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General Introduction

Many natural products and some other compounds with pharmacological properties
contain polyol and polyaminoalcohol chains in their framework. (+)-Roxaticin,’
Erythromycin A* or Phytosphingosine’ are representative examples (Figure 1).
Consequently, the stereoselective construction of these substructures has become an
important area of investigation in the organic synthetic chemistry field and
significant progress has been made recently. Research in this area has provided many
efficient and wuseful methodologies to obtain them with the adequate

. 4
stereochemistry.
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Figure 1

A plethora of versatile catalytic methods have been developed for the synthesis of
1,2-diols or 1,2,3-trihydroxylated species.5 For example, aldol condensation was
used by List, Barbas III and co-workers to promote the L-proline catalyzed addition
of hydroxyacetone to aldehydes (Scheme 1, I).%” Sharpless and col. used direct
dihydroxylation to prepare 1,2-diols by adding a mixture called AD-mix (a or 3,
depending on the used chiral ligand (DHQD),-PHAL or (DHQ),-PHAL), to olefins
(Scheme 1, I1).* Asymmetric epoxydation of allylic alcohols was another approach
described by Sharpless and col.,” where 2.3-epoxyalcohols could be obtained with
excellent enantiomeric excess. (Scheme 1, I1I).

Nevertheless, many processes are still to be discovered for the generation of C-C

bonds and/or for the functionalization of the resulting chain.
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In our research group, asymmetric preparation of unsaturated alcohols

was

conducted by the stereoselective reduction of prochiral ketones and diketones with

borane in the presence of chiral oxazaborolidinones derived from (S) or (R)-

phenylglycine.'’ The best results were obtained for the reduction of 2-alkyne-1,4-

diones into syn-2-alkyne-1,4-diols.

O

Scheme 2

The transformation of symmetrical diketones gives rise to the formation of diols

with the same absolute configuration at both stereocenters. Therefore, we came up

with a new route to C,-symmetric syn-1,4-diols with high enantiopurity. The other

minor product formed during the reaction was the anti-diastereomer (meso

compound).

It should be remarked that those propargylic diols are versatile synthons which

have been used in our laboratory for the total synthesis of some natural products.

Thus, the (6S,95)-7-tetradecyn-6,9-diol has been used as starting material in the

synthesis of two biologically active lactones: the (—)-phaseolinic acid and the (—)-

methylenolactocin.!
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Figure 2

The aim of this work is the development of synthetic methodology to construct
polyol and polyaminoalcohol chains where each chiral centre could be introduced
independently from the others. Thus, we would like to use a process to transfer
chirality in a 2-unsaturated-1,4-diol. We envisaged two different possibilities to
accomplish it: the first one, from C; to C, (via A in Scheme 3) through cyclization to
oxazolidinones, ketals or cyclic carbonates; but we also would like to transfer
chirality from C, to C, (via B in Scheme 3) by a sigmatropic rearrangement of allylic

acetates (X = OAc).

I\‘)j
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\ OH

R)\/\/R'

X

Scheme 3

Keeping these approaches in mind, our final goal would be to obtain a useful
method to synthesize a variety of polyamino and polyhydroxylated compounds

(Figure 3), by convenient transformation of the olefins.

OH

H

OH O

1,2,...,n-Polyols 1,3,5,...,n-Polyols Polyaminoalcohols

Figure 3

Firstly, we needed a general method to synthesize enantiomerically pure allylic

alcohols and non-symmetrical 1,4-diols. Recently, Carreira and col. described the

11



General Introduction

efficient formation of propargylic alcohols by addition of an alkynylzinc to an
aldehyde using N-methylephedrine as chiral agent.'? Shortly afterwards, we extended
this methodology to the use of chiral O-protected 1-alkyn-3-ols as alkynes to afford
asymmetric syn and anti 1,4-diols (Scheme 4)."° Unfortunately, the scope of this
reaction was limited to a- and B-branched aldehydes and failed with the linear and
the aromatic ones. Therefore, in the first chapter of this work, we explored the

synthesis of 1,4-diols by alkyne addition to aldehydes (branched and linear).

H
SN ' chiral agent A
\_/R + R—CHO ———— R/\/R'

opP
oP

Scheme 4

In the second chapter, we probed the transfer of chirality from C; to C; in a three-
step process: (i) reduction of the triple bond to an olefin £ or Z; (ii) transformation of
the free hydroxy group to an hemiketal; (iii)) metal-catalyzed stereoselective

cyclization to a ketal (Scheme 5).

o oH
- 1
R i, _
NR' R, R
opP op
\ii
X e
ii
R 2N\— R/l%%./R'
R’
op

Scheme 5

We also considered the cyclization of pent-2-ene-1,5-diols to obtain 1,3-dioxolan
structures. These 1,5-diols can be obtained easily according to a methodology
developed in the group of Dr. Jean-Marc Campagne at Gif-Sur-Yvette (France). In
this case, we would observe the transfer of chirality from C; to C; (Scheme 6), and

therefore, we could also obtain 1,3-diols stereoselectively.

12
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R ™S— R RN
~ s

Scheme 6

In the third chapter, we tried the transfer of chirality of 1,4-diols from C; to C, by
the cyclization of carbonates (or carbamates) instead of ketals (Scheme 7). In this
case, stereoselective formation of cyclic carbonates (or carbamates) would be our

aim.

P B L

Scheme 7

Chapter four was devoted to the study of the transfer of chirality from C, to C;
using a [3,3]-sigmatropic rearrangement (Scheme 8). 1,3-Allylic rearrangements are
well-known processes. This reversible process usually ends up in a thermodynamic
mixture of starting material and product since both have similar structural features.
However, we expected that with a benzylic acetate the equilibrium would be shifted
to the right (Scheme 8). The conjugation between the phenyl group and the double

bond would be the determining factor.

op op
RN RN NP
0¥5 o 5\’/0
Scheme 8

Finally, we demonstrated the usefulness of some of our strategies in the synthesis
of a natural product. Keeping them in mind, we synthesized the Spicigerolide 1, a

lactone with five chiral centers (four consecutive).

Figure 4

13
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Capitulo 1

1. Introduccion

La adicién estereoselectiva de compuestos organometalicos sobre aldehidos o
cetonas usando un ligando quiral permite, a priori, la formacién de alcoholes
opticamente activos. En la literatura, podemos encontrar centenares de amino
alcoholes quirales que han sido utilizados como inductores quirales
fundamentalmente en la adicién de Et,Zn a aldehidos aromaticos.'* El creciente
interés en sintetizar alcoholes propargilicos centrd la atencién sobre el uso de
alquinilmetales.”> Al igual que en el caso del dietilzinc, el caracter nucledfilo de los
alquiniluros permite su adicion sobre un aldehido y la estereoquimica resultante

viene, en general, determinada por el ligando quiral empleado.

M-X 1) Ligando quiral
R————=H R————M] ———————— R
2) R'CHO AN

R

Esquema 9

Uno de los primeros ejemplos de adiciones enantioselectivas sobre aldehidos fue
descrito por Mukaiyama et al.'® A pesar de que obtuvieron buenos resultados en la
adicion de un acetiluro de litio sobre el benzaldehido, necesitaron cuatro equivalentes
de un diaminoalcohol quiral para que la estercoselectividad fuera alta. Mas tarde,
Corey y Cimprich probaron la adicion de alquinilboranos en presencia de una
cantidad catalitica de oxazaborolidinas.'” Si bien obtuvieron adicion con excelentes
estereoselectividades, el método implicaba la formacion previa de un alquinilestado.

En los ultimos anos, han aparecido un gran niimero de trabajos en los que se usa
alquinilzinc gracias a que su formacion se hace facilmente a partir de un alquino y un
dialquilzinc o Zn(OTf), y ademaés tienen la particularidad de ser compatibles con
numerosos grupos funcionales. En el apartado siguiente, se describen los resultados

mas relevantes de estos trabajos.
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Capitulo 1

2. Alquiniluros de zinc generados con dialquilzinc

2.1. Aminoalcoholes y derivados como ligandos quirales con R,Zn

En 1990, Soai y col. presentaron la sintesis enantioselectiva y catalitica de
alcoholes propargilicos opticamente activos por alquinilacion de aldehidos.'
Prepararon los dialquinilzinc calentando in sifu un alquino terminal con Et;Zn en un
disolvente adecuado'’ y emplearon tres aminoalcoholes diferentes como ligando. Los
rendimientos obtenidos fueron excelentes pero los excesos enantioméricos no

superaron el 43% en el mejor de los casos (2 con R ="C4Hy, 20 mol%).

H
RoN OH Bh N "
Ph oy
}—( 2 N on R H
7} \
Mé Ph N~ H SN
Me H H
2 3 4
Figura 5

El mecanismo de la reaccion puede ser parecido al propuesto por Noyori y col. en
1989 en la adiciéon de un dialquizinc sobre un aldehido en presencia de DAIB, un
aminoalcohol quiral.®® Los autores propusieron la formacion de la estructura
dinuclear I entre el aminoalcohol (simplificado en el Esquema 10) y un dialquilzinc.
La posterior adicion de benzaldehido permitia la ruptura del dimero para formar un
complejo mononuclear II. En presencia de otro equivalente de dialquilzinc, se
formaba el complejo III donde el ataque intramolecular del grupo R sobre el
benzaldehido permitia llevar a cabo la formacion de un alcoxido IV. Finalmente, se

recuperaba el alcohol con excesos enantioméricos moderados.

20
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[NR'Z

OH

OH

Ar”*

ZnR, Ar-CHO

v

Esquema 10

ZnR,

En la reaccion de Soai, el ataque intramolecular se produce con un alquiniluro.

Basandonos en los trabajos de Chan®' y Superchi®* se puede proponer un intermedio

de reaccion donde el aldehido se coordina a dos dtomos de zinc (Figura 6).

Me  Ph
R"ZN: :o R
NN\
ZQ\ /Zn
AN

G
)]\LH/ \\\C\

Ar R

Figura 6

Posteriormente a los trabajos de Soai, Hoshino y col. describieron la adicion de

alquinos sobre aldehidos lineales y aromaticos empleando un ligando tridentado que

contenia un grupo piridina 5 (Tabla 1).” Su estudio demostré que la naturaleza del

dialquilzinc empleado era importante, obteniéndose los excesos enantioméricos mas

elevados a temperatura ambiente.”* El dialquinilzinc se formaba primero refluyendo

el alquino con Et;Zn. A continuacion se afadia el ligando (10 mol%) y el aldehido.

Cabe suponer la formacion de un intermedio de reacciéon como Sd que permitia la

discriminaciéon de una de las caras del aldehido. El ligando con el grupo mas

voluminoso (a-naftilo, 5a) daba los mejores resultados (Tabla 1, entrada 1-3).
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A Et
| Ar o
P B
N z Ar \\O_ZD
o zn, NN
s,
j< A / Et | y
HO Ar Ph
5a: Ar = a-naftil 5d
5b: Ar = B-natftil
5c: Ar=Ph
Entrada  Alquino (S)-5 Aldehido Temp (°C) Tiempo (h) Rdto (%) ee (%)
1 PhC=CH 5a PhCHO t.a. 7 93 81
2 PhC=CH 5b PhCHO t.a. 7 87 81
3 PhC=CH 5¢ PhCHO t.a. 7 82 66
4 PhC=CH 5a "CgH;7CHO t.a. 1 82 76
5 PhC=CH 5a ‘C¢H;;CHO 0 10 88 91
Tabla 1

Li et al. prefirieron usar Me;Zn en la adicion de fenilacetileno a aldehidos
aromaticos.” Los ligandos escogidos resultaron facilmente asequibles (6 y 7) a partir
de aminoalcoholes comerciales. Las reacciones se realizaron a —20 °C con un 10
mol% de catalizador y se obtuvieron rendimientos altos y excesos enantioméricos de
hasta el 85%. Otra serie de experimentos entre el fenilacetileno y el 2-
clorobenzaldehido permitié probar nuevos catalizadores (8-10) pero los excesos
enantioméricos (£57%) fueron muy inferiores a los anteriores (80% con 6). También
realizaron estudios de RMN y demostraron por primera vez que la adicion del

ligando es una condicion necesaria en la formacion del alquinilzinc.

Q OH N OH

22

Ph Ph Ph Ph
6 7
X W
X—N,  OH N oH  TOne s
HC  Ph PH ph; Ph HC  Ph
8a: X =Y ="Bu 9 10

8b: X,Y = -(CH2)4-

Figura 7
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Braga et al. estudiaron el empleo de ciertos dimeros como ligandos quirales que
poseian una funcién disulfuro en su estructura (11-12). El tratamiento de una
solucion de alquino en THF a —20 °C con Et,Zn y 5-10 mol% de catalizador, seguido
de la adicion del aldehido proporcionaba el producto deseado con rendimientos de
moderados a buenos y hasta un 60% de exceso enantiomérico con la oxazolidina
11.%° También observaron que el uso del dimero 12 conducia a productos racémicos
y que el mondmero 13 generaba excesos enantioméricos muy bajos. La presencia de
la oxazolidina y del disulfuro derivado de la (R)-cisteina parecia clave en el éxito de

la adicion.

QO
\_-N HN \_N
2 2
11 12 13
Figura 8

La estructura de ferroceno también se ha utilizado por Hou y col. como base de
algunos ligandos con actividad catalitica en la alquinilacién de aldehidos aromaticos
y alifaticos.”” Las reacciones se realizaron con 2 eq. de fenilacetileno, 2.2 eq. de
Et,Zn y un 10 mol% de catalizador por 1 eq. de aldehido en CH,Cl,.

La oxazolina 14d dio los mejores resultados y se emple6 para una nueva serie de
adiciones. Los resultados descritos para la serie aromatica eran bastante buenos
(Tabla 2, entradas 1-3) pero se observaba una disminucion de los excesos
enantioméricos para los aldehidos alifaticos (Tabla 2, entradas 4 y 5). El
cinamaldehido, un aldehido o,B-insaturado, resultdé ser el peor sustrato en esta

reaccion (Tabla 2, entrada 6).

23
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14a: R, ="Pr; R, =H
14b: R, ='Buy; R, =H
14c: R;=Bn; R, =H
14d: R; =H; R, =Ph

Entrada Aldehido Rdto (%) ee (%)
1 PhCHO 90 87
2 0-CIC¢H4,CHO 72 67
3 p-MeOC¢H,CHO 82 90
4 Me,CHCHO 88 83
5 Me;CCHO 88 75
6 PhCH=CHCHO 88 54
Tabla 2

Dahmen decidio6 probar el derivado de [2.2]paraciclofano 15 como agente quiral en
la adicion de fenilacetileno a aldehidos aromaticos y alifaticos.”® Emplearon en estas
pruebas Me,Zn, solamente un 5 mol% de catalizador y un aditivo: el dimetiléter del
polietilenglicol (2.5 mol%). Obtuvieron excelentes rendimientos y excesos
enantioméricos para los aldehidos aromaticos pero los alifaticos no dieron buenos

resultados, particularmente los aldehidos lineales como el butanal.

<>
< o\
OH N
15
Entrada  Aldehido Rdto (%) ee (%)
1 PhCHO 90 92
2 0-BrC¢H,CHO 86 >98
3 m-MeOC¢H,CHO 87 80
4 “C¢H;;CHO 82 77
5 "C3H,CHO 85 38
Tabla 3

24
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El grupo de trabajo de Wang también estudié la alquinilaciéon de aldehidos
aromaticos catalizada por oxazolidinas.”® Trabajaron sobre diferentes parametros de
reaccion y concluyeron que el ligando 16d daba los mejores excesos enantioméricos
(76% contra 28, 68 y 5% para 16a, 16b y 16¢ respectivamente).

Un estudio de la influencia de los disolventes en la reaccion demostréo que la
mezcla tolueno-éter era la mas eficiente. La cantidad de Et;Zn también parecia
determinante y los mejores resultados se obtuvieron con el uso de 1.4 equivalentes.
Con estas condiciones optimizadas, exploraron la adicion de fenilacetileno a
diferentes aldehidos aromadticos en presencia de un 10% de catalizador. Obtuvieron
rendimientos moderados (60-78%) pero con buenos excesos enantioméricos (85-99%

ee).

ZnEt2 oH
Ph—C=CH + ArCHO Ar/\
R
R4 ZR2 Ph
60-78%
HN o) (85-99% ee)

A

16a: R, = 'Pr; R, = Ph
16b: R, = Bu; R, =Ph
16c: R; =Bn; R, = Et

16d: R; = Bn; R,=Ph

Esquema 11

Muy recientemente, Wolf et al. han descrito una bisoxazolidina 17 como
catalizador.”® Una investigacion muy completa sobre la adiciéon del fenilacetileno a
aldehidos aromaticos y alifaticos permitid6 obtener unas condiciones muy
optimizadas. El alquino y el Me,Zn se tenian que usar en cantidad equimolar junto a
un 10 mol% de catalizador. Ademas, la reaccidon se tenia que llevar a cabo a una
temperatura de —4 °C con una mezcla de disolvente hexano/tolueno (5.6/1). Los
resultados fueron muy satisfactorios con los aldehidos aromaticos pero obtuvieron
excesos enantioméricos un poco mas bajos con los aldehidos alifaticos. Cuando

utilizaron una monooxazolidina 18, el exceso enantiomérico solo fue del 17%.

25
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s R

Entrada Alquino  Catalizador  Aldehido Rdto (%) ee (%)

1 PhC=CH 17 PhCHO 90 93

2 PhC=CH 17 “C¢H;;CHO 95 77

3 PhC=CH 17 Me;CCHO 99 83

4 PhC=CH 18 PhCHO 76 17
Tabla 4

Trost et al. usaron un nuevo catalizador bimetalico derivado de la prolina 19.°' La
combinacion de dos equivalentes de alquinilzinc sobre el catalizador permiti6 la
adicion de alquinos a aldehidos aromaticos, alifaticos o bien a,B-insaturados. En la
Tabla 5, se pueden observar los resultados para algunas de las adiciones del
fenilacetileno sobre aldehidos aromaticos donde utilizaban 3 eq. de alquino, 3 eq. de

Me,Zny 10 mol% de 19 a 3 °C en tolueno.

Ph OH Ph
Ph HO Ph
I
N OH N

19
Entrada Aldehido Rdto (%) ee (%)
1 PhCHO 95 81
2 0,0-(CH30)2C6H4CHO 87 99
3 2-naftaldehido 89 75
4 m-0,NCcH4,CHO 91 68
5 p-O,NCcH,CHO 78 83
Tabla 5
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2.2. Aminoalcoholes y derivados como ligandos quirales con Ti(OPr),

y Et,Zn

Al inicio de esta Tesis empezaron a aparecer en la literatura diferentes trabajos que
adicionaban Ti(O'Pr)s para que se pudiese complejar previamente al ligando quiral
utilizado. De esta manera, el uso combinado de Ti(OiPr)4/EtQZn con ciertos
aminoalcoholes, dioles y derivados pas6 a ser una metodica alternativa a las
anteriores. Presumiblemente, estos trabajos tienen su origen en las versiones
equivalentes de adicion de Et,Zn a aldehidos, inicialmente desarrollados por Ohno y

col.* y posteriormente ampliamente estudiados con TADDOLes por Seebach y col.”

En este sentido, Kamble y Singh probaron el uso de alcaloides derivados de la
quina para catalizar la adicién de fenilacetileno a aldehidos aromaticos.*
Examinaron esta reaccion empleando Et,Zn, la quinidina 20 y la cinconidina 21 en
presencia o no de Ti(OPr),. Los resultados fueron bastante decepcionantes, tanto los

rendimientos (23-87%) como los excesos enantioméricos (61-85%).

\
—
H
HO, N
MeO. -
AN
N
20 21

Figura 9

Mas tarde, el propio Wang también realizé las adiciones enantioselectivas de
alquinos con Ti(O'Pr), a aldehidos aromaticos usando sulfonamidas como ligandos
quirales.” Se exploraron catalizadores tan diferentes como 22,”>* derivados de la L-

fenilalanina, una alcanforsulfonamida 233

y una bisulfonamida con simetria C;
24,%° con resultados similares. Los rendimientos y los excesos enantioméricos
fueron muy buenos y s6lo se observo una disminucion de rendimiento en el caso del
B-naftaldehido. Un factor a destacar era la cantidad de catalizador empleada: si bien
para los catalizadores 22 y 23 se usaron cargas de 20% y 10%, para el 24, tan sélo se

necesitd un 4%.
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Et
Bn Et
O5NH oy
Bn  Et o, NHTs osnH M
) < OH Bn)_l/\Et
TsHN OH Et
22 23 24
Entrada Aldehido Rdto (%)* ee (%) Rdto (%)° ee (%) Rdto (%)° ee (%)
(22) (23) (24)
1 PhCHO 92 95 93 97 92 95
2 m-MeOC¢H,CHO 88 90 85 95 89 91
3 p-CIC¢H,CHO 80 98 81 92 89 91
4 B-naftaldehido 71 95 75 98 63 91

2 La relacion Et,Zn/fenilacetileno/aldehido/Ti(O'Pr)4/ligando fue 3:3:1:0.6:0.2; ® La relacion
Et,Zn/fenilacetileno/aldehido/Ti(OPr),/ligando  fue  3:3:1:0.4:0.1; ¢ La relacion
Et,Zn/fenilacetileno/aldehido/Ti(O'Pr)/ligando fue 3:3:1:0.24:0.04.

Tabla 6

Wang y col. también demostraron que podian ser utiles algunos ligandos quirales
muy sencillos como la Boc-L-prolina 25a (10 mol%).*® Cuando se combinaba con
Et,Zn y Ti(O'Pr)s, se podian realizar adiciones de alquinos a aldehidos aromaticos.
La presencia del Ti(OPr); provocaba la formacion del complejo 25b, necesario para
la obtencion de excesos enantioméricos superiores al 5%. La relacion
Ti(O'Pr)4/ligando 6ptima resultd ser 3:1 y la mezcla tolueno/éter (1/3) el mejor
disolvente. Si bien la estructura del complejo catalitico parecia ser diferente a todos
los casos anteriores, los rendimientos (hasta 84%) y los excesos enantioméricos
(hasta 77%) no mejoraban los obtenidos hasta entonces con aminoalcoholes como

ligandos.

N W

[il COCH N
6] .
B * / |
oc ? \O___Ti<QPr
By | O'Pr
O'Pr
25a 25b
Figura 10
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En 2005, Xu y col. desarrollaron la primera alquinilacién enantioselectiva de
aldehidos catalizada por un complejo compuesto por Ti(IV) y un ligando tris(p-
hidroxi amida) de simetria C; 26.”” En el trabajo se describe el uso de 4 eq. de
fenilacetileno y Et,Zn por 1 eq. de aldehido y un 20 mol% de catalizador. La
proporcién ideal ligando/Ti(OPr),; era de 1:6. Estas condiciones condujeron a
rendimientos y excesos enantioméricos buenos en sistemas aromaticos y o,f3-
insaturados pero perdian eficacia y estereoselectividad con aldehidos alifaticos

(Tabla 7, entrada 7).

Ph
Ph, HO_  Ph
"'(\NH 0 j
OH
O N "Ph
H
HN O
o OH
PR Y
Ph
26
Entrada Aldehido Rdto (%) ee (%)

1 PhCHO 84 87
2 0-MeOC¢H,CHO 86 92
3 p-MeOC¢H,CHO 84 82
4 0-FC¢H,CHO 83 87
5 1-naftaldehido 72 90
6 PhCH=CHCHO 81 91
7 Me,CHCHO 64 47

Tabla 7

2.3. Derivados del BINOL como ligandos quirales

Mencion aparte merece la utilizacion de derivados del BINOL en la alquinilacion
de aldehidos. Dos grupos de investigacion (Chan y Pu) descubrieron casi
simultdneamente que la adicion enantioselectiva de fenilacetileno a aldehidos
lineales y aromaticos se podia hacer usando como catalizador un complejo
Ti(OPr)s/BINOL.*** El procedimiento utilizado por el grupo de Chan consistia en
la mezcla de fenilacetileno (1.3 eq.) y el Me;Zn (1.2 eq.) en tolueno a 0 °C, para
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después afiadir una solucion de ligando (20 mol%) y Ti(O'Pr)s (1.5 eq.) en THF y

finalmente el aldehido.

HO OH
ROS RGeS
(R)-BINOL (R)-Hg-BINOL
Entrada Aldehido Ligando Rdto (%) ee (%)

1 PhCHO (R)-BINOL 84 90

2 PhCHO (R)-Hg-BINOL 85 92

3 0-CIC(H,CHO (R)-BINOL 88 64

4 0-CIC(H4,CHO (R)-Hg-BINOL 90 76

5 m-CIC(H4,CHO (R)-BINOL 88 92

6 m-CIC(H,CHO (R)-Hg-BINOL 87 95

7 p-O,NCcH,CHO (R)-Hg-BINOL 89 95

8 2-naftaldehido (R)-Hg-BINOL 75 80

9 Me,CHCHO (R)-Hg-BINOL 84 82

10 ‘C¢H;;CHO (R)-Hg-BINOL 86 74

11 "C;H,CHO (R)-Hg-BINOL &7 77

Tabla 8

En los resultados recogidos en la Tabla 8 se puede observar que el Hg-BINOL era
mejor ligando (comparar las entradas 1-2, 3-4 y 5-6) y que los excesos
enantioméricos mas bajos se obtenian una vez mdas para los aldehidos alifaticos
(entradas 9-11).

También probaron anadir aditivos en sus reacciones para aumentar los
rendimientos y los excesos enantioméricos. Asi pues, la adicién de una sulfonamida
27 (10 mol%) como co-catalizador mejord significamente la estereoselectividad
(Tabla 9).* La adicién de un derivado fendlico (10 mol%) también ayudé a mejorar
los excesos enantioméricos.”' El mas elevado fue obtenido con el propio fenol (96%

ee).
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TsHN OH
27
Entrada Aldehido Rdto (%) ee (%)
1 PhCHO 83 96
2 p-0O,NCcH4,CHO 82 99
3 p-BrC¢H,CHO 85 99
4 p-CICcH4,CHO 86 95
5 2-naftaldehido 81 95
Tabla 9

A diferencia de los trabajos anteriores, Pu y col. consiguieron buenos resultados

tanto con aldehidos aromaticos como con aldehidos alifaticos.*® Para ello, calentaban

primero el fenilacetileno (1.1 mmol) y el Me,Zn (1.0 mmol) en tolueno durante 5 h,

antes de afadir el BINOL (0.2 mmol), el Ti(OPr)s (0.5 mmol) y finalmente el

aldehido. La reaccion tenia lugar a temperatura ambiente.

La Tabla 10 refleja unos excelentes excesos enantioméricos, tanto para los

aldehidos aromaticos como para los alifaticos. Incluso los aductos derivados de

aldehidos lineales como el nonanal y el butanal presentaban excesos enantioméricos

muy elevados (91 y 93% respectivamente).

Entrada  Aldehido Condiciones® Rdto (%) ee (%)
1 PhCHO A 77 96
2 p-FC¢H,CHO A 74 96
3 p-0,NC¢H4CHO A 79 97
4 p-MeC¢H,4,CHO B 93 97
5 p-MeOC¢H,CHO B 97 94
6 2-naftaldehido A 77 98
7 "CgH;,CHO B 96 91
8 "C3H,CHO B 91 93
9 Me,CHCHO B 84 97
10 ‘C¢H;{CHO B 58 95
11 PhCH=CHCHO B 89 97

2 Condiciones A: 1 mmol de aldehido, condiciones B: 0.5 mmol

Tabla 10
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Pu y col. han trabajado, entre otros, con BINOLes modificados con resultados

parecidos en el caso del Salen 28" y del Hg-BINOL 3,3 -difuncionalizado 29.%**

_N N= N 0]
94 O -
OH HO OH
OH HO. OH
99 ) A
N O
__/

28 29

N

Figura 11

Jiang, Gong y col. probaron otro tipo de modificaciones, los BINOLes 7,7’-
difuncionalizados.” Con 20 mol% de catalizador 30 y 50 mol% de Ti(O'Pr)s en
CH,Cl,, obtuvieron buenos rendimientos y excelentes excesos enantioméricos en la
adicion de fenilacetileno a aldehidos aromaticos. Con aldehidos alifaticos, tuvieron

que forzar un poco las condiciones (40 mol% de catalizador y 100 mol% de

Ti(O'Pr)y).
A N o OO oH
T

30
Entrada Aldehido Rdto (%) ee (%)
1 PhCHO 91 95
2 p-MeC¢H4CHO 71 92
3 p-CICc(H4,CHO 79 93
4 p-MeOC4H,CHO 93 91
5 PhCH=CHCHO 69 93
6 Me,CHCHO 64 92
7 "C;H,CHO 73 93
Tabla 11

32



Capitulo 1

3. Alquiniluros de zinc generados con Zn(OTf),

3.1. Reacciones de Carreira

Poco antes del inicio de esta Tesis, aparecieron en la literatura unos trabajos de
Carreira y col.'>* donde se describia una obtencién muy eficiente de alcoholes
propargilicos Opticamente activos. El proceso se basaba en la activacion de un
alquino terminal con trifluorometansulfonato de zinc que permitia a la trietilamina su
desprotonacion para formar un acetiluro de zinc que se adicionaba sobre aldehidos en
presencia de un aminoalcohol quiral, la N-metilefedrina. La estereoquimica venia
determinada por la (+) o (-)-N-metilefedrina empleada.

El éxito de esta adicion dependia mucho del procedimiento experimental. La
preparacion previa de una mezcla vigorosamente agitada de 1.1 eq. de Zn(OTf),, 1.2
eq. de (+)-NME y 1.2 eq. de Et;N en tolueno durante 2 h a temperatura ambiente era
clave. Se anadia posteriormente 1 eq. de alquino, 1.2 eq. de aldehido y se agitaba la

mezcla entre 3 y 5 h at.a. (Esquema 12).

Zn(OTf),, EtzN OH
O (+)-N-metilefedrina
+ H—C=C—R' - R
R)J\H t.a., tolueno %
R
Esquema 12

Los autores describieron el uso de muchos alquinos y aldehidos diferentes, pero a
diferencia de otros trabajos citados antes, se obtuvieron mejores resultados sobre los
aldehidos alifaticos.'”® En efecto, los rendimientos y estereoselectividades fueron, en
general, excelentes. En cambio, el rendimiento fue s6lo moderado para los aldehidos
o,B-insaturados (Tabla 12, entrada 5) y aromaticos (Tabla 12, entradas 8 y 9), y era

totalmente ineficaz con aldehidos alifaticos lineales.
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(+)-N-metilefedrina

Entrada Alquino Aldehido Tiempo (h) Rdto (%) ee (%)
1 PhC=CH “C¢H;{CHO 1 99 96
2 Ph(CH,),C=CH ‘C¢H,;CHO 4 98 99
3 Ph(CH,),C=CH Me,CHCHO 2 90 99
4 PhC=CH Me,CHCHO 2 95 90
5 Ph(CH,),C=CH PhCH=CHCHO 20 39 80
6 Ph(CH,),C=CH Me;CCHO 2 84 99
7 PhC=CH Me;CCHO 2 99 94
8 Ph(CH,),C=CH PhCHO 20 52 96
9 PhC=CH PhCHO 20 53 94
10 Me;Si=CH “C¢H;,CHO 2 93 98
11 Ph(CH,),C=CH Me;CCH,CHO 2 72 99
12 PhC=CH Me;CCH,CHO 2 90 97
13 Me;SiCH,=CH “C¢H,,CHO 4 84 98
14 TBSOCH,=CH “C¢H,;,CHO 5 83 98
15 (EtO),CHC=CH “C¢H,;,CHO 9 90 98
16 CH,=C(Me)C=CH “C¢H,;,CHO 3 94 98
17 Me,C(OH)C=CH Me,CHCHO 4 97 98

Tabla 12

A priori, se puede pensar en una reaccion que pasa por un intermedio (Esquema
13) como el propuesto anteriormente (Figura 6). La (+)-N-metilefedrina se
coordinaba a dos atomos de Zn que a su vez se coordinaban al alquino y al aldehido.
De esta manera favorecia el ataque del alquino terminal sobre una cara del aldehido

para formar estereoselectivamente un alcohol.
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M
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Esquema 13

El mismo Carreira y col. extendieron estas adiciones asimétricas del acetileno a
aldehidos.*® Eso permiti6 la formacion enantioselectiva de 1-alquin-3-oles con el
grupo hidroxilo libre o protegido en forma de ester (Esquema 14). Tuvieron
estereoselectividades muy altas (91-98%) pero rendimientos muy variables (28-

92%).

Zn(OTf),

(+)-N-metilefedrina OoX
o EtN(Pr),

+ H—C=C—H R
R)J\H tolueno, t.a. %
H
l: X=H
X = 3,5-dinitrobenzoilo

Esquema 14

Posteriormente, Anand y Carreira consiguieron una variante catalitica de la
reaccion usando Zn(OTf), (20 mol%), de EtzN (50 mol%) y del ligando, la N-
metilefedrina (22 mol%).**® El procedimiento era similar al presentado anteriormente
con la temperatura de la reaccion como unica diferencia significativa. En este caso,
se necesitaban 60 °C para conseguir rendimientos y excesos enantioméricos
elevados. Una vez mas, los aldehidos alifaticos lineales daban rendimientos muy

bajos.
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Entrada  Alquino Aldehido Tiempo (h) Rdto (%) ee (%)
1 Bn,NCH,C=CH “C¢H;;CHO 2 91 97
2 Ph(CH,),C=CH C¢H;,CHO 4 89 94
3 PhC=CH “CgH;;CHO 5 94 86
4 Me,C(OTMS)C=CH  Me,CHCHO 5 77 98
5 Ph(CH,),C=CH "C.H,sCHO 20 45 92
6 Ph(CH,),C=CH Me;CCHO 24 77 93
7 Bn,NCH,C=CH "C;H,sCHO 24 55 91
Tabla 13

3.2. Otros métodos

Jiang y col. describieron en el afio 2002 una variante del protocolo de Carreira
cambiando la N-metilefedrina por otro aminoalcohol: el (1S,25)-3-tert-

butildimetilsililoxi-2-(dimetilamino)-1-(4-nitrofenil)propan-1-ol 31 A

Este ligando
quiral se sintetizaba a partir del producto comercial (1S,2S5)-2-amino-3-(4-
nitrofenil)propano-1,3-diol.

Sorprendentemente, los autores describian buenos rendimientos y excelentes

excesos enantioméricos, incluso en el caso de los aldehidos lineales.

OH
/O/E\é/\oms
O,N /ﬁ\
31
Entrada Alquino Aldehido Rdto (%)  ee (%)
1 PhC=CH Me,CHCHO 99 98
2 Ph(CH,),C=CH Me,CHCHO 99 >99
3 Ph(CH,),C=CH "C;H;sCHO 94 99
4 PhC=CH PhCHO 85 97
5 "C4Hy=CH ‘C¢H;,CHO 82 95
Tabla 14
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En la misma linea, Davis y col. describieron muy recientemente alquinilaciones
enantioselectivas a aldehidos empleando Zn(OTf), y un aminoalcohol derivado de un
carbohidrato como ligando quiral (32 y 33).** Aunque obtuvieron rendimientos bajos
para el pivalaldehido (Tabla 15, entradas 3 y 4), los aldehidos lineales (Tabla 15,
entrada 5) y los aromaticos (Tabla 15, entradas 8-10) dieron buenas selectividades en
la mayoria de los casos. También consiguieron efectuar la adicion de fenilacetileno al

ciclohexanocarbaldehido usando una cantidad catalitica de ligando 32 (Tabla 15,

entrada 7).
e TR
Q Q
HO HO OMe
NOMe N
fo] fo]
32 33
Entrada Ligando Aldehido Temp (°C) Tiempo (h) Rdto (%) ee (%)

1 32 Me,CHCHO 23 40 80 95
2 33 Me,CHCHO 23 40 70 97
3 32 Me;CCHO 40 40 51 94
4 33 Me;CCHO 40 20 62 81
5 32 "C¢H13CHO 40 21 55 92
6 32 ‘C¢H;;CHO 40 21 95 97
7? 32 ‘C¢H;;CHO 40 21 86 93
8 32 PhCHO 40 24 50 91
9 33 p-MeCcH,CHO 23 44 38 97
10 33 p-CIC(H,CHO 23 44 36 98

2 Se ha empleado 0.55 eq. de 32

Tabla 15

4. Sintesis de 2-alquin-1,4-dioles y derivados

La sintesis estereoselectiva de 2-alquin-1,4-dioles ha sido desde hace afios uno de
.. 11.13.4 .. .y .

los objetivos de nuestro grupo.'""** Inicialmente, la reduccion estereoselectiva de

las correspondientes dicetonas con borano y una oxazaborolidina permitié en nuestro

laboratorio la sintesis de 1,4-dioles simétricos con configuracion mayoritaria sin.'
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Una adaptacion del protocolo de Carreira permitié a Jordi Ortiz llevar a cabo la
sintesis de 1,4-dioles por adicidon de un alcohol propargilico quiral O-protegido sobre
un aldehido.” Esta metodologia permitia acceder a dioles asimétricos (R#R’) tanto

sin como anti de manera muy sencilla (Esquema 15).

(+)-NME

(@] H E
)I\ ) \/R' Zn(OTf),, EtzN anti °F
R H Y
i t.a., tolueno
o-P OH
(-)-NME :
R/\/R.
sin OP
Esquema 15

Las reacciones tenian lugar con 1.1 eq. de Zn(OTf),, 1.2 eq. de (+) o (-)-N-
metilefedrina, 1.2 eq. de EtsN, 1 eq. de alquino y 1.2 eq. de aldehido en tolueno. Se
probaron una serie de grupos alquilos R y R’ asi como diferentes grupos protectores
P. Los resultados estan resumidos en la Tabla 16. Se obtuvieron buenos rendimientos
y estereoselectividades para los aldehidos a-ramificados probados. Debe remarcarse
que la configuracion del nuevo estereocentro formado venia determinada por el

enantiomero de la NME utilizado y no por la quiralidad del alquinol de partida.

Entrada R' P Aldehido NME  Temp (°C) Rdto (%) Sin/anti
1 Me PhCH, “C¢H;;CHO =) 65 70 94:6
2 Me PhCH, ‘C¢H;;CHO ) 65 81 6:94
3 Me PhCH, Me,CHCHO ) 65 75 93:7
4 Me PhCH, Me,CHCHO +) 65 70 13:87
5 Me PhCO Me,CHCHO -) 23 97 98:2
6 Me PhCO Me,CHCHO ) 23 90 7:93
7 Me PhCO Me;CHCHO -) 23 64 99:1
8 Me TBS Me,CCHO ) 23 85 96:4
9 "CsHy, MeCO Me;CHCHO ) 23 72 99:1
10 "CsH, MeCO Me;CCHO ) 23 78 7:93
11 Me,CH PhCO Me,CCHO ) 23 84 95:5
12 Me,CH PhCO Me,CHCHO ) 23 72 10:90
13 “CgHy; MeCO ‘C¢H;;CHO -) 23 76 98:2

Tabla 16
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Esta metodologia se empled mas tarde para la sintesis de las musclidas Al, A2 y
B** y de B-hidroxi-a-aminoacidos.*® Con posterioridad, el propio Carreira realizo la

sintesis de 2-alquin-1,4-dioles usando esta metodologia.™

5. Posibilidades y limitaciones de lIa metodologia sintética disponible:

una vision general

Como acabamos de ver, la adicion estereoselectiva de alquiniluros de zinc a
aldehidos ha sido un campo de intensa investigacion en los ultimos afios. Los
primeros métodos descritos empleaban un dialquilzinc y un derivado de
aminoalcohol como ligando quiral pero los excesos enantioméricos no eran muy
buenos. Ademas, en la mayoria de los casos, s6lo permitian la adicion de
fenilacetileno a aldehidos aromaticos.

Mas tarde, se logro mejorar la estereoselectividad con nuevos ligandos mas
complejos estructuralmente pero que se tenian que sintetizar (por ejemplo las
bisoxazolidinas, los ferrocenos y los paraciclofanos). Ademas, no ofrecian buenos
resultados en las adiciones sobre aldehidos alifaticos.

La utilizacién del Ti(O'Pr)4 fue una mejora importante, pues se pudieron emplear
ligandos maés sencillos como derivados de la r-prolina y de la r-fenilalanina con
buenas enantioselectividades para aldehidos aromaticos pero, al igual que en los
casos anteriores, esta metodologia no acababa de funcionar con aldehidos alifaticos.

La combinacion Ti(O'Pr); y BINOL aparecié, finalmente, como uno de los
métodos de eleccion, dado que todos los reactivos son comerciales y se obtienen
buenas enantioselectividades en las adiciones sobre aldehidos aromadticos y alifaticos,
incluso los lineales.

Otro método muy efectivo es la adicion de Carreira, empleando Zn(OTf),, Et;N y
NME. Los excesos enantioméricos descritos eran excelentes para los aldehidos
alifaticos aunque eran mas bajos para los aldehidos aromadticos y la reaccion era
totalmente ineficaz con aldehidos alifaticos lineales.

Finalmente, la variante de Jiang y col. de este método permitia obtener adiciones
sobre aldehidos lineales con buenos excesos enantioméricos cambiando unicamente

la NME por un derivado.
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Un analisis critico de todos estos métodos desarrollados para obtener alcoholes
propargilicos a partir de alquinos y aldehidos dejaba como metddicas mas versatiles
las de Pu/Chan (Ti(O'Pr)¢/BINOL) y Carreira (Zn(OTf)/NME).

Dado que en el momento de iniciar esta Tesis teniamos experiencia en el grupo en
las alquinilaciones de Carreira, comenzamos nuestro trabajo utilizando dicha
metodologia. No obstante, para ciertos casos, pensamos que la metodologia Pu/Chan

podia ser una alternativa muy interesante.

Nuestro interés en la sintesis estereoselectiva de 2-alquin-1,4-dioles nos hizo
buscar nuevos métodos generales y versatiles para acceder a todo tipo de estos
compuestos. Por eso la reaccion de Carreira fue una de las primeras elecciones, pues
nos permitia formar los alcoholes propargilicos enantio- y diastereoméricamente
puros y podiamos hacer variar las dos cadenas R y R*.**

No obstante, la reaccion de Carreira tiene sus limitaciones: (i) no funciona bien con
aldehidos lineales, generando producto de autocondensacion del aldehido, (ii) da
rendimientos relativamente bajos con aldehidos aromaticos, (ii1) presenta problemas
de reactividad con moléculas mas complejas y (iv) nuestra experiencia indicaba que
en algunas adiciones era importante el efecto matched/mismatched si se usaban
aldehidos quirales conllevando una disminucion de los rendimientos y de las
estereoselectividades en el caso no favorecido.

Nos propusimos explorar una posible mejora de los dos primeros puntos para poder
acceder a una variedad de substratos mas elevada y asi tener un método que seria
complementario a la reaccion de Carreira. En este sentido, estudiamos la adicion del
benzoato de propargilo a diferentes aldehidos siguiendo los protocolos descritos en el
trabajo de Jiang y col. que recomienda el uso de un derivado de la efedrina 31,* en
el estudio de Soai et al. que propone el uso de dietilzinc combinado a derivados de -
aminoalcoholes'* y en los trabajos de Chan y col. que preconizan un precatalizador

de dimetilzinc, Ti(O'Pr)s y BINOL . **41P
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6. Adiciones enantioselectivas de alquinilzinc sobre aldehidos

lineales y aromaticos

6.1. Reaccion de Carreira con un derivado de la efedrina

Jiang y col. sugirieron que las adiciones de alquinos a aldehidos lineales se podian
realizar usando el compuesto 31, derivado de un aminoalcohol quiral comercial 34.
La sintesis de este catalizador se realizé de acuerdo con lo descrito en la literatura.”’
En una primera etapa se metilé la amina con acido férmico y formaldehido a reflujo
para después proteger el alcohol primario con el cloruro de fert-butildimetilsililo,
imidazol y una cantidad catalitica de 4-dimetilaminopiridina. Se obtuvo el compuesto

31 con un rendimiento global del 59% (Esquema 16).

nQ
T
nQ
I

HCHO, HCO,H :
e —— H OH
: OH reflujo, 15 h lfl
NH
O,N 2 O,N N
34 35
TBSCI, Imidazol
4-DMAP
OH CH,Cly
N
O,N SN
31
Esquema 16

En un primer ensayo, comprobamos la efectividad del ligando 31 en la adicion del
benzoato de prop-2-inilo (36) sobre el isobutiraldehido, un aldehido ramificado.
Empleamos 1.1 eq. de Zn(OTY),, 1.2 eq. de Et3N, 1.2 eq. de ligando, 1 eq. de alquino
y 1.2 eq. de aldehido en tolueno a temperatura ambiente. El uso de los dos ligandos

(31 y (-)-NME) nos permitio comparar directamente ambos catalizadores.
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o) OH

Ligando (1.2 eq.)
\/OBZ + Lt 0T, + EGN “
t.a., tolueno X OBz

36 37
1 1.2 1.1 1.2

Entrada Ligando Rdto (%) ee (%) Configuracion?

1 (-)-NME 90 97° )
2 31 62 93¢ ®)

¢ Por comparacion con la literatura. ® Determinado por HPLC y '°F
NMR del ester de Mosher. € Determinado por HPLC.

Tabla 17

El rendimiento resultdé mas bajo de lo esperado pero el exceso enantiomérico era
relativamente bueno y nos permitié confirmar que la reaccidon podria tener éxito
cambiando el aldehido ramificado por uno lineal.

En contra de lo descrito por Jiang y col., los resultados obtenidos adicionando 36
sobre un aldehido lineal como el hexanal no fueron en absoluto satisfactorios. En el
mejor de los casos tuvimos la formacion de un alcohol racémico’’ con un

rendimiento del 14%.

6.2. Reaccion con Et,Zn y efedrina

En este punto decidimos explorar el uso de dietilzinc como sustituto del Zn(OTf),
en la metalacion del alquino para probar su adicion posterior a los aldehidos
aromaticos y lineales. Los numerosos trabajos que combinaban la formaciéon del
acetiluro de zinc con Et;Zn con el uso de aminoalcoholes quirales avalaban en

principio esta propuesta.

Desafortunadamente, cuando se puso a reflujo el alquino y el Et,Zn en cantidad
equimolar en THF durante 1 h y a continuacion, se le afiadi6 la (+)-NME (10 mol%)
y el aldehido en tolueno se obtuvo un rendimiento elevado (84%) pero un exceso

enantiomérico muy pobre (10%).”!
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N\ OBz + EtzZn + (+)NME + CHO
\/ 2 *) \M; THF/Tolueno 3/1
1.3

1.2 0.13 1

Esquema 17

6.3. Uso del complejo Ti(O'Pr),/BINOL

Los resultados anteriores no resultaron muy esperanzadores, asi que basandonos en

los trabajos de Chan y col. con aldehidos lineales y aromaticos, decidimos explorar el

uso del complejo Ti(O'Pr)s/BINOL. Varios grupos habian descrito su efectividad en

la adiciones asimétricas de alquinos terminales a aldehidos lineales.

En este tipo de reaccidn, se preparaba el alquinilzinc refluyendo el alquino con el

Et,Zn en tolueno durante 1 h. Por otra parte, se agitaban a temperatura ambiente el

BINOL y el Ti(OiPr)4 en Et,0O durante 5 min y se afiadian a la mezcla de reaccion. La

adicion del aldehido tenia lugar a t.a. Los resultados obtenidos fueron buenos y se

demostrd que la adicion de un aditivo fendlico en la reaccion activaba el catalizador

Ti(O"Pr)4/BINOL.41b Afadiendo simplemente fenol notamos una mejora del

rendimiento y del exceso enantiomérico (Tabla 18, entrada 1 y 2).

OH
\/oaz + Etyzn + (R)}-BINOL + Ti(OPr), - + R—CHO

Eter/Tolueno 3/1

Entrada  Aldehido Fenol (eq.) Rdto (%) ee (%)?

1 "CsH,,CHO - 71 75
2 "CsH;;CHO 0.4 98 79
3 PhCHO 0.4 98 91
2 Determinado por HPLC
Tabla 18

H

R
/\/OBZ

(S)-38 :R= nCSHH
39 :R=Ph

lle)
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7. Conclusiones

El objetivo marcado en este estudio, que consistia en encontrar una alternativa a la
reaccion de Carreira para aldehidos lineales o aromadticos se habia conseguido, al
menos para el benzoato de prop-2-inilo. Los rendimientos eran casi cuantitativos
gracias a la adicion de fenol y los excesos enantioméricos eran relativamente buenos.
Pero este método también tenia sus limitaciones: (i) se necesitaba el empleo de seis
reactivos y dos disolventes, (i1) como muchos métodos ya descritos se usaban cuatro
equivalentes de alquino frente a uno so6lo de aldehido, (iii) la cantidad de catalizador
usada era bastante elevada (40 mol%).

La investigacion en este tema sigue siendo activa y recientemente Shibasaki y col.
han descrito toda una serie de adiciones efectivas de alquinos a aldehidos alifaticos y

aromaticos catalizadas por un complejo In(III)/BINOL.>
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Capitulo 2

1. Introduccion

Tal y como hemos indicado en la Introduccion General, la presencia de cadenas de
polioles y de poliaminoalcoholes en muchos productos naturales ha generado un gran
interés sintético por este tipo de subestructuras. Habitualmente, en el proceso de
construccion de estos sintones polifuncionales, muchos pasos son destinados a la
proteccion y desproteccion de grupos funcionales. Muy a menudo, la proteccion de
funciones oxigenadas como alcoholes y carbonilos se realiza en forma de acetales.
En la literatura, se han empleado para proteger 1,2-dioles,” 1,3-dioles,’* aldehidos™
o bien en la sintesis de azucares.’® Los acetales de aldehidos se caracterizan por ser

bastante estables en medio basico y por desprotegerse facilmente en medio acido.

En el marco de nuestro proyecto dirigido a la formacion estereoselectiva de
1,2,...n-polioles mediante reacciones de transferencia de quiralidad y como se indica
en el Esquema 18, pensamos que resultaria muy interesante que dicha transferencia
se realizara a través de un hemiacetal, dando lugar a 1,2-dioles protegidos en forma

de acetal.

R

O OH O><O
X - > —
R)\/v O x I
R S
Esquema 18

Inicialmente, nos planteamos una ciclacion catalizada por Pd(II). E1 Pd(II) tiene la
particularidad de poder actuar simultdneamente como acido de Lewis y como metal
de transicion en otros procesos cataliticos.”’ En el caso que nos ocupa, por un lado
podria actuar como un acido de Lewis en la formacién del hemiacetal coordinandose
a los pares no enlazantes del carbonilo y por otro, interaccionaria con los electrones ©
de los alquenos y alquinos, permitiendo asi el ataque del hemiacetal sobre el enlace

multiple.
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De hecho, en la literatura existen algunos ejemplos que inducen a pensar que este
tipo de transformaciones podrian tener lugar. Asi, Hirai y col. han empleado
recientemente estas propiedades en la ciclacion de 7-hidroxihept-5-enal via
formacién de un hemiacetal.”® En el Esquema 19 aparece el curso supuesto de la
reaccion, en el que por una parte se forma el hemiacetal y por otra parte el paladio se
coordina a la vez con el doble enlace y con el grupo hidroxilo, permitiendo asi su uso
como grupo saliente. En este trabajo se demuestra que un hemiacetal es
suficientemente nucleofilo para permitir la ciclacion y que es posible controlar la
configuracion relativa del nuevo centro estereogénico formado. La activacion de la
olefina con paladio es suficiente para permitir la ciclacion y en el estado de
transicion, la cadena alilica estd mucho mds favorecida en posicion ecuatorial. De
esta manera, los autores obtuvieron casi exclusivamente el tetrahidropirano de

configuracion relativa 4,6-cis.

Lv\ pdl! OH
o ROH
Ph" \ OH Ph ~ OH

t OR

RO @--OH
L

W 2
S I,
=) h\\\\ (O —

Esquema 19

Cabe remarcar que los mejores resultados se obtuvieron empleando EtOH como
disolvente pero cuando el alcohol elegido era mas impedido, los rendimientos

disminuyeron (Tabla 19).

Entrada Disolvente Tiempo (h)  Rdto (%)
1 EtOH 2 71
2 Me,CHOH 8 41
3 ‘C,Hy,OH 10 41
Tabla 19
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Por otro lado, en nuestros planes tampoco descartabamos la ciclacion asistida por

Pd(0) u otros metales de transicion que formen complejos m-alilo (Esquema 20).

O><OH Pd(0) 0>§0H o><o
R)\/\/X R)\,'/]\ R)_g
Pd*
.

Esquema 20

En definitiva, se queria aprovechar la experiencia del grupo en el area de los dioles
propargilicos enantioméricamente puros y no simétricos’’ para sintetizar 1,2-dioles
protegidos.

En sentido sintético, pensabamos reducir los triples enlaces de los 2-alquin-1,4-
dioles preparados en el capitulo 1 a dobles enlaces £ o Z, para después proteger
selectivamente los alcoholes primarios. Finalmente se ensayarian las ciclaciones con

catalisis de Pd(II) o Pd(0) buscando la formacion de un intermedio hemiacetalico y la

transferencia de quiralidad de C; a C; (Esquema 21).

H

R/\/R.

H
OH

o} o}
)l\ \ Pd(ID) )I\ \ Pd(0)

o N M,
R/lde/R ] 1 L R%
Pd(Il)

H R

Q)
nQ
nQ

monoproteccion selectiva

H
R — :/R'

H
R = :/R'

O

p

(o]l

Esquema 21

En el precedente descrito en la literatura, el material de partida lleva un grupo
aldehido sobre el que se adiciona un alcohol que se usa como disolvente (Esquema

22, a). En nuestro caso, en cambio, la molécula es un diol y se usaria una cetona

como disolvente de reaccion (Esquema 22, b).
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HO HO
o= D on

R'OH
R R
HO
HO
s /‘OH R'
b) oH o = <
R )L o
R' R' R

Esquema 22

En este capitulo también hemos intentado llevar a cabo la preparacion de 1,3-dioles
protegidos. Una colaboracion con el grupo del Dr. Jean-Marc Campagne en Gif-Sur-
Yvette (Francia) nos permitié trabajar con pent-2-en-1,5-dioles estereoenriquecidos.

La ciclacion de estos compuestos en presencia de paladio(Il) daria acceso a acetales
de seis miembros.

Ph ><
Ph Pd(”) \(\—/\OH o o
\(\_/\__OH
(0]
OH

A Ay

Esquema 23

De hecho, en la literatura ya han aparecido algunas ciclaciones de este tipo. Asi,
Leighton y col. desarrollaron la sintesis de 1,3-dioles protegidos en forma de acetales
a partir de alcoholes homoalilicos en presencia de un catalizador de Hg(Il) y de
Yb(OTf); (Esquema 24).°° Los rendimientos descritos son buenos obteniéndose

mayoritariamente el compuesto de configuracion relativa sin.

OH ><
: )OJ\ Yb(OTH); o Do
~ + e H H
R/\/\ HgClOAC /'\/'\/chl
0°Cat.a. R

\l H
><o /Y(t?Ln >< /YSL

YbL
o) o~ o " o) 9/ "
X 2 s = A~ Hol
R/\/\ +H® R/\/I'\: R
Hg

-~

cl + HOAc

Esquema 24
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Si los resultados obtenidos en este tipo de ciclaciones fueran buenos y
aprovechando la versatilidad de las alquinilaciones de Carreira, la finalidad
perseguida en ultimo término seria sintetizar cadenas de polioles por un proceso
iterativo (Esquema 25). Asi, el producto acetédlico ciclado podria experimentar una
ozonolisis del doble enlace para dar un aldehido que podria reaccionar en una
reaccion de tipo Carreira para generar un nuevo diol propargilico sobre el cual se
podria formar otro acetal y obtener finalmente un tetraol protegido. Sobre el papel,

cada estereocentro formado tendria un control estereoquimico independiente.

o><o 1o >< ><

>_<_\ 2) MSezs o 0 NME, EtN, Zn(OTf), O O

R = > < H L
CHy(Cl, R CHO \/ . R>—§T<

R HO OH

OH

Tolueno \ ‘

Esquema 25

2. Formacion de acetales de cinco miembros

Inicialmente abordamos la ciclacion de los sistemas 2-alquin-1,4-diol mas sencillos,
aquellos en los que uno de los alcoholes es primario. Mediante este tipo de
ciclaciones — con Pd(0) o Pd(II) — deberiamos acceder a acetales ciclicos de cinco

miembros.
2.1. Primeros ensayos

2.1.1. Via complejos de n-alilo

Las primeras pruebas se realizaron para explorar la reactividad bajo catalisis de
paladio(0). Por eso, sintetizamos un 1,4-diol racémico y monoprotegido en forma de

benzoato: el benzoato de (Z£)-4-ciclohexil-4-hidroxibut-2-enilo, (+)-40 (Esquema 26).
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OH
1)"BuLi, 2.2 eq.
% 2) ciclohexanocarbaldehido
NOH AN OH
THF
87% 41
H,
cat. de Lindlar 939%,
AcOEt
OH
oH BzClI
E;N, 4-DMAP = OH
— OBz B
CH,Cl,
96%
(£)-40 (2)-42
Esquema 26

Para ello, se prepar6 el acetiluro del alcohol propargilico empleando 2.2 eq. de
"BuLi y se adicion6 sobre el ciclohexanocarbaldehido para dar el diol propargilico
41. A continuacion se redujo el triple enlace a doble enlace Z por hidrogenacion
empleando el catalizador de Lindlar: una mezcla de Pd/CaCO; (5% en peso)
envenenada con plomo y quinoleina.” Finalmente, se monoprotegié selectivamente
el alcohol primario con cloruro de benzoilo.

El producto (+)-40 disponia de un benzoato como grupo saliente para formar el
complejo m-alilo con un metal de transicion y su alcohol libre permitiria la formacién

un intermedio hemiacetalico (Esquema 27).

OH
E— OBz MX
I
(£)-40 - -

Esquema 27

El Pd(PPh;)4 fue el primer catalizador que ensayamos en este tipo de ciclaciones.
Asi, cuando se disolvio (£)-40 en acetona en presencia de un 20 mol% de Pd(PPhs),4
a t.a. se recupero el material de partida. La adicion de un acido de Lewis ademas del
paladio como LaCl; (20 mol%) o bien CeCls-7H,O (20 mol%), que activase la

formacion del hemiacetal no mejord los resultados. Con la idea de aumentar la
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nucleofilia del hemiacetal intermedio se adicioné Et,Zn, pero no se obtuvo el efecto
deseado. En cada uno de estos casos, no se observd mejora cuando se puso la mezcla

a reflujo del acetona.

También se exploraron otros metales con propiedades analogas al paladio en la
formacion de complejos de m-alilo como el iridio y el molibdeno.

Takeuchi et al. realizaron la primera alquilacion alilica regioselectiva empleando
un complejo de iridio y un ligando de fésforo.®' Mas tarde los grupos de Hartwig® y
Helmchen® realizaron alquilaciones regioselectivas y enantioselectivas (Esquema

28) a partir de compuestos proquirales usando fosforamiditos quirales.

R1Y\/R2 Ir* R1V/1VR2 Nu R1\‘/\/R2

GS Ir* Nu

Esquema 28

Los diferentes intentos realizados con el alcohol (£)-40 y [Ir(cod)Cl], (10 mol%)
fueron infructuosos recuperandose el material de partida. La adicion de un ligando
como el P(OEt); o el P(OCH,CF3); no cambid el resultado. En la literatura se
describe la preparacion de un precatalizador agitando [Ir(cod)Cl], (0.1 eq.), P(OPh);

(0.2 eq.) y la propilamina (36 eq.) a 50 °C durante 20min.**""

En estas condiciones,
cuando se le afiadi6 (+)-40 y acetona y se agité a 50 °C se recupero el material de
partida. La adicion de acido de Lewis como Sc(OTf); (0.1 eq.) para intentar

favorecer la formacion del hemiacetal tampoco tuvo éxito.

El molibdeno también ha demostrado ya su capacidad para formar complejos 7-
alilo.** En base a estos precedentes, se prob¢ la ciclacién con Mo(CO)s (0.2 eq.) y
1,8-diazabiciclo[5.4.0]Jundec-7-eno (DBU, 1 eq.) en acetona a 60 °C. En este caso, la
adicion de una base fuerte como la DBU podria arrancar el proton del alcohol libre y
facilitar la formaciéon del intermedio hemiacetalico. En la practica, se recupero el
material de partida.

También se probd como catalizador Mo(CO)4(bpy).* Este catalizador se prepar6
refluyendo durante 2 h cantidades equimolares de Mo(CO)s (43) y 2,2’-bipiridilo

(44) en tolueno (Esquema 29). Se filtré y se obtuvo un sélido rojo. A pesar de la

55



Capitulo 2
adicion de 0.2 eq. de catalizador y 0.2 eq. de Sc(OTf)s, se recuperd (+)-40, incluso

después de 15 h a reflujo.

A

0
A
7 ileon, —
VRS
OCE=MdG—=c0 4 /' \ S -
oy S —N \ / tolueno Ralo} \{ )
Y S
o] O
43 44 45
1 eq. 1 eq.
Esquema 29

Las pruebas descritas aparecen resumidas en la Tabla 20 y no son nada
satisfactorias. No se consiguié ciclar el producto en ninguna de las tentativas

ensayadas, bien sea con Pd, Ir o Mo.
Entrada Catalizador Aditivo Rdto (%)
1 Pd(PPh;), LaCl, -
2 Pd(PPhy), CeCl;-7H,0 -
3 Pd(PPh;), ZnEt, -
4 [Ir(cod)Cl], - -
5 [Ir(cod)Cl], P(OEt); -
6 [Ir(cod)Cl], P(OCH,CF3)5 -
7 [Ir(cod)Cl], P(OPh);/propilamina -
8 [Ir(cod)Cl], P(OPh)s/propilamina/Sc(OTf); -
9 Mo(CO)e DBU -
10 Mo(CO)4(bpy) Sc(0Tf); -
Tabla 20

2.1.2. Con paladio(II)

Tal y como demuestran algunos ejemplos de la literatura (Esquema 19),° la
presencia de un buen grupo saliente cuando se utiliza catalisis de Pd(II) no parece
necesaria. Es por ello que las primeras pruebas de ciclacion con Pd(II) se realizaron
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directamente sobre el diol (£)-42. El primer experimento se realizd en un tubo de
RMN donde se introdujeron el material de partida (£)-42, el PACI,(NCPh);, (5 mol%)
y acetona deuterada (0.7 mL). Después de 1 min parecia que la reaccién ya habia
llegado al equilibrio y observamos la formacion de tres nuevos productos que se

asignaron a las estructuras: 46-50ut (34%), 46-5In (14%) y 46-7 (52%).%

Los compuestos formados durante la reaccion eran inseparables por cromatografia,
incluyendo los acetales de cinco o siete miembros y el material de partida. La
interpretacion de los espectros de RMN para cada ensayo resultd ser bastante
compleja y no pudo ser completa debido a las mezclas obtenidas. Se buscaron
unicamente los picos representativos de cada compuesto para poder integrarlos y
determinar las conversiones. Unicamente se pudieron separar por cromatografia
pequenas fracciones de cada producto que ayudaron a su analisis. Asi, se asignaron
los compuestos 46-50ut y 46-5In por RMN de 'H y RMN bidimensional (COSY). El
compuesto 46-7 se asigné por comparacién de 'H y °C con otro acetal de siete

miembros descrito en la literatura.®’

DsC  CDj
PG DsC CD
OH OJ(CD3 o o 3 Y 3
PdC1,(NCPh),
o + ¥ (0] (0]
=T O - O
D3C)]\CD3 —
(2)-42 46-50ut 46-5In 46-7
34% 14% 52%
Esquema 30

Este resultado no era satisfactorio por dos motivos: el primero era que se formaba
un acetal de siete miembros 46-7 que parecia bastante favorecido (52%) y el segundo
era que de los dos acetales de cinco miembros, el producto mayoritario correspondia

al no deseado 46-50ut.

Para impedir la formacion del acetal de siete miembros, decidimos probar la
reaccion sobre un compuesto con un doble enlace de configuracion E. Para ello se
sintetizé el (E£)-42 a partir de 41 reduciendo el triple enlace a doble enlace trans con

un exceso de LiAlH4 en THF a 0 °C.
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OH OH
PdCl,(NCPh),

LiAlH, / OH
OH /<
THF o

Vi

DsC” CD;
41 (E)-42

Esquema 31

Como esperdbamos, no tuvimos en este caso formacion del acetal de siete

miembros pero tampoco de cinco miembros y sélo se recuper6 el material de partida

((E)-42).

Este ultimo experimento, en el que no se han detectado productos derivados de
ciclacion, nos hizo pensar que el ciclo de siete miembros podia ser un intermedio
clave en los dioles Z, y que por tanto, cuando no hay posibilidad de que se forme
como en el caso del diol (E£)-42, la reaccion no evoluciona. El Esquema 32 intenta
resumir los posibles caminos de reaccion que podrian tener lugar a partir de (£)-42.
Inicialmente, la via A parecia tener sentido, el Pd(II) se coordinaria al doble enlace y
se podrian formar dos hemiacetales regioisdmeros que darian lugar a la formacion de
los dos acetales de cinco miembros correspondientes al ataque nucleofilo sobre el
doble enlace. Estos intermedios también podrian evolucionar hacia el acetal de siete
miembros via una transposicion. Estudiando los resultados obtenidos con el
compuesto de configuracion E, se podria pensar en un mecanismo alternativo (via
B). La etapa clave seria la formacioén del acetal de siete miembros 46-7 que se
isomerizaria a 46-50ut y 46-5In via reacciones sigmatrdpicas [1,3] asistidas por

PA(1I).
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D30><CD3 DsC  CDs
o OHOH HO HO><O
via A '/_ _\
I + | —
Pd(l) Pd(ll)
D3;C CD
e
OH o) o) OJ(CD3
=" “OH o N 0
(2)-42 46-5In 46-50ut
\\\iigmatrépica [ ,:3]/,
DsC CDj
() (0]
Pd(ll)
46-7
Esquema 32

Dado que todos los productos de reaccion resultaban inseparables, se intentod
controlar la regioselectividad de la reaccién protegiendo el alcohol primario con
diferentes grupos protectores y para ello se sintetizaron tres nuevas moléculas: (+)-

(2)-47,48 y 49.

f n L . OH OTHP
OH OCO,Bu  1)"BuLi 3,4—D1h1dr0-2H—p1ran0
2) (Boo),0 p-TsOH _
-
CH,CI,
33% 16%
®)-(2)-47 (2)-42 48
1) "BuLi, 2.2 eq. 1) H,, cat de Lindlar OH
AN 2) isobutiraldehido AcOEt
\\/OH . — OTBS
2) TBSCI, imidazol
CH,Cl,
52% 89%, 2 etapas 49

Esquema 33
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Al igual que en los experimentos anteriores, se hicieron pruebas de ciclaciones en
tubo de RMN con acetona deuterada. Con las moléculas protegidas con los grupos
benzoato y carbonato (()-40 y (+)-(£)-47, respectivamente) se recuperd el material
de partida. Interpretamos que esos grupos, estables en las condiciones de reaccion,
impedian que el acetal de siete miembros se formase. En cambio, con las dos otras
moléculas protegidas con los grupos THP y TBS (respectivamente 48 y 49), se
obtuvieron los mismos acetales de cinco o siete miembros que en el caso de los
dioles. En el medio de reaccion, se observo una perdida de los grupos protectores v,
al parecer, los dioles siguieron una evolucion similar a la descrita en el Esquema 32

(via B).

2.2.Un nuevo factor estructural: la introduccion de un grupo fenilo

Dado que en los casos anteriores, las consideraciones estéricas (alcohol primario
frente a segundario) no originaron selectividades significativas, pensamos en dirigir
las ciclaciones con argumentos electronicos. La introduccion de un grupo fenilo en la
posicion alilica de la molécula (sintetizando 51) podria ser la solucion. De este modo,
podrian entrar en juego factores de deslocalizacion electronica que favoreciesen la
formacion del acetal deseado 5/n. De los tres compuestos (5/n, 50ut, 7) que se
podian formar durante la reaccion, era el Gnico que tenia el doble enlace conjugado al

grupo fenilo.

O O
)_<_\ > mayoritario ?
— +
OH OH R
Ph J
R — Ph Pd(II) 5In
0 N

> minoritarios ?

51: R = cHx )]\ OA( OXO
Ph

Ph

50ut 7

Esquema 34
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2.2.1. Sintesis de los materiales de partida

La sintesis del I-ciclohexil-4-fenilbut-2-eno-1,4-diol (51) se inicid6 con la
formacion del 1-fenilprop-2-in-1-ol (52) a partir de acetileno y benzaldehido por un
método descrito por Mortier et al.®® A continuacion se formo el dianién de 52 con 2.2
eq. de "BuLi en THF a —78 °C y se afiadi6 el ciclohexanocarbaldehido. El 1-
ciclohexil-4-fenilbut-2-ino-1,4-diol (53) formado se pudo reducir por hidrogenacién
o con LiAlH4 para la obtencion de olefinas Z o E respectivamente. En los dos casos,
los diasteredmeros sin y anti, que eran separables por cromatografia, se obtuvieron

con muy buenos rendimientos.

1) "BuLi, 2.2 eq.

HC=CH 2) benzaldehido \

THF
OH
67%
52
1)"BulLi, 2.2 eq.
2) ciclohexanocarbaldehido
THF
91%
OH
X
OH
53
H, LiAlH,
cat de Lindlar THF
AcOEt
OH oH
m éH
®)-(2)-syn-51 (£)-(E)-syn-51
39% 42%

+ +
(2)-(2)-anti-51 (#)-(E)-anti-51
49% 27%
Esquema 35
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2.2.2. Pruebas de ciclacion

Las ciclaciones se probaron en la mismas condiciones que en casos anteriores, €s

decir, en un tubo de RMN con 5 mol% de PdCl,(NCPh), y acetona deuterada.

e Compuesto con el doble enlace cis: (x)-(£)-51

Se ensayd en primer lugar la reaccion sobre el (Z)-1-ciclohexil-4-fenilbut-2-eno-
1,4-diol ((#)-(£)-51). La reaccién fue casi inmediata y se observo la formacion de
tres productos inseparables. Los dos primeros se identificaron como acetales
diastereoméricos de cinco miembros (40% cada uno).® El tercero era una cetona
(20%),%® que aparecia muy probablemente como consecuencia de la descomposicion

parcial del material de partida en las condiciones de reaccion.

La estructura de los compuestos obtenidos se dedujo por analogia con los
resultados obtenidos en el caso de los acetales 46. Ademas, la configuracion relativa

de 54-5In se establecid gracias a una andlisis de RMN bidimensional (NOESY).

DsC CDs DsC CDs
OH OH o
PA(IT) T P oh
= Ph + + N
O N
o oo, -
(*)-(2)-51 cis-54-5In trans-54-5In 54-ketone
40% 40% 20%
Esquema 36

Sin duda alguna, habiamos dado un paso importante en cuanto a la
regioselectividad, pues no se observaron ni el otro regioisdémero de cinco miembros
ni tampoco el acetal de siete miembros. Hay que destacar que tal y como
anticipamos, los tres compuestos obtenidos tenian el grupo fenilo conjugado con el

doble enlace.
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e Evolucion de la reaccion

La aparicion de estos tres productos fue muy rapida, pero no obstante, observamos
que la reaccion seguia evolucionando con el tiempo. Observamos que la cetona 54 se
convertia en la cetona 55 (Esquema 37). Supuestamente, se formaba el carbocation
muy favorecido, a la vez bencilico y alilico, que podria sufrir una eliminacién para
dar lugar a la formacién del enol conjugado, tautomero de la cetona S54-ketone.
Finalmente, la condensacion de esta cetona sobre la acetona deuterada (disolvente de

reaccion) catalizada por Pd(IT) daba el compuesto 55.

OH OH
Pd(ID)

— Ph >

H-(2)-51

OH

o]
O)}\A\/Ph N _Ph

54-ketone

)

P

DsC” CDg

Esquema 37

En un experimento paralelo se comprobd la viabilidad de esta ultima
transformacion. Se pudo obtener la cetona 54-ketone pura haciendo reaccionar (+)-
(£)-51 con PdCI,(NCPh), (10 mol%) en THF con 10 eq. de acetona. La formacion
del intermedio hemiacetal era ahora mas dificil y se obtuvo unicamente el producto
de eliminacion. Asi, se afiadio acetona deuterada y PdCl,(NCPh), sobre la cetona 54-

ketone pura y se obtuvo de manera cuantitativa 55.
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Por otro lado también observamos por RMN que al alargar los tiempos de
reaccion, se observaba una disminucion de la cantidad del compuesto cis-54-5In
hasta su desaparicion total. Inicialmente, pensamos en una isomerizacion del acetal
cis al acetal trans, pero un experimento donde se afiadié un patron interno (tolueno)

nos demostro que tal isomerizacion no se producia.

e Experimento con patron interno

Se realizé el mismo experimento afadiendo una gota de tolueno y se registré el

espectro de RMN asignando el valor cien a la integracion del metilo del tolueno.

Se puede ver en la Tabla 21 que a los diez minutos de reaccion (entrada 1), habia
aproximadamente una relacion 40/40/20 (exactamente 120/107/67) entre los tres
compuestos trans-54-5In, cis-54-5In y 54-ketone. Después de una hora (entrada 2),
solo se observaba la disminucion de la cantidad de cis-54-5In. A las 15 horas, la
cantidad de trans-54-5In era igual que al principio pero ya no habia cis-54-5In y la
cetona se habia convertido totalmente en 55. No conseguimos racionalizar la
desaparicion del acetal de cinco miembros sin. Durante el proceso no aparecia
ningun producto nuevo por RMN o CCF y el estudio del espectro de RMN después
de haber hecho un work-up tampoco nos dio ninguna pista. El producto pudiera

haberse degradado y precipitado junto al producto de degradacion del catalizador de

paladio.
DsC CDs
(0] 6]
o (0]
_ ~_Ph N el
Ph
DsC”~ CD,
cis-54-5In trans-54-5In 54-ketone 55
Entrada Tiempo Tolueno trans-54-5In cis-54-5In 54-ketone 55
1 10 min 100 120 107 67 0
2 l1h 100 121 63 67 0
3 15h 100 122 0 0 67

Tabla 21
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e Compuesto con el doble enlace trans: (x)-(E)-51

Para completar este estudio, se probo ademas la ciclacion del diol con doble enlace
de configuracion E: el (E)-1-ciclohexil-4-fenilbut-2-eno-1,4-diol ((%)-(£)-51). Para
nuestra sorpresa, dio exactamente los mismos resultados que su isomero Z y sufrio la
misma evolucion. De hecho, los cuatro diastereomeros de 51 (Z-sin, Z-anti, E-sin 'y

E-anti) experimentaban la misma evolucion.

Este hecho indicaba que el mecanismo era idéntico en los cuatro casos. El acetal de
siete miembros no parecia ser el intermedio comun y los datos sugirieron que en este
caso la primera etapa era la formacion del carbocation alilico-bencilico (Esquema
38), lo que también explicaria porque la relacion cis/trans del acetal formado era

aproximadamente 1:1.

OH oH DsC><CD3
F Ph Pd(ID) _ Ph o) '/OH
(o) @ Ph
OH )I\ w@
()51 D¢ CDs
=+)- -

/\

(0]
Q 6]
NP +
Ph
54-ketone cis-54-5In trans-54-5In
20% 40% 40%
Esquema 38

e Cambio de parametros

Por desgracia, en todos los casos los productos eran inseparables. Por eso se tenia
que encontrar un método para sintetizar selectivamente el acetal de cinco miembros
cis o trans ademas de minimizar la formacion de la cetona. Se ensayaron varias

opciones:
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- Bajando la temperatura a —20 °C o 0 °C, s6lo se consigui6 reducir la
velocidad de reaccién pero se formaban las mismas proporciones.
Ninguno de los dos acetales de cinco miembros resultd mas favorecido

cinéticamente.

- Cuando se aumento la cantidad de catalizador del 1% hasta el 20%, s6lo
se observaron reacciones mas rapidas. Pero las evoluciones hacia los

isomeros trans-54-5In y 55 fueron muy similares.

- Tampoco variaron las proporciones cuando se usaron otros catalizadores
(20 mol% de p-TsOH-H,O, Yb(OTf);, Zn(OTf),, Sc(OTf); y PtCl).
Unicamente en el caso de SnCly se observod algo diferente: la obtencion

cuantitativa de la cetona no deseada 55.

2.3. Introduccion de un grupo gem-dimetilo

Después de probar los efectos electronicos afiadiendo un grupo fenilo, queriamos

saber si la adicion de impedimento estérico podria modificar la diastereoselectividad.

Por eso, intentamos introducir dos grupos metilo. Asi, sintetizamos el (S)-1-

ciclohexil-4-metilpent-2-eno-1,4-diol (56).

2.3.1. Sintesis de los materiales de partida

La sintesis del alquino precursor 57 no fue tan facil como las anteriores porque la

formacion del acetiluro con 2.2 eq. de "BuLi seguido por la adicion del aldehido no

evoluciond6 hacia el producto deseado. En cambio, la reaccion de Carreira no ofrecio

dificultad alguna. Asi, se sintetizé el alcohol propargilico enantioméricamente puro

57. Su reduccion con los reactivos adecuados dio (£)-56 y (E£)-56 en un 79% y 30%

de rendimiento respectivamente.
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OH
Zn(OTf),, Et;N, (-)-NME H
% OH ciclohexanocarbaldehido :
N _oH
THF
92% Me Me
57
H, LiAlH,
cat de Lindlar THF
AcOEt

79% 30%

O
I

P OH

(E)-56

(2)-56
Esquema 39

2.3.2. Pruebas de ciclacion

Las ciclaciones se probaron en la mismas condiciones que en casos anteriores, €s

decir, en tubo de RMN con 5 mol% de PdCI,(NCPh), y acetona deuterada.

e Compuesto con el doble enlace cis: (£)-56

Se observo la formacién de cinco compuestos durante la reaccion de ciclacion de

(2)-56.

WO,
e}
WO

(0]
Me + Me + x Me
— Me
Me Me

PACL(NCPh), cis-58-5In trans-58-5In 58-ketone
)OL 39, 24% 6%
(2)-56 DsC” CDg

DsC

OJ(CDQ' DBC)<CD3
+

(@) O
N AN 0 § Me
Mé Me Me

58-50ut
30%

58-7

37%

Esquema 40
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En este caso, nos encontramos en una situacion intermedia a los casos anteriores, y

posiblemente compitan dos mecanismos:

Por una parte el hecho de que (2)-56 tenga un doble enlace de configuracion cis
favoreceria la formacion del anillo de siete miembros 58-7 (37% en la mezcla final)
que podria evolucionar a 58-50ut (30%) y 58-5In (24% + 3%) por una reaccioén
sigmatrépica [1,3] asistida por Pd(II). Sin embargo, este hecho parece justificar que
haya una cantidad tan elevada de 58-5In y menos la presencia de la cetona 58-ketone

(6%).5°

Por otra parte, todavia teniamos la posibilidad de formar un carbocation bastante
estable porque seria alilico y terciario. Este carbocation daria lugar a la formacion de

58-5In y el inevitable producto de eliminacion, la cetona 58-ketone.

Por primera vez, se observo un control en la diastereoselectividad (trans/cis de 9/1)
durante la formacion de 58-5In. La mayor parte de 58-5In provenia del segundo
mecanismo (carbocation), donde un andlisis detenido con modelos moleculares
indicaba que s6lo una cara de la molécula era accesible para un ataque nucleéfilo del

hemiacetal.

La selectividad podria eventualmente ser mejor si unicamente funcionase el
segundo de los mecanismos, porque el 3% de cis-58-5In® podria provenir del primer

mecanismo.

e Compuesto con el doble enlace trans: (E)-56

La ciclacion del isomero E, (E)-56, condujo a la formacion de tres compuestos en
cantidad casi iguales, cis-58-5In, trans-58-5In y 58-ketone (30%, 35% y 30%

: 6
respectivamente).®®

o ¢ o i
P OH  pdCl,(NCPh), i ¢ Me + o Me
Me Me 0) = Me
)L Me
Ds¢”~ CD;
(E)-56 cis-58-5In trans-58-5In 58-ketone
30% 35% 30%
Esquema 41
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Aparentemente, inicamente se observd un mecanismo de reaccion en este caso, el
que presumiblemente pasa por el carbocation. El estudio sobre modelos moleculares
para esta reaccion indicaba que el impedimento estérico que en el isdmero Z era
importante, no existia cuando el doble enlace era de configuracion £, lo que podria

producir la formacidn de los dos diasteredmeros en cantidades casi iguales.

2.4. Introduccion de un fenilo y un metilo

Habia dos pardmetros que parecian importantes en la sintesis de acetales de cinco
miembros. El primero era que el mecanismo tenia que pasar por la formacion de un
carbocation para impedir la formacién del acetal de siete miembros. El segundo era
que parecia necesitarse un cierto impedimento estérico que favoreciese el ataque por
una unica cara. Por eso, pensamos que un carbocation terciario conteniendo como

minimo un grupo fenilo podria resolver el problema de selectividad.

2.4.1. Sintesis de los materiales de partida

La adicion de alquinos a cetonas no suele ser trivial. La adicion del alquino
terminal 59 sobre la acetofenona en THF a —78 °C nos permitié obtener el diol
propargilico 60 como mezcla de diastereoisomeros. Su reduccion por hidrogenacion
usando el catalizador de Lindlar dio lugar a la formacion del (2)-6-metil-2-fenilhept-

3-eno-2,5-diol (61).

OH
OH 1) "BuLi, 2.2 eq. ' OH HO Me
2) acetofenona A H,, cat de Lindlar
N - = X Ph N Ph
N THF AcOEt
HO Me
59 60 61
Esquema 42

" Preparado y cedido por Marta Amador (Tesis Doctoral)
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2.4.2. Prueba de ciclacion

La prueba se hizo una vez mas en tubo de RMN con 5 mol% de PdCIl,(NCPh), y

acetona deuterada.

Para nuestra sorpresa, se formé un tnico producto muy estable: el acetal de siete

miembros 62. Este resultado no era muy prometedor y en este punto no se hicieron

mas pruebas.
OH
HQ Me PACL(NCPh),
— Ph 0
D3C)]\CD3
61
Esquema 43

DsC CDs

o)

Ph
— Me

(0]

62

2.5. Introduccion de un aldehido protegido en forma de dietilacetal

En una busqueda de grupos que dirigiesen la ciclacion regioselectiva se penséd

también en el uso de un sustrato que tuviese un grupo acetalico en posicion alilica

(Esquema 44). La idea era ionizar este grupo formando un carbocation estabilizado

sobre el que ciclase el hemiacetal para dar un acetal ciclico precursor de un aldehido

B,y-dihidroxilado.

OH OFEt D3C><CD3
PdC1,(NCPh), o) OH
— OFEt e
(0] -
e °
63 DsC~ CD; i EtO

DsC CDs

o] 0]

OEt

Esquema 44

70
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2.5.1. Sintesis de los materiales de partida

El acetiluro del propinal protegido en forma de dietilacetal se adiciond sobre el
ciclohexanocarbaldehido para formar el alcohol 64 y a continuaciébn una
hidrogenaciéon dio el dietilacetal del (Z)-4-ciclohexil-4-hidroxibut-2-enal (63)

ligeramente impurificado con quinoleina, proveniente del catalizador de

hidrogenacion.
oH OH OEt
T 1)"BuLi, 2.2 eq. .
\\/OEt 2) ciclohexanocarbaldehido % OEt Hy, cat de Lindlar S OEt
THF AcOEt
OEt
OEt
88% 64 63
Esquema 45

2.5.2. Prueba de ciclacion

El intento de ciclacion de 63 también se realiz6 en acetona deuterada. La reaccion
se siguid por RMN observandose una evolucion de la reaccion diferente de la
esperada. Las propiedades acidas del Pd(II) hicieron que se desprotegiese primero el
dietilacetal y que se formase un hemiacetal intramolecular entre el aldehido liberado

y el grupo hidroxilo de la molécula. Una posterior deshidratacion dio el furano 65.

Et

OM PACl,(NCPh),

Formacion del hemiacetal
intramolecular

Deshidratacion

65

Esquema 46

Si bien era un método muy efectivo para preparar furanos sustituidos, una
busqueda en la literatura reveld que habian aproximaciones sintéticas similares. Asi,

Meyers y Spohn describieron la ciclacion de (E)-4-alquil-3-bromo-1,1-dietoxi-4-
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hidroxibut-2-enos por tratamiento con gel de silice y acido oxalico para dar 2-alquil-
1-bromofuranos (Esquema 47).% Obrecht describié que también podia funcionar
directamente a partir de alcohol propargilico,” un método que posteriormente se usd

en la sintesis de un fragmento de la salinomicina.”"

OH OEt Br
R4§_>70Et H(-D m
R
Br O
Esquema 47

3. Formacion de acetales de seis miembros

3.1. Introduccion

Una colaboracion con el grupo del Dr. Jean-Marc Campagne nos permitio trabajar
en el “Institut de Chimie des Substances Naturelles”, en los laboratorios del CNRS

en Gif-Sur-Yvette, cerca de Paris.

En este grupo de investigacion, uno de los temas de trabajo prioritarios es la
sintesis de productos naturales como la (+)-discodermolida > o bien la
taurospongina. ° Para ello, han desarrollado un tipo de reaccion alddlica muy
particular, una reaccion alddlica “viniloga” de tipo Mukaiyama que les permite

acceder a 8-hidroxialdehidos o B-insaturados.”

(0]

Taurospongina A (+)-Discodermolida

Figura 12
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»75

La reaccion alddlica “viniloga”'> supone la adicion de un y-dienolato sobre un

aldehido y permite la sintesis de compuestos 1,5-bifuncionalizados (Esquema 48).

R, o
OMOFQ
R, Rs OH Ry O

RCHO
R™ s N 1 OR4
y-enolate
R4 R3
Esquema 48

Estos trabajos tienen su origen en una reaccion también descrita por Carreira y col.
en 1998 que suponia la adicion catalitica y asimétrica de acetoacetatos a aldehidos en

presencia de un catalizador de cobre: el CuF-(S)-tolBINAP.”

Campagne y col. emplearon este catalizador para realizar la primera reaccion

alddlica “viniloga” catalitica y asimétrica (CAVM = Catalytic Asymmetric

74a

Vinylogous Mukaiyama) entre un dienolato de silicio 66" y una serie de

aldehidos.
OTMS OH (0]
10 mol% CuF(S)-tolBinap
/%OEt + RCHO RWOE
THF
Me Me
66
Entrada Aldehidos Rdto (%) ee (%)
1 PhCHO 80 70
2 2-naftaldehido 70 48
3 PhCH=CHCHO 35 56
4 Me,CHCHO 68 77
Tabla 22

Posteriormente, desarrollaron una metodologia para sintetizar d-lactonas o, [3-
insaturadas muy enriquecidas enantioméricamente.”* El uso de un 10 mol% del
catalizador para la adicion de un dienolato 67 sobre el benzaldehido dio lugar a la
formacion de dos compuestos: la lactona deseada 68 mayoritaria con buen exceso
enantiomérico y excelente diastereoselectividad y el producto 69, minoritario y casi

racémico.
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OH 0]

\/\)oiMS oo 9
10 mol% CuF(S)-tolBina
N F Ot + ©/ o (S) p | * ph AN OEt
THF Ph :

85% (68/69 84/16)

67 68 69
cis/trans 2/98 cis/trans 1/1
87% ee <5% ee
Esquema 49

Queriamos aprovechar estas lactonas para investigar nuestras reacciones de
formacion de acetales. El trabajo se efectud sobre la lactona 70, sintetizada por Belén
Bazan-Tejeda durante su Tesis Doctoral. La reduccion de esta cetona con NaBH, en

presencia de CeCl;-H,O permiti6 acceder al (S,2)-1-fenilpent-3-eno-1,5-diol (71).

(0]
O PhM
+ NaBHy; + CeCl3H,0 Y — OH
Ph MeOH, 0 °C oH
1 2 1.2 89%
70 71
Esquema 50

Nuestra intencion era formar acetales ciclicos de seis miembros con catalisis de
Pd(II) a partir de 71. En este caso, la regioselectividad de la reaccion no tendria que
ser un problema porque solo teniamos un grupo hidroxilo en posicion alilica. Un
mecanismo plausible (Esquema 51) supondria que el intermedio hemiacetéalico
podria ciclarse sobre el doble enlace activado por el paladio(Il) y dar lugar a la

formacion del cetal. La diastereoselectividad de la reaccion quedaria por determinar.

Pd.--OH
Ph\/&)
Pha PdCIy(NCPh), ; (— Q><0
[ =" b on T
OH )c])\ 7< R —
71
Esquema 51
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3.2. Primeros ensayos

En un tubo de RMN, el diol 71 fue tratado con 5 mol% de PdCI,(NCPh), en

acetona deuterada. Se recuperd exclusivamente el material de partida. El mismo

resultado se obtuvo cuando se calentd a 60 °C.

PACI,(NCPh),

_ %

)

T
>
@) E
T
o
T

DsC CD
71 3 3

Esquema 52

El mecanismo de reaccion deberia ser parecido al sugerido anteriormente para los
1,4-dioles. En este caso, se podia descartar la formacioén de un carbocation porque el
alcohol alilico era primario, asi que debe plantearse el mecanismo alternativo: el
ciclo de siete miembros. El problema era que en este caso no eran 1,4-dioles sino

1,5-dioles. Eso significaba que el intermedio tendria que ser un acetal de ocho

miembros 72 conteniendo un doble enlace Z.

VS
1

72
Figura 13

3.3. Proteccion del 1,5-diol en forma de cetal de ocho miembros

Por probar esta hipdtesis, se decidié formar estos ciclos de ocho miembros por otra
via y en una segunda etapa afiadirles el catalizador de paladio(II) para comprobar si

se isomerizaban. Frauenrath ef al. describieron la sintesis de esos ciclos con acetona

y p-TsOH.78

Acetona, p-TsOH
reflujo, 15 h
0

P S on x

2,2-Dimetoxipropano, 4A MS
p-TsOH
71 reflujo, 15 h

Ol
T

Esquema 53
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Bajo las dos condiciones probadas no se obtuvo el producto deseado y se recuperd
el material de partida. Aparentemente y pese a lo descrito en la literatura, el ciclo de
ocho miembros parecia demasiado desfavorecido.

Para conseguir preparar los cetales de seis miembros, pensamos en favorecer el
mecanismo que pasaba a través de un carbocation. Para ello, pensamos en estabilizar

la posicion alilica afiadiendo grupos alquilo (Esquema 54).

R R
Pha ™ M
Y — OH _— Ph
E— S o
OH =
OH
71
Esquema 54

3.4. Sintesis de compuestos sustituidos en la posicion alilica

La sustitucion directa de los dioles en posicion alilica es muy compleja pero
resultaba muy facil desde la lactona. Un ataque 1,2 de un nucleéfilo sobre el
carbonilo de las lactonas permitiria el acceso a (S,2)-1,1-dialquil-5-fenilpent-2-eno-
1,5-dioles.

El empleo de diferentes derivados litiados comerciales provocd la apertura de la

lactonas y dio lugar a la sintesis de tres nuevos compuestos con buenos rendimientos

(73-75).
O
R R
9 . RLI PhMOH
Ph THF OH
70 73 :R=Me
74 :R="Bu
75 :R=°Bu
Entrada R RLi (eq.)? Rdto (%)
1 Me 3 100
2 "Bu 2 91
3 ‘Bu 2.5 78

4 Por comparacion con 1 eq. de lactona

Tabla 23
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3.5. Ciclaciones

Los experimentos de ciclacion fueron hechos directamente en el tubo de RMN. El
material de partida fue disuelto en acetona deuterada en presencia del catalizador de

paladio PACI,(NCPh); (10 mol%).

® (S,72)-1-Fenil-5-metilhex-3-eno-1,5-diol (73)

La presencia de dos grupos metilo en la molécula favorecidé la formacion del
carbocation intermedio de reaccion. Se observo una ciclacion del producto 73 pero
formando el pirano 76. El impedimento estérico creado por los metilos no era
suficiente para evitar el ataque directo del alcohol sobre el carbocation intermedio

dando lugar a la formacion de un ciclo de seis miembros.

Me Me o 5 Me, Me
PhM PdCL(NCPh)
P e WL LR @ .
H o] @
OH = Ph
Dac)]\CDg
73 76
Esquema 55

® (S,2)-5-Butil-1-fenilnon-3-eno-1,5-diol (74)

El grupo "Bu es mas impedido que el metilo. Eso podria dificultar la formacion del
pirano y favorecer la ciclacion del hemiacetal para formar cetales de seis miembros.
La reaccion se siguidé por RMN vy llegé al equilibrio en estas proporciones: 32% de
conversion al acetal deseado (77) y 68% al pirano (78). La presencia de los grupos

butilo hacia posible la formacion del acetal pero en cantidades todavia bajas.

D3sC  CDj3 "By "Bu

"Bu /Bu ><
PhM PACL,(NCPh), o~ "o o
— o /'\M +
0O Bu
H Y Ph — oh

n
DsC” CD, Bu

Ol

74 77 78
32% 68%

Esquema 56
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® (18,72)-1-Fenil-6-metil-5-(1-metilpropil)oct-3-eno-1,5-diol (75)

La presencia del grupo sec-butilo mas impedido favoreci6 la formacion del acetal
79 respeto al pirano 80 (79/80 70/30). Desgraciadamente, en los intentos realizados
no fue posible separar ambos productos, y a menudo, éstos descomponian en el

tratamiento posterior de la mezcla de reaccion

DsC CDs s

SBu SBu Bu SBu
PhM PACL(NCPh), o~ Yo ) o

; OH —> — 2,

i o} Bh *Bu

OH —

D3C)]\CD3 *Bu Ph
75 79 80
70% 30%
Esquema 57

La necesidad de separar los compuestos del catalizador nos hizo probar otros como
p-TsOH, PtCl,, NaAuCly y Zn(OTY), que en ningun caso fueron eficaces. El primero

condujo a una mezcla compleja y en los otros casos se recupero el material de partida.

Entrada Catalizador Rdto (%)

1 p-TsOH Mezcla compleja
2 PtCl, MP
3 NaAuCly MP
4 Zn(0TY), MP
Tabla 24

4. Transferencia de quiralidad via heterociclos de boro y silicio

Llegados a este punto, pensamos en alternativas al sistema de transferencia de
quiralidad a través de acetales que hasta entonces habiamos ensayado. La ciclacion
de alcoxisilanoles para dar 1,2-dioles protegidos con un grupo sililado nos parecid, a

priori, una propuesta interesante (Esquema 58).
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' R\ R
Ry (R Y
oo 28
)\(/\/X >_<;
SN~—v R —_—
Esquema 58

Analogamente, se podria pensar en ciclaciones parecidas con compuestos de boro

para dar boronatos o boratos ciclicos (Esquema 59).

R 'l?'
I
/B\ TN
O ‘/ OH (0] O
)\/\/X
RN R>_<:
Esquema 59

4.1. Heterociclos de silicio

En la préctica decidimos explorar primero la transferencia de quiralidad del C; al

C; a través de un alcoxisilanol (I, Esquema 60). En este caso, el grupo hidroxilo

podria adicionarse sobre un complejo m-alilo y dar lugar a la formaciéon de 1,3,2-

dioxasilolanos a través de un mecanismo similar al descrito para los acetales

(Esquema 60). Tendriamos asi acceso a 1,2-dioles protegidos como dialcoxisilanos y

la estereoselectividad de la reaccion quedaria por determinar.

R\ /R R\S/R
1) Si AN
H N H
(0] X/ % (0] O
R —
— OBz — OBz
2) H,0
(2)-40 1
Pd(0)
R R B
W
O/Sl\o
__ -
Esquema 60
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4.1.1. Formacion de alcoxisilanoles

En primer lugar, optamos por la formacion directa de alcoxisilanoles a partir del
alcohol (+)-40, de un agente sililante adecuado y de una base. El empleo del di-tert-
butildiclorosilano y del bis(trifluorometansulfonato) de di-ters-butilsilano condujo a
la formacién de mezclas complejas incluyendo material de partida y di-tert-
butildialcoxisilanos (producto de adicion de dos moléculas de alcohol sobre una de
silano). Tampoco se aisld el producto deseado empleando el dimetildiclorosilano

porque el alcoxidimetilsilanol intermedio de reaccion era demasiado labil.

R R
\ 7/
Sig
OH 0~ “OH
R. R EtsN, 4-DMAP
— OBz + Si_ +» — 0Bz
X X CH,Cl,
(£)-40 R ='BuoMe
X =Cl o OTf
Esquema 61

Se decidi6 entonces emplear una metodica alternativa que consistia en formar el
alcoxisilano 81 a partir del alcohol (£)-40 y del di-fert-butilclorosilano (Esquema 62).
Una vez formado, este alcoxisilano podria oxidarse a silanol usando algun método de
los descritos en la literatura. Asi pues, se prepar6 81 con un rendimiento del 62%. La
oxidacion hidrolitica para dar el alcoxisilanol no fue tan sencilla y se recuperd el

material de partida usando tanto NBS” como RhCl(PPh3)3/HzO.80

Bu ‘Bu
on 11
EtsN Sig
‘Bu_ ,Bu 4-DMAP o
— OBz + Si_ —— _
x" W  CHCl, 0Bz
(+)-40 62% 81
NBS
o
RhCI(PPhg)3/H,0
Bu ,Bu
\S_
I
0" TOH
— OBz
Esquema 62
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4.1.2. Formacion e isomerizacion de un 1,3,2-dioxasilolanos

Conscientes de las dificultades en obtener un alcoxisilanol que ademas podria
polimerizarse a siliconas decidimos explorar las transposiciones de 1,3,2-
dioxasilolanos. Pensamos que los procesos de isomerizacion de heterociclos de siete
miembros a analogos de cinco miembros se podrian producir en los sistemas con
silicio. Para ello, se prepar6 el compuesto 82 a partir del diol (£)-42 y de
‘Bu,Si(OTH),*" para después probar su isomerizacion con catalisis de Pd(II) hacia un
ciclo de cinco miembros mds estable (Esquema 63). Desafortunadamente, la

1somerizacion no se produjo y se recuperd el silano 82.

§
OH I?u/ Bu

‘Bu 'Bu Et;N _Si. Pd(h
— o ¢ S0 o X~
10" oTf  CHiCly O_U
(2)-42 82
Esquema 63

4.2. Heterociclos de boro

Los boronatos también pueden ser una buena alternativa para obtener 1,2-dioles
protegidos. Nuestra idea era formar un boronato intermedio (I, Esquema 64) a partir

del alcohol (£)-40 y forzar su ciclacion sobre un complejo m-alilo.

T
B
N
OH RB(OH), O OH
_—
— OBz — OBz
(£)-40 I
Pd(0)
— R =
| ;
o” Yo o~ {\OH
_ - TN
Pd*
Esquema 64
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En la literatura ya existian ejemplos de adicion de boronatos a sistemas alilicos. Asi,
Hirai y col. demostraron que los acidos boronicos eran suficientemente nucleofilos

: . . ‘o i 82
para atacar complejos de m-alilo provenientes de epdxidos alilicos.

Los primeros ensayos se realizaron en las condiciones descritas por Hirai y col. con
el diol monoprotegido (+)-40, un acido bordnico y Pd(PPh;z)4 en tolueno a t.a. pero se
recuper6 el material de partida. Al calentar la mezcla a 80 °C no se observd

evolucion alguna.

OH Pd(PPha),

— o, * RBOH) +»

Tolueno, 80 °C
(+)-40 R ="Buo Ph

Esquema 65

En este punto pensamos que la preparacion previa del intermedio I (Esquema 64)
podria simplificar el problema. Asi, se intentd preparar el intermedio I poniendo el
diol (£)-40 y el 4cido boronico a reflujo de tolueno. La reaccion se hizo usando un
aparato Dean-Stark para eliminar el agua del medio. Una vez mds recuperamos el
material de partida, incluso con catalisis basica de ‘BuOK.

También intentamos formar boronatos ciclicos de siete miembros a partir (£)-(Z2)-
51 segun el método descrito por Morin y col.*® Nuestra intencién era isomerizar el
boronato formado en presencia de Pd(0) o Pd (II) para convertirlo en un boronato de
cinco miembros mas favorecido. Desgraciadamente, en ninguno de los intentos

realizados se pudo sintetizar el boronato de siete miembros.

OH OH THF Ph

B
— +  PhB(OH), %» 0~ >0
Na,SO,4 anh. M

(©)-2)-51

Esquema 66
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En este punto, aparecio en la literatura un trabajo de Cossy y col.* que describia la
formacion de 1,2-dioles a partir de carbonatos y acetatos w-hidroxi alilicos usando
boratos y catalisis de Pd(0). Por ello y dado que otras lineas de trabajo eran mas

prometedoras, aparcamos temporalmente esta via de investigacion.

S. Conclusiones
En este capitulo, se ha intentado desarrollar una via de acceso a acetales de cinco

miembros a partir de 1,4-dioles realizando una transferencia de quiralidad del C; al

C, empleando catélisis de paladio y la acetona como disolvente.

o on X
R 1I—"4 "R, 0
L T
R4

Esquema 67

La catélisis con paladio(0) no dio ningun resultado relevante. Por otro lado, cuando
se usO catalisis de Pd(I), tuvimos que afrontar y resolver diferentes problemas

durante las pruebas de ciclacion de los 1,4-dioles modelos (Figura 14).

OH OH OH OH OH OH OH OH
—_ —_ —_ Me —_— Ph
42 51 56 61

Figura 14

- Control de la regioselectividad
Aparentemente, el diol 42 favorecia la formacion de un acetal de siete
miembros que a continuacion se isomerizaba parcialmente a acetales de
cinco miembros. La utilizacion del diol 51 fue una mejora, pues permitia

la formaciéon de un carbocation en posicion alilica y bencilica
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favoreciendo la formacion del acetal de cinco miembros deseado pero con

una diastereoselectividad practicamente nula.

- Control de la diastereoselectividad
El diol 56 permiti6 un control de la diastercoselectividad en la
formacion del acetal de cinco miembros deseado gracias al impedimento
estérico creado por los dos metilos. Pero en este caso se perdia el control
de la regioselectividad porque ademés del carbocation (mecanismo
analogo al 51), se podia formar un acetal de siete miembros y también el

acetal de cinco miembros no deseado (mecanismo analogo al 42).

- Control de la regioselectividad y de la diastereoselectividad
El diol 61 parecia ser la soluciéon porque poseia un grupo fenilo para
ayudar a la formacion del carbocation y un grupo metilo para crear cierto
impedimento estérico. Desgraciadamente, solamente se obtuvo un acetal

muy estable de siete miembros.

En ninguno de los experimentos realizados se pudo conseguir un control
simultaneo de la regio- y la estereoselectividad de la reaccion. Siempre resultaron

mezclas inseparables de varios compuestos.

También se probaron sin demasiado éxito las ciclaciones de 1,5-dioles a acetales de
seis miembros bajo catalisis de paladio(Il) con transferencia de quiralidad de C; a C;.
La formacion de un pirano estaba muy favorecida cuando el grupo R era pequefio (H,
Me, "Bu) y estaba favorecida la formacion del acetal en el caso de R = “Bu.
Desafortunadamente, en ninguno de los casos se consiguio separar los compuestos

obtenidos del catalizador de paladio.

OH >< ROR
Pd

—5
R R 0 R

Ph 1 3
OH )I\ R Ph

Esquema 68

Ph 1
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No obstante, pensamos que todavia queda algiin margen para mejorar esta reaccion.
Por ejemplo seria interesante probar si la selectividad acetal/pirano se puede
aumentar poniendo un grupo R més grande como seria el ‘Bu. Por otra parte, también
queda por determinar si la reaccion es diastereoselectiva, y en caso contrario, qué
podriamos hacer para que lo sea, asi como encontrar un método para separar los

compuestos del catalizador.

Por ultimo, los experimentos exploratorios realizados en la ciclacion de silenoles y

boronatos no fueron muy esperanzadores y rapidamente se abandonaron estas vias.
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1. Introduccion

Como hemos visto en el capitulo anterior, la aproximacidon propuesta para la
formacion de 1,2-dioles protegidos en forma de acetal a partir de 1,4-dioles no fue
del todo satisfactoria. Es por eso que se busco otro método capaz de sintetizar 1,2-
dioles (y por extension 1,2-aminoalcoholes) en forma enantiopura cambiando el
grupo protector que realiza la transferencia de quiralidad. Para ello se pens6 en

emplear carbonatos y carbamatos (Figura 15).

X I ]
N s
C}_& o o o N7
A A
acetal carbonato carbamato
Figura 15

La idea consistia en transformar el diol de partida en un intermedio con el alcohol
secundario protegido como carbonato o carbamato, y a continuacion, realizar la

ciclacion con transferencia de quiralidad (Esquema 69).

o
o]

o)
>=

z
>=

E

ﬁ\*\
X
DO
“lz

§\

mnQ
(@]

)
>=O

Py

Esquema 69

De los dos procesos indicados, iniciamos nuestros experimentos con la ciclacion de

carbamatos, un area que ya conociamos en el grupo.
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2. Formacion de oxazolidin-2-onas

Como se ha comentado anteriormente, en nuestro grupo de investigacion ya se
tenia experiencia en la formacion de oxazolidinonas. Asi, se habia conseguido la
sintesis de oxazolidinonas con catalisis de Pd(0) a partir de 1,4-dioles propargilicos
simétricos.*” La estrategia era la siguiente: (i) sintetizar un diol propargilico
simétrico mediante una reaccién de Carreira, (ii) reducir el triple enlace a doble
enlace £ o Z, (iii) proteger los alcoholes en forma de tosilcarbamatos y (iv) permitir
la ciclacion en catalisis de Pd(0) con transferencia de quiralidad para formar 1,3-
oxazolidin-2-onas tanto cis como trans, dependiendo de la configuracion del doble

enlace elegida.

JI\

H
i
+ _ R % R

OH
O OH
R/-E/kR R/\/\:/R

(@) (@)
TsNHCOO OCONHTs TsNHCOO
O)I\N/TS iv § 5 iv O)I\N/TS

: 4 R/E/kR R/\/\_/ \\_L\
R \ OCONHTS R

R R

AW

Esquema 70

Sobre el papel, esta ciclacion también se podria realizar con catalisis de Pd(II)
como describieron Lu y col. en sistemas analogos,® pero conduciendo en este caso
exclusivamente a ciclos trans.

El siguiente paso seria la ruptura oxidativa del doble enlace con O3 (Esquema 71,
a) para dar un aldehido. Este aldehido seria ttil para:

- Acceder en dos pasos a [-hidroxi-a-aminoacidos (Esquema 71, b)
oxidando el aldehido a acido con NaClO,, H,O,, NaHPO, en CH;CN-

H,0® y desprotegiendo el carbamato. Primero se eliminaria el grupo tosilo
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con Na/naftaleno (5 eq.)®’ y a continuacion se abriria la oxazolidinona con
HCI concentrado.™

Acceder a B-hidroxi-a-aminoaldehidos o sus analogos (Esquema 71, ¢)
mediante desproteccion o manipulacién de grupos protectores.

Hacer una nueva reaccién de Carreira para finalmente formar cadenas
1,2,3,4,...n-poliaminoalcoholes (Esquema 71, d) después de seguir los
pasos i, ii, iii y iv del Esquema 70. Idealmente, la estereoquimica de los
centros estereogénicos que contienen los grupos hidroxilos vendria
determinada por la efedrina empleada en la reaccion de Carreira y la de los
carbonos que tienen los grupos amino vendria determinada por la

configuracién del doble enlace y/o la estereoquimica del alquinol de

partida.
1
Ts OH
0" N7 i
b \/ -, R CO;
R COQH "'NH3
X i
Ts
Q" N7 . o
R N\ R
R
OH OH
; i _CHO
R
NH, NH,

Esquema 71

Asi dispondriamos de un método para sintetizar cadenas altamente funcionalizadas

con grupos amino y alcohol. El desarrollo de esta estrategia estd condicionado a

encontrar un método de construccion potencialmente iterativo en el que se emplearan

dioles no simétricos proviniendo de una reaccion de tipo Carreira entre el alcohol

propargilico y un aldehido. De esta manera, se podria acceder a oxazolidinonas con

dobles enlaces terminales (Esquema 72).
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AN it
\/OP Zn(OTf),, (-)-NME OH )I\ s

EtsN

o °N
R —_— \
R—CHO R

Esquema 72

Una oxidacién de estas oxazolidinonas con ozono nos permitiria obtener los
mismos tipos de compuestos (Esquema 73, a). Por otra parte, una hidroboracion del
doble enlace en la posicidon menos impedida con 9-BBN seguida por una ruptura
oxidativa con H,O, y NaOH® podria conducir a aldehidos en posicion B (Esquema
73, b).

Usando la estrategia anterior, podriamos llevar a cabo la sintesis de 1,2,4,5,...n-
poliaminoalcoholes. En teoria, se podria controlar la estereoquimica de todos los

centros y sus posiciones en la cadena mediante reacciones de transferencia de

quiralidad.
Ts - -
o~ N7 . R/\/\/CHO

/ NH, NH,

)J\ T CHO
1,2,3,4,...,n-poliaminoalcoholes

\_L o

\ )J\ T OH NH,

/\/\‘/'\/CHO
-
R CHO NH, OH

1,2,4,5,...,n-poliaminoalcoholes
Esquema 73

2.1. Sintesis de precursores

En primer lugar se decidi6 llevar a cabo las ciclaciones desarrolladas en el grupo
pero con nuestro sustrato: el diol monoprotegido 37 (preparado por reacciéon de
Carreira entre el benzoato de prop-2-inilo 36 y el isobutiraldehido, capitulo 1). El
objetivo era saber si la configuracion del doble enlace también influia sobre la
configuracién relativa de la oxazolidinona. Para ello el triple enlace se redujo a doble
enlace Z por hidrogenacion parcial usando el catalizador de Lindlar, y a olefina £ a

través de una reduccion radicalaria empleando AIBN, "BusSnH seguida de
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protonolisis con 4cido trifluoroacético (TFA).”" La estereoselectividad de este
proceso no fue completa y se obtuvo una mezcla Z/E 20/80. En la etapa siguiente se
protegio el alcohol libre de ambos alquinoles en forma de carbamato con isocianato

de tosilo en THF con buenos rendimientos (Esquema 74).

Hz OH o)
cat. de Lindlar z z

N =
91% 100%
OH (2)-83 (2)-84
Y\/OBZ
37 OH DR-Ts
L Ts-N=C=0 0
YH/OBZ :
1) AIBN, BusSnH YR/OBZ

2) CF3CO,H
. 81%
80% (E)-83 (E)/(Z) : 80/20 (E)-84

Esquema 74

2.2. Primeros ensayos

El proceso esperado de la ciclacion supondria la ionizacién del grupo benzoato
para dar lugar a la formacién de un intermedio m-alilo sobre el cual el carbamato

podria ciclar para dar la oxazolidinona. La reaccion estaba catalizada por paladio(0)

y un ligando de fosforo (Pd,dbas-CHCl3/(O'Pr);P).**

Q 0
>—NH—T5 )k
0 Pd,(dba)s CHCI3 1

(8 mol%) o N

m Fosfito (75 mol%) {g
—OBz

Q 0
>—NH—TS >—NH—TS
o

Esquema 75
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En este caso, el nitrogeno del carbamato no era suficientemente nucleéfilo para
adicionarse sobre el complejo m-alilo y se recupero el material de partida. Se decidio

anadir una base para arrancar el protoén del carbamato y asi favorecer la ciclacion.

2.3. Adicion de una base

La adicion de una base débil podria haber sido suficiente para arrancar este proton.
Asi se probd usar 1.1 eq. de trietilamina pero tampoco se obtuvo producto de
ciclacion. Se decidio entonces emplear una base mas fuerte: la DBU. La ciclacién se
efectué con éxito y con un rendimiento elevado. La diastereoselectividad de la
reaccion también fue excelente porque solo se obtuvo el diastereomero de

configuracion relativa trans.

0 0 o]
>‘NH'TS Pd,(dba)sCHCls >\ N—Ts )L T
o (5 mol%) 0 o7 NS
- U = —_— -
N (Pro);P _
OB
W . 0l H ‘<—&
Pd@
84 trans-85
Entrada? 84 Disolvente Base Rdto(%)
1 2 CH,CN ; ;
2 ) CH,;CN Et;N ;
3 (E) THF DBU 86

2 Base (1,1 eq.), Pd (0,08 eq.), (iPrO)3P (0,75 eq.)
Tabla 25

2.4. Cambio de ligando

Otro aspecto que se queria estudiar era el efecto que provocaria un ligando quiral
en la diastereoselectividad de la reaccion. El empleo de una fosfina quiral podria
controlar el estado de transicion y asi permitir la formacion del otro isdémero de
configuracion cis: cis-85.

Se probaron tres fosfinas quirales comerciales: 86 (fosfina de Pflatz), 87 (fosfina de

Trost) y 88 (BINAP). Como puede verse en la Tabla 26, la fosfina 87 fue la que
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condujo a mejores rendimientos (Tabla 26, entradas 1-3), pero del isomero trans.
También se podia notar que los rendimientos eran mas elevados cuando se usaba el
carbamato de configuracion E (Tabla 26, comparar entradas 3 y 4). Desgraciada-

mente, ninguna de las fosfinas empleadas pudo conducir a la formacion de la cis-8S.

o (0] S O
NH HN
PhP  N=
- PPh, PhyP
86 87 88
Entrada?® 84 Disolvente Base Fosfina Rdto(%)

1 2) THF DBU 86 trazas

2 2) THF DBU 88 50

3 (2) THF DBU 87 70

4 (E) THF DBU 87 100

2 Base (1,1 eq.), Pd (0,08 eq.), fosfina (0,08 eq.)
Tabla 26

2.5. Catalisis de paladio(II)

Lu y col. describieron un método para realizar la ciclacion de carbamatos a
oxazolidinonas con catalisis de paladio(Il).* Esta metodologia consistia en refluir
durante 40 h una mezcla de 1 eq. de 84, 0.05 eq. de Pd(OAc), y 4 eq. de LiBr en

THF. Se decidié aplicar estas condiciones al compuesto 84:

o
NH-Ts Pd(OAc),
o) LiBr
A~ o8 THF
W\ , o i
(2)-84 o NS

Pd(OA), trans-85
LiBr

OBz THF
100%

mQ o
|z
-
_|
(2]

(E)-84

Esquema 76
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Los rendimientos obtenidos fueron excelentes tanto en el caso del (£)-84 como con

su isomero E pero una vez mas se obtuvo unicamente el trans-8S.

3. Formacion de 1,3-dioxolan-2-onas

Otra posibilidad interesante era la utilizacion de 1,3-dioxolan-2-onas (o carbonatos
ciclicos) porque es una forma alternativa de tener los dioles protegidos y, a la larga,
cadenas de polioles. En sintesis orgéanica, hay un creciente interés por los carbonatos,

tanto por su formacion® como por su uso como grupo protector.”

Nuestra idea, similar a la presentada en el caso de las oxazolidinonas, era empezar
con los alcoholes propargilicos sintetizados en el capitulo 1 (38 y 39, Esquema 77).
Después de la reduccidén del triple enlace a doble enlace, queriamos formar un
intermedio abierto haciendo reaccionar el alcohol en presencia de un catalizador de

Pd(0) y CO.. La ciclacion de esos intermedios daria acceso a 1,3-dioxolan-2-onas.

H

R
/\/OBZ —— R —""or:

38:R= -(CH2)4-CH3
39: R =Ph

i Q

o
o]
|
-+

s
|
¢

Esquema 77

De hecho, una funcionalizacion del doble enlace del carbonato ciclico similar a la
descrita en el caso de las oxazolidinonas (Esquema 73) también permitiria la sintesis
de cadenas de polioles (Esquema 78). Ademas, combinando las dos metodologias, se
podria acceder a una variedad mas amplia de cadenas de poliaminoalcoholes, con

control en la configuracion de cada uno de los estereocentros.
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. /\/\/CHO
o o R
I o \\_< OH OH
)I\ R CHO
1,2,3,4,...,n-polialcoholes
\_L o
. M on on
QR P - ; CHO
9-BBN \_L —— R
R CHO OH OH
1,2,4,5,...,n-polialcoholes
Esquema 78

3.1. Primeros ensayos

Se iniciaron las pruebas con los compuestos 38 y 39 protegidos con un grupo
benzoato sintetizados en el capitulo 1. La reduccion del triple enlace a doble enlace Z

se efectud con el catalizador de Lindlar y se obtuvieron 89 y 90 con rendimientos del

89% y 87% respectivamente (Esquema 79).

OH
? " or
¢ N _om Catselndm ITN—="os
AcOEt
38 89% 89

AcOEt
87%

©/\/OBZ Cat. de Lindlar ©/\_/\

Esquema 79

Para la etapa de ciclacion, elegimos como catalizador el Pd(PPh3)s y como fuente
de CO; el BocOK. Este ultimo se puede considerar como una forma “sélida” de CO,
y contrariamente a la nieve carbonica, no sublima y es anhidro. Se sintetiz6 haciendo

burbujear CO, gas en una solucion de ‘BuOK en THF durante 2 h a temperatura

ambiente (Esquema 80).
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OK THF
;r . co, ™M A'/O\H/OK
o

BocOK

Esquema 80

Primero, se intento ciclar el alcohol 90 (derivado de 39). El intento de ciclacion
usando cinco equivalentes de BocOK y 5 mol% de Pd(PPhs)s no tuvo éxito y se

obtuvo una mezcla compleja de productos.

O
OH Pd(PPhs), O)J\O
O o =
BocOK (5 eq.) N —
= O
90 91
Esquema 81

En cambio, obtuvimos una buena conversion a carbonato ciclico (80%) en el caso
del alquinol 89. Se observdo que el exceso diastereomérico era moderado,
probablemente porque el impedimento estérico provocado por la cadena lineal era

poco importante (Esquema 82).

OH
—_—
= ""0Bz BocOK (5eq) \—L
4 R o
CH,Cl, _€>4
89 80% (ed =74%) 92
Esquema 82

Después de este ultimo resultado positivo, estuvimos pensando en una manera mas
facil y eficaz de realizar estas ciclaciones en la que la fuente de CO, fuese generada
por la misma molécula. Para ello, pensamos en cambiar el grupo protector de
benzoato por un carbonato. En presencia de un catalizador de Pd(0), el grupo
carbonato se ionizaria para formar un complejo m-alilo de paladio, liberando asi RO
y CO; que podria ser captado por el alcohol libre. Finalmente, la ciclacion se
produciria por el ataque del carbonato sobre el complejo w-alilo de paladio (Esquema

83).
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OH oH
Pd(0)
R/E/\OCOZR' —_— R/H\ + COy
®
Pd
RO®
J\~ R'OH
r ik
o (0]

N PN

o

Q,
(]
nQ

Pd

Esquema 83

Para probar nuestra teoria, se decidid hacer pruebas de ciclacién sobre el
compuesto rac-(Z)-47 sintetizado en el capitulo 2. Ciertas pruebas preliminares
indicaban que la adicion de una base aumentaba la velocidad de la ciclacion. Asi
pues, la primera prueba se efectud entonces en presencia de 5 mol% de Pd(PPh;s)s y

20 mol% de '‘BuOK (recientemente sublimado) en THF (Esquema 84).

o]
OH )j\
o o
— o, * BUuOK + Pd(PPh S —
0CO,Bu (PPhg), — o
rac-(2)-47 rac-93

Esquema 84

Se observd producto de ciclacion y decidimos estudiar esta reaccion con mas
detalle para desarrollar una version estereoselectiva. Un primer punto a revisar fue el

tipo de carbonato que ioniza. Eso exigia volver a la primera etapa de la sintesis: la

proteccion del alcohol propargilico.

3.2. Eleccion del grupo carbonato

La sintesis del material de partida previa a la ciclacion consta de tres etapas: (i)
proteccion del alcohol propargilico con un grupo carbonato, (ii) adicion

estereoselectiva del triple enlace terminal sobre un aldehido y (iii) reduccion a doble

enlace de configuracion cis.
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\OH _ \OCOZR
i J R'CHO

OH

OH
e~ LI
' —-— '

Esquema 85

La etapa mas critica era la adicién del alquino al aldehido y a ello dedicamos

nuestros esfuerzos iniciales.

3.2.1. Adiciones estereoselectivas de alquinos a aldehidos

La experiencia de nuestro grupo en las adiciones asimétricas de alquinoles
protegidos a aldehidos nos hizo pensar que se podia usar también la reaccion de
Carreira para carbonatos propargilicos. Este método ya habia probado su eficiencia
en la adicion sobre aldehidos de alcoholes propargilicos protegidos con otros grupos
protectores (TMS,'* TBS'?® 0 A¢**°) pero nunca con carbonatos.

Se protegid primero el alcohol propargilico mediante su reaccion con los
cloroformiatos de metilo y bencilo para formar el carbonato de metilo y prop-2-inilo
(94) y el carbonato de bencilo y prop-2-inilo (95) respectivamente y con el
dicarbonato de di-tert-butilo (Boc),O para dar el carbonato de fert-butilo y prop-2-

inilo (96), todos ellos con buenos rendimientos (Tabla 27).

ROCOX
4-DMAP, Et3N
X _oH S X _ocoR
\/ ok \/ 2
Entrada ROCOX Eq. Producto (R)  Rdto(%)

1 CICO,Me 12 94 (Me) 76

2 CICO,Bn 2 95 (Bn) 100

3 (Boc),O 2 96 ('Bu) 96

Tabla 27
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El siguiente paso fue la adicion de estos compuestos sobre el aldehido usando las

condiciones de Carreira. El alquinilzinc se generd in situ con Zn(OTf),, Et:N y la

NME en tolueno y se adiciond sobre el ciclohexanocarboxaldehido. Pudimos

comprobar con satisfaccion que los rendimientos obtenidos fueron muy buenos y los

excesos enantioméricos excelentes en todos casos.

S CHO
\\/OCOQR + O/

Zn(OTf),, NME

CH
O/\/

OCO,R

Tolueno
Entrada® Alquino (R) NME  Producto Rdto(%)  ee’
1 94 (Me) - (8)-97 87 96
2 94 (Me) + (R)-97 84 96
3 95 (Bn) - (5)-98 93 98
4 95 (Bn) + (R)-98 91 95
5 96 (‘Bu) - (5)-99 91 97
6 96 (‘Bu) + (R)-99 92 96

@ Aldehido (1.2 eq.), Zn(OTH), (1.1 eq.), NME (1.2 eq.), Et;N (1.2 eq.);

b determinado por HPLC del ester de Mosher

Tabla 28

Se habia demostrado, pues, que los alquinoles protegidos en forma de carbonatos

son buenos sustratos para su adicion sobre aldehidos empleando las condiciones

desarrolladas por Carreira y col.

3.2.2. Reduccion

Para el resto del estudio, se decidid6 emplear unicamente los compuestos de

configuracién S. La hidrogenacion del triple enlace a doble enlace Z se hizo como en

casos anteriores, es decir, en presencia del catalizador de Lindlar (Tabla 29).
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OH OH
- Hy :
Cat. de Lindlar —
O/\/OCOZR AcOEt i W/\OCOZR
Entrada  Alquino (R) Producto Rdto(%)

1 (5)-97 (Me) 100 93

2 (5)-98 (Bn) 101 80

3 (5)-99 (‘Bu) (2)-47 84

Tabla 29

3.2.3. Ciclacion

Las pruebas de ciclacion se efectuaron en las condiciones habituales: 5 mol% de

Pd(PPh;); y 20 mol% de ‘BuOK en THF.

Jy
OH Pd(PPhy), o ©
~ BUOK \—L
OCO,R — —— N _
Sl 0
trans-93
ed >96:4
Entrada Alcohol (R) Rdto(%)
1 100 (Me) 61
2 101 (Bn) 40
3 (2)-47 (‘Bu) 63
Tabla 30

Los rendimientos obtenidos fueron s6lo moderados pero la diastereoselectividad
observada fue muy elevada (>96:4)° a favor del isémero trans-93. Un experimento
NOESY permiti6 determinar la configuracion relativa de los dos estereocentros. El
primero tenia su configuracion determinada por la reaccion de Carreira asi que se
podia predecir la configuracién absoluta del centro nuevamente formado. De esta
manera, se consiguio la sintesis de la (4S5,55)-4-ciclohexil-5-vinil-1,3-dioxolan-2-ona

(trans-93).
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3.2.4. Conclusiones

Durante estas pruebas, se vio que el alquinol protegido como carbonato de bencilo
daba generalmente los rendimientos mas bajos asi que se descartd. Ademas, la
dificultad observada trabajando con el carbonato de metilo durante la reaccion de
Carreira por culpa de su gran volatilidad nos hizo elegir el carbonato de tert-butilo

para las futuras optimizaciones asi como para la sintesis de nuevas dioxolan-2-onas.

3.3. Optimizacion de las condiciones de ciclacion

Aunque el efecto de la base fuera beneficioso al principio, se observo finalmente
que conducia a una descomposicion parcial del material de partida. Se decidié hacer
pruebas para determinar su impacto real en diferentes disolventes.

En total, se probaron cuatro disolventes de diferente polaridad (empleando 20
mol% de ‘BuOK como base). Los mejores resultados se obtuvieron con THF y

CH,Cl, (Tabla 31, entradas 1-4).

Cuando se decidi6 probar una base mas suave como Et;N (20 mol%), se
observaron mejoras notables (Tabla 31, entrada 5). Aunque las reacciones eran algo
mas lentas, los mejores resultados se obtuvieron finalmente sin base (Tabla 31,
entradas 6 y 7). El mejor rendimiento se obtuvo cuando la reaccion de ciclacion se

hizo sin ninguna base y en CH,Cl, (Tabla 31, entradas 4-7).

105



Capitulo 3

o}
oH Pd(PPha), (5 mol%) o)l\o
O/EA 0C0,Bu Base . \\\_&:
Disolvente <:>
(2)-47 trans-93
Entrada Disolvente Base Rdto(%)

1 THF ‘BuOK 63

2 CH;CN ‘BuOK 55

3 Tolueno ‘BuOK 44

4 CH,Cl, ‘BuOK 62

5 CH,Cl, EtN 88

6 CH,Cl, - 91

7 THF - 81

Tabla 31

3.3.1. Comparacion entre sustratos Z/E

Nos planteamos entonces cudl de los dos isomeros (£ 6 Z) seria mas adecuado para
las reacciones de ciclacion. Asi, se prepard un compuesto con el doble enlace de
configuracién cis (£)-47 y su isdémero de configuracion trans (+)-(E)-47 preparado a
partir del diol racémico (£)-42 con "BuLi (1.2 eq.) y (Boc),O (1.2 eq.). La prueba se
efectud en THF con Pd(PPhs)4 (5 mol%), dando un mejor resultado para el isomero Z
(81% contra 71%, Esquema 86). En ambos casos se obtuvo el carbonato ciclico

trans-93 con una diastereoselectividad del 96:4.

: Pd(PPhs), (5 mol%) o

THF
81%

Pd(PPh3)s (5 mol%)

THF
trans-93
71%

(H)-(E)-47 trans/cis 96:4

%
N/
@

Esquema 86
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3.3.2. Desgasificacion

En otras pruebas, se intentd burbujear argén a través del medio de reaccion para
expulsar el CO, y asi impedir la formacién del carbonato ciclico. La idea era
establecer si mecanisticamente en algun punto del ciclo catalitico, se liberaba CO,. A
pesar de ello, la conversion del material de partida en dioxolan-2-onas fue total. Al

parecer, la reaccidon era muy rapida y no hubo tiempo de “eliminar” el CO,.

3.3.3. Carga de catalizador

Era importante conocer hasta que punto se podia bajar la cantidad de catalizador en
la reaccion. En general, se hicieron casi todas las pruebas con 5 mol%. No obstante,
realizamos algun experimento con (Z)-47 donde redujimos la carga del catalizador
hasta el 0.5 mol%.

En estas condiciones, la reaccién no se completd: se recuperd 44% de material de
partida y se obtuvo 30% de una mezcla de dioxolan-2-onas en proporcion 5/1 de
isémero trans/cis (determinado por RMN de 'H). Un experimento NOESY de RMN

de la mezcla confirmo la configuracion relativa del compuesto cis-93.

0
OH Pd(PPha), (0.5 mol%)

= O)]\O

jl\
= o” o
EtsN (20 mol% \ /
—"0c0,Bu o (2 o) \_L + S

30%

(2)-47 trans-93 cis-93
transicis : 86/14

Esquema 87

Finalmente, se realizd una isomerizacion de la mezcla en las condiciones
habituales, es decir 5 mol% de catalizador. Se obtuvo una mezcla 96:4 a favor del
producto trans-93, por lo que concluimos que la diastereoselectividad de la reaccion
estaba bajo control termodinamico. El carbonato se podia volver a abrir y formar un
complejo m-alilo. A continuacion, podia ocurrir una inversion de la configuracion de
un estereocentro con un mecanismo de isomerizacidon n—c—n (Esquema 88) que

favoreceria el compuesto trans mas estable.
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Esquema 88
3.4. Extension de la reaccion a diferentes cadenas laterales

La utilidad de esta reaccion dependerd en gran parte de la posibilidad de hacer
variar las cadenas laterales R y R’. En este sentido, cabe recordar que para su
preparacion hay dos etapas claves que debemos analizar: la adicion del carbonato de

propinilo sobre el aldehido y la ciclacion.

Figura 16

3.4.1. Cadena alifatica y aromatica

La estructura y la ramificacion de la cadena podian ser factores importantes tanto
para la reaccion de Carreira como para la ciclacion. Por ello se estudié la etapa de
adicion y la de ciclacion en la sintesis de cuatro dioxolan-2-onas con estructuras
variadas, una con un centro cuaternario (R,R’ = ciclohexil), otro con la cadena
ramificada en o (R ='Pr, R” =H) o en B (R ='Bu, R’ = H) y la tltima aromatica (R =

Ph, R’ = H) y se estudi6 su efecto en las diferentes etapas.
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La sintesis no optimizada del carbonato de tert-butilo y 4-(1-hidroxiciclohexil)but-
2-inilo 102 se efectud por la adicién del alcohol propargilico sobre la ciclohexanona

seguida por la monoproteccion del alcohol primario con (Boc),O (Esquema 89).

1) "BulLi )N
\\\/OH ) BuL|
2) Ciclohexanona OH 2) (Boc) 2O 0CO,Bu

17%, 2 etapas 102

Esquema 89

La obtencion de 103, 104 y 105 se realiz6 mediante una reaccion de tipo Carreira
que permitié la formacidon de alcoholes enantioméricamente enriquecidos. Las dos
ultimas pruebas fueron hechas por Yves Allenbach durante su estancia post-doctoral
en nuestro grupo y confirmaron la dificultad de adicionar alquinos sobre aldehidos

no ramificados y aromaticos (Tabla 33, Entradas 2-3).

Zn(OTf),, (-)-NME OH

Et;N
\\\/OCOQtBU + R—CHO ° - R S
Tolueno A 0CO,Bu

Entrada® Producto R Rdto(%) ee®

1 103 pr 91 96
2¢ 104 By 58 89
3¢ 105 Ph 35 96

2 Aldehido (1.2-5 eq.), Zn(OTf), (1.1 eq.), NME
(1.2 eq.), Et;N (1.2 eq.). ® Determinado por HPLC
a partir del ester de Mosher. ¢ Prueba realizada por
Yves Allenbach.

Tabla 32

La reduccion del triple enlace a doble enlace cis se hizo por hidrogenacion en
presencia del catalizador de Lindlar en AcOEt. A continuacion, la ciclacion con 5
mol% de Pd(PPhs)s condujo a la formacién de las dioxolan-2-onas 109, 110 y 111
con buenos rendimientos y diastereoselectividades® a favor de los carbonatos trans

(Esquema 90).
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oH Hy oH M
z Cat. de Lindlar /_\_/\ Pd(PPhg)4 o o0
—> R — OCOBu — (>
R/\/ocozfsu ACOEt 2BU T CH,Cl, \\\—L
R —

103 : R ='Pr 106 83% 109 87% (ed >92%)

104 : R ='Bu 107 83% 110 92% (ed = 80%)

105:R=Ph 108 90% 111 83% (ed = 80%)

Esquema 90

En este punto, pudimos formular algunas conclusiones sobre la
diastereoselectividad de la reaccion. Los precursores con cadenas ramificadas (R =
1sopropilo o ciclohexilo) condujeron a heterociclos con elevada estereoselectividad.
Esos excesos bajaron cuando se usaron grupos con menos impedimento estérico
como el isobutilo o el fenilo. Era razonable pensar que en el estado de transicion, la
presencia de un grupo R voluminoso podria favorecer la formacion del carbonato

ciclico trans.

Por otro lado, la ciclacién de un alquinol todavia més impedido como 102 no
ofrecié problemas y condujo a la formaciéon de la 4,4-pentametilen-5-vinil-1,3-

dioxolan-2-ona (113) con un rendimiento del 63%.

Ha

OH OH
Cat. de Lindlar Pd(PPh3), (0] (6]
<:>\/ocogf8u T AcOEt %oooztsu T CHCl, 6&2
85% 63%
102 112 113

Esquema 91

3.4.2. Sintesis de un tetraol

Para poner a prueba la potencialidad de nuestra metodologia, decidimos sintetizar
un 1,2,3,4-tetraol tetraprotegido 117 de manera que dos de los grupos hidroxilos se
pudieran desproteger selectivamente frente a los dos otros. La primera etapa supuso
la adicidn de tipo Carreira (realizada por Yves Allenbach) del alquino 96 sobre el D-
gliceraldehido 114 empleando la (+)-NME. Remarcablemente, se obtuvo un tnico

diasteredomero. La reduccion a doble enlace se produjo con un buen rendimiento
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obteniéndose el carbonato de fert-butilo y (22,45,4’R)-4-(2,2-dimetil-1,3-dioxolan-4-
il)-4-hidroxibut-2-enilo (116). Finalmente, la ciclacion con 5 mol% de catalizador
permitié la formacion de la (45,4°R,55)-4-(2,2-dimetil-1,3-dioxolan-4-ilo)-5-vinil-
1,3-dioxolan-2-ona (117) con un rendimiento moderado del 61% pero con

diastereoselectividad total.

OH
A _CHO Zn(OTH),, (+)-NME
Et3N
\/ocozfsu . Q0 3 -~ O X _oco,Bu
%/O Tolueno ﬁ/o
78%
96 114 115
Ha
Cat. de Lindlar
AcOEt
91%
OH
Pd(PPha), o/\;)\:AOCoztBu
CH,Cl, %/0

61%

116
Esquema 92

3.5. Modificacion de la reaccion

En nuestros ensayos iniciales, habiamos utilizado un benzoato lineal en presencia
de CO; externo (Esquema 82). En este punto, nos planteamos si seria posible realizar
la ciclacion con el carbonato equivalente. Para ello, debiamos preparar un carbonato
lineal. Como ya se ha comentado, la reaccion de Carreira no es adecuada con
aldehidos lineales asi que quisimos aprovechar nuestra experiencia en las
alquinilaciones a aldehidos lineales desarrolladas en el capitulo 1. Para ello,
empleamos una mezcla Et,Zn/Ti(O'Pr)s/BINOL vy el aducto 96

Desafortunadamente, la adicion no se produjo y se recupero el material de partida

(Esquema 93).

OH
\/ocozfsu + EtyZn + (R)-BINOL + Ti(O'Pr), + + \M/CHO +>
4 Eter/Tolueno 3/1

4 4 0.4 1 0.4 1

OH

F X 0CO,/Bu

Esquema 93
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3.6. Control de la estereoquimica

Para asegurarnos de la configuracion relativa de los compuestos sintetizados, se

desprotegieron todas las dioxolan-2-onas con una mezcla THF/NaOH aq.1 M 1:1.

o}
R oH
@) O NaOH 1M R
\_L B R/\:/\
R N— THE OH
Esquema 94

Los espectros de 'H y B¢ de los dioles 118,” 119,”* 120, 121, 122°° y 123”se
pudieron comparar con los encontrados en la literatura lo que nos permitié confirmar
la configuracion relativa esperada. Ademas, para los compuestos 119, 121, 122 y 123

se pudo confirmar la configuracion absoluta por comparacion del signo del [a]*p

medido en CHCI; con el descrito en la literatura.

OH OH OH
118 119 120
o T oH
SN Qo S SN
OH %/ OH 4 éH
121 122 123
Figura 17

3.7. Funcionalizacion

Para avanzar hacia el objetivo ultimo de este proyecto, que no es otro que la
sintesis de cadenas de polioles, necesitdbamos funcionalizar los carbonatos ciclicos
obtenidos. La clave del proceso debia ser la transformacion del doble enlace en

aldehido para permitir sobre €l la adicion de un alquino (en condiciones de Carreira
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por ejemplo). La transformacién se podria hacer de dos maneras: (i) por ruptura
oxidativa para formar un aldehido a-funcionalizado (Esquema 95, a) o (ii) por
hidroboracién del doble enlace para formar el alcohol en la posicion menos impedida
seguido por su oxidacion para formar un aldehido B-funcionalizado (Esquema 95, b).
Las dos vias permitirian una versatilidad mas grande en la sintesis de polioles tanto a

nivel estructural como a nivel estereoquimico.

o) o}
1) O3 )J\ )J\ OH OH
2) Me,S B B

o) o o - B

a|—'\_<
N

\—L )o]\
s

2) Hy0,, NaOH

Esquema 95

Por desgracia, al llevar a la practica estas ideas, ninguno de los intentos de
funcionalizaciéon dio resultado satisfactorio. Las oxidaciones del doble enlace
terminal del carbonato ciclico trans-93 con O3, OsO4 o bien KMnO,4 condujeron
siempre a la formacion de mezclas complejas. Las hidroboraciones probadas sobre el
mismo carbonato trans-93 dieron los mismos resultados ya fuese con 9-BBN o con
diciclohexilborano. Por un motivo u otro, el grupo carbonato no era compatible con

todos estos métodos.

4. Formacion de 1,3-dioxan-2-onas

La colaboracion con el grupo del Dr. Jean-Marc Campagne en Gif-Sur-Yvette nos
permitio acceder al 1,5-diol 71 (Capitulo 2). La proteccion del alcohol primario por
un grupo carbonato seguido por una ciclacion en catélisis de paladio(0) daria acceso
a 1,3-dioxan-2-onas (Esquema 96). La proteccion del diol 71 no ofreci6 dificultad

alguna, aunque el rendimiento fue sélo moderado. En cambio, la ciclacidon hacia el
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carbonato ciclico de seis miembros no estaba tan favorecida como la del de cinco

miembros y se recupero el material de partida.

(0]
1) "BuLi AP A
2) (Boc),0
Y — OH THE 7 — 0CO,Bu > < —
(_)H C_)H CHQC|2
71 55% 124

Esquema 96

5. Conclusiones

La formaciéon de N-tosil-1,3-oxazolidin-2-onas frans derivadas de 2-alquin-1,4-
dioles se ha conseguido con buenos rendimientos y estereoselectividades en
presencia de una base (Esquema 97, 4). El uso de benzoato como grupo protector
tuvo un efecto muy favorable sobre las ciclaciones con transferencia de quiralidad
del C; al C..

También se obtuvieron buenos resultados en la sintesis de 1,2-dioles protegidos en
forma de carbonatos ciclicos (1,3-dioxolan-2-onas) a partir de carbonato de tert-
butilo y 4-hidroxialqu-2-inilo. Se comprobd que en este proceso el CO, liberado
durante la formacion del complejo m-alilo se reincorporaba al producto final.
Ademas, se hicieron pruebas para determinar el mecanismo de reaccidn y se sintetizd

una serie de dioxolanonas con diferentes grupos R (Esquema 97, B).

o)
NH-Ts
o oH oH
~— /-\:/\ /-\:/\
R >N—""0p R OCO;R R OH
A | PdO) B | Pd(0) c Pd(ll)
Base )J\

o) N o} o) Mezclas
S12 \}1_2«;
R — R =
Esquema 97
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Los datos obtenidos en esta Tesis Doctoral han sido ya publicados y concuerdan
con el trabajo posterior de Thara y Yoshida,” donde ciclan sistemas alilicos analogos
a los nuestros en condiciones mas drasticas (50 °C en tubo sellado). Las condiciones
optimizadas que desarrollamos en el laboratorio (descritas en este capitulo)
resultaron mucho mas suaves y practicas ya que se podia trabajar a temperatura
ambiente en un matraz simplemente cerrado con un septum. Ademas, y a pesar de lo
que sugieren Thara y col., es posible ciclar alcoholes secundarios.

En las dos reacciones descritas en este capitulo, se podia acceder inicamente a los
diasteredmeros frans y eso constituye una limitacion importante. En el estado de
transicion que conducia al ciclo, el isomero trans resultaba favorecido por cuestiones
estéricas. Otra limitacion a destacar era que no se consiguid funcionalizar el doble
enlace terminal de las dioxolanonas probablemente por la inestabilidad del carbonato
en condiciones de oxidacion.

Es por todo ello que en el capitulo 4 buscamos un método que nos permitiese
acceder tanto a isdmeros frans como cis y donde se pudiese funcionalizar las olefinas

que resultasen de las ciclaciones.

" Ihara y col. sélo ciclaron alcoholes terciarios
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Capitulo 4

1. Introduccion

En los capitulos anteriores, nos hemos centrado en las transferencias de quiralidad
del tipo 1,2. Asi, para preparar 1,2-dioles, utilizdbamos uno de los hidroxilos para
controlar la configuracion del estereocentro vecino.

En este capitulo, describimos los resultados obtenidos en una aproximacion
totalmente diferente. Tal y como indicamos en la introduccién, la idea supone una
transferencia de quiralidad 1,3 del C, al C, (Esquema 98). En particular, pensamos

en una isomerizacion alilica de ésteres.

e}

T
O
T

9(\
A
omwl

/

=

Esquema 98

Este tipo de isomerizacion fue descrita inicialmente en fase gas por Lewis ef al. en
1967. * El proceso, también llamado transposicion dioxa-Cope, permite la
transposicion de un grupo ester via un estado de transicion ciclico de seis miembros

(Esquema 99).

o o 0s_-0 0 o)
g T N
Me Me Me
A ) - B
Esquema 99

Se trata de una reaccion de equilibrio bajo control termodinamico y la proporciéon
de cada uno de los isomeros esta determinada por su estabilidad relativa. La
selectividad de la reaccién depende en parte de la naturaleza de los grupos Ry R’. Se
sabe que si el grupo R es un arilo o un ciano, la formacion del compuesto B estara
favorecida (Esquema 99) ya que el grupo R estard conjugado con el doble enlace. En
algunos casos, la fuerza motriz también puede ser la formacién de una olefina mas

sustituida.
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La busqueda de condiciones mas suaves dirigié las investigaciones hacia el uso de
sales de metales de transicion como el mercurio'® y el paladio'' para catalizar la
isomerizacion. Henry estudié extensivamente las reacciones catalizadas por Pd(II)
con LiCl, LiOAc y AcOH ' pero la condiciones méas convenientes fueron
desarroladas por Meyer'” que describié el uso de PdCl, complejado por acetonitrilo

o benzonitrilo (Esquema 100).

OMe OMe
/}8\ PdCI,(MeCN), (0.5 mol%) ACQV\H\
= A M
OMe THF, 50°C, 1h OMe
Me OAc Me
125 97% (E/Z 9/1) 126

Esquema 100

Overman et al. también demostraron su interés por esta reaccion y realizaron una
serie de isomerizaciones utilizando un 4 mol% de PdCl,(MeCN), en THF con
buenos rendimientos (87-96%).'"

Y en 1980, Grieco et al. realizaron la primera transposicion sigmatropica [3,3] con

total transferencia de quiralidad en la sintesis de prostaglandinas (Esquema 101).'®

AcO, H AcO, H
X Me R = Me
Br Pd(Il) Br
B — e
0] )
o o
127 128

Esquema 101

En nuestro grupo de investigacion, ya se habia utilizado esta transposicion en la
sintesis de la (—)-metilenolactocina. ' En la estrategia elegida, se necesitaba
sintetizar el diol 130 (Esquema 102). Una manera muy directa de obtenerlo fue la
dihidroxilacién asimétrica de Sharpless'”’ del dieno 129 para dar 130 que una vez
protegido como 1,2-diacetato podia isomerizarse en el 1,4-diacetato 132 por
transposicion sigmatropica [3,3] en presencia de 5 mol% de catalizador de Pd(II). La
1somerizacion se efectud con una transferencia total de quiralidad y en el equilibrio,
se obtuvo un mezcla separable de 131 y 132 en una proporcion 3:7. Esta relacion se
debia al hecho de que ninguno de los dos isomeros estaba mucho mas favorecido que

el otro. Posteriores transformaciones de 132 dieron acceso a la (—)-metilenolactocina.
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AD-mix-o. OR
MeSO2NH2 WC H
nCH WCSHﬂ Tl "CsH41 - o
511 BuOH/H,0 H
0 OC OR
129 130: R=H Ac,0, EtzN
131: R=Ac 4-DMAP,CH,Cl,
T PACI,(NCPh),
(5 mol%)
HO,C, OAc
y - /'\/\/”C H
n pul
Cafts 0 © OAc
(-)-metilenolactocina 132

Esquema 102

En nuestro caso, la idea era aprovechar sustratos del tipo III (Esquema 103) para
realizar la transposicion alilica a IV y obtener asi 1,2-dioles protegidos. De acuerdo
con lo expuesto en capitulos anteriores, la sintesis de estos sustratos no deberia
presentar ningun problema. Asi, se podria obtener I por adicion de un alquino a un
aldehido. El aducto se podria reducir facilmente a olefina Z o £ (II) y proteger luego
en forma de diacetato IIl. La idea era realizar la isomerizacién de nuestros 1,4-
diacetatos a 1,2-diacetatos via la transposicion sigmatropica [3,3] estando favorecido
este ultimo por conjugaciéon del doble enlace con un grupo fenilo. En la practica,
pensamos en la siguiente secuencia: (i) adicion del acetato de 1-fenilprop-2-inilo
enantioméricamente puro 133 sobre un aldehido por reaccion de tipo Carreira, (ii)
reduccion del triple enlace con LiAlHy4, (iii) proteccion del diol a diacetato con Ac,0,
Et;N y 4-DMAP y (iv) transposicion sigmatrdpica catalizada por PACI;(NCPh), con

transferencia de quiralidad del C, al Co.

(:)Ac
133 I
l (il
(E)AC () (E)R'
R™ N — -
OAc OR'
v I R=H
I R - Ac< (@

Esquema 103
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El producto final deberia estar favorecido en el equilibrio por ser un sistema mas
conjugado. Con esta metodologia, se podria acceder a 1,2-dioles con la posibilidad
de elegir el grupo R y controlando la estereoquimica de los dos centros
estereogénicos: el primero eligiendo el alquino de partida y el segundo controlado
por la N-metilefedrina en la reaccion de Carreira. Contrariamente a los experimentos
anteriores (Capitulos 2 y 3), se podria acceder tanto a dioles sin como anti. Estos
dioles podrian a continuacion sufrir transformaciones como la oxidacion del doble
enlace, y asi, el aldehido resultante podria reaccionar en la primera etapa (i, Esquema

103) y finalmente conducir a la formacién de polioles (Esquema 104).

OAc OAc OAc OAc
= [O] = CHO = =
R R > R X

Esquema 104

|
.

Qi
>
o

Para demostrar la utilidad de esta reaccion, se decidid finalmente sintetizar dos
moléculas: un pentaacetato 198 con tres centros estereogénicos y la espicigerolida 1

con cinco.

OAc OAc OAc
Aco/\:)\(\OAc o
OAc OAc OAc OAc
198 1

Figura 18

2. Primeros ensayos

2.1. Adiciones de acetato de 1-fenilprop-2-in-1-ilo a aldehidos

En primer lugar, teniamos que demostrar la efectividad de las adiciones de esos
alquinos sobre los aldehidos. Otros alcoholes propargilicos protegidos en forma de
acetatos ya habian demostrado su efectividad en el pasado y queriamos saber si
nuestro sustrato tenia las mismas capacidades a dar buenos rendimientos y elevados

excesos enantiomeéricos.
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Los acetatos (R)-133 y (5)-133 ya habian sido preparados por Mar Vicente durante
su Tesis Doctoral mediante una resolucién enzimatica (Novozym 435) a partir del
alcohol racémico 52'% con unos excesos enantioméricos superiores a 99%.

Se probd la adicion de 133 sobre el ciclohexanocarbaldehido en condiciones de
Carreira es decir con 1.2 eq. de aldehido, 1.1 eq. de Zn(OTf),, 1.2 eq. de Ets:N y 1.2
eq. de NME en tolueno. Se emplearon los dos enantiomeros de la NME para
comparar las diferencias de rendimiento y excesos diastereoméricos en la formacion

de dioles sin 0 anti.

OH
Zn(OTf),, (-)-NME -
Et;N %
Tolueno z
94% (ed >99%) OAc
\/Q . O o yn-134
z OH
OAc
Zn(OTH),, (+)-NME
(R)-133 EtsN AN
Tolueno =
71% (ed 96%) OAc
anti-134

Esquema 105

Las adiciones tuvieron lugar con buenos rendimientos y excesos diastereoméricos.
Es conveniente destacar que los resultados obtenidos con la (—)-NME eran mejores a
los obtenidos con la (+)-NME tanto por el rendimiento como por la
diastereoselectividad. Esta debe atribuirse a que la combinacién de la configuracion
R del alquino y la (—)-NME potencian su efecto (caso matched). Los excesos
diastereoméricos se determinaron por RMN excepto en la adiciéon con (—)-NME

(Esquema 105) donde se determiné por HPLC.

2.2. Reduccion, proteccion y ciclacion

La reduccion de syn-134 se hizo con LiAlH4 en THF para obtener la olefina de
configuracion frans con buen rendimiento. A continuacion se protegid el diol con
grupos acetilo usando Ac,0, EtsN y 4-DMAP en CH,CIl, con un rendimiento
excelente para obtener el diacetato (E)-syn-136. Finalmente, se realiz6 la

isomerizacion con 5 mol% de PdCl,(NCPh), en CH,Cl, a reflujo durante 4 h. El
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rendimiento fue excelente y la transferencia de quiralidad del C, al C, fue total para

dar lugar al diacetato del 1,2-diol syn-137.

LiAlH4
_—
THF
80% (E)-syn-135
ACZO, Et3N
4-DMAP
CH,Cl,
100%
PdCI,(NCPh),
(5 mol%)
-
CH,Cl,
98% (E)-syn-136

Esquema 106

En el caso de anti-134, se obtuvieron resultados parecidos para la reduccion (71%),
la proteccidon (94%) y finalmente la isomerizacidén (98%) que dio el estereoisomero

anti-137.

OH
X .
—_—
OAc
anti-134 64%, 3 etapas

Esquema 107

Es importante constatar que de entrada se puede emplear tanto un diacetato sin
como anti con la misma efectividad en la transferencia de la quiralidad. Asi, se
pueden obtener los dos diasteredmeros 137 enantio- y diastereoselectivamente puros.

De acuerdo con lo descrito en la literatura, la transferencia total de la quiralidad se
realiza a través de un estado de transicion ciclico de seis miembros en forma de silla.
Los sustituyentes se colocan en posiciéon ecuatorial y eso permite conservar la
estereoquimica del grupo acetato. Todo el proceso esta bajo control termodindmico y
el compuesto 137 estd mas favorecido que el material de partida 136 porque el doble

enlace queda conjugado con el grupo fenilo.
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¥ ¥
R
oM O\'ZH
’Oﬁl Ph | == o~ I/ pn
HL S H
H
RV/\rPh R\l/\/Ph
OAc OAc
136 137

(R = -CH(OAc)-cHx)

Esquema 108

3. Optimizacion de las condiciones de reaccion

3.1. Transposicion con los isomeros Zy E

Uno de los aspectos que quedaban por explorar era la isomerizacién de 1,4-
diacetatos de configuracion cis en el doble enlace. Hemos visto anteriormente que
syn-134 podia conducir a 1,2-diacetatos syn-137 a través del 1,4-diacetato alilico de
configuracién E (Esquema 106). Pero podria pensarse que la reduccion del triple
enlace por hidrogenacion y la posterior proteccion podrian permitir la isomerizacién
de 1,4-diacetatos a 1,2-diacetatos también de la serie anti-137, partiendo del mismo
syn-134 (Esquema 109). En general, la isomerizacién de los compuestos con doble
enlace Z resultd mas dificil y necesitaba condiciones mas drasticas. En la practica, la
reaccion de isomerizacion del producto reducido de syn-134 (138) se hizo en un tubo
de RMN para facilitar la interpretacion de los resultados. Se emple6 CDCl; lo que
permiti6 calentar un poco mas (60 °C) y 10 mol% de catalizador. La conversion de la
reaccion solo fue del 50% después de 24 h y se obtuvo una mezcla anti/sin 75/25 del

producto final (Esquema 109).

127



Capitulo 4

2
Cat. de Lindlar .
_—
AcOEt
82% (2)-anti-138
AC20, Et3N
4-DMAP
CH,Cl,
85%

PdCI,(NCPh), OAc OAc

(10 mol%)
-
CDCl3 60°C
OAc
anti-137 50% conversion (Z)-anti-136

anti-137/syn-137 75/25

Esquema 109

A la vista de estos resultados, se decidio emplear Unicamente compuestos de

configuracién E para el resto del estudio.

3.2. Catalizadores

También se exploro el uso de otros catalizadores. Cuando se utilizaron diferentes
acidos de Lewis como TsOH-H,0O, BF;-Et;,0 o Sc(OTf)s;, no se observd reaccion
alguna (Esquema 110). Todo parecia indicar que no solamente se necesitaba el
caracter acido de Lewis del Pd(Il) sino también sus propiedades como metal de

transicion y particularmente la posibilidad de coordinarse con el doble enlace.

AL (20 mol%)

+>

CH2C|2
reflujo, 2 h

(E)-syn-136 syn-137
AL =TsOH-H,0, BF3.Et,0 0 Sc(OTf)3

Esquema 110
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3.3. Disolventes

También se probaron una serie de disolventes con el objeto de intentar aumentar el
rendimiento de la reaccidon. Los experimentos se hicieron con 5 mol% de catalizador
y a temperatura ambiente durante 6 h. En CH,Cl, y en tolueno, se obtuvieron buenos
resultados mientras que en THF, el rendimiento solo era del 25%. En CH3CN, se
recupero unicamente el material de partida. Asi, los disolventes con cierto caracter de
base de Lewis como el THF o el CH3CN parecian inhibir la actividad catalitica del

Pd(1D).

PdCI,(NCPh),

= (5 mol%) el
OAc - = OAc
Disolvente
(E)-anti-136 anti-137

Entrada  Disolvente Rdto(%)

1 CH;CN 0

2 THF 25

3 Tolueno 66

4 CH,Cl, 83
Tabla 33

3.4. Isomerizacion de monoacetatos

La proteccion con grupos protectores diferentes de los dos grupos hidroxilos en la
molécula final podria aportar mas versatilidad a la reaccion. Evidentemente, el grupo
acetato que transpone no podia cambiarse pero si se podia proteger el otro alcohol de
manera diferente.

Asi, se podria proteger el alcohol libre de syn-134 con un grupo resistente a la
reduccion con LiAlH4 (Tabla 34). Con esta idea, se eligieron grupos protectores
como el TBDPS (tert-butildifenilsililo), el TBS (tert-butildimetilsililo), el MEM (2-

metoxietoximetilo) y el Bn (bencilo).
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syn-134
Entrada  Condiciones Producto (GP)  Rdto(%)
1 TBSCI, imidazol 139 (TBS) 91
2 TBDPSCI, imidazol 140 (TBDPS) 95
3 MEMCI, DIPEA 141 79
4 Cl3CC(=NH)OBn, TMSOTf 142 (Bn) 74

Tabla 34

Después de la reduccion con LiAlH4, se protegio el alcohol libre formado en forma
de acetato. Adicionalmente, el hidroxilo protegido con 7BS se desprotegié con TBAF

en THF para formar 151, un monoacetato con el otro alcohol secundario libre.

Ac,0, Et3N
4-DMAP
—_—

CH,Cl,
143: P =TBS 49% 147 89%
144: P=TBDPS 69% 148 80% TBAF
145: P= MEM 49% 149 92% THE
146: P =Bn 73% 150 100%

151 69% (P =H)

Esquema 111

El bajo rendimiento observado durante de la reduccion del triple enlace de
moléculas que contienen grupos sililados se podia explicar por la desprotecciéon
parcial del alcohol. Brussee y col. habian descrito que los grupos sililados se podian

desproteger con LiAlH4 si poseian un grupo polar en o o B tal coémo un éter, un
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199 Nuestro caso era distinto, ya que el

tioéter, una amina o un alcohol (Esquema 112).
grupo alcohol estaba en posicion y y separado por un doble enlace. A pesar de ello,

también observamos desproteccion.

OTBS
< o LiAlH, )Oi/
_— X_ _Ph
Ph ~ THF, 1 h Ph ~~
X =NH, S, 0

Esquema 112

El ultimo paso fue el intento de transposicion sigmatrépica de los compuestos 147-
151. Las reacciones se llevaron a cabo con 10 mol% de catalizador en CH,Cl, a
reflujo durante 4-40 h. Excepto 150 (protegido en forma de Bn), ninguno de los otros
monoacetatos reacciond. Se recupero siempre el material de partida.

Las condiciones de isomerizacion en el caso de monoacetatos resultaron ser menos
suaves y para el compuesto 150, el unico que transpuso, tuvimos un rendimiento de

98% de una mezcla inseparable 150/152 del 15/85.

PdCIy(NCPh),
(10 mol%)

T—
CH,Cl,

150 98% (150/152 15/85) 152

Esquema 113

4. Extension de la reaccion a diferentes cadenas laterales

4.1. Eleccion de los aldehidos

En vista de los buenos resultados obtenidos en la transposicién del 1,4-diacetato
derivado del ciclohexanocarbaldehido, se selecciond una serie de aldehidos alifaticos
como el isobutiraldehido, el 3,3-dimetilbutiraldehido o el pivalaldehido, que

permitirian la obtencion de otros 1,4-diacetatos.

CHO
\r CHO
CHO

Figura 19
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Igualmente, se pensoé en usar aldehidos quirales y particularmente el derivado del
lactaldehido 154.""° Este aldehido se preparé a partir del lactato de metilo o isobutilo.
Se protegi6 primero su alcohol libre con un grupo 7TBDPS 'y se redujo parcialmente el
éster a aldehido con DIBAL-H a —100 °C en hexano. Asi, se pudo acceder facilmente

al aldehido con las dos configuraciones posibles (S) o (R).

o} o

\)J\ TBDPSCI \)J\ CHO
. Imidazol ) DIBAL-H
v T0Bu  ———— v T0Bu ———» ~
OH CH,Cl, TBDPSO ffggﬂg TBDPSO
(R)-153 (R)-154
0 o]
TBDPSCI cHO
OMe Imidazol OMe DIBAL-H \‘/
oH CH,Cl, TBDPSO hexano TBDPSO
(5)-155 (S)-154

Esquema 114

Otro aldehido quiral que consideramos fue el gliceraldehido protegido por el

diacetal de la 2,3-butandiona, facilmente accesible a partir del p-manitol,'!

también
llamado aldehido de Ley. Este aldehido quiral permitiria introducir una cadena con
dos grupos hidroxilo protegidos.

Para su preparacion, el D-manitol se tratd primero con 2,3-butandiona en MeOH en
presencia del ortoformiato de trimetilo y una cantidad catalitica de BF5-Et,O para dar
el diol 156." A continuacion, este compuesto se tratdo con NalOs y KHCO;3 en una

mezcla THF/H,O para dar el aldehido deseado 157.

2,3-butandiona

OH OH HC(OMe)s NalO,4
HO : BF3 Et,0 /‘S/ KHCO3 /%/
H OH™ veon T THRHO =l CHO
OH OH OMe 589%
D-manitol 156 157

Esquema 115

" Etapa realizada por Mar Vicente durante su Tesis Doctoral
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4.2. Adiciones de alquinos a aldehidos

Las adiciones del acetato de 1-fenilprop-2-inilo ((R)-133) sobre el isobutiraldehido
en condiciones de Carreira (1.2 eq. de aldehido, 1.1 eq. de Zn(OT¥),, 1.2 eq. de NME
y 1.2 eq. de Et3;N) dieron buenos resultados tanto empleando la (—)-NME como la
(+)-NME. La diastereoselectividad fue excelente tanto en la formacion del acetato de
4-hidroxi-5-metil-1-fenilhex-2-inilo (syn-158) como en la de su isémero anti (Figura
20). En este caso queda claro que la configuracion del nuevo estereocentro viene
determinada por la NME y no por la estereoquimica de los reactivos. La reaccion no
fue tan satisfactoria en el caso de aldehidos estéricamente impedidos. Asi, el 3,3-
dimetilbutiraldehido sélo dio el acetato de (15,45)-4-hidroxi-6,6-dimetil-1-fenilhept-
2-inilo (159) en un 44% de rendimiento (42% de material de partida recuperado).
Tampoco fue completa la reaccion con el pivalaldehido que dio lugar a la formacion
de 160 en un 44% de rendimiento (47% de material de partida recuperado). Sin
embargo, en ambos casos se observo una buena diastereoselectividad (los excesos

diastereoméricos fueron determinados por RMN de 'H).

OH OH
\(\/@ M

OAc OAc

syn-158 anti-158
87% (ed >96%) 88% (ed >96%)
OH OH
M M
(:DAc C:)Ac
159 160
44% (ed >96%) 40% (ed >96%)
42% MP recuperado 47% MP recuperado
Figura 20

Las mismas condiciones de reaccion fueron empleadas para la adicion de 133 sobre
los lactaldehidos (R)- y (S)-154. En la Figura 21 aparecen los diferentes productos

sintetizados.
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OH OH OH
Y\/@ H A
TBDPSO Y TBDPSO TBDPSO
OAc OAc OAc
anti,syn-161 syn,anti-161 ent-anti,syn-161
95% (ed > 96%) 44% (ed 80%) 80% (ed > 96%)

Figura 21

Estos resultados nos indicaron que los rendimientos bajaban mucho cuando el
grupo hidroxilo formado y el grupo OTBDPS en posicion relativa 1,4 presentaban
una configuracion relativa sin. Igualmente, se veia afectado el exceso
diastereomérico.

Este hecho estd de acuerdo con otros experimentos de nuestro laboratorio y en
especial con ciertos resultados obtenidos por Mar Vicente durante su Tesis Doctoral.

Adicionalmente, se decidié sintetizar dos diasteredmeros 162, producto de la
adicion de (5)-133 sobre el aldehido de Ley 157 (Figura 22). Las condiciones fueron
las mismas que anteriormente y los rendimientos y excesos diastereoméricos
obtenidos fueron excelentes. A diferencia del caso anterior, la adicion sobre la cara
Re o Si del aldehido era igual de factible y la configuracion del carbono en a al

aldehido no influia significativamente en la estereoselectividad de la reaccion.

OMe OMe
Ay B
O (0]
(I)Me % (I)Me %
OAc OAc
syn,anti-162 anti,syn-162
94% (ed > 96%) 86% (ed > 96%)
Figura 22

Finalmente, trabajamos también sobre tres moléculas cedidas por Mar Vicente de

su Tesis Doctoral: 163, syn,syn-162 y anti,anti-162.
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TBDPSO OH
N 0] 0]
N gl\:/\/@ M
OAc C:)Ac (:)Ac
163 syn,syn-162 anti,anti-162
Figura 23

En definitiva, se consigui6 la sintesis de 3-alquin-1,2,5-trioles poseyendo hasta tres
centros estereogénicos todos controlados independientemente los unos de los otros:
dos de ellos se controlaban eligiendo adecuadamente el alquino 133 y el aldehido de
partida y el tercero estaba controlado por la estereoquimica de la NME empleada

durante la alquinilacion.

Aldehido

Fon NS

OAc Alquino

Figura 24

4.3. Reduccion y proteccion

La siguiente etapa consistié en la reduccion del triple enlace a doble enlace trans
con LiAlH,4 para dar lugar a la formacion de los dioles 164-169 que se protegieron en
forma de acetatos formando asi los compuestos 170-175 sobre los cuales se hicieron

las isomerizaciones. En el Esquema 116 se resumen estas transformaciones.
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syn-164 (P = H, 85%)
A0 [ syn-170 (P = Ac, 88%)

165 (P = H, 72%)
Ao o (P = Ac, 99%)

anti,syn-167 (P = H)
Acz0 ,: anti,syn-173 (P = Ac, 88%")

*2 etapas

anti-164 (P = H, 87%)
ARO[ iia70 (P = Ac, 100%)

166 (P = H, 74%)
Ao 7 (P = Ac, 96%)

syn,anti-167 (P = H, 53%)
A0 [ syn,anti-173 (P = Ac, 90%)

168 (P = H, 79%)
Ac,0
0 174 (P = Ac, 94%)

syn,anti-169 (P =H, 91%)
A0 [ synanti-175 (P = Ac, 99%)

o
OMe =

syn,syn-169 (P =H, 78%)
Ao [ syn,syn-175 (P = Ac, 98%)

oP
/%I/O _

oM
© OP

anti,syn-169 (P = H, 87%)
Ao [ anti,syn-175 (P = Ac, 100%)

OMe

/%/ OP
0
OMe é)P
anti,anti-169 (P = H, 90%)
A0 [ i anii-175 (P = Ac, 97%)

Esquema 116
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Todos los 1,4-diacetatos se obtuvieron con buen rendimiento en las dos etapas. En
el caso de los compuestos 167 y 168, se observo una desproteccion del grupo 7TBDPS
durante la reduccioén con LiAlH4, explicable por la presencia de los grupos hidroxilos

1% Esto se tradujo en la formacion de trioles muy solubles en fase acuosa y

en o o .
dificiles de extraer, que provocaron un rendimiento mas bajo del esperado para la
obtencion de syn,anti-167 (53%). En el caso de anti,syn-167, se intento evitar al
maximo el tratamiento acuoso y se hizo la proteccion directamente sobre el crudo de
reaccion, el resultado fue mucho mejor (87% en dos etapas).

Hay que hacer notar también los excelentes resultados obtenidos en la formacion
de los cuatro diasteredmeros 175. En este caso, el acetal era muy estable en las

condiciones de reaccidon y no se observéd ninguna desproteccion.

4.4, Isomerizacion

Las isomerizaciones se llevaron a cabo a reflujo de CH,Cl, en presencia de 5 o 10
mol% de catalizador PdCl,(NCPh),. Los acetatos mas sencillos necesitaron en
general menos catalizador y tiempos mas cortos (Tabla 35, entradas 1-2) mientras los
muy impedidos no reaccionaron en absoluto (Tabla 35, entrada 6). El acetato 177
(entrada 3) se obtuvo en forma de mezcla inseparable de dos regioisomeros
(Esquema 117). Aparentemente, los dos eran mucho mas estables que el material de

partida y en el equilibrio se obtenia la mezcla 177/178 con una proporcion de 93/7.

Ohe Pd(ll) Qhc P(ll) Qhe
~ _— = _— ~

OAc OAc OAC
178 171 177
Esquema 117
En algunos casos, el equilibrio no estaba completamente desplazado y se obtenian
mezclas de producto y material de partida (Tabla 35, entradas 4, 5 y 7). Tal fue el
caso del acetato 181 (181/174 93:7) y de los acetatos 179 (179/173 88:12). No fue
posible separar la mezcla 181/174 pero los acetatos 179 se han podido separar de sus
materiales de partida respectivos por cromatografia. Los compuestos 182 (Tabla 35,
entradas 8-11) se obtuvieron como compuestos unicos.

Por ultimo, cabria destacar que en todas las reacciones se observo una transferencia

total de la quiralidad, obteniéndose un tnico diasteredmero.
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OAc OAc OAc OAc

anti,syn-179 syn,anti-179

OAc OAc

syn,anti-182 anti,syn-182
OMe OAc OMe OAc
o7 - (O)n Y
OMe C:)Ac OMe C:)Ac
syn,syn-182 anti,anti-182
Entrada  Producto Cat. (mol%) Tiempo (h) Rdto (%)
1 syn-176 5 6 82
2 anti-176 5 4 96
3 177 5 40 100*
4 anti,syn-179 5 24 70
5 syn,anti-179 10 24 51
6 180 10 40 -
7 181 5 24 88P
8 syn,anti-182 10 36 68
9 anti,syn-182 5 24 89
10 syn,syn-182 10 40 71
11 anti,anti-182 5 48 78

2 Mezcla 97/3 de 177 y de otro regioisémero; ° Mezcla 93/7 de 181 y del
material de partida

Tabla 35
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5. Transformacion del grupo estirilo

La versatilidad y potencial interés de esta reaccion dependia de dos factores
importantes: el primero era la posibilidad de controlar la estereoquimica absoluta de
todos los centros instalados y el segundo era las transformaciones que se podian
hacer sobre el producto final (acetato de 4-acetoxi-4-alquil-1-fenilbut-1-en-3-ilo)

para permitir elaboraciones posteriores.

5.1. Uso de un modelo

Para explorar la reactividad de nuestros productos (1,2-diacetatos), nos planteamos
utilizar un modelo sencillo parecido a nuestro sustrato y facil de preparar. Asi, se
preparé el acetato de 1-ciclohexil-3-fenilprop-2-enilo (185) por adicion del
fenilacetiluro de litio sobre el ciclohexanocarbaldehido a —78 °C en THF. A
continuacion se redujo el triple enlace a doble enlace £ con LiAlH, y finalmente se
protegio el alcohol en forma de acetato empleando Ac,0 y Et;N en CH,Cl; con un

rendimiento global del 76% en tres etapas.

OH
CHO
NV
+ - A
S THF
Li
84% 183
LiAIH,
THF
93%
OAc OH
ACZO, Et3N
= 4-DMAP =
-
CH,Cl,
185 97% 184

Esquema 118

5.1.1. Grupo funcional en a al 1,2-diacetato

La primera transformacion que nos propusimos fue la oxidacion del doble enlace

para introducir un grupo funcional en la posicion vecina al grupo 1,2-diacetato.
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Se penso primero en un grupo aldehido porque es un grupo muy versatil, podia
transformarse a alcohol mediante una reduccion o a 4cido por oxidacion.
Directamente, también se podian hacer adiciones nucleodfilas sobre él. Los mejores
resultados de oxidacion se obtuvieron haciendo reaccionar 185 con K;OsOq4, NalOy4 y
2,6-lutidina (96%) tal y como describia Jin y col.''? Las oxidaciones con o0zono
dieron resultados menos satisfactorios, pues se obtuvieron rendimientos mas bajos y

aparecieron mas subproductos.

OAc | OAc

CHO
Dioxano/H,0O

185 96% 186
Esquema 119

También se quiso introducir un grupo éster en la misma posicién. Una oxidacion
mas vigorosa del doble enlace con RuCl; y NalO4''? permitio la rotura oxidativa con
formacién de un 4acido carboxilico. A continuacidn, se protegid el acido como éster

metilico empleando K,CO; y Mel. (86%, dos etapas).

OAc RuCls-nH,0 OAc Mel OAc
/ NaIO4 K2C03
—_— —_—
THF/H,0 CO-H DMF CO.Me
185 187

86%, 2 etapas
Esquema 120

5.1.2. Grupo funcional en y al 1,2-diacetato

La transformacion de nuestros productos en compuestos carboxilicos 7v-
hidroxilados se podria realizar mediante una oxidacién total del anillo aromatico.'"?
Dado que en nuestro caso existia un doble enlace adicional capaz de oxidarse,
teniamos que realizar la reduccion previa del doble enlace.

Asi pues, hidrogenamos el acetato 185 con H,/Pt/C para obtener el compuesto 188.

A continuacidn se realizo la oxidacion del grupo fenilo y finalmente la proteccion del

acido formado en éster de metilo 189.
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OAc OAc
Ha
= Pt/C
—_—
AcOEt
185 97% 188
RUC|3'nH20
NalO,
THF/H,0
OAc
Mel OAc
CO,Me K2COs3
- CO,H
DMF
189 58%, 2 etapas

Esquema 121

5.1.3. Grupo funcional en 3 al 1,2-diacetato

Hasta este momento habiamos sido capaces de preparar especies carboxilicas a- y
y-hidroxiladas. A priori, la transformacion de 185 en compuestos carboxilicos [3-

hidroxilados se podria realizar de acuerdo con el siguiente Esquema 122:

R X _Ph O] R Ph m-CPBA R OPh
OAc OAc O OAc O

Esquema 122

El paso clave de esta transformacion era la oxidacién de la posicion bencilica. En
este sentido, las hidroboraciones de 185 con BH; y BH;-pyr®™ no funcionaron y se
recuperd fundamentalmente el material de partida en ambos casos. Si bien sobre el
papel la hidroboracion del estireno era posible con la mezcla catecolborano, PPh; y

el catalizador de Wilkinson RhCI(PPh;); (Esquema 123),89b nuestro sustrato resultd

O,
. \
i) BH
/
o OH
©/\ RhCI(PPh3)3, PPhj ©/\/OH
+
i) oxidacioén

99 : 1

ser poco reactivo.

Esquema 123
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También intentamos la oxidacion de Wacker de 185 usando PdCl, y CuCl1'" sin
€xito y una version alternativa, (Esquema 124) empleando CuCl, y un catalizador de

PdCl, complejado con (—)-esparteina, tampoco fue satisfactoria.'"”

MeO OMe
Pd[(-)-esparteina]Cl,
TN CuCl,, MeOH, O, SN
R— R—
= 3AMS, rt I =

Esquema 124

A continuacién, se hicieron mas pruebas de oxidacidon sobre el modelo saturado
188 con (i) DDQ,''® (ii) CuSOs, Na,S,0s, H,0,"" (iii) Celite, PCC'"® y (iv) Celite,

PDC, ‘BuOOH""’ pero siempre se recuperé el material de partida.

Finalmente, se intent6 una reaccidn radicalaria con NBS y AIBN en CCly para
.., ,qe 12 . ., . ,
bromar la posicién bencilica.'*” A continuacion, el compuesto dibromado se deberia

+120, 121 :
0 para dar lugar a la formacion de la cetona.

tratar con 1lones Ag
Desgraciadamente, en las condiciones ensayadas, nunca se formo6 el intermedio

dihalogenado.

Dado que ninguna de la tentativas de oxidacion o bromacion del doble enlace

condujo al producto deseado, abandonamos temporalmente esta transformacion.

5.2. Transformaciones del acetato de (18,25,3E)-2-acetoxi-1-ciclohexil-

4-fenilbut-3-enilo

Los resultados obtenidos con el modelo 185 nos permitieron sintetizar tres
compuestos adicionales 190, 191 y 193, los dos primeros, compuestos 2,3-
diacetoxicarbonilicos (Esquema 125) y el ultimo, un compuesto homdlogo con dos

carbonos mas en la cadena (Esquema 126).

K,0s04 i) RuCl3:nH,0

QAC NaIO4 QAC NaIO4 QAC
" _CHO  26-lutidina - THF/H,0 “__CO,Me

M - —_— M

O/\;; Dioxano/H,0 - i) Mel, K,CO4 O/\é/AC
c
OAc DMF
190 91% syn-137 79%, 2 etapas 191

Esquema 125
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Desgraciadamente y tal como ocurria sobre el modelo 188, no pudimos acceder a
los compuestos con una funcion carboxilica en la posicion . Otras tentativas de
oxidacion de 137 con 9-BBN o diciclohexilborano seguido de tratamiento oxidativo

tampoco dieron buenos resultados.

I) RUC|3'|’]H20
NalO, OAc
THF/H,O ~ CO,Me
—_— e
II) MeI, KzCO3 6AC
DMF
192 80%, 2 etapas 193

Esquema 126

6. Sintesis del pentaacetato de D-arabitol

Como validacién de nuestra metodologia se planteo la sintesis del pentaacetato del
p-arabitol. Se trata de un compuesto ya caracterizado en la literatura por RMN'* y
[o]p'* que nos permitiria comprobar que ninguno de los estereocentros creados
hubiera epimerizado durante el proceso.

En la practica el proceso tuvo éxito y el compuesto buscado 198, se sintetizé a

partir del anti,syn-182 con un rendimiento global del 44% en cinco etapas.

K,0s0O
oM 2 4 oM
e OAc NalO, © OAc
/g/o \ 2,6-Iutidina /‘S/O CHO
(0] I Di H,O 6] I
OMe ioxano/Hy OMe
OAc OAc
anti,syn-182 194
NaBH,
MeOH
OMe OAc Acz0, EtsN OMe OAc
M 4-DMAP /%/o
-
oY OAc CH-CI o OH
2Clo
M oM
OMe OAc © OAc
196 60%, 3 etapas 195

Esquema 127
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En el primer paso, se oxido el doble enlace con OsO4 (reaccién optimizada
anteriormente con syn-137) para dar el aldehido 194. El crudo de reaccion se tratd a
continuacion con NaBHy para reducir el aldehido al alcohol 195 que finalmente se
protegié en forma de acetato. El acetato de (2R,2’R,3R,5’R,6’R)-2,3-acetoxi-3-(5,6-
dimetoxi-5,6-dimetil-1,4-dioxan-2-il)propilo (196) se obtuvo con un rendimiento del
60% en tres etapas.

Hay que hacer notar que la etapa de acetilacion (195 a 196, Esquema 127) fue
necesaria para obtener buenos rendimientos en la desproteccion del acetal ya que la
presencia de un alcohol libre en la molécula permitia la formacion de otros acetales
mas estables que daban lugar a mezclas complejas.

En este punto, inicamente quedaba la desproteccion del acetal 196 para dar lugar a
la formacién del diol 197 que se protegid in situ para obtener el acetato deseado 198
(Esquema 128). Se obtuvo el pentaacetato de D-arabitol (198) con un rendimiento de
74% en dos etapas y con un rendimiento global del 44% sobre nueve etapas a partir
del acetato de 1-fenilprop-2-inilo ((S)-133). Los espectros de RMN de 'H y *C

ademas del [a]p correspondian a los descritos en la literatura.

OMe

OAc OAc
/%/ o TFAH,0 9/1
_—
OWOAC CH,Cl, HO/\_/'\(\OAC
M -
OMe OAc OH OAc
196 197
Ac,0, EtsN, 4-DMAP
CH,Cl,
74%, 2 etapas
OAc
AcO Y OAc
OAc  OAc
198

[a]p?® +31.1 (¢ 1.017, CHCl3)

Lit. +29.7 (c 1.5)"232
Lit. +29 (c 0.26)123°

Esquema 128

144



Capitulo 4

7. Sintesis de la espicigerolida

124,12
Numerosos productos naturales poseen lactonas en su estructura.'**'> Muchas de

126

esas lactonas, particularmente las o,p-insaturadas, poseen propiedades

farmacologicas interesantes. Entre ellas, se encuentran la espicigerolida 1, la
anamarina 199, la hiptolida 200 y la sinrotolida 201, unos poliacetatos extraidos de

las hojas y las flores de la especie hyptis.'*"'**

OAc OAc OAc OAc

1 199

200 201

Figura 25

La espicigerolida o (12,3°S,4°S,5°S,6R,6°S)-6-(3,4,5,6-tetraacetoxihept-1-enil)-5,6-
dihidropiran-2-ona (1) fue aislada de una planta llamada Hyptis spicigera y la
estereoquimica absoluta de todos sus carbonos fue elucidada por primera vez en
2001."2™ Posee cinco centros estereogénicos y demostrd su citotoxicidad contra el

carcinoma nasofaringeo (o KB).

7.1. Analisis retrosintético

El andlisis retrosintético de 1 se podia descomponer en tres pasos claves (Esquema
129). Pensamos que la lactona 1 se podria preparar mediante una metatesis con cierre
de ciclo (RCM) a partir de 211. Por otro lado, el sistema alilico 211 se podria
sintetizar mediante una alilacidon estercoselectiva sobre el aldehido a,p-insaturado
208 que podria a su vez provenir del aldehido poliacetilado 202. Este aldehido se

podria preparar con la metodologia desarrollada en este capitulo.
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o)
/
OAc OAc Q)k/
- — X
OAc OAc
1 211
Alilacion
estereoselectiva
OAc Alquinilacién OAc OAc
~_-CHo - CHO
; + \\\/op = \‘/\_/'\:/
OAc OAc OAc OAc
202 208

OAc OAc

anti,syn-179

Esquema 129

7.2. Aproximacion sintética

El compuesto anti,syn-179 se habia sintetizado en cuatro etapas a partir del
lactaldehido (S)-154 con un rendimiento global del 59% (ver Tabla 35). La
ozonolisis de este compuesto seguida por la reduccion del ozonido formado con
Me,S condujo a la formacion del aldehido 202. Esta ozondlisis se probd primero en
CH,Cl, pero condujo a bajos rendimientos y numerosos subproductos. La adicion de
MeOH (20%) conducia a crudos de reaccion mas limpios, pero el medio favorecia la
formacion del acetal metilico del aldehido. No obstante, la co-evaporacion del
MeOH previa a la purificacion soluciond el problema.

A continuacién, el aldehido formado 202 pudo reaccionar en condiciones de
Carreira con el alquino 203 para dar lugar a la formaciéon del alcohol 204 con un
nuevo estereocentro de configuracion determinada por la N-metilefedrina. El
aldehido 202 mostrd poca reactividad en las condiciones habituales de alquinilacion.
Se tuvieron que aumentar las cantidades de Zn(OTf),, (+)-NME, Et;N y del alquino
203 hasta tres equivalentes respecto al aldehido para obtener rendimientos aceptables.
Ademas, en las condiciones empleadas, los acetilos se intercambiaban hasta tener

una mezcla compleja de diferentes alcoholes (204). Es por ello que fue necesario la
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posterior acetilacion total para obtener un unico producto, el acetato de
(25,35,48,55)-3,4,5-triacetoxi-8-tert-butildifenilsililoxioct-6-in-2-ilo  (205) con un
buen rendimiento de 71% en tres etapas.

i) O OAc
ii) Me,S \‘/'\/CHO
= CH,ClI,/MeOH 4/1 z
OAc OAc OAc OAc
anti,syn-179 202
Zn(OTf,, (+-NME | X _oTBDPS
EtN \/
Tolueno 203
OAc OAc Acy0, E;N p p
H 4-DMAP o 9
-
T X _oeops CHzCl T X\ _oteops
OAc OAc OoP OP
205 71%, 3 etapas 204 P=HoAc

Esquema 130

La hidrogenacion parcial del triple enlace en presencia del catalizador de Lindlar
permiti6  obtener el acetato de (25,35,45,55,62)-3,4,5-triacetoxi-8-tert-
butildifenilsililoxioct-6-en-2-ilo (206) con un doble enlace de configuracion Z y un
rendimiento del 87%.

OAc OAc H OAc OAc
p 2 p
~ S Cat. de Lindlar ~ . OTBDPS
z A OTBDPS z
OAc OAc AcOEt OAc OAc
205 87% 206

Esquema 131

La desproteccion del grupo TBDPS se probo primero con TBAF pero se observé
una migracion de los acetilos para dar mezclas complejas de diferentes alcoholes. La
adicién de AcOH no cambid el resultado. Se empled entonces el método descrito por
Noyori y col. que permitia la desproteccion de un grupo TBDPS en presencia de
acetilos usando HF-pyr en CH;CN. '® Se obtuvo finalmente el acetato de
(25,35,48,55,62)-3,4,5-triacetoxi-8-hidroxioct-6-en-2-ilo (207) con un rendimiento
del 91% y sin migracién alguna de los acetilos.
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OAc OAc OAc OAc
" >=—"orepps " _ " >—=—""0H
OAc OAc CHaCN OAc OAc
206 91% 207

Esquema 132

La oxidacion del alcohol 207 al aldehido 208 mediante la oxidacién de Swern no
presentd problema alguno y el producto se usé sin purificar en la etapa siguiente
(Esquema 133).

OAc OAc (COClI),
= DMSO (?)Ac OAc
- — OH Et;N _ ____CHo
OAc OAc CHLCL OAc OAc
207 cuantitativo 208

Esquema 133

En cambio, la alilacién posterior resultd ser mas delicada. De hecho, utilizamos
como modelo el aldehido 186. Cuando ensayamos la alilacion con (Ipc),B-alilo'*°
(preparado por adicion del bromuro de alilmagnesio sobre el (+)-DIP-Cl), ésta no

tuvo lugar (Esquema 134).

Cl

CHs OAc

1) HyC=CH-CH,MgBr

|
B
- O/ \O X /
OH
HsC 2) OAc

(+)-DIP-C1 CHO

186

Esquema 134

Un método que a menudo resulta ser compatible con muchos grupos funcionales es
la alilaciéon desarrollada por Hafner et al. con el complejo ciclopentadienil-
dialcoxialiltitanio. *' La preparacién de este agente alilante es sencilla. Asi, se
adiciond bromuro de alilmagnesio sobre el complejo 209, y el complejo obtenido

alilo nuestro aldehido 208 (Esquema 135). De esta manera, se pudo obtener el
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alcohol 210 con un rendimiento del 84% (en dos etapas a partir del alcohol 207) y
una buena diastereoelectividad (87:13).

T|_ ;’h \Ph 1) H,C=CH-CH,MgBr OAc  OAc OH
i- \ - -
P
Cl /O 10 2 - — X
P y OAc  OAc OAc OAc
Ph 0”7 - \‘/\/'\:/CHO
209 OAc OAc 210
208 84% (dr 87:13)

Esquema 135

La proteccion del alcohol libre de 210 con el cloruro de acriloilo para formar el
acetato de (25,35,45,55,6Z,8R)-3,4,5-triacetoxi-8-acriloiloxiundec-6,10-dien-2-ilo

(211) tan sélo dio un 50% de rendimiento.

0 o)
)v )v
OAc OAc OH Cl OAc OAc 0
- H EtsN R -
= — \ CH2C|2 i — \
OAc OAc OAc OAc
210 50% 211

Esquema 136

Finalmente, una metatesis (RCM) de las olefinas terminales permitid cerrar la
lactona. Asi, el catalizador de Grubbs de segunda generacion (en tan so6lo un 2%)

cicl6 la espicigerolida 1 en 2 h a reflujo de CH,Cl, con un rendimiento del 94%.

P cat. de Grubbs
OAc OAc o)k/

2° generacion
(2 mol%)
_ -

211 94% 1

[a]p%® -23.0 (c 1.34, CHCI3)
(Lit. -23.0 (c 2.26)"27)

N N
T catalizador de Grubbs
Cl<

segunda generacion

Esquema 137
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En definitiva, con este esquema sintético, se obtuvo la espicigerolida con un
rendimiento global del 13% en 13 etapas. Tanto los espectros de RMN 'H y *C

. . 127
como el [a]p corresponden con los descritos en la literatura.

8. Conclusiones

La adicion estereoselectiva de acetatos de 2-fenilprop-1-inilo a aldehidos se ha
podido realizar en condiciones de Carreira con buenos rendimientos y elevadas
estereoselectividades. Estos alcoholes propargilicos fueron transformados a 1,4-
diacetatos alilicos que dieron acceso a 1,2-diacetatos por transposicidén sigmatrdpica
[3,3] catalizada por Pd(IT). Un estado de transicion ciclico de seis miembros en forma
de silla (condicionado por la preferencia de los sustituyentes grandes a quedarse en
posicion ecuatorial) permite una total transferencia de quiralidad del C, al C, en
todos los casos cuando el doble enlace era de configuracién E. Una sutil eleccion de
los aldehidos y transformaciones adecuadas permitieron sintetizar diferentes
1,2,...,n-polioles acetilados. Finalmente, una aplicacion de la metodologia condujo a
la formacion del pentaacetato del D-arabitol (198) y de un producto natural, la
espicigerolida (1).

)

M

- R 3
R/\/O > RTINS

OAc

é

OAc OAc
(R)-133
AcO Y OAc
OAc OAc OAc
198 ™ NN
/ OAc

Esquema 138
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Summary and conclusion

The main purpose of this Thesis was the development of a palladium-catalyzed
methodology for the preparation of polyols and polyaminoalcohols starting from 2-
alkyne-1,4-diols. The synthesis of these 1,4-diols has been extensively studied in our
research group where we have been able to synthesize non-symmetrical 2-alkyne-

1,4-diols containing two stereocenters controlled independently.

OH
OH
Figure 26

The idea was trying to transfer chirality from C; to C, (via A, Scheme 139) or from
Cy to C; (via B) to obtain 1,2-diols enantiomerically and diastereomerically pure.

Then, adequate transformations of the olefin moiety could afford chains of polyols

j{w

and polyaminoalcohols.

(7
\

/
o

Scheme 139

We dedicated the first part of this work to the synthesis of non-symmetrical 2-
alkyne-1,4-diols containing a linear or aromatic chain. The aim of this research was
to add some more versatility in our future work (synthesis of 1,2-diols). In our group,
the usual method to prepare 2-alkyne-1,4-diols was the addition of a terminal alkyne
to an aldehyde in the presence of Zn(OTf),, NME and Et;N (Carreira’s reaction).
Unfortunately, the method was not so efficient when the aldehyde was linear or
aromatic. After doing a literature overview, we turned our efforts to the use of a
Ti(O'Pr)o/BINOL complex. This process allowed us to obtain excellent yields and
good enantioselectivities. The limitations of that reaction were that, in terms of atom
economy, we needed to use many reactants and the ratio alkyne/aldehyde should be

1:4 to obtain high yields.
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EtZZn
(R)-BINOL
Ti(Pro), o

\ -
\\/OBZ + R_CHO ﬂ» R \
Ether/Toluene 3/1 AN OBz

R="CsH;; 98% (79% ee)
R=Ph 98% (91% ee)

Scheme 140

The first transfer of chirality was performed from C; to C, using acetone and Pd(II)
catalysis. The idea was to form a hemiketal intermediate that could attack the double
bond activated by the palladium. We needed to make some structural changes on the
molecule (R’, Scheme 141) to be able to control the regioselectivity or the
diastereoselectivity of that reaction but none of these changes allowed us to control
both of them simultaneously, always leading to mixtures of isomers. Even when the
transformation was carried out on similar molecules (2-alkene-1,5-diols), we

obtained unsatisfactory results.

OH R R BZ ><
U PdCIy(NCPh), 07 TOHR' R' [0) (o)
—_— —
R + OH 0 M R

)J\ R OH R \=
Scheme 141

After those disappointing results, we decided to change the protecting group from
ketals to carbonates and carbamates, still transferring the chirality from C; to C..
This time, we used Pd(0) catalysis and the 1,4-diol had to be protected as carbonate
(or carbamate) to permit the cyclization, the key step being the formation of a m-allyl
complex.

The formation of cyclic carbamates had been previously described in the literature,
including our own group. The first step was the protection of the free hydroxy group
as carbamate and then cyclization took place on an allylic benzoate in the presence of
Pd(0). In our case, the carbamate was not enough nucleophilic to attack the m-allyl
complex and a base (DBU) was required. On the other hand, the same cyclization

was possible without base by using Pd(II) catalysis. Among the compounds that we
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prepared, the presence of a terminal double bond in the product would allow us to
choose whether we preferred to prepare 1,2,3- or 1,2,4-polyaminoalcohol, depending
on the oxidation made on that olefin. We obtained excellent yields and

diastereoselectivities but we could only obtain frans-oxazolidin-2-ones.

0 0

OH 1) Ts-N=C=0 o)J\ NG T o)J\ NS
e —_— =y —_— -
RZNA98Z o bg(0), DBU o (,_\ i
Pd* R —
Scheme 142

This methodology was applied in our group to synthesize 1,2,3-triols
stereoselectively. The work was published as a communication: “New

Stereoselective Approach to 1.2.3-Triols: Application to a Straightforward Access to

Polyoxamic Acid Array”, Boyer J., Allenbach Y., Ariza X., Garcia J., Georges Y.,
Vicente M., Synlett, 2006, 12, 1895-1898.

At that moment we observed that the same starting material could lead to the
formation of 1,3-dioxolan-2-ones (cyclic carbonate) when it was treated with Pd(0)
and CO; (I, Scheme 143). We supposed an intermediate was involved such that it

contained the inserted carbon dioxide and a w-allyl complex.

OH
B Pd(0)
1 R/WOBZ O 0
Co, \ J\ )J\
2 (O@ e 9
- —_— ~
OH oH / R/\/l\ < .
- Pd(0 B Pd*
I R/\/\/O\”/O\rBu —>\(v) R/\/I‘\ + CO,
Pd*
0 ‘BuOH
Scheme 143

We thought that this methodology could be improved by insertion of the carbonate
group inside the molecule, for example protecting the primary alcohol as Boc (I,
Scheme 143). The formation of the m-allyl complex with Pd(PPh;)s released CO,
which was trapped by the alcohol obtaining the same intermediate as before. Under

these very mild conditions, trans-1,3-dioxolan-2-ones were obtained in high yields.
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Generalization of this work to a variety of compounds with different R chains was

published as a note: “An Efficient, Stereoselective Approach to syn-1,2-Diols

Protected as Cyclic Carbonates”, Georges Y., Allenbach Y., Ariza X., Campagne J-
M., Garcia J., J. Org. Chem., 2004, 69, 7387-7390.

Another strategy explored in this Thesis was the transfer of chirality from C, to C..
In that case, we used the well-known [3,3]-sigmatropic rearrangement of allylic
acetate with Pd(I) catalysis (Scheme 144). The introduction of the phenyl group in
our molecules was the key point. The preparation of our allylic acetates was possible
through the addition of 1-phenylprop-2-ynyl acetate to different aldehydes, some of
them chiral, using Carreira’s reaction. Finally, the rearrangement was an equilibrium
and the driving force of the reaction was the conjugation between the phenyl and the
double bond present in the resulting 1,2-diacetate compound. Yields and
stereoselectivities obtained for the additions were excellent in most of the cases. The
rearrangements gave rise to the formation of the desired 1,2-diacetate in good yield
without any loss of stereoselectivity. Our results in this area have been published as a

communication: “1-Phenvlprop-2-ynyl Acetate: a Useful Building Block for the

Stereoselective Construction of Polyhydroxylated Chains”, Ariza X., Garcia J.,

Georges Y., Vicente M., Org. Lett., 2006, 20, 4501-4504.

— (;\ z

Scheme 144
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Finally, we applied the methodology developed during this Thesis to the synthesis
of the D-arabitol pentaacetate and a natural product: the spicigerolide. In both cases,
stereoselective alkynylzinc additions to aldehydes and [3,3]-allylic rearrangements

have been essential to control the stereochemistry of the chiral centers.

OAc
AcO Y OAc
OAc OAc OAc OAc
D-Arabitol pentaacetate Spicigerolide
30%, 9 steps 13%, 13 steps

Figure 27
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General methods

Commercial grade reagents and solvents were used without further purification except as

indicated below.

Anhydrous tetrahydrofuran (THF) and diethylether (Et,O) were freshly distilled from
sodium benzophenone ketal immediately prior to use. Dichloromethane (CH,Cl,) was
freshly distilled from calcium hydride. Triethylamine (Et;N) was distilled from calcium

hydride and stored over 4A molecular sieves.

Analytical thin-layer chromatography (TLC) was conducted on aluminium backed Merck
Kieselgel KG60F,s4 silica plates. The developed TLC plates were visualized under UV
and/or exposured to para-anisaldehyde, phosphomolybdic acid or aqueous potassium

permanganate dip.

Flash chromatography was performed on silica gel with the indicated solvent system on
Merck silica gel 60 (0.040—0.063 mm).

The 'H and °C NMR spectrum were obtained on either Varian Gemini-200, Varian Inova
300 or Varian Mercury 400, operating at 200, 300 and 400 MHz respectively for 'H and 50,
75 and 100 MHz respectively for the "°C at 23 °C. Peaks are listed over the range they occur
in ppm and are characterized according to the following designations: br (broad), s (singlet),
d (doublet), t (triplet), q (quartet), quint (quintuplet), sept (septuplet), oct (octuplet), m
(multiplet) or combinations thereof.

Chemical shifts are reported in parts per million (ppm) on the 6 scale and coupling constants

are quoted in Hertz (Hz). Tetramethylsilane (TMS) was used as an internal standard at 5y 0.0

Infrared spectra (IR) were obtained on a Nicolet 510 FT spectrometer and only the more

representative frequencies (cm ') are reported. Spectra of oils were run neat on KBr plates.

High resolution mass spectroscopy HRMS (Electron impact and electrospray ionization)
were obtained from El Centro de Apoio Cientifico-Tecnoloxico a Investigacion (CACTI,
Universidad de Vigo) and Institut de Chimie des Substances Naturelles (Gif-Sur-Yvette).

Melting points were taken in open-end capillary tubes using a Gallenkamp apparatus.

Enantiomeric and diastereomeric excesses were determined by 'H NMR and/or HPLC
using Chiracel OD-H (0.46 cm x 25 cm) and Spherisorb W silica 5 (0.4 cm x 25 cm) as the

chiral stationary phases.

Specific rotations were determined at 20°C on a Perkin-Elmer 241 MC polarimeter using

CHCI; spectroscopic grade as solvent.
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1. Starting materials

1.1. Prop-2-ynyl benzoate (36)'*

Anhydrous Et;N (5.50 mL, 39.2 mmol), benzoyl chloride
(4.52 mL, 39.2 mmol) and 4-DMAP (108 mg, 0.890 mmol)
\/OBZ were added to a solution of propargyl alcohol (1.00 g, 17.8
mmol) in anhydrous CH,Cl, (40 mL) under N,. The reaction
was stirred until TLC showed no significant change. The

36

solvent was removed under reduced pressure. Purification
by flash chromatography (hexane/AcOEt 95/5) gave 36 (2.73 g, 96%) as a colorless oil: R¢
0.15 (hexane/AcOEt 98/2); '"H NMR (200 MHz, CDCl;) & 8.10-8.05 (2H, m, ArH), 7.62-
7.40 (3H, m, ArH), 4.93 (2H, d, J=2.6 Hz, C=CCH,), 2.53 (1H, d, /= 2.6 Hz, C=CH).

1.2. Ephedrine derivatives

1.2.1. (1S,25)-2-(Dimethylamino)-1-(4-nitrophenyl)propan-1,3-diol (35"

(18,2S5)-2-amino-1-(p-nitrophenyl)propane-1,3-diol (34 ,
H 425 mg, 2.00 mmol), aqueous formaldehyde (37-40%, 0.64

OH mL) and formic acid (0.85 mL) were refluxed during 15 h.
/lfl\ The solvent was removed under reduced pressure, the

residue was neutralized with 1 N NaOH and extracted with

wnQ

O,N

35

CH,Cl,. The organic layer was dried over MgSO, and
evaporated under reduced pressure. The diol 35 (458 mg, 95%) was obtained as a yellow
solid and used as a crude mixture for the next transformation: Ry 0.24 (CH,Cl,/MeOH 95/5);
mp 90-92 °C (Lit. 88.8-89.1 °C);* "H NMR (200 MHz, CDCl;) & 8.20 (2H, d, J = 8.8 Hz,
ArH), 7.59 (2H, d, J = 8.8 Hz, ArH), 4.58 (1H, d, /= 10.0 Hz, CH-OH), 3.61 (2H, d, J=5.2
Hz, CH-CH,-OH), 2.60-2.55 (1H, m, CH-N), 2.54 (6H, s, (CH;),N).

1.2.2. (1S,25)-3-tert-Butyldiphenylsilyloxy-2-(dimethylamino)-1-(4-
nitrophenyl)propan-1-ol (31)*

tert-Butylchlorodimethylsilane (296 mg, 1.96 mmol) was
H added to a solution of 4-DMAP (11 mg, 0.090 mmol),

_ —— imidazole (319 mg, 4.67 mmol) and (15,25)-2-
/©/ji\ (dimethylamino)-1-(4-nitrophenyl)propane-1,3-diol 35 (450
OzN mg, 1.87 mmol) in anhydrous CH,Cl, (7 mL) under N,. The

reaction was stirred until TLC showed no significant change.

Q)

Z

31
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The reaction was quenched with water, then neutralized with HCI 0.5 M. The aqueous layer
was extracted with CH,Cl,. The organic layer was washed with saturated Na,CO;, brine,
dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (CH,Cl,/MeOH 95/5) gave 31 (415 mg, 62%) as a colorless oil: R¢ 0.36
(CH,Cl,/MeOH 95/5); "H NMR (200 MHz, CDCl;) & 8.23 (2H, d, J= 8.6 Hz), 7.63 (2H, d, J
= 8.6 Hz), 4.65 (1H, d, J = 9.6 Hz), 3.75-3.43 (2H, m), 2.53 (7H, m), 0.90 (9H, s), 0.00 (6H,
s).

1.3. Mosher’s esters: general procedure

The alcohol (0.05 mmol), anhydrous CH,Cl, (1 mL) and crashed molecular sieves 3A were
stirred for 30 min. 4-DMAP (catalytic amount), pyridine (2 drops) and a-methoxy-a-
trifluoromethylphenylacetyl chloride (0.06 mmol) were added and the reaction was stirred
until TLC showed complete conversion.

Two reactions were made in parallel. The first one with (£)-a-methoxy-o-
trifluoromethylphenylacetyl chloride and the second one with (S)-a-methoxy-a-
trifluoromethylphenylacetyl chloride. The mixtures were filtered through Celite® and
enantiomeric excesses were determined by comparison of the two samples by HPLC and/or
"“F NMR.

2. Alkyne additions mediated by Zn(OTf),

2.1. (8)-4-Hydroxy-5-methylhex-2-ynyl benzoate (($)-37) with (-)-NME

Zinc triflate (2.0 g, 5.5 mmol) was activated by heating

OH under vacuum. (—)-NME (1.08 g, 6.00 mmol) was added,

and the flask was purged with N,. Anhydrous toluene (5 mL)
NOBZ and Et;N (837 pL, 6.00 mmol) were added, and the mixture
($)-37 was vigorously stirred for 2 h. A solution of prop-2-ynyl

benzoate (36, 801 mg, 5.00 mmol) in toluene (2 mL) was
added and stirred for 30 min, isobutyraldehyde (500 pL, 5.50 mmol) was added, and the
reaction was stirred until TLC showed no significant change. The reaction was quenched
with saturated aqueous NH4CI. The organic layer was washed with brine, dried over MgSQOy,,
and evaporated under reduced pressure. Purification by flash chromatography
(CH,Cl,/MeOH 99/1) gave (S)-37 (1040 mg, 90%, 97% ee’®) as a colorless oil: Ry 0.27
(CH,Cl,/MeOH 99/1 ); [a]”p —0.8 (¢ 0.99, CHCl5); IR (film) 3471, 2964, 1725 cm™; 'H
NMR (200 MHz, CDCl;) 8 8.09-8.04 (2H, m, ArH), 7.62-7.41 (3H, m, ArH), 4.97 (2H, d, J
= 1.2 Hz, CH,-OBz), 4.13 (1H, d, J = 6.4 Hz, CH-OH), 2.12 (1H, bs, OH), 1.95 (1H, sept, J
= 6.4 Hz, (CH;3),CH), 1.02 (3H, d, J = 6.4 Hz, (CH;),CH), 1.00 (3H, d, J = 6.4 Hz,
(CHs),CH); ”C NMR (50 MHz, CDCl;) & 165.8 (C=0), 133.2/129.7/129.4/128.3 (C Ar),
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86.8/79.4 (C=C), 67.7 (CH-OH), 52.9 (CH,-0), 34.4 ((CH;),CH), 18.1 ((CH;),CH), 17.5
((CH3),CH).

2.2. (R)-4-Hydroxy-5-methylhex-2-ynyl benzoate ((R)-37) with 31

Zinc triflate (400 mg, 1.10 mmol) was activated by

OH heating under vacuum. Aminoalcohol 31 (415 mg, 1.17
w/'\/ mmol) was added, and the flask was purged with N,.
e Anhydrous toluene (2.3 mL) and Et;N (170 uL, 1.20 mmol)

(R)-37 were added, and the mixture was vigorously stirred for 2 h.

A solution of prop-2-ynyl benzoate (36, 160 mg, 1.00 mmol)
in toluene (1 mL) was added and stirred for 30 min, isobutyraldehyde (500 pL, 5.50 mmol)
was added, and the reaction was stirred until TLC showed no significant change. The
reaction was quenched with saturated aqueous NH4CI. The organic layer was washed with
brine, dried over MgSQO,, and evaporated under reduced pressure. Purification by flash
chromatography (CH,Cl,/MeOH 99/1) gave (R)-37 (145 mg, 62%, 93% ee'*) as a colorless
oil: [a]*’p +1.3 (¢ 0.98, CHCl5).

2.3. (R)-4-Hydroxynon-2-ynyl benzoate ((R)-38) with 31

Zinc triflate (400 mg, 1.10 mmol) was activated by
OH heating under vacuum. Aminoalcohol 31 (415 mg, 1.17
mmol) was added, and the flask was purged with N,.
Anhydrous toluene (1.5 mL) and Et;N (170 uL, 1.20 mmol)

(R)-38 were added, and the mixture was vigorously stirred for 2 h.

% OBz

4

A solution of prop-2-ynyl benzoate (36, 160 mg, 1.00 mmol)
in toluene (1 mL) was added and stirred for 30 min, isobutyraldehyde (500 pL, 5.50 mmol)
was added, and the reaction was stirred until TLC showed no significant change. The
reaction was quenched with saturated aqueous NH4CI. The organic layer was washed with
brine, dried over MgSO,, and evaporated under reduced pressure. Purification by flash
chromatography (CH,Cl,/MeOH 99/1) gave (R)-38 (36 mg, 14%, 0% ee™) as a colorless oil:
R¢ 0.45 (CH,Cl,/MeOH 99/1 ); IR (film) 3440, 2932, 1726, 1269 cm™; "H NMR (200 MHz,
CDCl;) 6 8.08-8.04 (2H, m, ArH), 7.62-7.41 (3H, m, ArH), 4.96 (2H, d, J = 1.4 Hz, CH,-
OBz), 4.42 (1H, t, J = 6.8 Hz, CH-OH), 2.08 (1H, bs, OH), 1.78-1.28 (8H, m, CH, chain),
088 (3H, t, J = 6.4 Hz, CH;); “C NMR (50 MHz, CDCly) & 1658 (C=0),
133.2/129.7/129.4/128.3 (C Ar), 88.0/78.8 (C=C), 62.4 (CH-OH), 52.8 (C=C-CH,-0),
37.5/31.4/24.8/22.5 (CH, chain), 14.0 (CH,).
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3. Alkyne additions mediated by ZnEt,

3.1. (S)-4-Hydroxynon-2-ynyl benzoate (($)-38) with (+)-NME

Diethylzinc (1.1 M in toluene, 839 pL, 0.923 mmol) was
OH added at —78 °C to a solution of prop-2-ynyl benzoate (36,
155 mg, 1.00 mmol) in THF (0.4 mL) under N, and then
refluxed for 4 h. (+)-N-methylephedrine (18 mg, 0.10 mmol)
(5)-38 was added in solution in toluene (0.5 mL) and stirred for 1 h.

Hexanal (92 uL, 0.77 mmol) was added and the mixture was
stirred for 20 h. The reaction was quenched with saturated aqueous NH,Cl. The aqueous
layer was extracted with CH,Cl,. The organic layer was washed with brine, dried over
MgSO, and evaporated under reduced pressure. Purification by flash chromatography
(CH,Cl1,/MeOH 99/1) gave (5)-38 (169 mg, 84%, 10% ee’®) as a colorless oil.

3.2.(S)-4-Hydroxynon-2-ynyl benzoate ((S)-38) with BINOL/Ti(‘PrO),

Diethylzinc (1.1 M in toluene, 460 uL, 0.500 mmol) was added at —78 °C to a solution of
prop-2-ynyl benzoate (36, 80 mg, 0.50 mmol) in toluene (0.5 mL) under N, and then
refluxed for 1 h. (R)-BINOL (14 mg, 0.050 mmol), phenol (5 mg, 0.05 mmol), anhydrous
Et,0 (1.5 mL) and Ti(‘PrO), (37 uL, 0.12 mmol) were added and stirred for 1 h. Hexanal (15
puL, 0.12 mmol) was added and the mixture was stirred for 3 h 30 min. The reaction was
quenched with saturated aqueous NH4Cl. The aqueous layer was extracted with CH,Cl,. The
organic layer was washed with brine, dried over MgSO, and evaporated under reduced
pressure. Purification by flash chromatography (CH,Cl,/MeOH 99.5/0.5) gave (5)-38 (32 mg,
98%, 79% ee'*) as a colorless oil: [a]*p +1.0 (¢ 1.16, CHCI3).

3.3.(S)-4-Hydroxy-4-phenylbut-2-ynyl benzoate (39) with
BINOL/Ti(‘PrO),

Diethylzinc (1.1 M in toluene, 909 pL, 1.00 mmol) was
added at —78 °C to a solution of prop-2-ynyl benzoate (36,
158 mg, 1.00 mmol) in toluene (1 mL) under N, and then
refluxed for 1 h. (R)-BINOL (29 mg, 0.10 mmol), phenol
39 (9.4 mg, 0.10 mmol), anhydrous Et,0O (2.5 mL) and
Ti('PrO)4 (74 pL, 0.25 mmol) were added and stirred for 1 h.
Benzaldehyde (26 pL, 0.25 mmol) was added and the mixture was stirred for 4 h. The

reaction was quenched with saturated aqueous NH4Cl. The aqueous layer was extracted with

OBz

%I
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CH,Cl,. The organic layer was washed with brine, dried over MgSO, and evaporated under
reduced pressure. Purification by flash chromatography (CH,Cl,/MeOH 99/1) gave 39 (65.5
mg, 98%, 91% ee'*®) as an orange oil: Ry 0.33 (CH,Cl,/MeOH 99/1 ); [a]*’p —10.5 (¢ 1.11,
CHCLy); IR (film) 3432, 3064, 2935, 1723, 1270 cm™'; '"H NMR (400 MHz, CDCl;) & 8.08-
8.05 (2H, m, ArH), 7.62-7.32 (8H, m, ArH), 5.53 (1H, bs, CH-OH), 5.01 (2H, d, /= 1.6 Hz,
CH,-OBz), 239 (1H, bs, OH); “C NMR (100 MHz, CDCly) & 165.9 (C=0),
140.0/133.3/129.8/129.4/128.7/128.5/128.4/126.6 (C Ar), 86.5/80.7 (C=C), 64.6 (CH-OH),
52.8 (C=C-CH,-0).
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1. Formation of five-membered rings
1.1. Preparation of alkynols

1.1.1. 1-Phenylpropargyl alcohol (52)®

Anhydrous THF (80 mL) was charged in a 250 mL three-
OH necked flask purged with Ar. The solution was saturated
with acetylene (purified passing through a first trap

Ya

containing concentrated sulfuric acid and a second trap at —
52 78 °C) at 0 °C during 30 min. »#-Butyllithium (1.6 M in
hexanes, 20 mL, 32 mmol) was added dropwise over 30 min.

The inlet end of the needle was pushed below the surface of the liquid to avoid contact of the
organolithium with the acetylene atmosphere and formation of dilithium carbide. The
mixture was resaturated with acetylene during 10 min and a solution of benzaldehyde (3.0
mL, 32 mmol) in THF (10 mL) was added over 20 min. The reaction mixture was stirred 15
min at 0 °C and 30 min at rt. Water (40 mL) was added to quench the reaction. Potassium
carbonate was added until aqueous layer became pasty. The aqueous layer was extracted
with CH,Cl,. The organic layer was dried over MgSO, and evaporated under reduced
pressure. Purification by flash chromatography (CH,Cl,/MeOH 99/1) gave 52 (2.83 g, 67%)
as a colorless oil: Ry 0.21 (CH,Cl,/MeOH 99/1); '"H NMR (400 MHz, CDCl;) & 7.53-7.27
(5H, m, ArH), 5.38 (1H, s, CH-C=CH), 2.63 (1H, s, CH-C=CH); "C NMR (100 MHz,
CDCls) 6 148.5/140.1/128.7/126.7 (C Ar), 83.7 (CH-C=CH), 74.9 (CH-C=CH), 64.2 (CH-
C=CH).

1.1.2. General procedure for the preparation of (+)-2-alkyne-1,4-diols

n-Butyllithium was added at —78 °C to a solution of alkynol in THF under N,. The mixture
was stirred 30 min and aldehyde was added at —78 °C. The mixture was stirred until TLC
showed no significant change. The reaction was quenched with pH 7 buffer. The aqueous
layer was extracted with CH,Cl,. The organic layer was dried over MgSO, and evaporated

under reduced pressure.

1.1.2.1. 5-Methylhex-2-yne-1,4-diol (50)"**

The general procedure (section 1.1.2) was followed for

OH propargyl alcohol (6.37g, 114 mmol), THF (100 mL), then
W)\/ n-butyllithium (2.5 M in hexanes, 100 mL, 250 mmol) and
OH isobutyraldehyde (11.4 mL, 125 mmol). Purification by

50 flash chromatography (CH,Cl,/MeOH 95/5) gave 50 (7.62 g,
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52%) as a colorless oil: Ry 0.31 (CH,Cl,/MeOH 95/5); IR (film) 3336, 2964, 1468 cm™; 'H
NMR (200 MHz, CDCl;) 6 4.31 (2H, d, J = 1.8 Hz, CH,-OH), 4.21 (1H, d, J = 5.6 Hz, CH-
OH), 3.11 (2H, bs, OH), 1.84 (1H, oct, J = 7.0 Hz, (CH;),CH), 1.01 (3H, d, J = 7.0 Hz,
(CHs),CH), 0.99 (3H, d, J = 7.0 Hz, (CH;),CH); °C NMR (50 MHz, CDCl;) & 85.4/83.7
(C=0), 67.8 (CH-0), 50.8 (CH,-OH), 34.3 ((CH;),CH), 18.1 ((CH3),CH), 17.6 ((CH;),CH).

1.1.2.2. 1-Cyclohexylbut-2-yne-1,4-diol (41)"**

The general procedure (section 1.1.2) was followed for
OH propargyl alcohol (561 mg, 10.0 mmol), THF (50 mL), then
n-butyllithium (1.6 M in hexanes, 13.8 mL, 22.0 mmol) and
cyclohexanecarbaldehyde (1.45 mL, 12.0 mmol).
41 Purification by flash chromatography (CH,Cl,/MeOH 95/5)
gave 41 (1.46 g, 87%) as a colorless oil: Ry 0.28
(CH,Cl/MeOH 95/5); IR (film) 3363, 2945, 1471 cm™; "H NMR (200 MHz, CDCl5) & 4.32
(2H, d, J= 1.6 Hz, CH,-OH), 4.19 (1H, d, /= 6.0 Hz, CH-OH), 2.53 (2H, bs, OH), 1.95-1.46
(6H, m, H cHx), 1.35-0.95 (5H, m, H cHx); >C NMR (50 MHz, CDCl;) & 85.8/83.9 (C=C),
67.2 (CH-0O), 51.0 (CH,-OH), 44.0 (CH cHx), 28.5/28.2/26.3/25.9/25.9 (CH; cHXx).

\\_oH

1.1.2.3. 1-Cyclohexyl-4-phenylbut-2-yne-1,4-diol (53)

The general procedure (section 1.1.2) was followed for 1-
Phenylpropargyl alcohol (52, 530 mg, 4.00 mmol), THF (20
x mL), then n-butyllithium (1.6 M in hexanes, 5.25 mL, 8.40

mmol) and cyclohexanecarbaldehyde (533 pL, 4.40 mmol).

OH

OH
53 Purification by flash chromatography (hexane/AcOEt 70/30)

gave 53 (886 mg, 91%) as a colorless oil: Ry 0.18
(hexane/AcOEt 70/30); IR (film) 3358, 2932, 1457, 1370 cm™'; "H NMR (400 MHz, CDCl;)
d 7.54-7.51 (2H, m, ArH), 7.42-7.32 (3H, m, ArH), 5.52 (1H, s, Ph-CH-OH), 4.25 (1H, d, J
= 6.0 Hz, cHx-CH-OH), 2.30 (1H, bs, OH), 1.97-1.53 (7H, m, H cHx + OH), 1.33-1.01 (5H,
m, H cHx) ; °C NMR (100 MHz, CDCl;) & 140.5/128.6/128.4/126.6 (C Ar), 86.8/85.3
(C=0), 67.3 (cHx-CH-0), 64.6 (Ph-CH-OH), 44.0 (CH cHx), 28.5/28.2/26.3/25.8/25.8 (CH,
cHx).
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1.1.2.4. 6-Methyl-2-phenylhept-3-yne-2,5-diol (60)

The general procedure (section 1.1.2) was followed for 2-

o methylpent-4-yn-3-ol (41 mg, 0.43 mmol), THF (5 mL),
AN then n-butyllithium (1.3 M in hexanes, 724 pL, 0.94 mmol)
Md OH and acetophenone (55 pL, 0.47 mmol). Purification by flash

60 chromatography (hexane/AcOEt 70/30) gave 60 (10 mg) as

a colorless oil: Ry 0.29 (hexane/AcOEt 70/30); '"H NMR

(400 MHz, CDCls) § 7.66-7.62 (2H, m, ArH), 7.39-7.27 (3H, m, ArH), 4.28 (1H, dd, J = 1.6,
5.6 Hz, CH-OH), 2.36 (2H, bs, OH), 1.96 (1H, oct, J = 6.8 Hz, (CH;),CH), 1.78 (3H, s,
Ph(CH;)C-C=C), 1.02 (6H, d, J = 6.8 Hz, (CH;),CH).

1.1.2.5. 1-Cyclohexyl-4,4-diethoxybut-2-yn-1-ol (64)*

oH The general procedure (section 1.1.2) was followed for
3,3-diethoxyprop-1-yne (143 uL, 1.00 mmol), THF (4 mL),

N OFEt then n-butyllithium (1.6 M in hexanes, 687 puL, 1.10 mmol)
OEt and cyclohexanecarbaldehyde (155 pL, 1.10 mmol).

64 Purification by flash chromatography (CH,Cl,/MeOH 98/2)

gave 64 (203 mg, 88%) as a colorless oil: Ry 0.24
(CH,Cl,/MeOH 98/2); '"H NMR (400 MHz, CDCl;) & 5.31 (1H, d, J = 1.2 Hz, CH(OEt),),
4.22 (1H, dd, J = 1.2, 6.0 Hz, CH-OH), 3.78-3.70 (2H, m, CH,-CH3;), 3.64-3.55 (2H, m,
CH,-CHj3), 1.90-1.64 (5H, m, H cHx), 1.62-1.53 (1H, m, H cHx), 1.31-1.01 (5H, m, H cHx),
1.24 (6H, t, J = 7.2 Hz, CH,-CHs); °C NMR (100 MHz, CDCl;) & 91.3 (CH(OEt),),
85.4/81.0 (C=C), 67.1 (CH-OH), 60.9/60.8 (CH,-CH;), 439 (CH cHx),
28.5/28.2/26.3/25.8/25.8 (CH, cHx), 15.1 (CH,-CHj).

1.1.3. (S)-1-Cyclohexyl-4-methylpent-2-yne-1,4-diol (57)"*°

Zinc triflate (400 mg, 1.10 mmol) was activated by
heating under vacuum. (-)-NME (215 mg, 1.20 mmol) was
added, and the flask was purged with N,. Anhydrous toluene
AW (2 mL) and Et;N (167 pL, 1.20 mmol) were added, and the

57 mixture was vigorously stirred for 2 h. A solution of 2-

OH

//;:

methylbut-3-yn-2-ol (84 mg, 1.0 mmol) in toluene (1 mL)
was added and stirred for 30 min, cyclohexanecarbaldehyde (170 pL, 1.20 mmol) was added,
and the reaction was stirred until TLC showed no significant change. The reaction was
quenched with saturated aqueous NH,4Cl. The organic layer was washed with brine, dried

over MgSQ,, and evaporated under reduced pressure. Purification by flash chromatography
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(CH,Cl,/MeOH 95/5) gave 57 (180 mg, 92%) as a colorless oil: Ry 0.26 (CH,Cl,/MeOH
97/3); '"H NMR (400 MHz, CDCl;) & 4.16 (1H, m, CH-OH), 2.30 (2H, bs, OH), 1.90-1.63
(5H, m, H cHx), 1.53 (3H, s, CH3), 1.52 (3H, s, CHs), 1.32-0.97 (6H, m, H cHx); "C NMR
(100 MHz, CDCl;) 6 90.4/82.1 (C=C), 67.0 (CH-OH), 65.1 (Me),C-OH), 44.0 (CH cHx),
31.4 (CHs;), 28.6/28.1/26.3/25.8/25.8 (CH, cHx).

1.2. Reductions

1.2.1. General procedure to (£)-olefins

Quinoline and Pd/CaCO; poisoned with lead (Lindlar catalyst, 5 wt.%) were added to a
solution of alkyne-1,4-diol in AcOFEt. The mixture was shaken under hydrogen (1-2
atmospheres) until TLC showed complete conversion. The suspension was filtered through a
short pad of Celite®. The aqueous layer was extracted with CH,Cl,. The organic layer was
washed with HCI 1 M, dried over MgSO, and evaporated under reduced pressure. The
mixture was purified by flash chromatography on silica gel to give the (Z)-alkene-1,4-diol.

1.2.1.1. (Z)-5-Methylhex-2-ene-1,4-diol (213)"*¢

The general procedure (section 1.2.1.) was followed for

OH Pd/CaCOs (315 mg), quinoline (105 pL), alkyne 50 (513 mg,
w)E/\OH 4.00 mmol) and AcOEt (10 mL). Purification by flash
chromatography (CH,Cl,/MeOH 95/5) gave 213 (515 mg,

213 100%) as a colorless oil: R¢ 0.29 (CH,Cl,/MeOH 95/5); IR

(film) 3359, 2960, 1468 cm™; "H NMR (200 MHz, CDCl;) &
5.82-5.47 (2H, m, CH=CH), 4.37-3.96 (3H, m, CH-CH=CH-CH.,), 3.67 (2H, bs, OH), 1.68
(1H, oct, J = 6.8 Hz, (CH5),CH), 0.94 (3H, d, J = 6.8 Hz, (CH;),CH), 0.85 (3H, d, J = 6.8 Hz,
(CH;),CH); C NMR (50 MHz, CDCl;) & 133.3/130.4 (CH=CH), 72.2 (CH-OH), 57.9
(CH,-OH), 33.8 ((CH;),CH), 18.3 ((CH3),CH), 18.0 ((CH;),CH).

1.2.1.2. (£)-1-Cyclohexylbut-2-ene-1,4-diol ((£)-42)

The general procedure (section 1.2.1.) was followed for

OH Pd/CaCOs; (500 mg), quinoline (150 pL), alkyne 41 (1.18 g,
— OH 7.38 mmol) and AcOEt (50 mL). Purification by flash
chromatography (CH,Cl,/MeOH 95/5) gave (Z£)-42 (1.10

(2)-42 mg, 93%) as a colorless oil: R 0.26 (CH,Cl,/MeOH 95/5);

"H NMR (200 MHz, CDCl3) & 5.83-5.68 (1H, m, CH,=CH,),
5.61-5.48 (1H, m, CH,=CH,), 4.35-3.97 (3H, m, CH-CH=CH-CH,), 2.98 (2H, bs, OH),
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1.96-1.55 (6H, m, H cHx), 1.43-0.84 (5H, m, H cHx); "C NMR (50 MHz, CDCl;) &
133.7/130.5 (CH=CH), 71.8 (CH-OH), 583 (CH,-OH), 43.6 (CH cHx),
28.7/28.5/26.5/26.0/25.9 (CH, cHx).

1.2.1.3. (£)-1-Cyclohexyl-4-phenylbut-2-ene-1,4-diol ((£)-(£)-syn-51) and
(()-(Z)-anti-51)

The general procedure (section 1.2.1.) was followed for
Pd/CaCO; (50 mg), quinoline (20 pL), alkyne 53 (311 mg,
1.27 mmol) and AcOEt (10 mL). Purification by flash
chromatography (hexane/AcOEt 70/30) gave (+)-(Z)-anti-
(ig:-t(fg;))j Z;lstzl—sail d 51 (156 mg, 49%) as a white solid: R¢ 0.33 (hexane/AcOEt

70/30); mp 104-106 °C; IR (film) 3265, 2932, 1460 cm™;
'H NMR (300 MHz, CDCl;) & 7.43-7.28 (5H, m, ArH), 5.79 (1H, ddd, /= 1.0, 8.4, 11.1 Hz,
Ph-CH-CH=CH), 5.57 (1H, ddd, J = 1.1, 8.4, 11.1 Hz, cHx-CH-CH=CH), 5.57 (1H, d, J =
8.4 Hz, Ph-CH), 4.30 (1H, t, J = 8.4 Hz, cHx-CH), 2.00-1.92 (1H, m, H cHx), 1.82-1.55 (6H,
m, H cHx + OH), 1.50-1.40 (1H, m , H cHx), 1.34-1.11 (3H, m, H cHx), 1.11-0.98 (2H, m,
H cHx); "C NMR (100 MHz, CDCl;) & 143.5/128.7/127.7/126.0 (C Ar), 134.4 (Ph-CH-
CH=CH), 132.6 (cHx-CH-CH=CH), 72.5 (cHx-CH-OH), 70.4 (Ph-CH-OH), 43.9 (CH cHx),
28.7/28.6/26.4/26.1/25.9 (CH, cHx); and (£)-(2)-syn-51 (122 mg, 39%) as a white solid: R¢
0.11 (hexane/AcOEt 70/30); mp 113-115 °C; IR (film) 3284, 2922, 1452 cm™; '"H NMR (300
MHz, CDCl;) 8 7.39-7.28 (SH, m, ArH), 5.82 (1H, dd, J = 8.7, 11.1 Hz, Ph-CH-CH=CH),
5.63 (1H, dd, J= 8.4, 11.1 Hz, cHx-CH-CH=CH), 5.57 (1H, d, J = 8.7 Hz, Ph-CH), 4.34 (1H,
dd, J=17.1, 8.4 Hz, cHx-CH), 2.40 (2H, bs, OH), 1.94-1.89 (1H, m, H cHx), 1.79-1.58 (6H,
m, H cHx + OH), 1.45-1.35 (1H, m, H cHx), 1.28-1.10 (3H, m, H cHx), 1.05-0.87 (2H, m, H
cHx); "C NMR (100 MHz, CDCl3) & 143.1/128.6/127.7/126.1 (C Ar), 134.7 (Ph-CH-
CH=CH), 133.2 (¢cHx-CH-CH=CH), 72.0 (cHx-CH-OH), 69.8 (Ph-CH-OH), 43.8 (CH cHXx),
28.8/28.5/26.4/26.0/25.9 (CH; cHx).

OH OH

1.2.1.4. (R,Z)-1-Cyclohexyl-4-methylpent-2-ene-1,4-diol ((£)-56)

The general procedure (section 1.2.1.) was followed for

OH OH Pd/CaCO; (8.5 mg), quinoline (3 pL), alkyne 57 (41.8 mg,
— Me 0.213 mmol) and AcOEt (1.8 mL). Purification by flash
Me chromatography (hexane/AcOEt 70/30) gave (Z)-56 (33.2

(2)-56 mg, 79%) as a colorless oil: R 0.42 (CH,Cl,/MeOH 97/3);

'"H NMR (300 MHz, D;CCOCD;) & 5.56 (1H, dd, J = 1.5,
12.6 Hz, CH-CH=CH), 5.36 (1H, dd, J = 7.2, 12.6 Hz, CH-CH=CH), 4.53-4.46 (1H, m, CH-
OH), 4.36 (1H, bs, OH), 4.09 (1H, bs, OH), 2.04-1.93 (1H, m, H cHx), 1.82-1.61 (4H, m, H
cHx), 1.44-0.99 (6H, m, H cHx), 1.35 (6H, s, CHs).
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1.2.1.5. (£)-6-Methyl-2-phenylhept-3-ene-2,5-diol (61)

The general procedure (section 1.2.1.) was followed for
OH  HO Me Pd/CaCOj; (6 mg), quinoline (2 pL), alkyne 60 (~ 10 mg,

— 0.046 mmol) and AcOEt (2 mL). Purification by flash
chromatography (hexane/AcOEt 70/30) gave a mixture of

61 two diastereomers of 61 (10 mg) as a colorless oil: R¢ 0.25
(hexane/AcOEt 70/30); '"H NMR (400 MHz, D;CCOCDs) &
7.53-7.48 (2H, m, ArH), 7.37-7.22 (3H, m, ArH), 6.08 & 5.97 (1H, dd, J= 1.2, 12.0 Hz, CH-
CH=CH), 5.56 & 5.50 (1H, dd, J = 6.8, 12.0 Hz, CH-CH=CH), 4.32 & 3.96 (1H, dt, /= 1.6,
4.8 Hz, CH-CH=CH), 3.06 (1H, bs, OH), 1.68 & 1.65 (3H, s, Ph(CH;)C-C=C), 1.74-1.50
(1H, m, (CH3),CH), 0.91-0.76 (6H, m, (CH3),CH).

1.2.1.6. (Z)-1-Cyclohexyl-4,4-diethoxybut-2-yn-1-ol (63)

The general procedure (section 1.2.1.) was followed
OH OEt (except use of HCI in the work-up) for Pd/CaCOs (40 mg),
quinoline (15 pL), alkyne 64 (201 mg, 0.833 mmol) and
AcOEt (8 mL). Purification by flash chromatography

= OEt

63 (hexane/AcOEt 70/30) gave an inseparable mixture of

quinoline and 63 (180 mg) as a colorless oil: Ry 0.18
(CH,Cl,/MeOH 98/2); 'H NMR (400 MHz, CDCl3) & 5.67 (1H, dd, J = 7.4, 11.6 Hz, cHx-
CH-CH=CH), 5.61 (1H, dd, J = 5.2, 11.6 Hz, cHx-CH-CH=CH), 5.28 (1H, d, J = 5.2 Hz,
CH(OEt),), 4.17 (1H, t, J = 7.4 Hz, CH-OH), 3.64 (2H, m, CH,-CHs), 3.54 (2H, m, CH,-
CH;), 2.12 (2H, bs, OH), 1.94-1.87 (1H, m, H cHx), 1.80-1.62 (4H, m, H cHx), 1.45-1.35
(1H, m, H cHx), 1.29-0.94 (5H, m, H cHx), 1.24-1.19 (6H, m, CH,-CHs); C NMR (100
MHz, CDCl;) & 135.9/129.9 (CH=CH), 97.7 (CH(OEt),), 72.3 (CH-OH), 60.5 (CH,-CH3),
43.6 (CH cHx), 28.7/28.4/26.5/26.1/26.0 (CH, cHx), 15.2 (CH,-CH3).

1.2.2. General procedure to (E)-olefins

Alkyne-1,4-diol in solution in THF was added dropwise at 0 °C to a suspension of LiAIH,
in anhydrous THF under N, and the mixture was stirred at rt until TLC showed no
significant change. The reaction was quenched with saturated potassium and sodium tartrate.
The aqueous layer was extracted with CH,Cl,. The organic layer was dried over MgSQOy,, and
evaporated under reduced pressure. The mixture was purified by flash chromatography on

silica gel to give the (E)-alkene-1,4-diol.
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1.2.2.1. (E)-1-Cyclohexylbut-2-ene-1,4-diol ((E)-42)"’

The general procedure (section 1.2.2.) was followed for

OH LiAlH, (312 mg, 8.24 mmol), THF (2 mL); alkyne 57 (396
/ OH mg, 2.35 mmol), THF (2 x 5 mL) at rt for 15 h. Purification
by flash chromatography (CH,Cl,/MeOH 95/5) gave (E)-42

(E)-42 (302 mg, 76%) as a colorless oil: R¢ 0.21 (CH,Cl/MeOH

95/5); "H NMR (300 MHz, D;CCOCD;) § 5.81-5.65 (2H, m,
CH-CH=CH-CH,), 4.09 (1H, d, J = 3.6 Hz, CH-CH=CH-CH,), 3.81 (2H, t, J = 5.7 Hz, CH-
CH=CH-CH.,), 3.56 (2H, bs, OH), 1.98-1.86 (1H, m, H cHx), 1.82-1.62 (4H, m, H cHx),
1.44-0.97 (6H, m, H cHx).

1.2.2.2. (E)-1-Cyclohexyl-4-phenylbut-2-ene-1,4-diol ((£)-(E)-syn-51) and

(H)-(E)-anti-51)
The general procedure (section 1.2.2.) was followed for
oH LiAlH, (268 mg, 7.07 mmol), THF (20 mL); alkyne 53 (494
Z mg, 2.02 mmol), THF (2 x 5 mL) at rt for 15 h. Purification
OH by flash chromatography (hexane/AcOEt 80/20) gave (+)-
G (E)-anti-51 (131 mg, 27%) as a white solid: Ry 0.44

(hexane/AcOEt 50/50); mp 123-125 °C; IR (film) 3254,
2924, 1449 cm™; 'H NMR (400 MHz, CDCl;) § 7.37-7.27 (5H, m, ArH), 5.87 (1H, dd, J =
4.8, 15.6 Hz, Ph-CH-CH=CH), 5.82 (1H, dd, J = 6.0, 15.6 Hz, cHx-CH-CH=CH), 5.24 (1H,
d, J=4.8 Hz, Ph-CH), 3.90 (1H, t, J = 6.0 Hz, cHx-CH), 1.98-0.80 (13H, m, H cHx + OH);
C NMR (100 MHz, CDCl5) & 142.8/128.6/127.8/126.3 (C Ar), 133.6/132.6 (CH=CH), 76.7
(cHx-CH), 74.6 (Ph-CH), 43.7 (CH cHx), 28.9/28.4/26.5/26.1/26.0 (CH, cHx); and (+)-(E)-
syn-51 (209 mg, 42%) as a white solid: R¢ 0.35 (hexane/AcOEt 50/50); mp 102-103 °C; IR
(film) 3282, 2927, 1450, 1260 cm™; "H NMR (400 MHz, CDCl;) & 7.37-7.27 (5H, m, ArH),
5.86 (1H, dd, J = 5.2, 15.6 Hz, Ph-CH-CH=CH), 5.83 (1H, dd, J = 6.0, 15.6 Hz, cHx-CH-
CH=CH), 5.24 (1H, d, J = 5.2 Hz, Ph-CH), 3.88 (1H, t, J = 6.0 Hz, cHx-CH), 1.98 (1H, bs,
OH), 1.88-1.81 (1H, m, H cHx), 1.79-1.52 (5H, m, H cHx + OH), 1.46-1.37 (1H, m, H cHx),
1.29-1.09 (3H, m, H cHx), 1.04-0.92 (2H, m, H cHx); °C NMR (100 MHz, CDCl;) &
142.8/128.6/127.7/126.2 (C Ar), 133.6/132.8 (CH=CH), 76.7 (cHx-CH), 74.6 (Ph-CH), 43.7
(CH cHx), 28.8/28.4/26.5/26.1/26.0 (CH, cHx).
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1.2.2.3. (E,R)-1-Cyclohexyl-4-methylpent-2-ene-1,4-diol ((E£)-56)

The general procedure (section 1.2.2.) was followed for

OH LiAIH, (54 mg, 1.4 mmol), THF (2 mL); alkyne 57 (80 mg,

NS OH 0.41 mmol), THF (2 x 0.5 mL) at rt for 15 h. Purification by
me flash chromatography (CH,Cl,/MeOH 95/5) gave (E)-56 (25
(E)-56 mg, 30%) as a colorless oil: R 0.19 (CH,Cl,/MeOH 95/5);

'H NMR (400 MHz, CDCly) § 5.79 (1H, d, J = 15.6 Hz,
CH-CH=CH), 5.66 (1H, dd, J = 6.8, 15.6 Hz, CH-CH=CH), 3.84 (1H, t, J = 6.8 Hz, CH-
CH=CH), 1.89-1.81 (1H, m, H cHx), 1.80-1.55 (6H, m, H cHx + OH), 1.45-1.35 (1H, m, H
cHx), 1.33 (6H, s, (CH;),C-OH), 1.28-1.08 (3H, m, H cHx), 1.04-0.91 (2H, m, H cHx); *C
NMR (100 MHz, CDCls) & 139.6/128.1 (CH-CH=CH), 77.0 (CH-CH=CH), 70.6 ((CHz),C-
OH), 43.7 (CH cHx), 29.9/29.8 ((CH;),C-OH), 28.8/28.5/26.5/26.1/26.0 (CH, cHx).

1.3. Protection of (£)-1-cyclohexylbut-2-ene-1,4-diol ((£)-42)

1.3.1. As a benzoyl group

(Z2)-4-Cyclohexyl-4-hydroxybut-2-enyl benzoate ((+)-

OH 40). Anhydrous EGN (306 pL, 2.20 mmol), benzoyl
O)E/\OBz chloride (255 pL, 2.50 mmol) and 4-DMAP (12 mg, 0.10
mmol) were added to a solution of diol (£)-42 (340 mg, 2.00

(£)-40 mmol) in anhydrous CH,Cl, (5 mL) under N,. The reaction

was stirred until TLC showed no significant change. The
solvent was removed under reduced pressure. Purification by flash chromatography
(hexane/AcOEt 90/10) gave 40 (909 mg, 96%) as a colorless oil: Rf 0.45 (CH,Cl,/MeOH
99/1); "H NMR (400 MHz, D;CCOCD3) & 8.06-8.02 (2H, m, ArH), 7.68-7.62 (1H, m, ArH),
7.56-7.50 (2H, m, ArH), 5.78-5.65 (2H, m, CH=CH), 4.99 (1H, dd, J = 6.8, 12.8 Hz, CHH,-
OBz), 4.88 (1H, dd, J = 6.0, 12.8 Hz, CHH,-OBz), 4.24 (1H, t, /= 7.6 Hz, CH-OH), 2.02-
1.94 (1H, m, H cHx), 1.80-1.61 (4H, m, H cHx), 1.45-1.34 (1H, m, H cHx), 1.30-1.13 (3H,
m, H cHx), 1.11-0.98 (2H, m, H cHx).

1.3.2. As a Boc group

tert-Butyl (5,2)-4-cyclohexyl-4-hydroxybut-2-enyl

OH carbonate ((£)-(£)-47). n-Butyllithium (1.6 M in hexanes,
O)E/\ocoztsu 561 pL, 0.898 mmol) was added at —78 °C to a solution of
diol (2)-42 (139 mg, 0.816 mmol) in THF (3 mL) under N,.

(2)-47 The mixture was stirred 30 min and (Boc),0 (194 mg, 0.890

mmol) was added at —78 °C. The mixture was stirred 30 min
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to avoid diprotection. The reaction was quenched with pH 7 buffer. The aqueous layer was
extracted with CH,Cl,. The organic layer was dried over MgSO, and evaporated under
reduced pressure. Purification of crude mixture by flash chromatography (hexane/AcOEt
80/20) gave starting material (Z)-42 (70 mg, 50%) and (+)-(Z2)-47 (72 mg, 33%) as a
colorless oil: R 0.20 (CH,Cl,/MeOH 99/1); IR (film) 3427, 2927, 1743, 1451, 1370 cm™; 'H
NMR (200 MHz, CDCl3) & 5.72-5.60 (2H, m, CH=CH), 4.82 (1H, dd, J = 6.6, 12.6 Hz,
CH=CH-CHH,), 4.50 (1H, dd, J = 4.0, 12.6 Hz, CH=CH-CH,H,), 4.19 (1H, t, J = 7.2 Hz,
CH-OH), 1.97-0.82 (12H, m, H cHx + OH), 1.48 (9H, s, (CHs);C); °C NMR (50 MHz,
CDCl;) & 153.5 (C=0), 136.3/125.1 (CH=CH), 82.4 ((CH;);C), 71.6 (CH-OH), 62.7
(CH=CH-CH,), 43.4 (CH cHx), 28.7/28.5/26.5/26.0/25.9 (CH, cHx), 27.7 ((CH3);C).

1.3.3. As a tetrahydropyran group

(Z2)-1-Cyclohexyl-4-(tetrahydro-2H-pyran-2-yloxy)but-
OH /[j 2-en-1-o0l (48). 3,4-Dihydro-2H-pyran (184 pL, 2.01 mmol)

was added to a solution of diol (£)-42 (343 mg, 2.01 mmol)
and p-TsOH (19 mg, 0.10 mmol) in CH,Cl, and stirred for 3
48 h. The reaction was quenched with pH 7 buffer. The

— O O

aqueous layer was extracted with CH,Cl,. The organic layer
was washed with brine, dried over MgSO, and evaporated under reduced pressure.
Purification of crude mixture by flash chromatography (hexane/Et,O 50/50) gave a mixture
of two diastereomers 48 (82 mg, 16%) as a colorless oil: R; 0.23 (hexane/Et,0 50/50); 'H
NMR (400 MHz, CDCl;) 6 5.78-5.56 (2H, m, CH=CH), 4.40-4.33, 4.22-4.10, 4.06-4.00,
3.90-3.81 & 3.58-3.48 (6H, m, CH-CH=CH-CH,-O-CH-O-CH,), 2.20 (1H, bs, OH), 1.95-
1.88 (1H, m, H cHx), 1.87-1.48 (10H, m, H cHx + H THP), 1.44-1.33 (1H, m, H cHx), 1.28-
1.08 (3H, m, H cHx), 1.05-0.86 (2H, m, H cHx).

1.3.4. As a TBS group

(Z)-6-tert-Butyldimethylsilyloxy-2-methylhex-4-en-3-ol

OH (49). tert-Butylchlorodimethylsilane (182 mg, 1.21 mmol)
W)E/\OTBS was added at 0 °C to a solution of imidazole (187 mg, 2.74
mmol) and diol 213 (143 mg, 1.10 mmol) in anhydrous

49 CH,Cl, (2 mL) under N,. The reaction was stirred until TLC

showed no significant change. The reaction was quenched
with water. The aqueous layer was extracted with CH,Cl,. The organic layer was washed
with brine, dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (CH,Cl,/MeOH 99/1) gave 49 (238 mg, 89%) as a colorless oil: Rs 0.45
(CH,Cl,/MeOH 95/5); '"H NMR (300 MHz, CDCls) § 5.75-5.68 (1H, m, CH-CH=CH), 5.51
(1H, ddt, J = 1.5, 8.4, 11.4 Hz, CH-CH=CH), 4.33 (1H, ddd, J = 1.5, 6.6, 13.2 Hz, CH,H,-
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OBz), 4.23-4.07 (2H, m, CH,H,-OBz + CH-CH=CH), 1.95 (1H, bs, OH), 1.72 (1H, m,
(CH;),CH), 0.93 (3H, d, J = 7.2 Hz, (CH;),CH), 0.91 (3H, d, J = 7.2 Hz, (CH;),CH), 0.90
(9H, s, (CH;);C), 0.08 (3H, s, CHs-Si), 0.07 (3H, s, CH;-Si).

1.4. Synthesis of Mo(CO)4(bpy) (45)*

Hexacarbonylmolybdenum (43, 53 mg, 0.20 mmol) and
2,2’-bipyridyne (44, 31 mg, 0.20 mmol) were refluxed in
toluene (2 mL) for 2 h. After cooling the crystalline
complex was washed with toluene and petroleum ether
obtaining a red solid (67 mg, 92 %).

1.5. General procedure for the cyclization of 1-cyclohexylbut-2-ene-
1,4-diol (42)

Cyclohexylbut-2-ene-1,4-diol 42 (10 mg, 1 eq.) was treated with PdCI,(NCPh), (0.70 mg,
0.05 eq.) in D;CCOCD; (0.7 mL). The reaction was followed by NMR.

1.5.1. Cyclization of (Z)-isomer ((£)-42)

The study of the NMR spectrum indicated that three major compounds were formed: 46-
50ut, 46-5In and 46-7 in 34%, 14% and 52% respectively. Comparison of 'H, C and
COSY of fractions obtained from different reactions permitted the assignment of the
following characteristic signals in "H NMR (300 MHz, D;CCOCD:):

» 46-50ut: 8 5.74 (1H, dd, J = 6.5, 15.6 Hz, cHx-CH=CH), 5.37 (1H,
ddd, J=1.3,7.9, 15.6 Hz, cHx-CH=CH), 4.44 (1H, ddd, /= 6.1, 6.5, 8.0
Hz, CH,-CH), 4.04 (1H, dd, J = 6.1, 8.0 Hz, CH,H,-CH), 3.55 (1H, t, J
= 8.0 Hz, CH,H,-CH), 2.03-1.90 (1H, m, H cHx), 1.77-1.53 (5H, m, H
cHx), 1.36-0.98 (5H, m, H cHx).

» 46-5In: 5 5.89 (1H, ddd, J= 7.2, 10.2, 17.4 Hz, CH=CH,), 5.38 (1H,
d, J = 17.4 Hz, CH=CH,H,), 5.20 (1H, d, J = 10.5 Hz, CH=CH,H,),
4.19 (1H, ddt, J = 7.2, 8.1, 1.0 Hz, cHx-CH-CH), 3.53 (1H, dd, J = 3.6,
8.1 Hz, cHx-CH-CH), 2.05-1.60 (6H, m, H cHx), 1.38-0.97 (5H, m, H
cHx).

» 46-7: 5 5.64-5.62 (2H, m, CH=CH), 4.45/4.27/3.98 (3H, m, CH,-
CH=CH-CH), 1.85-1.62 (5H, m, H cHx), 1.50-0.96 (6H, m, H cHx).
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D5C D3;C CDj

46-50ut 46-5In 46-7

1.5.2. Cyclization of (E)-isomer ((E)-42)

The study of the NMR spectra indicated that there was only starting material ((£)-42) after
44 h.

1.6. Cyclization of protected alkenols

1.6.1. Alkenol (£)-40 with [Ir(cod)Cl],

Alkenol (£)-40 (10 mg, 0.036 mmol) and [Ir(cod)Cl], (1.4 mg, 0.004 mmol) were heated at
60 °C in D;CCOCD; (0.7 mL) during 15 h. The reaction was followed by NMR. The study
of the NMR spectra indicated that there was only starting material ()-40.

1.6.2. Alkenol (£+)-40 with [Ir(cod)Cl]; and P(OEt);

Alkenol (£)-40 (10 mg, 0.036 mmol), [Ir(cod)Cl], (1.4 mg, 0.004 mmol) and (EtO);P (1.2
mg, 0.007 mmol) were heated at 60 °C in D;CCOCD; (0.7 mL) during 15 h. The reaction
was followed by NMR. The study of the NMR spectra indicated that there was only starting
material (+)-40.

1.6.3. Alkenol (+)-40 with [Ir(cod)Cl]; and P(OCH,CF3);

Alkenol (£)-40 (10 mg, 0.036 mmol), [Ir(cod)Cl], (1.4 mg, 0.004 mmol) and P(OCH,CF3);
(2.39 mg, 0.007 mmol) were heated at 60 °C in D;CCOCD; (0.7 mL) during 15 h. The
reaction was followed by NMR. The study of the NMR spectra indicated that there was only
starting material (+)-40.
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1.6.4. Alkenol (+)-40 with [Ir(cod)Cl],, P(OPh); and "C;H;NH;

A precatalyst was prepared by heating [Ir(cod)Cl], (6.7 mg, 0.010 mmol), and P(OPh);
(6.2 mg, 0.020 mmol) and "C3H;NH, (300 uL, 3.60 mmol) at 50 °C during 20 min. Alkenol
(£)-40 (27.4 mg, 0.100 mmol) was added to the precatalyst and the mixture was heated at 60
°C in D;CCOCDs; (0.7 mL) during 15 h. The reaction was followed by NMR. The study of
the NMR spectra indicated that there was only starting material (£)-40.

1.6.5. Alkenol (+)-40 with [Ir(cod)Cl],, P(OPh);, and "C3;H;NH, and
Sc(0TY);

A precatalyst was prepared by heating [Ir(cod)Cl], (6.7 mg, 0.010 mmol), and P(OPh);
(6.2 mg, 0.020 mmol) and "C3H;NH, (300 uL, 3.60 mmol) at 50 °C during 20 min. Alkenol
(+)-40 (27.4 mg, 0.100 mmol) and Sc(OTf); (4.9 mg, 0.010 mmol) was added to the
precatalyst and the mixture was heated at 60 °C in D;CCOCD; (0.7 mL) during 15 h. The
reaction was followed by NMR. The study of the NMR spectra indicated that there was only
starting material (+)-40.

1.6.6. Alkenol (+)-40 with Mo(CO); and DBU

Alkenol (+)-40 (10 mg, 0.036 mmol), Mo(CO)s (1.9 mg, 0.007 mmol) and DBU (5 uL,
0.04 mmol) were heated at 60 °C in D;CCOCD; (0.7 mL) during 15 h. The reaction was
followed by NMR. The study of the NMR spectra indicated that there was only starting
material (+)-40.

1.6.7. Alkenol (£)-40 with Mo(CO)4(bpy): and Sc(OTf);

Alkenol ()-40 (14 mg, 0.050 mmol), Mo(CO)4(bpy), (3.6 mg, 0.010 mmol) and Sc(OTf);
(4.9 mg, 0.010 mmol) were heated at 60 °C in D;CCOCD; (0.7 mL) during 1 h. The reaction
was followed by NMR. The study of the NMR spectra indicated that there was only starting
material (+)-40.

1.6.8. Alkenol (2)-40 with Pd(PPh;), and LaCl;

Alkenol (+)-40 (27.4 mg, 0.100 mmol), Pd(PPh;), (23.1 mg, 0.020 mmol) and LaCl; (4.9
mg, 0.020 mmol) were refluxed in D;CCOCD; (0.7 mL) during 15 h. The reaction was

190



Chapter 2

followed by NMR. The study of the NMR spectra indicated that there was only starting
material (+)-40.

1.6.9. Alkenol (+)-40 with Pd(PPh;)4 and CeCl;-7H,O

Alkenol (£)-40 (27.4 mg, 0.100 mmol), Pd(PPh;)4 (23 mg, 0.020 mmol) and CeCl;-7H,O
(7.4 mg, 0.020 mmol) were refluxed in D;CCOCD; (0.7 mL) during 15 h. The reaction was
followed by NMR. The study of the NMR spectra indicated that there was only starting
material (+)-40.

1.6.10. Alkenol (+)-40 with Pd(PPh;), and ZnEt,

Alkenol (£)-40 (27.4 mg, 0.100 mmol), Pd(PPh;), (23 mg, 0.020 mmol) and ZnEt, (1.1 M
in toluene, 91 pL, 0.10 mmol) were refluxed in D;CCOCD; (0.7 mL) during 15 h. The
reaction was followed by NMR. The study of the NMR spectra indicated that there was a

complex mixture.

1.6.11. Alkenol (£)-40 with PdCL,(NCPh),

Alkenol (£)-40 (29.5 mg, 0.108 mmol) and PdCL,(NCPh), (2.0 mg, 0.005 mmol) were
refluxed in D;CCOCD; (0.7 mL) during 20 h. The reaction was followed by NMR. The
study of the NMR spectra indicated that there was only starting material (+)-40.

1.6.12. Alkenol (£)-(2)-47 with PAClL,(NCPh),

Alkenol (£)-(2)-47 (20 mg, 0.087 mmol) and PdCI,(NCPh), (1.7 mg, 0.004 mmol) were
refluxed in D;CCOCD; (0.7 mL) during 20 h. The reaction was followed by NMR. The
study of the NMR spectra indicated that there was only starting material (+)-(Z)-47.

1.6.13. Alkenol 48 with PdC1,(NCPh),

Alkenol 48 (40.5 mg, 0.159 mmol) and PdCl,(NCPh), (3.1 mg, 0.008 mmol) were stirred
in D;CCOCD; (0.7 mL) during 14 h. The reaction was followed by NMR. The study of the
NMR spectra indicated that three major compounds are formed: starting material 48, 46-5out
and 46-7.
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1.6.14. Alkenol 49 with PdCL,(NCPh),

Alkenol 49 (19 mg, 0.079 mmol) and PdCl,(NCPh), (1.3 mg, 0.003 mmol) were stirred in
D;CCOCDs (0.7 mL) during 1 h. The reaction was followed by NMR. The study of the
NMR spectra indicated that three major compounds are formed: 213-50ut, 213-7, and diol
213 in 42%, 25% and 33% respectively.” Characteristic signals in '"H NMR (300 MHz,
D;CCOCDs):

» 213-50ut: 8 5.76 (1H, dd, J = 6.6, 15.3 Hz, CH,=CH,), 5.37 (1H, dd,
J=1.8,15.3 Hz, CH,=CH,).

» 213-7: 8 5.64-5.61 (2H, m, CH=CH).

» 212: 8 5.82-5.47 (2H, m, CH=CH), 4.37-3.96 (3H, m, CH-CH=CH-
CH,), 3.67 (2H, bs, OH), 1.68 (1H, oct, J = 6.8 Hz, (CH;),CH), 0.94 (3H,
d, J= 6.8 Hz, (CH;),CH), 0.85 (3H, d, J= 6.8 Hz, (CH;),CH)

DsC DsC CDs
CD;
OJ( o~ o
NO >—U
213-50ut 213-7

1.7. Cyclization of 1-cyclohexyl-4-phenylbut-2-ene-1,4-diol (51): study
of the reaction by NMR experiments

1.7.1. Cyclization of anti-(Z)-51, syn-(£)-51 and (E)-51

Diol 51 (10 mg, 1 eq.) and PdCI,(NCPh), (0.05 eq.) were mixed in D;CCOCD; (0.7 mL)
during 5 min. The reaction was followed by NMR. The study of the NMR spectra indicated
that three major compounds are formed: cis-54-5In, trans-54-5In and 54-ketone in 45%,
45% and 10 % respectively.* Characteristic signals in "H NMR (300 MHz, D;CCOCD:;):

» cis-54-5In: § 6.67 (1H, d, J = 15.9 Hz, Ph-CH=CH), 6.37 (1H, dd, J
= 8.5, 15.9 Hz, Ph-CH=CH), 4.67 (1H, ddd, J = 1.0, 5.6, 8.5 Hz, cHx-
CH-CH), 3.90 (1H, dd, /= 5.6, 9.5 Hz, cHx-CH-CH).

» trans-54-5In: § 6.77 (1H, d, J = 15.9 Hz, Ph-CH=CH), 6.29 (1H, dd,
J=1.6, 159 Hz, Ph-CH=CH), 4.41 (1H, t, J = 8.1 Hz, cHx-CH-CH),
3.64 (1H, dd, J= 6.3, 8.1 Hz, cHx-CH-CH).

" Comparison of "H NMR of 213 with 46 allowed the assignment of the different products
* The relative configuration was determined by bidimensional NMR study (NOESY).
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» 54-ketone: 8 7.40-7.19 (5H, m, ArH), 6.46 (1H, d, J = 16.0 Hz, Ph-
CH=CH), 6.32 (1H, dt, J = 7.2, 16.0 Hz, Ph-CH=CH), 3.37 (2H, d, J =
7.2 Hz, cHx-C(0O)-CH,), 1.92-1.56 (6H, m, H cHx), 1.44-1.05 (SH, m, H

cHx).
DsC._ CDs DG CDs
Q" o Q" o o
AN
Ph Ph
cis-54-5In trans-54-5In 54-ketone

1.7.2. Kinetic experiment with toluene as an internal sample

Diol anti-(2)-51 (8.4 mg, 0.034 mmol), PdCI,(NCPh), (2.6 mg, 0.007 mmol) and toluene
(1 drop) were mixed in D;CCOCD; (0.7 mL) during 10 min. The reaction was followed by
NMR. The study of the NMR spectra indicated that three major compounds are formed: cis-
54-5In, trans-54-5In and 54-ketone.

1.7.3. Cyclization of anti-(Z)-51 in CDCI; with 10 eq. of D;CCOCD;

Diol anti-(Z)-51 (12 mg, 0.050 mmol) and PdCI,(NCPh), (1.9 mg, 0.005 mmol) in
D;CCOCDs (37 pL, 0.50 mmol) were mixed in CDCIl; (0.7 mL) during 10 min. The reaction
was followed by NMR. The study of the NMR spectra indicated that there was only

formation of 54-ketone.

1.7.4. Condensation of 54-ketone

54-ketone (1 eq.) and PdCI,(NCPh), (0.1 eq.) were mixed in D;CCOCDs (0.7 mL) during
15 h. The reaction was followed by NMR. The study of the NMR spectra indicated that there
was only formation of 55. "H NMR (300 MHz, D;CCOCD:;):
» 55:87.30-7.06 (5H, m, ArH), 6.37 (1H, d, J = 16.0 Hz, CH,=CH,)),
6.24 (1H, d, J = 16.0 Hz, CH,=CH,), 1.78-1.38 (6H, m, H cHx), 1.24-
0.93 (5H, m, H cHx).

D;C~ CD;
55
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1.7.5. Cyclization at low temperature

Diol anti-(Z)-51 (10.5 mg, 0.043 mmol) and PdCl,(NCPh), (3.3 mg, 0.009 mmol) in
D;CCOCD; (0.7mL) were mixed at 0 °C or —20 °C during 2 h. The reaction was followed by
NMR. The study of the NMR spectra indicated that the reaction was very slow and there was
finally formation of three major compounds: cis-54-5In, frans-54-5In and 54-ketone in 40%,
40% and 20% respectively.

1.7.6. Cyclization for different charge of catalyst

Diol anti-(2)-51 (11 mg, 1 eq.) and PdCl,(NCPh), (0.01, 0.05, 0.1 and 0.2 eq.) in
D;CCOCDs; (0.7 mL) were mixed at 0 °C or —20 °C during 2 h. The reactions were followed
by NMR. The study of the NMR spectrum indicated that the rate of the reaction was
proportional to the amount of catalyst. At the equilibrium, there was the formation of three
major compounds: cis-54-5In, trans-54-5In and 54-ketone in 40%, 40% and 20%

respectively.

1.7.7. General procedure for cyclization with different Lewis Acids (L.A.)

Diol syn-(Z)-51 (10 mg, 1 eq.) and L.A. (0.2 eq. or 1 eq.) in D;CCOCD; (0.7 mL) were
mixed for 4 h. The reactions were followed by NMR. The study of the NMR spectrum
indicated that the rate of the reaction was proportional to the amount of catalyst. At the
equilibrium, there was the formation of three major compounds: cis-54-5In, trans-54-5In and
54-ketone.

LA.: TsOH-H,0 (0.2 eq., 44%, 42% and 14%), Yb(OTf)); (0.2 eq., 44%, 41% and 15%),
Zn(OTf), (0.2 eq., 41%, 41% and 18%), Sc(OTf); (0.2 eq., 40%, 42%, 18%), PtCl, (0.2 eq.,
37%, 44%, 19%), SnCly, (1 eq., 0%, 0% and 100%).

1.8. Cyclization of 1-cyclohexyl-4-methylpent-2-ene-1,4-diol (56)

1.8.1. Cyclization of the (£)-isomer

Diol (£)-56 (7.5 mg, 0.038 mmol) and PdCI,(NCPh), (0.7 mg, 0.002 mmol) in D;CCOCD;
(0.7 mL) were mixed for 30 min. The reaction was followed by NMR. The study of the
NMR spectra indicated that five major compounds were formed: cis-58-5In, trans-58-5In,
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58-50ut, 58-7 and 58-ketone in 3%, 24%, 30%, 27% and 6 % respectively.§ Characteristic
signals in '"H NMR (300 MHz, D;CCOCD:3):

» cis-58-5In: § 3.75 (1H, dd, J = 6.0, 9.2 Hz, cHx-CH-CH).

» trans-54-5In: 6 5.19 (1H, dsept, J=9, 1.5 Hz, C=CH), 4.48 (1H, t, J
= 8.4 Hz, cHx-CH-CH), 3.44 (1H, dd, J= 6.0, 8.4 Hz, cHx-CH-CH).

» 58-50ut: 6 5.78 (1H, ddd, J = 1.2, 6.9, 15.6 Hz, cHx-CH=CH), 5.44
(1H, ddd, J = 1.5, 7.5, 15.6 Hz, cHx-CH=CH), 4.12 (1H, d, J = 7.5 Hz,
cHx-CH=CH-CH).
» 58-7:55.84 (1H, dd, J = 2.4, 6.3 Hz, CH,=CH,), 5.77 (1H, dd, J =
1.2, 6.3 Hz, CH,=CH,), 4.50 (1H, ddd, J= 1.2, 2.4, 5.7 Hz, cHx-CH).

» 58-ketone: 6 5.34 (1H, m, C=CH), 3.21 (1H, d, J = 7.2 Hz, cHx-

C(0)-CHy).

cis-58-5In

Me Me
58-50ut

DsG CD;

58-7

58-ketone

1.8.2. Cyclization of the (E)-isomer

Diol (E)-56 (7.5 mg, 0.038 mmol) and PdCl,(NCPh), (0.7 mg, 0.002 mmol) in D;CCOCD;
(0.7 mL) were mixed for 10 min. The reaction was followed by NMR. The study of the
NMR spectra indicated that three major compounds were formed: cis-58-5In, trans-58-5In
and 58-ketone in 30%, 35% and 30 % respectively.

1.9. Cyclization of (£)-6-methyl-2-phenylhept-3-ene-2,5-diol (61)

Diol 61 (4.0 mg, 0.018 mmol) and PdCI,(NCPh), (0.7 mg, 0.002 mmol) in D;CCOCD;
(0.7 mL) were mixed for 10 min. The reaction was followed by NMR. The study of the

NMR spectra indicated that one major compound was formed as two diastereomers: 62.

¥ Comparison of '"H NMR of 58 with 46 allowed the assignment of the different products
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> 62: 8 7.50-7.41 (2H, m, ArH), 7.34-7.26 (2H, m, ArH), 7.22-7.15
(1H, m, ArH), 6.23 & 6.16 (1H, dd, J = 3.2, 8.0 Hz, CH,=CH,), 5.89 &
5.81 (1H, dd, J = 2.0, 8.0 Hz, CH,=CH,), 4.63 (1H, m, (CH3),CH-CH),
1.87-1.61 (1H, m, (CH3),CH), 1.58 & 1.51 (3H, s, Ph(CH;)C-CH=CH),
0.99/0.96 & 0.93/0.85 (6H, d, J = 9.2 Hz, (CHz),CH).

1.10. Cyclization of 1-cyclohexyl-4,4-diethoxybut-2-yn-1-ol (63)

A mixture of diol 63 (13.0 mg, 0.054 mmol) and quinoline was treated with PdCl,(NCPh),
(2.0 mg, 0.005 mmol) in D;CCOCD; (0.7 mL) for 10 min. The reaction was followed by
NMR. The study of the NMR spectra indicated that a major compound was formed: 2-

cyclohexylfurane 65."*

> 65:8 7.30-7.28 (1H, m, cHx-C=CH-CH=CH), 6.27 (1H, dd, J = 2.0,
3.2 Hz, cHx-C=CH-CH=CH), 5.94 (1H, d, J = 3.2 Hz, cHx-C=CH-
CH=CH), 2.66-2.57 (1H, m, H cHx), 2.05-1.99 (2H, m, H cHx), 1.82-
1.66 (3H, m, H cHx), 1.44-1.32 (4H, m, H cHx).

65
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2. Formation of six-membered rings
2.1. Lactone ring-opening

2.1.1. (S,Z)-1-Phenylpent-3-ene-1,5-diol (71)"’

Cerium(Ill) chloride heptahydrate (38 mg, 0.10 mmol)
was added by portion to a solution of lactone 70 (14.8 mg,

P ™S —"on 0.085 mmol) in MeOH (300 pL) at 0 °C. After 10 min,
OH NaBH, (6.3 mg, 0.17 mmol) was added and the mixture was
7 stirred for 15 min. The reaction was quenched with water.

The aqueous layer was extracted with CH,Cl,. The organic
layer was dried over MgSO, and evaporated under reduced pressure. Purification of crude
mixture by flash chromatography (hexane/AcOEt 50/50) gave 71 (13.3 mg, 89%) as a
colorless oil: R 0.10 (hexane/AcOEt 70/30); '"H NMR (300 MHz, CDCls) & 7.37-7.26 (5H,
m, ArH), 5.86 (1H, dtt, /= 1.2, 6.9, 10.8 Hz, Ph-CH-CH,-CH=CH), 5.63 (1H, dddt, J = 1.2,
7.6, 8.4, 10.8 Hz, Ph-CH-CH,-CH=CH), 4.75 (1H, dd, J = 4.8, 7.8 Hz, Ph-CH-CH,-CH=CH)),
4.14 (1H, dd, J= 7.2, 12.0 Hz, CH,H,-OH), 4.04 (1H, dd, J = 6.6, 12.0 Hz, CH,H,-OH), 2.63
(1H, dddd, J = 1.2, 7.8, 8.4, 14.4 Hz, Ph-CH-CH,H,), 2.51 (1H, dddd, J = 1.6, 4.8, 7.6, 14.4
Hz, Ph-CH-CH,H,), 2.39 (1H, bs, OH), 1.93 (1H, bs, OH); °C NMR (50 MHz, CDCl;) &
143.9/131.7/128.8/128.5/127.7/125.7 (C Ar + CH=CH), 73.1 (CH-OH), 57.8 (CH,-OH),
37.1 (Ph-CH-CH,).

2.1.2. (5,2)-5-Methyl-1-phenylhex-3-ene-1,5-diol (73)

Methyllithium (1.6 M in Et,0O, 170 uL, 0.270 mmol) was

OH added at —78 °C to a solution of lactone 70 (15.7 mg, 0.090
PhM mmol) in THF (1 mL) under N,. The mixture was stirred for
(%H 1 h. The reaction was quenched with saturated aqueous

73 NH,4CI. The aqueous layer was extracted with CH,Cl,. The

organic layer was dried over MgSO, and evaporated under
reduced pressure. Purification of crude mixture by flash chromatography (hexane/AcOEt
80/20) gave 73 (18.6 mg, 100%) as a colorless oil: R¢0.24 (hexane/AcOEt 70/30); 'H NMR
(300 MHz, CDCls) 6 7.39-7.25 (5H, m, ArH), 5.66 (1H, d, J = 11.6 Hz, CH,-CH=CH), 5.39
(1H, dt, J = 8.5, 11.6 Hz, CH,-CH=CH), 4.75 (1H, dd, J = 3.7, 8.6 Hz, Ph-CH-OH), 2.90
(2H, bs, OH), 2.99 (1H, dt, J = 9.0, 13.9 Hz, CH,H,~-CH=CH), 2.61 (1H, ddd, J = 3.7, 7.5,
13.9 Hz, CH,H,-CH=CH), 1.36 (3H, s, CH3), 1.35 (3H, s, CHs).
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2.1.3. (S,2)-5-Butyl-1-phenylnon-3-ene-1,5-diol (74)

n-Butyllithium (1.6 M in hexanes, 87 pL, 0.14 mmol) was

OH added at —78 °C to a solution of lactone 70 (12.1 mg, 0.069
PthBu mmol) in THF (0.5 mL) under N,. The mixture was stirred
(%H "Bu for 1 h. The reaction was quenched with saturated aqueous

74 NH,4CI. The aqueous layer was extracted with CH,Cl,. The

organic layer was dried over MgSO, and evaporated under
reduced pressure. Purification of crude mixture by flash chromatography (hexane/AcOEt
80/20) gave 74 (18.4 mg, 91%) as a colorless oil: R; 0.66 (hexane/AcOEt 70/30); '"H NMR
(300 MHz, CDCl3) 6 7.40-7.22 (5H, m, ArH), 5.51-5.39 (2H, m, CH=CH), 4.73 (1H, dd, J =
3.6, 8.7 Hz, Ph-CH-OH), 3.08 (1H, bs, OH), 3.03-2.91 (1H, m, CHH,-CH=CH), 2.68 (1H,
bs, OH), 2.61 (1H, m, CHH,-CH=CH), 1.56-1.46 (4H, m, CH3-CH,-CH,-CH.,), 1.40-1.21
(8H, m, CH;-CH,-CH,-CH,), 0.98-0.78 (6H, m, CH;-CH,-CH,-CH,).

2.1.4. (18,2)-6-Methyl-5-(1-methylpropyl)-1-phenyloct-3-ene-1,5-diol (75)

sec-Butyllithium (1.4 M in cyclohexane, 1.8 mL, 2.5

OH mmol) was added at —78 °C to a solution of lactone 70 (172
Ph _ mg, 1.00 mmol) in THF (10 mL) under N,. The mixture was
stirred for 1 h. The reaction was quenched with saturated

Qe
T

75 aqueous NH4;Cl. The aqueous layer was extracted with

CH,Cl,. The organic layer was dried over MgSO, and
evaporated under reduced pressure. Purification of crude mixture by flash chromatography
(hexane/AcOEt 90/10) gave 75 (223 mg, 78%) as a colorless oil: Ry 0.53 (hexane/AcOEt
70/30); '"H NMR (300 MHz, CDCl3) § 7.39-7.22 (5H, m, ArH), 5.60-5.43 (1H, m, CH,=CH,),
5.36-5.24 (1H, m, CH,=CH,), 4.78-4.70 (1H, m, Ph-CH-OH), 3.10-2.85 (1H, m, CH,H,-
CH=CH), 2.95 (2H, bs, OH), 2.73-2.45 (1H, m, CH,H,-CH=CH), 1.85-1.66 (4H, bs, CH;-
CH,-CH-CHs;), 1.64-1.50 (2H, m, CH;-CH,-CH-CHj3;), 1.07-0.81 (12H, m, CH;-CH,-CH-
CHs).
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2.2.Eight-membered rings: (R,Z)-2,2-dimethyl-4-phenyl-5,8-dihydro-
4H-1,3-dioxocine (72)

2.2.1. In 2,2-dimethoxypropane

Alcohol 71 (10 mg), p-TsOH (catalytic amount) and molecular sieves 4A were stirred in
2,2-dimethoxypropane (1 mL) during 15 h. The study of the NMR spectra indicated that

there was only starting material 71.

2.2.2. In acetone

Alcohol 71 (10 mg) and p-TsOH (catalytic amount) were refluxed in acetone (1 mL)
during 15 h. The study of the NMR spectra indicated that there was only starting material 71.

2.3. Acetal formation: general procedure

Diol (10 mg) and catalyst (10 mol%) were mixed in D;CCOCD; (0.7 mL). The reaction
was followed by NMR.

2.3.1. Cyclization of 71 with PdCl,(NCPh),

General procedure was followed for diol 71 and PdCI,(NCPh), at 60 °C during 15 h. The
study of the NMR spectra indicated that there was only starting material 71.

2.3.2. Cyclization of 73 with PdCIl,(NCPh),

General procedure was followed for diol 73 and PdCl,(NCPh), at rt during 10 min. The
study of the NMR spectra indicated that a major compound was formed: 76."*° Characteristic
signals in 'H NMR (300 MHz, D;CCOCD:):

» 76: & 7.42-7.23 (5H, m, ArH), 5.84-5.75 (2H, m, CH=CH), 4.80-
4.72 (1H, m, Ph-CH-CH,), 2.58-1.97 (2H, m, Ph-CH-CH,), 1.30 (3H, s,
CHs), 1.27 (3H, s, CHs).

76
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2.3.3. Cyclization of 74 with PdCl,(NCPh),

General procedure was followed for diol 74 and PdCl,(NCPh), at rt during 10 min. The
study of the NMR spectra indicated that two major compounds were formed: 77 and 78
(77/78 : 32/68). Characteristic signals in '"H NMR (300 MHz, D;CCOCDj):

» 77:85.19-5.05 (2H, CH=CH), 4.94-4.86 (1H, m, Ph-CH-CH,).
» 78: 8 5.95-5.89 (1H, m, CH,=CH,), 5.78-5.72 (1H, m, CH,=CH,),
4.77-4.71 (1H, m, Ph-CH-CH,).

D30><CD3 "Bu_ "Bu
0 0 0
___ ’Bu
"By
77 78

2.3.4. Cyclization of 75 with PdCl,(NCPh),

General procedure was followed for diol 75 and PdCl,(NCPh), at rt during 10 min. The
study of the NMR spectra indicated that two major compounds were formed: 79 and 80
(79/80 : 70/30) . Characteristic signals in "H NMR (300 MHz, D;CCOCD:;):

» 79: 8 5.19-5.14, 5.12-5.07 & 5.04-4.87 (3H, m, Ph-CH-CH,-CH-
CH).

» 80: 5 6.17-6.07 (1H, m, CH,=CH,), 5.79-5.66 (1H, m, CH,=CH,),
4.87-4.72 (1H, m, Ph-CH-CH,).

D3G  CDg SBu_ SBu
o><o 0
___ ‘SBu
79 80

2.3.5. Cyclization of 75 with p-TsOH

General procedure was followed for diol 75 and p-TsOH at rt during 15 h. NMR of the

crude showed a complex mixture.
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2.3.6. Cyclization of 75 with NaAuCly

General procedure was followed for diol 75 and NaAuCl, at rt during 10 min. The study of
the NMR spectra indicated that there was only starting material 75.

2.3.7. Cyclization of 75 with PtCl,

General procedure was followed for diol 75 and PtCl, at rt during 15 h. The study of the
NMR spectra indicated that there was only starting material 75.

2.3.8. Cyclization of 75 with Zn(OTf),

General procedure was followed for diol 75 and Zn(OTf), at rt during 15 h. The study of
the NMR spectra indicated that there was only starting material 75.

3. Formation of silicon and boron heterocycles
3.1. Formation of silicon heterocycles

3.1.1. Preparation of alkoxysilanols

3.1.1.1. With (£)-40 and di-zert-butyldichlorosilane

Di-fert-butyldichlorosilane (13 pL, 0.06 mmol) was added to a solution of alcohol (+)-40
(13.5 mg, 0.050 mmol), Et;N (7 puL, 0.05 mmol) and 4-DMAP (0.6 mg, 0.005 mmol) in
CH,Cl, (5 mL) at 0 °C and stirred for 15 h at 60 °C. The study of the NMR spectra indicated
that there was only starting material (x)-40.

3.1.1.2. With (£)-40 and bis(trifluoromethansulfonate) di-zert-butylsilane

Bis(trifluoromethansulfonate)-di-tert-butylsilane (70 pL, 0.19 mmol) was added to a
solution of alcohol (£)-40 (35 mg, 0.13 mmol) and 2,6-lutidine (45 pL, 0.38 mmol) in
CH,Cl, (1 mL) at 0 °C and stirred for 15 h at 60 °C. The study of the NMR spectra indicated
that there was only starting material (x)-40.
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3.1.1.3. With (+)-40 and dimethyldichlorosilane

Dimethyldichlorosilane (12 pL, 0.10 mmol) was added to a solution of alcohol (+)-40
(27.4 mg, 0.100 mmol), Et;N (31 pL, 0.22 mmol) and 4-DMAP (1 mg, 0.01 mmol) in
CH,Cl, (5 mL) at 0 °C and stirred for 15 h at 60 °C. The study of the NMR spectra indicated
that there was only starting material (x)-40.

3.1.2. Preparation of (Z)-4-cyclohexyl-4-(di-zert-butylsilyloxy)but-2-enyl
benzoate (81)

By By Di-tert-butylchlorosilane (28 pL, 0.14 mmol) was added

/\Sii ! to a solution of alcohol (+)-40 (38 mg, 0.14 mmol), Et;N

(21 uL, 0.15 mmol) and 4-DMAP (1.7 mg, 0.014 mmol) in

O)E/\OBZ CH,Cl, (0.5 mL) at 0 °C and stirred for 5 h at rt. Water was
81 added to quench the reaction. The aqueous layer was

extracted with CH,Cl,. The organic layer was washed with
brine, dried over MgSO, and evaporated under reduced pressure. Purification of crude
mixture by flash chromatography (hexane/CH,Cl, 1/1) gave 81 (36 mg, 62%) as a colorless
oil: Ry 0.67 (hexane/CH,Cl, 1/1); 'H NMR (400 MHz, CDCl;) § 8.06-8.03 (2H, m, ArH),
7.56 (1H, m, ArH), 7.45-7.42 (2H, m, ArH), 5.76 (1H, dd, J= 6.4, 11.2 Hz, CH=CH-CH,-0),
5.62 (1H, dd, J = 8.8, 11.2 Hz, CH=CH-CH-O0), 4.89 (1H, dd, J = 7.2, 12.8 Hz, CH=CH-
CH,H,), 4.83 (1H, dd, J = 6.0, 12.8 Hz, CH=CH-CH,H,), 4.35 (1H, dd, J = 5.6, 8.8 Hz, CH-
0), 3.99 (1H, s, Si-H), 0.98 (9H, s, (CH;);C), 0.97 (9H, s, (CH;);C), 1.87-0.82 (11H, m, H
cHx).

3.1.3. Transformation of alkoxysilane to alkoxysilanol

3.1.3.1. Using NBS

N-bromosuccinimide (18 mg, 0.103 mmol) was added slowly to a solution of 81 (36 mg,
0.086 mmol) in CH,Cl, (0.5 mL) and stirred for 4 h. The study of the NMR spectra indicated
that there was only starting material 81.

3.1.3.2. Using RhCI(PPh;);

A solution of 81 (5 mg, 0.012 mmol) and RhCI(PPh;); (0.55 mg, 0.6 umol) in THF (1 mL)
and H,O (0.4 pL) was refluxed for 15 h under air atmosphere. The study of the NMR spectra

showed a complex mixture.

202



Chapter 2

3.1.4. Formation of silaketals

Bis(trifluoromethansulfonate)-di-tert-butylsilane (62 pL,

:‘?SUI/: Bu 0.17 mmol) was added to a solution of diol (£)-(£)-42 (29

0" mg, 0.17 mmol) and Et;N (71 uL, 0.51 mmol) in CH,Cl, (2
w mL) at 0 °C and stirred for 1 h at rt. The reaction was
82 quenched with pH 7 buffer. The aqueous layer was

extracted with CH,Cl,. The organic layer was washed with
brine, dried over MgSO, and evaporated under reduced pressure. Purification of crude
mixture by flash chromatography on desactivated silica gel (hexane/CH,Cl, 80/20) gave 82
(36 mg, 68%) as a colorless oil: Ry 0.33 (hexane/CH,Cl, 80/20); '"H NMR (400 MHz, CDCl;)
8 5.70 (1H, m, CH,=CHy), 5.57 (1H, m, CH,=CH,), 4.65 (1H, m, CH-0O), 4.57 (1H, m, CH-
0), 433 (1H, dd, J = 5.4, 15.3 Hz, CH-O), 1.84-1.10 (11H, m, H cHx), 1.03 (18H, s,
(CHs);0).

3.1.5. Isomerization of 82 with Pd(II)

Silaketal 82 (60 mg, 0.194 mmol) was treated with PACI,(NCPh), (3.8 mg, 0.010 mmol) in
CDCl; (0.7 mL) at 60 °C for 15 h. The study of the NMR spectra indicated that there was

only starting material 82.

3.2. Boron heterocycles

3.2.1. Alcohol (+)-40, "BuB(OH); and Pd(PPh;),

Alcohol (£)-40 (13.3 mg, 0.05 mmol), "“BuB(OH), (6.6 mg, 0.065 mmol) and Pd(PPh;),
(2.9 mg, 0.003 mmol) were stirred in toluene (1 mL) at rt for 4 h and then for 15 h at 80 °C.
The study of the NMR spectra indicated that there was only starting material (£)-40.

3.2.2. Alcohol (+)-40, PhB(OH), and Pd(PPhj)4

Alcohol (£)-40 (13.8 mg, 0.05 mmol), PhB(OH), (7.9 mg, 0.065 mmol) and Pd(PPhs), (2.9
mg, 0.003 mmol) were stirred in toluene (1 mL) at rt for 4 h and then for 15 h at 80 °C. The
study of the NMR spectra indicated that there was only starting material (+)-40.
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3.2.3. Alcohol (+)-40 and PhB(OH), using a Dean-Stark apparatus

Alcohol (+)-40 (27.4 mg, 0.10 mmol) and PhB(OH), (18 mg, 0.15 mmol) were refluxed in
toluene (5 mL) using a Dean-Stark apparatus for 5 h. The study of the NMR spectra
indicated that there was only starting material (+)-40.

3.2.4. Alcohol (+)-40, PhB(OH), and ‘BuOK using a Dean-Stark

apparatus
Alcohol (£)-40 (16 mg, 0.058 mmol), PhB(OH), (6.0 mg, 0.064 mmol) and ‘BuOK (13.5

mg, 0.12 mmol) were refluxed in toluene (5 mL) using a Dean-Stark apparatus for 3 h. The
study of the NMR spectra indicated that there was only starting material (+)-40.

3.2.5. Diol (#)-(2)-51, PhB(OH); and Na,SO,
Diol (#)-(2)-51 (4.9 mg, 0.02 mmol) and PhB(OH), (2.4 mg, 0.02 mmol) were stirred in

anhydrous THF (1 mL) in presence of Na,SO, (10 mg) for 30 min. The study of the NMR
spectra indicated that there was only starting material (+)-(2)-51.
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1. Formation of oxazolidinones

1.1. Reductions

1.1.1. (S,2)-4-Hydroxy-5-methylhex-2-enyl benzoate ((£)-83)

Quinoline (4 pL) and Pd/CaCO; poisoned with lead

OH (Lindlar catalyst, 5 wt.%, 26 mg) were added to a solution
W/?\=/\OBZ of alkyne (S5)-37 (152 mg, 0.660 mmol) in AcOEt (5 mL).
The mixture was shaken under hydrogen (1-2 atmospheres)

(2)-83 until TLC showed complete conversion. The suspension

was filtered through a short pad of Celite®. The aqueous
layer was extracted with CH,Cl,. The organic layer was dried over MgSO, and evaporated
under reduced pressure. Purification by flash chromatography (CH,Cl,/MeOH 99/1) gave
(2)-83 (140 mg, 91%) as a colorless oil: R¢ 0.15 (CH,Cl/MeOH 99/1); [a]*’p +19.1 (¢ 1.31,
CHCl); IR (film) 3489, 2959, 1725, 1603 cm™; '"H NMR (200 MHz, CDCl;) & 8.09-8.00
(2H, m), 7.61-7.38 (3H, m), 5.82-5.64 (2H, m, CH=CH), 5.10 (1H, dd, J = 6.8, 12.8 Hz,
CH,H,-OBz), 4.78 (1H, dd, J = 4.8, 12.8 Hz, CH,H,-OBz ), 4.28 (1H, t, /= 7.2 Hz, CH-OH),
2.43 (1H, bs, OH), 1.75 (1H, oct, J = 6.8 Hz, (CH;),CH), 0.95 (6H, d, J = 6.8 Hz, (CH;),CH);
PC NMR (50 MHz, CDCls) § 166.5 (C=0), 135.9/133.0/129.9/129.5/128.3/125.5 (C Ar +
CH=CH), 72.5 (CH-OH), 60.9 (CH,-OBz), 33.8 ((CH;),CH), 18.2 ((CH;),CH), 18.1
((CH;).CH).

1.1.2. (E,S)-4-Hydroxy-5-methylhex-2-enyl benzoate ((E)-83)

Toluene (0.8 mL) was added to a mixture of alkyne (S)-37

OH (120 mg, 0.517 mmol) and AIBN (9.1 mg, 0.056 mmol)

F OBz under argon. The flask was purged by bubbling argon into
W\/ the solvent. Bu;SnH (294 pL, 1.11 mmol) was added and
(E)-83 the mixture was stirred at 80 °C until TLC showed no

significant change. The mixture was cooled to 0 °C and
CF;CO,H (78 pL, 1.2 mmol) was added and stirred for 30 min. The solvent was removed
under reduced pressure. Purification by flash chromatography (CH,Cl,/MeOH 99/1) gave a
mixture (E£)-83/(2)-83 4/1 (100 mg, 83%) as a colorless oil: Ry 0.20 (CH,Cl,/MeOH 99/1);
[a]®p —6.1 (¢ 1.15, CHCLy); IR (film) 3483, 2959, 1721, 1453, 1380 cm™; '"H NMR (200
MHz, CDCl;) 8 8.12-8.00 (2H, m), 7.63-7.37 (3H, m), 5.92-5.86 (2H, m, CH=CH), 4.87-
4.80 (2H, m, CH,-OBz), 3.97-3.90 (1H, m, CH-OH), 3.33 (1H, bs, OH), 1.75 (1H, m,
(CH;),CH), 0.95 (3H, d, J = 6.4 Hz, (CH;3),CH), 0.93 (3H, d, J = 6.4 Hz, (CH;),CH); °C
NMR (50 MHz, CDCl;) & 166.2 (C=0), 135.9/132.9/129.5/128.3 (C Ar), 135.7/125.3
(CH=CH), 77.5 (CH-OH), 64.8 (CH,-OBz), 33.7 ((CH;3),CH), 18.2 ((CH;),CH), 17.8
((CH;).CH).
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1.2. Protections

1.2.1. (E,S)-5-Methyl-4-(p-toluenesulfonylcarbamoyloxy)hex-2-enyl
benzoate ((£)-84)

o Tosyl isocyanate (130 pL, 0.860 mmol) was added to a
)I\ _Ts solution of alcohol (£)-83 (90 mg, 0.38 mmol) in THF (2
H mL) under argon and stirred during 15 h. CH,Cl, was added

WOBZ to the mixture and the organic layer was washed with water,

(2)-84 brine, dried over MgSO, and evaporated under reduced

nQ

pressure.  Purification by  flash  chromatography
(CH,Cl1,/MeOH 99/1) gave (£)-84 (165 mg, 100%) as a colorless oil: R 0.46 (CH,Cl,/MeOH
99/1); [a]*p +29.4 (¢ 0.75, CHCl;); IR (film) 3268, 2966, 1719 cm™; '"H NMR (200 MHz,
CDCl) 6 8.07-7.76 (4H, m, ArH), 7.61-7.24 (5H, m, ArH), 5.84 (1H, dt, J = 6.6, 11.0 Hz,
CH-CH=CH), 5.45 (1H, dd, J = 9.6, 11.0 Hz, CH-CH=CH), 5.19 (1H, dd, J = 6.8, 9.6 Hz,
CH-CH=CH), 4.95 (1H, dd, J = 6.6, 13.2 Hz, CH,H,-OBz), 4.84 (1H, dd, J = 6.8, 13.2 Hz,
CH,H,-OBz), 2.43 (3H, s, CH; Ts), 1.85 (1H, oct, J = 6.8 Hz, (CH;),CH), 0.86 (6H, d, J =
6.8 Hz, (CH;),CH); >C NMR (50 MHz, CDCl) 8 166.2 (C=0 Bz), 149.8 (C=0 carbamate),
144.9/135.6/132.9/129.9/129.5/129.5 /129.1/128.3/128.2/126.4 (C Ar + CH=CH), 77.8
(CH=CH-CH-0), 60.8 (CH,-OBz), 32.1 ((CH;),CH), 21.7 (CH; Ts), 17.9 ((CH;),CH), 17.7
((CH;),CH).

1.2.2. (E,R)- 5-Methyl-4-(p-toluenesulfonylcarbamoyloxy)hex-2-enyl
benzoate ((E)-84)

Tosyl isocyanate (120 pL, 0.790 mmol) was added to a

j\ Ts solution of alcohols (£)-83/(Z2)-83 4/1 (100 mg, 0.427 mmol)
Q N in THF (2 mL) under argon and stirred during 15 h. CH,Cl,
N 0Bz was added to the mixture and the organic layer was washed

(E)-84 with water, brine, dried over MgSO, and evaporated under

reduced pressure. Purification by flash chromatography
(CH,Cl,/MeOH 98/2) gave a mixture (£)-84/(Z2)-84 4/1 (150 mg, 81%) as a colorless oil: Ry
0.65 (CH,Cl,/MeOH 99/1); [a.]*p +1.4 (¢ 1.26, CHCI;); IR (film) 3245, 2966, 1721 cm™; 'H
NMR (200 MHz, CDCl;) 6 8.02-7.29 (9H, m, ArH), 5.86-5.57 (2H, m, CH=CH), 4.98 (1H,
m, CH=CH-CH-O), 4.74 (2H, d, J = 4.8 Hz, CH,-OBz), 2.41 (3H, s, CH; Ts), 1.82 (1H, m,
(CH;),CH), 0.82 (6H, d, J = 6.4 Hz, (CH;),CH); *C NMR (50 MHz, CDCl;) & 166.0 (C=O
Bz), 149.8 (C=0 carbamate), 144.9/135.5/133.0/129.5/129.9/129.5 /129.1/128.3/128.3/128.2
(C Ar + CH=CH), 81.6 (CH=CH-CH-0), 64.1 (CH,-OBz), 32.0 ((CH;),CH), 21.7 (CH; Ts),
17.8 ((CH;),CH).
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1.3. Cyclizations: synthesis of (4.5,55)-5-isopropyl-3-tosyl-4-

vinyloxazolidin-2-one (trans-85)'*"

1.3.1. General procedure for Pd’ catalysis

A catalyst solution of phosphine and Pd,(dba);'CHCI; in anhydrous THF was stirred for 1
h and added via cannula to a solution of alkene 84 and DBU in THF. The mixture was stirred
until TLC showed no significant change. CH,Cl, was added to the mixture and the organic
layer was washed with 2 N HCI, saturated NaHCO;, brine, dried over MgSO, and

evaporated under reduced pressure.

1.3.1.1. Benzoate (Z)-84 and (‘PrO);P

o The general procedure was followed for Pd,(dba);-CHCl,
O)kN/TS (8.5 mg, 0.008 mmol), (‘PrO);P (18 uL, 0.075 mmol) , THF

3 (1 mL). Then (£)-84 (33 mg, 0.076 mmol), DBU (17 puL,
—<_<= 0.11 mmol) and THF (1 mL). Purification by flash
trans-85 chromatography (hexane/AcOEt 80/20) gave trans-85 (10

mg, 40%) as a colorless oil: R¢ 0.65 (CH,Cl,/MeOH 99/1);
[a]*p +30.2 (¢ 0.96, CHCI); IR (film) 2968, 1782, 1597 cm™; "H NMR (200 MHz, CDCl;)
§7.92 (2H, d, J = 8.4 Hz, ArH), 7.33 (2H, d, J = 8.4 Hz, ArH), 5.80 (1H, ddd, J = 8.0, 9.8,
16.8, CH=CH,), 5.45 (1H, d, J = 16.8 Hz, CH=CH,H,), 5.37 (1H, d, J = 9.8 Hz, CH=CH,H,),
4.62 (1H, dd, J = 3.6, 8.0 Hz, CH-N), 3.93 (1H, dd, J = 3.6, 6.2 Hz, CH-0), 2.45 (3H, s, CH;
Ts), 1.92 (1H, oct, J = 6.6 Hz, (CH3),CH), 0.96 (6H, d, J = 6.6 Hz, (CH;),CH); °C NMR (50
MHz, CDCl;) & 145.4 (C=0), 135.1/134.6/129.5/128.4 (C Ar), 134.6 (CH-CH=CH,), 120.2
(CH-CH=CH,), 84.6 (CH-0), 61.9 (CH-N), 32.0 ((CH;),CH), 21.7 (CH; Ts), 17.2
((CH;),CH), 16.6 ((CH3).CH).

1.3.1.2. Benzoate (Z)-84 and phosphine 86

The general procedure was followed for Pd,(dba);-CHCI; (8.5 mg, 0.008 mmol), phosphine
86 (3.1 mg, 0.007 mmol), THF (1 mL). Then (£)-84 (45 mg, 0.10 mmol), DBU (17 uL, 0.11
mmol) and THF (2 mL). The NMR of the crude only showed traces of trans-85.

1.3.1.3. Benzoate (£)-84 and phosphine 88

The general procedure was followed for Pd,(dba);-CHCl; (8.5 mg, 0.008 mmol), phosphine
88 (4.7 mg, 0.007 mmol), THF (1 mL). Then (£)-84 (45 mg, 0.10 mmol), DBU (17 uL, 0.11
mmol) and THF (1.5 mL). Purification by flash chromatography (hexane/AcOEt 80/20) gave

trans-85 (15 mg, 50%) as a colorless oil.
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1.3.1.4. Benzoate (Z)-84 and phosphine 87

The general procedure was followed for Pd,(dba);-CHCI; (8.5 mg, 0.008 mmol), phosphine
87 (5.2 mg, 0.007 mmol), THF (1 mL). Then (£)-84 (45 mg, 0.10 mmol), DBU (17 pL, 0.11
mmol) and THF (1.5 mL). Purification by flash chromatography (hexane/AcOEt 80/20) gave
trans-85 (23 mg, 70%) as a colorless oil.

1.3.1.5. Benzoate (E)-84 and (‘PrO);P

The general procedure was followed for Pd,(dba);*CHCl; (12 mg, 0.012 mmol), (‘PrO);P
(29 uL, 0.12 mmol), THF (2 mL). Then (£)-84 (50 mg, 0.12 mmol), DBU (26 uL, 0.17
mmol) and THF (1 mL). Purification by flash chromatography (CH,Cl,) gave trans-85 (32

mg, 86%) as a colorless oil.

1.3.1.6. Benzoate (E)-84 and phosphine 87

The general procedure was followed for Pd,(dba);-CHCI; (9.6 mg, 0.009 mmol), phosphine
87 (6.0 mg, 0.009 mmol), THF (2 mL). Then (£)-84 (44 mg, 0.10 mmol), DBU (19 uL, 0.13
mmol) and THF (1 mL). Purification by flash chromatography (CH,Cl,) gave trans-85 (32

mg, 100%) as a colorless oil.

1.3.2. Pd" catalysis

1.3.2.1. Benzoate (Z)-84

Palladium(Il) acetate (1.0 mg, 0.005 mmol) was added to a solution of (2)-84 (40 mg,
0.093 mmol) and LiBr (32 mg, 0.37 mmol) in anhydrous THF (2 mL). The mixture was
refluxed for 40 h. CH,Cl, was added to the mixture and the organic layer was washed with
water, brine, dried over MgSO, and evaporated under reduced pressure. Purification by flash

chromatography (hexane/AcOEt 80/20) gave trans-85 (26 mg, 90%) as a colorless oil.
1.3.2.2. Benzoate (E)-84

Palladium(II) acetate (1.3 mg, 0.006 mmol) was added to a solution of (£)-84 (50 mg, 0.12
mmol) and LiBr (40 mg, 0.46 mmol) in anhydrous THF (2 mL). The mixture was refluxed
for 24 h. CH,Cl, was added to the mixture and the organic layer was washed with water,
brine, dried over MgSO, and evaporated under reduced pressure. Purification by flash

chromatography (hexane/AcOEt 80/20) gave trans-85 (36 mg, 100%) as a colorless oil.
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2. Prop-2-ynyl carbonates

2.1. Methyl prop-2-ynyl carbonate (94)

Methyl chloroformate (464 uL, 6.00 mmol) was added at
0 °C to a solution of 4-DMAP (30 mg, 0.25 mmol), Et;N

\/OCOZMe (836 uL, 6.00 mmol) and propargyl alcohol (280 mg, 5.00
mmol) in anhydrous CH,Cl, (20 mL) under N, and stirred
94 for 3 h. Water was added to quench the reaction. The

organic layer was washed with brine, dried over MgSO, and
evaporated carefully. Purification by flash chromatography (hexane/CH,Cl, 70/30) gave 94
(431 mg, 76%) as a colorless oil: R;0.21 (hexane/CH,Cl, 70/30); IR (film) 3285, 2987, 2142,
1745, 1278 cm™; 'H NMR (200 MHz, CDCls) & 4.66 (2H, d, J = 2.4 Hz, CH,-C=CH), 3.83
(3H, s, OCH3), 2.53 (1H, d, J = 2.4 Hz, CH,-C=CH); >C NMR (50 MHz, CDCl;) & 155.0
(C=0), 77.0 (CH,-C=CH), 75.6 (CH,-C=CH), 55.2 (CH,-C=CH), 55.1 (OCHps).

2.2. Benzyl prop-2-ynyl carbonate (95)

Benzyl chloroformate (1.4 mL, 10 mmol) was added at 0
°C to a solution of 4-DMAP (30 mg, 0.25 mmol), Et;N (1.4

\/0002Bn mL, 10 mmol) and propargyl alcohol (274 mg, 5.00 mmol)
in anhydrous CH,Cl, (20 mL) under N, and stirred for 2 h.
95 Water was added to quench the reaction. The organic layer

was washed with brine, dried over MgSO, and evaporated
under reduced pressure. Purification by flash chromatography (hexane/CH,Cl, 70/30) gave
95 (930 mg, 100%) as a colorless oil: R¢ 0.25 (hexane/CH,Cl, 70/30); IR (film) 3294, 2957,
2152, 1752, 1245 cm™; "H NMR (200 MHz, CDCl3) & 7.36 (5H, m, ArH), 5.19 (2H, s, Ar-
CH,), 4.75 (2H, d, J = 2.4 Hz, CH,-C=CH), 2.52 (1H, d, J = 2.4 Hz, CH,-C=CH); °C NMR
(50 MHz, CDCl3) 6 154.4 (C=0), 134.8/128.6/128.5/128.3 (C Ar), 76.9 (CH,-C=CH), 75.7
(CH,-C=CH), 70.1 (Ar-CH,), 55.3 (CH,-C=CH).

2.3. tert-Butyl prop-2-ynyl carbonate (96)

A solution of (Boc),O (2.18 g, 10.0 mmol) in anhydrous
CH,Cl, (5 mL) was added at 0 °C to a solution of 4-DMAP

\/OCOZ‘BU (30 mg, 0.25 mmol), Et;N (1.4 mL, 10 mmol) and propargyl
alcohol (278 mg, 5.00 mmol) in CH,Cl, (15 mL) under N,
9% and stirred for 2 h. Water was added to quench the reaction.

The organic layer was washed with brine, dried over MgSO,
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and evaporated under reduced pressure. Purification by flash chromatography
(hexane/CH,Cl, 70/30) gave 96 (741 mg, 96%) as a colorless oil: Ry 0.30 (hexane/CH,Cl,
70/30); IR (film) 3296, 2985, 2148, 1748, 1281 cm™; '"H NMR (200 MHz, CDCl;) & 4.66
(2H, d, J = 2.4 Hz, CH,-C=CH), 2.50 (1H, d, J = 2.4 Hz, CH,-C=CH), 1.48 (9H, s, (CH;);C);
C NMR (50 MHz, CDCl3) § 152.6 (C=0), 83.0 ((CH;);C), 77.3 (CH,-C=CH), 75.2 (CH,-
C=CH), 55.3 (CH,-C=CH), 27.7 ((CHj3);C).

3. Additions of alkynes to aldehydes

3.1. General procedure

Synthesis of alkyl 4-hydroxybut-2-ynyl carbonates. Zinc triflate was activated by
heating under vacuum. NME was added and the flask was purged with N,. Anhydrous
toluene and Et;N were added and the mixture was vigorously stirred at rt or 50 °C for 2 h. A
solution of alkyl prop-2-ynyl carbonate in toluene was added and stirred for 30-60 min,
aldehyde was added and the reaction mixture was stirred until TLC showed no significant
change. The reaction was quenched with saturated aqueous NH4Cl. The organic layer was
washed with HCI (2 N), sat. NaHCOs;, brine, dried over MgSO, and evaporated under
reduced pressure. The mixture was purified by flash chromatography on silica gel to give the

alcohol.

3.2. Methyl (5)-4-cyclohexyl-4-hydroxybut-2-ynyl carbonate (($)-97)

The general procedure (section 3.1.) was followed for

OH Zn(0Tf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
O/\oCone mmol), toluene (1 mL) and EtN (84 pL, 0.60 mmol) at rt
for 2 h 30 min. Alkyne 94 (58.0 mg, 0.50 mmol), toluene

(5)-97 (0.5 mL) at rt for 30 min. Cyclohexanecarbaldehyde (73 puL,

0.60 mmol) for 5 h. Purification by flash chromatography
(CH,Cl/MeOH 99/1) gave (5)-97 (100.3 mg, 87%, 96% ee'*") as a colorless oil: Ry 0.31
(CH,Cl,/MeOH 99/1); [a]*p +3.2 (¢ 1.12, CHCl5); IR (film) 3436, 2929, 1756, 1447, 1376,
1270 cm™; "TH NMR (300 MHz, CDCl5) 8 4.78 (2H, d, J = 1.7 Hz, CH,-C=C), 4.19 (1H, dt, J
=1.7, 6.1 Hz, CH-OH), 3.82 (3H, s, OCH3), 1.85-1.50 (7H, m, H cHx + OH), 1.32-0.99 (5H,
m, H cHx); “C NMR (50 MHz, CDCl;) § 155.1 (C=0), 87.6/78.9 (CH,-C=C), 67.0 (CH-
OH), 55.7 (CH,-C=C), 55.1 (OCH;), 43.9 (CH cHx), 28.4/28.1/26.3/25.8/25.8 (CH, cHx);
HRMS caled for C,H;sNaO4 (M+Na)" 249.1103, found 249.1100.
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3.3. Methyl (R)-4-cyclohexyl-4-hydroxybut-2-ynyl carbonate ((R)-97)

The general procedure (section 3.1.) was followed for

QH Zn(OTf), (200 mg, 0.550 mmol), (+)-NME (108 mg, 0.600
O/\/OC02Me mmol), toluene (1 mL) and Et;N (84 uL, 0.60 mmol) at rt
for 3 h. Alkyne 94 (60.4 mg, 0.50 mmol), toluene (0.5 mL)

(R)-97 at rt for 30 min. Cyclohexanecarbaldehyde (73 uL, 0.60

mmol) for 5 h. Purification by flash chromatography
(CH,Cl,/MeOH 99/1) gave (R)-97 (100.5 mg, 84%, 96% ee'*") as a colorless oil.

3.4. Benzyl (5)-4-cyclohexyl-4-hydroxybut-2-ynyl carbonate ((5)-98)

The general procedure (section 3.1.) was followed for
Zn(OTf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
mmol), toluene (1 mL) and Et;N (84 pL, 0.60 mmol) at rt
for 2 h 30 min. Alkyne 95 (92.9 mg, 0.500 mmol), toluene
(S)-98 (0.5 mL) at rt for 30 min. Cyclohexanecarbaldehyde (73 uL,

0CO,Bn

?I

0.60 mmol) for 4 h. Purification by flash chromatography
(CH,Cl/MeOH 99/1) gave (S)-98 (137.2 mg, 93%, 98% ee'*') as a colorless oil: Ry 0.28
(CH,Cl/MeOH 99/1); [a]*p +2.6 (¢ 0.98, CHCLy); IR (film) 3444, 2929, 1752, 1451, 1391,
1263 cm™. '"H NMR (200 MHz, CDCl;) & 7.40-7.35 (5H, m, ArH), 5.19 (2H, s, Ar-CH,),
4.79 (2H, d, J= 1.8 Hz, CH,-C=C), 4.18 (2H, dt, J= 1.8, 6.2 Hz, CH-OH), 1.85-1.51 (7H, m,
H cHx + OH), 1.32-0.99 (5H, m, H cHx); "C NMR (50 MHz, CDCl;) & 154.5 (C=0),
134.9/128.6/128.5/128.3 (C Ar), 87.7/78.9 (CH,-C=C), 70.0 (Ar-CH,), 67.1 (CH-OH), 55.8
(CH,-C=C), 43.9 (CH cHx), 28.4/28.1/26.3/25.8/25.8 (CH, cHx); HRMS calcd for
Ci1sHxNaO, (M+Na)" 325.1416, found 325.1413.

3.5. Benzyl (R)-4-cyclohexyl-4-hydroxybut-2-ynyl carbonate ((R)-98)

The general procedure (section 3.1.) was followed for

' Zn(0Tf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
O/v\ocozm mmol), toluene (1 mL) and EtN (84 L, 0.60 mmol) at rt
for 3 h. Alkyne 95 (90.0 mg, 0.500 mmol), toluene (0.5 mL)

(R)-98 at rt for 30 min. Cyclohexanecarbaldehyde (73 uL, 0.60

mmol) for 4 h. Purification by flash chromatography
(CH,Cl,/MeOH 99/1) gave (R)-98 (129.5 mg, 91%, 95% ee'*") as a colorless oil.
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3.6. tert-Butyl (5)-4-cyclohexyl-4-hydroxybut-2-ynyl carbonate ((S)-99)

(5)-99

?I

OCO,'Bu

The general procedure (section 3.1.) was followed for
Zn(O0T9), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
mmol), toluene (I mL) and Et;N (84 uL, 0.60 mmol) at rt
for 3 h. Alkyne 96 (78.8 mg, 0.500 mmol), toluene (0.5 mL)
at rt for 30 min. Cyclohexanecarbaldehyde (73 upL, 0.60
mmol) for 4 h. Purification by flash chromatography

(CH,Cl,/MeOH 99/1) gave (5)-99 (123.0 mg, 91%, 97% ee'*') as a colorless oil: R; 0.24
(CH,Cl/MeOH 99/1); [a]*p +1.9 (¢ 1.05, CHCLy); IR (film) 3425, 2929, 1746, 1453, 1370,
1277 em™; "TH NMR (300 MHz, CDCl5) 8 4.70 (2H, d, J = 1.7 Hz, CH,-C=C), 4.18 (1H, dt, J
= 1.7, 6.1 Hz, CH-OH), 1.85-1.50 (7H, m, H cHx + OH), 1.49 (9H, s, (CHs);C), 1.32-0.99
(5H, m, H cHx); °C NMR (50 MHz, CDCls) § 152.7 (C=0), 87.2/79.4 (CH,-C=C), 82.9
((CH3):C), 67.1 (CH-OH), 54.7 (CH,-C=C), 43.9 (CH cHx), 28.4/28.1/26.3/25.8/25.8 (CH,
cHx), 27.7 ((CH3);C); HRMS caled for CsH,4NaO, (M+Na)® 291.1572, found 291.1561.

3.7. tert-Butyl (R)-4-cyclohexyl-4-hydroxybut-2-ynyl carbonate ((R)-99)

OH

(R)-99

The general procedure (section 3.1.) was followed for
Zn(0Tf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
mmol), toluene (1 mL) and EtN (84 pL, 0.60 mmol) at rt
for 3 h. Alkyne 96 (79.8 mg, 0.500 mmol), toluene (0.5 mL)
at rt for 30 min. Cyclohexanecarbaldehyde (73 pL, 0.60
mmol) for 5 h. Purification by flash chromatography

(CH,Cl,/MeOH 99/1) gave (R)-99 (125.6 mg, 92%, 96% ee'*') as a colorless oil: [a]*p —1.3

(c 0.98, CHCL).

3.8. tert-Butyl (S)-4-hydroxy-5-methylhex-2-ynyl carbonate (103)

?I

103

0CO,'Bu

The general procedure (section 3.1.) was followed for
Zn(0Tf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
mmol), toluene (1 mL) and EtN (84 pL, 0.60 mmol) at rt
for 2 h. Alkyne 96 (77.1 mg, 0.500 mmol), toluene (0.5 mL)
at rt for 30 min. 2-methylpropionaldehyde (55 pL, 0.60
mmol) for 4 h. Purification by flash chromatography

(CH,Cl,/MeOH 99/1) gave 103 (102.8 mg, 91%, 96% ee'*') as a colorless oil: Ry 0.15
(CH,Cl,/MeOH 99/1); [a]*’p —1.3 (¢ 1.17, CHCly); IR (film) 3469, 2967, 1748, 1459, 1370,
1277 em™; "H NMR (300 MHz, CDCl;) § 4.71 (2H, d, J= 1.7 Hz, CH,-C=C ), 4.21 (1H, dt,
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J= 1.7, 5.6 Hz, CH-OH), 1.87 (1H, sept, J = 6.6, 5.6 Hz, (CH;),CH), 1.78 (1H, bs, OH),
1.49 (9H, s, (CH;):C), 1.00 3H, d, J = 6.6 Hz, (CH:),CH), 0.98 (3H, d, J = 6.6 Hz,
(CH;),CH); °C NMR (75 MHz, CDCl;) § 152.8 (C=0O), 86.9/79.4 (CH,-C=C), 82.9
((CH3);C), 67.8 (CH-OH), 54.7 (CH,-C=C), 34.3 ((CH;),CH), 27.7 ((CH:);C), 18.0
((CH3),CH), 17.4 ((CH3),CH).

4. Addition and protection: fert-butyl 4-(1-hydroxycyclohexyl)but-2-
ynyl carbonate (102)

n-Butyllithium (1.6 M in hexanes, 3.45 mL, 5.50 mmol)

OH was added at —78 °C to a solution of propargyl alcohol (140
S mg, 2.50 mmol) in anhydrous THF (20 mL) under N,. The
“\\__0C0,Bu . . .

mixture was stirred 30 min and cyclohexanone (259 uL,

102 2.50 mmol) was added at —78 °C. The mixture was stirred

until TLC showed no significant change. The reaction was
quenched with pH 7 buffer. The aqueous layer was extracted with CH,Cl,. The organic layer
was dried over MgSO, and evaporated under reduced pressure. The crude mixture was
treated with n-butyllithium (1.6 M in hexanes, 380 pL, 0.603 mmol) in anhydrous THF (2
mL) at —78 °C. After 10 min stirring, (Boc),O was added and stirred for 1 h. The reaction
was quenched with saturated aqueous NH4Cl and the solvent was removed under reduced
pressure. CH,Cl, was added and the organic layer was washed with brine, dried over MgSO,
and evaporated under reduced pressure. Purification by flash chromatography
(CH,Cl,/MeOH 99/1) gave 102 (104 mg, 17% for 2 steps) as a colorless oil: R¢ 0.23
(CH,Cl/MeOH 99/1); IR (film) 3421, 2937, 1746, 1453, 1370 cm™; '"H NMR (300 MHz,
CDCl;) 6 4.71 (2H, s, CH,-C=C ), 1.50 (9H, s, (CH;);C), 2.22-1.18 (11H, m, H cHx + OH);
C NMR (75 MHz, CDCl;) & 152.7 (C=0), 90.7/77.8 (CH,-C=C), 82.8 ((CH;);C), 68.5
(C=C-C-0OH), 54.8 (CH,-C=C), 27.7 ((CH3);C), 39.6/25.1/23.1 (CH, cHXx).

5. Reductions

5.1. General procedure

Synthesis of Alkyl (Z)-4-hydroxybut-2-enyl carbonates: Quinoline and Pd/CaCO;
poisoned with lead (Lindlar catalyst, 5 wt.%) were added to a solution of alkyl 4-
hydroxybut-2-ynyl carbonate in AcOEt. The mixture was shaken under hydrogen (1-2
atmospheres) until TLC showed complete conversion. The suspension was filtered through a
short pad of Celite®. The aqueous layer was extracted with CH,Cl,. The organic layer was
washed with HC1 1 M, water dried over MgSO, and evaporated under reduced pressure. The

mixture was purified by flash chromatography on silica gel to give the (£)-alkene.
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5.2. Methyl (S,Z)-4-cyclohexyl-4-hydroxybut-2-enyl carbonate (100)

The general procedure (section 5.1.) was followed for

OH alkyne (5)-97 (34.0 mg, 0.150 mmol), Pd/CaCO; (5.7 mg),
p— oco,Me | quinoline (4.5 uL) and AcOEt (1.4 mL) for 1 h. Purification
of crude mixture by flash chromatography (CH,Cl,/MeOH

100 99/1) gave 100 (31.9 mg, 93%) as a colorless oil: Rf 0.29
(CH,CL,/MeOH 99/1); [a]*p —20.3 (¢ 0.93, CHCL); IR
(film) 3435, 2927, 1750, 1447, 1362, 1270 cm™; '"H NMR (200 MHz, CDCl;) & 5.75-5.62
(2H, m, CH,-CH=CH), 4.87 (1H, dd, J = 7.2, 12.4 Hz, CH,H,-CH=CH), 4.58 (1H, dd, J =
4.0, 12.4 Hz, CH,H,-CH=CH), 4.20 (1H, t, J = 7.3 Hz, CH-OH), 3.78 (3H, s, OCH3), 2.19
(1H, bs, OH), 1.97-1.60 (5H, m, H cHx), 1.44-0.88 (6H, m, H cHx); °C NMR (100 MHz,
CDCl;) & 155.8 (C=0), 136.7/124.8 (CH,-CH=CH), 71.7 (CH-OH), 63.6 (CH,-CH=CH),
54.8 (OCHs), 43.4 (CH cHx), 28.6/28.5/26.4/26.0/25.9 (CH, cHx); HRMS calcd for
C1,H0NaO4 (M+Na)* 251.1259, found 251.1263.

5.3. Benzyl (8,2)-4-cyclohexyl-4-hydroxybut-2-enyl carbonate (101)

The general procedure (section 5.1.) was followed for
H alkyne (S)-98 (90.2 mg, 0.360 mmol), Pd/CaCO; (27.0 mg),
O/E/\ OCOzBn | quinoline (8 puL) and AcOEt (2.5 mL) for 2 h. Purification

of crude mixture by flash chromatography (hexane/AcOEt
80/20) gave 101 (72.3 mg, 80%) as a colorless oil: R 0.22
(CH,Cl/MeOH 99/1); [a]®p —19.5 (¢ 1.74, CHCl3); IR
(film) 3419, 2927, 1744, 1451, 1387, 1262 cm™; '"H NMR (200 MHz, CDCl;) & 7.39-7.32
(5H, m, ArH), 5.73-5.58 (2H, m, CH,-CH=CH), 5.15 (2H, s, Ar-CH,), 4.87 (1H, m, CH,H,-
CH=CH), 4.57 (IH, m, CH,H,-CH=CH), 4.17 (1H, t, J = 7.3 Hz, CH-OH), 2.25 (1H, bs,
OH), 1.95-1.59 (5H, m, H cHx), 1.47-0.86 (6H, m, H cHx); *C NMR (50 MHz, CDCl;) &
155.0 (C=0), 136.7/124.6 (CH,-CH=CH), 135.0/128.5/128.5/128.2 (C Ar), 71.7 (CH-OH),

69.7 (Ar-CH,), 63.7 (CH,-CH=CH), 43.4 (CH cHx), 28.6/28.5/26.4/26.0/25.9 (CH, cHx);
HRMS calcd for CsHyNaO, (M+Na)" 327.1572, found 327.1565.

ille)

101
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5.4. tert-Butyl (S5,2)-4-cyclohexyl-4-hydroxybut-2-enyl carbonate ((£)-
47)

The general procedure (section 5.1.) was followed for
alkyne (5)-99 (95.9 mg, 0.360 mmol), Pd/CaCO; (27.0 mg),

O/E/\OCOZ‘B“ quinoline (8 upL) and AcOEt (2.5 mL) for 90 min.
Purification of crude mixture by flash chromatography
(2)-47 (hexane/AcOEt 80/20) gave (£)-47 (81.2 mg, 84%) as a

colorless oil: Ry 0.20 (CH,Cl/MeOH 99/1); [a]*p —14.7 (c
1.71, CHCl;); HRMS calcd for Ci5HysNaO4 (M+Na+) 293.1729, found 291.1739.

H

wnQ

5.5. tert-Butyl (S,2)-4-hydroxy-5-methylhex-2-enyl carbonate (106)

The general procedure (section 5.1.) was followed for
H alkyne 103 (39.0 mg, 0.170 mmol), Pd/CaCO; (7.0 mg),
WOCOZ‘BU quinoline (2.8 uL) and AcOEt (1.3 mL) for 30 min.

Purification of crude mixture by flash chromatography
(hexane/Et,0 90/10) gave 106 (32.8 mg, 83%) as a colorless
oil: Ry 0.25 (CH,CLL/MeOH 99/1); [a]*’p —2.26 (¢ 1.00,
CHCl); IR (film) 3467, 2964, 1742, 1457, 1370 cm™; "H NMR (400 MHz, CDCl;) & 5.71-
5.63 (2H, m, CH,-CH=CH), 4.83 (1H, dd, J = 12.7, 7.2 Hz, CHyH,-CH=CH), 4.52 (1H, dd, J
=12.7, 4.3 Hz, CHH,-CH=CH), 4.18 (1H, dd, J = 6.8, 7.8 Hz, CH-OH), 1.72 (1H, oct, J =
6.7 Hz, (CH;),CH), 1.48 (9H, s, (CH;);C), 0.98 (3H, d, /= 6.7 Hz, (CH;),CH), 0.87 (3H, d, J
= 6.8 Hz, (CH;),CH); "C NMR (100 MHz, CDCls) & 153.6 (C=0), 136.2/125.4 (CH,-
CH=CH), 82.5 ((CH;);C), 72.4 (CH-OH), 62.7 (CH,-CH=CH), 33.7 ((CH;),CH), 27.7
((CH3);C), 18.1 ((CH;3),CH), 18.1 ((CH;3),CH); HRMS (ESI") caled for C;H,,NaO,
(M+Na)" 253.1416, found 253.1413.

il Q

106

5.6. tert-Butyl (S,Z)-4-hydroxy-6-methylhept-2-enyl carbonate (107)

The general procedure (section 5.1.) was followed for 105
(32.9 mg, 0.136 mmol), Pd/CaCO; (6.5 mg) and quinoline
(4 pL) in AcOEt (1.3 mL) for 30 min. Purification of crude
mixture by flash chromatography (CH,Cl,) gave 107 (27.5
107 mg, 83%) as a colorless oil: Ry 0.32 (CH,Cl,/MeOH 99/1);
[a]*p —18.0 (¢ 1.31, CHCl5); IR (film) 3436, 2958, 1742,
1459, 1370, 1279 cm™; "H NMR (400 MHz, CDCl;) § 5.69-5.56 (2H, m, CH,-CH=CH), 4.85
(1H, ddt,J=1.1, 8.2, 12.7 Hz, CHH,-CH=CH), 4.58 (1H, td, /= 6.0, 7.0 Hz, CH-OH), 4.52

gg

S OCO,'Bu
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(1H, ddd, J = 1.2, 5.7, 12.7 Hz, CH,H,-CH=CH), 2.11 (1H, bs, OH), 1.72 (I1H, m,
(CH;),CH-CH,), 1.53 (1H, m, (CH:),CH-CH,Hy), 1.48 (9H, s, (CH;);C), 1.28, (1H, m,
(CH;),CH-CH,H,), 0.94 (3H, d, J = 6.6 Hz, (CH;),CH-CH,), 0.92 3H, d, J = 6.6 Hz,
(CH;),CH-CH,); *C NMR (100 MHz, CDCl;) § 153.6 (C=0), 138.3/124.3 (CH,-CH=CH),
82.5 ((CH;);C), 65.5 (CH-OH), 62.5 (CH,-CH=CH), 45.9 ((CH;),CH-CH,), 27.7 ((CH;):C),
24.4 ((CH;),CH-CH,), 23.0 ((CH3),CH-CHy,), 22.4 ((CH3),CH-CH,); HRMS (ESI") calcd for
C13H4NaO, (M+Na)' 267.1572, found 267.1609.

5.7. tert-Butyl (S,2)-4-hydroxy-4-phenylbut-2-enyl carbonate (108)

The general procedure (section 5.1.) was followed for 104

oH (82.5 mg, 0.314 mmol), Pd/CaCO; (25 mg) and quinoline
— oco,Bu| (16 pL) in AcOEt (5 mL). Purification of crude mixture by
flash chromatography (CH,Cl,/MeOH 99/1) gave 108 (74.7

108 mg, 90%) as a colorless oil: Ry 0.24 (CH,CI,/MeOH 99/1);
[a]®p —105.1 (¢ 0.95, CHCI;); IR (film) 3446, 2981, 1740,
1457, 1370, 1277 cm™; "H NMR (300 MHz, CDCl5) & 7.41-7.28 (5H, m, ArH), 5.88 (1H, ddt,
J=1.2, 8.5, 11.0 Hz, CH,-CH=CH), 5.69 (1H, m, CH,-CH=CH), 5.62 (1H, d, J = 8.8 Hz,
CH-OH), 4.95 (1H, ddd, J = 1.2, 8.2, 12.8 Hz, CH,H,-CH=CH), 4.63 (1H, ddd, J = 1.2, 5.9,
12.8 Hz, CH,H,-CH=CH), 1.49 (9H, s, (CH;);C); °C NMR (75 MHz, CDCl;) § 153.6
(C=0), 142.5/128.6/127.6/126.0 (C Ar), 136.9/124.6 (CH,-CH=CH), 82.6 ((CH3);C), 69.5
(CH-OH), 62.5 (CH,-CH=CH), 27.7 ((CH3);C); HRMS calcd for C,sH,0NaO, (M+Na)"
287.1259, found 287.1281.

5.8. tert-Butyl (2Z,45,4’ R)-4-(2,2-dimethyl-1,3-dioxolan-4-yl)-4-
hydroxybut-2-enyl carbonate (116)

The general procedure (section 5.1.) was followed for
OH 115 (42.4 mg, 0.160 mmol), Pd/CaCO; (12.4 mg) and

owocoz'Bu quinoline (3.5 puL) in AcOEt (1.5 mL) for 2 h.

ﬁ/ Neutralization with HCl 2 N was substituted by a 7%
116 aqueous citric acid solution. Purification of crude mixture

by flash chromatography (hexane/AcOEt 70/30) gave 116

(38.9 mg, 91%) as a colorless oil: Ry 0.35 (CH,Cl/MeOH 98/2); [a]”p +19.5 (¢ 1.00,
CHCLy); IR (film) 3467, 2985, 1740, 1456, 1372, 1277 cm™; '"H NMR (400 MHz, CDCl3) &
5.76 (1H, ddt,J=1.1, 7.9, 11.2 Hz, CH,-CH=CH), 5.65 (1H, dddd, /= 1.1, 5.7, 7.9, 11.2 Hz,
CH,-CH=CH), 4.82 (1H, ddd, J = 1.1, 7.9, 12.9 Hz, CHH,~-CH=CH), 4.60-4.54 (2H, m,

CH,H,-CH=CH + CH-OH), 4.11-4.02 (2H, m, H dioxolane), 3.94 (1H, dd, /= 6.1, 8.1 Hz, H
dioxolane), 1.48 (9H, s, (CH;);C), 1.43 (3H, s, (CH;),C), 1.36 (3H, s, (CH;),C); *C NMR

O,
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(50 MHz, CDCl;) § 153.4 (C=0), 132.6/127.4 (CH,-CH=CH), 109.4 ((CH;),C), 82.6
((CH3);C), 77.9 (CH,-CH-CH-OH), 67.8 (CH-OH), 65.6 (CH,-CH-CH-OH), 62.7 (CH.-
CH=CH), 27.8 ((CH:);C), 26.5 ((CH;),C), 25.1 ((CH;),C); HRMS (ESI") caled for
C14sH2NaOg (M+Na)™ 311.1471, found 311.1486.

5.9. (Z)-4-(1-Hydroxycyclohexyl)but-2-enyl carbonate (112)

The general procedure (section 5.1.) was followed for

OH alkyne 102 (54 mg, 0.21 mmol), Pd/CaCO; (8.0 mg) and
%OCOZ‘Bu quinoline (6.4 puL) in AcOEt (2 mL) for 2 h. Purification of
crude mixture by flash chromatography (hexane/Et,0O 90/10)
112 gave 112 (46 mg, 85%) as a colorless oil: Ry 0.48
(CHCL/MeOH 99/1); IR (film) 3473, 2934, 1742, 1457,
1370, 1279 cm™; 'H NMR (400 MHz, CDCl;) & 5.64 (1H, dd, J = 1.6, 12.0 Hz, CH,-
CH=CH), 5.47 (1H, dt, J = 6.8, 12.0 Hz, CH,-CH=CH), 4.97 (2H, dd, J = 1.6, 6.8 Hz, CH,-
CH=CH), 1.49 (9H, s, (CH;);C), 1.72-1.24 (10H, m, H c¢Hx); °*C NMR (100 MHz, CDCl5) &
153.8 (C=0), 140.5/123.8 (CH,-CH=CH), 82.2 ((CH;);C), 72.7 (CH=CH-C-OH), 63.5
(CH,-CH=CH), 27.7 ((CH;);C), 38.8/25.3/21.9 (CH, cHXx).

5.10. (8,2)-4-Hydroxynon-2-enyl benzoate (89)

The general procedure (section 5.1.) was followed without

OH HCl washings for alkyne 38 (67.5 mg, 0.260 mmol),
WOBZ Pd/CaCO; (12.0 mg) and quinoline (4 pL) in AcOEt (2 mL)
4 until TLC showed complete conversion. Purification by

89 flash chromatography (CH,Cl,) gave 89 (60.7 mg, 89%) as

a colorless oil: Ry 0.44 (CH,Cl,/MeOH 98/2); [a]”p —27.4
(c 0.82, CHCI;) for 80% ee'*’; IR (film) 3423, 2930, 1721, 1603, 1272 cm™'; '"H NMR (400
MHz, CDCls) & 8.04 (2H, m, ArH), 7.56 (1H, m, ArH), 7.43 (2H, m, ArH), 5.70 (2H, m,
CH,-CH=CH), 5.08 (1H, m, CH,H,-CH=CH), 4.79 (1H, dd, J = 4.5, 12.7 Hz, CH.H,-
CH=CH), 4.59 (1H, g, J = 6.7 Hz, CH-OH), 1.64 (2H, m, CH, chain), 1.53-1.28 (6H, m, CH,
chain), 0.88 (3H, d, J = 6.8 Hz, CH;); >C NMR (50 MHz, CDCl;) & 166.5 (C=0),
137.8/124.6 (CH,-CH=CH), 133.0/129.6/129.6/128.3 (C Ar), 67.6 (CH-OH), 60.8 (CH,-
CH=CH), 37.0/31.8/25.0/22.6 (CH, chain), 14.0 (CH;); HRMS(ESI") calcd for C;sH,,NaOs
(M+Na)" 285.1467, found 285.1458.
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5.11. (5,2)-4-Hydroxy-4-phenylbut-2-enyl benzoate (90)

The general procedure (section 5.1.) was followed without

OH HCl washings for alkyne 39 (48.2 mg, 0.181 mmol),
~— OBz Pd/CaCO; (7.0 mg) and quinoline (2.7 pL) in AcOEt (1.5
mL) until TLC showed complete. Purification by flash

90 chromatography (Hexane/Et,0O 70/30) gave 90 (41.8 mg,

87%) as a colorless oil: Ry 0.29 (CH,Cl,/MeOH 99/1);
[a]®p —98.3 (¢ 1.08, CHCl;); IR (film) 3446, 3031, 2927, 1717, 1601, 1272 cm™; '"H NMR
(400 MHz, CDCl;) & 8.05-8.03 (2H, m, ArH), 7.59-7.28 (3H, m, ArH), 5.93 (1H, ddt, J= 1.3,
8.5, 11.0 Hz, CH,-CH=CH), 5.78 (1H, dddd, J = 1.1, 6.1, 8.0, 11.0 Hz, CH,-CH=CH), 5.71
(1H, d, J = 8.5 Hz, CH-OH), 5.20 (1H, ddd, J = 1.2, 8.0, 13.0 Hz, CH,H,-CH=CH), 4.89 (1H,
ddd, J = 1.4, 6.1, 13.0 Hz, CH,H,-CH=CH); *C NMR (50 MHz, CDCl;) § 166.7 (C=0),
142.6/133.1/130.0/129.7/128.6/128.4/127.6/126.0 (C Ar), 136.8/124.8 (CH,-CH=CH), 69.8
(CH-OH), 60.8 (CH,-CH=CH).

6. Protections

6.1. tert-Butyl (E)-4-cyclohexyl-4-hydroxybut-2-enyl carbonate ((x)-

(E)-47)
n-Butyllithium (1.6 M in hexanes, 516 pL, 0.830 mmol)
OH was added at —78 °C to a solution of diol (E)-42 (128 mg,
7 0CoBu | 750 mmol) in anhydrous THF (2 mL) under N,. The
mixture was stirred 10 min and (Boc),O (180 mg, 0.830
(2)-(E)-47 mmol) was added at —78 °C. The mixture was stirred 45 min.

The reaction was quenched with saturated aqueous NH4CL.
The solvent was removed under reduced pressure. CH,Cl, was added and the organic layer
was washed with brine, dried over MgSO, and evaporated under reduced pressure.
Purification by flash chromatography (CH,Cl,/MeOH 99/1) gave (+)-(E)-47 (77.3 mg, 38%)
as a colorless oil: R¢ 0.22 (CH,Cl,/MeOH 99/1); IR (film) 3436, 2981, 1742, 1451, 1370 cm’
', "TH NMR (400 MHz, CDCl;) § 5.82 (1H, dd, J = 5.6, 15.6 Hz, CH,=CH,), 5.75 (1H, dd, J
= 5.6, 15.6 Hz, CH,=CH,), 4.56 (2H, dd, J = 1.2, 5.6 Hz, CH=CH-CH,), 3.88 (1H, t, /= 6.0
Hz, CH-OH), 1.86-1.62 (2H, m, H cHx + OH), 1.49 (9H, s, (CH;);C), 1.45-1.35 (1H, m, H
cHx), 1.28-1.10 (5H, m, H cHx), 1.05-0.92 (4H, m, H cHx); >C NMR (100 MHz, CDCl5) &
153.3 (C=0), 136.5/125.0 (CH,-CH=CH), 82.2 ((CH;);C), 76.5 (CH-OH), 66.7 (CH,-
CH=CH), 43.5 (CH cHx), 28.7/28.3/26.4/26.1/26.0 (CH, cHx), 27.7 ((CH;);C).
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6.2. Formation of fert-butyl (S,Z)-5-hydroxy-5-phenylpent-2-enyl
carbonate (124)

n-Butyllithium (1.6 M in hexanes, 168 pL, 0.269 mmol)
@\M was added at —78 °C to a solution of 71 (40 mg, 0.22 mmol)

: —" ~0Cc0o,Buf in anhydrous THF (2 mL) under N,. The mixture was stirred
H 30 min and (Boc),0 (59 mg, 0.27 mmol) was added at —78

124 °C. The mixture was stirred 1 h. The reaction was quenched

(o]t

with saturated aqueous NH4Cl. The solvent was removed
under reduced pressure. CH,Cl, was added and the organic layer was washed with brine,
dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/Et,O 70/30) gave 124 (34.2 mg, 55%) as a colorless oil: R; 0.18
(hexane/Et,0 70/30); [a]”p —52.2 (c 0.91, CHCly); IR (film) 3446, 2979, 1738, 1457, 1368,
1277 em™; '"H NMR (400 MHz, CDCl;) & 7.37-7.27 (5H, m, ArH), 5.73-5.64 (2H, m,
CH=CH), 4.75 (1H, dd, J = 5.2, 7.6 Hz, CH-OH), 4.62 (1H, dd, J = 5.2, 7.6 Hz, CH=CH-
CH,Hy), 4.52 (1H, dd, J=5.2, 7.6 Hz, CH=CH-CH,H,), 2.60 (2H, m, Ph-CH-CH,), 1.48 (9H,
s, (CH;);C); °C NMR (100 MHz, CDCl;) & 153.5 (C=0), 143.9/128.4/127.6/125.7 (C Ar),
130.7/126.3 (CH,-CH=CH), 82.3 ((CH;);C), 73.4 (CH-OH), 62.7 (CH,-CH=CH), 37.5 (Ph-
CH-CH), 27.8 ((CH3)5C).

7. Optimization of cyclization conditions
7.1. Cyclization with BocOK

7.1.1. Synthesis of (45,55)-4-pentyl-5-vinyl-1,3-dioxolan-2-one (92)'*

o Potassium tert-butyl carbonate was prepared by bubbling

)]\ CO, through a solution of potassium tert-butoxide (224 mg,

Q Y 2.00 mmol) in anhydrous THF (20 mL) for 2 h at rt. A
‘WQZ solution of Pd(PPh;), (6.5 mg, 0.006 mmol) and alkenol 89
492 (23.5 mg, 0.110 mmol) in CH,Cl, (I mL) was added to

another solution of potassium fert-butyl carbonate (88 mg,
0.56 mmol) in CH,Cl, (0.8 mL) under N, atmosphere. The mixture was stirred at rt until
TLC showed complete conversion. The reaction mixture was quenched with an aqueous
phosphate buffer (pH 7). The organic layer was washed with brine, dried over MgSO, and
evaporated under reduced pressure. Purification by flash chromatography (hexane/Et,O
90/10) gave 92 (16.3 mg, 80%) as a colorless oil: R; 0.68 (CH,Cl,/MeOH 99/1); [a]*’, —38.5
(c 0.98, CHCI;) for 80% ee; IR (film) 2931, 1806, 1459, 1366, 1266 cm™; '"H NMR (300
MHz, CDCl;) 6 5.87 (1H, ddd, J = 7.1, 10.5, 17.1 Hz, CH=CH,), 5.49 (1H, d, J = 17.1 Hz,
CH=CH,H,), 5.43 (1H, dt, J=10.5 Hz, CH=CH,H,), 4.64 (1H, dt, /= 1.0, 7.2 Hz, CH,=CH-
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CH-CH), 4.30 (1H, dt, J = 5.1, 7.6 Hz, CH,=CH-CH-CH), 1.72 (2H, m, CH, chain), 1.56-
1.30 (6H, m, CH, chain), 0.90 (3H, t, J = 7.0 Hz, CH;); °C NMR (75 MHz, CDCl;) & 154.3
(C=0), 1322 (CH=CH,), 1212 (CH=CH,), 82.6/81.9 (CH,=CH-CH-CH),
32.9/31.3/24.3/22.3 (CH, chain), 13.9 (CHs).

7.1.2. Synthesis of (45,55)-4-phenyl-5-vinyl-1,3-dioxolan-2-one (91)'*

Potassium tert-butyl carbonate was prepared by bubbling CO, through a solution of
potassium tert-butoxide (224 mg, 2.00 mmol) in anhydrous THF (20 mL) for 2 h at rt. A
solution of Pd(PPh;), (4.5 mg, 0.004 mmol) and alkenol 90 (21.0 mg, 0.078 mmol) in
CH,Cl, (1 mL) was added to another solution of potassium tert-butyl carbonate (61 mg,
0.078 mmol) in CH,Cl, (0.8 mL) under N, atmosphere. The mixture was stirred at rt for 15 h.
The reaction mixture was quenched with an aqueous phosphate buffer (pH 7). The organic
layer was washed with brine, dried over MgSO, and evaporated under reduced pressure.

NMR of the crude showed a complex mixture.

7.2. Cyclizations from allylic carbonates

7.2.1. Synthesis of 4-cyclohexyl-5-vinyl-1,3-dioxolan-2-one (rac-93)

o) A solution of alkenol rac-(2)-47 (23.0 mg, 0.10 mmol)
o )I\o and Pd(PPh;)4 (5.8 mg, 0.005 mmol) in anhydrous THF (0.5
mL) was added to a suspension of ‘BuOK (0.5 mg, 0.005
= mmol) in THF (0.5 mL) and stirred for 20 h. The solvent
rac-93 was removed under reduced pressure. Purification by flash
chromatography (CH,Cl, then AcOEt) gave rac-93 (9.9 mg,
63%) as a colorless oil: R¢ 0.69 (CH,Cl,/MeOH 99/1); IR (film) 2931, 1804, 1451, 1362,
1275 cm™; "TH NMR (400 MHz, CDCl5) & 5.86 (1H, ddd, J = 6.8, 10.3, 17.2 Hz, CH=CH,),
5.48 (1H, d, J = 17.2 Hz, CH=CH,H,), 5.40 (1H, d, J = 10.3 Hz, CH=CH,H,), 4.79 (1H, t, J
= 6.8 Hz, cHx-CH-CH), 4.09 (1H, t, J = 6.8 Hz, cHx-CH-CH), 1.92-1.63 (5H, m, H cHx),
1.35-1.00 (6H, m, H cHx); *C NMR (100 MHz, CDCl;) & 154.4 (C=0), 133.1 (CH=CH,),
120.6 (CH=CH,), 854 (cHx-CH-CH), 80.3 (cHx-CH-CH), 41.0 (CH cHx),
27.7/27.6/25.9/25.4/25.2 (CH, cHx).

7.2.2. Synthesis of (45,55)-4-cyclohexyl-5-vinyl-1,3-dioxolan-2-one
(trans-93)'*

7.2.2.1. General procedure

A solution of alkenol (1 eq.) and Pd(PPh;)4 (0.05 eq.) in THF (0.9 mL) under N, was added
to a solution of ‘BuOK (0.2 eq.) in THF (0.9 mL) and stirred until TLC showed no
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significant change. The solvent was removed under reduced pressure. Purification by flash
chromatography (CH,Cl,/hexane 50/50) gave trans-93 as a colorless oil.

7.2.2.2. From carbonate 100

The general procedure (section 7.2.2.1.) was followed for alkenol 100 (34.5 mg, 0.151
mmol), Pd(PPh;), (8.7 mg, 0.008 mmol) and ‘BuOK (3.4 mg, 0.030 mmol) for 5 min.
Purification by flash chromatography (CH,Cl,/MeOH 80/20) gave trans-93 (18.0 mg, 61%)

as a colorless oil.

7.2.2.3. From carbonate 101

The general procedure (section 7.2.2.1.) was followed for alkenol 101 (34.4 mg, 0.113
mmol), Pd(PPh;), (6.5 mg, 0.006 mmol) and ‘BuOK (2.5 mg, 0.023 mmol) for 5 min.
Purification by flash chromatography (CH,Cl,/MeOH 80/20) gave trans-93 (8.9 mg, 40%) as

a colorless oil.

7.2.2.4. From carbonate (Z)-47

0 The general procedure (section 7.2.2.1.) was followed for
)I\ alkenol (£)-47 (80.0 mg, 0.314 mmol), Pd(PPh;), (18 mg,
0.016 mmol) and ‘BuOK (7.1 mg, 0.063 mmol) for 5 min.
Purification by flash chromatography (CH,Cl,/MeOH 80/20)
gave trans-93 (38.7 mg, 63%) as a colorless oil.: [a]”p —
44.8 (c 1.13, CHCl;); HRMS(ESI") caled for C;;H;sNaOs
(M+Na)" 219.0997, found 219.1001.

trans-93

7.3. Solvent and base effect

7.3.1. General procedure

A solution of alkenol (£)-47 (1 eq.) and Pd(PPh;), (0.05 eq.) in anhydrous solvent (0.9 mL)
under N, was added to a solution of base (0.2 eq.) in solvent (0.9 mL) and stirred until TLC
showed no significant change. The solvent was removed under reduced pressure. Purification

by flash chromatography (CH,Cl,/hexane 50/50) gave trans-93 as a colorless oil.

7.3.2. With ‘BuOK in CH;CN

The general procedure was followed for alkenol (£)-47 (46.2 mg, 0.180 mmol), Pd(PPh;),
(10.4 mg, 0.009 mmol) in CH;CN. Then, BuOK (4.0 mg, 0.036 mmol) in CH;CN for 15 h.
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Purification by flash chromatography (CH,Cl,/hexane 50/50) gave trans-93 (18.6 mg, 55%)
as a colorless oil.

7.3.3. With ‘BuOK in toluene

The general procedure was followed for alkenol (2)-47 (45.9 mg, 0.180 mmol), Pd(PPh;),
(10.4 mg, 0.009 mmol) in toluene. Then, ‘BuOK (4.0 mg, 0.036 mmol) in toluene for 1 h.
Purification by flash chromatography (CH,Cl,/hexane 50/50) gave trans-93 (14.8 mg, 44%)

as a colorless oil.

7.3.4. With ‘BuOK in CH,Cl,

The general procedure was followed for alkenol (£2)-47 (46.1 mg, 0.180 mmol), Pd(PPh;),
(10.4 mg, 0.009 mmol) in CH,Cl,. Then, ‘BuOK (4.0 mg, 0.036 mmol) in CH,Cl, for 1 h.
Purification by flash chromatography (CH,Cl,/hexane 50/50) gave trans-93 (20.6 mg, 62%)
as a colorless oil.

7.3.5. With Et;N in CH,Cl,

The general procedure was followed for alkenol (£)-47 (48.4 mg, 0.180 mmol), Pd(PPh;),
(10.4 mg, 0.009 mmol) in CH,Cl,. Then, Et;N (5 mL, 0.036 mmol) in CH,Cl, for 15 min.
Purification by flash chromatography (CH,Cl,/hexane 50/50) gave trans-93 (30.8 mg, 88%)
as a colorless oil.

7.3.6. Without base in CH,Cl,

A solution of alkenol (2)-47 (42.6 mg, 0.180 mmol) and Pd(PPh;), (10.4 mg, 0.009 mmol)
in CH,Cl, (1.8 mL) under N, were stirred for 15 min. The solvent was removed under
reduced pressure. Purification by flash chromatography (CH,Cly/hexane 60/40) gave trans-
93 (28.2 mg, 91%) as a colorless oil.

7.3.7. Without base in THF

A solution of alkenol (2)-47 (45.4 mg, 0.180 mmol) and Pd(PPh;), (10.4 mg, 0.009 mmol)
in THF (1.8 mL) under N, were stirred for 15 min. The solvent was removed under reduced
pressure. Purification by flash chromatography (CH,Cly/hexane 60/40) gave trans-93 (26.7
mg, 81%) as a colorless oil.
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7.4. Cyclization of the (E)-isomer ((£)-(E)-47)

A solution of alkenol (+)-(£)-47 (36.9 mg, 0.180 mmol) and Pd(PPh;), (10.4 mg, 0.009
mmol) in THF (1.8 mL) under N, were stirred for 15 min. The solvent was removed under
reduced pressure. Purification by flash chromatography (CH,Cly/hexane 60/40) gave trans-
93 (19.1 mg, 71%) as a colorless oil.

7.5. Carbon dioxide removal

A solution of alkenol (£)-47 (30.0 mg, 0.131 mmol) and Pd(PPh;), (7.6 mg, 0.007 mmol)
in THF (1.3 mL) were stirred for 15 min bubbling argon into the solvent. The solvent was
removed under reduced pressure. Purification by flash chromatography (CH,Cl,) gave trans-
93 (15.2 mg, 74%) as a colorless oil.

7.6. Catalyst charge effect

7.6.1. Formation of cis and trans

A solution of Pd(PPh;), (2.3 mg, 0.002 mmol) in CH,Cl, (0.4 mL) was added to a flask
that contained the alkenol (£)-47 (108 mg, 0.400 mmol) under N,. Then, Et;N (11 uL, 0.080
mmol) was added and the mixture was stirred for 24 h at rt. The solvent was removed under
reduced pressure. Purification by flash chromatography (CH,Cly,/hexane 50/50) gave a
mixture trans-93/cis-93 84/16 (23.8 mg, 30 %) a colorless oil and starting material (£)-47
(47.8 mg, 44%).

Spectra of c¢is-93'*: R; 0.69 (CH,Cl,/MeOH 99/1); 'H

i NMR (400 MHz, CDCLy) § 5.92 (1H, ddd, J = 7.4, 10.4,
Qo 17.1 Hz, CH=CH,), 5.52 (IH, dt, J = 1.0, 17.1 Hz,
L CH=CH,H,), 5.50 (1H, dt, J = 1.0, 10.4 Hz, CH=CH,H,),
<:§_L 5.04 (1H, ddt, J = 1.0, 7.1, 7.4 Hz, cHx-CH-CH), 4.36 (1H,
cis-93 dd, J=7.1,9.0 Hz, cHx-CH-CH), 1.92-1.63 (5H, m, H cHx),

1.35-1.00 (6H, m, H cHx); °C NMR (100 MHz, CDCl3) § 154.6 (C=0), 129.2 (CH=CH.,),
1220 (CH=CH,), 83.9 (cHx-CH-CH), 802 (cHx-CH-CH), 372 (CH cHx),
28.8/28.1/25.9/25.1/25.0 (CH, cHx).

7.6.2. Isomerization of the mixture

The above mixture (section 7.6.1.) of frans-93 and cis-93 (84:16, 23.8 mg, 0.120 mmol)
was dissolved in CDCl; (1.0 mL) and Pd(PPh;)4 (7.0 mg, 0.006 mmol) was added. The
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isomerization rate at rt was: 16% cis-93 at 0 min, 9.6% at 30 min, 8.5% at 1 h, 5.9% at 5 h,
3.7% at 24 h.

7.7. General procedure for cyclization

A solution of Pd(PPh;)s in CH,Cl, was added to a flask that contained the alkenol under
N,. The size of the flask should be appropriated to the volume of solvent added, trying to
minimize the nitrogen atmosphere. The mixture was stirred at rt until TLC showed complete
disappearance of the starting material. The solvent was removed under reduced pressure and

the crude mixture was purified by flash chromatography on silica gel.

7.7.1. (4S,55)-4-Isopropyl-5-vinyl-1,3-dioxolan-2-one (109)'*

0 The general procedure (section 7.7.) was followed for

)I\ alkenol 106 (34.7 mg, 0.150 mmol), Pd(PPh;), (8.0 mg,

< 7 0.007 mmol) in CH,Cl, (1.8 mL) for 15 min. Purification
4<_<: by flash chromatography (CH,Cl,/hexane 50/50) gave 109
109 (20.6 mg, 87%) as a colorless oil: R¢ 0.08 (hexane/AcOEt

95/5); [0.]”p =59.4 (¢ 1.05, CHCl5); IR (film) 2970, 1804,
1364, 1162, 1045 cm™; '"H NMR (200 MHz, CDCl5) & 5.88 (1H, ddd, J = 7.0, 10.3, 17.0,
CH=CH,), 5.49 (1H, dt, J = 0.9, 17.0 Hz, CH=CH,H,), 5.42 (1H, dt, J = 0.9, 10.3 Hz,
CH=CH,H,), 4.76 (1H, ddt, J= 0.9, 6.6, 7.0 Hz, (CH3),CH-CH-CH), 4.09 (1H, t, /= 6.7 Hz,
(CH;),CH-CH-CH), 1.97 (1H, oct, J = 6.8 Hz, (CH;),CH-CH-CH), 1.05 (3H, d, J = 6.8 Hz,
(CH;),CH-CH-CH), 0.99 (3H, d, J = 6.8 Hz, (CH;),CH-CH-CH); >C NMR (50 MHz, CDCl;)
& 154.2 (C=0), 133.1 (CH=CH,), 120.7 (CH=CH,), 86.1 ((CH;),CH-CH-CH), 80.3
((CH;),CH-CH-CH), 31.5 ((CH;),CH-CH-CH), 17.4 ((CH5),CH-CH-CH), 17.3 ((CH;),CH-
CH-CH); HRMS(EI) caled for CgH;,05 (M) 156.0786, found 156.0780.

7.7.2. (4S,55)-4-Isobutyl-1,3-dioxolan-2-one (110)'#

The general procedure (section 7.7.) was followed for

Q alkenol 107 (26 mg, 0.11 mmol), Pd(PPhs), (6.2 mg, 0.005
Q)I\O mmol) in CH,Cl, (1.8 mL) for 30 min. Purification by flash
chromatography (CH,Cl,/hexane 50/50) gave 110 (16.6 mg,
— 92%) as a colorless oil: Rf 0.75 (CH,Cl,/MeOH 99/1);

110 [a]®s —51.6 (¢ 0.94, CHCL); IR (film) 2962, 1806, 1470,

1368, 1260 cm™; "H NMR (300 MHz, CDCL;) & 5.87 (1H, ddd, J = 7.2, 10.4, 17.1, CH=CH,),
5.49 (1H, dt, /= 1.0, 17.1 Hz, CH=CH,H,), 5.43 (1H, dt, /= 0.9, 10.4 Hz, CH=CH,H,), 4.59
(1H, ddt, J = 1.0, 7.2, 7.7, (CH;),CH-CH,-CH-CH), 4.36 (1H, ddd, J = 4.0, 7.7, 9.0 Hz,
(CH;),CH-CH,-CH-CH), 1.90-1.69 (2H, m, (CH;),CH-CH,H,), 1.49 (1H, ddd, J = 4.0, 7.9,
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14.1 Hz, (CH;),CH-CH,H,), 0.98 (3H, d, J = 6.6 Hz, (CH;),CH), 0.97 (3H, d, J = 6.6 Hz,
(CH;),CH); °C NMR (75 MHz, CDCl;) § 154.3 (C=0), 131.9 (CH=CH,), 121.4 (CH=CH,),
83.1 ((CH;),CH-CH,-CH-CH), 80.6 ((CH;),CH-CH,-CH-CH), 41.9 ((CH;),CH-CH,-CH-
CH), 24.8 ((CH;),CH-CH,-CH-CH), 22.8 ((CH3),CH-CH,-CH-CH), 21.9 ((CH3),CH-CH,-
CH-CH).

7.7.3. (45,55)-4-Phenyl-5-vinyl-1,3-dioxolan-2-one (111)'*

The general procedure (section 7.7.) was followed for
alkenol 108 (33 mg, 0.13 mmol), Pd(PPh;), (8.5 mg, 0.007
mmol) in CH,Cl, (1.8 mL) for 1 h. Purification by flash
chromatography (CH,Cly/hexane 50/50) gave 111 (19.6 mg,
83%) as a colorless oil: Ry 0.65 (CH,Cl,/MeOH 99/1);
[a]*p +3.7 (¢ 0.6, CHCl;); IR (film) 2923, 1802, 1654 cm™;
'H NMR (300 MHz, CDCl;) § 7.46-7.35 (5H, m, ArH), 5.99 (1H, ddd, J= 7.1, 10.5, 17.0 Hz,
CH=CH,), 5.48 (1H, dt, J = 0.9, 10.5 Hz, CH=CH,H,), 5.46 (1H, dt, J = 1.0, 17.0 Hz,
CH=CH,H,), 5.28 (1H, d, J = 8.1 Hz, Ph-CH-CH), 4.88 (1H, ddt, /= 1.0, 7.1, 8.1 Hz, Ph-
CH-CH); "“C NMR (75 MHz, CDCl;) & 154.0 (C=0), 1347 (CH=CH,),
131.2/129.7/129.2/125.8 (C Ar), 122.1 (CH=CH,), 84.7 (Ph-CH-CH), 83.0 (Ph-CH-CH);
HRMS(ESI) caled for C;;H;oNaO; (M+Na)" 213.0528, found 213.0556.

7.7.4. 4,4-Pentamethylene-5-vinyl-1,3-dioxolan-2-one (113)

o The general procedure (section 7.7.) was followed for

PN alkenol 112 (32.5 mg, 0.137 mmol), Pd(PPhs); (8.0 mg,

T P 0.007 mmol) in CH,Cl, (1.8 mL) for 1 h 30 min.
@L Purification by flash chromatography (CH,Cly/hexane 60/40)
13 gave 113 (15.6 mg, 63%) as a colorless oil: Ry 0.75

(CH,CL/MeOH 99/1); 'H NMR (300 MHz, CDCls) & 5.82
(1H, ddd, J= 7.5, 9.6, 16.5 Hz, CH=CH,), 5.47 (1H, dt, J = 0.9, 16.5 Hz, CH=CH,H,), 5.42
(1H, d, J = 9.6 Hz, CH=CH,H,), 4.60 (1H, d, J = 7.2 Hz, CH;=CH-CH), 1.94-1.15 (10H, m,
H cHx); °C NMR (75 MHz, CDCly) & 153.9 (C=0), 129.8 (CH=CH,), 121.2 (CH=CH.,),
86.0/85.5 (CH,=CH-CH-C), 35.4/31.4/24.8/22.1/21.6 (CH, cHx).
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7.7.5. (45,4’R,5S5)-4-(2,2-Dimethyl-1,3-dioxolan-4-yl)-5-vinyl-1,3-
dioxolan-2-one (117)

0 The general procedure (section 7.7.) was followed for
)k alkenol 116 (41 mg, 0.14 mmol), Pd(PPh;), (8.2 mg, 0.007
mmol) in CH,Cl, (1.8 mL) for 1 h. Purification by flash
d f) chromatography (CH,Cl,) gave 117 (18.5 mg, 61%) as a

>< 117 colorless oil: Ry 0.61 (CH,Cl,/MeOH 99/1); [a]*p +20.3 (¢
0.65, CHCly); IR (film) 2925, 1802, 1456, 1374 cm™; 'H
NMR (400 MHz, CDCl;) 6 5.91 (1H, ddd, J = 6.4, 10.5, 17.1 Hz, CH=CH,), 5.52 (1H, d, J =

17.1 Hz, CH=CH,H,), 5.41 (1H, d, J = 10.5 Hz, CH=CH,H,), 5.04 (1H, ddt, /= 1.2, 5.3, 6.4
Hz, CH,-CH-CH-CH), 4.28-4.13 (3H, m, CH,H,-CH-CH-CH), 3.94 (1H, dd, J=3.7, 9.2 Hz,
CH,H,-CH-CH-CH), 1.43 (3H, s, (CH;),C), 1.36 (3H, s, (CH;),C); °C NMR (100 MHz,
CDCl;) ¢ 153.7 (C=0), 132.8 (CH=CH,), 120.0 (CH=CH,), 110.6 ((CH;),C), 80.6 (CH,-
CH-CH-CH), 79.3 (CH,-CH-CH-CH), 74.9 (CH,-CH-CH-CH), 66.2 (CH,-CH-CH-CH),
26.7 ((CH;),C), 24.7 ((CH;),C); HRMS(ESI") caled for CjoH;4NaOs (M+Na)™ 237.0739,
found 237.0744.

7.7.6. Cyclization of tert-butyl (S,2)-5-hydroxy-5-phenylpent-2-enyl
carbonate (124)

The general procedure (section 7.7.) was followed for alkenol 124 (35.0 mg, 0.126 mmol),
Pd(PPh;), (7.0 mg, 0.006 mmol) in CH,Cl, (1.8 mL) for 3 h. The solvent was removed under
reduced pressure. NMR spectrum of the crude showed a complex mixture.

8. Transformations

8.1. General procedure for deprotections

Cyclic carbonate (20 mg) was stirred in a mixture of 1 M NaOH (1 mL) and 1,4-dioxane (1
mL) until TLC showed no significant change. A saturated solution of NH4Cl was added and
the mixture was extracted with CH,Cl,. The organic layer was washed with brine and dried
over MgSO,. The solvent was evaporated under reduced pressure. Purification by flash
chromatography (CH,Cl,/MeOH 95/5) gave the diol.
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8.1.1. (15,25)-1-Cyclohexylbut-3-ene-1,2-diol (118)”

[a]*p —20.6 (¢ 1.18, CHCl5); IR (film) 3381, 2926, 1449

oH cm™; 'H NMR (400 MHz, CDCl5) & 5.89 (1H, ddd, J = 6.0,
: N 10.4, 17.2 Hz, CH=CH,), 5.36 (1H, dt, J = 1.6, 17.2 Hz,
OH CH=CH,H,), 525 (IH, ddd, J = 1.2, 1.6, 10.4 Hz,
118 CH=CH,H,), 4.18 (1H, ddd, J = 1.2, 5.2, 6.0 Hz, cHx-CH-

CH), 3.24 (1H, t, J = 5.2 Hz, cHx-CH-CH), 2.05 (2H, bs,
OH), 1.85-1.64 (4H, m, H cHx), 1.52 (1H, m, H cHx), 1.33-1.12 (6H, m, H cHx); °C NMR
(100 MHz, CDCl;) & 138.2 (CH,=CH), 116.8 (CH,=CH), 78.3 (CH-OH), 73.0 (CH-OH),
39.5 (CH cHx), 29.9/27.4/26.4/26.3/26.0 (CH, cHx).

8.1.2. (35,45)-5-Methylhex-1-ene-3,4-diol (119)**

[a]”p +23.4 (c 0.63, CHCl,); IR (film) 3396, 2962, 1470,
1387 cm™; '"H NMR (400 MHz, CDCl3) & 5.88 (1H, ddd, J
= 6.0, 10.4, 17.4 Hz, CH=CH,), 5.37 (1H, d, J = 17.4 Hz,
CH=CH,H,), 5.25 (1H, d, J = 10.4 Hz, CH=CH,H,), 4.13
119 (1H, dd, J = 5.6, 6.0 Hz, (CH5),CH-CH-CH), 3.24 (1H, t, J

= 5.6 Hz, (CH;3),CH-CH-CH), 2.09 (2H, bs, OH), 1.84 (1H,
m, (CH;),CH), 0.99 (3H, d, J = 6.8 Hz, (CH;),CH), 0.96 (3H, d, J = 6.8 Hz, (CH;),CH); "*C
NMR (100 MHz, CDCl3) & 138.0 (CH,=CH), 117.0 (CH,=CH), 78.8 (CH-OH), 73.7 (CH-
OH), 29.6 ((CHs),CH), 19.8 ((CH3),CH), 16.7 ((CHs),CH).

:/2

8.1.3. (35,45)-6-Methylhept-1-ene-3,4-diol (120) **

[a]®p —26.9 (¢ 0.41, CHCl;); IR (film) 3382, 2956, 1453
o cm’'; "H NMR (400 MHz, CDCl5) § 5.86 (1H, ddd, J = 6.2,
M 10.5, 17.2 Hz, CH=CH,), 5.35 (1H, dt, J = 1.4, 17.2 Hz,

CH=CH,H,), 525 (1H, ddd, J = 1.1, 1.5, 102 Hz,
CH=CH,H,), 3.90 (1H, ddt, J = 1.2, 6.0, 6.2 Hz, CH,=CH-
CH-CH), 3.57 (1H, ddd, J = 3.3, 6.0, 9.8 Hz, CH,=CH-CH-
CH), 2.09 (2H, bs, OH), 1.84 (1H, ddsept, J = 4.7, 6.6, 9.5 Hz, (CH3),CH-CH,), 1.43 (1H,
ddd, J = 4.7, 9.8, 13.9 Hz, (CH;),CH-CH.H, ), 1.26 (1H, ddd, J = 3.3, 9.5, 13.9 Hz,
(CH;),CH-CH,H, ), 0.95 (3H, d, J = 6.6 Hz, (CH;),CH-CH,), 0.92 (3H, d, J = 6.6 Hz,
(CH;),CH-CH,); *C NMR (100 MHz, CDCls) & 137.7 (CH,=CH), 117.4 (CH,=CH), 76.7
(CH-OH), 72.4 (CH-OH), 41.9 ((CH3),CH-CH,), 26.7 ((CH3),CH-CH,), 24.5 ((CH;),CH-
CH,), 21.6 ((CH;),CH-CH,).
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Qe
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121

8.1.4. (15,25)-1-Phenylbut-3-ene-1,2-diol (121)°°

[a]®p +3.6 (¢ 0.84, CHCLy); IR (film) 3389, 2890, 1454
cm™; "H NMR (400 MHz, CDCl;) 8 7.37-7.25 (5H, m, ArH),
5.74 (1H, ddd, J = 5.5, 10.7, 17.2 Hz, CH=CH,), 5.26 (1H,
dt, J= 1.5, 17.2 Hz, CH=CH,H,), 5.15 (1H, dt, /= 1.4, 10.7
Hz, CH=CH,H,), 4.51 (1H, d, J = 6.9 Hz, Ph-CH-CH), 4.24
(1H, dd, J = 5.5, 6.9 Hz, Ph-CH-CH); °C NMR (100 MHz,

CDCls) & 140.1/128.4/128.1/127.0 (C Ar), 137.7 (CH,=CH), 117.0 (CH,=CH), 77.5 (CH-
OH), 76.9 (CH-OH).

(122)%°

8.1.5. (18,2R,4’R)-1-(2,2-Dimethyl-1,3-dioxolan-4-yl)but-3-ene-1,2-diol

[a]®p +23.4 (¢ 0.63, CHCL); 'H NMR (400 MHz,
CDCl;) 8 5.95 (1H, ddd, J = 5.7, 10.5, 17.2 Hz, CH=CH,),
5.39 (1H, dt, J = 1.5, 17.2 Hz, CH=CH,H,), 5.29 (1H, dd, J
= 1.4, 10.5 Hz, CH=CH,H,), 4.26 (1H, bs, CH,=CH-CH-
CH), 4.16 (1H, q, J = 6.3 Hz, CH,H,-CH), 4.06 (1H, dd, J =
6.3, 8.5 Hz, CH,H,-CH), 3.98 (1H, dd, J = 6.3, 8.5 Hz,

CH,H,-CH), 3.60 (1H, bs, CH,=CH-CH-CH), 2.34 (1H, bs, OH), 2.30 (1H, bs, OH), 1.43
(3H, s, (CH;),C), 1.37 3H, s, (CH;),C); *C NMR (100 MHz, CDCl;) § 137.2 (CH,=CH),
117.1 (CH,=CH), 109.2 ((CH3),C), 76.0/73.7/72.1 (CH,-CH-CH-CH), 66.0 (CH,-CH-CH-
CH), 26.7 ((CH3),C), 25.2 ((CH3),C).

123

8.1.6. (3S5,45)-Non-1-ene-3,4-diol (123)°’

[a]*b —9.8 (¢ 0.66, CHCl;); IR (film) 3394, 2956, 1459
cm™; 'H NMR (300 MHz, CDCl5) & 5.87 (1H, ddd, J = 6.1,
10.5, 17.2 Hz, CH=CH,), 5.37 (1H, dt, J = 1.5, 17.2 Hz,
CH=CH,H,), 525 (IH, ddd, J = 1.2, 1.5, 10.5 Hz,
CH=CH,H,), 3.94 (1H, tt, J = 1.2, 6.1 Hz, CH,=CH-CH-
CH), 3.48 (1H, ddd, J = 3.4, 6.1, 8.4 Hz, CH,=CH-CH-CH),

2.06 (2H, bs, OH), 1.57-1.22 (8H, m, CH,), 0.89 (3H, t, J = 7.1 Hz, CHs); °C NMR (75
MHz, CDCl;) & 137.7 (CH,=CH), 117.4 (CH,=CH), 76.2 (CH-OH), 74.3 (CH-OH),
32.8/31.8/25.3/25.6 (CH,), 14.0 (CHs).
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8.2. Oxidations

8.2.1. Ozonolysis

A solution of trans-93 (42 mg, 0.21 mmol) in CH,Cl, (5§ mL) was treated with O; at —78 °C
until a blue color appeared. The flask was purged with N, and Me,S (23 puL, 0.32 mmol) was
added at —78 °C. The reaction was stirred overnight at rt. The solvent was removed under

reduced pressure. NMR spectrum of the crude showed a complex mixture.

8.2.2. Osmium tetroxide

Potassium osmate(VI) (0.4 mg, 0.2 mmol) was added to a solution of #rans-93 (20.0 mg,
0.100 mmol), NalO,4 (85 mg, 0.40 mmol) and 2,6-lutidine (23 pL, 0.091 mmol) in dioxane
(1.5 mL) and H,O (0.5 mL) and the mixture was vigorously stirred at rt for 3 h. H,O was
added and the aqueous layer was extracted with CH,Cl,. The organic layer was dried over
MgSO, and evaporated under reduced pressure. NMR spectrum of the crude showed a

complex mixture.

8.2.3. Potassium permanganate

A solution of trans-93 (32 mg, 0.16 mmol) in THF (2 mL) was treated with KMnO, (26
mg, 0.16 mmol) at rt during 2 h. H,O was added and the aqueous layer was extracted with
CH,Cl,. The organic layer was washed with brine, dried over MgSO, and evaporated under
reduced pressure. NMR spectrum of the crude showed a complex mixture.

8.3. Hydroboration

8.3.1. 9-BBN

9-Borabicyclo[3.3.1]nonane (0.5 M in THF, 308 pL, 0.154 mmol) was added at —78 °C to
a solution of trans-93 (23.2 mg, 0.118 mmol) in anhydrous THF (I mL) and stirred
overnight. HO, (33%, 500 pL) was added and stirred for 1 h. The aqueous layer was
extracted with Et,O. The organic layer was dried over MgSO, and evaporated under reduced
pressure. NMR spectrum of the crude showed a complex mixture.

8.3.2. Dicyclohexylborane
Borane dimethyl sulfide complex (125 pL, 0.250 mmol) was added at 0 °C to a solution of

cyclohexene (51 pL, 0.50 mmol) in anhydrous Et,O and stirred for 2 h at 0 °C. The mixture

was then allowed to stand at 0 °C, which caused precipitation of dicyclohexylborane. The
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supernatant solution was then carefully transferred to another flask via cannula and
dicyclohexylborane was dried under vacuum.

A solution of trans-93 (37.6 mg, 0.190 mmol) in anhydrous THF (1 mL) was added to the
solution of dicyclohexyborane (0.25 mmol) in THF (1 mL) at 0 °C and stirred for 2 h. H,0O,
(33%, 200 puL) was added and stirred overnight. The aqueous layer was extracted with Et,0.
The organic layer was dried over MgSO, and evaporated under reduced pressure. NMR

spectrum of the crude showed a complex mixture.
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1. Preparation of aldehydes
1.1. (R)-2-tert-Butyldiphenylsilyloxypropanal ((R)-154)""

1.1.1. Protection of isobutyl (R)-lactate

tert-Butylchlorodiphenylsilane (1.25 mL, 4.80 mmol) was

QOI\ added at 0 °C to a solution of isobutyl (R)-lactate (602 pL,
OBu 4.00 mmol) and imidazole (354 mg, 5.20 mmol) in
OTBDPS anhydrous CH,Cl, (10 mL) under N, and stirred overnight.
(R)-153 The reaction was quenched with NaHCOs;. The organic

layer was washed with brine, dried over MgSO, and
evaporated under reduced pressure. Purification by flash chromatography (hexane/AcOEt
95/5) gave (R)-153 (1.54 g, 100%) as a colorless oil: Ry 0.79 (hexane/AcOEt 80/20); 'H
NMR (300 MHz, CDCl5) 6 7.74-7.66 (4H, m, ArH), 7.45-7.32 (6H, m, ArH), 4.29 (1H, q, J
= 6.6 Hz, CH;-CH-O), 3.74 (2H, dd, J = 6.6, 10.5 Hz, (CH;),-CH-CH,), 1.82 (m, 1H,
(CH;),-CH-CH,), 1.36 (3H, d, J = 6.6 Hz, CH5-CH-0), 1.09 (9H, s, (CH;);C), 0.86 (3H, d, J
= 6.6 Hz, (CH;),-CH-CH,), 0.85 (3H, d, J = 6.6 Hz, (CH;),-CH-CH,).

1.1.2. Reduction of isobutyl (R)-2-fert-butyldiphenylsilyloxypropanoate

((R)-153)
DIBAL-H (1.0 M in cyclohexane, 2.2 mL, 2.2 mmol)
«_CHO was added in 30 min to a solution of (R)-153 (385 mg, 1.00
i mmol) in anhydrous hexane (8 mL) at —100 °C. The
OTBDPS reaction mixture was stirred 1 h at —100 °C and MeOH (0.7
(R)-154 mL) was added. After 10 min, a solution of saturated

sodium and potassium tartrate (3 mL) was added and the
mixture was heated to rt for 2 h. Water (10 mL) was added and the aqueous layer was
extracted with CH,Cl,. The organic layer was washed with brine, dried over MgSO,4 and
evaporated under reduced pressure. Purification by flash chromatography (hexane/AcOEt
95/5) gave (R)-154 (1.54 g, 100%) as a colorless oil: R 0.40 (hexane/AcOEt 90/10); 'H
NMR (300 MHz, CDCl5) 6 9.64 (1H, s, CH3-CH-CHO), 7.67-7.63 (4H, m, ArH), 7.49-7.36
(6H, m, ArH), 4.09 (1H, dq, J = 1.2, 6.9 Hz, CH3-CH-CHO), 1.22 (3H, d, J = 6.9 Hz, CH;-
CH-CHO), 1.11 (9H, s, (CH;);C).
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1.2. (S)-2-tert-Butyldiphenylsilyloxypropanal ((S)-154)"""

1.2.1. Protection of methyl (S)-lactate

tert-Butylchlorodiphenylsilane (3.12 mL, 12.0 mmol) was
added at 0 °C to a solution of methyl (S)-lactate (1.04 g,
OMe 10.0 mmol) and imidazole (885 mg, 13.0 mmol) in
OTBDPS anhydrous CH,Cl, (30 mL) under N, and stirred overnight.
The reaction was quenched with NaHCO;. The organic

(S)-155

layer was washed with brine, dried over MgSO, and
evaporated under reduced pressure. Purification by flash chromatography (hexane/AcOEt
95/5) gave (S)-155 (3.22 g, 94%) as a colorless oil: R; 0.60 (hexane/AcOEt 90/10); '"H NMR
(300 MHz, CDCl;) & 7.77-7.56 (4H, m, ArH), 7.48-7.29 (6H, m, ArH), 4.28 (1H, q, /= 6.7
Hz, CH5-CH-0), 3.55 (3H, s, CH;-0), 1.36 (3H, d, J = 6.9 Hz, CH;-CH-0O), 1.07 (9H, s,
(CH;)50).

1.2.2. Reduction of methyl (S)-2-fert-butyldiphenylsilyloxypropanoate

((5)-155)
DIBAL-H (1.0 M in cyclohexane, 19.3 mL, 19.3 mmol)
cHO was added in 30 min to a solution of (S)-155 (3.02 g, 8.76
mmol) in anhydrous hexane (80 mL) at —100 °C. The
OTBDPS reaction mixture was stirred 1 h at —100 °C and MeOH (7
(S)-154 mL) was added. After 10 min, a solution of saturated

sodium and potassium tartrate (20 mL) was added and the
mixture was heated to rt for 2 h. Water (30 mL) was added and the aqueous layer was
extracted with CH,Cl,. The organic layer was washed with brine, dried over MgSO, and
evaporated under reduced pressure. Purification by flash chromatography (hexane/CH,Cl,
95/5) gave (S)-154 (2.40 g, 87%) as a colorless oil.

1.3. (2R,5R,6R)-5,6-Dimethyl-1,4-dioxane-2-carbaldehyde (157)'"

A solution of 156 (815 mg, 2.00 mmol) in THF (5 mL)

OMe was added to a solution of KIO, (600 mg, 2.60 mmol) and
’&/CHO KHCO; (24 mg, 0.24 mmol) in water (5 mL). The reaction
OMe mixture was stirred for 1 h and then filtered. The filtrate was

saturated with NaCl, extracted with CH,Cl,, dried over
MgSO, and evaporated under reduced pressure. Purification
by flash chromatography (hexane/AcOEt70/30) gave 157 (477 mg, 58%) as a colorless oil:
Rt 0.20 (hexane/AcOEt 70/30); 'H NMR (400 MHz, CDCls) & 9.64 (1H, s, CH;-CH-CHO),
4.33 (1H, dd, J=4.8, 10.0 Hz, CH,-CH-CHO), 3.74-3.64 (2H, m, CH,-CH-CHO), 3.31 (3H,
s, H;CO), 3.25 (3H, s, H;CO), 1.37 (3H, s, H;C-C), 1.29 (3H, s, H;C-C).
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2. Additions of alkynes to aldehydes

2.1. General procedure

Synthesis of 4-alkyl-4-hydroxy-1-phenylbut-2-ynyl acetate. Zinc triflate was activated
by heating under vacuum. NME was added, and the flask was purged with N,. Anhydrous
toluene and Et;N were added, and the mixture was vigorously stirred for 2 h. A solution of 1-
phenylprop-2-ynyl acetate (133) in toluene was added and stirred for 30 min, aldehyde was
added, and the reaction was stirred until TLC showed no significant change. The reaction
was quenched with saturated aqueous NH4CIl. The organic layer was washed with brine,
dried over MgSQ,, and evaporated under reduced pressure. The mixture was purified by

flash chromatography on silica gel to give the alcohol.

2.2. (15,45)-4-Cyclohexyl-4-hydroxy-1-phenylbut-2-ynyl acetate (syn-
134)

The general procedure (section 2.1.) was followed for
Zn(OTf), (200 mg, 0.550 mmol), (—)-NME (108 mg, 0.600
mmol), toluene (1 mL), and Et;N (84 pL, 0.60 mmol) for 2

(5) Ac h; alkyne (R)-133 (88.2 mg, 0.500 mmol), toluene (0.7 mL)
syn-134 at rt for 30 min; cyclohexanecarbaldehyde (73 pL, 0.60

//i:

mmol) for 5 h. Purification by flash chromatography
(hexane/AcOEt 80/20) gave syn-134 (135.8 mg, 94%, >99% de'*) as a colorless oil: R¢ 0.33
(CH,Cl/MeOH 99/1); [a]*’p —23.0 (¢ 1.43, CHCl5); IR (film) 3420, 2927, 1741, 1452, 1371,
1226 cm™; '"H NMR (300 MHz, CDCl;) & 7.52-7.49 (2H, m, ArH), 7.38-7.35 (3H, m, ArH),
6.49 (1H, d, J = 1.5 Hz, CH-OAc), 4.23 (1H, dd, J = 1.5, 6.0 Hz, CH-OH), 2.24 (1H, bs,
OH), 2.08 (3H, s, H;CC(0)0), 1.89-1.52 (6H, m, H cHx), 1.34-0.98 (5H, m, H cHx); "*C
NMR (75 MHz, CDCl3) 6 169.8 (C=0), 136.9/128.9/128.6/127.7 (C Ar), 87.5/82.0 (C=C),
67.1 (CH-OH), 65.7 (CH-OAc), 43.9 (CH cHx), 28.5/28.0/26.3/25.8/25.8 (CH, cHx), 21.0
(H;CC(0)0); HMRS (ESI") caled for CigH,,05 (M)* 286.1569, found 286.1573.

2.3. 1S5,4R)-4-Cyclohexyl-4-hydroxy-1-phenylbut-2-ynyl acetate (anti-
134)

The general procedure (section 2.1.) was followed for
Zn(OTf), (200 mg, 0.550 mmol), (+)-NME (108 mg, 0.600
mmol), toluene (1 mL), and Et;N (84 pL, 0.60 mmol) for 2
h; alkyne (R)-133 (86.6 mg, 0.500 mmol), toluene (0.7 mL)

(%Ac
anti-134 at rt for 30 min; cyclohexanecarbaldehyde (73 pL, 0.60

mmol) for 5 h. Purification by flash chromatography
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(hexane/AcOEt 80/20) gave anti-134 (100.5 mg, 71%, >96% de®) as a colorless oil: R; 0.33
(CH,Cl/MeOH 99/1); [a]*p —24.7 (¢ 1.01, CHCl5); IR (film) 3430, 2928, 1740, 1454, 1226
ecm™; "H NMR (300 MHz, CDCls) & 7.54-7.49 (2H, m, ArH), 7.42-7.33 (3H, m, ArH), 6.50
(1H, d, J = 1.2 Hz, CH-OH), 4.23 (1H, dd, J = 1.2, 6.0 Hz, CH-OAc), 2.10 (3H, s,
H;CC(0)0), 1.89-1.48 (7H, m, H cHx + OH), 1.32-1.01 (5H, m, H c¢Hx); °C NMR (75 MHz,
CDCl3) & 169.8 (C=0), 136.9/128.9/128.7/127.7 (C Ar), 87.4/82.2 (C=C), 67.2 (CH-OH),
65.6 (CH-OAc), 44.0 (CH cHx), 28.5/28.1/26.3/25.8/25.8 (CH, cHx), 21.1 (H;CC(0)0);
HMRS (ESI) calcd for C;sH,,0;Na (M+Na)" 309.1461, found 309.1468.

2.4. (15,45)-4-Hydroxy-5-methyl-1-phenylhex-2-ynyl acetate (syn-158)

The general procedure (section 2.1.) was followed for
Zn(OTf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
mmol), toluene (1 mL), and Et;N (84 uL, 0.60 mmol) for 2
h 30; alkyne (R)-133 (87.4 mg, 0.500 mmol), toluene (0.7
mL) at rt for 30 min; isobutyraldehyde (55 uL, 0.60 mmol)
for 3 h. Purification by flash chromatography
(hexane/AcOEt 80/20) gave syn-158 (107.4 mg, 87%, >96% de®) as a colorless oil: R¢ 0.26
(hexane/AcOEt 80/20); [a]”p —33.4 (¢ 1.26, CHCLs); IR (film) 3448, 2964, 1742, 1457,
1370, 1227 cm™; 'H NMR (400 MHz, CDCl;) & 7.53-7.50 (2H, m, ArH), 7.41-7.36 (3H, m,
ArH), 6.49 (1H, d, J= 1.6 Hz, CH-OAc), 4.25 (1H, dd, /= 1.6, 4.2 Hz, CH-OH), 2.10 (3H, s,
H;CC(0)0), 1.88 (1H, d, J=4.2 Hz, OH), 1.91 (1H, m, (CH;),CH), 1.00 (3H, d, /= 6.8 Hz,
(CHs),CH), 0.99 (3H, d, J = 6.8 Hz, (CH;),CH); C NMR (100 MHz, CDCl;) & 169.8
(C=0), 136.9/129.0/128.7/127.7 (C Ar), 87.1/82.1 (C=C), 67.9 (CH-OH), 65.6 (CH-OAc),
34.4 ((CH;3),CH), 21.0 (H;CC(0)0), 18.0 ((CH;),CH), 17.5 ((CH;),CH); HMRS (ESI")
caled for C;sH;30sNa (M+Na)" 269.1148, found 269.1143.

%I

OAc
syn-158

2.5. (15,4R)-4-Hydroxy-5-methyl-1-phenylhex-2-ynyl acetate (anti-158)

The general procedure (section 2.1.) was followed for
OH

Zn(0Tf), (200 mg, 0.550 mmol), (+)-NME (108 mg, 0.600

M mmol), toluene (1 mL), and Et;N (84 pL, 0.60 mmol) for 2
(é)Ac h 30; alkyne (R)-133 (87.0 mg, 0.500 mmol), toluene (0.7

anti-158 mL) at rt for 30 min; isobutyraldehyde (55 pL, 0.60 mmol)

for 4 h. Purification by flash chromatography
(hexane/AcOEt 80/20) gave anti-158 (108.0 mg, 88%, >96% de®) as a colorless oil: R; 0.26
(hexane/AcOEt 80/20); [a]”p —29.9 (¢ 0.98, CHCI;); IR (film) 3448, 2962, 1741, 1452,
1370, 1226 cm™; "H NMR (300 MHz, CDCl;) & 7.54-7.47 (2H, m, ArH), 7.42-7.31 (3H, m,
ArH), 6.49 (1H, d, J = 1.5 Hz, CH-OAc), 4.25 (1H, d, J = 5.1 Hz, CH-OH), 2.09 (3H, s,
H;CC(0)0), 1.90 (1H, bs, OH), 1.89 (1H, m, (CH;3),CH), 1.01 (3H, d, J = 6.6 Hz,
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(CH;),CH), 0.99 (3H, d, J = 6.6 Hz, (CH;),CH); °C NMR (75 MHz, CDCl;) & 169.8 (C=0),
136.9/128.9/128.6/127.7 (C Ar), 87.1/82.1 (C=C), 67.9 (CH-OH), 65.6 (CH-OAc), 34.4
((CH3),CH ), 21.1 (H;CC(0)0), 18.0 ((CH;),CH), 17.5 ((CH;),CH); HMRS (ESI") calcd for
C5H30;Na (M+Na)" 269.1148, found 269.1142.

2.6. (15,45)-4-Hydroxy-6,6-dimethyl-1-phenylhept-2-ynyl acetate (159)

The general procedure (section 2.1.) was followed for

%)H Zn(0Tf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600

X mmol), toluene (1 mL), and Et;N (84 puL, 0.60 mmol) for 2

(%AC h 30; alkyne (R)-133 (84.6 mg, 0.500 mmol), toluene (0.7

159 mL) at rt for 30 min; 3,3-dimethylbutyraldehyde (75 uL,

0.60 mmol) for 6 h. Purification by flash chromatography

(hexane/AcOEt 80/20) gave recovered starting material (R)-2 (35.5 mg, 42%) and 159 (59.1

mg, 44%, >96% de) as a colorless oil: R¢ 0.31 (CH,Cl,/MeOH 99/1); [a]*p —31.8 (¢ 1.45,

CHCl;); IR (film) 3411, 2917, 1740, 1456, 1367, 1228 cm™; '"H NMR (400 MHz, CDCl;) &

7.51-7.48 (2H, m, ArH), 7.40-7.35 (3H, m, ArH), 6.48 (1H, d, J = 1.6 Hz, CH-OAc), 4.54

(1H, dt, J= 1.6, 6.8 Hz, CH-OH), 2.09 (3H, s, H;CC(0O)0O), 1.83 (1H, bs, OH), 1.70 (2H, d, J

= 6.8 Hz, (CH;);C-CH,), 0.97 (9H, s, (CH;);C-CH,); °C NMR (100 MHz, CDCl;) § 169.8

(C=0), 136.8/128.9/128.6/127.7 (C Ar), 89.5/81.2 (C=C), 65.6 (CH-OAc), 60.2 (CH-OH),

51.2 ((CH3;);C-CH,), 30.1 ((CH3);C-CH,), 29.9 ((CH;);C-CH,), 21.0 (H;CC(0)O); HMRS
(ESI") caled for C;7H2,03Na (M+Na)" 297.1461, found 297.1458.

2.7. (15,45)-4-Hydroxy-5,5-dimethyl-1-phenylhex-2-ynyl acetate (160)

H The general procedure (section 2.1.) was followed for

Zn(0Tf), (200 mg, 0.550 mmol), (-)-NME (108 mg, 0.600
M mmol), toluene (1 mL), and Et;N (84 pL, 0.60 mmol) for 2
A h 30; alkyne (R)-133 (84.8 mg, 0.500 mmol), toluene (0.7
160 mL) at rt for 30 min; 2,2-dimethylpropanal (65 uL, 0.60
mmol) for 4 h. Purification by flash chromatography
(hexane/AcOEt 80/20) gave recovered starting material (R)-2 (40.1 mg, 47%) and 160 (50.9
mg, 40%, >96% de) as a colorless oil: R¢ 0.67 (hexane/AcOEt 70/30); [a]*p —36.3 (¢ 1.15,
CHCLy); IR (film) 3486, 2961, 1737, 1457, 1368, 1227 cm™; '"H NMR (300 MHz, CDCl3) &
7.56-7.53 (2H, m, ArH), 7.45-7.30 (3H, m, ArH), 6.52 (1H, d, J = 1.5 Hz, CH-OAc), 4.13
(1H, bs, CH-OH), 2.12 (3H, s, H;CC(0)0), 1.03 (9H, s, (CH;s);C); °C NMR (75 MHz,
CDCl;) 6 169.8 (C=0), 136.9/128.9/128.6/127.7 (C Ar), 87.2/82.2 (C=C), 71.2 (CH-OH),
65.7 (CH-OAc), 35.9 ((CH;);0), 25.3 ((CH;);C), 21.0 (H;CC(0)O).

nQ

Qe
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2.8. (15,4R,55)-5-tert-Butyldiphenylsilyloxy-4-hydroxy-1-phenylhex-2-
ynyl acetate (anti,syn-161)

The general procedure (section 2.1.) was followed for
Zn(0Tf), (2.4 g, 6.6 mmol), (—)-NME (1.3 g, 7.2 mmol),
toluene (10 mL), and Et;N (1.0 mL, 7.2 mmol) for 2 h 30;
alkyne (R)-133 (1.04 g, 6.00 mmol), toluene (5 mL) at rt for
30 min; (S)-2-fert-butyldiphenylsilyloxypropanal (2.25 mg,
7.20 mmol), toluene (5 mL) for 4 h. Purification by flash
chromatography (hexane/AcOEt 70/30) gave anti,syn-161 (2781 mg, 95%, >96% de®) as a
colorless oil: Ry 0.30 (hexane/AcOEt 80/20); [a]*p —5.9 (¢ 0.95, CHCL); IR (film) 3460,
2932, 1742, 1457, 1369, 1227 cm™; '"H NMR (400 MHz, CDCl;) & 7.70-7.65 (4H, m, ArH),
7.55-7.49 (2H, m, ArH), 7.46-7.41 (2H, m, ArH), 7.40-7.33 (7H, m, ArH), 6.52 (1H, d, J =
1.6 Hz, CH-OAc), 4.32 (1H, ddd, J = 1.6, 3.2, 6.8 Hz, H;C-CH-CH), 4.00 (1H, dq, J = 3.2,
6.4 Hz, H;C-CH-CH), 2.42 (1H, d, J = 6.8 Hz, OH), 2.08 (3H, s, H;CC(0)0), 1.12 (3H, d, J
= 6.4 Hz, H;C-CH-CH), 1.06 (9H, s, (CHs);C); >C NMR (100 MHz, CDCl3) & 169.6 (C=0),
136.8/135.9/135.7/133.5/133.4/129.9/129.8/128.9/128.6/127.8/127.7/127.6 (C Ar), 85.1/82.6
(C=0), 72.1/67.3/65.5 (H;C-CH-CH-C=C-CH), 26.9 ((CH;);C), 21.0 (H;CC(0)0O), 19.3
((CH3);C), 18.4 (H;C-CH-CH); HMRS (ESI") calcd for C30H3,0,SiNa (M+Na)™ 509.2119,
found 509.2120.

TBDPSO

%I

OAc
anti,syn-161

2.9. (1R, 4R,5R)-5-tert-Butyldiphenylsilyloxy-4-hydroxy-1-phenylhex-
2-ynyl acetate (syn,anti-161)

The general procedure (section 2.1.) was followed for
Zn(OTf), (200 mg, 0.550 mmol), (—)-NME (108 mg, 0.600
mmol), toluene (1 mL), and Et;N (84 pL, 0.60 mmol) for 2
h ; alkyne (S)-133 (88.8 mg, 0.500 mmol), toluene (0.7 mL)
at rt for 15 min; (R)-2-tert-butyldiphenylsilyloxypropanal
((R)-153, 187 mg, 0.600 mmol), toluene (0.7 mL) for 5 h.
Purification by flash chromatography (hexane/AcOEt 70/30) gave a mixture of

OAc

syn,anti-161

diastereoisomers syn,anti-161/ent-anti,syn-161 90/10 (110 mg, 44%, 80% de®®) as a colorless
oil: Ry 0.28 (hexane/AcOEt 80/20); [a]*p +34.6 (¢ 1.12, CHCI;) for 80% de®; IR (film)
3467, 2932, 1742, 1457, 1370, 1227 cm™; "H NMR (300 MHz, CDCl;) & 7.71-7.66 (4H, m,
ArH), 7.55-7.33 (11H, m, ArH), 6.48 (1H, d, J = 1.5 Hz, CH-OAc), 4.28 (1H, bs, H;C-CH-
CH), 3.97 (1H, dq, J = 4.8, 6.6 Hz, H;C-CH-CH), 2.53 (1H, bs, OH), 2.06 (3H, s,
H;CC(0)0), 1.11 (3H, d, J = 6.6 Hz, H;C-CH-CH), 1.05 (9H, s, (CH;);C); C NMR (75
MHz, CDCl;) & 169.6 (C=0), 136.8/135.8/135.8/133.8/133.1/129.9/129.8/128.9/128.6/127.8
/127.7/127.6 (C Ar), 86.2/81.9 (C=C), 72.4/67.4/65.5 (H;C-CH-CH-C=C-CH), 26.9
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((CH3);C), 21.0 (H:CC(0)0), 19.4 (H;C-CH-CH), 19.3 ((CH;);C); HMRS (ESI") caled for
C30H3,0,SiNa (M+Na)™ 509.2119, found 509.2109.

2.10.(1R,4S,5R)-5-tert-Butyldiphenylsilyloxy-4-hydroxy-1-phenylhex-
2-ynyl acetate (ent-anti,syn-161)

The general procedure (section 2.1.) was followed for
Zn(OTf), (200 mg, 0.550 mmol), (+)-NME (108 mg, 0.600
mmol), toluene (1 mL), and Et;N (84 pL, 0.60 mmol) for 2
h 30; alkyne (R)-133 (88.8 mg, 0.500 mmol), toluene (0.7
mL) at rt for 15 min; (R)-2-tert-
butyldiphenylsilyloxypropanal ((R)-153, 187 mg, 0.600
mmol), toluene (0.7 mL) for 5 h. Purification by flash chromatography (hexane/AcOEt 70/30)
gave ent-anti,syn-161 (201 mg, 80%, >96% de®) as a colorless oil: [a]*p + 4.8 (¢ 1.260,
CHCL).

OAc

ent-anti,syn-161

2.11.(1R,2’R,4R,5’R,6’ R)-4-(5,6-Dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)-4-hydroxy-1-phenylbut-2-ynyl acetate (syn,anti-162)

The general procedure (section 2.1.) was followed for
: Zn(OTf), (200 mg, 0.550 mmol), (—)-NME (108 mg, 0.600
OéMe Y mmol), toluene (1 mL), and EtN (84 pL, 0.60 mmol) for 3
h; alkyne (S5)-133 (85.4 mg, 0.500 mmol), toluene (0.7 mL)
at rt for 30 min; (2R,5R,6R)-5,6-dimethoxy-5,6-dimethyl-
1,4-dioxane-2-carbaldehyde (123 mg, 0.600 mmol), toluene
(0.7 mL) for 4 h. Purification by flash chromatography (hexane/AcOEt 60/40) gave syn,anti-
162 (174.8 mg, 94%, >96% de) as a colorless oil: Ry 0.48 (hexane/AcOEt 60/40); [a]*p —
90.5 (¢ 1.29, CHCI5); IR (film) 3450, 2950, 1742, 1457, 1374, 1227 cm™; '"H NMR (300
MHz, CDCl;) & 7.54-7.47 (2H, m, ArH), 7.41-7.33 (3H, m, ArH), 6.47 (1H, d, J = 1.8 Hz,
CH-OAc), 4.36 (1H, t, J = 5.8 Hz, CH,-CH-CH), 3.98 (1H, ddd, J = 3.3, 6.3, 11.1 Hz, CH,-
CH-CH), 3.69 (1H, t, J = 11.1 Hz, CH H,-CH-CH), 3.58 (1H, dd, J = 3.3, 11.1 Hz, CH,H,-
CH-CH), 3.26 (3H, s, H;CO), 3.25 (3H, s, H;CO), 2.70 (1H, d, /= 5.2 Hz, OH), 2.08 (3H, s,
H;CC(0)0), 1.31 (3H, s, H;C-C), 1.29 (3H, s, H;C-C); °C NMR (75 MHz, CDCl;) & 169.6
(C=0), 136.6/129.0/128.7/127.6 (C Ar), 99.4/98.0 (H;C-C-C-CH3), 84.0/82.8 (C=C), 70.2
(CH,-CH-CH), 65.3 (CH-OAc), 62.3 (CH,-CH-CH), 59.9 (CH,-CH-CH), 48.0 (H;CO), 48.0
(H3CO), 21.0 (H;CC(0)0), 17.6/17.4 (H;C-C-C-CH3); HMRS (ESI") caled for CyH,s07Na
(M+Na)" 401.1571, found 401.1580.

OAc

syn,anti-162
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2.12.(1R,2’R4S,5’R,6’ R)-4-(5,6-Dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)-4-hydroxy-1-phenylbut-2-ynyl acetate (anti,syn-162)

The general procedure (section 2.1.) was followed for

OMe OH
Jﬁ/o Zn(OTH), (200 mg, 0.550 mmol), (+)-NME (108 mg, 0.600
O(')Me X mmol), toluene (1 mL), and EGN (84 pL, 0.60 mmol) for 3

h; alkyne (S5)-133 (79.6 mg, 0.500 mmol), toluene (0.7 mL)
at rt for 30 min; (2R,5R,6R)-5,6-dimethoxy-5,6-dimethyl-
1,4-dioxane-2-carbaldehyde (123 mg, 0.600 mmol), toluene
(0.7 mL) for 4 h. Purification by flash chromatography (hexane/AcOEt 60/40) gave anti,syn-
162 (148.8 mg, 86%, >96% de®) as a colorless oil: Ry 0.48 (hexane/AcOEt 60/40); [a]”’p —
72.6 (¢ 1.03, CHCLy); IR (film) 3450, 2950, 1742, 1457, 1374, 1227 cm™; '"H NMR (300
MHz, CDCl;) 6 7.57-7.50 (2H, m, ArH), 7.41-7.33 (3H, m, ArH), 6.48 (1H, d, J = 1.8 Hz,
CH-OAc), 4.51 (1H, d, J= 4.2 Hz, CH,-CH-CH), 3.99 (1H, ddd, J = 3.3, 4.8, 11.1 Hz, CH,-
CH-CH), 3.85 (1H, t, J=11.1 Hz, CH,H,~-CH-CH), 3.64 (1H, dd, J = 3.3, 11.1 Hz, CH,H,-
CH-CH), 3.24 (3H, s, H;CO), 3.22 (3H, s, H3CO), 2.60 (1H, bs, OH), 2.08 (3H, s,
H;CC(0)0), 1.30 (3H, s, H;C-C), 1.28 (3H, s, H;C-C); °C NMR (75 MHz, CDCl;) & 169.6
(C=0), 136.5/129.0/128.6/127.7 (C Ar), 99.5/98.0 (H;C-C-C-CHj3), 84.2/82.8 (C=C), 69.4
(CH,-CH-CH), 65.4 (CH-OACc), 62.6 (CH,-CH-CH), 59.3 (CH,-CH-CH), 48.0 (H;CO), 48.0
(H3CO), 21.0 (H;CC(0)0), 17.6/17.5 (H;C-C-C-CH3); HMRS (ESI") caled for CyH,s07Na
(M+Na)" 401.1571, found 401.1582.

OAc

anti,syn-162

3. Protection of 4-cyclohexyl-4-hydroxy-1-phenylbut-2-ynyl acetate

3.1. (15,45)-4-tert-Butyldimethylsilyloxy-4-cyclohexyl-1-phenylbut-2-
ynyl acetate (139)

tert-Butylchlorodimethylsilane (59 mg, 0.39 mmol) was
TBSQ added at 0 °C to a solution of syn-134 (74.7 mg, 0.261 mmol)

M and imidazole (36 mg, 0.52 mmol) in anhydrous CH,Cl, (2
: mL) under N, and stirred overnight. The reaction was

5Ac

139 quenched with NaHCO;. The organic layer was washed

with brine, dried over MgSO, and evaporated under reduced
pressure. Purification by flash chromatography (CH,Cl,) gave 139 (95.3 mg, 91%) as a
colorless oil: Ry 0.75 (CH,CL); [a]*p —=51.0 (¢ 0.87, CHCL); IR (film) 2929, 1745, 1453,
1369, 1225 cm™; "H NMR (400 MHz, CDCl;) § 7.52-7.49 (2H, m, ArH), 7.37-7.34 (3H, m,
ArH), 6.49 (1H, d, J = 1.6 Hz, CH-OAc), 4.16 (1H, dd, J = 1.6, 6.4 Hz, CH-OTBS), 2.08
(3H, s, H;CC(0)0O), 1.90-1.47 (6H, m, H cHx), 1.25-1.00 (5H, m, H cHx), 0.88 (9H, s,
(CH5);C), 0.08 (3H, s, H;C-Si), 0.07 (3H, s, H;C-Si); °C NMR (100 MHz, CDCl;) & 169.7
(C=0), 137.1/128.8/128.5/127.7 (C Ar), 88.5/81.1 (C=C), 67.7 (CH-OTBS), 65.7 (CH-OAc),
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44.7 (CH cHx), 25.8 ((CH;);C), 28.5/26.5/26.0/25.9/25.7 (CH, cHx), 21.0 (H;CC(0)0), 18.2
((CH3)30), —4.6 (H5C-Si), —5.2 (H3C-Si).

3.2. (15,4R)-4-tert-Butyldiphenylsilyloxy-4-cyclohexyl-1-phenylbut-2-

ynyl acetate (140)
tert-Butylchlorodiphenylsilane (97 pL, 0.37 mmol) was
TBDPSY added at 0 °C to a solution of syn-134 (53.3 mg, 0.186 mmol)
AN and imidazole (32 mg, 0.46 mmol) in DMF (1 mL) under N,
E and stirred for 3 h. Et,0 (20 mL) was added and the organic
140 Ohe layer was washed with water (4 x 15 mL), dried over

MgSO, and evaporated under reduced pressure. Purification
by flash chromatography (hexane/CH,Cl, 50/50) gave 140 (93.2 mg, 95%) as a colorless oil:
Rt 0.61 (hexane/CH,Cl, 50/50); [a]*p +53.5 (¢ 1.02, CHCly); IR (film) 2930, 1744, 1428,
1369, 1226 cm™; 'H NMR (400 MHz, CDCl;) & 7.71-7.63 (4H, m, ArH), 7.40-7.29 (11H, m,
ArH), 6.30 (1H, d, /= 1.6 Hz, CH-OAc), 4.22 (1H, dd, /= 1.6, 5.2 Hz, CH-OTBDPS), 2.02
(3H, s, H;CC(0)0O), 1.90-1.53 (6H, m, H cHx), 1.27-1.07 (5H, m, H cHx), 1.05 (9H, s,
(CH;):C); BC  NMR (100 MHz, CDCl;) 5 169.6 (C=0),
137.1/136.0/135.9/133.8/133.5/129.6/129.5/  128.6/128.4/127.6/127.5/127.3  (C  Ar),
87.6/81.9 (C=C), 68.5 (CH-OTBDPS), 65.6 (CH-OAc), 44.8 (CH cHx), 26.9 ((CH;);C),
28.5/28.0/26.5/26.0/26.0 (CH, cHx), 21.1 (H;CC(0)0), 19.4 ((CH;);C)).

3.3. (15,45)-4-Cyclohexyl-4-[(2-methoxyethoxy)methoxy]-1-
phenylbut-2-ynyl acetate (141)

2-Methoxyethoxymethyl chloride (26 pL, 0.23 mmol) was

?MEM added to a solution of syn-134 (44.1 mg, 0.154 mmol) and
M DIPEA (54 pL, 0.31 mmol) in CH,Cl, (1 mL) under N, and
cé)AC stirred for 15 h. CH,Cl, was added and the organic layer

141 was washed with brine, dried over MgSO, and evaporated

under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 80/20) gave 141 (45.7 mg, 79%) as a colorless oil: R; 0.31
(hexane/AcOEt 80/20); [a]p —121.8 (¢ 0.95, CHCls); IR (film) 2926, 1742, 1455, 1370,
1226 cm™; "TH NMR (400 MHz, CDCl3) & 7.52-7.48 (2H, m, ArH), 7.37-7.35 (3H, m, ArH),
6.49 (1H, d, J = 2.0 Hz, CH-OAc), 4.99 (1H, d, J = 9.2 Hz, O-CH,H,-0), 4.69 (1H, d, J =
9.2 Hz, O-CH,H,-0), 4.24 (1H, dd, J = 2.0, 8.0 Hz, CH-OMEM), 3.80-3.50 (4H, m, O-CH,-
CH»-0), 3.38 (3H, s, H;C-0), 2.08 (3H, s, H;CC(0)0), 1.90-1.56 (6H, m, H cHx), 1.32-1.02
(5H, m, H cHx); °C NMR (100 MHz, CDCl;) & 169.7 (C=0), 137.1/128.9/128.6/127.7 (C
Ar), 93.3 (O-CH,-0), 85.3/82.8 (C=C), 70.4 (CH-OMEM), 71.7/67.2 (O-CH,-CH,-0), 65.6
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(CH-OAc), 59.0 (H:;C-O), 42.5 (CH cHx), 28.9/28.5/26.4/25.9/25.9 (CH, cHx), 21.1
(H;CC(O)O).

3.4. (15,45)-4-Benzyloxy-4-cyclohexyl-1-phenylbut-2-ynyl acetate (142)

Trimethylsilyl trifluoromethanesulfonate (2 pL, 0.008
mmol) was added to a solution of syn-134 (31.5 mg, 0.110
mmol) and benzyl trichloroacetimidate (55 mg, 0.22 mmol)
: in anhydrous CH,Cl, (1 mL) and anhydrous hexane (0.5 mL)

OA . . .
142 ¢ under N, and the reaction was stirred until TLC showed no

//E%’

significant change. The mixture was quenched with a pH 7
buffer. The aqueous phase was extracted with CH,Cl,. The organic layer was dried over
MgSO,, and evaporated under reduced pressure. Purification by flash chromatography
(hexane/AcOEt 90/10) gave 142 (30.5 mg, 74 %) as a colorless oil: R¢ 0.40 (hexane/AcOEt
90/10); [a.]*’p —67.0 (¢ 0.96, CHCl5); IR (film) 2928, 1742, 1453, 1369, 1226 cm™'; '"H NMR
(400 MHz, CDCl;) & 7.55-7.53 (2H, m, ArH), 7.42-7.28 (8H, m, ArH), 6.53 (1H, d, J= 1.6
Hz, CH-OAc), 4.77 (1H, d, J = 12.0 Hz, Ph-CH,H,-O), 4.48 (1H, d, J=12.0 Hz, Ph-CH,H,-
0), 3.94 (1H, dd, J = 1.6, 6.4 Hz, CH-OBn), 2.10 (3H, s, H;CC(0)0O), 1.92-1.82 (2H, m, H
cHx), 1.76-1.63 (4H, m, H cHx), 1.33-1.03 (5H, m, H cHx); "C NMR (100 MHz, CDCl;) &
169.8 (C=0), 138.0/137.1/128.9/128.6/128.3/127.9/127.7/127.6 (C Ar), 85.7/83.3 (C=C),
73.5 (CH-OBn), 70.6 (Ph-CH,-0), 65.7 (CH-OAc), 42.6 (CH cHx), 29.0/28.5/26.4/25.9/25.9
(CH, cHx), 21.1 (H;CC(O)O); HMRS (ESI") caled for C,sH,s03Na (M+Na)™ 399.1931,
found 399.1915.

4. Reductions

4.1. General procedure to Z double bond

Synthesis of (Z)-4-cyclohexyl-4-hydroxy-1-phenylbut-2-enyl acetate. Quinoline and
Pd/CaCO; poisoned with lead (Lindlar catalyst, 5 wt.%) were added to a solution of 4-alkyl-
4-hydroxy-1-phenylbut-2-ynyl acetate in AcOEt. The mixture was shaken under hydrogen
(1-2 atmospheres) until TLC showed complete conversion. The suspension was filtered
through a short pad of Celite®. The aqueous layer was extracted with CH,Cl,. The organic
layer was dried over MgSQO,4 and evaporated under reduced pressure. The mixture was

purified by flash chromatography on silica gel to give the alcohol.
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4.1.1. (1R,2Z,45)-4-Cyclohexyl-4-hydroxy-1-phenylbut-2-enyl acetate
((£)-anti-138)

The general procedure (section 4.1.) was followed for
QAc Pd/CaCO; (20 mg), quinoline (3 pL), alkyne syn-134 (39.4
mg, 0.140 mmol) and AcOEt (4 mL). Purification by flash
chromatography (CH,Cl,/MeOH 98/2) gave (Z£)-anti-138
(Z)-anti-138 (32.7 mg, 82%) as a colorless oil: R 0.36 (CH,Cl,/MeOH
99/1); [a]”p —49.1 (c 0.81, CHCLy); IR (film) 3462, 2929,
1738, 1450, 1371, 1234 cm™'; "H NMR (400 MHz, CDCl;) & 7.40-7.27 (5H, m, ArH), 6.70
(1H, d, /= 9.2 Hz, CH-OAc), 5.73 (1H, dd, /= 9.2, 11.2 Hz, Ph-CH-CH=CH), 5.60 (1H, dd,
J = 8.0, 11.2 Hz, Ph-CH-CH=CH), 4.32 (1H, t, J = 7.6 Hz, CH-OH), 2.09 (3H, s,
H;CC(0)0), 1.95-0.99 (12H, m, H cHx + OH); *C NMR (100 MHz, CDCl;) § 170.3 (C=0),
139.7/128.7/128.1/126.6 (C Ar), 134.2/130.1 (CH=CH), 72.8 (CH-OH), 72.0 (CH-OAc),
43.9 (CH cHx), 28.6/28.3/26.4/26.1/26.0 (CH, cHx), 21.3 (H;CC(0)O); HMRS (ESI") calcd
for C1gH,403Na (M+Na)" 311.1618, found 311.1607.

jo]
T

j;

4.1.2. (1R,2Z,4R)-4-Cyclohexyl-4-hydroxy-1-phenylbut-2-enyl acetate
((2)-syn-138)

The general procedure (section 4.1.) was followed for

QH QAc Pd/CaCOj; (20 mg), quinoline (3 pL), alkyne anti-134 (38.1
= mg, 0.130 mmol) and AcOEt (4 mL). Purification by flash
chromatography (CH,Cl,/MeOH 98/2) gave (Z)-syn-138

(Z)-syn-138 (30.0 mg, 78%) as a colorless oil: R¢ 0.11 (CH,Cl,/MeOH
99/1); [a]*p —66.3 (c 0.86, CHCl5); IR (film) 3472, 2926,
1729, 1450, 1371, 1240 cm™; "H NMR (400 MHz, CDCl;) & 7.38-7.32 (5H, m, ArH), 6.55
(1H, d, J=9.6 Hz, CH-OAc), 5.71 (1H, dd, J = 9.6, 11.2 Hz, Ph-CH-CH=CH), 5.61 (1H, t, J
= 10.4 Hz, Ph-CH-CH=CH), 4.30 (1H, t, J = 8.0 Hz, CH-OH), 2.12 (3H, s, H;CC(0)0),
2.05-1.97 (1H, m, H cHx), 1.78-0.83 (10H, m, H cHx); >C NMR (100 MHz, CDCl;) § 171.0
(C=0), 138.7/128.7/128.1/126.4 (C Ar), 135.7/1291 (CH=CH), 72.1 (CH-OH), 71.2 (CH-
OAc), 43.0 (CH cHx), 29.0/28.7/26.5/26.0/25.9 (CH, cHx), 21.4 (H;CC(0)0O); HMRS (ESI")
caled for CgH,403Na (M+Na)" 311.1618, found 311.1610.
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4.2. General procedure to E double bond

Synthesis of (E)-1-alkyl-4-phenylbut-2-ene-1,4-diol. 4-Alkyl-4-hydroxy-1-phenylbut-2-
ynyl acetate in solution in THF was added dropwise at 0 °C to a suspension of LiAlHy in
anhydrous THF under N, and the mixture was stirred at rt until TLC showed no significant
change. The reaction was quenched with saturated potassium and sodium tartrate. The
aqueous layer was extracted with CH,Cl,. The organic layer was dried over MgSQO,, and
evaporated under reduced pressure. The mixture was purified by flash chromatography on

silica gel to give the alcohol.

4.2.1. (1S,2E,4R)-1-Cyclohexyl-4-phenylbut-2-ene-1,4-diol ((E)-syn-135)

The general procedure (section 4.2.) was followed for
LiAlH4 (19 mg, 0.49 mmol), THF (2 mL); alkyne syn-134
(35 mg, 0.12 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (hexane/AcOEt 70/30)
(E)-syn-135 gave (E)-syn-135 (24 mg, 80%) as a white solid: [a]*p +2.8
(c 0.75, CHCl3); HMRS (FAB") calcd for CisH;0, (M+H)"

247.1698, found 247.1692.

4.2.2. (1R,2E,4R)-1-Cyclohexyl-4-phenylbut-2-ene-1,4-diol ((E)-anti-135)

The general procedure (section 4.2.) was followed for
LiAlH, (18 mg, 0.47 mmol), THF (2 mL); alkyne anti-134
(38.1 mg, 0.130 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (hexane/AcOEt 70/30)

(E)-anti-135 gave (E)-anti-135 (23.1 mg, 71%) as a white solid: [a]”p —
11.0 (¢ 1.06, CHCl;); HMRS (FAB") calcd for C sHx0,
(M+H)" 247.1698, found 247.1696.

4.2.3. (1R,2E4S)-5-Methyl-1-phenylhex-2-ene-1,4-diol (syn-164)

The general procedure (section 4.2.) was followed for
LiAlH4 (16 mg, 0.43 mmol), THF (2 mL); alkyne syn-158
(30.5 mg, 0.120 mmol), THF (2 x 0.5 mL) at rt for 4 h.
Purification by flash chromatography (hexane/AcOEt 70/30)
gave syn-164 (21.6 mg, 85%) as a colorless oil: Ry 0.37
(hexane/AcOEt 70/30); [a]”p +9.3 (¢ 1.08, CHCL); IR
(film) 3359, 2960, 1455 cm™; '"H NMR (400 MHz, CDCl;) & 7.36-7.25 (5H, m, ArH), 5.86

syn-164
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(1H, dd, J = 6.4, 15.6 Hz, Ph-CH-CH=CH), 5.78 (1H, dd, J = 6.0, 15.6 Hz, Ph-CH-CH=CH),
5.22 (1H, d, J = 6.4 Hz, Ph-CH-CH=CH), 3.87 (1H, t, J = 6.0 Hz, (CH;),CH-CH), 2.28 (1H,
bs, OH), 1.76 (1H, bs, OH), 1.74 (1H, m, (CH),CH-CH), 0.92 (3H, d, J = 6.4 Hz,
(CH;),CH-CH), 0.88 (3H, d, J = 6.4 Hz, (CH;),CH-CH); *C NMR (100 MHz, CDCl;) &
142.8/128.5/127.7/126.2 (C Ar), 133.8/132.5 (CH=CH), 77.2 ((CH;),CH-CH), 74.5 (Ph-CH-
CH=CH), 33.8 ((CH;),CH-CH), 18.2 ((CH;),CH-CH), 17.9 ((CH;),CH-CH); HMRS (FAB")
caled for Ci3H,50, (M+H)" 207.1385, found 207.1389.

4.2.4. (1R,2E,4R)-5-Methyl-1-phenylhex-2-ene-1,4-diol (anti-164)

The general procedure (section 4.2.) was followed for
LiAlH, (17 mg, 0.45 mmol), THF (2 mL); alkyne anti-158
(31.7 mg, 0.130 mmol), THF (2 x 0.5 mL) at rt for 5 h.
éH Purification by flash chromatography (hexane/AcOEt 70/30)
anti-164 gave anti-164 (23.2 mg, 87%) as a white solid: Ry 0.35
(hexane/AcOEt 70/30); mp 111-114 °C; [a]*p —14.6 (¢ 0.63,
CHCl); IR (film) 3236, 2954, 1463, 1260 cm™; '"H NMR (300 MHz, CDCl;) & 7.39-7.26
(5H, m, ArH), 5.89 (1H, dd, J = 5.1, 15.6 Hz, Ph-CH-CH=CH), 5.81 (1H, dd, J= 5.7, 15.6
Hz, Ph-CH-CH=CH), 5.23 (1H, d, J = 5.1 Hz, Ph-CH-CH=CH), 3.90 (1H, t, J = 5.7 Hz,
(CH;),CH-CH), 2.00 (1H, bs, OH), 1.77 (1H, dsep, J= 5.7, 6.9 Hz, (CH;),CH-CH), 1.56 (1H,
bs, OH), 0.93 (3H, d, J = 6.9 Hz, (CH;),CH-CH), 0.91 (3H, d, J = 6.9 Hz, (CH;),CH-CH);
C NMR (75 MHz, CDCl;) & 142.8/128.6/127.8/126.3 (C Ar), 133.7/132.3 (CH=CH), 77.1
((CH;),CH-CH), 74.5 (Ph-CH-CH=CH), 33.8 ((CH;),CH-CH), 18.3 ((CH;),CH-CH), 17.8
((CH3),CH-CH); HMRS (FAB") calcd for Cj3H;00, (M+H)" 207.1385, found 207.1388.

4.2.5. (1R,2E4S)-6,6-Dimethyl-1-phenylhept-2-ene-1,4-diol (165)

The general procedure (section 4.2.) was followed for
LiAlHs (14 mg, 0.38 mmol), THF (0.5 mL); alkyne 159
(30.0 mg, 0.110 mmol), THF (2 x 0.5 mL) at rt for 3 h.
Purification by flash chromatography (hexane/AcOEt 70/30)
165 gave 165 (18.5 mg, 72%) as a white solid: Ry 0.26
(hexane/AcOEt 70/30); mp 76-77 °C; [a]*p —4.7 (¢ 0.87,
CHCLy); IR (film) 3379, 2923, 1454, 1366 cm™; "H NMR (400 MHz, CDCls) § 7.36-7.27
(5H, m, ArH), 5.86 (1H, dd, J = 5.6,15.6 Hz, CH,=CH,), 5.79 (1H, dd, J = 5.6, 15.6 Hz,
CH,=CH,), 5.20 (1H, d, J = 5.6 Hz, Ph-CH), 4.28 (1H, m, (CH;);C-CH,-CH), 2.12 (1H, bs,
OH), 1.48 (1H, bs, OH), 1.48 (1H, dd, J = 7.6, 14.4 Hz, (CH;);C-CH,H,-CH), 1.43 (1H, dd,
J=4.4,14.4 Hz, (CH;);C-CH,H,-CH), 0.95 (9H, s, (CH;);C-CH,-CH); ?C NMR (100 MHz,
CDCl;) 6 142.8/128.6/127.7/126.2 (C Ar), 135.9/131.8 (CH=CH), 74.5 (Ph-CH), 70.0
((CH3;);C-CH,-CH), 50.7 ((CH3);C-CH,-CH), 30.2 ((CH;);C-CH,-CH), 30.1 ((CH;);C-CH,-
CH); HMRS (ESI") calcd for C;sH»,0,Na (M+Na)" 257.1512, found 257.1508.
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4.2.6. (1R,2E,4R)-4-Hydroxy-5,5-dimethyl-1-phenylhex-2-ynyl  acetate
(166)

The general procedure (section 4.2.) was followed for
LiAlH4 (15 mg, 0.40 mmol), THF (1 mL); alkyne 160 (29.6
mg, 0.114 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (hexane/AcOEt 70/30)
166 gave 166 (18.5 mg, 74%) as a white solid: R 0.20
(hexane/AcOEt 70/30); mp 86-88 °C; [a]*p +11.9 (c 0.88,
CHCl); IR (film) 3313, 2953, 1454, 1073 cm™; '"H NMR (400 MHz, CDCl;) § 7.36-7.26
(5H, m, ArH), 5.86 (2H, m, CH=CH), 5.22 (1H, m, Ph-CH), 3.76 (1H, m, (CH;);C-CH),
2.23 (1H, bs, OH), 1.72 (1H, bs, OH), 0.89 (9H, s, (CH;);C-CH); C NMR (100 MHz,
CDCls) 6 142.8/128.5/127.7/126.2 (C Ar), 134.5/131.1 (CH=CH), 80.1 ((CH;);C-CH), 74.6
(Ph-CH), 35.0 ((CH;);C-CH), 25.7 ((CH;);C-CH).

4.2.7. (1R,2E4R,55)-1-Phenylhex-2-ene-1,4,5-triol (anti,syn-167)

The general procedure (section 4.2.) was followed for
LiAlH4 (1.14 g, 30.0 mmol), THF (50 mL); alkyne anti,syn-
161 (2.92 g, 6.00 mmol), THF (2 x 10 mL) at rt for 15 h.

OH 5H Diol anti,syn-167 was obtained as a colorless oil and used as

anti,syn-167 a crude mixture for the next transformation: Ry 0.31
(AcOEY); [a]*p +5.9 (¢ 0.58, CHCls); IR (film) 3347, 2922,
1452, 1366 cm™; '"H NMR (300 MHz, CDCl;) & 7.36-7.28 (5H, m, ArH), 5.97 (1H, dd, J =
6.0, 15.3 Hz, CH,=CH,), 5.86 (1H, dd, J = 6.0, 15.3 Hz, CH,=CH,), 5.23 (1H, d, /= 6.0 Hz,
Ph-CH), 4.08 (1H, dd, J = 3.3, 6.0 Hz, H;C-CH-CH), 3.87 (1H, dq, J = 3.3, 6.3 Hz, H;C-CH-
CH), 2.90-2.40 (3H, bs, OH), 1.11 (3H, d, J = 6.3 Hz, H;C-CH-CH); *C NMR (75 MHz,
CDCl;) & 142.5/128.6/127.8/126.2 (C Ar), 135.6/128.8 (CH=CH), 75.5/74.4/70.2 (H;C-CH-
CH-CH=CH-CH), 17.8 (H3C-CH-CH); HMRS (ESI") caled for C;,H;sOsNa (M+Na)"
231.0992, found 231.0899.

4.2.8. (15,2E,4R,5R)-1-Phenylhex-2-ene-1,4,5-triol (syn,anti-167)

The general procedure (section 4.2.) was followed for
LiAlH; (31 mg, 0.82 mmol), THF (0.5 mL); alkyne
syn,anti-161 (68.8 mg, 0.160 mmol), THF (2 x 0.5 mL) at rt
for 15 h. Purification by flash chromatography
syn,anti-167 (hexane/AcOEt 70/30) gave syn,anti-167 (15.6 mg, 53%) as
a colorless oil: Ry 0.36 (AcOEL); [a]”p —12.9 (¢ 0.96, CHCl;)
for 80% de;* IR (film) 3357, 2927, 1452 cm™; "H NMR (400 MHz, CDCl5) & 7.36-7.26 (5H,
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m, ArH), 5.99 (1H, ddd, /= 1.2, 5.6, 15.6 Hz, Ph-CH-CH=CH), 5.80 (1H, ddd, /= 1.2, 6.4,
15.6 Hz, Ph-CH-CH=CH), 5.23 (1H, d, J = 5.6 Hz, Ph-CH-CH=CH), 3.89 (1H, t, J = 6.4 Hz,
H;C-CH-CH), 3.65 (1H, quint, J = 6.4 Hz, H;C-CH-CH), 2.70-2.30 (3H, bs, OH), 1.17 (3H,
d, J= 6.4 Hz, H;C-CH-CH); *C NMR (100 MHz, CDCl3) & 142.4/128.6/127.9/126.3 (C Ar),
135.3/129.8 (CH=CH), 76.7/74.2/70.7 (H;C-CH-CH-CH=CH-CH), 18.9 (H;C-CH-CH);
HMRS (ESI") calcd for C;,H;403Na (M+Na)" 231.0992, found 231.0991.

4.2.9. (25,3RAE,6R)-2-Methyl 6-phenylhex-4-ene-1,3,6-triol (168)

The general procedure (section 4.2.) was followed for
LiAlH4 (23 mg, 0.60 mmol), THF (0.5 mL); 163 (59.8 mg,
0.119 mmol), THF (2 x 0.5 mL) at rt for 15 h. Purification
by flash chromatography (hexane/AcOEt 70/30) gave 168
168 (20.9 mg, 79%) as a colorless oil: Ry 0.32 (AcOEY); [a]*p
+8.7 (¢ 0.50, CHCl;) for 52% de;*® IR (film) 3344, 2883,
1455, 1021 cm™; "TH NMR (300 MHz, CDCl;) & 7.35-7.26 (5H, m, ArH), 5.89 (1H, dd, J =
6.3, 15.3 Hz, Ph-CH-CH=CH), 5.78 (1H, dd, J = 6.6, 15.3 Hz, Ph-CH-CH=CH), 5.20 (1H, d,
J=6.3 Hz, Ph-CH-CH=CH), 4.02 (1H, t, J = 6.9 Hz, H,C-CH-CH), 3.76-3.52 (2H, m, H,C-
CH-CH), 3.32-2.96 (2H, bs, OH), 2.93 (1H, bs, OH), 1.78 (1H, m, H,C-CH-CH), 0.79 (3H, d,
J = 6.9 Hz, H;C); °C NMR (75 MHz, CDCl;) & 142.4/128.6/127.7/126.1 (C Ar),
134.5/132.7 (CH=CH), 77.7 (H,C-CH-CH ), 74.4 (Ph-CH), 67.3 (H,C-CH-CH), 40.1 (H,C-
CH-CH), 13.5 (H;C).

4.2.10. 1R,2E,2’R 45,5’ R,6’ R)-1-(5,6-Dimethoxy-5,6-dimethyl-1,4-
dioxan-2-yl)-4-phenylbut-2-ene -1,4-diol (syn,anti-169)

The general procedure (section 4.2.) was followed for

OMe OH LiAlH; (10 mg, 0.26 mmol), THF (0.5 mL); alkyne
Q

o 7 syn,anti-162 (28.0 mg, 0.074 mmol), THF (2 x 0.5 mL) at rt

OMe OH for 15 h. Purification by flash chromatography (AcOEt)

gave syn,anti-169 (22.8 mg, 91%) as a colorless oil: Ry 0.13
(hexane/AcOEt 50/50); [a]*p —128.5 (¢ 1.06, CHCl;); IR
(film) 3448, 2950, 1455, 1376, 1212 cm™; "H NMR (400 MHz, CDCl5) & 7.37-7.26 (5H, m,
ArH), 6.00 (1H, ddd, J = 1.2, 5.6, 15.6 Hz, Ph-CH-CH=CH), 5.73 (1H, ddd, J = 1.2, 6.8,
15.6 Hz, Ph-CH-CH=CH), 5.23 (1H, d, J = 4.4 Hz, Ph-CH-CH=CH), 4.05 (1H, t, J = 6.8 Hz,
CH,-CH-CH), 3.79 (1H, ddd, J = 3.2, 6.8, 11.2 Hz, CH,-CH-CH), 3.64 (1H, t, J = 11.2 Hz,
CH,H,-CH-CH), 3.41 (1H, dd, J = 3.2, 11.2 Hz, CH,H,-CH-CH), 3.26 (3H, s, H;CO), 3.25
(3H, s, HyCO), 2.65 (1H, bs, OH), 2.07 (1H, bs, OH), 1.30 (3H, s, H;C-C), 1.28 (3H, s, H;C-
C); >C NMR (100 MHz, CDCls) & 142.4/128.6/127.8/126.3 (C Ar), 135.8 (Ph-CH-CH=CH),
128.1 (Ph-CH-CH=CH), 99.2/98.0 (H;C-C-C-CHj3), 74.2 (Ph-CH-CH=CH), 71.6 (CH,-CH-

syn,anti-169
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CH), 70.2 (CH,-CH-CH), 60.2 (CH,-CH-CH), 48.1 (H;CO), 48.1 (H:CO), 17.7/17.5 (H:C-
C-C-CH;); HMRS (ESI") caled for C;sHysOsNa (M+Na)* 361.1627, found 361.1627.

4.2.11. (15,2E,2’R,4S,5’R,6’ R)-1-(5,6-Dimethoxy-5,6-dimethyl-1,4-
dioxan-2-yl)-4-phenylbut-2-ene-1,4-diol (anti,syn-169)

The general procedure (section 4.2.) was followed for

OMe OH LiAIH, (200 mg, 5.25 mmol), THF (10 mL); alkyne
o]

o 7 anti,syn-162 (550 mg, 1.50 mmol), THF (2 x 5 mL) at rt for

OMe OH 15 h. Purification by flash chromatography (AcOEt) gave

anti,syn-169 (426 mg, 87%) as a white solid: Ry 0.13
(hexane/AcOEt 50/50); mp 111-113 °C; [a]*p —123.7 (c
1.03, CHCL); IR (film) 3423, 2950, 1457, 1375 cm™; '"H NMR (300 MHz, CDCl;) & 7.34-
7.26 (SH, m, ArH), 6.00 (1H, ddd, /= 1.2, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.75 (1H, ddd, J =
1.2, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.22 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 4.23 (1H, bs,
CH,-CH-CH), 3.83 (1H, ddd, /= 2.7, 6.0, 10.5 Hz, CH,-CH-CH), 3.75 (1H, t, /= 10.5 Hz,
CH,H,-CH-CH), 3.49 (1H, dd, J = 2.7, 10.5 Hz, CH,H,~-CH-CH), 3.23 (3H, s, H;CO), 3.22
(3H, s, H;CO), 2.50 (1H, bs, OH), 2.27 (1H, bs, OH), 1.26 (6H, s, H;C-C); °*C NMR (75
MHz, CDCl;) 8 142.6/128.5/127.7/126.2 (C Ar), 134.7 (Ph-CH-CH=CH), 128.7 (Ph-CH-
CH=CH), 99.3/98.0 (H;C-C-C-CHj), 74.4 (Ph-CH-CH=CH), 71.7 (CH,-CH-CH), 69.7
(CH,-CH-CH), 59.2 (CH,-CH-CH), 48.0 (H;CO), 48.0 (H5CO), 17.7/17.5 (H;C-C-C-CHj);
HMRS (ESI") caled for CisH0sNa (M+Na)™ 361.1627, found 361.1632.

anti,syn-169

4.2.12.(1R,2E,2’R,4R,5’R,6’ R)-1-(5,6-Dimethoxy-5,6-dimethyl-1,4-
dioxan-2-yl)-4-phenylbut-2-ene-1,4-diol (syn,syn-169)

The general procedure (section 4.2.) was followed for

OMe OH LiAlH4 (28 mg, 0.73 mmol), THF (1 mL); alkyne syn,syn-
o i

o S 162 (79.1 mg, 0.210 mmol), THF (2 x 0.5 mL) at rt for 15 h.

OMe OH Purification by flash chromatography (AcOEt) gave syn,syn-

syn,syn-169 169 (55.1 mg, 78%) as a white solid: Ry 0.17

(hexane/AcOEt 50/50); mp 156-158 °C; [a]”p —119.2 (c
1.07, CHCLy); IR (film) 3436, 2950, 1455, 1376, 1212 cm™'; '"H NMR (400 MHz, CDCl3) &
7.36-7.26 (5H, m, ArH), 5.98 (1H, ddd, J = 1.2, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.69 (1H,
ddd, J=1.2, 6.8, 15.6 Hz, Ph-CH-CH=CH), 5.23 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 4.04
(1H, dt, J = 3.2, 6.8 Hz, CH,-CH-CH), 3.76 (1H, ddd, J = 3.2, 6.8, 11.2 Hz, CH,-CH-CH),
3.61 (1H, t, J = 11.2 Hz, CHH,-CH-CH), 3.36 (1H, dd, J = 3.2, 11.2 Hz, CH,H,-CH-CH),
3.25 (3H, s, H3CO), 3.24 (3H, s, H;CO), 2.69 (1H, d, J = 3.6 Hz, OH), 2.13 (1H, bs, OH),
130 (3H, s, HsC-C), 127 (3H, s, H;C-C); “C NMR (100 MHz, CDCl;) &
142.4/128.6/127.8/126.2 (C Ar), 136.0 (Ph-CH-CH=CH), 128.4 (Ph-CH-CH=CH), 99.2/98.0
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(H;C-C-C-CH3), 743 (Ph-CH-CH=CH), 71.7 (CH,-CH-CH), 70.2 (CH,-CH-CH), 60.2
(CH,-CH-CH), 48.1 (H;CO), 48.1 (H5CO), 17.7/17.5 (H;C-C-C-CH;); HMRS (ESI") calcd
for C1sH,s0¢Na (M+Na)* 361.1627, found 361.1633.

4.2.13.(18,2E,2’R,4R,5’ R,6’ R)-1-(5,6-Dimethoxy-5,6-dimethyl-1,4-
dioxan-2-yl)-4-phenylbut-2-ene-1,4-diol (anti,anti-169)

The general procedure (section 4.2.) was followed for

OMe OH LiAIH, (17 mg, 0.44 mmol), THF (0.5 mL); alkyne
o]

/%I/ AN anti,anti-162 (47.1 mg, 0.120 mmol), THF (2 x 0.5 mL) at rt

OMe OH for 15 h. Purification by flash chromatography (AcOEt)

gave anti,anti-169 (37.9 mg, 90%) as a colorless oil: R¢0.17
(hexane/AcOEt 50/50); [a]*p —101.8 (¢ 1.00, CHCl;); IR
(film) 3433, 2950, 1453, 1376, 1212 cm™; "H NMR (300 MHz, CDCl3) & 7.36-7.26 (5H, m,
ArH), 6.03 (1H, ddd, J = 1.5, 5.7, 15.6 Hz, Ph-CH-CH=CH), 5.79 (1H, ddd, J = 1.5, 5.7,
15.6 Hz, Ph-CH-CH=CH), 5.25 (1H, m, Ph-CH-CH=CH), 4.27 (1H, m, CH,-CH-CH), 3.84
(1H, ddd, J = 2.4, 4.2, 11.1 Hz, CH,-CH-CH), 3.77 (1H, t, J = 10.8 Hz, CHH,~-CH-CH),
3.49 (1H, dd, J = 2.4, 10.5 Hz, CH,H,~-CH-CH), 3.24 (3H, s, H;CO), 3.23 (3H, s, H;CO),
2.27 (1H, d, J= 3.6 Hz, OH), 2.01 (1H, d, J = 3.6 Hz, OH), 1.28 (3H, s, H;C-C), 1.27 (3H, s,
H;C-C); C NMR (75 MHz, CDCl3) & 142.5/128.6/127.8/126.3 (C Ar), 134.5 (Ph-CH-
CH=CH), 128.4 (Ph-CH-CH=CH), 99.4/98.0 (H;C-C-C-CH3;), 74.3 (Ph-CH-CH=CH), 71.6
(CH,-CH-CH), 69.8 (CH,-CH-CH), 59.2 (CH,-CH-CH), 48.0 (H3CO), 48.0 (H;CO),
17.7/17.5 (H;C-C-C-CH3); HMRS (ESI) caled for CgH,60¢Na (M+Na)" 361.1627, found
361.1630.

anti,anti-169

4.2.14. (1R,2E 4S)-4-tert-Butyldimethylsilyloxy-4-cyclohexyl-1-phenylbut-
2-en-1-ol (143)

The general procedure (section 4.2.) was followed for
LiAlH4 (27 mg, 0.70 mmol), THF (2 mL); alkyne 139 (80.2
mg, 0.200 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (CH,Cl,/MeOH 99/1)
143 gave diol (E)-syn-135 (12.4 mg, 25%) and 143 (35.1 mg,
49%) as a colorless oil: Ry 0.62 (CH,Cl,/MeOH 99/1);
[a]”p =8.1 (¢ 1.02, CHCl3); IR (film) 3357, 2927, 1450, 1253 cm™; '"H NMR (400 MHz,
CDCl;) 6 7.40-7.27 (5H, m, ArH), 5.78 (2H, m, CH=CH), 5.26 (1H, t, J = 4.0 Hz, CH-OH),
3.88 (1H, t, J = 5.6 Hz, CH-OTBS), 1.87-1.62 (6H, m, H cHx), 1.43-0.98 (5H, m, H cHx),
0.92 (9H, s, (CH;);C), 0.05 (3H, s, H;C-Si), 0.04 (3H, s, H;C-Si); °C NMR (100 MHz,
CDCl;) ¢ 143.0/128.5/127.6/126.2 (C Ar), 133.7/132.4 (CH=CH), 77.2 (CH-OTBS), 74.7
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(CH-OH), 44.6 (CH cHx), 29.1/28.5/26.6/26.3/26.2 (CH, cHx), 25.9 ((CH;);C), 18.2
((CH3):0), 4.1 (H5C-Si), 4.8 (H3C-Si).

4.2.15. (1R,2E ,4R)-4-tert-Butyldiphenylsilyloxy-4-cyclohexyl-1-phenylbut-
2-en-1-o0l (144)

The general procedure (section 4.2.) was followed for
LiAIH4 (19 mg, 0.50 mmol), THF (2 mL); alkyne 140 (74.7
mg, 0.142 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (CH,Cl,/MeOH 99/1)
144 gave 144 (47.8 mg, 69%) as a colorless oil: Ry 0.62
(CH,CL,/MeOH 99/1); [a]®p +12.8 (¢ 1.25, CHCl;); IR
(film) 3377, 2928, 1450 cm™; 'H NMR (400 MHz, CDCls) & 7.61-7.55 (4H, m, ArH), 7.39-
7.23 (9H, m, ArH), 7.07-7.05 (2H, m, ArH), 5.64 (1H, dd, J= 7.6, 15.2 Hz, Ph-CH-CH=CH),
5.26 (1H, dd, J= 6.4, 15.2 Hz, Ph-CH-CH=CH), 4.90 (1H, d, J = 6.4 Hz, CH-OH), 3.89 (1H,
dd, J= 5.6, 7.6 Hz, CH-OTBDPS), 1.77-1.37 (6H, m, H cHx), 1.22-0.90 (14H, m, H cHx +
(CH5);C); “C NMR (100 MHz, CDCly) & 142.5/136.0/136.0/134.8/134.0/129.5/129.3/
128.3/127.4/127.3/127.2/126.1 (C Ar), 136.3 (Ph-CH-CH=CH), 132.3 (Ph-CH-CH=CH),
78.6 (CH-OTBDPS), 74.5 (CH-OH), 44.6 (CH cHx), 28.5/28.0/26.5/26.0/26.0 (CH, cHx),
27.0 ((CH;)50), 19.4 ((CH5)50).

TBDPSO

4.2.16. (1R,2E ,45)-4-Cyclohexyl-4-[(2-methoxyethoxy)methoxy]-1-
phenylbut-2-en-1-o0l (145)

The general procedure (section 4.2.) was followed for
LiAlHs (13 mg, 0.34 mmol), THF (0.5 mL); alkyne 141
(36.3 mg, 0.097 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (CH,Cl,/MeOH 99/1)
145 gave 145 (35.1 mg, 49%) as a colorless oil: Ry 0.23
(hexane/AcOEt 70/30); [a]”p —39.7 (¢ 1.06, CHCL); IR
(film) 3439, 2925, 1451 cm™; 'H NMR (300 MHz, CDCl;) & 7.35-7.27 (5H, m, ArH), 5.82
(1H, dd, J= 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.66 (1H, dd, J = 8.1, 15.6 Hz, Ph-CH-CH=CH),
5.20 (1H, d, J= 6.0 Hz, CH-OH), 4.78 (1H, d, J = 7.2 Hz, O-CH,H-0), 4.66 (1H, d, J=7.2
Hz, O-CH,H,-0), 3.75 (1H, t, J = 7.5 Hz, CH-OMEM), 3.71-3.51 (4H, m, O-CH,-CH»-0O),
3.37 (3H, s, H;C-0O), 2.45 (1H, bs, OH), 1.94-1.84 (1H, m, H cHx), 1.77-1.60 (4H, m, H
cHx), 1.55-1.38 (1H, m, H cHx), 1.24-1.10 (3H, m, H cHx), 1.05-0.82 (2H, m, H cHx); "°C
NMR (75 MHz, CDCl;) 6 142.9/128.5/127.5/126.2 (C Ar), 135.8/130.3 (CH=CH), 93.7 (O-
CH,-0), 82.0 (CH-OMEM), 74.4 (CH-OH), 71.9/66.9 (O-CH,-CH,-0), 59.0 (H5C-0), 42.5
(CH cHx), 29.1/29.0/26.5/26.1/26.0 (CH; cHx).

262



Chapter 4

4.2.17. (1R,2E ,4S5)-4-Benzyloxy-4-cyclohexyl-1-phenylbut-2-en-1-o0l (146)

The general procedure (section 4.2.) was followed for
LiAlIH, (11 mg, 0.27 mmol), THF (0.5 mL); alkyne 142
(29.5 mg, 0.078 mmol), THF (2 x 0.5 mL) at rt for 15 h.
Purification by flash chromatography (hexane/AcOEt 90/10)
146 gave 146 (19.3 mg, 73%) as a white solid: Ry 0.14
(hexane/AcOEt 90/10); mp 73-75 °C; [a]*’p —28.5 (¢ 0.93,
CHCl5) for 94% de;® IR (film) 3406, 2926, 1451 cm™; "H NMR (400 MHz, CDCls) & 7.39-
7.26 (10H, m, ArH), 5.81 (1H, dd, /= 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.68 (1H, ddd, /= 1.2,
8.0, 15.6 Hz, Ph-CH-CH=CH), 5.24 (1H, d, J = 6.0 Hz, CH-OH), 4.58 (1H, d, J = 12.0 Hz,
Ph-CH,H,-0), 4.35 (1H, d, J = 12.0 Hz, Ph-CH,H,-0), 3.48 (1H, t, J = 7.6 Hz, CH-OBn),
1.99-1.88 (2H, m, H cHx + OH), 1.75-0.82 (10H, m, H cHx); ?C NMR (100 MHz, CDCl;) &
142.9/139.0/128.6/128.2/127.7/127.7/127.3/126.2 (C Ar), 135.8 (Ph-CH-CH=CH), 130.6
(Ph-CH-CH=CH), 84.1 (CH-OBn), 74.5 (CH-OH), 70.4 (Ph-CH,-O), 42.6 (CH cHx),
29.2/29.0/26.6/26.1/26.0 (CH, cHx).

5. Acetylations

5.1. General procedure

Synthesis of 4-acetoxy-1-alkyl-4-phenylbut-2-enyl acetate. Anhydrous Et;N, Ac,O and
4-DMAP (catalytic amount) were added to a solution of alcohol in anhydrous CH,Cl, under
N,. The reaction was stirred until TLC showed no significant change. The solvent was
removed under reduced pressure. The mixture was purified by flash chromatography on
silica gel to give the 4-acetoxy-1-alkyl-4-phenylbut-2-enyl acetate.

5.2. (18,2Z,4R)-4-Acetoxy-1-cyclohexyl-4-phenylbut-2-enyl acetate
((2)-anti-136)

The general procedure (section 5.1.) was followed for
Et;N (16 uL, 0.11 mmol), Ac,O (7 pL, 0.08 mmol), 4-
DMAP (0.2 mg, 0.002 mmol), (£)-anti-138 (10.8 mg, 0.038
mmol) and CH,Cl, (1 mL) at rt. Purification by flash
(2)-anti-136 chromatography (hexane/AcOEt 90/10) gave (Z)-anti-136
(10.5 mg, 85%) as a colorless oil: Ry 0.45 (CH,Cl,); [a]*p —
49.9 (¢ 1.01, CHCly); IR (film) 2930, 1738, 1450, 1370, 1231 cm™; 'H NMR (300 MHz,
CDCls) 6 7.42-7.26 (5H, m, ArH), 6.73 (1H, d, J = 9.6 Hz, Ph-CH-CH=CH), 5.75 (1H, dd, J
=9.6, 10.2 Hz, Ph-CH-CH=CH), 5.58 (1H, dd, J = 6.6, 9.6 Hz, cHx-CH), 5.50 (1H, dd, J =

OAc OAc
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9.6, 10.2 Hz, Ph-CH-CH=CH), 2.08 (3H, s, H;CC(0)0), 1.99 (3H, s, H;CC(0)0), 1.83-1.51
(6H, m, H cHx), 1.30-0.94 (5H, m, H cHx); °C NMR (75 MHz, CDCl;) § 170.1 (C=0),
169.6 (C=0), 139.6/128.5/127.9/126.6 (C Ar), 131.6/130.2 (CH=CH), 73.9 (cHx-CH), 71.5
(Ph-CH), 41.7 (CH cHx), 28.3/28.3/26.2/26.0/25.9 (CH, cHx), 21.2 (H;CC(0)0), 21.1
(H;CC(0)0); HRMS (FAB") calcd for CH,,04 (M+H)" 331.1909, found 331.1902.

5.3. (1R,2Z,4R)-4-Acetoxy-1-cyclohexyl-4-phenylbut-2-enyl  acetate
((2)-anti-136)

The general procedure (section 5.1.) was followed for

e EtN (17 pL, 0.12 mmol), Ac,0 (8 pL, 0.08 mmol), 4-
m DMAP (0.3 mg, 0.002 mmol), (Z)-syn-138 (12.1 mg, 0.042
mmol) and CH,Cl, (1 mL) at rt. Purification by flash

(2)-syn-136 chromatography (hexane/AcOEt 90/10) gave (Z2)-syn-136

(13.4 mg, 97%) as a colorless oil: R¢ 0.23 (CH,Cl,); [a]*p —
72.7 (¢ 0.81, CHCLy); IR (film) 2931, 1742, 1451, 1370, 1237 cm™; 'H NMR (300 MHz,
CDCls) & 7.40-7.30 (5H, m, ArH), 6.64 (1H, d, J = 8.7 Hz, Ph-CH-CH=CH), 5.87 (1H, dd, J
=8.7, 11.1 Hz, Ph-CH-CH=CH), 5.53 (1H, dd, J= 9.6, 11.1 Hz, Ph-CH-CH=CH), 5.40 (1H,
dd, J = 6.9, 9.6 Hz, cHx-CH), 2.07 (3H, s, H;CC(0)0), 2.02 (3H, s, H;CC(0)0), 1.75-1.42
(6H, m, H cHx), 1.25-0.72 (5H, m, H cHx); C NMR (75 MHz, CDCl;) § 170.2 (C=0),
169.8 (C=0), 139.8/128.6/128.1/127.2 (C Ar), 131.7/130.0 (CH=CH), 73.9 (cHx-CH), 71.8
(Ph-CH), 41.8 (CH cHx), 28.5/28.4/26.2/25.9/25.8 (CH, cHx), 21.3 (H;CC(0)0), 21.1
(H3CC(0)0); HMRS (ESI") caled for CooH,604Na (M+Na)* 353.1723, found 353.1715.

5.4. (18,2E.,4R)-4-Acetoxy-1-cyclohexyl-4-phenylbut-2-enyl  acetate
((E)-syn-136)

The general procedure (section 5.1.) was followed for
Et;N (473 pL, 3.39 mmol), Ac,O (241 pL, 2.54 mmol), 4-
DMAP (5.2 mg, 0.042 mmol), (E)-syn-138 (209 mg, 0.850
mmol) and CH,Cl, (8 mL) at rt. Purification by flash
(E)-syn-136 chromatography (CH,Cl,) gave (E)-syn-136 (279 mg,
100%) as a colorless oil: R; 0.33 (CH,CL); [a]”p —4.6 (¢
0.81, CHCly; IR (film) 2932, 1741, 1452, 1371 cm™; '"H NMR (400 MHz, CDCl3) § 7.35-
7.30 (5H, m, ArH), 6.27 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 5.83 (1H, dd, J = 6.0, 15.2 Hz,
Ph-CH-CH=CH), 5.64 (1H, dd, J = 6.8, 15.2 Hz, Ph-CH-CH=CH), 5.10 (1H, t, J = 6.4 Hz,
cHx-CH), 2.10 (3H, s, H;CC(0O)0O), 2.05 (3H, s, H;CC(0)0), 1.77-1.49 (6H, m, H cHx),
1.29-0.86 (5H, m, H cHx); "C NMR (100 MHz, CDCl;) § 170.3 (C=0), 169.9 (C=0),
139.0/128.6/128.2/127.1 (C Ar), 131.1/129.9 (CH=CH), 77.6 (cHx-CH), 75.2 (Ph-CH), 41.7
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(CH cHx), 28.5/28.4/26.3/25.9/25.9 (CH, cHx), 21.3 (H;CC(0)0), 21.2 (H;CC(0)O);
HMRS (FAB") caled for CaoHa;04 (M+H)™ 331.1909, found 331.1912.

5.5. (1R,2E,/4R)-4-Acetoxy-1-cyclohexyl-4-phenylbut-2-enyl  acetate
((E)-anti-136)

The general procedure (section 5.1.) was followed for
Et;N (233 pL, 1.67 mmol), Ac,O (119 pL, 1.25 mmol), 4-
DMAP (2.6 mg, 0.021 mmol), (E)-anti-138 (103 mg, 0.420
mmol) and CH,Cl, (5 mL) at rt. Purification by flash
(E)-anti-136 chromatography (CH,Cl,) gave (E)-anti-136 (130 mg, 94%)
as a white solid: R¢ 0.35 (CH,CL); mp 63-64 °C; [a]*p
+24.5 (¢ 1.15, CHCls); IR (film) 2930, 1740, 1451, 1370, 1231 cm™; '"H NMR (400 MHz,
CDCl;) 6 7.36-7.30 (5H, m, ArH), 6.28 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 5.83 (1H, dd, J
= 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.64 (1H, dd, /= 7.2, 15.6 Hz, Ph-CH-CH=CH), 5.10 (1H,
t, J = 6.8 Hz, cHx-CH), 2.09 (3H, s, H;CC(0)O), 2.04 (3H, s, H;CC(0)O), 1.78-0.88 (11H,
m, H cHx); "C NMR (100 MHz, CDCl;) & 1702 (C=0), 169.9 (C=0),
138.9/128.5/128.2/127.2 (C Ar), 131.2/130.0 (CH=CH), 77.6/75.1 (CH-CH=CH-CH), 41.7
(CH cHx), 28.5/28.5/26.3/25.9/25.9 (CH, cHx), 21.3 (H;CC(0)0O), 21.2 (H;CC(0)O);
HMRS (FAB") calcd for CyH,70, (M+H)" 331.1909, found 331.1908.

(E)Ac

5.6. (1R,2E,4S)-4-Acetoxy-5-methyl-1-phenylhex-2-enyl acetate (syn-
170)

The general procedure (section 5.1.) was followed for
Et;:N (56 uL, 0.40 mmol), Ac,O (28 uL, 0.30 mmol), 4-
: DMAP (0.6 mg, 0.005 mmol), syn-164 (20.7 mg, 0.10 mmol)

(é)Ac and CH,Cl, (1 mL) at rt. Purification by flash
syn-170 chromatography (CH,Cl,) gave syn-170 (25.5 mg, 88%) as a
colorless oil: R¢ 0.39 (CH,CL,); [a]*p —18.7 (¢ 1.27, CHCl);
IR (film) 2966, 1737, 1457, 1370, 1235 cm™'; "H NMR (400 MHz, CDCl3) & 7.38-7.27 (5H,
m, ArH), 6.28 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 5.84 (1H, ddd, /= 1.2, 6.0, 16.0 Hz, Ph-
CH-CH=CH), 5.64 (1H, ddd, /= 1.2, 6.8, 16.0 Hz, Ph-CH-CH=CH), 5.09 (1H, t, /= 6.4 Hz,
(CH;),CH-CH), 2.10 (3H, s, H;CC(0)0), 2.06 (3H, s, H;CC(0O)0), 1.85 (1H, m, (CH3),CH-
CH), 0.88 (3H, d, J = 6.4 Hz, (CH;),CH-CH), 0.86 (3H, d, J = 6.4 Hz, (CH3),CH-CH); "*C
NMR (100 MHz, CDCl;) & 170.2 (C=0), 169.9 (C=0), 138.9/128.6/128.2/127.1 (C Ar),
131.2/129.7 (CH=CH), 78.0 ((CH;3),CH-CH), 75.2 (Ph-CH), 32.0 ((CH;3),CH-CH), 21.2
(H;CC(0)0), 21.1 (H3CC(0)0), 18.0 ((CH;3),CH-CH), 17.9 ((CH;),CH-CH); HMRS (ESI")
caled for C;7H,,04Na (M+Na)" 313.1410, found 313.1416.
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5.7. (1R,2E,4R)-4-Acetoxy-5-methyl-1-phenylhex-2-enyl acetate (anti-
170)

The general procedure (section 5.1.) was followed for
Et;N (60 pL, 0.43 mmol), Ac,O (30 pL, 0.32 mmol), 4-
: DMAP (0.7 mg, 0.006 mmol), anti-164 (22.1 mg, 0.11

%AC mmol) and CH,Cl, (1 mL) at rt. Purification by flash
anti-170 chromatography (CH,Cl,) gave anti-170 (29.6 mg, 95%) as
a colorless oil: Ry 0.36 (CH,CL); [a]®p +36.8 (¢ 1.47,
CHCl); IR (film) 2966, 1740, 1457, 1372, 1233 cm™; "H NMR (400 MHz, CDCl;) & 7.38-
7.29 (5H, m, ArH), 6.28 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 5.84 (1H, ddd, J = 1.2, 6.0,
15.2 Hz, Ph-CH-CH=CH), 5.66 (1H, ddd, J = 1.2, 6.4, 15.2 Hz, Ph-CH-CH=CH), 5.10 (1H, t,
J=6.4 Hz, (CH;),CH-CH), 2.10 (3H, s, H;CC(0)0), 2.05 (3H, s, H;CC(0)0), 1.87 (1H, m,
(CH;),CH-CH), 0.89 (3H, d, J = 6.8 Hz, (CH;),CH-CH), 0.88 (3H, d, J = 6.8 Hz, (CH;),CH-
CH); "C NMR (100 MHz, CDCl;) & 170.2 (C=0), 169.9 (C=0), 138.9/128.5/128.2/127.1 (C
Ar), 131.3/129.7 (CH=CH), 78.0 ((CH;),CH-CH), 75.2 (Ph-CH), 32.0 ((CH;),CH-CH), 21.2
(H;CC(0)0), 21.1 (H;CC(0)0), 18.0 ((CH3),CH-CH), 18.0 ((CH3),CH-CH); HMRS (ESI")
caled for C;H,,04Na (MJrNa)+ 313.1410, found 313.1405.

5.8. (1R,2E4S5)-4-Acetoxy-6,6-dimethyl-1-phenylhept-2-enyl acetate
171)

The general procedure (section 5.1.) was followed for
Et;N (38 puL, 0.27 mmol), Ac,O (19 pL, 0.20 mmol), 4-
: DMAP (0.4 mg, 0.003 mmol), 165 (15.8 mg, 0.067 mmol)
OAc and CHyCl, (I mL) at rt. Purification by flash
171 chromatography (CH,Cl,) gave 171 (21.2 mg, 99%) as a
colorless oil: R¢ 0.63 (hexane/AcOEt 80/20); [a]*p —25.9 (c
1.17, CHCLy); IR (film) 2956, 1741, 1456, 1370, 1233 cm™'; '"H NMR (400 MHz, CDCl;) &
7.37-7.28 (SH, m, ArH), 6.25 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 5.82 (1H, ddd, J = 1.2,
6.0, 15.6 Hz, Ph-CH-CH=CH), 5.64 (1H, ddd, J = 1.2, 6.4, 15.6 Hz, Ph-CH-CH=CH), 5.42
(1H, ddd, J = 4.0, 6.4, 8.8 Hz, (CH;);C-CH,-CH), 2.09 (3H, s, H;CC(0O)O), 2.03 (3H, s,
H;CC(0)0), 1.64 (1H, dd, J = 8.8, 14.4 Hz, (CH;);C-CHH,-CH), 1.42 (1H, dd, /= 4.0, 14.4
Hz, (CH;);C-CH,H,-CH), 0.90 (9H, s, (CH;);C-CH,-CH); °C NMR (100 MHz, CDCl;) &
170.1 (C=0), 169.9 (C=0), 138.9/128.6/128.2/127.1 (C Ar), 132.7/129.6 (CH=CH), 75.1
(Ph-CH), 71.4 ((CH;);C-CH,-CH), 47.6 ((CH;);C-CH,-CH), 30.2 ((CH;);C-CH,-CH), 29.9
((CH3);C-CH,-CH), 21.4 (H;CC(0)O), 21.2 (H;CC(0)0); HMRS (ESI") caled for
C19H04Na (M+Na)" 341.1723, found 341.1723.
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5.9. (1R,2E,4R)-4-Acetoxy-5,5-dimethyl-1-phenylhex-2-enyl acetate
172)

The general procedure (section 5.1.) was followed for
Et;N (42 pL, 0.30 mmol), Ac,O (21 pL, 0.23 mmol), 4-
DMAP (0.5 mg, 0.004 mmol), 166 (16.6 mg, 0.075 mmol)
and CH,Cl, (1 mL) at rt. Purification by flash
172 chromatography (hexane/CH,Cl, 80/20) gave 172 (22.1 mg,
96%) as a colorless oil: Ry 0.88 (CH,Cl,); [a]*p —22.7 (c
1.10, CHCLs); IR (film) 2964, 1740, 1370, 1235 cm™; "H NMR (400 MHz, CDCl;) & 7.36-
7.29 (5H, m, ArH), 6.27 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH), 5.82 (1H, ddd, J = 0.8, 6.0,
15.6 Hz, Ph-CH-CH=CH), 5.72 (1H, ddd, J = 1.2, 6.8, 15.6 Hz, Ph-CH-CH=CH), 5.02 (1H,
d, /= 6.8 Hz, (CH;);C-CH), 2.09 (3H, s, H;CC(0)0), 2.06 (3H, s, H;CC(0)O), 0.88 (9H, s,
(CH3);C-CH); C NMR (100 MHz, CDCl;) & 1702, (C=0), 169.9 (C=0),
138.9/128.5/128.1/127.1 (C Ar), 131.7/128.7 (CH=CH), 80.4 ((CH;);C-CH), 75.3 (Ph-CH),
34.5 ((CH;);C-CH), 25.8 ((CH;);C-CH), 21.2 (H;CC(0)0), 21.1 (H;CC(0)0).

5.10. (1R,2E,4R,55)-4,5-Diacetoxy-1-phenylhex-2-enyl acetate
(anti,syn-173)

The general procedure (section 5.1.) was followed for
Et;N (5.02 mL, 36.0 mmol), Ac,O (2.84 mL, 30.0 mmol), 4-
. DMAP (36 mg, 0.30 mmol), anti,syn-167 (6 mmol from
OAc %Ac anti,syn-161) and CH,Cl, (100 mL) at rt. Purification by
flash chromatography (hexane/AcOEt 80/20) gave anti,syn-
173 (1.662 g, 87% from anti,syn-161) as a colorless oil: Ry
0.69 (CH,Cl,); [a]*p —21.8 (¢ 1.05, CHCly); IR (film) 2924, 1737, 1455, 1369, 1226 cm™;
'H NMR (400 MHz, CDCl3) & 7.36-7.28 (5H, m, ArH), 6.27 (1H, d, J = 6.3 Hz, Ph-CH-
CH=CH), 5.94 (1H, ddd, J= 1.2, 6.3, 15.6 Hz, Ph-CH-CH=CH), 5.68 (1H, ddd, /= 1.2, 6.6,
15.6 Hz, Ph-CH-CH=CH), 5.38 (1H, ddt, J = 0.9, 5.2, 6.6 Hz, H;C-CH-CH), 5.04 (1H, dq, J
=5.2, 6.3 Hz, H;C-CH-CH), 2.10 (3H, s, H;CC(0O)0), 2.08 (3H, s, H;CC(0)0O), 1.97 (3H, s,
H;CC(0)0), 1.17 (1H, d, J = 6.3 Hz, H;C-CH-CH); C NMR (100 MHz, CDCl3) § 170.3
(C=0), 169.9 (C=0), 169.8 (C=0), 138.6/128.6/128.3/127.1 (C Ar), 133.1 (Ph-CH-CH=CH),
126.6 (Ph-CH-CH=CH), 75.0 (Ph-CH), 74.4 (H;C-CH-CH), 70.3 (H;C-CH-CH), 21.2
(H;CC(0)0), 21.0 (H;CC(0)0), 21.0 (H;CC(0)0), 15.1 (H;C-CH-CH); HMRS (ESI") calcd
for C1gH,,0¢Na (M+Na)" 357.1309, found 357.1299.

anti,syn-173
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5.11.(1S,2E,4R,5R)-4,5-Diacetoxy-1-phenylhex-2-enyl acetate (syn,anti-
173)

The general procedure (section 5.1.) was followed for
Et;N (44 pL, 0.32 mmol), Ac,O (25 pL, 0.26 mmol), 4-
DMAP (0.3 mg, 0.003 mmol), syn,anti-167 (11.0 mg, 0.053
OAc OAc mmol) and CH,Cl, (1 mL) at rt. Purification by flash

chromatography (hexane/AcOEt 80/20) gave syn,anti-173
(15.9 mg, 90%) as a colorless oil: R¢ 0.62 (CH,CL,); [a]*’p —
12.5 (¢ 0.79, CHCLy) for 80% de;® IR (film) 2939, 1740, 1455, 1372, 1225 cm™; '"H NMR
(400 MHz, CDCl;) 6 7.37-7.30 (SH, m, ArH), 6.27 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH),
5.93 (1H, ddd, J = 1.2, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.66 (1H, ddd, /= 1.2, 6.4, 15.6 Hz,
Ph-CH-CH=CH), 5.37 (1H, m, H;C-CH-CH), 5.05 (1H, dq, J = 5.6, 6.4 Hz, H;C-CH-CH),
2.10 (3H, s, H;CC(0)0), 2.08 (3H, s, H;CC(0)0), 1.98 (3H, s, H;CC(0)0), 1.18 (1H, d, J =
6.4 Hz, H;C-CH-CH); °C NMR (100 MHz, CDCl3) & 170.2 (C=0), 169.8 (C=0), 169.8
(C=0), 138.5/132.6/128.6/128.3/127.1/127.0 (C Ar + CH=CH), 74.9/74.3/70.2 (Ph-CH-
CH=CH-CH-CH), 21.2 (H;CC(0)0O), 20.9 (H;CC(0)0), 20.9 (H;CC(0)O), 16.1 (H;C-CH-
CH); HMRS (ESI") calcd for C;sH,,04Na (M+Na)" 357.1309, found 357.1302.

syn,anti-173

5.12.(1R,2E 4R,55)-4,6-Diacetoxy-5-methyl-1-phenylhex-2-enyl acetate
(174)

The general procedure (section 5.1.) was followed for
Et;N (43 pL, 0.31 mmol), Ac,O (25 pL, 0.26 mmol), 4-
DMAP (0.3 mg, 0.003 mmol), 168 (10.4 mg, 0.052 mmol)

OAC and CHyCl, (I mL) at rt. Purification by flash
174 chromatography (CH,Cl,) gave 174 (15.3 mg, 94%) as a
colorless oil: Ry 0.23 (CH,CL); [a]*’p —2.6 (¢ 1.08, CHCl;)
for 52% de;* IR (film) 2971, 1740, 1457, 1372, 1231 cm™; 'H NMR (300 MHz, CDCl;) &
7.38-7.28 (5H, m, ArH), 6.27 (1H, d, J = 5.7 Hz, Ph-CH-CH=CH), 5.91 (1H, ddd, J = 0.9,
5.7, 15.3 Hz, Ph-CH-CH=CH), 5.64 (1H, ddd, J = 1.2, 6.9, 15.3 Hz, Ph-CH-CH=CH), 5.27
(1H, m, H,C-CH-CH), 4.01 (1H, dd, J = 6.0, 11.1 Hz, CH,H,-CH-CH), 3.95 (1H, dd, /= 5.7,
11.1 Hz, CHH,-CH-CH), 2.10 (1H, m, H,C-CH-CH), 2.10 (3H, s, H;CC(0)0O), 2.06 (3H, s,
H;CC(0)0), 2.03 (3H, s, H;CC(0)0), 0.91 (1H, d, J = 6.9 Hz, CHs); °C NMR (75 MHz,
CDCl3) 6 171.0 (C=0), 169.9 (C=0), 169.8 (C=0), 138.7/128.6/128.3/127.1 (C Ar), 132.3
(Ph-CH-CH=CH), 128.6 (Ph-CH-CH=CH), 75.0 (Ph-CH-CH=CH), 74.4 (H,C-CH-CH),
65.3 (H,C-CH-CH), 36.6 (H,C-CH-CH), 21.2 (H;CC(0)0O), 21.1 (H;CC(0)0O), 20.8
(H;CC(0)O), 13.0 (CHy).
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5.13.(1R,2E,2’R,4S5,5’R,6’ R)-4-A cetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)-4-phenylbut-2-enyl acetate (syn,anti-175)

The general procedure (section 5.1.) was followed for

OMe o %Ac Et;N (52 pL, 0.37 mmol), Ac,O (26 pL, 0.28 mmol), 4-
o7 Z DMAP (0.6 mg, 0.005 mmol), syn,anti-169 (31.5 mg, 0.093
OAc mmol) and CH,Cl, (1 mL) at rt. Purification by flash

syn,anti-175 chromatography (hexane/AcOEt 75/25) gave syn,anti-175

(38.9 mg, 99%) as a colorless oil: Rf 0.25 (hexane/AcOEt
75/25); [0]’p —93.1 (¢ 1.30, CHCl3); IR (film) 2950, 1742, 1455, 1374, 1231 cm™'; '"H NMR
(400 MHz, CDCl;) & 7.37-7.30 (5H, m, ArH), 6.28 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH),
5.94 (1H, ddd, J = 1.2, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.68 (1H, ddd, J= 1.2, 6.4, 15.6 Hz,
Ph-CH-CH=CH), 5.34 (1H, t, J = 6.4 Hz, CH,-CH-CH), 3.97 (1H, ddd, J=3.2, 6.0, 11.2 Hz,
CH,-CH-CH), 3.58 (1H, t, J = 11.2 Hz, CH,H,-CH-CH), 3.36 (1H, dd, J = 3.2, 11.2 Hz,
CH,H,-CH-CH), 3.23 (6H, s, H;CO), 2.09 (3H, s, H;CC(0)0), 2.07 (3H, s, H;CC(0)0),
1.26 (3H, s, H;C-C), 1.26 (3H, s, H;C-C); °C NMR (100 MHz, CDCl;) & 169.8 (C=0),
169.8 (C=0), 138.5/128.6/128.3/127.1 (C Ar), 132.4 (Ph-CH-CH=CH), 126.7 (Ph-CH-
CH=CH), 99.3/98.0 (H;C-C-C-CH3), 74.8/72.4/68.2 (Ph-CH-CH=CH-CH-CH), 59.8 (CH,-
CH-CH), 48.0 (H;CO), 47.9 (H;CO), 21.2 (H;CC(0)0), 21.0 (H;CC(0)0), 17.7/17.5 (HsC-
C-C-CH;); HMRS (ESI") caled for C,,H300sNa (M+Na)" 445.1833, found 445.1836.

5.14.(18,2E,2’R 45,5’ R,6’ R)-4-Acetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)-4-phenylbut-2-enyl acetate (anti,syn-175)

The general procedure (section 5.1.) was followed for

OMe o OAc Et;:N (31 puL, 0.22 mmol), Ac,O (16 uL, 0.17 mmol), 4-
OéMe Z DMAP (0.3 mg, 0.003 mmol), anti,syn-169 (18.9 mg, 0.056
OAc mmol) and CH,Cl, (1 mL) at rt. Purification by flash

anti,syn-175 chromatography (hexane/AcOEt 75/25) gave anti,syn-175

(23.6 mg, 100%) as a colorless oil: R¢ 0.25 (hexane/AcOEt
75/25); [a]*p —71.0 (¢ 1.18, CHCLy); IR (film) 2950, 1742, 1455, 1374, 1231 cm™; '"H NMR
(400 MHz, CDCl;) & 7.36-7.27 (5H, m, ArH), 6.28 (1H, d, J = 6.0 Hz, Ph-CH-CH=CH),
5.94 (1H, ddd, J = 1.2, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.76 (1H, ddd, J = 1.2, 6.4, 15.6 Hz,
Ph-CH-CH=CH), 5.26 (1H, t, J = 6.8 Hz, CH,-CH-CH), 3.89 (1H, ddd, J=3.2, 7.2, 11.2 Hz,
CH,-CH-CH), 3.61 (1H, t, J = 11.2 Hz, CH,H,-CH-CH), 3.43 (1H, dd, J = 3.2, 11.2 Hz,
CH,H,-CH-CH), 3.23 (3H, s, H;CO), 3.14 (3H, s, H;CO), 2.09 (3H, s, H;CC(0)O0), 2.06 (3H,
s, H;CC(0)0), 1.25 (3H, s, HyC-C), 1.22 (3H, s, HiC-C); *C NMR (100 MHz, CDCl;) &
169.8 (C=0), 169.6 (C=0), 138.8/132.5/128.5/128.2/127.9/127.1 (C Ar + CH=CH),
99.3/98.0 (H;C-C-C-CHj), 75.1/72.4/68.3 (Ph-CH-CH=CH-CH-CH), 60.4 (CH,-CH-CH),
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48.0 (H5CO), 47.9 (H;CO), 21.2 (H;CC(0)O), 21.0 (H;CC(0)O), 17.6/17.5 (H;C-C-C-CH;);
HMRS (EST") caled for CpHsOsNa (M+Na)" 445.1833, found 445.1827.

5.15.(1R,2E,2’R,4R,5’ R,6’ R)-4-A cetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)-4-phenylbut-2-enyl acetate (syn,syn-175)

The general procedure (section 5.1.) was followed for

OMe o (?)Ac Et;N (34 uL, 0.24 mmol), Ac,O (17 pL, 0.18 mmol), 4-
O('JMe 7 : DMAP (0.4 mg, 0.003 mmol), syn,syn-169 (20.5 mg, 0.061
OAc mmol) and CH,Cl, (1 mL) at rt. Purification by flash

syn,syn-175 chromatography (hexane/AcOEt 80/20) gave syn,syn-175

(25.2 mg, 98%) as a colorless oil: R¢ 0.09 (CH,Cl,); [a]st -
84.5 (¢ 1.26, CHCLy); IR (film) 2950, 1740, 1457, 1374, 1233 cm’'; '"H NMR (400 MHz,
CDCly) 6 7.36-7.29 (5H, m, ArH), 6.26 (1H, d, J= 6.0 Hz, Ph-CH-CH=CH), 5.96 (1H, ddd,
J =12, 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.66 (1H, ddd, J = 1.2, 7.2, 15.6 Hz, Ph-CH-
CH=CH), 5.31 (1H, dd, J = 6.0, 7.2 Hz, CH,-CH-CH), 3.95 (1H, ddd, /= 3.2, 6.0, 11.2 Hz,
CH,-CH-CH), 3.58 (1H, t, J = 11.2 Hz, CH,H,-CH-CH), 3.33 (1H, dd, J = 3.2, 11.2 Hz,
CH,H,-CH-CH), 3.23 (3H, s, H;CO), 3.20 (3H, s, H;CO), 2.09 (3H, s, H;CC(0O)0), 2.07 (3H,
s, H;CC(0)0), 1.26 (3H, s, HyC-C), 1.26 (3H, s, HiC-C); °C NMR (100 MHz, CDCl;) &
169.9 (C=0), 169.7 (C=0), 138.5/132.8/128.6/128.3/127.1/126.9 (C Ar + CH=CH),
99.3/98.0 (H;C-C-C-CH3), 74.9/72.5/68.4 (Ph-CH-CH=CH-CH-CH), 59.8 (CH,-CH-CH),
48.0 (H;CO), 47.8 (H;CO), 21.2 (H;CC(0)0), 21.0 (H3;CC(0)0), 17.7/17.4 (H;C-C-C-CHj);
HMRS (ESI") caled for C,,H300sNa (M+Na)™ 445.1833, found 445.1830.

5.16.(1S,2E,2’R,4R,5’R,6’ R)-4-Acetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)-4-phenylbut-2-enyl acetate (anti,anti-175)

The general procedure (section 5.1.) was followed for

OMe o OAc Et;N (59 uL, 0.42 mmol), Ac,O (30 uL, 0.31 mmol), 4-
07 AN DMAP (0.7 mg, 0.006 mmol), anti,anti-169 (35.9 mg, 0.11
OMe oA mmol) and CH,Cl, (1 mL) at rt. Purification by flash
anti.anti-175 chromatography (hexane/AcOEt 80/20) gave anti,anti-175

(43.4 mg, 97%) as a colorless oil: R¢ 0.08 (CH,Cl,); [a]*p —
66.4 (c 0.95, CHCLy); IR (film) 2950, 1744, 1457, 1374, 1231 cm™; '"H NMR (300 MHz,
CDCl;) 6 7.36-7.26 (5H, m, ArH), 6.29 (1H, d, J = 5.7 Hz, Ph-CH-CH=CH), 5.93 (1H, ddd,
J =12, 5.7, 15.6 Hz, Ph-CH-CH=CH), 5.78 (1H, ddd, J = 1.2, 6.0, 15.6 Hz, Ph-CH-
CH=CH), 5.29 (1H, dd, J = 6.0, 7.2 Hz, CH,-CH-CH), 3.90 (1H, ddd, /= 3.3, 7.2, 11.1 Hz,
CH,-CH-CH), 3.64 (1H, t, J = 11.1 Hz, CHH,~-CH-CH), 3.44 (1H, dd, J = 3.3, 11.1 Hz,
CH,H,-CH-CH), 3.24 (3H, s, H;CO), 3.18 (3H, s, H;CO), 2.09 (3H, s, H;CC(0)0), 2.05 (3H,
s, H;CC(0)0), 1.26 (3H, s, H;C-C), 1.25 (3H, s, H;C-C); *C NMR (75 MHz, CDCl;) &
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169.7 (C=0), 169.6 (C=0), 138.6/128.5/128.2/127.2 (C Ar), 132.0 (Ph-CH-CH=CH), 127.6
(Ph-CH-CH=CH), 99.3/98.0 (H;C-C-C-CH3), 74.9/72.3/68.4 (Ph-CH-CH=CH-CH-CH),
60.5 (CH,-CH-CH), 48.0 (H;CO), 47.9 (H;CO), 21.2 (H;CC(0)0), 21.0 (H;CC(0)O),
17.6/17.5 (H;C-C-C-CH;); HRMS HMRS (ESI") caled for Cy,HiOsNa (M+Na)" 445.1833,
found 445.1834.

5.17.(1R,2E 4S5)-4-tert-Butyldimethylsilyloxy-4-cyclohexyl-1-
phenylbut-2-enyl acetate (147)

The general procedure (section 5.1.) was followed for
Et;N (52 pL, 0.38 mmol), Ac,O (27 pL, 0.28 mmol), 4-
DMAP (0.6 mg, 0.005 mmol), 143 (33.9 mg, 0.094 mmol)
and CH,Cl, (2 mL) at rt. Purification by flash
147 chromatography (CH,Cl,/hexane 50/50) gave 147 (33.8 mg,
89%) as a colorless oil: Ry 0.45 (CH,Cly/hexane 50/50);
[a]®p —19.1 (¢ 0.97, CHCl;); IR (film) 2929, 1743, 1450, 1370, 1232 cm™; 'H NMR (300
MHz, CDCl;) 6 7.36-7.31 (SH, m, ArH), 6.27 (1H, d, /= 6.0 Hz, CH-OAc), 5.75 (1H, dd, J
=5.4,15.3 Hz, CH,=CH,), 5.66 (1H, dd, J = 5.4, 15.3 Hz, CH,=CH,), 3.81 (1H, t, /= 5.7 Hz,
CH-OTBS), 2.09 (3H, s, H;CC(0)O), 1.82-1.55 (6H, m, H cHx), 1.38-0.87 (5H, m, H cHx),
0.87 (9H, s, (CH:);C), 0.00 (3H, s, HsC-Si), —0.06 (3H, s, H;C-Si); °*C NMR (75 MHz,
CDCl;) 6 169.9 (C=0), 139.5/128.4/127.9/126.9 (C Ar), 135.7/128.5 (CH=CH), 77.2 (CH-
OTBS), 75.6 (CH-OH), 44.4 (CH cHx), 29.0/28.4/26.6/26.3/26.2 (CH, cHx), 25.9 ((CH;);C),
21.2 (H;CC(0)0), 18.2 ((CH3):0), -4.2 (H3C-Si), -4.9 (H5C-Si).

5.18.(1R,2E 4R)-4-tert-Butyldiphenylsilyloxy-4-cyclohexyl-1-
phenylbut-2-enyl acetate (148)

The general procedure (section 5.1.) was followed for
Et;:N (55 pL, 0.40 mmol), Ac,O (28 uL, 0.30 mmol), 4-
DMAP (0.6 mg, 0.005 mmol), 144 (47.8 mg, 0.099 mmol)
and CH,Cl, (2 mL) at rt. Purification by flash
148 chromatography (CH,Cly/hexane 50/50) gave 148 (41.6 mg,
80%) as a colorless oil: Ry 0.52 (CH,Cly/hexane 50/50);
[a]®p +18.2 (¢ 0.92, CHCL3); IR (film) 2932, 1740, 1427, 1369, 1233 cm™; '"H NMR (400
MHz, CDCl3) 6 7.73-7.52 (5H, m, ArH), 7.42-7.25 (8H, m, ArH), 7.12-7.03 (2H, m, ArH),
6.03 (1H, d, J = 6.8 Hz, CH-OAc), 5.69 (1H, dd, J = 7.6, 15.2 Hz, Ph-CH-CH=CH), 5.23
(1H, dd, J = 6.8, 15.2 Hz, Ph-CH-CH=CH), 3.85 (1H, dd, J = 6.8, 15.2 Hz, CH-OTBDPS),
2.02 (3H, s, H;CC(0)0), 1.73-1.37 (6H, m, H cHx), 1.17-0.83 (14H, m, H cHx + (CH;);C);
"C NMR (100 MHz, CDCl;) & 169.8 (C=0), 139.1/135.3/134.4/134.3/129.5/129.4/
129.3/127.8/136.0/136.0/128.4/127.3/127.2 /126.8 (C Ar + CH=CH), 78.4 (CH-OTBDPS),

TBDPSO
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75.6 (CH-OAc), 44.5 (CH cHx), 27.0 ((CH:);C), 28.9/28.1/26.7/26.2/26.2 (CH, cHx), 21.2
(H;CC(0)0O), 19.4 ((CH3)50).

5.19.(1R,2E 45)-4-Cyclohexyl-4-[(2-methoxyethoxy)methoxy]-1-
phenylbut-2-enyl acetate (149)

The general procedure (section 5.1.) was followed for
Et;:N (31 puL, 0.22 mmol), Ac,O (16 uL, 0.16 mmol), 4-
DMAP (0.3 mg, 0.003 mmol), 145 (18.3 mg, 0.055 mmol)
and CH,Cl, (1 mL) at rt. Purification by flash
149 chromatography (hexane/AcOEt 90/10) gave 149 (19.0 mg,
92%) as a colorless oil: R¢ 0.31 (hexane/AcOEt 70/30);
[a]®p —62.3 (¢ 0.84, CHCL;); IR (film) 2924, 1744, 1456, 1370, 1231 cm™; "H NMR (300
MHz, CDCl;) 6 7.36-7.28 (SH, m, ArH), 6.26 (1H, dd, /= 1.0, 6.0 Hz, CH-OAc), 5.80 (1H,
dd, J= 6.0, 15.6 Hz, Ph-CH-CH=CH), 5.56 (1H, ddd, J= 1.0, 8.1, 15.6 Hz, Ph-CH-CH=CH),
4.74 (1H, d, J = 7.2 Hz, O-CH,H,-0), 4.61 (1H, d, J = 7.2 Hz, O-CH,H,-0O), 3.83-3.49 (5H,
m, O-CH,-CH,-O + CH-OMEM), 3.37 (3H, s, H;C-0), 2.09 (3H, s, H;CC(0)0), 1.90-1.83
(1H, m, H cHx), 1.77-1.56 (4H, m, H cHx), 1.51-1.40 (1H, m, H cHx), 1.26-1.10 (3H, m, H
cHx), 1.02-0.85 (2H, m, H cHx); “C NMR (75 MHz, CDCl) & 169.9 (C=0),
139.2/132.1/131.6/128.6/128.1/127.0 (C Ar + CH=CH), 92.7 (O-CH,-0), 80.4 (CH-OMEM),
75.4 (CH-OAc), 71.7/66.9 (0O-CH,-CH,-O), 59.0 (H;C-O), 424 (CH cHx),
29.0/28.9/26.5/26.1/26.0 (CH, cHx), 21.3 (H;CC(0)O).

5.20.(1R,2E 4S)-4-Benzyloxy-4-cyclohexyl-1-phenylbut-2-enyl acetate
(150)

The general procedure (section 5.1.) was followed for
Et;N (51 pL, 0.37 mmol), Ac,O (26 pL, 0.27 mmol), 4-
DMAP (0.6 mg, 0.005 mmol), 146 (30.8 mg, 0.092 mmol)
and CH,Cl, (I mL) at rt. Purification by flash
150 chromatography (hexane/AcOEt 90/10) gave 150 (34.6 mg,
100%) as a colorless oil: R¢ 0.34 (hexane/AcOEt 90/10);
[a]®p —26.9 (¢ 0.92, CHCl5); IR (film) 2926, 1740, 1454, 1370 cm™; '"H NMR (400 MHz,
CDCl;) 6 7.35-7.25 (10H, m, ArH), 6.31 (1H, dd, J= 1.2, 6.0 Hz, CH-OAc), 5.78 (1H, dd, J
=6.0, 15.6 Hz, Ph-CH-CH=CH), 5.63 (1H, ddd, J= 1.2, 8.0, 15.6 Hz, Ph-CH-CH=CH), 4.56
(1H, d, J = 12.0 Hz, Ph-CH,H,-0), 4.30 (1H, d, J = 12.0 Hz, Ph-CH,H,-0), 3.47 (1H, t, J =
7.6 Hz, CH-OBn), 2.12 (3H, s, H;CC(0)0), 1.93 (1H, m, H cHx), 1.73-1.44 (5H, m, H cHx),
1.35-1.04 (3H, m, H cHx), 1.00-0.84 (2H, m, H cHx); *C NMR (100 MHz, CDCl;) & 169.9
(C=0), 139.2/138.8/128.6/128.2/128.1/127.7/127.3/127.1 (C Ar), 132.3 (Ph-CH-CH=CH),
131.8 (Ph-CH-CH=CH), 83.8 (CH-OBn), 75.4 (CH-OAc), 70.3 (Ph-CH,-0O), 42.5 (CH cHx),
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29.2/28.9/26.6/26.1/26.0 (CH, cHx), 21.3 (H;CC(0)0); HMRS (ESI") calcd for CysH30O3Na
(M+Na)" 401.2087, found 401.2074.

6. Deprotection: synthesis of (1R,2E,4S)-4-cyclohexyl-4-hydroxy-1-
phenylbut-2-enyl acetate (151)

A solution of 147 (22.1 mg, 0.055 mmol) and TBAF (347
mg, 1.10 mmol) in anhydrous THF (1 mL) was stirred

overnight. The reaction was quenched with saturated

aqueous NH,4Cl. The organic layer was washed with brine,

151 dried over MgSO, and evaporated under reduced pressure.
Purification by flash chromatography (CH,Cl,/MeOH 99/1)
gave 151 (10.3 mg, 69%) as a colorless oil: Ry 0.29 (CH,Cl,/MeOH 99/1); [a]*p +12.7 (c
0.81, CHCLy); IR (film) 3408, 2926, 1737, 1450, 1371, 1234 cm; '"H NMR (400 MHz,
CDCls) 6 7.38-7.33 (5H, m, ArH), 6.28 (1H, d, J = 6.0 Hz, CH-OAc), 5.82 (1H, dd, J = 6.4,
15.2 Hz, Ph-CH-CH=CH), 5.76 (1H, dd, J = 6.0, 15.2 Hz, Ph-CH-CH=CH), 3.88 (1H, t, J =
6.0 Hz, CH-OH), 2.10 (3H, s, H;CC(0)0), 1.83-1.60 (6H, m, H cHx), 1.44-0.83 (5H, m, H
cHx); “C NMR (100 MHz, CDCl;) & 170.0 (C=0), 139.2/128.5/128.1/127.0 (C Ar), 134.6
(Ph-CH-CH=CH), 129.5 (Ph-CH-CH=CH), 76.5 (CH-OH), 75.5 (CH-OAc), 43.7 (CH cHx),
28.8/28.3/26.4/26.1/26.0 (CH, cHx), 21.3 (H;CC(O)O).

7. Isomerizations

7.1. Comparison between Z and E-isomer of anti-136: NMR

experiments

7.1.1. Isomer E

A solution of (E)-anti-136 (10 mg) in CDCI; (0.7 mL) was treated with PACl,(NCPh), (10
mol%) at 60 °C. The reaction was followed by NMR. The study of the NMR spectra
indicated that the reaction was completed after 2 h and that a single compound was formed:
anti-137.

7.1.2. Isomer Z

A solution of (£)-anti-136 (10 mg) in CDCI; (0.7 mL) was treated with PdCl,(NCPh), (10
mol%) at 60 °C. The reaction was followed by NMR. The study of the NMR spectra
indicated that there was a conversion of 50% after 24 h and that two major compounds were
formed: anti-137 and syn-137 (anti-137/syn-137 75/25).
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7.2. Catalysts

7.2.1. With TsOH-H,O0

A solution of (£)-136 (10 mg) in CH,Cl, (1 mL) was treated with TsOH-H,O (20 mol%)
and refluxed for 2 h. NMR spectra of the crude mixture showed that a single major

compound was formed : 54-ketone.

7.2.2. With BF3‘Et20

A solution of (£)-136 (10 mg) in CH,Cl, (1 mL) was treated with BF;-Et,0 (20 mol%) and
refluxed for 2 h. NMR spectra of the crude mixture showed that a single compound was
formed : 54-ketone.

7.2.3. With Sc(OTf);

A solution of (£)-136 (10 mg) in CH,Cl, (1 mL) was treated with Sc(OTf); (20 mol%) and
refluxed for 2 h. NMR spectra of the crude mixture showed that a single compound was

formed: 54-ketone.

7.3. Solvent effect

7.3.1. In CH2C12

A solution of (E)-anti-136 (10.3 mg, 0.030 mmol) in CH,Cl, (0.5 mL) was treated with
PdACI,(NCPh), (0.58 mg, 0.002 mmol) and stirred for 6 h. NMR spectra of the crude mixture

showed there was a conversion of 83%.

7.3.2. In toluene

A solution of (E)-anti-136 (10.5 mg, 0.030 mmol) in toluene (0.5 mL) was treated with
PdCI,(NCPh), (0.58 mg, 0.002 mmol) and stirred for 6 h. NMR spectra of the crude mixture

showed there was a conversion of 66%.

7.3.3. In THF

A solution of (E)-anti-136 (10.0 mg, 0.030 mmol) in THF (0.5 mL) was treated with
PdCl,(NCPh), (0.58 mg, 0.002 mmol) and stirred for 6 h. NMR spectra of the crude mixture

showed there was a conversion of 25%.
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7.3.4. In CH3CN

A solution of (E)-anti-136 (10.4 mg, 0.030 mmol) in CH,Cl, (0.5 mL) was treated with
PdCI,(NCPh), (0.58 mg, 0.002 mmol) and stirred for 6 h. NMR spectra of the crude mixture

showed there was only starting material (2)-anti-136.

7.4. Isomerization of monoacetate derivatives

7.4.1. (15,28,3E)-1-Benzyloxy-1-cyclohexyl-4-phenylbut-3-en-2-yl acetate
(152)

A solution of 150 (10.5 mg, 0.028 mmol) was refluxed in
CH,Cl, (1 mL) in presence of PdCl,(NCPh), (1.1 mg, 0.003
mmol) for 40 h. The solvent was removed under reduced

pressure.  Purification by  flash  chromatography
152 (hexane/CH,Cl, 50/50) gave a mixture of starting material
150 and 152 (152/150 85/15, 10.3 mg, 98%) as a colorless
oil: Ry 0.34 (hexane/AcOEt 90/10); IR (film) 2929, 1740, 1451, 1372, 1234 cm™; '"H NMR
(400 MHz, CDCl3) 6 7.37-7.25 (5H, m, ArH), 6.67 (1H, d, J = 15.6 Hz, Ph-CH=CH), 6.19
(1H, dd, J = 5.6, 15.6 Hz, Ph-CH=CH), 5.65 (1H, ddd, J = 1.2, 5.6, 7.6 Hz, cHx-CH-CH),
4.71 (1H, d, J = 11.2 Hz, Ph-CH,H,-0), 4.62 (1H, d, J = 11.2 Hz, Ph-CH,H,-0), 3.33 (1H, t,
J = 11.2 Hz, cHx-CH-CH), 2.05 (3H, s, H;CC(0)0), 1.91-0.90 (11H, m, H cHx); °C NMR
(100 MHz, CDCl3) 6 170.2 (C=0), 138.7/136.4/133.3/128.6/128.3/127.9/127.7/127.5/126.6/
125.1 (C Ar) + Ph-CH=CH), 85.4/75.4/75.1 (Ph-CH,-O-CH-CH-OAc), 39.8 (CH cHx),
30.0/27.7/26.4/26.3/26.1 (CH, cHx), 21.3 (H;CC(0)O); HMRS (ESI") caled for CysH3003Na
(M+Na)" 401.2087, found 401.2090.

7.4.2. (1R,2E 4S)-4-tert-Butyldimethylsilyloxy-4-cyclohexyl-1-phenylbut-2-enyl
acetate (147)

A solution of 147 (10.6 mg, 0.026 mmol) in CH,Cl, (1 mL) was treated with
PdCI,(NCPh), (1.01 mg, 0.003 mmol) and refluxed for 15 h. NMR of the crude mixture
showed there was only starting material 147.

7.4.3. (1R,2E 4R)-4-tert-Butyldiphenylsilyloxy-4-cyclohexyl-1-phenylbut-2-enyl
acetate (148)

A solution of 148 (8.7 mg, 0.017 mmol) in CH,Cl, (1 mL) was treated with PdCl,(NCPh),
(0.63 mg, 0.002 mmol) and refluxed for 4 h. NMR of the crude mixture showed there was
only starting material 148.
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7.4.4. (1R,2E 4S)-4-Cyclohexyl-4-[(2-methoxyethoxy)methoxy]-1-phenylbut-2-
enyl acetate (149)

A solution of 149 (7.2 mg, 0.019 mmol) in CH,Cl, (1 mL) was treated with PdCl,(NCPh),
(0.73 mg, 0.002 mmol) and refluxed for 4 h. NMR of the crude mixture showed there was
only starting material 149.

7.4.5. (1R,2E 4S)-4-Benzyloxy-4-cyclohexyl-1-phenylbut-2-enyl acetate (151)

A solution of 151 (9.8 mg, 0.034 mmol) in CH,Cl, (1 mL) was treated with PdCl,(NCPh),
(1.30 mg, 0.003 mmol) and refluxed for 4 h. NMR of the crude mixture showed a complex

mixture.

7.5. General procedure for isomerization

Synthesis of (E)-2-acetoxy-1-alkyl-4-phenylbut-3-enyl acetate. A solution of (£)-4-
acetoxy-1-alkyl-4-phenylbut-2-enyl acetate was refluxed in CH,Cl, in presence of
PdCI,(NCPh), until TLC showed no significant change. The solvent was removed under
reduced pressure. The mixture was purified by flash chromatography on silica gel to give the

(E)-2-acetoxy-1-alkyl-4-phenylbut-3-enyl acetate.

7.6. Isomerization of syn and anti isomer of (E)-136

7.6.1. (15,28,3E)-2-Acetoxy-1-cyclohexyl-4-phenylbut-3-enyl acetate
(syn-137)

The general procedure (section 7.5.) was followed for (E)-
syn-136 (353 mg, 1.07 mmol), CH,Cl, (30 mlL),
PdCI(NCPh), (21 mg, 0.053 mmol) for 4 h. Purification by
flash chromatography (hexane/CH,Cl, 50/50) gave syn-137
(346 mg, 98%) as a white solid: R¢ 0.54 (CH,Cl,); mp 122-
123 °C; [a]*’p +35.7 (¢ 0.80, CHCl5); IR (film) 2928, 1738,
1449, 1376, 1231 cm™; '"H NMR (400 MHz, CDCl;) § 7.37-7.23 (5H, m, ArH), 6.66 (1H, d,
J=16.0 Hz, Ph-CH=CH), 6.04 (1H, dd, J = 7.2, 16.0 Hz, Ph-CH=CH), 5.65 (1H, t, J = 6.4
Hz, cHx-CH-CH), 5.00 (1H, t, J = 6.0 Hz, cHx-CH-CH), 2.09 (3H, s, H;CC(0)0), 2.07 (3H,
s, H;CC(0)0), 1.80-1.56 (6H, m, H cHx), 1.35-1.01 (5H, m, H cHx); "C NMR (100 MHz,
CDCl3) 6 170.6 (C=0), 170.0 (C=0), 136.1/128.6/128.2/126.7 (C Ar), 134.1 (Ph-CH=CH),
123.8 (Ph-CH=CH), 77.3 (cHx-CH-CH), 73.3 (cHx-CH-CH), 382 (CH cHx),
29.5/27.4/26.1/25.9/25.8 (CH, cHx), 21.1 (H;CC(0)0), 20.8 (H;CC(0)O); HMRS (ESI")
caled for Cy0H,604Na (M+Na)” 353.1723, found 353.1724.

syn-137
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7.6.2. (1R,28,3E)-2-Acetoxy-1-cyclohexyl-4-phenylbut-3-enyl acetate
(anti-137)

The general procedure (section 7.5.) was followed for (E)-
anti-136 (21.2 mg, 0.064 mmol), CH,Cl, (1 mL),
PdACI(NCPh), (1.2 mg, 0.003 mmol) for 4 h. Purification by
flash chromatography (hexane/CH,Cl, 50/50) gave anti-137
(20.3 mg, 96%) as a white solid: R¢ 0.50 (CH,Cl,); mp 73-
74 °C; [a]”p +92.7 (¢ 1.01, CHCL3); IR (film) 2928, 1741,
1450, 1369, 1229 cm™; 'TH NMR (300 MHz, CDCl;) & 7.43-7.27 (5H, m, ArH), 6.69 (1H, d,
J=15.9 Hz, Ph-CH=CH), 6.20 (1H, dd, J= 8.4, 15.9 Hz, Ph-CH=CH), 5.59 (1H, dd, /= 4.2,
8.4 Hz, cHx-CH-CH), 5.03 (1H, dd, J = 4.2, 8.1 Hz, cHx-CH-CH), 2.09 (3H, s, H;CC(0)O),
2.04 (3H, s, H;CC(0)0), 1.78-1.51 (6H, m, H cHx), 1.30-0.92 (5H, m, H cHx); "C NMR
(75 MHz, CDCl;) 6 170.6 (C=0), 170.0 (C=0), 136.1/128.6/128.2/126.7 (C Ar), 135.6 (Ph-
CH=CH), 122.7 (Ph-CH=CH), 77.1 (cHx-CH-CH), 73.9 (cHx-CH-CH), 38.2 (CH cHx),
29.0/28.2/26.1/25.7/25.6 (CH, cHx), 21.2 (H;CC(0)0), 20.9 (H;CC(0)0O); HRMS (FAB")
caled for Cy0H,7,04 (M+H)™ 331.1909, found 331.1912.

6Ac

anti-137

7.7. (1E,3S,45)-4-Acetoxy-5-methyl-1-phenylhex-1-en-3-yl acetate
(syn-176)

The general procedure (section 7.5.) was followed for syn-
170 (14.8 mg, 0.034 mmol), CH,Cl, (1 mL), PdCI,(NCPh),
: (0.7 mg, 0.002 mmol) for 6 h. Purification by flash
(E)Ac chromatography (hexane/CH,Cl, 50/50) gave syn-176 (12.1
syn-176 mg, 82%) as a colorless oil: Ry 0.45 (CH,Cl,); [a]”p +42.2
(c 0.86, CHCIy); IR (film) 2928, 1738, 1449, 1376, 1231
cm™; 'TH NMR (300 MHz, CDCls) & 7.38-7.24 (5H, m, ArH), 6.68 (1H, d, J = 15.9 Hz, Ph-
CH=CH), 6.04 (1H, dd, J = 7.5, 15.9 Hz, Ph-CH=CH), 5.61 (1H, ddd, J = 0.9, 6.3, 7.5 Hz,
(CH;),CH-CH-CH), 5.01 (1H, dd, J = 5.4, 6.3 Hz, (CH;),CH-CH-CH), 2.09 (3H, s,
H;CC(0)0), 2.08 (3H, s, H;CC(0)0O), 1.95 (1H, m, (CH;),CH-CH-CH), 0.96 (6H, d, J= 6.9
Hz, (CH;),CH-CH-CH); “C NMR (75 MHz, CDCl;) & 170.6 (C=0), 170.0 (C=0),
136.0/134.4/128.6/128.2/126.7/123.6 (C Ar + Ph-CH=CH), 77.7 ((CH;),CH-CH-CH), 74.0
((CH;),CH-CH-CH), 28.7 ((CH;),CH-CH-CH), 21.1 (H;CC(0)0), 20.8 (H;CC(0O)0), 19.4
((CH;),CH-CH-CH), 16.8 ((CH;),CH-CH-CH); HRMS (FAB") calcd for C;;H30,4 (M+H)"
291.1596, found 291.1595.

OAc
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7.8. (1E,3S,4R)-4-Acetoxy-5-methyl-1-phenylhex-1-en-3-yl acetate
(anti-176)

The general procedure (section 7.5.) was followed for
anti-170  (21.2 mg, 0.064 mmol), CH,Cl, (1 mL),
: PdCI,(NCPh), (1.2 mg, 0.003 mmol) for 4 h. Purification by
(é)Ac flash chromatography (hexane/CH,Cl, 50/50) gave anti-176
anti-176 (20.3 mg, 96%) as a colorless oil: R; 0.34 (CH,CL); [a]*p
+121.1 (¢ 0.96, CHCl;); IR (film) 2968, 1740, 1370, 1227
cm™; 'TH NMR (400 MHz, CDCls) & 7.41-7.25 (5H, m, ArH), 6.69 (1H, d, J = 16.0 Hz, Ph-
CH=CH), 6.18 (1H, dd, J = 8.4, 16.0 Hz, Ph-CH=CH), 5.57 (1H, ddd, J = 0.4, 4.4, 8.4 Hz,
(CH;),CH-CH-CH), 4.99 (1H, dd, J = 4.4, 7.6 Hz, (CH;),CH-CH-CH), 2.09 (3H, s,
H;CC(0)0), 2.04 (3H, s, H;CC(0)0O), 1.87 (1H, m, (CH;),CH-CH-CH), 0.99 (3H, d, /= 6.4
Hz, (CH;),CH-CH-CH), 0.91 (3H, d, J = 6.4 Hz, (CH;),CH-CH-CH); *C NMR (100 MHz,
CDCl;) & 170.9 (C=0), 170.2 (C=0), 136.3/128.8/128.5/127.0 (C Ar), 135.9 (Ph-CH=CH),
123.1 (Ph-CH=CH), 78.0 ((CH;),CH-CH-CH), 74.4 ((CH;),CH-CH-CH), 29.1 ((CH3),CH-
CH-CH), 21.4 (H;CC(0)0), 21.1 (H;CC(0)0), 19.1 ((CH;3),CH-CH-CH), 18.2 ((CH;),CH-
CH-CH); HRMS (ESI") calcd for C;7;H»0,Na (M+Na)" 313.1410, found 313.1413.

7.9. (1E,3S,45)-4-Acetoxy-6,6-dimethyl-1-phenylhept-1-en-3-yl
acetate (177)

The general procedure (section 7.5.) was followed for 171
(10.6 mg, 0.031 mmol), CH,Cl, (1 mL), PdCI;(NCPh), (0.6
mg, 0.002 mmol) for 40 h. Purification by flash
chromatography (hexane/AcOEt 90/10) gave a mixture of
177 regioisomers 177 and 178 (10.6 mg, 100%, 177/178 93/7) as
a colorless oil. Data for 177: R; 0.56 (hexane/AcOEt 80/20);
[a]”p +18.0 (¢ 0.76, CHCls); IR (film) 2958, 1744, 1449, 1370, 1225 cm™; "H NMR (400
MHz, CDCls) & 7.38-7.24 (5H, m, ArH), 6.64 (1H, d, J = 16.0 Hz, Ph-CH=CH), 6.06 (1H,
dd, J = 7.2, 16.0 Hz, Ph-CH=CH), 5.43 (1H, ddd, J = 1.2, 6.0, 7.2 Hz, (CH;);C-CH,-CH-
CH), 5.28 (1H, ddd, J = 2.0, 6.0, 8.8 Hz, (CH;);C-CH,-CH-CH), 2.10 (3H, s, H;CC(O)O),
2.03 (3H, s, H;CC(0)0), 1.58 (1H, dd, J = 8.8, 14.9 Hz, (CH3);C-CHH,-CH-CH), 1.50 (1H,
dd, J = 2.0, 14.9 Hz, (CH;);C-CH,H,-CH-CH), 0.91 (9H, s, (CH;);C-CH,-CH-CH); “C
NMR (100 MHz, CDCls) 6 170.3 (C=0), 169.9 (C=0), 136.0/128.6/128.2/126.7 (C Ar),
134.6 (Ph-CH=CH), 123.5 (Ph-CH=CH), 75.6 ((CH;);C-CH,-CH-CH), 71.1 ((CH3);C-CH,-
CH-CH), 43.4 ((CH;);C-CH,-CH-CH), 30.0 ((CH;);C-CH,-CH-CH), 29.6 ((CH;);C-CH,-
CH-CH), 21.2 (H;CC(0)0O), 21.0 (H3CC(0)O); HMRS (ESI") caled for CjoH,s04Na
(M+Na)" 341.1723, found 341.1718.

278



Chapter 4

(E)Ac

178

Characteristic signals of 178: '"H NMR (400 MHz, CDCl;)
§ 5.83 (1H, d, J = 7.5 Hz, Ph-CH-CH-CH=CH), 5.67 (1H,
dd, J=17.5, 15.2 Hz, Ph-CH-CH-CH=CH), 5.61 (1H, t, J =
7.5 Hz, Ph-CH-CH-CH=CH), 5.19 (1H, ddt, J = 1.2, 7.5,
15.3 Hz, Ph-CH-CH-CH=CH), 2.07 (3H, s, H;CC(0)0),
2.05 (3H, s, H;CC(0)0), 0.90 (9H, s, (CHz);C-CH,).

7.10.(1E,35,4S5)-4-Acetoxy-5,5-dimethyl-1-phenylhex-1-en-3-yl acetate

(180)

OAc

(E)Ac

180

7.11. (25,35,4S,5E)-3,4-Diacetoxy-6-phenylhex-5-en-2-yl

(anti,syn-179)

OAc (E)Ac

anti,syn-179

The general procedure (section 7.5.) was followed for 172
(9.5 mg, 0.036 mmol), CH,Cl, (1 mL), PdCI,(NCPh), (1.4
mg, 0.004 mmol) for 40 h. NMR spectra of the crude

mixture showed there was only starting material 172.

acetate

The general procedure (section 7.5.) was followed for
anti,syn-173  (1.66 g, 4.97 mmol), CH,Cl, (30 mL),
PdCI,(NCPh), (95 mg, 0.25 mmol) for 24 h. Purification by
flash chromatography (hexane/Et,0 70/30) gave anti,syn-
179 (1.165 mg, 70%) as a white solid: R¢ 0.41 (hexane/Et,0
50/50); mp 68-70 °C; [a]*p +21.2 (¢ 0.40, CHCI;); IR (film)

2925, 1740, 1457, 1370, 1218 cm™; "H NMR (300 MHz, CDCl;) & 7.38-7.25 (5H, m, ArH),
6.68 (1H, d, J = 16.0 Hz, Ph-CH=CH), 6.06 (1H, dd, J = 7.2, 16.0 Hz, Ph-CH=CH), 5.64
(1H, ddd, J = 1.2, 5.6, 7.2 Hz, H;C-CH-CH-CH), 5.30 (1H, t, J = 5.6 Hz, H;C-CH-CH-CH),
5.07 (1H, t, J = 6.0 Hz, H;C-CH-CH-CH), 2.10 (3H, s, H;CC(0)0), 2.09 (3H, s, H;CC(0)0),
2.02 (3H, s, H;CC(0)0), 1.24 (3H, d, J = 6.4 Hz, H;C-CH-CH-CH); °C NMR (75 MHz,
CDCl;) § 170.3 (C=0), 170.1 (C=0), 169.9 (C=0), 135.8/134.9/128.6/128.4/126.7/122.7 (C
Ar + Ph-CH=CH), 74.1/72.2/67.9 (H;C-CH-CH-CH), 21.0 (H;CC(0)0), 21.0 (H;CC(0)0),
20.8 (H3CC(0)0), 15.4 (H;C-CH-CH-CH); HMRS (ESI") calcd for C;sH»OgNa (M+Na)"

357.1309, found 357.1301.
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7.12.(2R,3S5,4R,5E)-3,4-Diacetoxy-6-phenylhex-5-en-2-yl acetate
(syn,anti-179)

The general procedure (section 7.5.) was followed for
syn,anti-173 (15.5 mg, 0.046 mmol), CH,Cl, (1 mL),
PdCI,(NCPh), (1.8 mg, 0.005 mmol) for 24 h. Purification
OAc OAc by flash chromatography (hexane/Et;,O 70/30) gave

syn,anti-179 syn,anti-179 (7.9 mg, 51%) as a colorless oil: Ry 0.48
(hexane/AcOEt 80/20) [a]*p —14.3 (¢ 0.62, CHCl5) for 80%
de;*° IR (film) 2927, 1742, 1451, 1372, 1219 cm™; '"H NMR (300 MHz, CDCl3) § 7.36-7.29
(5H, m, ArH), 6.70 (1H, d, J = 15.9 Hz, Ph-CH=CH), 6.08 (1H, dd, J = 8.7, 15.9 Hz, Ph-
CH=CH), 5.51 (1H, ddd, J= 0.9, 6.9, 8.7 Hz, H;C-CH-CH-CH), 5.25-5.19 (2H, m, H;C-CH-
CH-CH), 2.08 (3H, s, H;CC(0)0), 2.05 (3H, s, H;CC(0O)0), 2.04 (3H, s, H;CC(0)0O), 1.22
(3H, d, J = 6.3 Hz, H;C-CH-CH-CH); "C NMR (75 MHz, CDCl;) § 170.3 (C=0), 170.1
(C=0), 169.7 (C=0), 136.1 (Ph-CH=CH), 135.8/128.6/128.4/126.8 (C Ar), 123.0 (Ph-
CH=CH), 74.1/72.3/67.4 (H;C-CH-CH-CH), 21.0 (H;CC(0)0O), 21.0 (H;CC(0O)0O), 20.7
(H;CC(0)0), 16.5 (H;C-CH-CH-CH); HMRS (ESI") caled for C;sH»nO¢Na (M+Na)"
357.1309, found 357.1300.

7.13.(25,3S5,4S,5E)-3,4-Diacetoxy-2-methyl-6-phenylhex-5-enyl acetate
(181)

The general procedure (section 7.5.) was followed for 174
(13.7 mg, 0.043 mmol), CH,Cl, (1 mL), PdCI,(NCPh), (0.8
. mg, 0.002 mmol) for 24 h. Purification by flash
(%AC chromatography (hexane/CH,Cl, 50/50) gave a mixture of

181 starting material 174 and 181 (174/181 93/7, 12.0 mg, 88%)
as a colorless oil: Ry 0.15 (hexane/AcOEt 80/20) [a]*p
+25.7 (¢ 0.68, CHCI;) for 52% de;*® IR (film) 2929, 1735, 1457, 1372, 1221 cm™; '"H NMR
(400 MHz, CDCl;) 6 7.40-7.26 (5H, m, ArH), 6.67 (1H, d, J = 16.0 Hz, Ph-CH=CH), 6.06
(1H, dd, J = 6.8, 16.0 Hz, Ph-CH=CH), 5.70 (1H, ddd, J = 1.2, 5.6, 6.8 Hz, H,C-CH-CH-
CH), 5.14 (1H, dd, J = 5.6, 6.4 Hz, H,C-CH-CH-CH), 4.08 (1H, dd, J = 4.8, 11.2 Hz,
CH,H,-CH-CH), 4.03 (1H, dd, /= 6.0, 11.2 Hz, CH,H,-CH-CH), 2.21 (1H, m, H,C-CH-CH-
CH), 2.11 (3H, s, H;CC(0)0), 2.07 (3H, s, H;CC(0)0), 2.07 (3H, s, H;CC(0)0), 1.03 (3H,
d, J= 6.3 Hz, CHs); "C NMR (100 MHz, CDCl5) § 170.9 (C=0), 170.2 (C=0), 169.9 (C=0),
135.9/128.6/128.3/126.7 (C Ar), 134.3 (Ph-CH=CH), 123.5 (Ph-CH=CH), 74.9 (H,C-CH-
CH-CH), 73.2 (H,C-CH-CH-CH), 65.1 (H,C-CH-CH-CH), 33.4 (H,C-CH-CH-CH), 21.0
(H;CC(0)0), 20.9 (H;CC(0)0), 20.7 (H;CC(0)0), 14.4 (CH,).

OAc OAc
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7.14.(18,2R,2’R,3E,5’R,6’ R)-2-Acetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)-4-phenylbut-3-enyl acetate (syn,anti-182)

The general procedure (section 7.5.) was followed for

OMe OAc syn,anti-175 (25.7 mg, 0.061 mmol), CH,Cl, (1 mL),
Q =

o ~ PdACI(NCPh), (2.3 mg, 0.005 mmol) for 36 h. Purification

OMe OAc by flash chromatography (hexane/AcOEt 80/20) gave

symanti-182 syn,anti-182 (17.4 mg, 68%) as a colorless oil: Ry 0.40

(hexane/AcOEt 70/30); [a]*p —102.0 (¢ 0.70, CHCl;); IR
(film) 2950, 1742, 1451, 1374, 1223 cm™; '"H NMR (400 MHz, CDCl;) & 7.36-7.26 (5H, m,
ArH), 6.70 (1H, d, J = 15.6 Hz, Ph-CH=CH), 6.09 (1H, dd, J = 8.4, 15.6 Hz, Ph-CH=CH),
5.60 (1H, ddd, J = 0.8, 6.8, 8.4 Hz, CH,-CH-CH-CH), 5.19 (1H, dd, J = 4.4, 6.8 Hz, CH>-
CH-CH-CH), 4.16 (1H, ddd, J = 3.2, 4.4, 11.2 Hz, CH,-CH-CH-CH), 3.69 (1H, t, J= 11.2
Hz, CH,H,-CH-CH-CH), 3.45 (1H, dd, J = 3.2, 11.2 Hz, CH,H,-CH-CH-CH), 3.23 (3H, s,
H;CO), 3.22 (3H, s, H;CO), 2.06 (3H, s, H;CC(0)0), 2.05 (3H, s, H;CC(0)0), 1.29 (3H, s,
H;C-C), 1.26 (3H, s, H;C-C); C NMR (100 MHz, CDCl3) § 170.4 (C=0), 169.6 (C=0),
136.0/135.9/128.6/128.3/126.7/123.0 (C Ar + Ph-CH=CH), 99.5/98.1 (H;C-C-C-CH,),
72.2/71.7/65.7 (CH,-CH-CH-CH), 59.8 (CH,-CH-CH-CH), 48.0 (HsCO), 48.0 (H;CO), 21.2
(H;CC(0)0), 20.9 (H;CC(0)0), 17.8/17.5 (H;C-C-C-CH;); HMRS (ESI") caled for
C2,H300gNa (M+Na)* 445.1833, found 445.1843.

7.15.(1R,2R,2’R,3E,5’R,6’ R)-2-Acetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)-4-phenylbut-3-enyl acetate (anti,syn-182)

The general procedure (section 7.5.) was followed for

OMe o OAc anti,syn-175 (532 mg, 1.26 mmol), CH,Cl, (12 mL),
o N PdCI,(NCPh), (24 mg, 0.063 mmol) for 24 h. Purification
OMe OAc by flash chromatography (CH,Cl,) gave anti,syn-182 (473

mg, 89%) as a white solid: Ry 0.48 (hexane/AcOEt 70/30);
mp 144-146 °C; [a]”p —101.4 (¢ 0.80, CHCl;); IR (film)
2950, 1746, 1451, 1374, 1219 cm™; 'TH NMR (300 MHz, CDCl;) & 7.36-7.21 (5H, m, ArH),
6.61 (1H, dd, J = 1.2, 15.9 Hz, Ph-CH=CH), 6.01 (1H, dd, J = 6.6, 15.9 Hz, Ph-CH=CH),
5.82 (1H, ddd, J = 1.2, 3.0, 6.6 Hz, CH,-CH-CH-CH), 5.17 (1H, dd, J = 3.0, 8.4 Hz, CH,-
CH-CH-CH), 4.13 (1H, ddd, J = 3.3, 8.4, 11.1 Hz, CH,-CH-CH-CH), 3.68 (1H, t, J = 11.1
Hz, CHH,-CH-CH-CH), 3.42 (1H, dd, J = 3.3, 11.1 Hz, CH,H,-CH-CH-CH), 3.23 (3H, s,
H;CO), 3.21 (3H, s, H;CO), 2.13 (3H, s, H;CC(0)0), 2.06 (3H, s, H;CC(0)0), 1.29 (3H, s,
H;C-C), 1.27 (3H, s, H;C-C); *C NMR (75 MHz, CDCL) 8 169.9 (C=0), 169.8 (C=0),
136.0/133.5/128.6/128.1/126.6/123.4 (C Ar + Ph-CH=CH), 99.4/98.1 (H;C-C-C-CHj,),
72.9/71.5/64.9 (CH,-CH-CH-CH), 60.8 (CH,-CH-CH-CH), 48.1 (H;CO), 48.1 (H;CO), 21.1
(H;CC(0)0), 20.6 (H;CC(0)0), 17.7/17.5 (H3C-C-C-CH;); HMRS (ESI") caled for
C»,H;005Na (M+Na)" 445.1833, found 445.1844.

anti,syn-182
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7.16. (1S,28,2°’R,3E,5’R,6’R)-2-Acetoxy-1-(5,6-dimethoxy-5,6-
dimethyl-1,4-dioxan-2-yl)-4-phenylbut-3-enyl acetate (syn,syn-182)

The general procedure (section 7.5.) was followed for

OMe o QOAc syn,syn-175 (59.8 mg, 0.160 mmol), CH,Cl, (4 mL),
o : : ~ PdACI(NCPh), (6.2 mg, 0.016 mmol) for 40 h. Purification
OMe OAc by flash chromatography (hexane/AcOEt 70/30) gave
syn,syn-182 syn,syn-182 (42.7 mg, 71%) as a colorless oil: Ry 0.32

(hexane/AcOEt 70/30); [a]*p —45.8 (¢ 0.86, CHCL); IR
(film) 2948, 1744, 1451, 1374, 1221 cm™; '"H NMR (400 MHz, CDCl;) & 7.40-7.24 (5H, m,
ArH), 6.71 (1H, dd, J = 0.8, 16.0 Hz, Ph-CH=CH), 6.12 (1H, dd, J = 7.6, 16.0 Hz, Ph-
CH=CH), 5.70 (1H, ddd, J = 1.2, 6.8, 7.6 Hz, CH,-CH-CH-CH), 5.16 (1H, dd, J = 4.4, 6.8
Hz, CH,-CH-CH-CH), 4.18 (1H, ddd, J= 3.2, 4.4, 11.2 Hz, CH,-CH-CH-CH), 3.67 (1H, t, J
= 11.2 Hz, CH,H,-CH-CH-CH), 3.43 (1H, dd, J = 3.2, 11.2 Hz, CH,H,-CH-CH-CH), 3.23
(3H, s, H;CO), 3.21 (3H, s, H;CO), 2.12 (3H, s, H;CC(0)0), 2.07 (3H, s, H;CC(0)0), 1.29
(3H, s, HyC-C), 1.25 (3H, s, H;C-C); C NMR (100 MHz, CDCl;) § 170.4 (C=0), 169.6
(C=0), 135.8/135.6/128.6/128.4/126.6/122.8 (C Ar + Ph-CH=CH), 99.5/98.1 (H;C-C-C-
CH3), 72.3/72.2 (CH,-CH-CH-CH), 66.1 (CH,-CH-CH-CH), 59.8 (CH,-CH-CH-CH), 48.4
(H;CO), 48.0 (H;CO), 21.1 (H;CC(0)0), 20.8 (H;CC(0)0), 17.8/17.5 (H;C-C-C-CH3);
HMRS (ESI") caled for Co,H300sNa (M+Na)™ 445.1833, found 445.1841.

717. (1R,28,2’R,3E,5’R,6’R)-2-Acetoxy-1-(5,6-dimethoxy-5,6-
dimethyl-1,4-dioxan-2-yl)-4-phenylbut-3-enyl acetate (anti,anti-182)

The general procedure (section 7.5.) was followed for

OMe o OAc anti,anti-175 (20.0 mg, 0.047 mmol), CH,Cl, (1 mL),
o E ~ PdCI(NCPh), (0.9 mg, 0.002 mmol) for 48 h. Purification
OMe OAc by flash chromatography (hexane/CH,Cl, 50/50) gave

anti,anti-182 (15.6 mg, 78%) as a colorless oil: Ry 0.36
(hexane/AcOEt 70/30); [a]*p —51.5 (¢ 0.77, CHClL); IR
(film) 2950, 1746, 1374, 1241 cm™; "H NMR (300 MHz, CDCl;) & 7.38-7.25 (5H, m, ArH),
6.73 (1H, d, J = 16.2 Hz, Ph-CH=CH), 6.25 (1H, dd, J = 8.1, 16.2 Hz, Ph-CH=CH), 5.79
(1H, ddd, J = 0.9, 3.0, 8.1 Hz, CH,-CH-CH-CH), 5.19 (1H, dd, J = 3.0, 5.1 Hz, CH,-CH-
CH-CH), 4.11 (1H, ddd, J = 3.3, 5.1, 11.1 Hz, CH,-CH-CH-CH), 3.69 (1H, t, J = 11.1 Hz,
CH,H,-CH-CH-CH), 3.45 (1H, dd, J = 3.3, 11.1 Hz, CHH,-CH-CH-CH), 3.24 (3H, s,
H;CO), 3.22 (3H, s, H;CO), 2.09 (3H, s, H;CC(0)0), 2.05 (3H, s, H;CC(0)0), 1.28 (3H, s,
H;C-C), 1.26 (3H, s, H;C-C); *C NMR (75 MHz, CDCl;) & 169.9 (C=0), 169.7 (C=0),
136.0/135.9/128.6/128.3/126.6/122.4 (C Ar + Ph-CH=CH), 99.3/98.1 (H;C-C-C-CHj3), 73.5
(CH,-CH-CH-CH), 73.3 (CH,-CH-CH-CH), 65.5 (CH,-CH-CH-CH), 60.7 (CH,-CH-CH-
CH), 48.5 (H5CO), 48.0 (H;CO), 21.1 (H;CC(0)0), 20.8 (H;CC(0)0), 17.7/17.5 (H;C-C-C-
CH3); HMRS (EST") caled for C5,H30OgNa (M+Na)* 445.1833, found 445.1843.

anti,anti-182
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8. Transformations of the styryl moiety

8.1. Synthesis and transformations of a model

8.1.1. 1-Cyclohexyl-3-phenylprop-2-ynol (183)'*

Lithium phenylacetylide (1.0 M in THF, 10 mL, 10 mmol)

o was added at -78 °C to a solution of
X cyclohexanecarbaldehyde (1.45 mL, 12.0 mmol) in THF (10
mL) and the mixture was stirred for 30 min. The reaction

183 was quenched with saturated aqueous NH,4Cl. The aqueous

layer was extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (CH,Cl,/MeOH 99/1) gave 183 (1.796 g, 84%) as a colorless oil: Ry 0.53
(CH,CL); IR (film) 3340, 2925, 2852, 2230, 1490 cm™; 'H NMR (400 MHz, CDCl;) & 7.46-
7.42 (2H, m, ArH), 7.31-7.29 (3H, m, ArH), 4.38 (1H, d, J = 5.6 Hz, cHx-CH-C=C), 1.95-
1.60 (7H, m, H cHx + OH), 1.37-1.09 (5H, m, H c¢Hx); "C NMR (100 MHz, CDCl;) &
131.7/128.3/128.2/122.7 (C Ar), 89.2/85.6 (C=C), 67.7 (cHx-CH-C=C), 44.3 (CH cHx),
28.6/28.2/26.4/25.9/25.9 (CH, cHx).

8.1.2. (E)-1-Cyclohexyl-3-phenylprop-2-enol (184)'*

A solution of 183 (1.80 g, 8.40 mmol) in THF (2 x 5 mL)

o P was added dropwise to a suspension of LiAlH, (1.13 g, 29.3
mmol) in anhydrous THF (20 mL) at 0 °C under N, and the

mixture was stirred at rt until TLC showed no significant

184 change. The reaction was quenched with saturated

potassium and sodium tartrate. The aqueous layer was
extracted with CH,Cl,. The organic layer was dried over MgSQO,, and evaporated under
reduced pressure. Purification by flash chromatography (CH,Cl,/MeOH 99/1) gave 184
(1.691 g, 93%) as a colorless oil: Ry 0.34 (CH,CL); IR (film) 3376, 2925, 1495, 1448 cm’';
'H NMR (400 MHz, CDCl;) & 7.40-7.22 (5H, m, ArH), 6.54 (1H, d, J = 16.0 Hz, Ph-
CH=CH), 6.22 (1H, dd, J = 7.2, 16.0 Hz, Ph-CH=CH), 4.01 (1H, m, cHx-CH-CH=CH),
1.98-0.98 (12H, m, H cHx + OH); *C NMR (100 MHz, CDCl;) & 136.8/128.5/127.5/126.4
(C Ar), 131.2/131.0 (CH=CH), 77.5 (cHx-CH-CH=CH), 44.0 (CH cHx),
28.9/28.6/26.5/26.1/26.0 (CH, cHx).
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8.1.3. (E)-1-Cyclohexyl-3-phenylprop-2-enyl acetate (185)'*

Anhydrous Et;N (3.20 mL, 22.8 mmol), Ac,O (1.44 mL,
OAc

P 15.2 mmol) and 4-DMAP (46 mg, 0.38 mmol) were added
to a solution of 184 (1.644 g, 7.6 mmol) in anhydrous
CH,Cl, (20 mL) under N,. The reaction was stirred until

185 TLC showed no significant change. The solvent was

removed under reduced pressure. Purification by flash
chromatography (CH,Cl,) gave 185 (1.905 g, 97%) as a colorless oil: R; 0.66 (CH,CL,); IR
(film) 3027, 1737, 1238 cm™; '"H NMR (400 MHz, CDCl;) & 7.40-7.18 (5H, m, ArH), 6.57
(1H, d, J=16.0 Hz, Ph-CH=CH), 6.11 (1H, dd, /= 7.6, 16.0 Hz, Ph-CH=CH), 5.21 (1H, t,J
= 7.6 Hz, cHx-CH-CH=CH), 2.07 (3H, s, H;CC(0)0), 1.87-1.58 (6H, m, H cHx), 1.30-0.96
(5H, m, H cHx); “C NMR (100 MHz, CDCl;) & 170.4 (C=0), 136.4/128.5/127.8/126.5 (C
Ar), 133.2 (Ph-CH=CH), 126.5 (Ph-CH=CH), 78.8 (cHx-CH-CH=CH), 41.9 (CH cHXx),
28.7/28.7/26.3/25.9/25.9 (CH; cHx), 21.3 (H;CC(0)O).

8.1.4. Functionalization in a position

8.1.4.1. 2-Acetoxy-2-cyclohexylacetaldehyde (186)

Potassium osmate(VI) (1.5 mg, 0.004 mmol) was added to

QAc a solution of 185 (41.0 mg, 0.159 mmol), NalO, (171 mg,
O)\CHO 0.800 mmol) and 2,6-lutidine (47 pL, 0.40 mmol) in
dioxane (1.5 mL) and H,O (0.5 mL) and the mixture was

186 vigorously stirred at rt for 3 h. Water was added and the

aqueous layer was extracted with CH,Cl,. The organic layer
was dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 70/30) gave 186 (27.2 mg, 93%) as a colorless oil: R¢ 0.37
(hexane/AcOEt 70/30); IR (film) 2930, 1740, 1451, 1372 cm™'; "H NMR (300 MHz, CDCl;)
6 9.54 (1H, d, J= 1.2 Hz, cHx-CH-CHO), 4.85 (1H, dd, J=1.2, 4.5 Hz, cHx-CH-CHO), 2.18
(3H, s, H;CC(0)0O), 1.93 (1H, m, H cHx), 1.81-1.58 (5H, m H cHx), 1.37-1.09 (5H, m, H
cHx).

8.1.4.2. Methyl 2-acetoxy-2-cyclohexylacetate (187)

Ruthenium(III) chloride n-hydrate* (4.0 mg, 0.015 mmol)
OAc was added to a solution of 185 (68.8 mg, 0.228 mmol) and

CO,Me NalOy4 (256 mg, 1.20 mmol) in CCl, (400 puL), CH;CN (400
pL) and H,O (700 pL) and the mixture was vigorously

187 stirred at rt for 2 h. Water was added and the aqueous layer

was extracted with CH,Cl,. The organic layer was dried

over MgSO, and evaporated under reduced pressure. The crude mixture was treated with
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K,COs5 (126 mg, 0.912 mmol) and Mel (43 pL, 0.68 mmol) in DMF (5 mL) at rt during 2 h.
Water was added and the aqueous layer was extracted with Et,O. The organic layer was
dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/CH,Cl, 50/50) gave 187 (38.6 mg, 86%, 2 steps) as a colorless oil:
Rt 0.38 (hexane/CH,Cl, 50/50); IR (film) 2933, 1745, 1449, 1373 cm™; 'H NMR (300 MHz,
CDCl;) 6 4.82 (1H, ddd, J= 5.1 Hz, cHx-CH), 3.74 (3H, s, H;C-0), 2.13 (3H, s, H;CC(0)0),
1.95-1.62 (6H, m, H cHx), 1.38-1.07 (5H, m, H cHx); "C NMR (75 MHz, CDCl;) &
170.7/170.3 (C=0), 76.5 (cHx-CH), 52.0 (H;C-0), 39.4 (CH cHx), 28.9/27.7/25.9/25.9/25.8
(CH,; cHx), 20.6 (H;CC(0)0).

*calculations based on n =1

8.1.5. Functionalization in y position

8.1.5.1. 1-Cyclohexyl-3-phenylpropyl acetate (188)

Platinum on carbon (5 wt.%, 39 mg, 0.010 mmol) was
QAc added to a solution of 185 (121 mg, 0.500 mmol) in AcOEt
(5 mL). The mixture was shaken under hydrogen (1-2

atmospheres) until TLC showed complete conversion. The

188 suspension was filtered through a short path of Celite®. The

aqueous layer was extracted with CH,Cl,. The organic layer
was dried over MgSO4 and evaporated under reduced pressure. Purification by flash
chromatography (hexane/CH,Cl, 1/1) on silica gel gave 188 (117 mg, 97%) as a colorless oil:
Rt 0.40 (hexane/CH,Cl, 1/1); IR (film) 2928, 1735, 1451, 1370, 1241 cm™'; '"H NMR (400
MHz, CDCl;) & 7.28-7.24 (2H, m, ArH), 7.19-7.15 (3H, m, ArH), 4.81 (1H, m, cHx-CH-
CH,-CH,), 2.67-2.55 (2H, m, cHx-CH-CH,-CH,), 2.04 (3H, s, H;CC(0)0O), 1.90-1.83 (2H,
m, cHx-CH-CH,-CH,), 1.78-1.62 (5H, m, H cHx), 1.57-1.45 (1H, m, H cHx), 1.27-1.10 (3H,
m, H cHx), 1.08-0.96 (2H, m, H cHx); C NMR (100 MHz, CDCl;) & 170.9 (C=0),
141.8/128.3/128.3/125.8 (C Ar), 76.6 (cHx-CH-CH,-CH,), 41.3 (CH cHx), 33.0/32.0 (cHx-
CH-CH,-CH,), 28.8/28.1/26.3/26.1/26.0 (CH, cHx), 21.1 (H;CC(0)O).

8.1.5.2. Methyl 4-acetoxy-4-cyclohexylbutanoate (189)

Ruthenium(III) chloride n-hydrate* (0.5 mg, 0.002 mmol)
OAc was added to a solution of 188 (28.2 mg, 0.100 mmol) and

CO,Me NalO4 (384 mg, 1.80 mmol) in CCl, (400 pL), CH;CN (400
pL) and H,O (800 pL) and the mixture was vigorously

189 stirred at rt for 2 h. Water was added and the aqueous layer

was extracted with CH,Cl,. The organic layer was dried
over MgSQ, and evaporated under reduced pressure. The crude mixture was treated with
K,CO; (30 mg, 0.22 mmol) and Mel (10 pL, 0.16 mmol) in DMF (5 mL) at rt during 2 h.
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Water was added and the aqueous layer was extracted with Et,O. The organic layer was
dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 80/20) gave 189 (15.2 mg, 58%, 2 steps) as a colorless oil:
R¢ 0.72 (CH,Cl,/MeOH 99/1); IR (film) 2929, 1740, 1448, 1372 ,1239 cm™; 'H NMR (400
MHz, CDCl;) 6 4.74 (1H, ddd, J = 3.4, 6.4, 8.8 Hz, cHx-CH-CH,-CH,), 3.67 (3H, s, H;C-0),
2.32 (1H, dd, J = 4.0, 7.2 Hz, cHx-CH-CH,-CH,Hj,), 2.30 (1H, dd, J = 4.0, 7.2 Hz, cHx-CH-
CH,-CH,Hy), 2.04 (3H, s, H;CC(0)0), 1.98-1.65 (7H, m, H cHx + cHx-CH-CH,-CH,), 1.55-
1.45 (1H, m, H cHx), 1.25-0.96 (5H, m, H cHx); ?C NMR (100 MHz, CDCl;) & 173.6/170.4
(C=0), 76.9 (cHx-CH-CH,-CH,), 51.6 (H;C-0), 41.3 (CH cHx),
30.3/28.7/28.3/26.4/26.3/26.0/25.9 (CH, cHx + cHx-CH-CH,-CH,), 21.0 (H;CC(0O)0).
*calculations based on n =1

8.1.6. Functionalization in p position

8.1.6.1. Hydroboration with BH;

A solution of 185 (26 mg, 0.10 mmol) in THF (2 mL) was treated with BH;-THF (1.0 M in
THF, 300 pL, 0.300 mmol) at —78 °C and stirred for 2 h. The reaction was quenched with
H,0O and the aqueous layer was extracted with CH,Cl,. The organic layer was dried over
MgSO, and evaporated under reduced pressure. NMR spectra of the crude mixture showed

there was only starting material 185.

8.1.6.2. Hydroboration with BH;-pyr

A solution of 185 (51.3 mg, 0.200 mmol) in CH,Cl, (1 mL) was treated with BH;-pyr (1.0
M in pyridine, 20 uL, 0.20 mmol) and I, (25 mg, 0.10 mmol) at 0 °C and stirred for 2 h. The
reaction was quenched with H,O and the aqueous layer was extracted with CH,Cl,. The
organic layer was dried over MgSO, and evaporated under reduced pressure. NMR spectra

of the crude mixture showed there was only starting material 185.

8.1.6.3. Hydroboration with catecholborane, RhCl(PPh;); and PPh;

A solution of 185 (122 mg, 0.500 mmol) in THF (0.5 mL) was treated with RhCIl(PPh;),
(15 mg, 0.015 mmol). A solution of PPh; (66 mg, 0.25 mmol) in THF (0.5 mL) was added
via canula followed by a solution of catecholborane (1.0 M in THF, 550 pL, 0.550 mmol).
The reaction mixture was stirred for 5 h and quenched with H,O. The aqueous layer was
extracted with CH,Cl,. The organic layer was dried over MgSO, and evaporated under

reduced pressure. NMR spectra of the crude mixture showed there was only starting material
185.
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8.1.6.4. Oxidation with CuCl and PdCl,

A solution of 188 (65 mg, 0.25 mmol) in a mixture of DMF (0.5 mL) and H,O (0.5 mL)
was treated with CuCl (74 mg, 0.75 mmol) and PdCl, (44 mg, 0.12 mmol). The reaction
mixture was stirred for 5 h bubbling air into the solution and quenched with H,O. The
aqueous layer was extracted with Et,0. The organic layer was dried over MgSO, and
evaporated under reduced pressure. NMR spectra of the crude mixture showed there was

only starting material 188.

8.1.6.5. Oxidation with CuCl and PdCl,(NCPh),

(-)-Sparteine (47 mg, 0.20 mmol) and PdCI,(NCPh), (77 mg, 0.20 mmol) in solution in
1,2-dichoroethane (2 mL) were heated at 65 °C during 2 h. The solvent was removed and
CuCl (2.5 mg, 0.025 mmol) and a solution of 188 (129 mg, 0.500 mmol) in MeOH (3.5 mL)
were added. The reaction mixture was stirred for 24 h with air bubbling through the solution
and quenched with H,O. The aqueous layer was extracted with Et,O. The organic layer was
dried over MgSO, and evaporated under reduced pressure. NMR spectra of the crude

mixture showed there was only starting material 188.

8.1.6.6. Oxidation with DDQ

Compound 188 (26 mg, 0.10 mmol) was diluted in hot AcOH (10 mL), then H,O (2 mL)
was added slowly at 50 °C followed by careful addition of DDQ (68 mg, 0.30 mmol). The
reaction mixture was refluxed for 15 h. The solvent was removed under reduced pressure.

NMR spectra of the crude mixture showed there was only starting material 188.

8.1.6.7. Oxidation with CuSQy, Na,S,0g

A solution of 188 (9.0 mg, 0.035 mmol) in a mixture of CH;CN (0.3 mL) and H,O (0.3 mL)
was treated with CuSO45H,0 (15 mg, 0.038 mmol) and Na,S,05 (25 mg, 0.10 mmol) and
stirred for 5 h at rt. The aqueous layer was extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated under reduced pressure. NMR spectra of the crude

mixture showed there was only starting material 188.

8.1.6.8. Oxidation with Celite® and PCC

A solution of 188 (8.0 mg, 0.030 mmol) in benzene (1 mL) was treated with Celite® (130
mg) and PCC (130 mg, 0.615 mmol) under air atmosphere. The mixture was refluxed for 5 h.
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The mixture was filtered and the solvent was removed under reduced pressure. NMR spectra

of the crude mixture showed there was only starting material 188.

8.1.6.9. Oxidation with Celite®, PCC and ‘BuOOH

A solution of 188 (10.0 mg, 0.038 mmol) in benzene (0.5 mL) was treated with Celite®
(50 mg), PCC (33 mg, 0.15 mmol) and ‘BuOOH (5.0-6.0M in decanes, 31 uL, 0.15 mmol) at
30 °C for 2 h. The mixture was filtered and the solvent was removed under reduced pressure.

NMR spectra of the crude mixture showed there was only starting material 188.

8.1.6.10. Bromination with NBS and AIBN

A solution of 188 (20.0 mg, 0.078 mmol) in CCl, (0.5 mL) was treated with NBS (30 mg,
0.17 mmol) and AIBN (7 mg, 0.004 mmol) and refluxed for 3 h. The mixture was filtered
and the solvent was removed under reduced pressure. NMR spectra of the crude mixture

showed there was only starting material 188.

8.2. Transformations of (18,28,3E)-2-acetoxy-1-cyclohexyl-4-
phenylbut-3-enyl acetate (syn-137)

8.2.1. (2RS,3SR)-2,3-Diacetoxy-3-cyclohexylpropanal (190)

Potassium osmate(VI) (0.4 mg, 0.001 mmol) was added to

QAc a solution of (£) syn-137 (15.1 mg, 0.046 mmol), NalO4 (39

: cHo mg, 0.18 mmol) and 2,6-lutidine (11 pL, 0.09 mmol) in
OA(%;C dioxane (1.5 mL) and H,O (0.5 mL) and the mixture was
190 vigorously stirred at rt for 75 min. Water was added and the

aqueous layer was extracted with CH,Cl,. The organic layer
was dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 70/30) gave 190 (10.2 mg, 91%) as a colorless oil: Ry 0.28
(hexane/AcOEt 70/30); IR (film) 2926, 1740, 1454, 1370 cm™'; "H NMR (300 MHz, CDCl;)
8 9.45 (1H, s, cHx-CH-CH-CHO), 5.32 (1H, d, J = 2.7 Hz, cHx-CH-CH-CHO), 5.24 (1H, dd,
J = 2.7, 8.4 Hz, cHx-CH-CH-CHO), 2.23 (3H, s, H;CC(0)0O), 2.06 (3H, s, H;CC(0O)O),
1.81-1.57 (6H, m H cHx), 1.39-0.79 (5H, m, H cHx); ?C NMR (75 MHz, CDCl3) & 195.1
(cHx-CH-CH-CHO), 170.4 (H;CC(0)0O), 170.1 (H;CC(0)0O), 77.3 (cHx-CH-CH-CHO),
73.8 (cHx-CH-CH-CHO), 37.9 (CH cHx), 28.8/28.7/25.9/25.7/25.4 (CH, cHx), 20.5
(H;CC(0)0), 20.5 (H;CC(0)O).
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8.2.2. Methyl (2RS,3SR)-2,3-diacetoxy-3-cyclohexylpropanoate (191)

Ruthenium(III) chloride n-hydrate* (0.6 mg, 0.003 mmol)

Qe cope was added to a solution of (£) syn-137 (18.6 mg, 0.056
O/\/ mmol) and NalO, (48 mg, 0.22 mmol) in CCly (200 uL),
OAc CH;CN (200 pL) and H,O (300 pL) and the mixture was

191 vigorously stirred at rt for 2 h. Water was added and the

aqueous layer was extracted with CH,Cl,. The organic layer
was dried over MgSO, and evaporated under reduced pressure. The crude mixture was
treated with K,CO; (31 mg, 0.22 mmol) and Mel (11 pL, 0.169 mmol) in DMF (5 mL) at rt
during 2 h. Water was added and the aqueous layer was extracted with CH,Cl,. The organic
layer was dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 80/20) gave 191 (12.2 mg, 76%, 2 steps) as a colorless oil:
Ry 0.32 (hexane/AcOEt 80/20); IR (film) 2929, 1751, 1439, 1373 cm™'; '"H NMR (400 MHz,
CDCl;) 6 5.25 (1H, d, J = 2.0 Hz, cHx-CH-CH-CO,CH3), 5.18 (1H, dd, J = 2.0, 8.8 Hz,
cHx-CH-CH-CO,CHs), 3.71 (3H, s, cHx-CH-CH-CO,CHs), 2.20 (3H, s, H;CC(O)O), 2.06
(3H, s, H;CC(0)0), 1.82-1.56 (6H, m, H cHx), 1.32-0.78 (5H, m, H cHx); °C NMR (100
MHz, CDCl;) 6 170.4 (H;CC(0)0), 170.2 (H;CC(0)0O), 168.5 (cHx-CH-CH-CO,CH3), 75.4
(cHx-CH-CH-CO,CH3), 71.0 (cHx-CH-CH-CO,CHj), 52.5 (cHx-CH-CH-CO,CHs;), 37.9
(CH cHx), 28.9/28.7/26.0/25.6/25.5 (CH, cHx), 20.6 (H;CC(0)0O), 20.5 (H5;CC(0)O);
HMRS (FAB") calcd for C;H,306 (M+H)" 287.1495, found 287.1486.
*calculations based on n =1

8.2.3. (1RS,2RS)-2-Acetoxy-1-cyclohexyl-4-phenylbutyl acetate (192)

Platinum on carbon (5 wt.%, 11 mg) was added to a
solution of (£) syn-137 (45.2 mg, 0.140 mmol) in AcOEt (1
mL). The mixture was shaken under hydrogen (1-2

atmospheres) until TLC showed complete conversion. The

192 suspension was filtered through a short pad of Celite®. The

organic layer was extracted with CH,Cl,, dried over MgSO,
and evaporated under reduced pressure. Purification by flash chromatography (CH,Cl,) on
silica gel gave 192 (35.4 mg, 86%) as a colorless oil: R 0.53 (CH,CL); IR (film) 2929, 1740,
1451, 1371, 1229 ecm™; "H NMR (400 MHz, CDCl;) § 7.30-7.26 (2H, m, ArH), 7.20-7.15
(3H, m, ArH), 5.20 (1H, m, cHx-CH-CH), 4.88 (1H, dd, J = 4.0, 7.6 Hz, cHx-CH-CH), 2.61
(2H, m, Ph-CH,-CH,), 2.10 (3H, s, H;CC(0)0), 2.07 (3H, s, H;CC(0)0), 1.93-1.47 (8H, m,
H cHx + Ph-CH,-CH,), 1.29-0.91 (5H, m, H cHx); "C NMR (100 MHz, CDCls) & 170.7
(C=0), 170.5 (C=0), 141.1/128.4/128.3/126.0 (C Ar), 77.3/71.8 (cHx-CH-CH), 38.2 (CH
cHx), 33.0/31.6 (Ph-CH,-CH,), 29.2/28.1/26.1/25.9/25.7 (CH, cHx), 20.9 (H;CC(0O)0), 20.8
(H;CC(0)0); HMRS (FAB") calcd for C,0H0,4 (M+H)" 333.2066, found 333.2068.
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8.2.4. Methyl (4RS,5RS)-4,5-diacetoxy-5-cyclohexylpentanoate (193)

Ruthenium(III) chloride n-hydrate* (0.2 mg, 0.001 mmol)

C;)AC was added to a solution of 192 (15.7 mg, 0.047 mmol) and
€OMe 1 Nalo, (182 mg, 0.850 mmol) in CCls (200 uL), CH,CN
OAc (200 puL) and H,O (400 uL) and the mixture was vigorously
193 stirred at rt for 2 h. Water was added and the aqueous layer

was extracted with CH,Cl,. The organic layer was dried
over MgSO, and evaporated under reduced pressure. The crude mixture was treated with
K,CO; (13 mg, 0.09 mmol) and Mel (4 uL, 0.070 mmol) in DMF (5 mL) at rt during 15 h.
Water was added and the aqueous layer was extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 70/30) gave 193 (11.8 mg, 80%, 2 steps) as a colorless oil:
R; 0.25 (hexane/AcOEt 80/20); IR (film) 2927, 1741, 1439, 1372, 1225 cm™; 'H NMR (400
MHz, CDCl;) 6 5.18 (1H, dt, J = 4.4, 8.4 Hz, cHx-CH-CH), 4.83 (1H, dd, /= 4.4, 7.2 Hz,
cHx-CH-CH), 3.67 (3H, s, CH,-CH,-CO,CHj3), 2.33 (2H, m, CH,-CH,-CO,CH3), 2.10 (3H, s,
H;CC(0)0), 2.07 (3H, s, H;CC(0)0O), 1.95-1.50 (8H, m, H cHx + CH,-CH,-CO,CHj3), 1.28-
0.95 (5H, m, H cHx); “C NMR (100 MHz, CDCl;) & 173.0 (CH,-CH,-CO,CH3), 170.7
(H;CC(0)0), 170.5 (H;CC(0)0O), 77.3 (cHx-CH-CH), 71.2 (cHx-CH-CH), 51.7 (CH,-CH,-
CO,CHs;), 38.3 (CH cHx), 29.8/29.2 (CH,-CH,-CO,CHj3;), 27.9/26.3/26.1/25.9/25.7 (CH,
cHx), 20.8 (H;CC(0)0), 20.7 (H;CC(0)0); HMRS (FAB") caled for CsHy0s (M+H)"
315.1808, found 315.1807.

*calculations based on n = 1.

8.2.5. Other possible transformations

8.2.5.1. With 9-BBN

9-Borabicyclo[3.3.1]nonane (0.5 M in THF, 217 uL, 0.108 mmol) was added at —78 °C to
a solution of syn-137 (23.9 mg, 0.072 mmol) in anhydrous THF (1 mL) and stirred overnight.
H,0, (33%, 500 uL) was added and stirred for 1 h. The aqueous layer was extracted with
CH,Cl,. The organic layer was dried over MgSO,4 and evaporated under reduced pressure.

NMR spectra of the crude showed a complex mixture.

8.2.5.2. With dicyclohexylborane

A solution of syn-137 (31.0 mg, 0.094 mmol) in anhydrous THF (2 mL) was added to a
solution of dicyclohexyborane (0.275 mmol) in THF (1 mL) at 0 °C and refluxed for 14 h.
H,0, (33%, 200 uL) was added and stirred for 4 h. The aqueous layer was extracted with
CH,Cl,. The organic layer was dried over MgSQO, and evaporated under reduced pressure.

NMR spectra of the crude showed a complex mixture.
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9. Synthesis of p-arabitol pentaacetate

9.1. (1R,2R,2’R,5’R,6’R)-2,3-Acetoxy-1-(5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)propyl acetate (196)

Potassium osmate(VI) (1.9 mg, 0.004 mmol) was added to

/O'V'%e/o OAc a solution of anti,syn-182 (100 mg, 0.260 mmol), NalOy
OWOAC (219 mg, 1.02 mmol) and 2,6-lutidine (59 pL, 0.51 mmol)
OMe OAc in dioxane (2.2 mL) and Water (1 mL) and the mixture was

196 vigorously stirred at rt for 2 h. Water was added and the

aqueous layer was extracted with CH,Cl,. The organic layer
was dried over MgSO, and evaporated under reduced pressure. The crude mixture was then
treated with NaBH, (19 mg, 0.51 mmol) in anhydrous MeOH (4 mL) at 0 °C during 1 h.
Water was added and the aqueous layer was extracted with CH,Cl,. The organic layer was
dried over MgSO, and evaporated under reduced pressure. The crude mixture was finally
treated with Ac,O (121 pL, 1.28 mmol), 4-DMAP (1.6 mg, 0.010 mmol) and Et;N (214 pL,
1.54 mmol) in CH,CI, (4 mL) under N, until TLC showed complete conversion. The solvent
was removed under reduced pressure. Purification by flash chromatography (hexane/AcOEt
70/30) gave 196 (56 mg, 60%, 3 steps) as a colorless oil: R¢ 0.24 (hexane/AcOEt 70/30);
[a]*p —139.0 (¢ 0.77, CHCLy); IR (film) 2952, 1748, 1436, 1374, 1218 cm™; "H NMR (300
MHz, CDCl;) 6 5.49 (1H, dt, J= 2.1, 6.3 Hz, CH,-CH-CH-CH-CH,-OAc), 5.17 (1H, dd, J =
2.1, 9.0 Hz, CH,-CH-CH-CH-CH,-OAc), 4.24 (1H, dd, J = 6.3, 11.4 Hz, CH,-CH-CH-CH-
CH,H,-OAc), 4.06 (1H, ddd, J = 3.3, 9.0, 11.1 Hz, CH,-CH-CH-CH-CH,-OAc), 3.99 (1H,
dd, J = 6.3, 11.4 Hz, CH,-CH-CH-CH-CH,H,-OAc), 3.65 (1H, t, J = 11.1 Hz, CH,H,-CH-
CH-CH-CH,-OAc), 3.39 (1H, dd, /= 3.3, 11.1 Hz, CH,H,-CH-CH-CH-CH,-OAc), 3.25 (3H,
s, H;CO), 3.19 (3H, s, H;CO), 2.10 (3H, s, H;CC(0)0), 2.09 (3H, s, H;CC(0)0), 2.04 (3H, s,
H;CC(0)0), 1.28 (3H, s, H;C-C), 1.27 (3H, s, H;C-C); °C NMR (75 MHz, CDCl;) & 170.4
(C=0), 169.9 (C=0), 169.8 (C=0), 99.3/98.1 (H;C-C-C-CH3), 70.3 (CH,-CH-CH-CH-CH,-
OAc), 68.1 (CH,-CH-CH-CH-CH,-OAc), 64.3 (CH,-CH-CH-CH-CH,-OAc), 61.4 (CH,-
CH-CH-CH-CH,-OAc), 60.8 (CH,-CH-CH-CH-CH,-OAc), 48.1 (H;CO), 48.1 (H;CO), 20.8
(H;CC(0)0), 20.6 (H;CC(0)0), 20.5 (H;CC(0)0), 17.6/17.5 (H;C-C-C-CHs); HRMS (ESI)
calcd for C,7H,30,0Na (M+Na)™ 415.1575, found 415.1555.

291



Chapter 4

9.2. D-Arabitol pentaacetate (198)'*

Trifluoroacetic acid (120 pL) and water (12 pL) were

QAc added to a solution of 196 (25.2 mg, 0.064 mmol) in CH,Cl,

AcO OAc (600 pL) and the mixture was stirred until TLC showed no
OAc OAc significant change. The reaction was neutralized with

198 NaHCO; (160 mg) and the solvent was removed under

reduced pressure. The crude mixture was then treated with
AcO (30 pL, 0.32 mmol), 4-DMAP (0.4 mg, 0.003 mmol) and Et;N (53 pL, 0.38 mmol) in
CH,Cl, (2 mL) under N, during 2 h. Purification by flash chromatography (hexane/AcOEt
80/20) gave 198 (17.3 mg, 74%, 2 steps) as a colorless oil: R 0.21 (hexane/AcOEt 70/30);
[a]®p +31.1 (¢ 1.02, CHCLs); IR (film) 2966, 1748, 1435, 1372, 1218 cm™; '"H NMR (300
MHz, CDCls) 6 5.44-5.36 (2H, m, CHH,-CH-CH-CH-CH,H,), 5.17 (1H, ddd, J = 2.7, 4.8,
8.4 Hz, CHH,-CH-CH-CH-CH,H,), 4.28 (1H, dd, J = 4.8, 11.7 Hz, CH,H,-CH-CH-CH-
CH,H,), 4.24 (1H, dd, J = 2.7, 12.6 Hz, CHH,~-CH-CH-CH-CH,H,,), 4.15 (1H, dd, J = 4.8,
12.6 Hz, CHH,-CH-CH-CH-CH,H,), 3.95 (1H, dd, J = 7.2, 11.7 Hz, CHH,-CH-CH-CH-
CH,Hy), 2.13 (3H, s, H;CC(0)0), 2.08 (3H, s, H;CC(0)0), 2.07 (3H, s, H;CC(0)0), 2.06
(3H, s, H;CC(0)0), 2.05 (3H, s, H;CC(0)0); °C NMR (75 MHz, CDCl;) & 170.6 (C=0),
170.4 (C=0), 170.1 (C=0), 169.8 (C=0), 169.6 (C=0), 68.3/68.0/68.0 (CHH,-CH-CH-CH-
CH,H,), 62.0/61.7 (CHH,-CH-CH-CH-CH,H,), 20.8 (H;CC(0)0O), 20.7 (H;CC(0)0), 20.6
(H;CC(0)0), 20.6 (H;CC(0)0), 20.6 (H;CC(0)0O); HRMS (ESI") caled for C;sH,,0;0Na
(M+Na)" 385.1105, found 385.1087.

10. Synthesis of spicigerolide

10.1. TADDOL-derived catalyst

10.1.1. (S,S)-TADDOL (214)"*!

Ph Ph Phenylmagnesium bromide (2.8 M in Et,0, 12.4 mL, 34.7
OH mmol) was added at 0 °C to a solution (45,55)-2,2-dimethyl-

o
>< :l)v 1,3-dioxolane-4,5-dicarboxylic acid dimethyl ester (1.26 g,
OH

© 5.78 mmol) in THF (13 mL) and the mixture was stirred for
PR Ph
214 4 h. The reaction was quenched with saturated aqueous
NH,CI. The aqueous layer was extracted with CH,Cl,. The

organic layer was dried over MgSO, and evaporated under reduced pressure.

Recrystallization of the crude mixture (Et,O/hexane) gave 214 (1.354 g, 50%) as a white
solid: mp 193-195 °C (lit. 185 °C);'* [a]p™ —66.7 (¢ 1.00, CHCl;); '"H NMR (200 MHz,
CDCl;) 6 7.50-7.30 (20H, m, ArH), 4.01 (2H, s, CH), 1.05 (6H, s, CH3).
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10.1.2. Titanium complex 209"

Diol 214 (1.354 g, 2.902 mmol) was added to a solution of

?Ph Ph CpTiCl; (606 mg, 2.76 mmol) in Et,O (20 mL) under argon.
C'/Tiz;\o:}.....o Et;N (847 pL, 6.08 mmol) was added dropwise at 0 °C in
PN % solution in Et,0 (8 mL) and the mixture was stirred at rt for
209 ’ 24 h. Hexane was added, the mixture was filtered and the

solvent ~was removed under reduced pressure.
Recrystallization of the mixture (Et,0/hexane) gave 209 (1.050 g, 59%) as a white solid: 'H
and >C NMR matched with the spectrum described in the literature.

10.2. 3-tert-Butyldiphenylsilyloxyprop-1-yne (203)

tert-Butylchlorodiphenylsilane (3.12 mL, 12.0 mmol) was
added to a solution of propargylic alcohol (561 mg, 10.0

\/OTBDPS mmol) at 0 °C and imidazole (885 mg, 13.0 mmol) in
CH,Cl, (80 mL) under N, and stirred for 15 h. The reaction
203 was quenched with H,O and the aqueous layer was

extracted with CH,Cl,. The organic layer was dried over
MgSO, and evaporated under reduced pressure. Purification by flash chromatography
(hexane/AcOEt 98/2) gave 203 (2.708 g, 92%) as a colorless oil: R 0.66 (hexane/AcOEt
95/5); "H NMR (400 MHz, CDCl3) & 7.75-7.67 (4H, m, ArH), 7.47-7.34 (6H, m, ArH), 4.31
(2H, d, J = 2.4 Hz, CH,), 2.37 (1H, t, J = 2.4 Hz, C=CH), 1.06 (9H, s, (CH;);C); °C NMR
(100 MHz, CDCls) 6 132.9/132.9/135.6/135.6/129.8/127.7/127.7 (C Ar), 82.0 (C=CH), 73.0
(C=CH), 52.5 (CH,), 26.7 ((CH;);C), 19.1 ((CH;5)50)).

10.3.(25,35,45,55)-3.,4,5-Triacetoxy-8-tert-butyldiphenylsilyloxyoct-6-
yn-2-yl acetate (205)

A solution of anti,syn-179 (167 mg, 0.500 mmol) in a
mixture CH,Cl,/MeOH (4 mL/1 mL) was treated with O at
—78 °C until a blue color appeared. The flask was purged
with N, and Me,S (183 uL, 2.50 mmol) was added at —78 °C.

205 The reaction was stirred overnight at rt. The solvent was

removed under reduced pressure and the residue was co-
evaporated with toluene (4 x 30 mL) at 40 °C. The aldehyde was obtained as a colorless oil
and used as a crude mixture for the next transformation. Zn(OTf), (600 mg, 1.65 mmol) was
activated by heating under vacuum. (+)-NME (323 mg, 1.80 mmol) was added, and the flask
was purged with N,. Anhydrous toluene (2 mL) and Et;N (251 pL, 1.80 mmol) were added,
and the mixture was vigorously stirred for 2 h. A solution of alkyne 203 (441 mg, 1.50 mmol)
in toluene (0.7 mL) was added and stirred for 30 min, aldehyde (0.5 mmol from anti,syn-179)
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was added in solution in toluene (0.7 mL), and stirred for 2 h 30 min. The reaction was
quenched with saturated aqueous NH4Cl. The organic layer was washed with brine, dried
over MgSQy,, and evaporated under reduced pressure. The crude mixture was treated with 4-
DMAP (3.0 mg, 0.025 mmol), anhydrous Et;N (280 puL, 2.00 mmol) and Ac,O (142 puL,
1.50 mmol) in anhydrous CH,Cl, (10 mL) under N,. The reaction was stirred until TLC
showed no significant change. The solvent was removed under reduced pressure. Purification
by flash chromatography (hexane/AcOEt 80/20) gave 205 (198 mg, 71% for 3 steps) as a
colorless oil: Ry 0.23 (hexane/AcOEt 80/20); [a]*’p +11.2 (¢ 0.80, CHCl5); IR (film) 2933,
1752, 1429, 1371 em™; '"H NMR (400 MHz, CDCl;) & 7.70-7.65 (4H, m, ArH), 7.46-7.36
(6H, m, ArH), 5.49 (1H, dt, J= 1.6, 7.2 Hz, H;C-CH-CH-CH-CH), 5.45 (1H, dd, /=28, 7.2
Hz, H;C-CH-CH-CH-CH), 5.29 (1H, dd, J = 2.8, 8.0 Hz, H;C-CH-CH-CH-CH), 4.96 (1H,
dq, J = 6.4, 8.0 Hz, H;C-CH-CH-CH-CH), 4.29 (2H, d, J = 1.6 Hz, CH,-C=C), 2.10 (3H, s,
H;CC(0)0), 2.07 (3H, s, H;CC(0)0), 2.06 (3H, s, H;CC(0)0), 2.04 (3H, s, H;CC(0)0),
1.20 (3H, d, J = 6.4 Hz, H;C-CH), 1.04 (9H, s, (CH;);C); °C NMR (100 MHz, CDCl;) &
170.0 (C=0), 170.0 (C=0), 169.6 (C=0), 169.3 (C=0), 135.6/132.8/129.8/127.7 (C Ar),
85.2/78.6 (C=C), 71.0/69.6/67.1/61.5 (H;C-CH-CH-CH-CH), 52.5 (CH,-OTBDPS), 26.6
((CH3;)50), 21.0 (H;CC(0)0), 20.7 (H;CC(0)0), 20.7 (H;CC(0)0), 20.6 (H;CC(0)O), 19.1
((CH3);Q), 16.4 (H;C-CH); HMRS (ESI") caled for Cs,Hi00™*SiNa (M+Na)™ 619.2334,
found 619.2308; HMRS (ESI") caled for CiHsy00”SiNa (M+Na)™ 620.2329, found
620.2342.

10.4.(25,35,45,55,62)-3,4,5-Triacetoxy-8-tert-butyldiphenylsilyloxyoct-
6-en-2-yl acetate (206)

Quinoline (3 uL) and Pd/CaCO; poisoned with lead
OAc  QAc (Lindlar catalyst, 5 wt.%, 40 mg) were added to a solution
E of 205 (147 mg, 0.246 mmol) in AcOEt (8 mL). The
mixture was shaken under hydrogen (1-2 atmospheres) until

206 TLC showed complete conversion. The suspension was

filtered through a short pad of Celite®. The organic layer
was washed with HCl 2 N (2 x 1 mL), brine, dried over MgSO, and evaporated under
reduced pressure. Purification by flash chromatography (hexane/AcOEt 90/10) gave 206
(129 mg, 87%) as a colorless oil: Ry 0.65 (hexane/AcOEt 70/30); [a]”p —37.8 (¢ 1.19,
CHCLy); IR (film) 2935, 1750, 1429, 1370 cm™; "H NMR (400 MHz, CDCls) & 7.71-7.66
(4H, m, ArH), 7.45-7.36 (6H, m, ArH), 5.86 (1H, dt, J = 6.0, 11.2 Hz, H,C-CH=CH), 5.39
(1H, dd, J = 8.4, 9.6 Hz, H;C-CH-CH-CH-CH), 5.31 (1H, ddt, J = 1.6, 9.6, 11.2 Hz, H,C-
CH=CH), 5.31 (1H, dd, J = 2.4, 8.4 Hz, H;C-CH-CH-CH-CH), 5.23 (1H, dd, /=2.4, 8.4 Hz,
H;C-CH-CH-CH-CH), 4.90 (1H, dq, J = 6.4, 8.4 Hz, H;C-CH-CH-CH-CH), 4.40 (1H, ddd, J
= 1.6, 6.0, 14.0 Hz, CH,H,-CH=CH), 4.33 (1H, ddd, J = 2.0, 6.0, 14.0, CH,H,-CH=CH),
2.00 (3H, s, H;CC(0)0), 1.98 (3H, s, H;CC(0)0O), 1.98 (3H, s, H;CC(0)0O), 1.91 (3H, s,
H;CC(0)0), 1.16 (3H, d, J = 6.4 Hz, H;C-CH), 1.04 (9H, s, (CH3);C); °C NMR (100 MHz,
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CDCl;) & 1700 (C=0), 170.0 (C=0), 169.8 (C=0), 1694 (C=0),
136.6/135.6/135.5/133.5/133.4/129.7/127.7/124.1 (C Ar + CH=CH), 71.0/69.7/67.0/66.3
(H;C-CH-CH-CH-CH), 60.2 (CH,-OTBDPS), 26.7 ((CH;);C), 21.0 (H;CC(0)O), 20.9
(H;CC(0)0), 20.6 (H;CC(0)0), 20.6 (H;CC(0)0), 19.1 ((CH3);C), 16.6 (H;C-CH); HMRS
(ESI") caled for C3,H400%*SiNa (M+Na)™ 621.2490, found 621.2485; HMRS (ESI") calcd
for C3,H4000>’SiNa (M+Na)* 622.2486, found 622.2516.

10.5.(28,35,45,55,62)-3,4,5-Triacetoxy-8-hydroxyoct-6-en-2-yl acetate
207)

10.5.1. Deprotection with TBAF

A solution of TBAF (1 M in THF, 88 pL, 0.088 mmol) was added to a solution of 206
(23.3 mg, 0.040 mmol) in THF (1.3 mL) and the mixture was stirred for 15 h. The reaction
was quenched with saturated aqueous NH4Cl. The aqueous layer was extracted with CH,Cl,.
The organic layer was dried over MgSO, and evaporated under reduced pressure. NMR

spectra of the crude mixture showed a complex mixture due to some acetyl group migrations.

10.5.2. Deprotection with TBAF and AcOH

A solution of glacial AcOH (65 puL, 0.11 mmol) and TBAF (1 M in THF, 275 pL, 0.280
mmol) in THF (0.4 mL) was added dropwise at 0 °C to a solution of 206 (30 mg, 0.056
mmol) in THF (0.5 mL). The mixture was stirred for 1 h at 0 °C. Water and CH,Cl, were
added. The aqueous layer was extracted with CH,Cl,. The organic layer was dried over
MgSO, and evaporated under reduced pressure. NMR spectra of the crude mixture showed a

complex mixture due to some acetyl group migrations.

10.5.3. Deprotection with HF-pyr

Hydrogen fluoride pyridine (500 pL) was added to a
e QAo solution of 206 (176 mg, 0.294 mmol) in anhydrous CH;CN

(5 mL) and stirred until TLC showed complete conversion.

The mixture was poured onto a solution of KF (10 mL),
207 NaHCO; (20 mL) and Et,O (30 mL). The aqueous layer was

extracted with Et,O. The organic layer was dried over

MgSO, and evaporated under reduced pressure. Purification by flash chromatography
(hexane/AcOEt 50/50) gave 207 (96 mg, 91%) as a colorless oil: Ry 0.08 (hexane/AcOEt
70/30); [a]”p —19.3 (¢ 0.650, CHCL); IR (film) 3531, 2939, 1746, 1432, 1372 ecm™; 'H
NMR (400 MHz, CDCl3) 8 5.94 (1H, dt, J = 6.4, 11.2 Hz, H,C-CH=CH), 5.60 (1H, dd, J =
8.0, 10.0 Hz, H;C-CH-CH-CH-CH), 5.45 (1H, dd, J = 10.0, 11.2 Hz, H,C-CH=CH), 5.38

295



Chapter 4

(1H, dd, J = 3.2, 8.0 Hz, H;C-CH-CH-CH-CH), 5.28 (1H, dd, J = 3.2, 8.0 Hz, H;C-CH-CH-
CH-CH), 4.95 (IH, dq, J = 6.4, 8.0 Hz, H;C-CH-CH-CH-CH), 4.34 (1H, m, CH,H,-
CH=CH), 4.15 (1H, m, CH,H,-CH=CH), 2.36 (1H, dd, J = 6.0, 7.2 Hz, OH), 2.12 (3H, s,
H;CC(0)0), 2.05 (3H, s, H;CC(0)0), 2.04 (3H, s, H;CC(0)0), 2.03 (3H, s, H;CC(0)0),
1.21 (3H, d, J = 6.4 Hz, H;C-CH); °C NMR (75 MHz, CDCl;) § 170.4 (C=0), 170.1 (C=0),
170.1 (C=0), 169.8 (C=0), 135.8/125.2 (CH=CH), 71.2/69.7/67.0/66.8 (H;C-CH-CH-CH-
CH), 58.5 (CH,-OH), 21.0 (H;CC(0)0), 21.0 (H;CC(0)0), 20.7 (H;CC(0)0), 20.6
(H;CC(0)0), 16.2 (H;C-CH); HMRS (ESI") caled for C;sH,ONa (M+Na)™ 383.1313,
found 383.1305.

10.6.(25,35,45,58,6Z,8R)-3,4,5-Triacetoxy-8-hydroxyundec-6,10-dien-
2-yl acetate (210)

10.6.1. Allylation of 186 using (+)-DIP-CI

Potassium osmate(VI) (4.1 mg, 0.011 mmol) was added to a solution of 185 (30.0 mg, 0.11
mmol) and NalOy4 (162 mg, 0.440 mmol) in dioxane (1.5 mL) and H,O (0.5 mL) and the
mixture was vigorously stirred at rt for 3 h. Water was added and the aqueous layer was
extracted with CH,Cl,. The organic layer was dried over MgSO, and evaporated under
reduced pressure. The aldehyde was obtained as a colorless oil and used as a crude mixture
for the next transformation. Allylmagnesium bromide (1M in Et,O, 125 pL, 0.125 mmol)
was added dropwise at —78 °C to a solution of (+)-DIP-Cl (48 mg, 0.15 mmol) in Et,O (1
mL). The mixture was stirred for 1 h at 0 °C. The mixture was then allowed to stand, which
cause precipitation of magnesium chloride. The supernatant solution was then carefully
transferred to another flask via cannula. Aldehyde was then added dropwise at —78 °C in
solution in Et;O (1 mL) and the mixture was stirred at —78 °C during 5 h. The reaction
mixture was then quenched with pH 7 buffer (400 uL), MeOH (600 pL) and H,O, (30%, 400
pL) and stirred for 30 min. Saturated NaHCO; was added and the aqueous layer was
extracted with Et,O. The organic layer was dried over MgSO, and evaporated under reduced
pressure. NMR spectra of the crude mixture showed a complex mixture.

10.6.2. Allylation using 209

Oxalyl chloride (21 pL, 0.25 mmol) and DMSO (30 pL,
Qhc Qhc gH 0.42 mmol) were stirred in anhydrous CH,Cl, (2 mL) for 45
: : min at —78 °C. A solution of 207 (32.5 mg, 0.090 mmol) in
CH,CI, (1 mL) was added and stirred for 30 min at —78 °C.
210 Et;N (116 pL, 0.822 mmol) was added and stirred 15 min at
—78 °C then 20 min at rt. The mixture was poured onto Et,O

(50 mL) and ammonium salts were filtered. The solvent was removed under reduced
pressure and the residue was co-evaporated with toluene (4 x 20 mL) at 40 °C. The aldehyde
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was obtained as a colorless oil and used as a crude mixture for the next transformation.
Allylmagnesium bromide (1M in Et,O, 117 pL, 0.117 mmol) and 209 (77 mg, 0.13 mmol) in
anhydrous Et,0 (2 mL) were stirred for 1 h 30 at 0 °C. A solution of aldehyde (0.090 mmol
from 207) in Et,O (1 mL) was added dropwise at —78 °C and stirred for 1 h. The reaction was
quenched with pH 7 buffer (1 mL) and stirred for 30 min. The aqueous layer was extracted
with CH,Cl,. The organic layer was dried over MgSO, and evaporated under reduced
pressure. Purification by flash chromatography (hexane/AcOEt 70/30) gave 210 (30.2 mg,
84%) and its minor diastereomer (4.5 mg, 12%) as colorless oils: Ry 0.25 (hexane/AcOEt
70/30); [a]*p —13.6 (¢ 1.06, CHCLy); IR (film) 3529, 2934, 1748, 1436, 1372 cm™; "H NMR
(300 MHz, CDCl;) 6 5.87-5.66 (3H, m, H,C=CH-CH,-CH-CH=CH-CH), 5.48 (1H, m,
H,C=CH-CH,-CH-CH=CH-CH), 5.37 (1H, dd, J= 4.2, 6.3 Hz, H;C-CH-CH-CH), 5.25 (1H,
dd, J=4.2, 7.2 Hz, H;C-CH-CH-CH), 5.17-5.07 (2H, m, H,C=CH-CH,-CH-CH=CH-CH),
4.96 (1H, dq, J = 6.6, 7.2 Hz, H;C-CH-CH-CH), 4.54 (1H, m, H,C=CH-CH,-CH-CH=CH-
CH), 2.66 (1H, bs, OH), 2.30 (2H, m, H,C=CH-CH,-CH-CH=CH-CH), 2.10 (3H, s,
H;CC(0)0), 2.08 (3H, s, H;CC(0)0), 2.02 (3H, s, H;CC(0)0), 2.02 (3H, s, H;CC(0)0),
1.22 (3H, d, J = 6.6 Hz, H;C-CH); *C NMR (75 MHz, CDCl;) § 170.4 (C=0), 170.3 (C=0),
169.9 (C=0), 169.9 (C=0), 139.1/133.8 (H,C=CH-CH,-CH-CH=CH), 123.8 (H,C=CH-
CH,-CH-CH=CH), 118.1 (H,C=CH-CH,-CH-CH=CH), 71.2/69.9/67.3/67.2/67.1 (H;C-CH-
CH-CH-CH-CH=CH-CH), 41.4 (H,C=CH-CH,), 21.0 (H;CC(0)0), 20.9 (H;CC(0)0O), 20.8
(H;CC(0)0), 20.7 (H;CC(0)0), 15.8 (H;C-CH); HMRS (ESI') caled for C;oH,30oNa
(M+Na)" 423.1626, found 423.1623.

10.7.(285,35,45,55,6Z,8R)-3.,4,5-Triacetoxy-8-acryloyloxyundec-6,10-
dien-2-yl acetate (211)

Anhydrous Et;N (30 pL, 0.21 mmol), acryloyl chloride (9
o )I\/ puL, 0.106 mmol) and 4-DMAP (0.3 mg, 0.003 mmol) were
added to a solution of 210 (21.3 mg, 0.053 mmol) in
anhydrous CH,Cl, (1 mL) under N,. The reaction was

OAc OAc

stirred until TLC showed no significant change. The solvent

was removed under reduced pressure. Purification by flash
chromatography (hexane/AcOEt 80/20) gave 211 (11.8 mg, 50%) as a colorless oil: R¢ 0.50
(hexane/AcOEt 70/30); [a]”p —37.0 (¢ 0.84, CHCl;); IR (film) 2925, 1748, 1372 cm™; 'H
NMR (300 MHz, CDCl;) 6 6.38 (1H, dd, J= 1.5, 17.4 Hz, HH,C=CH-C(0)0), 6.09 (1H, dd,
J=10.5, 17.4 Hz, H,H,C=CH-C(0)0), 5.89 (1H, dt, J = 3.0, 9.0 Hz, H;C-CH-CH-CH-CH-
CH=CH-CH), 5.81 (1H, dd, J = 1.5, 10.5 Hz, HH,C=CH-C(0)0), 5.78-5.58 (3H, m, H;C-
CH-CH-CH-CH-CH=CH-CH), 5.45 (1H, ddd, J = 1.0, 9.6, 10.8 Hz, H,C=CH-CH,), 5.36
(1H, dd, J = 2.1, 9.0 Hz, H;C-CH-CH-CH-CH-CH=CH-CH), 5.28 (1H, dd, J = 2.1, 8.4 Hz,
H;C-CH-CH-CH-CH-CH=CH-CH), 5.14-5.04 (2H, m, H,C=CH-CH,), 4.95 (1H, dq, /= 6.3,
8.4 Hz, H;C-CH-CH-CH-CH-CH=CH-CH), 2.43 (2H, m, H,C=CH-CH,), 2.16 (3H, s,
H;CC(0)0), 2.03 (3H, s, H;CC(0)0), 2.02 (3H, s, H;CC(0)0), 1.97 (3H, s, H;CC(0)0),
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1.19 (3H, d, J = 6.3 Hz, HyC-CH); "*C NMR (75 MHz, CDCl3) § 170.3 (C=0), 170.1 (C=0),
170.0 (C=0), 169.5 (C=0), 164.8 (C=0), 134.5/132.8/130.6/128.7/127.4 (CH-CH=CH-CH
+ H,C=CH-CH,-CH + H,C=CH-C(0)0), 118.2 (H,C=CH-CH,-CH), 71.0 (H;C-CH-CH-
CH-CH), 69.6 (H;C-CH-CH-CH-CH), 69.2 (H,C=CH-CH,-CH), 66.9 (H;C-CH-CH-CH-
CH), 66.6 (H;C-CH-CH-CH-CH), 39.0 (H,C=CH-CH,-CH), 21.1 (H;CC(0)0), 20.9
(H:CC(0)0), 20.7 (H;CC(0)0), 20.6 (H:CC(0)0), 16.6 (H;C-CH); HMRS (EST") calcd for
C5,H30010Na (M+Na)" 477.1731, found 477.1719.

10.8.Spicigerolide (1)’

A 0.01 M solution of 211 (10.8 mg, 0.025 mmol) in
CH,Cl, (2.5 mL) was refluxed in presence of
Benzylidene[1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidin-

ylidene]dichloro(tricyclohexylphosphine)ruthenium
1 (Grubbs’ catalyst 2™ generation) (0.4 mg, 0.0005 mmol) for
2 h. The solvent was removed under reduced pressure.
Purification by flash chromatography (hexane/AcOEt 80/20) gave 1 (9.8 mg, 94%) as a
colorless oil: Ry 0.11 (hexane/AcOEt 70/30); [a]”p —23.0 (¢ 1.34, CHCLy); IR (film) 2925,
1735, 1457, 1372 em™; "H NMR (400 MHz, CDCl3) & 6.90 (1H, ddd, J = 2.4, 6.0, 9.6 Hz,
CH,-CH=CH), 6.05 (1H, dd, J = 1.6, 6.0 Hz, CH,-CH=CH), 5.79 (1H, dd, J = 9.6, 10.4 Hz,
H;C-CH-CH-CH-CH-CH=CH-CH), 5.51-5.32 (4H, m, H;C-CH-CH-CH-CH-CH=CH-CH),
5.30 (1H, dd, J = 1.6, 8.4 Hz, H;C-CH-CH-CH-CH-CH=CH-CH), 4.96 (1H, dq, J = 6.4, 8.4
Hz, H;C-CH-CH-CH-CH-CH=CH-CH), 2.51 (1H, dt, J = 4.8, 18.4 Hz, CHH,-CH=CH),
2.35(1H, ddt,J=2.4,11.2, 18.4 Hz, CH.H,-CH=CH), 2.12 (3H, s, H;CC(0)0), 2.12 (3H, s,
H;CC(0)0), 2.04 (3H, s, H;CC(0)0O), 2.03 (3H, s, H;CC(0)0O), 1.19 (3H, d, J = 6.4 Hz,
H;C-CH); *C NMR (100 MHz, CDCl5) & 170.2 (C=0), 170.1 (C=0), 169.9 (C=0), 169.9
(C=0), 163.5 (C=0), 144.8 (CH,-CH=CH), 132.7 (H3C-CH-CH-CH-CH-CH=CH-CH),
128.6 (H;C-CH-CH-CH-CH-CH=CH-CH), 121.4 (CH,-CH=CH), 73.7/70.9/69.2/66.2 (H;C-
CH-CH-CH-CH-CH=CH-CH), 66.9 (H;C-CH-CH-CH-CH-CH=CH-CH), 29.2 (CH,-
CH=CH), 21.0 (H;CC(0)0), 20.9 (H;CC(0)0), 20.8 (H;CC(0)0O), 20.7 (H;CC(0)0), 16.6
(H;C-CH); HMRS (ESI+) calcd for C,oH,6019Na (M-i-Na)+ 449.1418, found 449.1415.
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AIBN
Anh.
Aq.

Atm
9-BBN
bp
Boc
bpy

c

CI
COSY
Cp
cHx
DBU
de
DHP
DIBAL-H
DMAP
DMF
DMSO
ee

eq.

ESI
FAB

h
HPLC
HRMS
IR

Lit.
MEM
Mol
MS

mp
NBS
NME
NMR
NOESY
PCC
PDC
Ppm
PPTS
pyr

ref.

R¢

rt
TBDPS
TBS
Tf
TFA
THF

Angstrom(s)
2,2’-Azobisisobutyronitrile
Anhydrous

Aqueous

Aryl

Atmosphere
9-borabicyclo[3.3.1]nonane
Boiling point
tert-Butoxycarbonyl
2,2’-bipyridyl

Concentration

Chemical Ionization
Correlation Spectroscopy
Cyclopentadiene

Cyclohexyl
1,8-Diazabicyclo[5.4.0Jundec-7-ene
Diastereomeric excess
Dihydropyrane
Diisobutylaluminium Hydride
4-Dimethylaminopyridine
Dimethylformamide
Dimethylsulfoxide
Enantiomeric excess
Equivalent

Electrospray lonization

Fast Atom Bombardment
Hour

High Performance Liquid Chromatography
High Resolution Mass Spectroscopy
Infrared

Literature
Methoxyethoxymethyl

Mole

Molecular sieves

Melting point
N-bromosuccinimide
N-Methylephedrine

Nuclear Magnetic Resonante
Nuclear Overhauser Effect Spectroscopy
Pyridinium chlorochromate
Pyridinium dichromate
Part(s) Per Million
Pyridinium p-toluenesulfonate
Pyridine

Reference

Retention factor

Room temperature
tert-Butyldiphenylsilyl
tert-Butyldimethylsilyl
Trifluoromethanesulfonyl
Trifluoroacetic acid
Tetrahydrofuran
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THP Tetrahydropyranyl

TLC Thin Layer Chromatography
TMS Trimethylsilyl

Ts Tosyl (p-toluenesulfonyl)
uv Ultraviolet

W/W Weight per unit weight

A Heat or reflux
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