resultados en cuanto a distribucién de productos y
rendimientos similares. Para emplear este método catalitico en Cp:Ti"'Cl es

necesario el uso de TMSCI como atrapador final de oxigeno.

214



4. OLEFINACION DE CARBONILOS

CATALIZADA POR Ti'™,

215






Horacio R. Diéguez

Discusion de Resultados TESIS DOCTORAL

Tal y como se indicéd en la introducciéon y se ha demostrado en el
apartado anterior, la energia de disociacidon necesaria para la ruptura homolitica
del enlace C-O en el complejo Cp:Ti"(Cl)O-CH2R experimenta un notable
descenso con respecto a la registrada para el alcohol libre correspondiente. Esta
informacién junto con el hecho de que diferentes dioles evolucionen hasta la
formacion de los correspondientes dobles enlaces, nos hizo pensar que el
reactivo de Nugent (Cp:Ti"'Cl), podria ser valido para promover reacciones de
olefinacion de carbonilos. Este proceso se originaria a través de la ruptura
homolitica de los enlaces C-O presentes en los pinacolatos (II, Esquema 38)

inicialmente formados.
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STivV-ql Cp)Ti”'

G

|
0 o) ©
)J\ Cp,Ti'Val, )\(Ph Mn )‘\(Ph Reflujo Ph
e g LN ﬁ» Ph X
Ph HI\/IneXCE‘SO Ph o Ph LO) 133
132
_+iv—Cp Lii-Cp  2Cp,Ti=0
ClI-Ti TI\
| Cp n o op i

Alicuota
IH-RMN

OH
Ph Ph
OH
v
Esquema 38. Mecanismo propuesto para la olefinacion de carbonilos

promovida por Ti"/Mn.

Los pinacolatos de Ti™ tipo II, que generan las insaturaciones por
ruptura homolitica, podrian originarse a partir de la correspondiente reduccion
de los pinacolatos de Ti"V (I, Esquema 38), que son conocidos al haber sido
ampliamente descritos como intermedios en los acoplamientos pinacolinicos de

carbonilos catalizados por Ti.178

Esta hipdtesis tedrica podria ser demostrada por tratamiento de
benzoxido sddico con Cp:Ti""Cl en THF a reflujo para conseguir la formacion de
la especie intermedia PhCH:OTi"Cp2.1”° Si se produce la homdlisis del enlace C-
O, quedaria demostrada nuestra hipotesis sobre la viabilidad del Ti'! para dar
procesos de olefinacion a partir de carbonilos. Afortunadamente, después de

calentar la mezcla durante 3 horas, analisis de cromatografia de gases (GC)

178 a) Barden, M. C.; Schwarzt, J. ]. Am. Chem. Soc. 1996, 118, 5484-5485; b) Enemeerke, R. J.;
Larsen, J.; Hjellund, G. H.; Troels Skrydstrup, T.; Daasbjerg, K. Organometallics 2005, 24, 1252—
126; c) Paradas, M.; Campafia, A. G.; Estévez, R. E,; Alvarez de Cienfuegos, L.; Jiménez, T.;
Robles, R.; Cuerva, J. M.; Oltra, J. E. J. Org. Chem. 2009, 74, 3616-3619.

17 Huffman, J.C.; Moloy, K. G.; Marsella, J. A.; Caulton, K. G. ]. Am. Chem. Soc. 1980, 102,
3009-3014.
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demostraron la formacion de tolueno, avalando definitivamente la validez de

nuestra hipdtesis.

Animados por este resultado, se tratd posteriormente el benzaldehido
132 con 2.0 equivalentes de Cp:Ti"Cl en THF a reflujo. La reaccion finaliz6 tras
una hora con un rendimiento del 93% para la formacién de estilbeno 133 (Tabla
11, Entrada 1). Teniendo presente que la mezcla de reactivos Cp2Ti'VCl2/Mn ha
sido ampliamente descrita como catalizadora del proceso de acoplamiento
pinacolinico de aldehidos y cetonas, nuestro principal esfuerzo se ha centrado
en descubrir las verdaderas especies que participan en el proceso de

desoxigenacion.

En busca de este fin, se disefiaron distintos ensayos para la elucidacion
del mecanismo de este nuevo proceso de olefinacion (Tabla 11). En otro
ejemplo, se puso a reaccionar benzaldehido 132 en las mismas condiciones a las
mencionadas en el caso anterior, pero ahora a una temperatura de 25 °C.
Después de agitar durante 10 minutos, el analisis de una alicuota de la mezcla
de reaccion verde mostro el consumo completo del material de partida, siendo
el benzo-pinacol la tinica especie formada. En este punto, se elimind el exceso
de Mn de la mezcla resultante, y el liquido filtrado se calent6 a reflujo durante 1
hora, produciéndose, de nuevo, la transformacion total a estilbeno 133. Vale la
pena destacar el viraje progresivo de la disolucién, del color verde habitual
hacia azul oscuro, durante la etapa a reflujo de desoxigenacion-olefinacion. De
esta forma resulta razonable proponer la implicacion de la especie de pinacolato

de Ti" (I, Esquema 38) como responsable de este paso.

Asi, el exceso de Mn presente en el medio de reaccion reduciria la especie
de pinacolato de Ti" (I, Esquema 38) hasta la correspondiente especie de

pinacolato de Ti™ reducida (II, Esquema 38). El hecho de que hasta la fecha no
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se ha demostrado que el Mn sea capaz de reducir al Ti hasta una valencia
menor que III a temperatura ambiente, junto con el color verde de la disolucion
antes de calentar, constituyen argumentos suficientemente relevantes para

confirmar la presencia de estos pinacolatos de Ti'.1

Para completar el estudio mecanistico de este proceso, la evidencia final
de la existencia de la especie II fue obtenida del siguiente ensayo
estratégicamente diseniado. A una disolucion de 1.0 equivalente de Cp:Ti'VCl2 en
THF se le adicionaron 0.5 equivalentes de Mn, cantidad necesaria
estequiométricamente para producir la reduccion hasta Cp:Ti"'Cl. Después de
15 minutos, la reaccion vird a verde (Figura 9), confirmando asi reduccién de
Ti"V a Ti". En ese momento se adiciond 1.0 equivalentes de benzaldehido 132,
virando rdpidamente a color naranja-rojizo (Figura 9), probablemente debido a
la presencia de la especie I de pinacolato de Ti". Analisis de RMN de una
alicuota mostraron la desaparicion del material de partida 132 y la formacion de
benzopinacol (IV, Esquema 38) como tunico producto de reaccion. Esta
disolucion permanecid estable en color y composicion durante 4 horas a
temperatura ambiente. Para apoyar nuestra hipotesis, se volvieron a adicionar
0.5 equivalentes de Mn, provocando el viraje a verde en 15 minutos (Figura 9).
Es razonable asumir entonces que se produzca una nueva reduccion de la
especies de pinacolato de Ti"V hasta las correspondientes especies de pinacolato
de Ti". De nuevo, se dejo agitar la mezcla de reaccion a temperatura ambiente
durante varias horas, y la mezcla permanecid inalterada. Sin embargo,
calentando la reaccion a reflujo se produjo la transformacion hasta estilbeno 133
y se observo asimismo el viraje de la disolucion de verde a azul oscuro, Este
ultimo cambio de color se atribuye a la formacién de 6xido de titanoceno (III,

Esquema 38) resultante de la etapa de desoxigenacion (Figura 9).

180 Villiers y Ephritikhine postularon la implicacién de analogos de U™ en el acoplamiento
reductor de cetonas: Villiers, C.; Ephritikhine, M. Chem. Eur. ]. 2001, 14, 3043-3051.

220



Horacio R. Diéguez

Discusion de Resultados TESIS DOCTORAL

0.5 Mn

Figura 9.

Una vez que obtuvimos la prueba que confirma la participacion de
especie Ti'! en el proceso de desoxigenacion, nos centramos en determinar el
alcance de la reactividad de este nuevo proceso sintético de la quimica
radicalaria. Para ello, se escogieron los diferentes tipos de carbonilos que

aparecen en la Tabla 11.

Como podemos observar, se han obtenido excelentes rendimientos y
total reproducibilidad cuando utilizamos aldehidos conjugados y aldehidos
bencilicos como material de partida (Tabla 11, Entradas 1-5). También hemos
demostrado la viabilidad del proceso en cetonas aromaticas y alifaticas (Tabla

11, Entradas 6-7), donde fueron necesarios mayores tiempos de reaccion.

Tabla 11. Olefinacion de carbonilos promovida por Ti"/Mn.

Entrada | Substrato Producto Rend.
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Para aumentar el rango de aplicacion de este proceso de olefinacion,
comprobamos la eficacia del Cp:Ti"Cl para promover la reaccion de
acoplamiento-olefinacion intermolecular entre distintos carbonilos (Tabla 11,
Entradas 8-9). Al tratar, en las condiciones de acoplamiento-olefinacion fijadas
la benzofenona (147) con un exceso de ciclohexanona (146), se obtuvo el
producto de acoplamiento 148 con un 65% de rendimiento. Resultados similares
fueron obtenidos con una mezcla de citral (138) y benzaldehido (132). Con estos
resultados se demuestra que este método es totalmente eficaz para la

generacion de olefinas asimétricas a partir de carbonilos aromaticos y alifaticos.

Es destacable resefiar que estas mismas reacciones y procesos pueden
igualmente llevarse a cabo empleando cantidades subestequiométricas de
Cp:2Ti""Cl obteniendo resultados en cuanto a distribucion de productos y
rendimientos similares. Para emplear este método catalitico en Cp:Ti"Cl es

necesario el uso de TMSCI como atrapador final de oxigeno.
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- Se ha desarrollado un nuevo método catalitico para el homo-
acoplamiento de haluros alilicos, mediado por las especies Mn/Cp2ZrCl> con
rendimientos de buenos a excelentes, tratindose de un método suave y tolerado
por un amplio rango de grupos funcionales. Es destacable que la
regioselectividad del proceso frente a otros reactivos similares como el Cp:TiCl,
se ve incrementada significativamente cuando se usa la combinaciéon Mn/Zr(IV)
y especialmente cuando se emplea el método sobre haluros alilicos ciclicos.
Este reactivo han sido empleado satisfactoriamente en la sintesis de terpenos
simétricos tales como diversos derivados onoceranicos, la preparacion de
sintones avanzados en la sintesis enantioselectiva del (+)-cimbodiacetal y el

escualeno.

- Se ha puesto de manifiesto que el homo-acoplamiento de haluros de
bencilo y gem-dibromuros bencilicos catalizado por Cp:TiCl, produce muy
buenos rendimientos en la obtencion de di-bencilos y estilbenos. Se han
conseguido ademads resultados interesantes en acoplamientos mixtos tipo
Barbier entre halogenuros bencilicos y aldehidos, ampliando asi la aplicacion de

este método hacia acoplamientos mixtos.

- En las ciclaciones radicalarias de epoxi-poliprenos catalizada por
Cp:Ti"Cl, es posible controlar la regioselectividad hacia ciclopentanos y la
estereoselectividad del proceso de ciclacién utilizando malonil-derivados o
nitrilos o, p-insaturados como aceptores radicalarios. El empleo de epoxi-

poliprenos convenientemente funcionalizados induce cierres 5-exo-trig con
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excelentes rendimientos y con un buen control estereoquimico sobre los tres
estereocentros formados. Por tanto, esta metodologia permite un sencillo acceso
a un intermedio ciclopentanico altamente funcionalizado clave para la sintesis

del compuesto Toxicol A.

- Se ha desarrollado un novedoso método de desoxigenacion-reduccion
de alcoholes en una sola etapa. Se ha demostrado la efectividad con alcoholes
activados, no activados y 1,2-dihidroxi-derivados, mediante el empleo de
Cp:Ti"Cl en THF o tolueno a reflujo. Se ha postulado que el proceso se basa en
la formacion de un alcohol-complejo de Ti! que produce una considerable
disminucion en la energia de activacion de la homolisis del enlace C-O. Esta
ruptura homolitica genera un radical centrado en el carbono que es el

intermedio clave del proceso.

Esta novedosa metodologia presenta unos rendimientos de buenos a
excelentes y se producen en tiempos relativamente cortos de reaccion. Estas
caracteristicas justifican la eficacia de este nuevo método frente a los ya
existentes en bibliografia, y lo hacen tremendamente interesante en sintesis

organica. Otro punto novedoso a su favor es que presenta caracter biomimético.

Estas mismas reacciones y procesos pueden igualmente llevarse a cabo
empleando cantidades subestequiométricas de Cp:Ti"'Cl, obteniendo resultados
en cuanto a distribucion de productos y rendimientos similares. Para emplear
este método catalitico en Cp:Ti"'Cl es necesario el uso de TMSCl como

atrapador final de oxigeno.
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- Se ha comprobado ademas, que el reactivo de Nugent's (Cp2TiCl) es
capaz de inducir el acoplamiento reductivo de carbonilos con rendimientos de
buenos a excelentes, en tiempos cortos de reaccion y con una excelente

reproducibilidad.

Se han aportado pruebas mecanisticas que demuestran la participacion
de la especie pinacolato de Ti(Ill) en la etapa de desoxigenacion de este proceso
de acoplamiento-olefinacién tipo McMurry. Estos datos son especialmente
relevantes, ya que alguna luz sobre la que es, probablemente, una de las
transformaciones mecanisticas mdas oscuras en la Quimica Organica. Nuestro
grupo de investigacion sigue trabajando en futuras aplicaciones de este nuevo

proceso en la sintesis de productos naturales bioactivos.

Estas mismas reacciones y procesos pueden igualmente llevarse a cabo
empleando cantidades subestequiométricas de Cp:Ti"'Cl, obteniendo resultados
en cuanto a distribucion de productos y rendimientos similares. Para emplear
este método catalitico en Cp:Ti""Cl es necesario el uso de TMSCl como

atrapador final de oxigeno.
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'H spectrum of 39: 524§

'H and "C WMR spectraof 1, 2.5, 7, 9, 10, 11, 12, 13, 21. 12 and 31 were mcluded in
Org Lo 2005, 7, 2301-2304.

Cremeral Details

Opdcal rotadons wers determined using CHCL, or CHLCL as the solvents, IR specoma
were recorded 2z IWaCl plates {films). WME stdies wers performed with a 400 {"E 400
MHz"*C 100 MHz) spectrometer. Accuratse mass determination was carried out with a
mass speciromeater amanzed in an EBE geomeiry and equipped with a FAB (LSIME)
source. The spectrametsr was operated at 3 KV accelerating voltage and Os° ware used
as primary tons. The low resoluton mass specita were obfained in quadrupolar mass
spectromster equipped with a salids prebe for the mirodaction of the sampls. GTMS
amalysiz was dope with a mass spectometer coupled to a gas chromatosraph and
equipped with an EI source at 70 V. The analyses were performed oo a capillany
columm (30 m o« 023 mm o« 0235 pm) inserted directly into the ion source. The
temperatire program was: 60°C (4 min), 10°Cimin to 180°C apd 4*C/min to 250°C, then
ispthemal for 15 min. The carrer zas was helium with a fow rate of 1 mL /oo, HPLC
with UV detection was used Semi-preparaiive HPLC separations wers camisd out oo a
columm {5 wm Silica, 10 « 250 mm} at a flow rate of 3.0 mL'min. All air- and water-
sensitive reactions wers performed in fLasks flame-dried under a positive fow of argon
and conducted under an argon atmesphere. Tetrahydroforan (THE) was freshly distilled
immediatsly prior to use from sodinm/benrophenars. The rest of the selvants used wera

purified according fo standard literature techoiques and stored vnder argon.

General procedure for brominafion reaction af allplie alcohels (7, 10, 11, 21, 23 34)
CBry (2.0 mmol) and PhaP (2.0 mmal) at 0°C under an Ar atmosphers wers addad fo a
stimed solution of allylic alcghel (1.0 mpaol) in 7 ml of benzens. The seludon was
stimed an the same temperamare for 2 h (TLC meonitoring), and hexane (10 mL) was then
added. The reaction maxture was fltered to remove aoy inphenylphosphine oxide. Tha
filtrate was concentrated under reduced pressure and the resalties cmde purified oy
columm chromatography on silica gel to afford the corresponding brome-danvative.
Geranyl bromide (6): Commercially availabls.
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Neryl bromide (7): Accarding to the geperal procedurs, the rssulticg crode was
purified by colume chromatezmphy (hexapet-BulMe, 1:1) oa silica gal to afford 29%:
of 7.

Methyl (1E 6E)-8-bromo-2 §-dimethyl-2 §-octadienoate (10): According to the
zensral procsdure, the resalticg crode was purified by colunm chromatography
(hesane -BaChe, 1:17 oo silica gal to afford 96%: of 107

Methyl (2E 6Z)-8-bromo-2,6-dimethyl-2,6-octadiencate (11): Accordipz to the
zensmal procsdurs, the resalficy crode was purified by columm chromatography
(hexana/--BaCle, 1:17 ok silica gal to afford 90%: of 117

Allyl bromide (15): Commercially avatlablz.

Crotyl bromide (17} Commercially availabls.

Cinnamyl bromide (1%): Commercially avalaile.

(2E 6E)-8-Bromo-3,7-dimethyl-2 6-ociadieny] acetate (11} According to the gensral
procedura, the mesuldog crudes was pamfied by columno chromatography (hexaned-
BuOMe, 5:1) on silica el to afford 98% of 21

{-}-Myrteny] bromide (23) According to the zememl procedure, the resulticg crds
wis purified by column chromatagraphy hexans r-BuQbe, 10017 on silica gal to afford
9T 0f 231

(E)-Perilly]l bromide (24); Accordicg o the geperal procadare, the resultes crads was
purified oy columo chromatography (hexapa'r-Bulbe, 10:1) on silica gel to afford
A% of M. [a]p = 33.5 {c 1.1 CHaCky): v {film) 3079, 2923, 2921, 2854, 2838, 146462,
1644, 1434 1375, 1200, 1154, 300, 216, 649, 601 cov™’; 5y (200 MHz, CDCL) 1.43-
158 {IH, m). 1.74 (3H. ), 1.85-2.04 (IH, m), 2.10-2.27 (4H, m), 39§ (2H, =), 472
(1H, s}, 4.74 {14, ), 5.91 (1H, bs) pom; & (100 MHz, CDCLy) & 2008, 26.9, 174, 30.9,
302,406, 1000, 12771345, 1424 ppm

FPreparation af 27 and 28

! Bk, 3 Shae, Y Beckar, I M Madder. B Sabbe, B A T Qrp Clans, 2000, 8, £532-5583.

* Brrmare, A T Hamador, M R Croller del Bloral, I F.; Arcam, P Ameaga, I; Piedra, M Sanches,
E ML g Lew 2005, 7, 2301-1304.

! Oghlschlagesr, A C Wong, I W Varign V. G Piecve, H DL J, (. Clam, 1983, 48, 3005-3017.

' o) Hoy, B.. Wat H K. Lecommte, [ Roger, B Bulll Soc. Chise. Fraowee 1948, 148-1750; b) Harwood, L.
ML Falia, M. Symrdeais 1980, &, 456-437.
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Methyl (2EGE)-5-chloro-1, 6-dimethyl-2 §-octadiencate {270 A mixmure of the
comespending hydrosy-ester (245 mg, 1.24 mmel) and iopheoylphosphine (435 mg,
1.73 mmel) in ©C1, {1.24 mL, dred over 4& sieves) under argon was refluxed for 1 b
(TLC moeattoring) 2efore being cooled to room temperafure. Hexane (20 mL} was added
and the rsaction mixzhirs was filtered. The filtrate was concentrated under reduced
pressure and the resulting cmde pumfied by column chromatography oo silica gel
chemaoe r-Balhe, 517 to affiord 240 me (90%:) of the comespeadiag chloro-derivative

;s

Methyl (1EGE)-S-ipdo-1,8-dimethyl-2 §-cctadiencate (28)° The comespoading
hydromy-ester (300 mz, 1.5]1 mmal) was dissalved in a mixtare of acztonitrile (7.5 mL)
and toluense (30 mL) undsr argon. Trphenylphesphine (596 mz, 2.27 mmel), midazols
(154 mg, 2237 mmel) ad iodine (576 mg, 2.27 mmal) were added The mivfurs was
heated at $0°C for 10 min (TLC menttorning) bafore being cooled to room temiperature.
The misture was diheted with ethyl acetatz and washed with an agueons sammied
sodivm thiosulfate seluden. The orgamic laver was dred owver anbydrows Ma.50y and
concentrated under reduced pressure. The resulting crade was filsred throngh 2 shom
pad of silica gal (hexana'-BuOhie, 2:10 o afford 400 mg (86%) of the comespoanding

indo-dermratre 28,

Homocoupling reaciions

a. Camiyde Protecol with TP (1, 4, 5,8, @, 12 13, 16, 18, 20, 12, 24, 31, 35 A
mizfare of CpeTiTly (190 me, .74 mmal) acd Mo duwst (1620 me, 2924 mmel) io
thoronghly deoxygenated THE (30 mL) and undsr Ar atmosphere was stirred af of uofil
the red solutden tamed preen The comsspondine allylic halide (3 68 mmol} in strctly
deowyzenated THF {1 ml) was then added fo the CpsTill seluton. The reaction
mixfure was stimed for 15 min, quenched with 1 HCL exiracted with -BuObde,
washed with brine, dred over aphydrous Ma:50y and concenmared wnder reduced
pressure. The resulting cruwds was purified by cobume chromatagzmaphy oo silica gel to
afford the comesponding coupling products.

* Eate, T.; Hirzze, T.; Eoskderua, b, Theahara, T. Bl Chem Soc. Jpa. 1996, g9, 221-228,
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b. Canalyric Protocel with Zr'" (1, §, 8, 12, 20, 24, 31, 35) A mixmurs of CpsZrlls (452
me. 138 pumal) and Mo dast {2323 mz, 4220 mwae]) in deouygenated THE {2 ml) and
under Ar abmosphere was sdmed at . The comespending allylic bromide (528 mmal)
io sirictly deoxygenated THE (1 mL) was then added, (TLC mooitering). The reaction
mixture was quenched with 13 BCL exmaceed with --BulMe, washed with brine, drsd
aver anbfydrows Mas50, aed concenfrated under reduwced pressura. The resulting coadas
was punfisd by column chromatography oo silica gel to afford the comespending

coupling products.

Compounds 8: After subjecting perapyl bromids () o the camalytic procedurs
conditions (T apd Zr'™), the resuling crude was purified by column chromatography
(hexaoe-BaObie, 24:1% oo silica el to afford a vield of 538% (oo ey’ at a §4:30 rate)
and B2% {ma oy’ at a 81:19 ratio), respectively, of a mixiure of coupling products.
This mizture was subjected fo flash column chromatesaphy oo AgMOs {20%:)-51 zel
using hexane as aluent and fwe main fractions bemg obfained. the first containies the
oo’ coupling products as a meghare of (6E, 10E) and (62, LOE) isomers at a 4:1 rado and
the sacond containimg the oy coupling products as a mixtare of (6F) and {6 isemers
at a 14:1 ratio when Ti'™ was used o the pressrce of 0.3 equiv of Zr'" the oo coupling
products are presented as a miwnre of (4E, 10E) and (62 10E) isomers at a 50:]1 rato,
whilst isomenization SE/4L in the oy’ coupling products was oot ebserved. The flaction
confaining wmo'coupling products was re-subjected o colomo chromatography on
AgHOs (20%0-50 gel using hexane as elusnt to iselate the (6E 10E)-2.611,13-
tetramethylhexadeca-2 £.10, 14-tetraene (8a) isemer in a pure state” The faction
contxining ey coupling preducts was re-subjected to colunm chromatography an
AgHOs (20%0-50 pel wsing hezape as elusnt to dsolate the 1,6,9,13-emamethyl-0-
vinyleiradeca-2 5E, 1 2-imene (Bb): v (flm) 20454, 2024, 2853, 1637, 1440, 1375, 1103,
1001, 910 em™; &g (300 MHz: CDCly) 5 0.88 (3H, 5), 1.20-1.30 {2H. m), 151 (6H, 5).
1.52 (3H, ), 1.60 (6H. 5). 1.78-1.90 {2E. m). 1.92-2.08 (8H, m), 4.84 (1H. 44, J= 1.5,
175 Hz), 494 (1H, dd J= 15, 10.8 Hz), 5.00-5.14 3H, m), 3.70 {1H, dd, F = 10L&,
17.5 Hz) ppm; 5¢ (75 MHEz, CDClg) 163, 177, 17.8, 227, 23.0, 358, 26.7, 30.0, 3000,
401, 404, 1115, 121.0, 1245, 1252, 1310, 1313, 1344, 1473 ppm; EDMS (70 &v)

* Hosking, T.; Kremi, Y ; Eudo, I; Nekano, 5.; Obachi, 5. Ovp. Bhomol Chem. D, 3, 2650-265T
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mz (relative intemsity) 274 [M]" (1). 259 (1), 205 (3). 137 (8). 95 (12, 81 (30). 59
(100,

L.6-diphewyl-1,5-hexadiene (20a) acd 1.4-diphenvl-1.5-hexadiene (20b): Ciznamyl
bromide (190 was subiectad to the catalytic procedure conditions (Ti" and Zr'™) and the
resulticeg crude was purified by column chromategraphy on silica gel (hexane'--Bulbis,
21 to afford 85% {mo' oy oy at a 4540015 ratio) and 82% yield (oo’ wy” at a
283514 o). respectively, of a mixture of coupling prodwcts. The comesponding
mixtures were subjected to flash column chromatography oo AzNOy (20%:)-510 gal
(hexans/r-BuOle, 97:3), tvo main fractons being obtained, the first containing the aw’
couplicg product (1,5-dipkenyl-1.5-hexadiens) " (}0a) and the second containing the
ay” coapling product [1,3-dipheryl-1,5-hexadiens) (2007,

1.2-bis((15 5R)-6, 6-dimethvlbiciclo[d. 1.1 hept-2-en-2-iljethane  (24a):  Mymenyl
bromide (330 was subiectad to the catalytic procedure condittons (Ti" and Zr'™) and the
rasulitng crode was porified by colomn chromatseranhy oo silica gel (hacapa/--BuOhis,
20:1% to afford a 700 vield {me”, ay’ + 9y’ ata §1:30 ratio) and a 5% (oa’, oy + oy
at a 7030 ratio), respecovely, of 2 miztre of coupling products. The cemespeading
muixrures were suyjected to flash colunm chromatoeraphy on silica gel using hexane as
eluent 1o izolate 1. 2-5is(015, 2806, 6-dimethyvliciclo3. 1.1 jhepe-2-sn-2-ilethane (14a)”
When the secondary allvlic chlorids 25% was subjectsd to the catalytic procedurs
conditions (Ti ) and the resulting crude was purified by column chromatography on
silica el (hexapo't-BuOdde, 40:17, a 90%5 vield (mx', oy + v ata §1:30 mtio} of a
mizturs of coupling products 24 was obtzined. However when 285 was treated noder
catalvtic procedure conditions (Zr') the homocoupling products 24 were not formed

and the staning material was recovared imaltersd even after prolonged rsaction dmes.

Componnds 25: (R)-Perillyl bromide (34 was subjected to the cafalytc procedurs
conditions (Ti™ apd Zr'), and the resuldee cuwde was purified by column

chromatoeraphy on silica gel (hexane/t-BuOhe, 30:1) to afford a 77% yield (ow’, =y’ +

" Clive, O L. T; Amdarson, PO Moss, B Singh, A J g Chens. 108 47, 1641-1647.

" Criza, A Weansha A Tsuchiya, H.; Chera, T, Ferrahedeon 1989 55, 2EE5-289E.

¥ Fillia=w, C.; Villsnava, 1. 1; Pravot, T Ball Soc. Chiss France 1978 473473,

W Coenpeonind 15 wes chitzined fom sslective allyiic chlorinaSion of B-pizams in 2 77% yield &= ooly 5

1]
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yroat 3 54:44 rade) and a T3 (aa’. oy + oy At a 83:37 ratio], respectively, of a
miztare of coupling preducts. The comsspending mastures ware subjected to flash
columm chromatography on AgiCy (20%)-50 gel (hezape'r-Bulbis, 22:17, and two
fractions wers obtainad. the first confaming the oe’ coupling prodact 7.7 -bis((2R)-1,8-
p-menthadiene) (35a) and the second cootaiming the oy’ couplice preduct (<R)-7-
(AR AR-1{7) 8-p-menthadion-2-l)- 1 S-p-mepthadizne (350, Fipally, rBulle was
added and ' coupling product (35c) could be 1solated.

7.7 -bis{(4R)-18-p-menthadiene) (35a): [=]p + 75.9 (¢ 265, CHLCL): v (film) 3080,
2062, 2931, 2854, 1644, 1455, 1436, 1373, 886 cow''; &y (400 MHz CDCly) 1.48 (28,
ddd. J = 5.6, 11.3, 17.1 Hz), 1.75 (68, 5). 1.80-1.85 (3H, m), 1.87-2.15 (10H, m). 2.06
(4H, bs), 4.73 (4H. bs). 5.43 (2H. bs) ppm; & (100 MEz; CDCL) 209, 28.0, 280, 308,
361,413, 108.5, 1203, 137.6, 150.3 ppm; EIMS (70 eV} m/z (relative intensity) 270
(15), 227 (35). 187 (22). 150 (18). 145 (32). 134 (25). 119 (55), 105 (61), 93 (95), 91
(1000, 78 (73), 67 (42), 44 {43).

(4R-T-4{(2E AR)-1{7).8-p-menthadien-2-il}-1 8-p-menthadiene (A5b) [o)p = 535
0.85, CHyCly); v (Blm) 3069, 2064, 1020, 2854, 1644, 1438, 1374, 1259, 387, 206 cm';
G (400 MHz; CDCls) 1.30 (1K, ddd, J = 4.8, 123, 17.1 Hz), 1.37-1.50 (IH, m), 1.71
(3H, s}, 1.74 (3H, s}, 1.75-2.27 (11H, m), 2.55 (1H, m), 452 (IH, bs), £.54 (1H, bs),
4.56-4.76 (4H, m), 543 (1K, bs) ppm; & (100 MHEz; CDLL) 2009, 211, 280, 287,
300 311,331,350 389, 400 412 413, 1074, 108.5, 1085, 1224, 1358, 1302,
150.3, 152.0 pom; EIMS (70 eV) m'z (relatve intensity) 270 (100, 235 (B, 227 (400,
17 (200, 139 {12, 145 (185, 134 (T2, 118 (40, 107 {283, 83 (1000, 22 (95, 91 78, 70
(BI), 77 (93), 67 (98), 55 (B1).

1,2 bis({2R AR)-1(T),5-p-menthadiene) (35¢): [a]p + 39.1 {c 0.8, CHLCl v (Hlm)
3068, 2020, 2856, 1643, 1441, 1374, 587 con'"; &y {400 MEHz; CDCly) 1.28 (2H. 4dd, J
=47, 127, 172 Ha). 1.44 (3H, dt. J = 1.7, 13.0 Ha), 1.72 (6H, =), 1.80-1.90 (2H, m).
195 {3H, bd, J = 13.5 Hz), 2.10-2.30 {6H, m), 2.60 (34, bs), 4.55 (2H, bs), 4.63 (21,
bs), 4.70 (4EL =) ppm: Be (100 MHz; CDCly) 209, 311, 33.5, 34.0, 38.9, 42.4, 1083,
108.7, 150.1, 1305 ppm; EIMS {70 &V) m/z (relative intensity} [M- 43] 227 (3). 150
(B). 145 (9), 134 (25), 105 (32), 03 (48), 21 (100), 79 (78). 67 (83), 55 (48).

57
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1.7 -bis{1{R), 2 (R)dihydroxy-3-p-mentheno) {36y 7.7°-bis{(48)-1.5-p-menthadiane)
(35a) (283 mz, 1.06 mmol) was added to a seluten of AD-mixg (2968 mg) and
CHaS0:ME; (207 mg, 311 mmed} in -BulE-Hy0 1:1 ({0 mL) a1 0°C and stimed. Afier
T h May5s0y (3385 mz) was added fo the reaction mixture whilst keeping on stirming for
10 min aed 30 mip at it The -BuQOH was removed and extracted with EsQAc. The
orgamic phass was washed with MaDH 64 (3 = 100 mL) and brine, then dried over
anhrydrons MNax30y apd concemtmated under reduced pressure, the coade thus obtainad
being purifiad by column chromatagraphy en slica gel (-BuOhie) to give 36 (230 mp,
G550, [w]n + 996 (o 0.5, MeOH); » (flm) 3389, 3327, 1041, 2014, I854, 1442, 1441,
1261, 1141, 1062, 880, 749 cm™; &y (200 MHEz DM30) 1.10-1.65 {146H, m), 1.66 (6H,
5}, 1.20-1.90 (26 m), 3.20 QH. m)." 4.22 (2H, 4, J=45.7 Hz), 4.63 (1H, 5), 4.64 (2H. 5)
ppm G (D00 MHEz DMS00 2007, 257, 323, 335,353,432, 716, 729, 1084, 1495
ppra; HEFABMS calod for CaHaO0Na [M=Na]" 361.2355, found 361.2354.

E-onoceradiens (1) 10-bromo-2-dnmeps (29 was subjected to the catalyiic procedurs
conditions (Ti" apd Zr'™), and the resultcy crede was puoified by column
chromatography oo silica gel (hexane’+-BuOMe, 4:1) to afford 27% yvield apd 73%,

raspectively, of the homocoupling product 1.°

(25 4a5, 8aR)-5,5 -ethylene-bis[ - tere-butyldimethylzilyloxy)-1,1, 4a 6-tetramethyl-
1,234 4a 7 8 Ba~octabydronaphthalene] (31} Compeand 30 was subjected to the
catalytic procedurs conditions (Ti and Zr' ), and the resulting crade was purifisd by
colunn chromatography on silica gel Chexane/'r-BuOhe, 1:8) o aford 75% wizld and
5%, respectively, of the homocoupling product 31.°

Allyplie ehilorinasion gf I9-acetoxy-ens-kaur-16-eme (37 PhSeCl (21 mg, 010 mmal)
wirs dszalved i DCM (2 ml). To this selution was added 19-acetowy-ans-kaur-16-ena
(70 mig, 021 mmel) at rt. To this mixturs was added N-chlorosaccimimids (31 mg, 023
mmel} and siored for 3 h (TLC menitoring). The seluffon was coacentmated and
suspendad with diethyl ether. The orgamic layer was decaoted from the solid, washed
with HyO apd brine, dried over amhydrous MWay50y apd concentrated under reduced

" dd (=44, 11.0 Hr) when the *FE NMR spectrom was made = DRSO+ Dy0

L1
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pressure, Then, the resulting cruds was dissolved m DCM (3 ml), silica zel was added
and heated at reflux for 13 mie. The solvent was ramoved aed the crude was punfied by
columm chromategraphy oo silica gel (hexapa'r-Bulhe, 12:1) 1o afford 19-acetomy-17-
chlotg-eni-lsokaurzne (38a) topether with [8-acetony-15-chloro-ent-kaur-1 6-ane (280
(30 me, §5%) in variable proportions {from 1:4 to 1;10.
19-acetoxy-15-chloro-ens-kanr-16-ene (38a): « (film) 2032 2868, 1738, 14633, 1257,
1380, 1371, 1239, 1032 cm?; &y (200 MHz, CDCL) 0.86 (3K, =), 1.04 3H, ), 1.13-
192 {18H, m), 205 (3H =) 180 (1H, bs), 388 (I1H. 4 J=110Hz). 422 {1H. 4..J=
11.0 Hz), 436 (IH, bs). 515 {1H. bs), 5.22 {1H, bs) ppm; & {100 MHz; CDCL) 1B,
183, 185, 201, 21.2, 278, 330, 358 364, 37.2, 384, 31990 2046, 424, 483, 5
56.8,87.3, 739, 1110, 1573, 171.6 ppm.

Lhn
LN

Homacoupiing reccifon of 280 and 385

17 17 -bis{l $-acetozy-eni-isokanrens) (4); A mixtoe of CpaTiCh (37 me, 0.14 mmal)
and Mn dust (53 mg, 096 mmol) in stnctly deoxyeenated THF (1 mL) was stirred an
room temperamre vnil the red solutton turned green. Then 382 and 38b (46 mg, 0.12
mmnl} in srictly deoxygenated THF (I mL} ware added to the solution of CpsTiCL Tha
reaction mixtare was stmed for 3 min, quenched with 1M HCL, exmactsd with &
BuOMes, washed with bnne, dred over anhydrous WNa.50y and concenirated under
raduced pressurs. The rasulting crode was purified by column chromatography oo silica
zel (hexapa'-BuOMs, 30-1) to afford a §7% yield of the coupling product 4. [o)p - 41.0
(o 1.0, CHsClsy; w (flnd) 20248, 2865, 1739, 1436, 1371, 1238, 1031 ™, 5y (200 MHz;
CDCls) 094 (6H. 53 1.04 {6H. 5). 1.20-1.90 (36H. m), 2.04 (§H, 5). 2.20 {4H. 5). 239
(2H, bs), 3.87 (1H, d J=11.0 Hz), 422 2H, d, S = 11.0 Hz), 5.07 (2H, bs) ppm: 5¢
(100 MHz; CDCL) 183, 185,191, 187, 21,3, 25.8, 277, 281, 34.4, 37.3. 39.4, 40.1,
407,438, 440,490, 423 368, 474, 1343, 1470, 1705 ppm; HE. FABMS caled fox
CaaHlss 0 [+ Ma]* 6814859, found 681 4857

Sgualene (5): Irams, rons-famesyl bromide (390 was subjected fo the camalyiic
procedure condidors (Ti™ apd Zr'™), and the resulting crude was pamfisd by column
chromatopraphy (hexanet-BuOMea, 2:1) oo slica pel to afford a 63% yield
(mx (EE) o (EZay at a 6522:11 rate) and 4621% (x='-my” at a 8113 rmatio),

raspectively, of a mixture of coupling products. The me'couplicg products could ba

=0
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separated from the o’ coupling produwcts as a mixeare of (SEI0E14E18E) and
(GE. 10Z I4E 15E) by coluran chromatography an AgMOs (200:)-50 gal wsing hevane as
elusnt at a 3:1 matie, whilst the wy’ coupling products are presented as a mixhare of
ispmeers ata 101 ratio when Ti'™ is nsad. Fractions enriched with the major isomear wera
re-zubjected to colunm chromatography oo A0y (200651 g2l wimz hexane a5 elusm

to izolate £ In the presepce of 0.2 equiv of Zr'" isomerization E'Z was not observed.

FProcedure for radical eyelipafion reacdion of 10 and 110 A solotion of tmbatylin
hydride (228 mz, 076 mueel) and AIBN {7 me, 0.0< mmel) o dry, degassed benzens
(14 mL} was added dropwise (10 mL/k) to 2 selution of the bromide (10 er 11) {100
me, 035 mmol) o dry, dapassed beozenms (136 ml) heated to 80°C under an
atmnosphers of argon. After the addition fime plus an additicnal hour (TLC monitonng),
the cooled mixmre was evaporared under reduced pressure and the resides dizselved in
drathyl ether. Av agueous samurated EF solution (5 mLl) was added and the mixture
stirmed for 2 b oat . After filtration through celits, the biphasic filtrate was extracted with
deathyl ether The aquecus layer was extracied with disthyl ether after sepamiion. The
comiined organic extracts were concenirated under reduced pressure and the coads was
purified by column chromatepraphy (pemoleum ether'disthyl ether, 20:1) on zilica el to
afford 50 mg (72%) of the cyclized compound methyl 1-p-menthen-O-gate (14)." 5y
(400 MEz: CDCL) 112 GH. 4, J= 7.0 Hz). 1.38 (3H. =), 1.50-2.40 {ZH. m). 3.465 (3H.
sh 53.30-540 (1E. m) ppm; {only distntive sigoals) & 1.14 (3H, d, J= 7.0 Hz), 3.5
(3H, 5] ppm; EIMS (70 eV m/'z {relative intensity’) 152 [M7] (33, 150 (15), 95 {47). 94
(811, 88 (1007, 79 (73), 67 (400, HE. EIMS calcd for Oy Hx0s [M]" 182.1307, found
1821311.

“Ha H.; Cad, ¥V S M Comke, H. S Apric, Food Ches. D02, S0, 388-372
¥ Zuth, FH Mele Clied Adcra 1P9E, 79, 1555-1571.
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Supporting Information

Couplings of Benzylic Halides Mediated by Titanocene Chloride:

Symthesiz of Bibenzyl Derivatives

Depariment off Crganic Chemistry, Insrirute of Biotechnalegy, Universiy of Granada,
Avda. Fuentenuewa, I807] Granads, Spain
Labaratedre de Chimie Biporganigue & Analytigue. Universind Hassan IL 8. P 146-

20450 Mohgmmedia Moracca

Table of contents

General Dretatls: 52

Experimental procedares and spectroscopical dafa: 533-5135.
'H apd "C WMER spectra of 5 516
'H apd "C WMR spectra of 7- 517
'H apd "C WMR spectra of @ 518
'H ard "'C NMER. spectra of 11: 512
'H apd "'C WMR specira of 2a: 510
'H apd "'C NME. spectra of 4a: 521
'H apd "C ¥NME specira of fa: 512
'H apd "C WMR specira of Ba: 513
'H apd "C MR spectra of 10a; 524
'H apd "C NME specira of 12a: 525

'H apd "C XNME spectra of 10b: 526
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'H ard "'C NMER. spectra of 13: 527
'H apd "C WMR spectta of 14: 518
'H apd "0 NME spectra of 15: 522
'H apd "C NME specira of 16: 530
'H apd MC WMR spectta of 17: 531
'H apd "C NMER spectra of 20; 532
'H apd "C NME spectra of 24: 533

'H and "'C WME. spectra of 21: 534

Ceneral Details

All air- and water-senzitive reactions wers performed in flasks flame-dried mmder a
positive flow of argon and coodacted upder ap argon atmospherz. Temahydrofuran
(TEF) was feshly distilled immediately prior to use from sodinmbenzophenons and
thoronghly deowygepated for 30 min vnder argen for each of the CpTiCl/Mn
raactions. The rest of the selvents nsed were punfied according to sfndard litemurs
techpiques apd stored undar argon. Apalytcal TLC was performed oo layers of silica
zel 0.25 mom thick, using a 7% phosphomelybdic acid selutden (EfOH) fo visnalize the

spots. Silica gal {35-T0 pm) was wsad for column chromategraphy.
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Experimental procedures

eneral procedure for bromination reaction of benzyvlic aleohols

OH Br
CBry, PhyP
Sele I
R

CBry (2.0 mmol) and PhsP (2.0 mamol) at 0°C under an Ar atmosphers were added o 2

stimed solution of benzylic alcaboel (1.0 mmel) in 7 ml of bepraps. The solution was
stimmed at the sames temperatare for I h {TLC monitoring), and bexane (10 ml) was then
added. The reaction musture was fltered to remove aoy iipheoylphosphine oxide. The
filrate was concenirated undsr reduced pressure and the resultine crods pumfied by
columm chromatezraphy oo silica gel o afford the comesponding benzylic bromo-
dervatva (5, 7. 9 and 117

Benzyl bromide (1a): Commercially avatlabls.

Benzyl chloride (1b): Commercially available

I-{Bromometbyljnaphthalene (3): Commercially available.

4-Meathozybenzyl bromide (2): According to the gensml procedure dascribed abowve,
the resulting cmde was purified by column chromatography Chewans/r-BuQbe, 3-1) on

silica gel to afford 95% of 5 as a yallowish il

! Bondaba=, O R ; Janz, B Sur. S Org. Chem, DS, 755-T58.

53
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Okl

5
Methy]l 4d-(bromometbyl)benzoate (7): According to the peneml procedurs for the
bropmation of benzylic alcohols, the resulting crude was pomfisd by celumn
chromatopraphy (hexaps'-BulMe, 2:1) on silica zel to afford ©2% of T a5 a white
solid. Mp 47 - 48 °C_ Lr* 47 -48°C

Br

e

T
3 4-Dimethozybenzyl bromide (9 Accordnz o the general proceduze, the resuliing
crude was pumifisd by columa chremategraphy (hexapa's-Bulhie, 2-1) oo silica gal o
afford 24% of 9" as a vellowish solid Mp 46 - £28°C, 1it. ™ 27 - 50 °C.

Br

Cie
3

345 Trimethozybenzyl bromide (11): Accerdicz o the peneml procedure, the
ragultieg crede was purified by column chromatography (hexama'r-BuOhfe, 117 on

silica gel to afford 00% of 11** as a white solid. Mp 74 - 75 °C_ Lr.** 71 - 73 °C.

* Schaper, K ; Abdallah Madani Moherekek 5 ; Coeee, T, Hue £ (g, Ol 2002, 1037-1(H4.

() Yadaw, I 5. Kumes Miskra, B Teroledvon Can 2002, 43, 54193422, (0] TezSeiok, B E.
Hemrovyol Chess. 1981, 78, 821-B24

=4
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Br

K e
Okte

Ll

eneral procedure for catalytic homocoupling reaction of benzylic

bromides mediated by TiIII)

B

ﬁ 0.2 exquiv THIIN)

A minmare of CpaTiCh (180 mg, 0.74 mmeol) apd Mo dust (1620 mg. 22 42 mmel) in
ihoroughly deexygenated THE (30 ml) was stizred under an Ar atmosphere at room
temperature untl the red solodon tooed green. The comespoading Senzylic bromida
(3.68 mmal) in smictly depxypenated THE (1 ml, Cy= 007 M) was then added to the
Cp.TiCl solution (TLC monitoring). Then, THE was removed and the reaction was
quenched with 1% HCL exmacted with ~3a0be, washed with brine, dried over
anbrydrons Wa,50, and conceptrated under reduced pressure The resulting crade was
purified by colme chromatography on stlica gel to afford the corrzipording coupling
products (2a, 4a, §a, 8a, 10a and 12a). The samme procedurs was followed when the

molar concentraton was 0.8

* (2} Kong, Y.; Grembeckn, Y. Edler, M. C; Hazmwl, E.; Mooberry, 5 L Sabat, M Riegar, I, Brown,
ML Ches & Sied, 1002, 72, I00T-1004. () Chia A: Tezomure, Y Sawaki, I Sata, K Akiika, B
Teute, M ; Shomereki, b Meresocpeler 1991, 32 5634571
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1.1-Dviphenyvlethane {Fa): According fo the peneral procedurs described abowe, the
resultog crads was purified by columo chromatography (hesane-BulMe, 10:1) on
silica gel to afford 73% of 2a™ as 2 white solid Mp 30 - 51 *C (methaned), L. ™* 50 -

53°C.

1.1-Bis(paphivl}ethane {4a): According 1o the geperal procedure, the resulting coade
wis purified by column chromatagraphy hexans r-BuQbe, 10017 on silica gal to afford

80% of 4a° 25 a white solid. Mp 130 - 18] °C (ethanol’ethy] acetare), 15t® 185 - 184 T,

1.2-bis{4-methoxvphenyljethane (fa): According to the general procedure. the
resultog crades was purified by columo chromatography (hesane-BulMe, 20°17 on

silica zel to afford 77% of 6a’ a5 2 white solid. Mp 123 - 123 °C (ethapal), lit" 125 -

e

Mel &a

! {2} Yenlong, ().; Guisheeg, L.; Fuang, Y. 7 Drpamosar, Ohass 1990, 58§, 28-34 (6] Mc ey, 1LE.;
Sibveemn, M. L Orp Claee. 1975, 40, 2667-2688, (c) Profitr, 1 A, Oog, H. H L Org Chem, 1978, 44,
31571-3874.

* Tmaba % Matnumato, H ; Riske, B D0 Qv Chem, 1984, a0, 2083-2098

' Kr-Bong, O.; Soo-Haee, B Tedkwang, L. Woe-Tea, T Tasho, L; Sanghes. B J. St Chem. 2004,
&7, 2416-2421.

1]
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1.2-bis{4-methoxvcarbonylphenyliethane (8a) According to the general proecedurs,
iha resuliing crude was purified by column chromatezmphy (hexane/t-BulMe, 10:1) an
silica gal to afford 72% of 8a™ as 2 vellow solid Mp 117 - 118 °C, 1™ 1185 - 1183

Lo

CoCke

MeCoC fa

1.2-bis{3 A-dimethoxyphenyljethane (10a) According to the geperal procedurs, the

resulticeg cwde was purifisd by column chromatography (hexape-BuOhe, 3:17 on

silica zel o afford 74% of 102™ as a white solid Mp 108 - 111 °C, L™ 1105 - 111 °C.
Chis

Iz

Me

1.2-biz{3 4 5-trimethoxyphenyljethane (12a); According o the general procedare, the
resultice crede was puartfisd by column chromatosraphy (hevanss-BuOhe, 3:17 an
silica gel 1o afford 70% of 12a™ as a white solid. Mp 137 - 138 °C (ethanol), 1it.~ 138 -

138°C,

" (@) Suh Y Les, I Eim, 5.; Riske, B D J. Oirganoeser. Cham 2003, 684, 20-36. (b) Salletire, I L.;
Splezen, E. & Spsik, Convwesr. 1986, J8, 375-584.

¥ {2) Prmoock, T A Wedga, BL T 0 e Ol 199, 50, 53E7-5505. (1) Bde, B Acommi, 5. Kibayashd,
G4 Chem, Soe., Paviin Trans 12 Org. & Blo-Clrp. Cleem, 1977, 120-122.

™ Dwakiume, T, Mererocpeles 1981, 15, 1I13-1118.
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ke
Ohde

MeC s

Mels 128
CiMe

Procedure for the reaction of benzylic bromides with Ti(III) in the presence of
proton domors

A mixture of Cp.TiCly (249 mg, 1.0 mmol) and Mz dost (420 mz. 2.0 mmael) in
ihoroughly deexygenated THE {15 ml) was stizred under an Ar atmosphere at room
temperatire untl the red solution fumed gresn Benzyl bromride (1a) {10 mmal) and
1 2-cyclphexadiens (400 mg, 5.0 mmel) ar ~BaSH (451 mg 5.0 mmel) wers then
added o the CpsTiCl solution and the reaction mixtare was stimed for 20 mm (TLC
mopaiforing). Then, THE was filtersd through a pad of silica gel and the resultng crda
was proven fo contain by MME mainly foluers together with minor quantities of 1,2-
diphemylethans. Yields were caloulatsd by combining HNME intezrals and the quantities
of bibenzyl (2a) obtained after silica g2l chromateerapby of the reaction coads,

The same procedure was followed when 3,4-dimetheuybenzy! bromide (97 was nsed as
starting material. In this case the corresponding reduction product 10b'' (83%) together
with a 15% vield of 10a were isplated after vsual werk uwp aod column chromatography

(petralenm ather/diethy] ether, 20017

Okde
ke
10y

" Japmsem, Bo H A B Wigksms, P Bk, ©; Bussels, H. W. A Manickms, ., Theezs I G
Flyenchemistry 1900, 29, 3331-3330.

s
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zeneral procedure for cross-coupling reaction mediated by Ti(TIT)

R
Br
,.Jli iH
Ri" "H
L N L

A mintre of CpeTiCh (333 mez, 130 mmal) and Mo dust (372 mg, 1040 mmol) in
ihoroughly deexygenated THE (18 ml) was stizred upnder an Ar atmosphere at room
temperatire uniil the red solution tumed preen. Then, the comesponding benzylic
bromide (130 mmol, 1.0 egaiv) acd the comespending aldehyde (280 mmed, 2.0 equiv)
were added sipmlmpeeusly o the CpaTiCl solution (TLO monitonng). THE was
ramoved and the reaction mixture was guenched with [N HCL extracted with --BuOlis,
washad with brins, doed owver achydrous Maz:30y and concentated upder reduced
pressure. The resulfing couds was purified by column chromatozmaphy oo silica gal to
afford the corresponding alcobkelz (13, 14, 15, 16 and 17 In some cases munoes
quantites of homecpaplicg products were obiamed Plaaze, see Table 2 in the articla
ody.

1.I-Dviphenyvlethano] (13): According to the general procedurs describad above, the
rasnlticg crade was purifisd by column chromatography (hewane-BulMe, 10:1) an
silica gl wo affard 57% of 13" as a yellowizh solid, mp §5 - 86 °C (hexans), Lin" 64 -

63 *C, together with a 13% yield of the homocoupling product 1,2-diphenylathane (2a).

2

13

* R, & Riskie, B D20 g, Chenr, 2000, 8, 2322-2330.

=0
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Following the general proczdurs but wsipz 2.0 squiv of TiIID (904 mz, 4.0 numol),
raaction of benzy! bromide (la) (342 mp. 2.0 pamel) with benzaldabyds (424 mg, 4.0
mminl} afforded afier wsoal work up and cehmp chromatography (hexane'r-BulQhe,

10:17 2 35% vield of 13 (140 me) and a 24%: yiald of 2a (43 mz).

I-{4-Methoxyphenyl)-1-phenylethanol (14); Accerdicg to the zepsmal procedurs, the
resuliicg crede was punfied by column chromatography (hexaps'r-BaOhe, 317 on
silica zel to afford 50% of 14" as a vellow solid. mp &0 - 61 °C, lit."* &2 °C, together
with a [5% yield of the homeooupling product 1.2-bis(4-methoxyphenyllethans (6a)

and a 19%; vield of 17,

oH
14

Ie

1-(3 4-Dimethozyphenyl)-1-phenylethano] {15); Accordicg to the gensral precedurs,
ihe resuldng crade was purified by cobumn chromatopraphy Chexaoe/'r-BaOhe, 5-1) oo
stlica pel to afford 3824 of the alcabol 15 as a yvellow ofl together with a 202 yiald of 17
a5 a yellow oll. Compound 15: IF. (flm) 3283, I8335, 1834, 1380, 1515, 1452, 1418,
1262, 12346, 1135, 1139, 1028, 782, 700 coo®; "H WME. (400 MHz; CDCly) 5 2.85 (1H.
dd, =78, 137 Hz). 3.01 (1K, 4d. F= 3.1, 13.7 Hz). 3.81 (3H, =), 3.87 (3H, 5). 288
(1H, dd. J= 5.1, 7.9 Hz), §.63 {1H. d, J=1.7 Hz). .77 {1H, dd. J=1.7, &1 Hz), 582
(1H, d J=8.1 Hz), 7.20-7.40 (3H, m); “'C NMER (100 MHz; CD{Cls) 645.7, 5.8, 360,
TE4, 10L.Y, 1TAT, 1216, 126.0 (2C), 127.7, 1285 (2C). 130.3, 1438, 1473, 1429, HE

FABMS caled for CpHpi0yMa [M+Na] 2811153, found 281.11350.

Y Noyos, D0 5 Hazmar, I B Bliles, F B 5 dee Ches Soc, 1965, 90, 37594-3728
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paa 15

(&-Methylenecyclopent-2-enyl){phenyljmethawel (17): IZ (fm) 3218, 3081, 3030,
2882, 1655, 1514, 1453, 1243, 1033, 892 cm™; "H NME. (400 MHz; CDCly) 5 2.40 (1H,
bsh, 298 {1H, m), 3.06 (1H, m), 348 {1H. &, J=T4 Hz}, 447 (IH. 4. J=74Hz), 508
(1H, bsl. 5.14 {1H. bs), 544 (1H, 44, J=23 4.0 Hz), 5.85 (IH. bd, J= 6.0 Hz). 7.25-
737 (5H, m); "'C NMR. (100 MHz CDChL) & 39.0, 58.2, 76.6, 110.1, 1259 (20, 127 6.

1283 {2C), 1312, 1317, 1424, 140.9; HR FABMS caled for CypHOlNa [M+Ma]'

oH
B0

17

20804235, found 200 094513,

13 4-Dimethozyphenyl)-1-[{ 4E)-4-{1-meth¥lethenyljcrclobex-1-enyl)| efthanal {146)
According te the general procedurs, the resulting crads was purified by celumn
chromatopraphy (hexana/s-BuOMe, 5:1) on silica gel to afford 60%: of 16 (white solid)
a3 a mixfure of diasterecisomers at a 3:1 rate. IR (film} 3500, 3078, 2019, 28335, 14643,
1580, 1515, 1463, 1262, 1234, 1156, 1141, 1029, 887, 205 cu’; HR. FABMS calcd for
CysElas 0y Na [M+Na]" 3251770, found 325.1771.

Major diasterecisomer: 'H NME. (400 MHz; CDCL) & 1.43-1.63 (1H, m), 1.75 (3H, 5},
1.85-2.35 {TH. m}, 2.74 (IH. dd, J= 8.4, 13.5 Hz), 2.82 (1H, dd. J=4.4, 13.5 Hz), 3.88
(3H, 51, 380 (3H. 5} 420 (1H. dd, F=44, B4 Hz), 4.62-4.75 {2H, m), 3.71 {1H, bs),

6.74-6.20 (2H, m), .83 {1H, d, J= 8.0 Hz); "C NMR (100 MHz; CDCL,) & 20.8, 24.4,
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27.7, 3008, £1.4, 418, 55.0, 36.0, 76.9, 108.7, 111.3, 112.5, 121.3, 1223, 1232, 1311,
1302, 14771429, 1488

Minor diastereoizomer: 'H WME (400 MHz; CDCL) (only distincrive sigrals) & 2.71
(1H, dd. J= 8.6, 13.5 Hz), "C WME (100 MHz; CDCls) only distinctive siznals) &
20.9,250,27.6, 305,413,420, 77.0, 112.4, 120 4, 13008, 1388, 140.9,

A

hae oH

iz 18

Procedure for cross-coupling reaction catalyzed by Tu(IIT)

A mixmre of CpsTiCL (100 mz, §4 mmel} and Mo dust (530 me, 160 mmel} in
thoroughly deoxygenated THE (28 ml) was stimred under an Ar atmoesphere at ropm
temnperatire vntil the red solotion furped gresn. Then, beeraldelyde (224 me 4.0
mmel}, berzy] bromide (la) (342 mg, 2.0 nmmael), 24, 6-collidipe (1627 me, 4.0 mmal)
and Mes5iC1 (870 me, 8.0 mmol) were added to the CpeTICH apd the reaction mixmnre
was stirred for 3 b (TLC monttoring). TEF was removed and the reaction mixtare was
dissolved in +-~BulMs (200 mL), quenched with 1 HCl and stimmed for | k. Thea, tha
orgamic layver was washed with bripe, dred ower anbydrows Ma.50, and concanimied
under reduced pressure. The resultmz crude was purified by column chromatography

(hexape’-BaObie, 10:1) on silica gel to afford 13 {150 mz, 38%) and 2a {10 me. 3%
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Feneral procedure for catalytic homocoupling reaction of benzylic

gem-dibalides mediated by Ti(TIT)

L |

H@ 0.2 equiv TN

K=l
Ko=Gr

A mixoore of Cp.TiCl, (61 mg. 0.24 mmel) and Mn dust (528 me, 960 mmel) in
thoroughly deowyzenated THE (2 ml) was stmed under an Ar aimosphere at rosm
temperatme uniil the r2d solodon tumed gresn The comespoading beazylic gem-
dihalide (1.2 mmol) io siccty decsygenated THF (1 ml) was then added do the
CpsTiCl solution (TLC monitering). Then, THE was removed aed the reaction was
quenched with 13 HCL ewmacted with ~Bulbe washed with brins, dried owar
antrydrons Maa50y and concentrated under reduced pressare. The resulting coodz was
purified by column chromatozraphy oo silica gel to afford the comesponding stilbape-
derivatves {20, 21).

e -Dibromotoluens (18): Commercially avatlabls,

o e -Dichlorotolmens (19): Commercially availabls.

Trans-sitlbene (20): Accordice wo the genenl procedure descrbed above, the resuling
crude was purifisd by colume chromatography using hevame a3 sluept on silica gal to

afford 74% of 20™ a3 a white solid. Mp 120 - 121 °C (ethanal), §t™ 124 - 125 °C.
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Svuthesis of 3,375,585 -tetramethoxystilbene (21)

Bz Cide
Ho CHmbMHy Bl BT
.y g
[ W Bl Chim (1 Ohie /é
23 = ] W=D e
3|

1-(3 5-Dimethorybenzvlidene)bvdrazine (23): Finely powdered molecular sisves 24
(2 g) were placed m a flask undsr argon amesphere. MeOH (3 ml) and bydrazips
hydrate (160 me. 5 0 vumal) were added succsssively. After 20 mip, a methanal salution
(5 mL) of 3. 5-dimethoxybenzaldehyda (22} (322 mgz, 1.0 mmel) was added dropwise to
the reacton mixmre for 5 min at room temperature (TLC monitonng). Then, molecular
stevas were filteted off and washed with -BulMe. The solvent was concenmrated undar
reduced pressure at (°C 1o obtain 310 mz of 23, Compound 23 was directly used in the
following reaction without purification.

1-{Dibromomethyl)-3 5-dimethorvbenzene (14) Copper(Il} bromade (570 me, 3.0
mmiel} was dizsolved in M20H (6 mL) undsr argon amospherz. Then Bt (015 ml)
was addad apd the mixtare was stimmed for 20 min af room femperature. Then, [-(3,3-
dmsthawybenzylidenehydrazine (23] (180 me, 1.0 mmaol) was added dropwize m 3 mL
of MeOH for 5 min af 0°C (TLC monttoring). After being stimed for 5 min, the reaction
was quenched by addition of 3.5% WHy agueons solotion, exmacted with r-BulMe,

wiaashed with brine, dmed ower anhydrous Map30, and concentrated under reduced
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pressure o afford 24 as a yellow od. IR (flm) Y8481, 29346, 1838 1584, 1440, 1417,
1349, 1323, 1298, 1203, 1138, 1064, 697 con™; '"H MME. (300 MHz; CDCly) 5 3.73 (6H.
s}, §.31 (1H, t, J=22 Hz), 6.48 (1H, 5). 6462 (2H. 4, J= 1.2 Hz); "C NMR (75 MHz:
CDClsy & 410 356 (2C), 1019, 1048 (200, 143.8, 160.7 (2C): HE. EIMS caled for
CaH0:Brs [M]" 307.0047, foumd 307 8048

Br,_.5r

HEOKH::::LEIME

24

338 5 tetramethoxystilbene (21): According to the general procedure described for
the bhomocouplmeg of benzylic sem-dibalides. the resulting code was purfied by
columm chromasesraphy vsing hexane as aluent or silica gel to afford 72% of 21" as 2
colorless solid Mp 129 - 130 °C, it " 130 - 132 °C; "H NME. (300 MHz: CDCly) 5 3.73
{12E, 5), 633 (1H, , J=1.3 Hz), §.60 (4K, 4, J= 23 Ez). §.94 2H, 53 "C NMR (75
WHz; COCls) & 55.5, 10003, 1048, 129.3, 1383, 161.1.

We

ke
Okde

21
Ohlz

W Murias, bi; Hazdlar, ; Erkar, T.; Ploban, K Ecker, & Saiko, P.; Szekeares, T Tager, W. Sicorg.

Mod, Ul 2004, 12, 3571-3578.

e
._.
Ly

273



Horacio R. Diéguez
TESIS DOCTORAL

—
-
-t

=

il |
. u
- L] e B [} vy Fi] e ap 131
T T g
W= = S
I\ "
Wy =
- I
i E I L ¥E0 ¥ 2K []
£ sgr iz e 2 is *
k4 Y W ¥ |
|
1 | |
| I - )
P—— R = = O ————

274

516

Anexos



Anexos

Horacio R. Diéguez
TESIS DOCTORAL

t -
ki i i E
£ : &
1 il E E
| |
i | .
Rl ||
SO0k e
T
1
i
| .
T :
| N TN e am an | ] N.E [ 4.2 1.0 s
| j i
i H H s
B
i B B
!’.‘ = -]
E = EET Y 1
) LL} 1 ] H
i M J
!
: |
£
=
_— -
.............. . = e —
(] Ll NS LiE a1k e 1= o [ -] [ 1] L] [~ a3 L -] )

517

275



Horacio R. Diéguez Anexos
TESIS DOCTORAL

Br

1.4 .0 LX) [ i L= [N LM | o=
I
B r )
HEd i =
| b T ]
| 15 T £
|l \
| ‘
=2 H H £ Te] e 5
is 1 ] EH EES i H
] Ll 1
] LA 1 W |
i | i ¥ §

Bk T T i3 T1] L] "

518

276



Anexos Horacio R. Diéguez

TESIS DOCTORAL
FiI=—
F ar i H
i 5
i 1
i |
1
1
1
i TN
'I'Il r.n l:l L AL | & ] o II'EI . irl_ l:l I.rl-__
] 1
K § H
= g2 s 5
£ § 2 A

| s i i) T ] L
H 13 H EEE | H
1 LI
1 L14
i I | ¥
i
[ | |
[ | L
_____________ S — . ki ik n
ET ) LIE L= LIm 51 ] (L] = L] e L L i o

519

277



Horacio R. Diéguez
TESIS DOCTORAL

i

=

S\
!

Anexos

HEE -

s ™ B o wr na Lk i ik 18 iE i -
N E3-1] -
ﬁ Aindege il 1T L]
PR £23
a=
|
TE i E
i ER L
W
|
[ " " " P BT & R '] !

520

278



Anexos Horacio R. Diéguez
TESIS DOCTORAL

Fi=-

=
)
i '
- i
|
I J
R — T : :
[ K] a3 f.8 (] NE [N [ i.n (] i N8 %
|
|
W F o
=gy 1
B
E E
T
§ LEReLEuEE T S
E ERARIGARTE EFsd L] ]
b }
i
I
L1l | |
—_— -

521

279



Horacio R. Diéguez
TESIS DOCTORAL

n mslaB P HE = ]
=FT B i 5
L | 5
1 r r
1
[ |
B J_l ) . B f
1111 N ||
; E @ g 1
e T e 11 o an " 4 u
3 : & s
-ﬁ'fl-.rnﬂ E i ] 5
T i
P = |
. |
| |
] I3 ] ] 1] ] i
l ER = -1 ] [ ] =
| R |
L
| |
|
1 e |
= e ik m ik & =

280

522

Anexos



Anexos Horacio R. Diéguez
TESIS DOCTORAL

Ei i H 8
i EED :
i i

1 i1

] ] |
H : Lo
| |
3 z RRNE LTEL] Eoon
] E: £kl o § & a
= = e FEEE H
II [}
i &
[
] | | I
T T
Ll (LL] afw Leq [E ] 1] ] uuk (L] L] L] in L] E an -

523

281



Horacio R. Diéguez Anexos
TESIS DOCTORAL

!

e
[

e
a
—iil

B
-
.
T W
w™

N
|

. g ¥ [ -1 | =R LE] E ¥
2 !-.u. 1 ! ::E :'Tr =3 ] T

I: | ':'! b Y |

it A

i ' |

Lo |

| [

] ! |

[l ) ! .

——m— e

524

282



Anexos

Horacio R. Diéguez
TESIS DOCTORAL

#u—-—-—m
4+ Eryeann
e
= a "
|
]
— B N - i S
[ il o
. | ¥
1 L F =]
= BN i 5 nE F] i i 1R 1 s
§ it ]
— 3 i s
1
|
.“"""I
E g£E -] INE | - ] ]
L zE £ REF uoe LI
[ F ]
1 r
|
|
[ ]
. |
T — ——p g T

525

283



Horacio R. Diéguez
TESIS DOCTORAL

N[
i!? il

W
—— 1
—

Okde
ke
10y

] I‘;‘. e S _..-l._- l._.__i._._._-.. e --J_ 5
i o X b

S B e e S =
- ] I [ 1 | :- N
p : Wl i T E

ot
] ! T a *r n
dy Lyperdy ]

. if k x  E L L 1k
= EE :! E -¥-1 EE® | | aE BE =
W] i 1 g ]
| 1r
| I H
|
|
| |
|
| I
|
L '
]
1 | | J _L
(o —— — s e ::: = .—'—rl-l' T —'—'—'—|:-|-—\. ¥ |-'—|-“ —rTT _;-—- T —|}—'

526

284

Anexos



Anexos Horacio R. Diéguez
TESIS DOCTORAL

o
it

'l

L
i

AEpdENkE
- FRidakaE

13

]
-]
=]
-

BakREE § '
&I‘:m RREEEE e :
P "‘-| i
=
B pEgess THES :
EEEFT ¥

i

285



Horacio R. Diéguez
TESIS DOCTORAL

286

=i i T

12

.

=
! E
1
-

| I‘E).'
o - — T
i i 1 ¥
E r L} L]
SpEQ £ E ]
EELE ¥ L =]
l‘. i
v .
. [
el | H
T R THE s T
528

Anexos



Anexos

it

15

Horacio R. Diéguez
TESIS DOCTORAL

i 1 Id\:' ‘
N ; i %
= i "N e n nE e A N
I EE ¥ il E
b iy g M " " ¥
—— 1| I F i
T (| ' {
" | |
mﬁl‘-“i J o o
|
|
Ik & FREGEERAS = §az¥a 3] E
b g3 3 afdEsEdce 5§ wr e T
W] L W 1
1 | S Y
| i
.
1 b I
Il I | i [
1 | .
[ |
L. L I L |,
[ A AT T = % [ IR S T P T

528

287



Horacio R. Diéguez Anexos
TESIS DOCTORAL

Jr__{;k.,' .l-_«'l"i

’ §2ak 2@ If BFEE Rl Ti3gL EE  d2%7 abIERAEL
1 FEEY X3 =k SEHEx ShHoA 44§} RE errs dEETREER
. T T TTT T 1 i I
4 W b
1
|
|

530

288



Anexos

. g *
el bR 1]
Lifl | 1l

1T

. TEET] B
hgeerd HEREE £

i
-
m
™
B
E

T

Horacio R. Diéguez
TESIS DOCTORAL

-4l 18

R ——
i
= i !
- = 1
1
|
TEd§ 2 i
eexd .} B
1
iy g — 11
= i

289



Horacio R. Diéguez
TESIS DOCTORAL

i

ﬁm

B
min
b b
-

Anexos

=

— : : : - il
¥
W= 243
S = !
[ ]
3 [ Vg TiE
z EEE e
| ||-'
I.
i
]
1
— 11 k
i T L A A A T D .

532

290



Anexos Horacio R. Diéguez
TESIS DOCTORAL

e
T

I — . e
LE] [N LR [ e s LE] an uu [N (N T 4 o
Hi
. 11 K
ix £4 4
|

E g Eik T, B
- - b T =
§ x £ TE¥ ] [
T kg
i i
i I | "
- e HL -] 13 1an (&L = [ - bl 48 = L -] k] i =

533

201



Horacio R. Diéguez Anexos
TESIS DOCTORAL

L=

ke
=l L]

Me |
Okl

L
f

am §.a N ain .0 1. - s =2 .

In
xmT |
=

e
wi M
wo. -
]

5 F E 2
£ gt b :

1 i

1

L
|

[l

I | 5 ]
'..-c- Ill ETS o I..II am ;L] L] - ] L] a ta =

534

292



ANEXO 3

Supporting Information Articulo 3







Anexos Horacio R. Diéguez
TESIS DOCTORAL

Supporting information

For
Control of the regio- and diastereoselectivity on the
radical cyclization of acyclic epoxypolyprenoids to
cyclopentane derivatives

Jesus F. Arteaga*, Horacio R. Diéguez, José A. G. Delgado, José F. Quilez del Moral,
and Alejandro F. Barrerox

Experimental

General details. All air- and water-sensitive reactions were performed in flaks flame-
dried under a positive flow of argon and conducted under an argon atmosphere. The
solvents used were purified according to standard literature techniques and stored under
argon. Tetrahydrofuran (THF) was freshly distilled immediately prior to use from

sodium/benzophenone.

EXPERIMENTAL PROCEDURES

Synthesis of precursors, epoxy-polyprenes derivatives.

N N A
N — Q. — Q.
A A
— — +
AN
A

1. Synthesis of 3.

* J: F: Arteaga. Tel.: +34-958-243318; fax: +34-958-243318; e-mail: jesus.fernandez@diqg.uhu.es
* A: F: Barrero Tel.: +34-958-243318; fax: +34-958-243318; e-mail: afbarre@ugr.es
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1.1 Allylic Chlorination of Farnesyl Acetate (1).** Phenyl-selenenyl chloride (209
mg, 1.09 mmol) was dissolved in DCM (35 mL). To this solution was added I (2890
mg, 10.95 mmol) and N-chlorosuccinimide (1602 mg, 12.04 mmol), and stirred at rt
(TLC monitoring). The solution was concentrated after 70 min and then suspended with
diethyl ether (15 mL). The organic layer was decanted from the solid, washed with H,O
and brine, dried over anhydrous Na,SO,, and concentrated under reduced pressure. The
resulting crude was purified by column chromatography (Hexane/t-BuOMe, 5:1) on
silica gel to afford 2382 mg of 11 (7.99 mmol, 73%).

I1, '"H NMR (CDCls, 400 MHz): & 5.34 (1H, t, J=7.1 Hz), 5.13 (1H, t, J=7.0 Hz), 4.99
(1H, bs), 4.90 (1H, t, J=1.4 Hz), 4.59 (2H, d, J=7.1 Hz), 4.34 (1H, t, J=7.1 Hz), 2.06
(3H, s), 2.15-1.83 (8H, m), 1.81 (3H, s), 1.71 (3H, s), 1.60 (3H, s) ppm; *C NMR
(CDCl3, 100 MHz): 6 171.2, 144.4, 142.1, 133.9, 124.9, 118.5, 114.2, 66.3, 61.4, 39.4,
36.6, 34.8, 26.2, 21.1, 17.0, 16.5, 16.0 ppm.

1.2. Hydrolysis of 11."% 11 was first dissolved in acetone (160 mL) and subsequently
H,O (80 mL), 2,4,6-collidine (3.96 mL, 30.04 mmol), and AgBF, (3827 mg, 22.53
mmol) were added, and the resulting mixture refluxed at 60-70 °C for 1 h (TLC
monitoring). Acetone was then removed under reduced pressure and the residue
extracted with EtOAc (3x20 mL). The organic layer was washed with HCI 2 N and
brine, dried over anhydrous Na,SO,., and concentrated under reduced pressure. The
resulting crude was purified by column chromatography (Hexane/t-BuOMe, 6:1) on
silica gel to afford 843 mg of 111 (3.00 mmol, 40%) and 947 mg of IV (3.38 mmol,
45%).

111, *"H NMR (CDCls, 400 MHz): & 5.38 (1H, t, J=7.0 Hz), 5.34 (1H, t, J=7.1 Hz), 5.10
(1H, t, J=6.7 Hz), 4.60 (2H, d, J=7.1 Hz), 3.99 (2H, bs), 2.05 (3H, s), 2.25-1.95 (9H,
m), 1.70 (3H, s), 1.66 (3H, s), 1.60 (3H, s) ppm; **C NMR (CDCls;, 100 MHz): & 171.0,
141.9, 134.9, 134.7, 125.4, 123.7, 118.2, 68.4, 61.2, 39.3, 39.1, 26.1, 26.0, 20.8, 16.2,
15.8, 13.4 ppm; FABHRMS: calcd for Ci7H,s03Na [M+Na]® 303.1936, found:
303.1903.

IV, *H NMR (CDCls3, 300 MHz): § 5.28 (1H, tq, J=7.0, 7.0, 1.2 Hz), 5.07 (1H, dt, J=
6.8, 1.2, 1.2 Hz), 4.86 (1H, t, J=0.9 Hz), 4.76 (1H, q, J=1.5 Hz), 4.51 (2H, d, J=7.1 Hz),
3.96 (1H, t, J=6.5 Hz), 1.98 (3H, s), 2.12-1.85 (6H, m), 1.68-1.55 (2H, m), 1.66 (3H, 9),

181 3. Org. Chem. 2006, 71, 5811-5814
182 3. Org. Chem. 2006, 71, 5811-5814
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1.63 (3H, s), 1.54 (3H, s) ppm; *C NMR (CDCls, 75 MHz): & 171.2, 147.6, 142.1,
135.2, 124.2, 118.5, 111.0, 75.6, 61.5, 39.5, 35.7, 33.2, 26.1, 21.1, 17.7, 16.5, 16.0
ppm; FABHRMS: calcd for C17H230sNa [M+Na]* 303.1936, found: 303.1904.

1.3-1.4. Acetylation of Ill and subsequent selective epoxidation of V. Acetic
anhydride (3.52 mL) was added to a stirred mixture of 111 (246 mg, 0.88 mmol) and cat.
DMAP in pyridine (5.3 ml) at 0 °C under argon atmosphere. After 1.5 h (TLC
monitoring), the mixture was diluted with DCM and washed with HCI, saturated
aqueous sodium bicarbonate, water, brine and dried over anhydrous Na,SO4. The
solvent was then evaporated under reduced pressure affording a crude corresponding to
di-acetylated product (V).***%* To a solution of V (470 mg, 1.67 mmol) in DCM (12.2
mL) at 0 °C under argon atmosphere, was dropwisely added m-CPBA (444 mg, 1.81
mmol) in DCM (12.2 mL) and the mixture stirred until the disappearance of starting
material. Then the mixture was diluted with DCM, washed with NaOH 2 N and brine,
dried over anhydrous Na,SO4 and concentrated under reduced pressure. The resulting
crude was purified by column chromatography (Hexane/t-BuOMe, 4:1) on silica gel
affording 452 mg (1.34 mmol, 80%) of 3.

3, 'H NMR (CDCls, 500 MHz): & 5.43 (1H, t, J=6.8 Hz), 5.38 (1H, t, J=7.1 Hz), 4.59
(2H, d, J=7.0 Hz), 4.44 (2H, s), 2.70 (1H, t, J=6.2 Hz), 2.21 (1H, m), 2.14 (2H, m), 2.07
(3H, s), 2.05 (3H, s), 1.72 (3H, s), 1.66 (3H, s), 1.75-1.50 (5H, m), 1.26 (3H, s) ppm;
¥C NMR (CDCl3, 125 MHz): ¢ 171.1, 171.1, 141.3, 130.7, 128.7, 119.0, 70.1, 63.1,
61.3, 60.7, 38.2, 36.3, 27.0, 23.5, 21.1, 21.1, 16.7, 16.5, 14.0 ppm; FABHRMS calcd for
C19H300sNa [M+Na]* 361.1985, found: 361.1983.

2. Synthesis of 5.

183 Takabe, K.; Mase, N.; Hisano, T.; Yoda, H. Tetrahedron Lett. 2003, 44, 3267-3269.
184 Masake, Y.; Hashimoto, K.; Kaji, K. Tetrahedron Lett. 1978, 51, 5123-5126.
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2.1-2.2. TBS-Protection of IV and subsequent selective epoxidation of VI. tert-
Butyldimethylsilyl chloride (4268 mg, 9.19 mmol) was added to a solution of imidazole
(1932 mg, 9.19 mmol) and IV (600 mg, 2.14 mmol) in DCM (21 mL) at 0 °C. The
reaction mixture was allowed to warm to room temperature and stirred for 15 min (TLC
monitoring). After cooling at 0 °C, extraction with DCM, washings with HCI 1 N,
saturated aqueous NaHCOs; and drying over anhydrous Na,SO,, the residue was
concentrated under reduced pressure. The resulting crude was purified by column
chromatography (Hexane/t-BuOMe, 4.5:1) on silica gel to afford 702 mg of 5 (1.71
mmol, 80% overall yield in two steps).

5, '"H NMR (CDCls, 500 MHz): & 5.38 (1H, t, J=6.9 Hz), 4.85 (1H, s), 4.76 (1H, s), 4.58
(2H, d, J=7.0 Hz), 3.99 (1H, dd, J=13.7, 7.0 Hz), 2.68 (1H, ddd, J=9.9, 6.2, 3.6 Hz),
2.19 (2H, m), 2.05 (3H, s), 1.72 (3H, s), 1.66 (3H, d, J=4.2 Hz), 1.75-1.50 (6H, m), 1.24
(3H, d, J=2.2 Hz), 0.89 (9H, s), 0.03 (3H, d, J=2.2 Hz), 0.00 (3H, d, J=2.2 Hz) ppm; *C
NMR (CDCls, 100 MHz): 6 171.1, 171.1, 147.3, 141.4, 119.0, 111.1, 76.5, 63.1, 61.3,
61.0, 36.3, 345, 31.7, 27.1, 259, 21.1, 183, 17.3, 16.9, 16.8, -4.7, -5.0 ppm;
FABHRMS calcd for C3H420,SiNa [M+Na]* 433.2750, found: 433.2745.

3. Synthesis of 8.

NN S NN NS
—> — —
AN NS ™ AN
N N N
- < |
™ AN ™

3.1-3.4 Synthesis of X from I1l. According to experimental procedure 2.5, alcohol 111

led to VI1 (1140 mg, 2.83 mmol) employed without further purification in the next step.
To a solution of VII (1100 mg, 2.78 mmol) in MeOH (13.0 mL) at rt was added K,CO3
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(164.5 mg, 2.93 mmol) and the mixture stirred for 20 min. Then MeOH was removed
under reduced pressure and the resulting residue diluted with H,O and extracted with t-
BuOMe. The organic layer was washed with brine, dried over anhydrous Na,SO, and
concentrated under reduced pressure to yield 95% of alcohol VIII (628 mg, 2.64
mmol).*** To a solution of VIII (1040 mg, 2.94 mmol) in DCM (6.5 mL) at rt, under
argon atmosphere, was added PDC (1692 mg, 4.41 mmol) and the mixture stirred for 1
h (TLC monitoring). The reaction was then quenched with t-BuOMe (40 mL) and
filtered through silica gel (t-BuOMe, 200 mL), dried over anhydrous Na,SO, and
concentrated under reduced pressure to afford a crude containing aldehyde 1X**® as
major component as showed its *H-NMR spectrum. Over a solution of this crude (I1X,
950 mg) and 2-methyl-2-butene (19.21 mL) in t-BuOH (51.2 mL), at rt, was added
dropwise (20 min) a mixture of NaClO; (1941 mg, 21.56 mmol), NaH,PO4-H,0 (2227
mg, 16.14 mmol) and H,O (20 mL). After 3 h solvent was removed under reduced
pressure, diluted with H,O and extracted with t-BuOMe. Organic extracts were dried
over anhydrous Na,SO,4 and concentrated under reduced pressure to afford X.

X: 'H NMR (CDCls, 300 MHz): & 5.65 (1H, s), 5.31 (1H, t, J=7.1 Hz), 5.06 (1H, m),
3.92 (2H, s), 2.14 (3H, s), 2.10-1.92 (8H, m), 1.56 (3H, d, J=0.7 Hz), 1.53 (3H, s), 0.86
(9H, s) y 0.0 (6H, s) ppm.

3.5-3.8 Synthesis of 8. TMSCHN, (2.01 mL, 3.99 mmol) 2.0 M in Et,O was slowly
added to a solution of X (1125 mg) in anhydrous benzene (26.5 mL) and anhydrous
MeOH (6.5 mL) under argon atmosphere and stirred for 1 h (TLC monitoring). The
mixture was concentrated under reduced pressure and the resulting crude purified by
column chromatography (hexane/t-BuOMe, 2:1) on silica gel affording 882 mg of XI
(2.32 mmol, 79% overall yield over three steps). To a solution of XI (882 mg, 2.32
mmol) in anhydrous THF (24 mL) at 0 °C, was added TBAF 1.0 M in THF (9.5 mL,
9.57 mmol) and the mixture stirred for 15 min at the same temperature and then at rt for
1 h. Solvent was then removed under reduced pressure and the crude extracted with
EtOAc. Organic extracts were washed with brine, dried over anhydrous Na,SO, and
concentrated under reduced pressure. The resulting crude was purified by column
chromatography (hexane/t-BuOMe, 2:1) on silica gel yielding 85% of XII (537 mg,

18 Marshall, J. A.; Robinson, E. D.; Lebreton, J. Tetrahedron Lett. 1988, 29, 3547-3550.
18 Marshall, J. A.; Robinson, E. D.; Lebreton, J. J. Org. Chem. 1990, 55, 227-239.
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2.02 mmol).*®" According to general acetylation procedure, X1 (537 mg, 2.02 mmol)
led after column chromatography (hexane/t-BuOMe, 5:1) on silica gel purification to
X111 in 87% yield (541 mg, 1.76 mmol).

X111, *H NMR (CDCls, 300 MHz): & 5.66 (1H, s), 5.26 (1H, dt, J=7.1, 1.0 Hz), 5.06
(1H, dd, J=6.7, 5.8 Hz), 4.52 (2H, s), 3.66 (3H, s), 2.15-1.94 (8H, m), 2.11 (3H, ), 1.76
(3H, d, J=0.7 Hz), 1.54 (3H, s) ppm; **C NMR (CDCls, 75 MHz): 5 171.1, 168.7, 142.2,
142.1, 134.4, 127.6, 124.6, 118.5, 61.4, 51.7, 39.5, 38.2, 27.3, 26.2, 21.1, 16.5, 16.0,
12.4 ppm; FABHRMS: calcd for C1gH250,Na [M+Na]" 331.1885, found: 331.1880.
XI (700 mg, 2.27 mmol) was then subjected to epoxidation general procedure
affording 8 in 78% yield (574 mg, 1.77 mmol) after column chromatography (hexane/t-
BuOMe, 4:1) on silica gel purification.

8, 'H NMR (CDCls, 300 MHz): § 5.71 (1H, s), 5.36 (1H, dt, J=7.1, 1.3 Hz), 4.57 (2H, d,
J=7.0 Hz), 3.71 (3H, s), 2.69 (1H, t, J=6.2 Hz), 2.31-2.05 (4H, m), 2.09 (3H, s), 1.70
(3H, s), 1.70-1.52 (4H, m), 1.25 (3H, s) ppm; *C NMR (CDCls, 75 MHz): & 171.1,
168.5, 141.3, 141.1, 128.1, 119.1, 63.0, 61.3, 60.4, 51.8, 37.3, 36.2, 26.9, 24.4, 21.1,
16.6, 16.5, 12.4 ppm; HRFABMS: calcd for CigH2s0sNa [M+Na]® 347.1834, found:
347.1830.

4. Synthesis of 11.

N NS NS NN
—_— — —
™ ™ N ™

4.1-4.5 Synthesis of 11.2"® According to experimental procedure 3.2, I11 (300 mg, 1.11

mmol) led after column chromatography (hexane/t-BuOMe, 1:2) on silica gel
purification to 290 mg of X1V (1.11 mmol, 99%).'%®

X1V, *H NMR (CDCls, 300 MHz): & 5.32 (2H, m), 5.04 (1H, td, J=6.8, 6.8, 1.2 Hz),
4.07 (2H, d, J=6.9 Hz), 3.91 (2H, s), 2.06 (4H, g, J=6.2 Hz), 1.97 (4H, q, J=6.8 Hz),

187 Stritzke, K.; Schulz, S.; Boppre, M. Eur. J. Org. Chem. 2003, 1337-1342.
188 sato, A.; Nakajima, K.; Kuwana, N.; Takahara, Y.; Kijima, S.; Abe, S.; Yamada, K. Br. Pat. GB
2068370, 1981.
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1.68 (2H, m), 1.60 (3H, s), 1.59 (3H, s), 1.53 (3H, s) ppm; **C NMR (CDCls, 75 MHz):
5 139.4,134.9, 134.8, 125.8, 124.2, 123.6, 68.8, 59.4, 39.5, 39.3, 26.2, 26.0, 16.3, 16.0,
13.8 ppm.

Proceeding as experimental procedure 3.3, X1V (2200 mg, 9.22 mmol) afforded a crude
whose major component was di-aldehyde XV,'® as showed its *H-NMR spectrum.
According to experimental procedure 3.4, XV (1650 mg, 6.97 mmol) led to a crude
possessing di-acid XVI'*® as major component. XVI (1800 mg, 6.65 mmol) led by
esterification and column chromatography (hexane/t-BuOMe, 3:1) on silica gel
purification to XV11**! in 72% yield (2137 mg, 6.64 mmol) (overall yield in last three
steps).

XVII, *H NMR (CDCls, 400 MHz): & 6.72 (1H, dt, J=7.3, 1.2 Hz), 5.67 (1H, s), 5.12
(1H, m), 3.73 (3H, s), 3.68 (3H, s), 2.27 (2H, dd, J=15.3, 7.3 Hz), 2.25-2.05 (6H, m),
2.16 (3H, s), 1.83 (3H, s), 1.61 (3H, s) ppm; *C NMR (CDCls, 100 MHz): & 168.7,
167.3, 160.0, 142.1, 135.1, 123.8, 115.9, 115.3, 51.7, 50.9, 40.8, 38.2, 27.3, 25.9, 18.9,
16.0, 12.4 ppm; FABHRMS: calcd for Ci7Hzs04Na [M+Na]® 317.1729, found:
317.1732.

According to general epoxidation procedure, XVII (480 mg, 1.61 mmol) led after
column chromatography (hexane/t-BuOMe, 3:1) on silica gel purification to 11 in 83%
yield (433 mg, 1.34 mmol).

11, 'H NMR (CDCls3, 400 MHz): & 6.73 (1H, t, J=7.3 Hz), 5.72 (1H, s), 3.74 (3H, s),
3.69 (3H, s), 2.72 (1H, t, J=6.2 Hz), 2.38-2.22 (4H, m), 2.19 (3H, s), 1.85 (3H, s), 1.76-
1.53 (4H, m), 1.28 (3H, s) ppm; *C NMR (CDCl;, 100 MHz): & 168.5, 167.1, 158.8,
141.2, 128.1, 115.8, 62.7, 60.5, 51.9, 51.0, 37.6, 37.3, 36.2, 26.7, 24.4, 18.8, 16.6, 12.5
ppm; FABHRMS: calcd for C17H260sNa [M+Na]* 333.1678, found: 333.1678.

5. Synthesis of 15.

005X X

18 cox, N. J. G.; Mills, S. D.; Pattenden, G. J. Chem. Soc., Perkin Trans. 1, 1992, 11, 1313-21.

1% Gonzalez-Pacanowska, D.; Arisong, B.; Havell, C. M.; Watsonll, J. A. J. Biol. Chem 1988, 263, 1301-
1306.

1 Moro, J. C.; Fernandes, J. B.; Vieira, P. C.; Yoshida, M.; Gottlieb, O. R.; Gottlieb, H. E.
Phytochemistry 1987, 26, 269-272.
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5.1. Esterification of XVIII. A solution of XVIII (540 mg, 3.21 mmol) in anhydrous
Et,O (27 mL) under argon atmosphere was added dropwise over a mixture of KOt-Bu
(1324 mg, 10.29 mmol) in anhydrous Et,O (50 mL) and stirred for 4 h. At this point the
mixture was filtered through silica gel (hexane), dried over anhydrous Na,SO, and
concentrated under reduced pressure to afford a crude mostly composed for X1X'%? as
'H-NMR showed.

X1X, *H NMR (CDCls, 400 MHz): §5.57 (1H, s), 5.06 (1H, bt), 2.16-2.06 (4H, m),
2.10 (3H, s), 1.67 (3H, s), 1.58 (3H, s), 1.45 (9H, s) ppm.

5.2. Epoxidation of XIX. After subjecting XIX (587 mg, 2.62 mmol) to general
epoxidation procedure, the resulting crude was purified by column chromatography
(hexane/t-BuOMe, 9:1) on silica gel to afford 578 mg (2.41 mmol, 92%) of 15.'%

15, 'H NMR (CDCls, 300 MHz): § 5.60 (1H, d, J=1.2 Hz), 2.69 (1H, t, J=6.2 Hz), 2.35-
2.14 (2H, m), 2.12 (3H, d, J=1.2 Hz), 1.68 (2H, m), 1.46 (9H, s), 1.29 (3H, s), 1.24 (3H,
s) ppm; *C NMR (CDCls, 75 MHz): & 166.3, 156.8, 117.9, 79.7, 63.7, 58.5, 37.6, 28.3,
27.1, 24.9, 18.8, 18.6 ppm; FABHRMS: calcd for Cy4H240sNa [M+Na]* 263.1623,
found: 263.1621.

6. Epoxide 18.

= =
—> —
g \

6.1. Synthesis of 18.* A mixture of TiCl, (100 mmol, 11 ml), CCl, (25 ml) and dry
THF (200 ml) was stirred at 0 °C under argon atmosphere until appearance of a yellow
solid. Then, 6-methylhept-5-en-2-one (6305 mg, 50 mmol) and diethyl malonate (8008
mg, 50 mmol) were added, and finally pyridine (16 ml) in THF (35 ml) was added
dropwise (50 min) and the resulting mixture stirred until the starting material
disappeared (TLC monitoring). The reaction was quenched by addition of H,O (100 ml)
and extracted with t-BuOMe. Organic extracts were washed with NaHCO3; and brine,

192 vasin, V. A.; Razin, V. V. Synlett 2001, 5, 658-660.
193 couladouros, E. A.; Vidali, V. P. Chem. Eur. J. 2004, 10, 3822-3835.
194 | ehnert, W. Tetraedron. 1973, 29, 635-638.
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dried over anhydrous Na,SO4 and concentrated under reduced pressure. The resulting
crude was purified by column chromatography (hexane/t-BuOMe, 2:1) on silica gel to
yield 78% of XX.'%°

XX, *H NMR (CDCls, 400 MHz):  5.16 (1H, t, J=7.2 Hz), 4.22 (4H, q, J=7.4 Hz), 2.38
(2H, J=7.0 Hz), 2.17 (2H, q, J=7.2 Hz), 2.06 (3H, s), 1.55 (3H, s), 1.50 (3H, s), 1.25
(6H, t, J=7.4 Hz) ppm.

After subjecting XX (1265 mg, 4.72 mmol) to general epoxidation procedure, the
resulting crude was purified by column chromatography (hexane/t-BuOMe, 2:1) on
silica gel to afford 1100 mg (4.11 mmol, 87%) of 18.

18, 'H NMR (400 MHz, CDCls): 4.23 (2H, g, J=7.0 Hz), 4.22 (2H, q, J=7.0 Hz), 2.75
(1H, t, J=6.3 Hz), 2.63-2.56 (1H, m), 2.52-2.45 (1H, m), 2.06 (3H, s), 1.77-1.74 (2H,
m), 1.30 (3H, s), 1.27 (3H, s) ppm; *C NMR (100 MHz, CDCls): 165.6, 165.2, 157.1,
125.2, 63.6, 60.9, 58.6, 33.2, 27.5, 27.0, 24.8, 21.1, 18.6, 14.1 ppm. FABHRMS: calcd
for C15H,405Na [M+Na]* 307.1521, found: 307.1526.

7. Epoxide 19.

S~

7.1. Epoxidation of geranyl-nitrile. After subjecting comercial geranyl-nitrile'®® (1490
mg, 10.0 mmol) to general epoxidation procedure, the resulting crude was purified by
column chromatography (hexane/t-BuOMe, 5:1) on silica gel to afford 1495 mg (9.02
mmol, 90%) de 19.1%’

19, *H NMR (CDCls, 400 MHz): § 5.17 (2H, s), 2.72 (1H, dt, J=15.7, 6.3 Hz), 2.56 (1H,
t, J=7.7 Hz), 2.36 (2H, m), 2.09 (3H, 1s), 1.95 (3H, s), 1.85-1.58 (6H, m), 1.33 (3H, 9),
1.32 (3H, s), 1.29 (3H, s), 1.27 (3H, s) ppm; *C NMR (CDCls, 75 MHz): & 164.3,
164.1, 117.0, 116.8, 95.5, 95.9, 63.3, 63.2, 58.6, 58.5, 35.6, 33.3, 27.2, 26.8, 24.8, 23.0,
21.1, 18.8 ppm; FABHRMS: calcd for Ci3Hi1g04Na [M+Na]® 237.1103, found:
237.1099.

195 Weyerstahl, P.; Schneider, K. Lieb. Ann. Chem. 1992, 10, 1049-53.
1% Djasteromeric mixture of E and Z.
197 Diasteromeric mixture of E and Z.
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8. Synthesis of 31.

8.1. Allilyc oxidation of methyl geraniate (1). A mixture of SeO, (110.0 mg, 1.00
mmol), t-BuUuOOH 5.0-6.0 M in decane (0.36 mL, 2.00 mmol) and DCM (22 mL) was
stirred at 0 °C for 20 min, then 1 (364 mg, 2.00 mmol) was §jd1d and the complete
mixture stirred at the same temperature (TLC monitgring). The reaction was quenchem\ﬂe
by addition of DCM, washed with H,O, dried ove u?l\la2804 and concentrated
under reduced pressure. The resulting crude was purified by column cpggmatography

(hexane/t-BuOMe, 1:1) on silica gel to yield, 75% (based on recovered starting material)
of XX1.1%

XXI, *H NMR (CDCls, 300 MHz): 8 5.63 (1H, s), 5.33 (1H, t, J=7.2 Hz), 3.95 (2H, s),
3.64 (3H, s), 2.23-2.14 (4H, m), 2.12 (3H, s), 1.93 (1H, s), 1.61 (3H, s) ppm; *C NMR
(CDCls, 75 MHz): 6 167.2, 159.6, 135.9, 124.2, 115.4, 68.6, 50.8, 40.5, 25.5, 18.8, 13.7
ppm; FABHRMS: calcd for C11H1g0sNa [M+Na]"™ 221.1154, found: 221.1151.

8.2. Epoxidation of XXI. After subjecting XXI (1073 mg, 2.58 mmol) to general
epoxidation procedure, the resulting crude was purified by column chromatography
(hexane/t-BuOMe, 1:1) on silica gel to afford 513 mg (2.40 mmol, 93%) of XXII.
XXI1, *H NMR (CDCls, 300 MHz): 8 5.70 (1H, s), 3.66 (3H, s), 3.64 (1H, d, J=9.1 Hz),
3.55 (1H, d, J=9.1 Hz), 3.01 (1H, t, J=6.7 Hz), 2.35-2.21 (2H, m), 2.16 (3H, s), 1.99
(1H, bs), 1.77-1.71 (2H, m), 1.26 (3H, s) ppm; **C NMR (CDCls, 75 MHz): & 167.1,
162.4, 158.6, 115.9, 65.3, 59.3, 50.9, 37.6, 26.3, 18.9, 14.3 ppm; FABHRMS: calcd for
C11H1804Na [M+Na]* 237.1103, found: 237.1099.

8.3. TBS-protection of XXII. According to experimental procedure 2.5, XXII (507
mg, 2.37 mmol) led after purification by column chromatography (hexane/t-BuOMe,
3:1) on silica gel to 738 mg (2.25 mmol, 95%) of 31.

198 Barrero, A. F.; Quilez del Moral, J. F.; Herrador, M. M.; Sanchez, E. M.; Arteaga, J. F. J. Mex. Chem.
Soc. 2006, 50, 149-156.
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31, 'H NMR (CDCls, 300 MHz): 6 5.69 (1H, g, J=1.2 Hz), 3.67 (3H, s), 3.56 (2H, s),
2.84 (1H, t, J=6.2 Hz), 2.39-2.16 (2H, m), 2.17 (3H, d, J=1.2 Hz), 1.72 (2H, m), 1.25
(3H, s), 0.87 (9H, s), 0.04 (3H, s), 0.03 (3H, s) ppm; *C NMR (CDCls, 75 MHz):
§167.1, 158.8, 115.8, 67.7, 61.2, 60.1, 50.9, 37.7, 26.6, 25.9, 18.9, 18.4, 14.2, -5.3 ppm;
FABHRMS: calcd for C17H3,04SiNa [M+Na]" 351.1968, found: 351.1975.

9. Synthesis of 34.

\|O,(5ﬁ\o,(512. 0,(52. |O£5
SrRAFEAFEAY

9.1. Allilyc oxidation of 26. According to experimental procedure 8.1, 26 (975 mg,

2.54 mmol) led after purification by column chromatography (hexane/t-BuOMe, 1:1) on
silica gel to 336 mg (0.88 mmol, 35%) of starting material and 504 mg (1.27 mmol,
50%, 76% based on recovered starting material) of XXI1I.
XXI11, *H NMR (CDCls, 300 MHz): & 7.24 (4H, m), 7.11 (1H, m), 5.42" (0.16H, 1),
5.35 (0.84H, t, J=6.8 Hz), 4.97 (1H, d, J=1.2 Hz), 4.78 (1H, td, J=10.7, 10.7, 4.41 Hz),
3.99 (2H, s), 2.07 (3H, s), 2.19-0.75 (13H, m), 1.66 (3H, s), 1.30 (3H, s), 1.21 (3H, ),
0.85 (3H, d, J=6.5 Hz) ppm; *C NMR (CDCls, 75 MHz): § 166.0, 158.3, 151.7, 135.8,
127.9, 125.5, 124.9, 124.6, 116.3, 73.5, 68.8, 50.7, 42.0, 40.4, 39.8, 34.7, 31.4, 27.4,
26.7, 25.6, 25.5, 21.9, 18.7, 13.7 ppm; FABHRMS: calcd for CysH3sO3Na [M+Na]*
421.2719; found: 421.2719.

[T: signal corresponding to minor diastereomer, (2Z,6E)]
9.2. Epoxidation of Il. After subjecting XXIII (488 mg, 1.2 to general
epoxidation procedur;%[be resulting crude was purified by coluri%zxrj) atography
(hexane/t-BuOMe, 1:1) on silica gel to afford 459 mg (1.11 mmol, 91%) of XXIV.
XXXIV, *H NMR (CDCls, 300 MHz): & 7.23 (4H, m), 7.08 (1H, m), 4.97 (1H, m), 4.78
(1H, td, J=10.7, 10.7, 4.2 Hz), 3.66 (1H, d, J=12.2 Hz), 3.55 (1H, m), 2.99 (1H, td,
J=6.2, 6.2, 1.7 Hz), 2.29-2.10 (2H, m), 2.08 (3H, s), 2.00 (2H, td, J=11.1, 11.1, 3.3 Hz),
1.95-0.85 (9H, m), 1.29 (3H, s), 1.27 (3H, s), 1.20 (3H, s), 0.85 (3H, d, J=6.5 HZ) ppm;
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B3C NMR (CDCl3, 75 MHz): 6 165.8, 157.3, 151.8, 127.9, 125.5, 124.9, 116.7, 73.5,
65.3, 61.1, 59.4, 50.7, 42.0, 39.8, 37.3, 34.7, 31.4, 27.6, 26.7, 26.3, 25.4, 21.9, 18.8,
14.3 ppm; FABHRMS: calcd for CosHss04Na [M+Na]* 437.2668; found: 437.2671.

9.3. TBS-protection of XXIV. According to experimental procedure 2.5, XXIV (381
mg, 0.92 mmol) led after purification by column chromatography (hexane/t-BuOMe,
2:1) on silica gel to 454 mg (0.86 mmol, 94%) of 34.

34, 'H NMR (CDCls, 400 MHz): 8 7.27 (4H, m), 7.11 (1H, m), 4.99 (1H, d, J=7.8 Hz),
4,78 (1H, td, J=10.7, 10.7, 4.3 Hz), 3.59 (2H, s), 2.84 (1H, t, J=6.2 Hz), 2.29-2.10 (2H,
m), 2.10 (3H, s), 2.01 (2H, td, J=10.4, 10.4, 1.3 Hz), 1.92 (1H, bd, J=12.1 Hz), 1.64
(4H, m), 1.31 (3H, s), 1.29 (3H, d, J=5.3 Hz), 1.22 (3H, s), 0.91 (9H, s), 0.87 (3H, d,
J=6.5 Hz), 0.07 (3H, s), 0.06 (3H, s) ppm; *C NMR (CDCls, 100 MHz): & 165.9, 157.6,
151.8, 127.9, 125.5, 124.9, 116.5, 73.4, 67.7, 61.2, 60.2, 50.7, 42.0, 39.8, 37.4, 34.7,
314, 27.7, 2715, 26.7, 26.7, 25.9, 25.4, 25.2, 21.9, 18.7, 18.4, 14.2, -5.3 ppm;
FABHRMS: calcd for Cs,Hs5,04Na [M+Na]* 551.3733; found: 551.3730.

10. Synthesis of 36.

R

10.1. Allylic oxidation of XX. According to experimental procedure 8.1, XX (268 mg,

1.00 mmol) led after purification by column chromatography (hexane/t-BuOMe, 1:1)
on silica gel to 216 mg (0.76 mmol, 50%, 76% based on recovered starting material) of
XXIV.

XXIV, *H NMR (CDCls, 400 MHz): § 5.39 (1H, t, J=7.1 Hz), 4.23 (4H, q, J=7.4 Hz),
4.19 (2H, d, J=6.5 Hz), 2.52 (2H, m), 2.17 (2H, q, J=7.2 Hz), 2.08 (3H, s), 1.67 (3H,
m), 1.26 (6H, t, J=7.4 Hz) ppm.

10.2. Epoxidation of XXIV. After subjecting XXIV (1253 mg, 3.14 mmol) to general
epoxidation procedure, the resulting crude was purified by column chromatography
(hexane/t-BuOMe, 2:1) on silica gel to afford 1079 mg (2.31 mmol, 83%) of XXV.
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XXV, *H NMR (CDCls, 400 MHz): & 4.22 (4H, ddd, J=14.2, 7.1, 1.3 Hz), 3.58 (2H, d,
J=6.3 Hz), 3.00 (1H, t, J=6.3 Hz), 2.51 (2H, m), 2.06 (3H, s), 1.85 (1H, m), 1.72 (1H,
m), 1.27 (6H, t, J=7.4 Hz), 1.17 (3H, s) ppm; *C NMR (CDCls, 100 MHz): & 165.6,
165.4, 156.7, 125.5, 65.9, 61.2, 61.0, 59.8, 33.2, 27.0, 26.6, 20.9, 14.2, 14.1, 14.1 ppm;
FABHRMS: calcd for C15sH240sNa [M+Na]" 323.1465 found: 323.1461.

10.3. TBS-protection of XXV. According to experimental procedure 2.5, XXV (925
mg, 4.40 mmol) led after purification by column chromatography (hexane/t-BuOMe,
3:1) on silica gel to 1679 mg (4.22 mmol, 94%) of 36, *H NMR (CDCls, 400 MHz): &
4.22 (4H, ddd, J=14.2, 7.1, 1.3 Hz), 3.57 (2H, d, J=6.2 Hz), 2.82 (1H, t, J=6.1 Hz), 2.51
(2H, m), 2.02 (3H, s), 1.74 (2H, m), 1.27 (6H, t, J=7.4 Hz), 1.24 (3H, s), 0.82 (9H, s),
0.00 (6H, s) ppm; *C NMR (CDCls, 100 MHz): & 165.6, 165.3, 157.0, 125.4, 67.7,
61.3, 61.0, 60.9, 60.1, 33.4, 27.1, 25.9, 21.1, 18.4, 14.1, -5.3 ppm; FABHRMS: calcd
for Cy1H3506SiNa [M+Na]* 437.2335 found: 437.2339.

11. Synthesis of 38.

G

According to experimental procedure 8.1, geranyl-nitrile (746 mg, 5.00 mmol) led to

alcohol XXVI employed without further purification in the next step. This crude (700
mg, 3.93 mmol) was subjected to general epoxidation procedure with m-CPBA and
TBS-protection and purified by column chromatography (hexane/t-BuOMe, 3:1) on
silica gel to afford 885 mg (3.01 mmol, 75%) of 38.*%

38, 'H NMR (CDCls, 400 MHz): 8 5.10 (1H, bs), 3.51 (2H, dt, J=18.0, 10.2 Hz), 2.80
(1H, m), 2.49 (1H, t, J=7.5 Hz), 2.29 (1H, m), 2.02-1.90 (3H, 2s),2° 1.75-1.58 (2H, m),
1.22 (3H, 2s),%* 0.82 (9H, s), 0.00 (6H, s) ppm; **C NMR (CDCls, 100 MHz): & 169.5,
169.2, 122.3, 122.1, 101.9, 101.3, 72.8, 72.7, 66.5, 66.4, 65.0, 64.9, 40.9, 38.5, 36.3,
32.1, 31.6, 31.2, 31.0, 28.3, 26.4, 23.7, 19.6, 19.5, 1.8, 0.0 ppm; FABHRMS: calcd for
C16H20NO,SiNa [M+Na]" 318.1865 found: 318.1825.

199 Djasteromeric mixture of E and Z.
200 sjgnal corresponding to diasteromeric mixture of E and Z.
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Cemeral Details

IR sp=cim were recorded oo 2 Mattsen Satellite FTIR specoometer. MME. specima were performed
with a Varizn Direct-Drive 600 {'H 600 MEz/"'C 150 MEz), 300 ("H 500 MEz'"C 115 MHz), Bruker
ARTC 400 ('H 400 MHzMC 100 MHz) and Varan Inova Unity 300 (*H 300 MHz™'C 75 MHz)
spectrometars. The acourate mass determimation was camied out with a AutoSpec-0) mass sparromster
arraczed o a EBE geomety (Micromass Instument, Manchester, UK) and aquippsd with a2 FAB
LEIM3) source. The ipstrument was operated at & KV of accelemting voltage and 5" were wsed as
primary icns. Optical rotations were measired on a Pedkin-Elmer 141 polarmster, usicg CHCL, as the
solvent. Silica gel 5D5 60 (35-70 wea) was used for flash columm chromatography. Feactions wers
manitored by thin layer chromateeraphy (TLC) carrtad out on 0.25 mom B Menck silica gel plates (61F-
2547 using TV Light as the visvalizing agent and a selution of phesphomalybdic acid in ethapol and heat
23 developing agent. GO-MS apalyses were camied cut in a Hewlstt Packard G890 chromatogrash
cpapecied to a Hewlett-Packard 39284 mass specirometer nsing an lonization waltage of 70 eV. The
GC conditions weres HP-1 methylsilicons capillary column (25 m =02 mm); He 1.9 ml/min; the
imjection and detector heater temperatare was 25000, temperature program Srom 30°-3005C at 10°C min.
Cuaptitadve chromatographic amalysiz were camied out oo Hewlett Packard §890 chromatopraph
aquippsd with a flame toaization detector (FIDV) and coupled to an integrater EB-3390A. The colomnp
and evperimsntal conditbars were the same as thase dascribed abovs, except that the dstector heater
temperatire was 300°C and the mist head was 20 psi. The percentags compositions were computed
from the GC peak areas without comrection factors. HPLC with TV and BT detection was wsed. Semi-
preparative HELC separations were cammied out oo a colamp (3 wm Silica, 10 = 230 mm) at 2 flow rate
of 20 ml/min in an Agilept Serie 1100 imstument Reactions were momitored by thin layer
chromatography (TLC) carmed oat on 0.25 pun E. Merck silica gel plates (S0F-254) using UV light as
e visnalizing apest and a solution of phosphomalybdic acid in ethancl apd heat as developing agent
All air- apd water-sensitive r2actons were perfommed io flaks fame-dmed mmder a positve flow of

argon and conducted vmder an argon atmesphere. The selvents used were purified according to standard
51
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ltterature technigues and stored vmdsr argon. THFE and toluene were freshly distilled immediately pror
to ns2 from sodivmybenzophenons and smictly deoxyzecated for 30 min vmdsr argon for each of the
Cp:TiCly Mo or Zn reactions. Peagents were purchazed af the higher commercial qualify and used

witheut further purification. unless otherwise stated.

Ceperal procedore for stochiometric desxyzenaton-redaction reactions (Procedure A): foluene,

g, 10,12, 14, 16, 18, 20, 23, 25, 17, 19, 31, 33, 35, 37, 38,

A mixnme of Cp,TiCl; (998 mg, 388 mmel) and Mp dust (154 me 277 mmel) in smcdy
decsygenated TEF (7 ml) was heated at reflax vodar stoming vasil the red solution tarmed green. Then
to this mixfure was added a solutdon of the corresponding alcobod (185 mmel) in stmctly deoxyzenated
THE {4 ml} The reaction muixmire was heated at reflux upder stimng et startog materzal
dizagpearance (TLC moniteries), quenched with 1 HCL and extracted with ~-BuOMe The organic
phiaze was washed with brine, dried over anhydrous Nag 50, filtered apd concenmated i vacuo yialding
a. crade which was apalyzed by CGE-MS, punfisd by colomn chromatoeraphy over silica gel calomn

anddor subjecied to HPLC.

Ceneral procedure for catabytic deoxrygenation- homocoupling carbonyl reactons (Procedure
B): I, 27, 31.

A mzmmre of CppTiCl (160 me. 0.63% mmol} and Mo dust (935 me, 17.04 mmel) in theroushly
degrygenated THE (2 ml) and vndst Ar amsosphers was stired unel the red sobition nmed gresn
This mizhors was then heated 2t reflux and the comesponding TMSC] (107 ml, 852 meol) was addad
fimally the allylic aldshyde (1922 pmol) in simctly deoxyzenated THF (I ml) was then added. The
Teacton maixtare was sifmed wmil starbnz material disappearamce (TLC moaitering). It was then
quenched with +BuObMe, washed with 1 ™ HCL, brine. dried over anbydrons Ma.50, and concentrated

53
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ungder raduced pressure. The resulting crode was purifisd by column chromatosraphy oo siica g2l fo

afford the comesponding coupling prodacts.

o

Toluene: Acconding to the procedura A, the mixhos confaining beczyl alcohiol (1) was heated for 23
min. The resultng crade was analyvzed by GO-ME. Toluene (93 %5, By =427 min) was idzpified by the

standard use.

o

2-Methylnaphthalene (8): According to the procsdurs A described for deowypenation-reduction, the
muixtare contximing 2-paphiylmethanc] (T) was heated for &0 min The resuliing crade was punified by
cohumn chromatography (hexansit-BuOMe, 6:1) on silica gal o afford 8 (70%). "H NME. (CD,C1, 300
MHz): 5256 (s, 3H), 737 {d, J=5.35 Hz, 1H), 7.47 {quintet. J= §.2 Hz. IH]}, 7.68 {bs, 1H), 7.78-7.56
{m, 3H), "*C NMR {CD,Cl, 75 MHz): 521.8, 125.0, 1258, 1269, 1273, 127.7. 1278, 1282, 131 8.

1337, 135.5. "H NMR. speciroscopic dafa of this compound were identical to that of a standard.

O
J

Triphenyimethane (10): Accordms to the procedurs A described for deocxygenation-raduction, the
mixtare contxining mpbeoylmethanal (9) was heatsd for 60 min The resulting crude was pumified oy

column chromatography Chezane'r-BulMe, 5.1 oo silica gel to afford 10 (91%5). "H WhIE (CTLC1 300

4
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MHz): 5§ 7.38 {br 5, 13H) PC WME (CD.ClL 75 MHzZ: 5 8211, 127.3, 12840, 1450 'H NME

specmoscopic data of this compound were identcal to that of a standard.

Ohie
1,2 3-Trimethory-5-methylbenzene (12): According o the procedurs A4 descnbed for
deoxygenntion-reduction, the mixture coofaining (3,2, S-inmethoxyphenyljmethane] (117 was heated for
50 miin. The resultng crede was purtfied by column chromatography (hexane/t-BulMe. 4:1) on silica
gel 1 afford 12 (90%). 'H NME (CDCL 300 MHz): 5232 (s, 3H). 3.83 (5. 3H). 3.85 (5. 6H). 641 (.
IH), MC NME (CDyCl 300 MHz): & 217, 559, 608, 1059, 133.5, 1357, 1529. 'H WMR

specmoscopic data of this comypound were identical to that of a standard.

|
AT O

Bis(4-methoxyphenylimethane (14); According o the procedurs A described for deoxyzsmaton-
reduction, the mixture confaining bisid-methoxyphenylimethane] (13) was beated for 90 mun. The
rzsulting cruds was purifed by cobmm chromatezraphy (hexane/'r-BaOMe, 617 on silica gel 1o afford
14 (f072). "H WME (CD,CL 300 MHz): $3.82 (s, 6H), 3.00 (s, 2H), .86 (4 J= 8.5 Hz. 4H). 712 (4, J
= 85 Hz 4H) "C NME (CD,CL 75 MEzZ): 5402, 553, 1130, 1208 133.8 158.0. 'H NME

specmoscopic data of this compound were identcal to that of a standard.

[l s :

Methyl p-toluate (16): According to the procedure A described for the deoxygeratiop-reduction, the

nuxbare coptaining methyl 2-formelbenzoate 15 was heated at reflux for 55 min The resulting coads
53
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was purifisd by columm chromatopraphy nsicg hexane as aluent on silica gel to afford 16 (B3 °%6) as
brown prisms. IR {flm): 2952, 2623, 2835, 1725, 1414, 1435, 1310, 1108, 1021, 840, 754, 681 cm™. 'H
NME (400 MHz; CDCL) & 231 (s, 3H) . 381 (5, 3H), 712 (L J="78 Hz 1H), 783 (d FJ=T78Hz
IH). "C WME. {100 MHz; CDCL,) 6 2104, 519, 1275, 129.1 {2C). 129.6 (2C). 143.5, 167.1. HREIMS

(m'z): [M]" caled for Col,0, 150.0681 found 150.0675.

e o T W T . TN
1-Dodecens (18): Accordng to the procedure & described for depwyzepation-reduction, the moxnrs
cpataining (E-2-dodecen-1-ol (17 was heated for 30 nun. The rendddee crude was purifisd by column
chromatography (hexana’t-Bulle, 1) or silica g2l to afford 18 (91%). "H MME. {CDyC1, 500 MHz):
FOER (. F= 6.8 Hz. 3H). 1.21-1.41 (m, 16H), 204 {g. F= 6.8 Hz, IH). 4.92 (br 4, J=10.0 Hz, [H).
499 (brd J=17.0 Hz, 1H), 5.81 (ddt. J= 5.8 Hz, 10.0 Hz, 17.0 Hz, 1H); "C NMR (CD,Cl, 125 MHz):
5141, 216 280,201,193, 294 104 319 338 1140, 1392 "H NMR spectroscopic data of this

componnd were identical to that of a standand.

(E3-3,7.11-Trimethyldodeca-1,6,10-triene (20} According to the procedure A described for
decygenation-reduction, the mixmre confaining fras-rrans-farnesol (190 was heated for 60 min The
rzsaliing crade was purified by column chromatoeraphy (hexaper-Bulhde, 8:1) on silica g2l wafford 2

mixtare of 20% (30%:).

Accordiong to the procedare B described for catalytc deoxy genatton-reduction, the mixnirs conizining
rans-mans-fammesol (19 was heated for 35 min The resulting crede was purified by column
chromatography (hexanet-BalMa, 5:17 oo silica gel to afford a mizhre of 20° (92%:). "H WME

(CT,C1, 500 MEz): 50.99 (d, J= 7.0 Hz, 3, 1.30-1.36 {m. 2H), 1.59 (s, 35, 1.61 (s, 3L, 169 s,
56
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3H), 1.96-2.01 (m. 25 2.05-2.10 {m, 45, 2.13 (sept. J= 7.2 Hz, 1H), 492 (brd. 7 = 10.0 He, 1H),
406 (brd J=17.4 Hz, 1H), 5.08-5.14 (m, JH), 5.70 {ddd, J= 7.2 Hz, 10.0 Hz, 174 Ez, 1H); "C NMR.
(CDyC1, 125 MHz): 5159, 176, 20.1, 25.6, 25.7. 26.6, 367, 37.3, 38.7, 1124, 124.4, 1245, 1312,

134.8, 144.7.

="

A-Methyl-3-buteny] benzoate (23) According to the procedure A described for deowygsmation-
raduction. the mixnre contxining (E)-=-bydromy-3-methyl-2-buteny] bepmaats (22 was heated far S0
min. The resaliing coade was purifisd by colvma chrometography (hexape@-Bulhe, 3:1) on silica gel
to afford 23" (70%). "H KMR. (CD,C1, 500 MHz): £1.82 (s, 3H), 240 (t, J= 6.8 Hz. 2H). 444 (. J =
6.8 Hz, JH), 481 (brs. 1H), 484 (brs, 1H). 743 (bre. J=79Hz 2H), 735 (0. J=1.1 Hz. 79 Hz.
1H), 803 (44, J= 1.1 Ez, 7.0 Hz, 1H); "'C NMR (CD,CL 300 MHz): 5141, 20.6, 631, 112.4, 1283,

1205, 1338, 141.7, 166.5.

MDF,_.

(2E}-3.7-Dimethvlocta-2 7-dieny] pivalate (15): Accerding o the procedurs A descmbed for the
deowygenation-reduction, the miznre conlaining  CRETE)-8-Inpdrossy-3,7-dimethylocta-2,6-dienyl
pivaloate 24 was heated af refhm for 2 h The resuldng crude was purified by colmm chromategraphy
using hexape as eluent oo silica gel to afford 25 as colorless odl. IR {flm); 2871, 2835, 1726, 1480,
1439, 1397, 1282, 1151, 1032, 955, 887 o™, "H MME (400 MHEz; CDCL) & 332 {t. J= 7.0 Hz, 1H},
470 (s, 1H), .66 (5, [H), .38 (d. J=7.0 Hz, 2H), 2.01 {m, £H}, 1.71 {5, 3H), 159 (s, 3H), L35 {qr. J
= 8.0 Hz, 2H). 1.18 {5, 9H). V'C WMR. (100 MHz; CDCly) 6 16.3, 223, 25.4,27.2 (3(), 37.2, 38.8, 389,
1.3, 109.9, 118.8, 141.7, 145.7, 178.5. HRCIMS {m'z): [M-H]" calcd. for CysHas0p 238.1933 fiumd

23171859,
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MM
(:E 0E)-6.10,14-Trimethylpentadeca-5,9 14-frien-2-one  (27): Accordms o the procados A
described for the deoxygspaton-reduction, (SESE13Z)-15-hypdrosy-6.10,14-mimethylpeniadeca-
5.8 13-nen-2-poz 26 was heatsd at refiux for I B The resulting coode was punfied oy colomp
chromatography walng (4:1) hexanes; -BuChs as eluent on silica gel wo afford 2738 %) as 2 colorless

oil.

Accordicg to the procedare B descmbed for the catalytdc deoxypeoatico-reduction. the compmmd 16
was heated at refluy for 4 b, The resulting cruds was punfied by colupw chromatography (hexame-
BuOMe 4:1) as ehwenf on silica gel to afford 27083 %5). IR (Blm): 3073, 2033, 1719, 1549, 1241, 1338,
1138, 885 cm™. "H NMR (400 MHz; CDCLy) & 1.39 (quintaplet, J= 74 Hz, 2H), 1.47 (5, 3H), 149 {s.
3H), 1.56 (s, 3H), 1.85 {m. §H), 1.95 (. J=74Hz IH). 201 (s. 3H}. 215 (¢, J="74 He, IH). 233 1. J
= 7.4 Hz, 2H), 4.54 (s, 1H), 4.52 (5, 1H), 4.94 (m. 25, "'C NMR (100 MEz; CDC1L) 6 158,159,213,
214, 238, 184, 200 373, 302 3m4, 437, 10R.7, 1125 1241, 1349, 1382, 1458 2087
HEFABMS (m'z): [M+ Na]" caled. for CygHywOMNa 2852194 found 283.2197.

frans-Stilbene (19) Accordicz to the procsdos A described for deowyzenaficn-reduction. the
mikrars contaiping 1 2-dinhenylethans-1 2-diol (28} was heated for 65 nun, the resuling coode was
purified by colums chromartography (hexapa-Bulhe, 61} on silica gel 1o aford 29° (84 32). "H WME
{CDwC1, 300 MHz): 5722 (5, XH), 737 (5, J=T73He 2H), 747 (1, J=T73Hz 4H), 782 (d, J=73H=

44y, V'C MR (CD,CL 75 MHz): 5126.6,127.7,128.7, 128 8, 137 4

s
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(E)-4.4"-Dichlorostlbene (31} Accordicg io the procsduze A described for the deowygenation-
reduction, the mixhms contaiping 1 3-his(d-chlprophemyliethane-1,2-diol 30 was baated at rafhm for 1
h The resulting crmade was punified by coluean chromatesmmphy using (hexaner-Bulde 1:1) as eluent

on sifica gel to afford 31 (79 %) as o white powder.

According to the procedure B described for the cafalytic deswygenatiop-raduction, the mixzhue
containing 1.2-bis(2-chlorophenyljethans-1 2-diol 30 was heated at refluy for 1.5 b The resulting couds
was parified by cohupn chromategraphy nsing (hexana-BulMe 1:1) as eheent oo silica gel to afford
31 (86 %) IR (film): 3040, 3010, 2938, 1701, 1600, 1497, 1405, 1102 e, "H WMR. (400 MHz, CDCl,)
6702 (s, IH), 733 (d, J=82 Hz 4H). 743 (d, J= 8.2 Hz 4H). "'C NMR {100 MHz; CDCL,) & 135 5,
1334,128.98,1279, 127.6. HREIMS (m/'z): [M]" caled. for CpH,0C1; 248.0160 found 248.0150.

AV

1]

1-Tetradecene (33} According to the procedurs A descrbed for depxyzerafion-reducton, the
mizhare coptaining temadecans-1,2-died (32} was heated for 30 min. The resulting coude was purifisd oy
column chromatography on silica zel 1o afford 33 (53 %) "E WME (CTnCL 500 MEz): 5082t =
6.8 Hz, 3H). 1.72-1.42 {m, 20H), 2.04 {q. J= 6.8 Hz. 3H), 4.93 (or 4. J=10.2 Hz, 1H), 90 (br d, J=
17.1 Hz, 1H), 5.81 (ddt, J=6.8 Hz, 10.2 Hz, 17.1 Hz, 1 H); "C WME. (CD,CL 125 MHz): 514.2, 218,
0.0, 293, 194, 194, 187, 208, 320, 339, 1141, 1383 'H WME spectroscopic data of this
compeund ware identical to that of a standand.

&

S0
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g-Pinene {35) Accordicg to the procsdure A descobed for deoxygecatioo-raduction, the mizhos
coafaining pinane-2z, 1 0-diol (34) was heated for 90 min. The resulting cmde was analyzed by GC-M5.

A5 (92%, BT = §.37 min) was identfiad by the standard nz=.

B N T i T il e

e et o i,
Octadecane (37) and l-octadecene (38 A mixne of CpaTiCl (200 mg, 0.77 pumel) aod Zo dust

{36.72 mg. 0.55 mmaol) m soicily deexyeenated tolusne {2 ml) was heated at rafhr under stirming ustil
the red soluden mrned green, Then, to this maxmare was added a selution of octadecan-1-ol (36) (100
mg 037 momal) mosincily deosygsnated tolasps (1 ml). The reaction mixture was heated at reflax
under stimmng for 120 min It was then guenched with 1 HC and exmacted with +-Buldde. The orgamic
phiass was washed with brine, dried ever anhydrous Na,50,, filtered apd copcentrated m vacu yialding
a. crade was punfied by colome chromatography (hexane r-BulMe, 1) oo silica gel to afford a
mixbare (2075 that was analyzad by GC-MS. This mixture was constthated for 37 (BT = 17.2] min) and
38 (AT=17.10min) a1 a ratzo 1:1. Thase compovmds were identifiad by the sandand use.

When the procedirs A described for deoxyzenation-reduction was followed, starticg compound 16

was recoversd.

Ceperal procedore for stochiometric homocoupling carbonyl reactons (Procedare C): 19, 31,

41, 43, 45, 48, 50, 52, 54_ 56, 55,

A mimture of CpTiCl; (392 me. 1.57 mmel) apd Mo dust (172 mz, 3.15 mmal) or Zo dust (208 me.
3135 nmol) in thoroughly deoxygenared THE (6.5 ml) and undsr Ar annosphere was stmed uotl the
12d soluten wrmed green This mixture was then baated at reflux and the correspending allvlic aldshyds
{131 mmal} in siectly deoxygenated THE (2 mL) was then added. The reaction mixture was strred
uztl starting material disappearance {TLC moaitoring). It was then gquenched with r-BuOMe, washed

510
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with | M ECL, brpe, dried over aphydoous Wa;50, and concenimatsd vndsr teduced pressure. The
resaliing crude was punfisd By column chromatopraphy oo silica gel to afford the comesponding

coupling prodacts.

frans-Stilbene (19} Accerding to the procedure © descmbed for the carbonyl hemocouplive, the
mikrare contaiping hemraldahyde (390 was heated at reflux far 1 b The resulting coads was parfied oy
column chromatezmaphy (hexane) on silica gel o afford 29(93%3).

(E)-4.4"-Dichlorostilbene (31): Accordicg to the procedure C described for the carbonyl
homecoupling, the mixmre containing 4-chlorobenzaldelyds 46 was bheated at reflux for 15 kb The
resaliing crede was panfisd by column chromategmaphy vsiog (hexapa-Bulhe [:1) as elusaf oo silica

gel to afford 31 (74 %2 as a whits powder

Aprcarding fo the procedure B descrbed for the catalytic carboay] homorouplms, the mixhrs containing
4-chlarcbenzaldahydes 46 was heated af refllax for 2 b The resuldng couds was punfied by colamn

chromatography using (hexane/'r-BulMe 1:1) as elusnt oo silica gel wo afford 31 (95 %)

jaLt
) ; %ﬂ
"‘E
W
(E)-3.3°5,5 -Tetramethorystilbene (41) According to the procedure O dascmbed for the carbonyl

hompcoupling, the mizre contmining 3 5-dimethoxybenzaldebprda (400 was heated at refhm for 1 b
511
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The resulting crude was partfied by column chromatosraphy (hexane) oo silica gel to afford 414 (372400
'H NME (300 MHz; CDCL): 4 3.75 (5. 12H), .33 (. J=13 Hz. IJH), 6.60 (d, J= 2.3 Hz, 4H), 5.94 (5.
IH), PO WME. (75 MHz, CDCLy): 5 55.5, 100.3, 104.8, 139.3, 139.3, 161.1.

Co0ke
WMeO0C

Dimethyl (E)-44'-stlbenedicarbozylate (42); Acconding o the procedurs O descmbed for the
carbanyl homoceupling, the mixhme contaming metiyl 2-fornyyThenzoate 42 was heatad at reflu for 2
h The resulting crmade was punifisd by coluen chrematogmphy using EpDAC as elaeat on silica g2l w
afford 43 (94%:) 2z a white pewder. IR {film): 1721, 1284, 1108, 863, 558, 774 ™. "H WME (400
MHz; CDCL) & 3.93 (s, 8H). 7.25 (5, 2H), 7.59 (d, J= 5.6 Hz, 4H), 8.04{d. J= 8.6 Hz. 4H). "C NMFE.
(100 ME=; CDCL) & 259, 321, 356, 1266, 1301, 141.2, 1667, HREIMS (m'z): [M]' caled. for
CraHliwDy 2961040 found 204 1048,

(E)-4 4"-Dihydrorystilbene{d5): Accordns to the procsdure O described for the carbonyl
homecoupling, the ndsrare containice <-Hydrosyberzaldelyde 44 was heated at reflux for 4 b The
rezulting criede was purified by column chromatography using ~Bulde 23 eluent on stlica gel to affard
45 (93 %) as a white powder. IE. (film): 3333, 2926, 1510, 1439, 1270, 825 cm™. "H NMR (500 MHz:
CDCL) 6 682 (d, J= 87 Hez, £H), §.96 (5, 2H), 739 (4, J= 8.7 Hz, £H), 8.37 (5, 2H). "C NME. (125
MHz; CI{1,) & 1163, 1263 1283, 130.5, 1377 ppm. HRETMS (m'z) [M]" calcd. for CyHm0s 212,

0537 found 212.0841.
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(1E3E 5E)-1 &-Dnphenylhera-1 3 S-triene (48): Accordng to the procedurs C described for the
carbonyl homocoupling, the nuixture inchedmz E-cinpamaldehyde (47T) was heated at reflux for 2 h. The
razulting crude was parified by column chromarography (hexane) on silica zel to afford 487 (65%:0.°H
NME (CDCL, 300 MHz): & §.53 (dd J= 7.0, 2.9 He, 3H), 6.61 {d, J= 155 Hz, IH). §.90 (ddd, =
155 70,30 He, 2H), 724 (8, J=73 Hz, 1H), 733 {1, J= T4 Hz, 4E), 743 (4. J=7.5 Hz. 4K} "C
NME (CDClL, 125 MHzZ): 6 12484, 1375, 1256, 129.1, 132.7, 1334, 1374

(GEBEI0Ey and (6EAZ10E)-2,6.11 15 Tetramethylberadeca-2,6,8 10, 14-pentaene {50}
Arcaording to the procadure © described for the carbony]l hemocouplivg, the mmmre neluding cimal
{497 was heated at refhux for 1 b The resuliing crode was punfisd by colimn chromatography (hesamne)
on silica gel to afford S0° (76%5) as a mixmure of (6E.5E 105} and {6E 27 10E) isomers at 2 &1 ratip.
{6E,5E.10E) tsomer: 'H WME (CDClL, 500 MHz): 6 159 (5, 6H), 1.67 (s, 6H), 1.76 (s, 6H). 2.07 (m.
BH), 5.00 (bt J= 6.7 Hz. 1K), 590 (bd. J= 7.5 Hz. 1K}, 633 (m. 1H): “C NME (CDCL, 125 MEz): &
16.7,17.7, 257, 26.7. 40.1, 124.1, 1254, 1272, 131 6. 138.1. (6E.BZ.10F) isomer: 'H WME. (CDCl,.
500 MHz): & 1.39 (=, 3H), 147 (5, 3H), 1.74 {5, 3H), 2.07 {m 4H), 3.08 (b, J=47Hz, 1H), §.10 (m.
1H), 6.33 (m, 1H): VC NMR (CDCly, 125 MHz): 6 16.5, 17.7, 25.7, 26.7, 40.4. 1203, 123.4, 1240,

131.4. 1383
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Mimi-3-g-carotene (32) According to the procedure © descrbed for the carbonyl homoooupliog, the
muixoure including E-cyclocimal (51) was heated ar reflux for 2 h 30 min The resulting cmade was
purified by column chromatography (hexame] on silica pel to afford 52 (74%). IR (film) 2060, 2923,
1849, 2823, 1652, 1452, 1378, 1357, 1032, 971, 740 oo™ "H NMR (CDCL, 500 MHz): 5 1.03 (5, 12H).
145148 {m, 4H). 1.50-1.64 (m, £E0). 1.76 (3, 6E). 201 (1. J= 8.2 Hz 4KE), 5581 {5 2H); "C NME
[CDCL,, 125 MHz): 4 193, 220, 2000, 209, 330, 344, 307, 1284 1323 1303 HFFAEMS (m'z):

[B=19a]" cabed for Culaoa 295 2402, found 195 2403

(2E GE10E}-2.6.11 15-Tetramethvliheradecs-2 68,100 14-pentaene-1 16-pivaloate (54): According
to the procedure O described for the carbooy] homecoupling, the muxtare comtaining the comesponding
aldehyde 53 waz heatsd at refluw for 115 ko The resulting cmde was purfied by colomn
chromatography usicg bexana as 2luent oo silica gel to afford 54 (73 %) as a colorless oll IR {flm):
1069, 2031, 2872, 1726, 1281, 1151, 55 e "H NMR (600 MHz;, CDCL) & 119 {=, 15H), 1.71 {5,
6H), 1.76 (s, GH, 2010 {t. J="7.7T Hz, 4H) . 2. 28(g. J="7.1 Hz, 4H), 457 (d, J= 69 Hz, 4H), 533 (d, J
=68, 26}, 534 (d J= 6.0 Hz, 2H), 545 {1, J=7.2 Hz, 2 H). "C NME (150 MEz; CDCL) & 124, 164,
5.6, 37230, 358.7.39.2, 612, 1191, 13008, 131.2, 1342, 141.2, 17B. d ppm. . HEFABMS (m'z): [M+

Ma]" caled. for CagHyOyMa 4853230 found 405 3448,
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(E}-m p-Dimefhylstilbene (56) According to the procedure © descrmbed for the carbooyl
hompcoupling, the mixture including acetophenens (55) was heated at reflux for 4 b The rsalting
crude was purified by columm chromatography (hesane) on silica gel w afford 56 (71%). "H KMER
(CDY,, 500 MH=): & 1.80 (=, 8H), 727 (m, 6H), 7.37 (L. J= 7.6 Hz, 4H); PC NMR (CDCL, 125 MHz):

4235 1263 1282 1283, 133.1, 142.4.

e
yes
®

(GE14E}-2.6.10,11 15 19-hezamethylicosa-2,6.10.14 18-pentaene (38): According to the procedurs
L descobed for the carbony]l homecouplicg, the miztre incheding geranylacessos (57) was heated at
rzflux for 4 b The resulties coode was purifisd by column chromatezraphy (hexans) on silica gel
afford 58 (62%). IF. (flm) 2844, 2823, 2835, 1705, 1630, 1448, 1375, 1260, 1105, 1079, 978, 584, 726
co; "H NME (CDCL,, 500 MHz): & 1.60 (bs, 15H), 1.68 (bs, 0H), 1.01-2.08 {m, 1K), 5.02-5.08 {m.
4HY MC WME (CDCL. 125 MHz): § 161, 17.8, 238, 26.8. 271, 398, 1245 1246 1247 1314
1351, 135.2. HRFABMSE (m'z): [M +Ma]" calcd for CagHeMa 379.3341, found 379, 3358

Ceneral procedore for heteroconpling carbonyl reactions: 61, 62.

515
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Diphenylmethvlenecycloberane (61). A mdcnire of CpeTiCl (845 me, 3 20 mmel) and Mo dwst (487
mg. 878 mmol} ar Zo dast (573 me, §.7% nmel) m thoroughly deosygenated THF {4 ml} and vader Ar
atmosphens was stirred unfil the red solution tumsd grese. This ndxtare was then heatad at rafhm and
thie comesponding mizhme of benzophenope (60) (200 me, 1.10 mmel) and cyclobesanoae (59) {431
mig. 440 pumed) ie siretly deovygenated THF (2 mL) were then added. Ths reaction mixnime was stimed
uofl startng marerial disappearance (TLC monitoring). It was then quenched with r-BuChdz, washed
twice with 1M HCI, brine, dred over antydrous Ma, 50, and concentrated urder reduced prassure. The
rezulting crade was purified by columa chromatagraphy (hexans) oo silica zal 1o afford 61° (65%0. 'H
HME (CDCly. 500 MHEz)y & 1.56-1.60 (m 6H), 2.23-223 (m 4H). 7.00-7.20 {m 10H): 'C NME
{CDCLy, 125 MEz): 4 268,287,324, 1240, 127.8, 1298, 1345, 139.1, 143.1.

T

oA
(LE AE}-4 8-Dimethyl-l-phenyl-1.3 T-ponatriene (61). A mixnme of Cp.TiCl; (245 g 985 mmal)
and Mo dust {1.44 g, 2628 pamel) or Zoodust (171 g, 26.28 pmel) o theroughly deoxyzznated THF
{140 mL} and vnder Ar ammosphers was stred ot the red soluden ummed green. This mixmre was
then heated at reflux and the comesponding mowture of citral (40) (300 mg, 318 pmol) and
benzaldehyde (38) (1.742 2z, 1642 mmel) m sirctly deoxygenated THE (23 ml) were then added. The
Tsaction maixture was stimed umel startine material dizappearance (TLC momitering) It was then
quenched with -BuOMs, washed wwice with 1N HCL bnope, doed owver aohydrous Ma,50, and
conceptratsd under reduced pressure. The resulting crade was purifsd. by column chromarssraphy
{hexane) on silica gel to afford 62° (77%). 'H NMR (CDCL, 500 MHz): 5 162 (s, 3H) . 169 (5. 3 H).
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185 (s, 3H), 213 (m, 450, 5.12 (bs, 1 H), 600 (4, J=11.0Hz, 1 H) . 644 (4, J= 154 Hz. 1 ),
702 (dd J=154. 110 Hz. 1 H), 7.18 (L. J="73 Hz, 1H), 729 (t, J= 7.3 Hz. 1H), 739 (d, J="73 Hz,
3H): UC NMR (CDCl, 135 MEz): 5 169, 17.7, 15.7, 266, 40.1, 1239, 125.1, 1257, 1261, 1269,
1285, 129.8, 131.8, 1381, 140.2.

Computational Details

Calcnlations bassd oo density fimetiopal theary (DFT) were performed with Ganssian 03 package
We have usad the M5 foncdonal from the Trablar group togather with the “Ablochs VDIZT basis sat,
for tha zeometry optimizaton and for the caloulaton of the Gibbs free snerey of activation and free
energy of reactions. The local stability of all smachares was checked through the eizenvalues of the
matrix of second danivatives (Hessian):, all ensrpetic mimimy prasented no miagivary fraquencies, whils
fransition states (T5) presemtsd a single imaginary fregoency. Unrestocted calculatons (UM03) were
camed eat for all the stmactares. being the electronte state deublat for the reactvas, TS's and products
amd simpiet for the Cp,TIC10H compound.

DFT emerzies (2., first frequency value (cm™") m parentheses, zero point vibratonal energy (ZEVE
an.), and cartesian coordicates [A) of the opdmezed stmuctuzes discussad:

1prod. E[UMO5/Ablrichs-VDZ) = -117.036600505 an. / (441 cm™) / ZBVE = 0.066701 an

¢ ¢

C [.238023000 -0.085776000  Q.000000Q00
C Q.CO0000000 (243327000 0.000000000

C  -123B021000  -0.186742000 Q000000000
517
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H

Lreac. E(UMIS Allmchs-VDE) = - 1888, 72185194 a.

el g
K€ y
&, . I’
——
‘s *Eh
Ti 0640182000 0010637006
Cl 0014103000 -0 145174000
O 1325636000 00329710400
C -1806385000 0320118000
H  -1721596000 -5 148357000
H  -22535034000 0006241000
H  -2780018300 -1 410201030
C 1327401000 1858422000
C 0126336000 2137048000

0.000013000

-2 173752000

~1.311324000

217377200

1311191000

L.320843000

0371126000

-1.2000 80000

Q.3TROT3000

129101700

Q0000000
0000030000
0.000000000
0000000000

000000000

F

-

w

0.032543000
2450253000
0.OB7TR0000

0819773000
1.055255000

-1E14073000
-0.EBO033000

-1.5542260040

-0.8=25021.000
518

i1l em™ / ZPVE =0.250080 an.

Anexos



Anexos

0391322000

1. 762330000

1.3201 26000

1285575000

-0.503823000

-0.335481000

2249034000

3 3R1526000

1915240000

0366725000

0.XB592T000

1454383000

1453314000

2248347000

-0. 105550000

-0.6598460070

1535134000

3263455000

-3.B47971000

2200083000

1.AT0245000

1586113000

1ATI103000

1302833000

1576748000

1684474000

1.IBE591000

-1.305879000

-1 76005000

-2.313635000

-2 201356000

~1. 535586000

-0LBSE1E2000

-1.74308=000

-1 483347000

-1 317286000

0421624000

0450018000

0. 700226000

=0.338045000

-2 611490000

-1 440658000

1205277000

1672562000

-0 G230BG000

-1 464273000

-1 453537000

S0 191042000

0.G)EAZ2000

=0 164=01000

-1 25153000

-2 330026000

0.13701 3000

1552469000

0169116000

S A4408Ta00
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Its. E{UMOI5/ Ablnchs- VD Z) = -1888. 6706425 an. / {3 licm™) /ZPVE =0.25445au

T

-F--E

-3 038598000

-3 735387000

-5.920273000

-5.17901 000

_:Ja-'.

-0 ISEE3 1000

1508348000

0433182000

-1.2414 36000

-0218035000

-0.340071000

0030917000

-0.297532000

r'i
J‘fﬂi“

W
®
0557818000
050864000
-1.315720000
-1BI5941000
-1.80387R000
-2 ITRET 6000
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4reac. E(UMOS/ Ablrichs-VDZ) = -2042.11502756 an. / (4 cm™) ¢ ZPVE
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H 1052606000  -1.721804000  -2.100672000
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