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Introduccién general

El control de la configuracién de los elementos quirales de los compuestos
quimicos es uno de los campos de estudio més relevantes de la Sintesis Orgénica hoy
en dia. Esto se debe a la importancia que tiene la ordenacion espacial de los atomos
de una molécula cualquiera puesto que determina las propiedades fisicas, quimicas vy,
en el &mbito de los seres vivos, bioldgicas.! En particular, el reconocimiento molecular
es de vital importancia para los seres vivos dado que la interaccién del centro activo de
un receptor con un substrato no solo depende de un esqueleto carbonado y unos
grupos funcionales predeterminados, sino que también requiere una adecuada
ordenacién espacial de los &omos. Es preciso, pues, disponer de metodologias
sintéticas que permitan controlar la organizacion espacial de los atomos de una
molécula para poder alcanzar la sintesis asimétrica de compuestos organicos que
traten de una manera mas eficaz las enfermedades que afectan a los seres

humanos.>™

La construccion estereoselectiva de enlaces carbono-carbono constituye, por
ende, un desafio de tremenda importancia al que se han destinado una cantidad
considerable de esfuerzos.>® Gracias a ellos, se ha podido establecer nuevas
estrategias sintéticas, las cuales han ido mejorando su eficiencia progresivamente. En
este contexto, los enolatos metalicos ocupan una posicién importante gracias a su
caracter nucledfilo y la posibilidad de reaccionar con un amplio conjunto de electréfilos
en procesos de alquilacion,’ de tipo aldélico® o de Michael,® tal y como se muestra en

el siguiente esquema.

R3CH,X lk(\
3
/ Alquilaciéon R

0 JJ\ O OH

) Enolizacion . R3 R3
2 R ¥— J\/R R2
R Alddlica R R*
(@]
3
2 4
Michael R R
R1
Esquema 1
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Todos estos procesos tienen en comun la construccién de un nuevo enlace
carbono-carbono y la generacion, salvo casos muy concretos, de hasta dos nuevos
estereocentros. Ante la necesidad de controlar la configuracion de estos nuevos

estereocentros, se han desarrollado estrategias basadas en control de substrato'®™*? o

13,14

en el uso de auxiliares quirales internos 0 externos (tanto en cantidades

estequiométricas como cataliticas).**

En las estrategias basadas en control de substrato, la estructura de los
reactivos y, en particular, la configuracion de sus elementos quirales determinan el
curso estereoquimico de la reaccién. Su eficacia aumenta conforme las etapas
sintéticas son mas avanzadas o en aquellos casos en los que la incorporacion y la
manipulacién de las funciones resultantes permiten completar la sintesis de una
manera rapida y eficiente. La sintesis del herboxidieno descrita recientemente por
nuestro grupo de investigacién constituye un ejemplo de su uso.'”*® Asi, la elevada
diastereoselectividad de las reacciones alddlicas en las que intervienen los enolatos de
titanio de a-hidroxicetonas quirales facilitd el control de la configuracién de todos los
estereocentros asi como el aprovechamiento integral de su esqueleto carbonado, tal y

como se muestra en el Esquema 2.

o) o o
i) 2 eq TiCly, iPr,NE ) :
. 4 N
i) O =5 —

OBn )k/\ OBn =
H X

\)J\( ; B
OTBS OTBS
H 2 4-sin-4 5-sin

(+)-Herboxidieno/GEX 1A

Esquema 2
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A pesar de la innegable potencialidad de estas aproximaciones, su caracter
especifico limita el desarrollo de nuevas metodologias, siendo particularmente
evidente cuando se intenta acceder a intermedios enantioméricamente puros en las
etapas iniciales de una secuencia sintética. Es en este terreno donde los auxiliares
quirales han demostrado tener una mayor eficacia. En efecto, el uso de auxiliares
quirales es uno de los recursos mas utilizados para controlar la configuracién de

nuevos estereocentros en reacciones en las que intervienen enolatos metalicos.

En un principio, la utilizacién de auxiliares quirales externos supondria una
opcion claramente preferible porque evita la necesidad de introducir y eliminar el
propio auxiliar. Se reduce asi el nUmero de etapas sintéticas y, lo que es mas
importante, no se compromete la integridad del resto de la molécula cuando ésta
contiene grupos funcionales o posiciones susceptibles de verse afectadas por las

condiciones que exigen la introduccion y la eliminacion del auxiliar.

Los enolatos quirales de boro desarrollados por Corey representan un claro
ejemplo de esta aproximacion.'*?° El uso de diazaborolidinas quirales como &cidos de
Lewis permite obtener una amplia variedad de aldoles de configuracién relativa anti

con buenos rendimientos y estereocontrol (Esquema 3).

Ph, Ph
Ar0,5~ N -N=s0,ar B j\
I P2 0] OH
LR1 al 1 " il M
> —_— 2
R EtsN R)\ R YT R
R R’
81-93%
r.d. 94:6-99:1; ee 75-98%
Esquema 3

Sin embargo, y a pesar de sus ventajas, los auxiliares quirales internos cuentan
con una mayor aceptacion. Esta aparente contradiccion se puede entender si se
considera que los auxiliares quirales internos facilitan la obtencion, el aislamiento y la
purificacién del estereisomero deseado. Asi pues, la necesidad de disponer de
intermedios enantioméricamente puros hace que las sultamas de Oppolzer,® las

pseudoefedrinas de Myers,”*?* las oxazolidinonas de Evans® 2

29,30

y sus homdlogos

desarrollados por Crimmins 29.31

y Nagao (Figura 1) sigan disfrutando de una
posicion privilegiada entre los métodos de construccion estereoselectiva de enlaces

carbono-carbono.
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©\/|\'/|\e 0 S S
NH <" NH O)J\NH O)]\NH SJ\NH

/ z |
N OH Me
o 0 R R R
Oppolzer Myers Evans Crimmins Nagao

Figura 1

Independientemente del caracter interno o externo del auxiliar, estos procesos
pivotan alrededor de dos etapas claramente diferenciadas. En la primera se genera el
enolato mediante el tratamiento del material de partida con cantidades
estequiométricas de una base fuerte o la combinacion, también estequiométrica, de un
acido de Lewis con una amina terciaria (Esquema 4). En la segunda, tras la
generacién del enolato correspondiente, se adiciona el electréfilo que reacciona

generando el enlace carbono-carbono deseado.

Con el planteamiento de la idea de "Atom Economy" por Trost* a principios de
los afios noventa y su posterior implementacién a partir del afio 2000, el concepto de
estequiometria comenzé a perder fuerza en el ambito de las metodologias
estereoselectivas para dar paso al uso de catalizadores que permiten la realizacion de
transformaciones directas en las que desaparece la frontera entre la etapa de
enolizacion y la de construccién del enlace carbono-carbono. Asi, se tiende a
desarrollar procesos directos en los que se minimiza la utilizacién de reactivos que no
se incorporan a la estructura del producto deseado y se simplifica el proceso

experimental (Esquema 4).

ML,
base

(0]
(0] catalizador, base, E-X Jk(w
R! > 2
Rzlk/ reaccion de tipo directo s
E

O/MLm £ @O,MLm
R2 AN R’ reaccion clasica en dos etapas szl\( R’
E
Esquema 4
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La organocatalisis ha constituido una via excelente para aplicar este concepto.
Asi, uno de los primeros ejemplos descritos por Barbas y List en el afio 2000 se basa
en la reaccion alddlica catalizada por L-prolina.**** Como se puede apreciar en el
Esquema 5, tanto la acetona como la hidroxiacetona reaccionan con aldehidos en
presencia de L-prolina en una reacciébn alddlica intermolecular. EI control
estereoquimico se basa en el uso de un agente quiral externo, un aminoacido
proteinogénico, en este caso la L-prolina. Sin embargo, se necesitan cantidades

importantes del catalizador y se alcanzan enantioselectividades a menudo

moderadas.>**
H
iN; \COOH
0 . 0 (20-40 mol%) 6  OH
)J\ H)J\R DMSO )J\/'\R
54-97%
ee 60-96%
H
N ...COOH
( / O OH
(0] (0] (20-30 mol%) )J\)\
)J\/OH " HJ\R DMSO T R
OH
51-95%
r.d. 60:40- >20:1; ee 67— >99%
Esquema 5

De manera paralela, para llevar a cabo procesos cataliticos directos, se han
desarrollado catalizadores de transferencia de fase (PTC).* ™ Estos catalizadores
quirales de tipo alcaloide o sales de amonio cuaternarias de simetria C, permiten
realizar reacciones de alquilacién de tipo Sy2 induciendo la quiralidad a través del
contraién del enolato. Asi, en la aproximacion clasica de Corey,*’ esteres de glicina N-
protegidos (bases de Schiff) reaccionan con diferentes haluros de alquilo en presencia
del correspondiente catalizador de transferencia de fase para dar lugar al producto de

alquilacion con excelentes rendimientos y enantioselectividades (Esquema 6).
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o (10 mol%) o
CsOH H,0
Ph N\)J\ 2 Ph N\)J\
T O'u T RO CH,Cl T Y OB
Ph 22 Ph :\R
68-91%

ee 92-99.5%

Esquema 6

Por otro lado, Jacobsen ha desarrollado una aproximacion organocatalitica que
se fundamenta en una actuacion dual. Por un lado, se produce la activacion de los
haloderivados debido a la capacidad de ciertas tioureas quirales para establecer
puentes de hidrégeno con aniones haluro mientras el catalizador, al mismo tiempo,
forma una enamina del aldehido (el nucledfilo real). Los intermedios catiénicos que se
generan pueden participar en la construccidon enantioselectiva de enlaces carbono-
carbono.***® Es de destacar que el proceso transcurre a través de un mecanismo Syl

con altos rendimientos y enantioselectividades (Esquema 7).

CF4 CFy
S S
S L R0
FsC N~ TNV FsC N~ NV
3 H H — 3 Lo — R H
NH, HO H HN 5
X R’
0 ® |
1
Me Me R
\HJ\H R/\R
R1
(o) Br Ar O
R . cat. (20 mol%) _
H O O Et3N (100 mol%) Ar -~ H
R2 R2 H,0 (100 mol%) R’
AcOH (10 mol%)
R?=H,F, Cl,Br Tolueno 52-70%
ee 85-94%
Esquema 7



Introduccién general

Comparados con los anteriores, los ejemplos de reacciones directas,
asimétricas y cataliticas en las que intervienen enolatos metalicos son mas escasos.
Asi, a finales de los noventa, Shibasaki y Trost desarrollaron catalizadores bimetalicos
de estructura compleja que permiten realizar reacciones alddlicas a partir de la
acetona o a-hidroxi cetonas con buenos rendimientos y un aceptable control

estereoquimico (Esquema 8).*"~*

0 on  ProPhenol (5-10 mol%), o o (S)-LLB-KOH j\)o\"'
— 0, . 0,
A, < Eazn(0-20mo) J_o L, emiw "
R R THF R H R THF
24-89% 50-91%
ee 56-99% ee 30-93%

Ph OH HO._ Ph

Ph Ph
N OH N

ProPhenol

(S)-LLB

O OH  prophenol (2.5-5 mol%) (S)-LLB-KOH O  OH

o} o) H
Et,Zn (10-20 mol% - 9 -
R)KH\W 2Zn ( 0) RJ\/OH + H)]\R1 (5-10 mol%) R)J\‘/\R1

OH THF THF OH
50-96%
65-97%
r.d 75'25—%0'1 r.d. 65:35-84:16
- ée 86-3—96%. ee 80-98%
Trost Shibasaki

Esquema 8

Fue Evans, sin embargo, quien mejor exploto la potencialidad sintética de estas
aproximaciones utilizando auxiliares quirales internos para controlar el curso
estereoquimico de las reacciones alddlicas. Como se muestra en el Esquema 9, Evans
utilizé haluros de magnesio como catalizadores en las reacciones de N-acil
oxazolidinonas vy tiazolidintionas quirales con aldehidos para obtener, dependiendo de
la sal de magnesio y el auxiliar quiral, las dos posibles estructuras anti (Esquema
9).55,56
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O OTMS

o]
MgCl, (10 mol%) )]\ -
EtsN, TMSCI o N)K(\W
AcOEt

L

Bn
77-92%

r.d. 6:1-32:1

S 0O OoTMS
MgBr, (10 mol%) )]\ M
EtsN, TMSCI s N - R
AcOEt \ < R

Bn
56-93%

rd. 7:1-19:1

Esquema 9

Posteriormente, Evans amplié el marco de este tipo de procesos directos,

estereoselectivos y cataliticos al describir la reaccion alddlica directa de la N-propanoil-

1,3-tiazolidin-2-tiona aquiral catalizada por una bisoxazolina de niquel(ll) quiral en

presencia de TMSOTf (Esquema 10).>" Los resultados alcanzados fueron excelentes.

S O
S)J\N)k/ +
-/

Sh Y

CMG:;

Me3C
(S,S)-Bu-Box (10 mol%)

Ni(SbFg), (10 mol%) S o) OH

TMSOTY, 2,6-lutidina )J\

CH,Cl, S N R
/
46-86%
r.d. 88:12-98:2; ee 90-97%
Esquema 10

Por otra parte, Evans también demostré que las mismas N-acil tiazolidintionas

aquirales reaccionan con el ortoformiato de metilo activado con BF;:OEt, en presencia

de cantidades cataliticas de un complejo de niquel(ll) quiral para dar lugar al producto

de alquilacién con elevados rendimientos y enantioselectividades (Esquema 11).%®

10
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QOL:Y

PL.  _OTf
_Nil
pC OTf
Yy
S 0 (S)-[Tol-BINAP]Ni(OTf), (5 mol%) S O OMe
P} J\/ OMe BF4-OEt,, 2,6-lutidina PR
S N "o MO)\OM CH,CI $ N OMe
e e
\ / 2vi2 \ / R
51-92%
ee 90-99%
Esquema 11

A pesar de la novedad intrinseca de un proceso de esta naturaleza y de los
excelentes resultados que se alcanzaban, la reaccion apenas ha sido utilizada en la
literatura. Esta limitada aplicacién en parte es debida a la complicada preparacion y
manipulacion del complejo de niquel(ll) quiral. Sin embargo, abrié la puerta a la
utilizacion de otros auxiliares aquirales internos (scaffolds), como las 7-azaindolinas
descritas por Shibasaki y Kumagai en los Ultimos afios (Esquema 12).>°®° Estos
auxiliares permiten el atague de enolatos metalicos de cobre(l) sobre aldehidos
aromaticos y propargilicos para generar los aldoles correspondientes con buenos
rendimientos y, en la mayoria de los casos, buen control estereoquimico. Si bien se
puede observar la eficacia en términos de resultados, lo cierto es que la metodologia

esta limitada a aldehidos aromaticos y propargilicos.

Cu
Ph Ph
{ P/\/Pf )
0 Ph  Ph O OH
(R,R)-Ph-BPE
N 0 - oy N R!
+ J\ (5-12 mol%)
_—— R R H _—— R
N THF N
Y/ N/
_ 64-96%
R= Me, N r.d. 53:47-98:2; ee 81-99%
Esquema 12
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Mas alla de los resultados propiamente dichos, el proceso descrito en el
Esquema 11 posee unas caracteristicas mecanisticas que lo hacen ciertamente
particular. En efecto, se basa en la adicion de un catidon oxocarbenio, generado in situ
mediante la activacion de un electrdfilo (trimetil ortoformiato) con un &cido de Lewis
(BF5-OEt,),”® a un enolato de niquel(ll) generado cataliticamente (Esquema 13). Se
puede afirmar, pues, que la formacion enantioselectiva del enlace carbono-carbono
transcurre a través de un estado de transicion abierto similar al que se utiliza para
describir los procesos de substitucion nucledfila unimolecular (Sy1) y con cierto
parecido a los desarrollados por Jacobsen (ver también Esquema 7)

OMe BF3-OEt, OMe

MeO OMe H OMe

- -® _,S)J\N )H/kom
rxii © / R
S o (S)-(Tol-BINAP)Ni(OTf), S|/ 0 o
2,6-lutidina
S)J\ N)K/ R S)\N)\/R S
-/ L/

Esquema 13

A lo largo de los dltimos afios, han aparecido en la literatura otros ejemplos de
reacciones directas, estereoselectivas y cataliticas que transcurren a través de
mecanismos de tipo Syl. Uno de ellos es el publicado por Melchiorre en 2008
(ecuacion 1 del Esquema 14).° En este caso se lleva a cabo una alquilacién de
aldehidos con indoles arilsufonilos catalizada por L-prolina. Los resultados son
excelentes tanto por su rendimiento como por su enantioselectividad aunque el control
diastereomérico es mas bien moderado. Otro ejemplo interesante se debe a Cozzi
(ecuacion 2 del Esquema 14),%? en el que describe la alquilacién enantioselectiva de
aldehidos con alcoholes bencidrilicos catalizada por imidazolidinonas de segunda
generacion de MacMillan en la que se alcanzan rendimientos y enantioselectividades
elevadas. Por dltimo, en un contexto totalmente diferente, Sodeoka (ecuacion 3 del
Esquema 14) ha descrito la adicion de acetales a,B-insaturados sobre -ceto esteres
en presencia de un catalizador de paladio(ll) quiral.®® En este caso, el catalizador
metalico activa el carbonilo, formando el correspondiente enolato de paladio(ll), y, a su
vez, el electréfilo generando el intermedio catidénico que reacciona con el enolato de
paladio(ll) del B-cetoéster para dar lugar a los correspondientes aductos [-alcoxi

carboxilicos con moderada diastereoselectividad pero excelente control enantiomérico.
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H
N ..\COH
Ar \/_\/ (20 mol%)
™) 0 . ’ SO, Tol KF/alumina
R\)J\ =
H HN R1 CH20|2
74-92%
r.d. 75:25-12:1; ee 84-92%
tB_U
A~
N” "NH, o
/ CF5;CO0
o o} . )O\H 0 Bn (20 mol%) - Ar O
r
H Ar” Ar Et,0 Ar)\(U\H
R
56-95%
ee 60-80%
0 ) [(R)-BINAP](H,0),Pd(OTf), O OR?
co.'Bu OR (5 mol%) _
(3) R 2 + 2 )\/\ R N Ph
R1 R“O Ph THF R1 COOtBU
41-86%
rd. 2.2:1-6.3:1; ee 97-99%
Esquema 14

En este contexto, nuestro grupo de investigacion habia evaluado la formacion
estereoselectiva de enlaces carbono-carbono mediante la reaccion de los enolatos de
titanio(lV) quirales derivados de N-acil-4-isopropil-1,3-tiazolidin-2-tionas con un amplio
abanico de intermedios oxocarbénicos derivados de acetales y cetales. Los resultados
obtenidos demostraron la capacidad del auxiliar quiral para generar buenos
rendimientos y elevadas diastereoselectividades de los aductos anti mayoritarios

(Esquema 15).647°
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OMe
MeO” “R! 50 OMe
TiCly 6 SnCl 1
_ 0 4 4 s N)YR
Cla R = H, alquilo, OPiv \_§’ R
_Ti
) . S
o TiCl, (1 eq) 9 57-94%
s~ N R iPrNEt s O XR MeO OMe r.d. 71:29-99:1
CH,Cl, %R1 S Me
SnCI4 )J\
- N R = alquilo
40-75%
r.d. 60:40-97:3

Esquema 15

Los ejemplos descritos en los anteriores esquemas sugerian, pues, que
transformaciones como las representadas en el Esquema 15 tal vez podrian llevarse a
cabo de manera directa, catalitica y enantioselectiva con mejores resultados, ademas

de conseguir los beneficios de actuar bajo los términos de "Atom Economy".

Inspirados por estos resultados y los trabajos de Evans,® Erik Galvez demostrd
en su Tesis Doctoral” que la reaccion de las (S)-N-propanoil y (S)-N-fenilacetil-4-
isopropil-1,3-tiazolidin-2-tionas quirales con ortoformiato de metilo en presencia de
cantidades subestequiométricas de (PhsP),NiCl,, un complejo de niquel(ll)
estructuralmente simple, comercial y facil de manipular, proporcionaba un unico

diasteredmero con buenos rendimientos (Esquema 16).

S 0 OMe

S 0
. (Ph3P),NiCl, (20 mol%) )j\
N OMe TESOTY, 2,6-Iutidina N OMe

S
+
\_§, MeO)\OMe CHyCl; R

R = Me, Ph R = Me 72%, Unico diasteredmero
R =Ph 86%, unico diastereémero

Esquema 16

Juan Manuel Romo tomo el testigo en su tesis doctoral y partiendo de estos
excelentes resultados, llevo a cabo una exhaustiva optimizacion de la reaccion.’” Tras
evaluar una gran cantidad de parametros, establecio las condiciones experimentales
de una método robusto y aplicable a un gran nimero de substratos.” En todos los

casos se observaba la formaciéon de un Unico diastereémero con muy buenos
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rendimientos, alcanzando, pues, un control estereoquimico absoluto sobre la

configuracion del estereocentro en a (Esquema 17).

S S
Q (Me3P),NiCl, (2.5-5 mol%) )J\ Q  OMe
s~ N R OMe TESOTY, 2,6-lutidina s7ON OMe
+
MeO~ “OMe CHxCly R
67-94%
R4 = alquilo, arilo, OPiv unico diasteredmero
Esquema 17

Teniendo en cuenta las posibilidades derivadas de este proceso, se planteé
que esta Tesis tuviera como objetivo principal la expansion, optimizacion y aplicacion
de una metodologia estereoselectiva de formacion de enlaces carbono-carbono
basada en la reaccion de enolatos de niquel(ll) de (S)-N-acil-1,3-tiazolidin-2-tionas
quirales con intermedios oxocarbénicos y otros carbocationes estabilizados.

En el Capitulo 1, la metodologia optimizada anteriormente por Juan Manuel
Romo se aplica a un nuevo tipo de electrdfilos, los éteres bencidrilicos metilicos, en
procesos de alquilacién con un amplio grupo de substratos que suponen la creacién de
un Unico estereocentro. Ademas, se ensayan un conjunto de carbocationes, que

pueden generar uno o dos estereocentros, con caracteristicas variadas (Esquema 18).

=0 ox (Me3P),NiCl, (cat) j\ o A
R 2
s N N )\ TESOTF, 2,6-lutidina _ ¢ N)k‘)\N

Ar Ar CH,Cl, R

Esquema 18

En el Capitulo 2, se analizan reacciones en la que se generan dos nuevos
estereocentros. En particular, se aborda el uso de acetales como electrdfilos,
prestando una especial atencién al rendimiento y a la diastereoselectividad del

proceso (Esquema 19).
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(0]
(Me3P),NiCl, (cat.) :
s N)K/R OR' TESOTHf, 2,6-lutidina S)J\N = R2

CH,Cl, R

Esquema 19

El Capitulo 3 centra la atencion en la utilizacion de (S)-N-glicinil-4-isopropil-1,3-
tiazolidin-2-tionas, o equivalentes sintéticos como la N-azidoacetil tiazolidintiona, para
obtener estructuras B-alcoxi-a-aminocarboxilicas o a-azidocarboxilicas de

configuracion relativa anti en condiciones de reaccion suaves (Esquema 20).

50 S o OR
N OR' (Me3P),NiCl, (cat.) L :
Y o, )\R TESOTY, 2,6-lutidina s7 N R?
R'0” "R? CHxCl, N3
Esquema 20

Por ultimo, en el Capitulo 4 se aplica el método desarrollado en el Capitulo 3 a
la sintesis de tripéptidos que contienen una B-hidroxi tirosina en la posicion central,
similares a las que pueden encontrarse en moléculas tan relevantes como la

vancomicina, las callipeltinas o las estellatolidas (Esquema 21).
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J_ (Me3P),NiCl, (cat.)
s” N N3 _TESOTf, 2,6-lutidina

CH,Cl,

NHGP

RN I(o CONH2
7

\g/ f\ JJ\ OH OR3N
o ‘

o%\“ O;\NH

MeOy 1y : MeN_0O o OW\
H Estellatolidas MeO . NMe

CONH,

OH

Iz

NHMe

HO OH Vancomicina
Esquema 21
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CAPITULO 1

ALQUILACIONES ESTEREOSELECTIVAS DE
N-ACILTIAZOLIDINTIONAS QUIRALES CATALIZADAS POR
NIQUEL(II)
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Alquilaciones estereoselectivas de N-aciltiazolidintionas quirales catalizadas por niquel(ll)

1. INTRODUCCION

1.1. C-Alquilacién de enolatos

La C-alquilacién de un enolato puede transcurrir mediante dos mecanismos de
reaccioén, Syl y Sy2, dependiendo del electrofilo utilizado. En un proceso de tipo Sy2,
se emplean haluros de alquilo primarios o triflatos derivados de alcoholes primarios, en
los cuales el centro electrofilico sp*® esta poco impedido estéricamente (Esquema 22).
En cambio, los electréfilos que intervienen en procesos Syl disponen de un centro sp?
que suele generarse en el seno de la reaccion (Esquema 22). Por ello, en el caso de
los procesos Syl, debe prestarse una especial atencién a la formacion del carbocation

desde un punto de vista termodinamico y cinético.

R3CX
R /§ R
Syl SN2

Esquema 22

Los métodos de alquilacion estereoselectiva mas habituales utilizan auxiliares
quirales internos en procesos de tipo Sy2 para controlar la configuracion del nuevo
estereocentro. Entre ellos, las oxazolidinonas de Evans®?’ y las pseudoefedrinas de
Myers* (ver Figura 1) son los que gozan de un mayor reconocimiento, por lo que no
resulta extrafio verlos participar en secuencias que requieran de una etapa de

alquilacién estereoselectiva.

Como se puede observar en el Esquema 23, las N-aciloxazolidinonas descritas
por Evans pueden formar el correspondiente enolato de litio o sodio y reaccionar con

haluros de alquilo activados, generando un Gnico diastereémero del aducto deseado.”
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Alquilaciones estereoselectivas de N-aciltiazolidintionas quirales catalizadas por niquel(ll)

/M\
O o 0" "o o o
R Base l )\/R R'CH,X )K/R
o °N ——> 0" N — 0" N
M = Na, Li 36-92%
r.d. > 99:1
Esquema 23

475 actian de un modo similar

Por su lado, las N-acilpseudoefedrinas de Myers
aungue aceptan un abanico mas amplio de electréfilos, siempre bajo el paradigma
mecanistico de tipo Sy2 (Esquema 24). Los rendimientos y las diastereoselectividades

son, asimismo, excelentes.

1) LDA, LiCl

2) R"CH,X

Esquema 24

Se trata, pues, de dos aproximaciones altamente estereoselectivas de tipo
indirecto, en las que en una primera etapa se genera el enolato utilizando cantidades
estequiométricas de una base y a continuacién el enolato resultante se trata con el
electréfilo. A pesar de las limitaciones, su gran robustez y solvencia hacen que estas
metodologias sigan siendo muy empleadas en la sintesis estereoselectiva de

productos naturales.

También podemos encontrar en la literatura procesos de alquilacion que
transcurren mediante mecanismos de tipo Syl. Dentro de este tipo de métodos,
destaca el desarrollado por Evans’® en el que se genera, en primer lugar, el enolato de
titanio(lV) de las N-aciloxazolidinonas quirales para su posterior ataque a un conjunto
variado de electrdéfilos (como, por ejemplo, ortoformiato de metilo y BOMCI) que se
activan al interactuar con el atomo metalico (Esquema 25). Los aductos generados se

obtienen con excelentes rendimientos y estereocontrol.
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O o OMe

CHC(OCHa), O\)_J\{j )KH\OMe

Bn

Cl,

0 N 95%

|
Ti
o) o Mo
)j\ J\/ )I\ )\/ r.d. 99:1
0" >N TiCly, iPrNEt, o O
\__< CH,Cl, \__<

Bn Bn j\ O OBn
Ph,CH,0CH,Cl O NJKH
Bn
99%
r.d. > 100:1
Esquema 25

1.2. Alguilaciones cataliticas de tipo directo

Como ya se ha expuesto en la Introduccion General, durante los ultimos afios
se ha prestado una creciente atencion al desarrollo de nuevos procesos de alquilacion
directos y cataliticos de la posicion Ca de un carbonilo. Uno de los campos en los que
mas ha proliferado esta expansion ha sido la organocatélisis, dénde encontramos
algunos ejemplos especialmente atractivos como el uso de catalizadores de
transferencia de fase (PTC).”””® Esta metodologia, como se ha comentado en la
Introduccién General, permite obtener a-aminoacidos a partir de esteres de glicina
protegida a través de un mecanismo de tipo Sy2. Se han desarrollado dos tipos de
catalizadores para llevar a cabo estas transformaciones: los alcaloides derivados de la

40-42

cincona descritos por O'Donnell,*®*” Corey*’ y Lygo y sales de amonio

cuaternarias desarrolladas por Maruoka (Esquema 26).%* Sj

bien los primeros
resultados del catalizador de O'Donnell fueron modestos, las modificaciones
introducidas por Corey y Lygo permitieron alcanzar excelentes resultados, muy
similares a los obtenidos por Maruoka. Estos métodos sencillos y robustos consiguen
un elevado control estereoquimico, aunque tienen un alcance limitado al poderse

aplicar, inicamente, a electrofilos primarios.
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0O RCH,Br, CsOH-H>0 (o)
Ph N\)J\ catalizador Ph N
’ t > = t
D OBu CH,Cly D OBu
Ph Ph
R
O'Donnell Coreyl/Lygo Maruoka
Ar
€]
(L ey (1)
Ne®
A O U
Ar
10 mol% 10 mol% 1 mol%
60-82% 67-89% 72-98%
ee 42-66% ee 92-99% ee 96-99%

Esquema 26

Mas recientemente, Cozzi ha desarrollado un proceso de alquilacién de
aldehidos utilizando cationes diarilcarbenio como electréfilos (Esquema 27).% La
presencia de grupos electrodonadores en el anillo aromatico es necesaria para facilitar
la formacién de los correspondientes carbocationes estabilizados que permitan
obtener los productos de alquilacién con buenos rendimientos y enantioselectividades.

Me
O /

N
\\]\:@>--"tBu

SN
Bn' CF5C00

H H 0
0 OH (20 mol%) R &J\
R \)J\ ' )\ : :
H Ar Ar Et,O =
Ar/\Ar

O
n L FQK

A,

63-95% 90-95% 56-73%
ee 60-78% ee 78-80% ee 74-77%
Esquema 27
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Alquilaciones estereoselectivas de N-aciltiazolidintionas quirales catalizadas por niquel(ll)

Otros alcoholes bencilicos menos propensos a la generacion de su
correspondiente carbocation requieren una activacion mas fuerte, como la que
proporcionan las sales de indio (Esquema 28). Asi, el uso de alcoholes proquirales
produce los correspondientes aldehidos o alcoholes de estereoquimica relativa anti
con modestas diastereoselectividades pero con un buen control enantiomérico.®*®

Me
RS
Bn N
OH H' (20 mol%)
j\/ . R2 In(OTf)3 (20 mol%)
R1
H Et,O
NMe, NMe,
R2 = Ar, alquilo 60-94%
r.d. 1:1-6:1; ee 88-99%
Me
Oy N
©
j:@>< CF4C00
1) Bn H'N\H
OH (20 mol%) OH Ar
o - InBrz (20 mol%), CH,Cl, :
HJK/R AR 2) NaBH,, EtOH AN
R? R’ R?
80-93%
rd. 1:1.6-1.2:1; ee 81-97%
Esquema 28

Mas recientemente, Cozzi ha descrito que los aldehidos pueden ser alquilados
también con sales de carbocationes estables empleando los catalizadores de McMillan
(Esquema 29).8# Como se puede observar en el siguiente esquema, los electréfilos
empleados son los cationes benzoditiolilo, tropilio y 10-metilacridino; obteniendo

Unicamente buenas enantioselectividades con el tetrafluoroborato de benzoditiolilo.
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€]
s BFs BFY
Croe o
S cat. B (20 mol%)
OH 2,6-lutidina
R 1) cat. A (20 mol%)
PhCO,H (20 mol%) o
NaH,PO4 \)J\
S S 2) NaBH,4 R H
X
ﬁ/
CH, 1°
_ORO,
61-96 bo cat. C (20 mol%)
ee 92-97% 2,6-lutidina
Me o e
O«_N N
I >< @>"'tBU
' N S
Bn” N °" i Reoo
cat. A cat. B R = p-NO,Ph
cat. C R =CF3
Esquema 29

55-77%
ee 22-72%

51-83%
ee 7-64%

Por otro lado, como ya se ha mencionado en la Introduccién general, Jacobsen

ha desarrollado procesos de alquilacién basados en un nuevo método de activacion

catalitico en el que la generacién de los carbocationes recae en tioureas quirales

(Esquema 30).*° Asi, el grupo amino del catalizador reacciona con el carbonilo del

aldehido y forma una enamina, a la vez que la tiourea establece puentes de hidrégeno

con el bromuro del electréfilo, permitiendo la abstraccion del atomo de bromo y la

consiguiente generacion del cation dibencilico. Este método funciona perfectamente

con substratos diarilcarbenios substituidos con grupos electrodonadores como

electroatractores, para los cuales, la aproximacién de Cozzi, descrita en el Esquema

27, no era posible.®

CF;
S
CF5 NJ\N\“
H H
o Br NH,
(20 mol%)
Ar +
H H,0 (100 mol%), EtsN (100 mol%)
R R AcOH (10 mol%)
tolueno
R=H,F,Cl Br
Esquema 30
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Alquilaciones estereoselectivas de N-aciltiazolidintionas quirales catalizadas por niquel(ll)

Asimismo, MacMillan aprovechdé los avances de la organocatalisis para
implementarlos en el campo de la catalisis fotoredox y realizar alquilaciones
radicalarias de aldehidos de manera estereoselectiva (Esquema 31) mediante el uso
de una dupla de catalizadores.®* Por un lado, utiliza una de sus aminas quirales para
formar la enamina correspondiente y por otro lado emplea un catalizador de rutenio(ll)
que participa en un ciclo fotoquimico de formacién del radical alquilo a partir de un
haluro de alquilo. Esta metodologia emplea unas condiciones de reaccion suaves y
permite obtener los aldehidos a-alquilados con excelentes excesos enantioméricos y

rendimientos entre moderados y excelentes.

Q. Me HoTf
jN
Me
Me N)"//
H

Me
Me (20 mol%)
0] COOEt Ru(byp)sCl, (0.5 mol%), hv O  COOEt
A me A -
H Br COOEt 2,6-lutidina, DMF H COOEt
R
63-93%
ee 88-95%
Esquema 31

En contraposicién a los métodos organocataliticos, los ejemplos de reacciones
de alquilacion enantioselectiva mediante un mecanismo Syl y que transcurren a través
de enolatos metélicos son mucho méas escasos. Ademas, los descritos hasta el
momento se circunscriben a sistemas activados y facilmente enolizables como son los
compuestos 1,3-dicarbonilicos a-substituidos. Un ejemplo seria el planteado por
Najera que se muestra en el siguiente esquema y en el que lleva a cabo la alquilacion

de B-cetoésteres con xantidrol y tioxantidrol usando un complejo quiral de cobre(ll).*

o%o
N N—
B “Bu
o o OH Y (12 mol%) 1u 5
Cu(OTf), (10 mol%) R'_,» ©OR
R’ oRrR® * > =

LI
Tolueno
2
. X
X
X=0,8
38-93%
ee 0-90%
Esquema 32
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Alquilaciones estereoselectivas de N-aciltiazolidintionas quirales catalizadas por niquel(ll)

Una aproximacién similar es la descrita por Nishibayashi,®* en la que la
alquilacion de B-cetofosfonatos con alcoholes diarilmetilicos esta catalizada por un
complejo quiral de cobre(ll) similar al de N4jera (Esquema 33). Hay que destacar que
Unicamente los carbocationes estabilizados con grupos electrodonadores permiten

obtener los productos de alquilacién deseados con buenos rendimientos.

Y

1 l (12 mol%) P\ORz
R)J\(F(\OR2 + Ar Ar Cu(OTf), (10 mol%) - R1 - OR2
R! OR? CICH,CH,CI Ar/\Ar
8-95%
ee 42-92%
Esquema 33

Los alcoholes propargilicos pueden ser también buenos precursores de
intermedios carbocatiénicos basados en compuestos organometalicos de rutenio, que
pueden actuar como agentes alquilantes de B-cetoésteres utilizando un complejo de
Cu(ll) (Esquema 34).®” Los productos de alquilacion se obtienen con excelentes
rendimientos y enantioselectividades, mientras que la relacién diastereomérica se

mueve entre valores moderados.

O%O
Ph'--g/N prh
Ph Ph

(12 mol%)

Cu(OTf)2 (10 mol%)
OH [Cp*RuCl(SMe)] (5 mol%)

(@] (@]
M + NH4BF4 (10 mol%) R OR!
R OR' g Ar Tolueno H
/ é Ar
87-99%

r.d. 2:1-15:1; ee 81-95%

. s
Cp. /R, Cp"

H Alquilo
intermedio Alquilo

carbocatiénico [Cp"Ru(CI(SMe)],

Esquema 34
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A la vista de los pocos ejemplos de reacciones de alquilacién directas y
cataliticas con enolatos metélicos y lo limitados que son sus resultados, nuestro grupo
de investigacion consideré oportuno aplicar la reaccion catalizada con niquel(ll)
desarrollada previamente con el ortoformiato de metilo (Esquema 16 y 17) para llevar
a cabo alquilaciones estereoselectivas (Esquema 35). Ademas, el uso de
N-aciltiazolidintionas quirales permitiria ampliar el abanico de materiales de partida

empleados y obtener productos enantioméricamente puros.

S 0 E® S 0
R (MesP)NiCl, (cat) PR £
s” °N TESOTF, 2,6-lutidina. S~ N
CH,Cl, R
Esquema 35

1.3. Precedentes en el grupo de investigacion

Juan Manuel Romo, durante su tesis doctoral, exploré la alquilacion de
N-aciltiazolidintionas quirales con carbocationes estabilizados catalizada por complejos
de niquel(ll) (Esquema 36). " Asi, tras una optimizacién exhaustiva de las condiciones
de reaccion pudo establecer la viabilidad de la reaccién, demostrando que los enolatos
de niquel(ll), generados cataliticamente, eran perfectamente capaces de reaccionar
con especies catidnicas como las que se incluyen en el siguiente esquema, y asi,

generar los productos de alquilacion correspondientes.
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©

BF4
S
oC 1)
(Ph3P),NiCl, (20 mol%)
AL
Ph

TESOTT, 2,6-lutidina

®
[S) NMe, CH,Cl,

Ci
1) HJ\H 24%
O NMe; (Ph3P),NiCl, (20 mol%) r.d. 90:10

TESOTY, 2,6-lutidina
. S 0
(Me3P),NiCl, (20 mol%)
TESOTY, 2,6-lutidina S)J\N
CH,Cl,

H CH,Cl,
Ph 2) (S)-PhCH(CH3)NH,
74%
unico diastereomero

ph >

53% major CHCl,

r.d. 3:1

Esquema 36

Si bien se habia comprobado la viabilidad del método, los rendimientos y el
control estereoquimico no siempre eran los esperados. La utilizacion de
N-fenilacetiltiazolidintionas quirales como material de partida pretendia favorecer la
enolizacion. Sin embargo, el impedimento estérico generado por este grupo no
facilitaba la aproximacion de los carbocationes estabilizados y la epimerizacion del Ca
de los productos de alquilacién dificultaba su aislamiento con buenos rendimientos y
diastereoselectividades. Este hecho se pone de manifiesto en el Esquema 36, donde
el electréfilo més simple y menos voluminoso, la sal de Eschenmoser, es el que se
obtiene con un rendimiento aceptable, pero con una relacion diastereomérica pobre.
En el lado contrario, podemos ver que al emplear el catién tropilio con la
N-propanoiltiazolidintiona se obtiene un Gnico diasteredmero con un buen rendimiento
siempre que se utiliz6 como catalizador de niquel un 20 mol% de (MesP),NiCl,. Por
ello, se decidié6 cambiar el material de partida a N-propanoiltiazolidintionas quirales y

emplear como catalizador el (MezP),NiCls.

Una vez aplicados estos cambios, los resultados fueron excelentes. En primer
lugar, se pudo ampliar el abanico de electrofilos utilizado a los éteres diarilicos
metilicos y, en segundo lugar, los resultados en cuanto a control estereoquimico
superaron las expectativas ya que siempre se obtuvo un Gnico diasteredmero. Sin

embargo, los rendimientos del método dependian del electréfilo. Como se puede
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observar en el Esquema 37, la utilizacion de éteres diarilicos con grupos
electrodonadores en los anillos arométicos proporciona excelentes rendimientos,
mientras que la falta de estos grupos conlleva una bajada del rendimiento hasta el
punto de no observarse reaccion en su ausencia.

S (0] Ar,CHOMe
(M83P)2NiC|2 (5 mol%

S 0 Ar
)
S NJ\/ TESOTY, 2,6-lutidina s7 N Ar

Unico diastereémero

O I O

S S S
S)]\N O S)]\N O S)LN O
B e Sl Sl
96% 95% <10%
OMe
S O O S O O S S O O
S)]\N O S)]\N O S)]\N O
F e RO
94% 60% no reaccioén (0%)
Esquema 37

Partiendo de estos excelentes resultados y con la intencién de expandir al

maximo la metodologia, nos propusimos los siguientes objetivos:

e Optimizar la cantidad de catalizador

e Explorar otros grupos salientes para generar el carbocation
e Escalar la reaccion

e Expandir la metodologia a otras N-aciltioimidas

e Expandir la metodologia con nuevos electréfilos
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2. SINTESIS Y ACILACION DE LA (S)-4-ISOPROPIL-1,3-TIAZOLIDIN-2-TIONA

La sintesis de la tiazolidintiona 1 se llevd a cabo a escala multigramo por
tratamiento del amino alcohol derivado de la L-valina con CS, en medio basico.®® Se
necesitan bases fuertes y tiempos de reaccion largos para evitar la formacién de la
oxazolidintiona y conseguir un buen rendimiento de la (S)-4-isopropil-1,3-tiazolidin-2-
tiona (1). En cuanto a la acilaciéon de la tiazolidintiona 1, se llevé a cabo mediante el
tratamiento con BuLi para generar el correspondiente anion que reaccion6
rapidamente con el cloruro de propanoilo permitiendo obtener la N-acetiltioimida 2a

con un buen rendimiento.®®

S 0

S
HQ  NHz 4y NaBH, I, THF, 72 h, refiujo SANH 1) n-BuLi, THF, -78 °C, 15 min S)J\N)k/
o)/_&’

2) CS,, KOH, EtOH/H,0, 2) CICOCH2CHg3 -78 °C 15 min
72h ta.1.5h
reflujo
1 2a
71% 89%
Esquema 38

3. OPTIMIZACION DE LA CARGA DE CATALIZADOR Y ESCALADO

Inicialmente, Juan Manuel Romo, en su tesis doctoral, habia establecido que el
uso de 5 mol% de (Me3P),NiCl, y un tiempo de 15 h permitian completar el proceso de
alquilacion.” Sin embargo, no se habia explorado la utilizacion de menores cantidades
de catalizador o tiempos de reaccibn mas cortos. Para llevar a cabo dicha
optimizacion, se escogié como modelo la N-acetiltioimida 2a y el 4,4'-dimetoxibencidril
metil éter (3), un substrato facil de preparar y que se activaba completamente en las
condiciones de reacciones previstas. Los resultados obtenidos en los distintos ensayos

realizados se resumen en la Tabla 1.

Analizando los resultados obtenidos, se puede afirmar que la cantidad de
catalizador puede reducirse de una manera notable, alcanzando muy buenos
rendimientos del producto de alquilacién 4a con un 1 mol% de catalizador y 5 h de
reaccion (entradas 1-5 de la Tabla 1). Ademas, la reaccién avanza incluso con una
carga de catalizador muy pequefia, 0.5 mol%, sin embargo se necesitan tiempos de
reaccion largos, 48 horas, para obtener un 71% de producto alquilado 4a (entrada 6 de
la Tabla 1). Por dltimo, se realiz6 un ensayo para confirmar la necesidad del

catalizador en la reaccion, llevando a cabo el procedimiento experimental de la manera
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habitual pero sin afiadir el catalizador (entrada 7 de la Tabla 1). Asi, tras dejar que
evolucionara un tiempo prudencial, tres dias, comprobamos que no se detectaba el

producto final y se recuperaban los materiales de partida 2a y 3 inalterados.

OMe

1.5eq

OMe
L YOl 1Y
)J\/ MeO OMe J
s N 3 _ SN O
(Me3P),NiCl, OMe
TESOTY, 2,6-lutidina (1.5 eq)
2a

CH,Cl,, -20 °C, t
4a

Entrada Escala (mmol) (Me3P),NiCl, (mol%) TESOTf (eq)  Tiempo (h) 4a (%)?

1 0.5 5 1.2 15 94
2 0.5 5 1.2 1 94

3 0.5 2.5 1.15 15 93

4 0.5 1 1.15 15 92

5 0.5 1 1.15 5 92

6 0.5 0.5 1.15 48 71 (25)°
7 0.5 0 1.15 72 n.r.

8 1.5 5 1.2 15 93 (0.6 g)°
9 5 5 1.2 15 92 (2.1 9)°

@ Rendimiento obtenido tras purificacion por cromatografia en columna
P Cantidad de material de partida recuperada
¢ Gramos obtenidos de 4a
Tabla 1

También se evalud el escalado de la reaccién, ya que hasta ahora, siempre se
habia realizado la reaccién a una escala pequefia (0.5 mmol, 109 mg). Para ello, se
llevaron a cabo dos experimentos en los cuales la escala de reaccion se aumento
progresivamente, comprobando que tanto el rendimiento como el control
estereoquimico no se veian afectados. Asi, se pudo concluir que el método permite
obtener hasta mas de dos gramos de Unico diasteredmero (escala de 5 mmol) en una

Unica transformacion.
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4. ESTUDIO SOBRE EL GRUPO SALIENTE DEL ELECTROFILO

En la Introduccion del Capitulo ya se ha indicado que no todos los éteres diaril
metilicos pueden emplearse como electréfilos en la metodologia que se acababa de
optimizar en el apartado anterior debido a la dificultad de generar su carbocation en
algunos de los éteres diarilicos. Una propuesta para poder superar el reto de estos
electréfilos conflictivos era cambiar el grupo saliente y asi facilitar la activacion del
electréfilo y generar el catidon diarilico mas facilmente. Para ello, se sintetizd un
abanico de electroéfilos derivados del 4,4'-dimetoxibencidrol que contaban con grupos

funcionales muy comunes, como alcoholes, éteres de silicio o esteres (Esquema 39).

............................ - @
(Me3P)2NiCI2 \_§/ OMe
1.2 eq TESOTT, 1.5 eq 2,6-Iutidina
CH,Cl,, -20 °C, 15 h

2a 4a
X = H, SiEt;, Ac, Bz

Esquema 39

Sin embargo, ninguno de los ensayos realizados dio el producto de alquilacion
deseado 4a. En el caso de la reaccion con el éter de trietilsillo se aplicaron dos
métodos diferentes, bien protegiendo el alcohol en el propio medio de reaccién con un
equivalente de la dupla TESOTf/2,6-lutidina, bien preparandolo previamente. Por lo
tanto, se puede concluir que Unicamente la utilizacion de un éter metilico permite la

activacion del electrofilo en las condiciones de reaccion empleadas.
5. REACCIONES DE DIFERENTES TIOIMIDAS CON 3

Ya se ha indicado en la Introduccion de este capitulo que la utilizacion de
enolatos metalicos en reacciones de alquilacion directas y cataliticas se ha limitado a
compuestos 1,3-dicarbonilicos. Intentando romper esta premisa y ampliar el alcance
de la reaccion, se decidio utilizar diferentes materiales de partida que contuvieran

distintas cadenas laterales. Para ello, se escogié otra vez el éter metilico 3 como
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electrofilo modelo y se preparé un abanico de tioimidas quirales 2 que contenian todo

tipo de grupos acilo.

La sintesis de las tioimidas se llevdo a cabo, en la mayoria de los casos,
mediante la desprotonacion de la tiazolidintiona 1 con BuLi o Et;N y la posterior adicion
del cloruro de &cido correspondiente (Esquema 40).%® Los cloruros de acidos utilizados
eran comerciales, salvo los de las tioimidas 2e y 2h que se prepararon previamente
mediante reaccion del correspondiente acido carboxilico con cloruro de oxalilo y DMF
como catalizador.®?® Por otro lado, las tioimidas 2g y 2j (Esquema 40) se sintetizaron
por acoplamiento entre la tiazolidintiona quiral 1 y el correspondiente acido carboxilico,

en presencia de EDC-HCI y cantidades cataliticas de DMAP.

S 1) Base, THF, -78 °C S 0
)J\ 2) RCH,COCI, -78 °C a t.a. )K/R
s~ "NH 6 s” N
EDC-HCI, RCH,CO,H, DMAP cat
CH20I2,t.a.
1 2
X3 1% X3 XL
s” N S NJ\/\ s NJ\/\Ph s” N

.
e
e

2a 2
89% 74% 79% 95%

T

s o S
S)LNJ\/\/\ S)LN/U\/\)J\OMe

2e 2f
64% 93%
)SL o] )S]\ o] )SL o] )SL o]
s NJ\/NPhth S\_g/ N; N OBn s NJ\/OPW
2g 2h 2i 2j
70% 79% 95% 80%
Esquema 40

En todos los casos, los rendimientos de las N-aciltioimidas 2 en las condiciones

indicadas van de buenos a excelentes.
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Los primeros experimentos con la N-butanoiltioimida 2b, utilizando las
condiciones empleadas con 2a (5 mol% de (MesP);NiCl, y 15 h de reaccion),
permitieron obtener un 87% del diasteredmero 4b puro y la recuperacion de un 5% de
la tioimida 2b. Aunque era un excelente resultado en términos de rendimiento, hasta
ahora siempre se habia obtenido una conversién completa y decidimos aumentar
ligeramente la cantidad de TESOTTf utilizada, pasando de 1.2 eq a 1.5 eq. En estas
condiciones, se obtuvo un 91% del producto de alquilacibn 4b como un Unico

diasteredmero (Esquema 41)

Gracias a este pequefio cambio, se repitieron los excelentes resultados que se
habian conseguido con 2b, obteniendo en todos los casos rendimientos superiores al
90% del producto de alquilacion (Esquema 41). Ademas, la incorporacion de diferentes
cadenas laterales no afectd al control estereoquimico, ya que se obtuvo un Unico
diastereémero en todos los ejemplos ensayados, incluso cuando se aumentaba el
impedimento estérico del grupo R como es el caso de 4d (R = i-Pr). Por otro lado, se
obtuvieron excelentes resultados con los substratos que contienen heterodtomos en la
posicion a. Este tipo de productos apenas ha sido utilizado en procesos de alquilacién,
por lo que abren un nuevo camino a la obtencion de productos de gran importancia
como son los a-hidroxiacidos y los a-aminoacidos mediante una aproximacion
catalitica y directa. En particular hay que destacar la formacion de un enolato estable

que contiene un grupo azida ya que su generacion no es nada trivial.*°
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MeO II II OMe
o S
J\/R (Me3P)2N|CI2 (5 mol%) )J\
S N TESOTf (1.5 eq), 2,6-lutidina (1.5 eq)

CH,Cl,, -20 °C, 15 h \—y

Unico diasteredmero

OMe OMe OMe

o

OMe

COOMe

4d af
94% 94% 90%

O

s
X

0 O WL
\—yNPht \—yN3 oMo

4g 4h
91% 92%

OMe
'“?‘O '052‘0
OBn OMe OPiv OMe

4i 4
94% 95%

Y[
o

Esquema 41
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6. USO DE OTROS ELECTROFILOS

Los buenos resultados obtenidos hasta el momento con éteres diarilicos
metilicos como electréfilos, nos animd a buscar nuevos carbocationes que pudieran
expandir la metodologia. Tomando como ejemplo algunos de los electréfilos utilizados
en la literatura, se seleccion6 un conjunto de carbocationes que podian adaptarse a

nuestro método y que se representan a continuacion.

)
= \ N
® | >
N Fe O O
Catién propin-1-ilo - Cation difenilalilo

Catién metilferrocenometano

Figura 2

6.1. Carbocationes propargilicos

En la Introduccién de este capitulo se han mostrado varios ejemplos en los que
se utilizan cationes propargilicos como agentes alquilantes. Por lo tanto, eran
candidatos id6neos para nuestro método y se eligio el 3-metoxi-1-propino como
electréfilo para las primeras pruebas. Sin embargo, aun ensayando diferentes
condiciones para la reaccién de alquilacién, Gnicamente se pudo recuperar la N-acil
tiazolidintiona 2a y el 3-metoxi-1-propino inalterados. Buscando soluciones para esta
falta de reactividad, evaluamos la utilizacién de un producto similar que ya ha sido
usado en otras reacciones de alquilacion.®® Este nuevo electréfilo diferia Gnicamente
en la cobaltacion del triple enlace y podria ser la solucion a la posible falta de
reactividad del 3-metoxi-1-propino. Sin embargo, al igual que en el caso del no
cobaltado, cuando se ensayd la reaccion en las condiciones habituales (R = H,
Esquema 42) se recuperod tanto la tioimida 2a como el electréfilo 5 inalterado. Aln asi,
un examen exhaustivo del RMN de *H del crudo de reaccién, revel6 la formacién de

trazas de un posible producto de alquilacion que no pudo ser aislado.

Cuando se substituyd el electrofilo 5 por el complejo cobaltado del 1-fenil-3-
metoxi-1-propino 6 se obtuvieron resultados similares, recuperando otra vez la tioimida
2a y el éter metilico 6 inalterado, pero en esta ocasién se pudo aislar una pequefia
cantidad (17%) de un producto de alquilacion secundario. La caracterizacion de este
producto nos permitié identificarlo como el producto 7, resultante de un ataque del

azufre exociclico sobre el electréfilo (Esquema 42).

40



Alquilaciones estereoselectivas de N-aciltiazolidintionas quirales catalizadas por niquel(ll)

P
________________________ . SN \\/QZ(CO)
/ N
R
s o
J\/ OMe (Me3P),NiCl, (5 mol%) R=H,Ph
S N + \/ 02(CO)s  TESOTF (1.2 eq), 2,6-lutidina (1.5 eq)
X CH,Cl,, -20 °C, 15 h C02(CO)s
\\R 2Cl2 S/\
2a )§
5R=H
6 R =Ph

R =H trazas
R =Ph (7) 18%
Esquema 42

Los resultados obtenidos indican que estos éteres propargilicos no se activan
satisfactoriamente con TESOTf y no forman el carbocation deseado ya que los
recuperdbamos mayoritariamente inalterados. Podria ocurrir que también tuvieran mas
predisposicién a seguir un mecanismo de reaccion del tipo Sy2 en el que no es
necesario la formacion de un carbocation de manera que el producto S-alquilado se
podria generar por coordinacion del grupo Et;Si* con el oxigeno del metil éter y

posterior desplazamiento por el azufre exociclico.

6.2. Carbocationes con estructuras de ferroceno

El éter 8 (Esquema 43) representaba un nuevo reto porgue contiene un grupo
ferroceno en su estructura. Esta estructura organometdlica es poco habitual en la
guimica organica y la demostracion que un electrofilo que contiene una estructura tan
delicada pudiera reaccionar con el enolato de niquel(ll) generado cataliticamente

incrementaria la versatilidad de nuestro método.

Como se resume en el Esquema 43, cuando ensayamos la reaccion de
alquilacion, el andlisis del crudo mediante RMN de *H no permiti6 apreciar la formacion
el producto esperado, observando la recuperacién de la tioimida 2a y del éter 8
inalterados. Desgraciadamente, el resultado indicaba que este éter metilico tampoco
se activaba en las condiciones de reaccion tal y como pasaba con los éteres
propargilicos 5 y 6. Posiblemente, el grupo ferroceno no es el mas indicado para
deslocalizar la carga positiva generada y, debido a ello, el carbocatién no era lo

suficientemente estable para generarse.
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S
)k/ (Me3P),NiCl, (5 mol%) )J\
I TESOTf (1.2 eq), 2,6- Iutldlna
\—S.' l CH,Cly, -20°C, 15 h
8 @

Esquema 43

OMe

6.3. Carbocationes con alilos conjugados

El éter 9 responde a nuestro interés por incorporar simultaneamente dos
nuevos estereocentros (Esquema 44). El primero de ellos debia ser controlado por el
auxiliar quiral, como se ha comprobado en los anteriores ejemplos, mientras que el
control del segundo era mas incierto. Tal y como esperdbamaos, la reaccion transcurrié
con un buen rendimiento, pero no se pudo controlar la configuracién del segundo
estereocentro, obteniéndose una mezcla equimolar de dos diasterebmeros con un

74% de rendimiento (Esquema 44).

S h
OMe (Me3P),NiCl, (5 mol% )J\
)\/ﬁ TESOTf (1.2 eq), 2,6-Iutidina ( oh
Ph Ph
10

S o]
S N)k/ +
CH,Cl,, -20°C, 15 h
9
2a
74%

r.d. 50:50

Esquema 44

7. ELUCIDACION DE LA CONFIGURACION ABSOLUTA

El andlisis de rayos X del aducto 4b permiti6 determinar la configuracion
absoluta del nuevo centro quiral. Tal y como se esperaba, el nuevo estereocentro tenia
la configuracion R. Ademas, un estudio mas detallado de esta estructura revela la
existencia de dos enlaces de puente de hidrégeno entre el azufre exociclico y el
hidrogeno del Ca (C=S----H-Ca, d = 2.425 A) y, por otra parte, el enlace entre el
carbonilo y el H, del heterociclo (C=0:---H-C-N, d = 2.273 A).92 Estas interacciones que
se observan en el cristal son las responsables de que el Ca-H en el espectro de RMN

de 'H aparezca a campos més bajos de los esperado (8 = 5.37 ppm).
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Figura 3

8. HIPOTESIS MECANISITICA

La excelente diastereoselectividad obtenida en todos los casos apunta a la
generacién Unica del enolato Z, ya que la formacién del enolato E introduciria fuertes
impedimentos estéricos debido a las interacciones 1,3-dialilicas A(1,3) entre la cadena

lateral y la tiazolidintiona quiral (Esquema 45).

MesP< .PMes MesP. _PMes
Ni NIl
S SN
)\ (Me3P),NiCl, S o0 (Me3P),NiCl, )|\ )\/
ST ONTY 2,6-lutidina )k/ 2,6-lutidina s” °N
L&“\\ DA SN g L}
Enolato E Enolato Z

Esquema 45
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De esta manera y asumiendo que el enolato metalico es un quelato de
niquel(ll), presumiblemente con una estructura casi planocuadrada propia de los
metales con una configuracion d® el grupo isopropilo de la tiazolidintiona es el
responsable de controlar la aproximacion del electréfilo, como se aprecia en el
Esquema 46. Asi, el grupo isopropilo bloquea la cara Re del enolato y solamente
permite el ataque por la cara contraria generando un Unico diasteredmero como

producto final de la reaccion.

— -®

RsP_ PR

’ NP ’ esPf PMes

P 2 s I

R =R E
TONTY SN ——>s NJ\r
- - ®
E
Esquema 46

9. RESUMEN Y CONCLUSIONES

En este Capitulo 1 se ha aplicado la metodologia de alquilacion de
N-aciltiazolidintionas quirales catalizada por complejos de niquel(ll) previamente
desarrollada en el grupo de investigacion a un gran numero de cadenas laterales con
diferentes grupos funcionales. A su vez, se ha escalado el proceso y se ha
determinado que las cantidades adecuadas de catalizador para este sistema varian
entre 1-5 mol% de (Me3zP),NiCl,.
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OMe
MeO II 3 II OMe
(Me3P)oNiCls (5 mol%)
TESOT( (1.2 eq), 2,6-lutidina

CH,Cl,, -20 °C, 15 h

S 0 90-95%
)K/ R Unico diastereémero
S N OMe OMe
2 MeO 3 OMe S o O
(Me3P)oNiCl, (1-5% mol) )J\
TESOTf (1.2 eq), 2,6-lutidina S N O
CH,Cl,, -20 °C, 15 h OMe
_ 4a
R=CHs 2.1 g (5 mmol)
unico diastereémero
Esquema 47

Ademas, se ha explorado la aplicacion de este proceso a otros potenciales
electréfilos. Por un lado, los intentos de emplear diferentes grupos salientes en los
diaril metil alcoholes no ha resultado fructifero, revelando que un éter metilico es el
mas adecuado para conseguir la generacion del catién carbenio. Por otro lado, se han
evaluado nuevos electréfilos para ampliar el abanico de carbocationes utilizados. Los
resultados han sido moderados, ya que el uso de éteres propargilicos cobaltados y
éteres que contiene la estructura ferroceno no han conducido a los productos
esperados. Sin embargo, se ha constatado la posibilidad de utilizar carbocationes
alilicos que pueden generar dos nuevos estereocentros aunque no se ha podido

controlar la configuracion del segundo.
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Reacciones de N-propanoiltiazolidintionas quirales con acetales catalizadas por niquel(ll)

1. INTRODUCCION

Tradicionalmente, los acetales se han utilizado como grupos protectores de
alcoholes y dioles. Sin embargo, pueden ser reactivos muy Utiles para la construccion
de enlaces carbono-carbono. En efecto, el tratamiento de acetales con &cidos de
Lewis genera un ion oxocarbenio que puede participar en adiciones de tipo Syl y dar
lugar a un nuevo enlace carbono-carbono (Esquema 48). A pesar del gran potencial
que encierra esta aproximacion, los ejemplos en los que se emplean iones
oxocarbenio como electréfilos en reacciones estereoselectivas de tipo Syl son

escasos.

1
OR Acido de Lewis _
R%\ 1 Nu® " R%\
H OR H Nu

Mecanismo de tipo Sy1

AL.
@ Nu@
oH e
A.L.—OMe
OR! j )O\R1 Oort
@ 1 - >
R%\O/R R®H RJ\H
H 1
OAL.
Esquema 48

Los primeros ejemplos del uso de cationes oxocarbenio en procesos de
construccién de enlaces carbono-carbono datan de los afios setenta. Mukaiyama
describié, en 1974, la reaccién de silil enol éteres con acetales activados con TiCl, que
conduce a estructuras p-alcoxicarbonilicas (ecuacion 1 del Esquema 49).%® Afios mas
tarde, Tatsuta desarrollé6 una metodologia similar empleando BF;-OEt, como &cido de
Lewis.** En este caso, el tratamiento de los B-alcoxi carbonilos resultantes con sales
de amonio acabé convirtiéndolos en los correspondientes sistemas a,B-insaturados
(ecuacion 2 del Esquema 49). Por ultimo, Noyori describié la activacion de dimetil
acetales con TMSOTf de manera catalitica y la posterior adicion de los cationes

resultantes a silil éteres (ecuacion 3 del Esquema 49).%>°
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2
R20 OR? 1) )O\R
O OR2 R3><R4 RZO R3
TiCl QTMS BF3-OEt,, CH,CI i
1Cly 3’ 25 212
) RMB?’ R&R1 > RVRS (2)
R R CH,Cl, 2) BusNX, MeOH I
60-95% 64-86%
Mukaiyama Tatsuta
@) OMe
o )oiﬂf o j)\l\/le TMSOTS (1-10 mol%) M ,
R R R
R X MeO R2 CH2C|2 1
R
Noyori 75-96%
sin/anti 55:45-95:5
Esquema 49

Sin embargo, al no introducir ningn elemento quiral, estos ejemplos apenas
podian controlar la configuracion relativa de los productos resultantes. Por ello, en
afnos sucesivos, se comenzaron a aplicar diferentes estrategias para controlar la
configuracion de los nuevos estereocentros. Como ya comentamos en la Introduccion
General, el control por substrato es una estrategia que puede resultar muy Gtil en este
contexto. Gracias a la quiralidad que contiene la molécula de partida se puede
controlar la evolucién estereoquimica del proceso.®” Un claro ejemplo es el descrito
por Keck en la sintesis de la Rizoxina D en la que aprovecha la adiciéon de un acetal
a,p-insaturado a un enolato de titanio(lV) de una cetona quiral, cuyo Unico
estereocentro controla completamente la configuracion de los dos nuevos

estereocentros formados (Esquema 50).%
TBSO O OMe TBSO O OMe

. opMp _TiCla FPraNE __OPWB
R MeO = CH,Cl, R

52%

Esquema 50

Mas comunes en el control estereoquimico son las aproximaciones basadas en
auxiliares quirales internos. En uno de los primeros ejemplos descritos por Evans en
reacciones estereoselectivas de tipo Sy1, los enolatos de titanio(1V) de la (4S)-benzil-
N-propanoil-1,3-oxazolidin-2-ona reaccionan con trimetil ortoformiato o BOMCI para
generar, con excelentes rendimientos, un unico diastereomero del producto de

alquilacion (Esquema 51)."

52



Reacciones de N-propanoiltiazolidintionas quirales con acetales catalizadas por niquel(ll)

Cl
ln

Ti.
1 ) PP
PhCH,OCH,CI ~ CH(OCH
0" ON 22 ON)\/ (OCHs)s | Ny OMe
\_( CHZCIZ \_< CH2C|2 \_(
Bn

Bn Bn
99% 95%
r.d. >100:1 r.d. 99:1
Esquema 51

Por otro lado, Heathcock desarroll6 una version estereoselectiva de la reaccion
alddlica en la que aldehidos coordinados a diferentes &cidos de Lewis, intermedios
gue pueden considerarse especies similares a los iones oxocarbenio, reaccionaban
con los enolatos de boro de oxazolidinonas quirales (Esquema 52).%° El control de la
diastereoselectividad es muy bueno, obteniendo tanto el diastere6mero sin como el

diasteredmero anti en funcién del acido de Lewis utilizado.

ClTIL @ B“\B/B“ EtCIAIL_®
j\ O OH S 0" ™o | j\ O OH
H” R s H” R -
0" "N R N 0" "N R
CH,Cl, CH,Cl,
50-70% 62-86%
r.d. 87:13-94:6 r.d. 74:26-95:5
Esquema 52

Mas recientemente, nuestro grupo de investigacion, como ya se ha comentado
en la Introduccién General, también ha trabajado en este area, habiendo establecido
un método por el cual los enolatos de titanio(lV) de N-acil-1,3-tiazolidin-2-tionas
quirales reaccionan con un amplio abanico de acetales y cetales para dar los
correspondientes aductos con buenos rendimientos y excelentes

diastereoselectividades (Esquema 53).64"°

53



Reacciones de N-propanoiltiazolidintionas quirales con acetales catalizadas por niquel(ll)

— -0
Cl
j’\'\"e I N MeO OMe
S <IN S
)J\ (0] ?Me MeO R' | (0] )<R1 )J\ O ‘\\OMe
(S N)J\(\R'] TIC|4‘ SnCI4 R s N)\/R SnCI4 S N R1
R CH,Cl \—§, CH,Cl R
57-94% - - 40-75%
r.d. 71:29-99:1 R = H, alquilo, OPiv r.d. 60:40-97:3
Esquema 53

Por otro lado, se han descrito algunas adiciones de tipo Mukaiyama
enantioselectivas y cataliticas sobre cationes oxocarbenio. Asi por ejemplo,
Kobayashi utiliz6 un complejo quiral de niobio(V) para catalizar la adiciéon a dimetil

acetales y asi obtener B-metoxitioésteres con enantioselectividades que varian entre

100

moderadas y excelentes (Esquema 54).

(5.5 mol%)
OTMS OMe Nb(OMe)s (5 mol%) O  OMe
/& * )\ M
EtS MeO R Tolueno/Et,O EtS * R
55-92%
ee 62-91%
Esquema 54

En un contexto completamente diferente, Jacobsen desarrollé un nuevo
método de activacion en el que tioureas quirales catalizan una adicién estereoselectiva
tipo Mukaiyama sobre cationes oxocarbenio bencilicos ciclicos que transcurre con

buenos rendimientos y enantioselectividades (Esquema 55).*°
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CF3
tBu S

N~
NN CF
Yo

TBSO o
R F (10 mol%) N
MeO™ ™ + Cl H,0 ~ MeO
R R R
70-96%
ee 74-97%
Esquema 55

Por dltimo, Sodeoka ha descrito la generacion catalitica de enolatos de
paladio(ll) de B-cetoésteres con complejos quirales de paladio(ll). Estas especies
nucleodfilas permiten el ataque sobre acetales a,B-insaturados activados por el mismo
complejo dando lugar a compuestos de tipo sin a-(tert-butoxicarbonil)-B-alcoxi
carbonilos (Esquema 56).*® Los resultados son notables pero los substratos que
pueden participar en este tipo de procesos son relativamente limitados.

0 O OR?
J\( COBU OR2 [(R)-BINAP](H,0),Pd(OTf), (5 mol%) P
R + > ,
R?0” N ph THF - a
R R' CO,tBu
41-86%

r.d. 2.2:1-6.3:1; ee 97-99%
Esquema 56

1.1. Precedentes en el grupo de investigacion

En el momento de iniciar esta Tesis, nuestro grupo de investigacion habia
desarrollado un método de formilacion de N-acil-1,3-tiazolidin-2-tionas quirales
catalizada por complejos de niquel(ll) comercialmente asequibles y faciles de
manipular en el que se obtenia un Unico diastereémero de los aductos 3,3'-dimetoxi

carboxilicos con excelentes rendimientos (Esquema 57).”*""

s o , S O OMe
)J\/ (PR3)oNiCl5 (2.5-5 mol%) )]\
NN R . )O\Me TESOTY, 2,6-lutidina s NJKH\OMe
MeO” “OMe CH,Clp, -20°C a 0 °C R
67-94%

R = alquilo, arilo, OPiv unico diastereémero

Esquema 57
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Ademdés, Juan Manuel Romo en su Tesis Doctoral inici6 el estudio de
reacciones similares aplicadas a acetales en las que se generan dos nuevos
estereocentros.”? Un trabajo exploratorio con el acetal dimetilico del benzaldehido
permitié concluir que la reaccion tenia lugar y proporcionaba los correspondientes
aductos anti y sin con buenos rendimientos pero modestas diastereoselectividades
(Esquema 58). Ademas, estos primeros ensayos demostraron dos hechos de gran
importancia. Por un lado, se pudo concluir que para obtener estos buenos
rendimientos era necesaria Unicamente una cantidad de catalizador muy pequefia (2.5
mol%) mientras que, por otro lado, se podia disminuir la cantidad de acetal empleada
a cantidades equimolares.

S PhCH(OMe), (1.1 eq) S OMe S @) OMe
)J\/ (Me3P),NiCly (2.5 mol%) )J\ )J\
TESOTf (1.15 eq), 2,6-lutidina (1.5eq) S Ph s” N Ph
+
\—y CH,Cly, 15 h, -20 °C \—y \—y
anti sin
48% 31%
d.r. 60:40
Esquema 58

Por ello, en la presente tesis nos propusimos los siguiente objetivos:

e Optimizar esta reaccion de adicion a acetales
e Evaluar la influencia del auxiliar quiral

e Aplicar la metodologia a otros acetales
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2. OPTIMIZACION DE LA REACCION

2.1. Influencia del tiempo y la concentraciéon

Con el fin de conocer la evolucién de la reaccion, se hicieron varias pruebas
gue se resumen en la Tabla 2. Asi, se controld la formacion de los productos a
diferentes tiempos, pudiendo determinar de esta manera el tiempo necesario para
obtener una conversion completa. Para llevar a cabo este estudio, se empled la

N-propanoiltiazolidintiona quiral 2a y el dimetil acetal del benzaldehido.

OMe
S 0 MeO™ Ph S 0O OMe S O OMe
)J\/ (Me3P),NiCly (2.5 mol%) )J\ : )J\
S N TESOTf (1.5 eq), 2,6-lutidina (1.5eq) S N Ph . S N Ph
\_§’ CH,Cly, -20 °Ct
2a 11a 11s
anti sin
Entrada Tiempo (h) (11a:11s)* Rendimiento global (%)°
1 15 60:40 21
2 3 60:40 76
3 15 60:40 89
4° 15 60:40 86

1Estab|ecido mediante andlisis de RMN de *H del crudo de reaccion
Rendimiento obtenido tras purificacion cromatografica en columna
C ., .z
Reaccion llevada a cabo con una concentracion de 0.05 M

Tabla 2

Estos resultados permitian extraer varias conclusiones. En primer lugar, se
confirmo que el tiempo de reaccion no influye en la diastereoselectividad del proceso.
En segundo lugar, se constatd que la reacciébn es relativamente lenta y que se
necesitan tiempos de reaccion largos para asegurar una rendimiento éptimo (entrada 3
de la Tabla 2), aunque ya se encuentra en un estado avanzado a tiempos de reaccion
mas cortos, (entrada 2 de la Tabla 2). Ademas, la purificacion cromatogréafica en
columna permiti6 separar facilmente los dos diasteredmeros. También se quiso
comprobar el efecto de la concentracion en la reaccion ya que hasta ahora siempre se
habia llevado a cabo en una concentracién de 0.5 M. De esta manera, se realizé una

prueba con una concentracion de 0.05 M, es decir, 10 veces mas diluida (entrada 4 de
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la Tabla 2). El resultado del experimento indicé que ni la diastereoselectividad ni el

rendimiento de la reaccion se veian afectados por este factor.

2.2. Influencia del auxiliar quiral

Hasta ahora, la optimizacion del método llevada a cabo habia recaido
Unicamente en las condiciones de reaccidn pero no se habia evaluado la influencia de
la estructura del nucledfilo. Asi, en un intento de aumentar la formacion mayoritaria del
diasteredmero anti, se realizé un estudio sobre la influencia del sustituyente en la
posicién 4 de la tiazolidintiona quiral, para lo cual fue necesario sintetizar un conjunto

de N-propanoil-1,3-tiazolidin-2-tionas (12-15).

o]

Ado LJo Lo
T Y

14

sj\NjL/
_/

Figura 4

Los resultados resumidos en la Tabla 3 ponen de manifiesto el impacto del
grupo en C4 sobre la diastereoselectividad. Asi, el grupo t-Bu de 15, el mas
voluminoso de los ensayados, proporciona la mas alta relacion anti:sin con un
rendimiento global del 91% (entrada 5 en la Tabla 3) mientras que la tiazolidintiona
aquiral 12 genera el resultado mas pobre tanto en diastereoselectividad (53:47) como
en rendimiento global, 52% (entrada 1 en la Tabla 3). Aln asi el impacto de este
aspecto en el control estereoquimico de la reaccion es moderado, ya que la diferencia
entre R = H (12) y tener un grupo muy voluminoso, R = 'Bu (15), es inferior a 10
puntos. Por ello, cambiar el auxiliar quiral empleado hasta ahora no reporta una mejora
significativa en cuanto a la diastereoselectividad del proceso (comparar entradas 4 y 5
de la Tabla 3).

Asi pues, la reaccion con el dimetil acetal del benzaldehido debia llevarse a
cabo con el auxiliar derivado de la valina, 1.1 eq del acetal correspondiente, 1.15 eq de
TESOTf, 1.5 eq de 2.6-lutidina a —20 °C durante tiempos suficientemente largos para

asegurar una conversion completa.
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OMe
MeO~ “Ph
S o0 S O OMe S O OMe
)]\ J\/ (Me3P),NiCl, (2.5 mol%) )J\ H )J\
N TESOTf (1.15 eq), 2,6-lutidina (1.5 eq) g~ N Ph N Ph
\_< CH,Cly, -20°C, 15 h \_< + \_<
R R R
anti sin
Entrada  Substrato R Aducto r.d.? anti (%)° sin (%)°
1° 12 H 16 53:47 26 26
2¢ 13 i-Bu 17 58:42 47 28
3¢ 14 Ph 18 58:42 51 36
4 2a i-Pr 11 60:40 47 32
5° 15 t-Bu 19 62:38 56 35

 Establecido mediante andlisis de RMN de *H del crudo de reaccion
® Rendimiento obtenido tras purificacion cromatogréfica en columna
[ 72
Llevados a cabo por Juan Manuel Romo.
dUsode 1.5 eq de TESOTH.
Tabla 3

3. OTROS ACETALES

Una vez establecidas las condiciones 6ptimas de reaccién se procedié a

aplicarlas a otros acetales para evaluar su alcance.

3.1. Acetales aromaticos

Inicialmente, evaluamos la adicién de la (S)-4-isopropil-1,3-tiazolidintiona quiral
(2a) a un conjunto de acetales aromaticos 20 que o bien son comerciales o bien
pueden prepararse facilmente a partir de los correspondientes aldehidos (Ver la Parte

Experimental).
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OMe OMe OMe OMe OMe
Meo)\©\ Meo)\©\ Meo)\©\ Meo)\©
cl CFs
20a 20b 20c 20d
56% 63% 59% 32%
OBn X0
BnO X0
OMe OMe
20e 20f
74% 58%
Figura 5

Los resultados resumido en el Esquema 59 demuestran que las condiciones

optimizadas para el dimetil acetal del benzaldehido son las adecuadas. Asi, los

aductos 11 y 21-25 se obtienen con buenos rendimientos globales (70-80%) y

diastereoselectividades moderadas (anti/sin entre 60:40 a 73:27). Afortunadamente,

ambos diastereémeros se pueden separar facilmente salvo en el caso del aducto 25

que deriva del acetal dimetilico del 4-clorobenzaldehido.
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OMe
MeO Ar
S 20 S OMe
)k/ (Me3P),NiCly (2.5 mol%) )J\
TESOTf (1.15 eq), 2,6-lutidina (1.5eq) S
\_§/ CH,Cl,, -20°C, 15 h \_&»
11, 21-25
SOOMe S O OMe SOOMe
\_3» \_5» Me \_5» cl
21
47% ant/, 32% sin 50% anti, 32% sin 58% global
r.d. 60:40 r.d. 62:38 r.d. 64:36
S O OMeOMe S O OMe S O OMe
7 N 7 N OMe s N)Y\@\
\_y \_y \_y oMo
23 24 25
60% anti, 29% sin 41% anti, 31% sin 68% anti, 21% sin
r.d. 65:35 r.d. 60:40 rd. 73:27
Esquema 59

Un caso particular es el del acetal dimetilico del 4-trifluorometilbenzaldehido
(20c) con el que las mismas condiciones de reaccién que los otros acetales dimetilicos
apenas proporcionan trazas del producto deseado. Por ello, tuvimos que forzar las
condiciones utilizando 10 mol% de catalizador, 1.5 eq de TESOTf, 0 °C y 4 dias de
reaccién para obtener una cierta conversion. Ademas, la imposibilidad de separar los
diasteredmeros derivd en la necesidad de transformarlos en los correspondientes
esteres metilicos en el mismo seno de la reaccion y conseguir, asi, su separacion por

cromatografia en columna (Esquema 60).
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OMe
MeO
CF3
S 0 20c S O OMe
)J\/ (Me3P),NiCl, (10 mol%) )J\
S N TESOTf (1.5 eq), 2,6-lutidina (1.5eq) =~ 8§ N *
CH,Cl,, 0 °C, 4 dias
CF;
2a r.d. 68:32
O OMe @) OMe
MeO + MeO . MeOH, DMAP (cat.)
ta., 16 h
CFs3 CFs
26a 26s
34% 20% Esque
ma 60

Por ultimo, la aplicaciébn de la metodologia a los acetales dibencilicos y
dialilicos 20e y 20f también fue altamente satisfactoria (Esquema 61). Si bien el uso
del dibencil acetal 20e reporté la misma diastereoselectividad que el correspondiente
dimetil acetal (73:27), el dialil acetal 20f experiment6 un ligero aumento (78:22).
Ademas, en los dos casos se obtienen rendimientos excelentes y permiten obtener
aductos de gran valor sintético gracias a la facilidad de desproteccion de los grupos
alilo y bencilo. Asi, la metodologia de niquel(ll) es también una alternativa para

obtener aldoles anti protegidos, que son generalmente dificiles de obtener.
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OBn
BnO
OMe
20e
(Me3P)2NiCl, (2.5 mol%)
TESOTf (1.15 eq) = O OBn
2,6-lutidina (1.5 eq) )J\N -
CH,Cl,, -20 °C, 15h
OMe
= 2 27
A N
S)]\N)J\/ o 63% anti, 23% sin
rd. 73:27
\/\O
OMe
2a 20f
(Me3P),NiCl, (2.5 mol%) _
TESOTf (1.15 eq) S 0 9/\/
2,6-lutidina (1.5 eq) )J\ X
> S N
CH,Cl,, -20 °C, 15h
OMe
28
69% anti, 20% sin
r.d. 78:22

Esquema 61

A pesar de los buenos rendimientos obtenidos en la mayoria de los casos, los
acetales menos activados (como por ejemplo los acetales dimetilicos del benzaldehido
y del p-clorobenzaldehido) no conseguian conversiones completas y se recuperaban
pequefias cantidades la N-propanoiltioimida 2a. Para intentar subsanar este problema,
se decidio evaluar la influencia de la cantidad de TESOTf empleada.

El uso de TESOTf en nuestra reaccion tiene una doble funcién. En primer lugar
actla como acido de Lewis para activar los acetales y generar asi el ibn oxocarbenio
(ecuacion 1 del Esquema 62); en segundo lugar, activa el precatalizador, (Me3zP),NiCl,,
en el seno de reacciéon para generar el verdadero catalizador, (Me3P),Ni(OTf),, como
apunta Sodeoka (ecuacion 2 del Esquema 62).%® Este hecho consigue evitar el uso de
complejos de niquel(ll) dificiles de manipular, como es el (MesP),Ni(OTf),, ya que al
generarse in situ no es necesaria su manipulacion para la que se requeriria

condiciones experimentales especiales.®
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Et;Si—OR!
OR'
OR! TESOTS - %\6) » 7 )O\R1 @>jf1
(1) - o~ = =
R 1 H |
OR SiEts R"®H R H
2) [(MesP)Ni]lCl, + 2TESOTf —— —>  [(MesP)Ni(OTf), + 2 TESCI
Esquema 62

Con esta doble funcién, durante el desarrollo de nuestro método se establecio

que la cantidad de equivalentes de TESOTTf en la reaccidn seguiria la siguiente formula

Equivalentes de TESOTf = (mol% de catalizador x 2) + 1.1 equivalentes

Gracias a ella, tendriamos una cantidad equimolar para activar el acetal y
generar el ibn oxocarbenio a la vez que se disponia de los equivalentes suficientes
para poder obtener el catalizador activo in situ.

De esta manera, se decidid repetir los mismos experimentos llevados a cabo
anteriormente con los acetales aromaticos, ver Esquema 59, aumentando Unicamente
la cantidad de equivalentes de TESOTf a 1.5 eq. Los resultados se resumen en el
Esquema 63.
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OMe
MeO Ar
S o 20 S OMe
)J\ )k/ (Me3P),NiCly (2.5 mol%) )J\
S N TESOTf, 2,6-lutidina (1.5 eq)
CH,Cl,, -20 °C, 15h \—57
2a
)SLOQMG )SLOQMG SOOMe
\_3» \_3» Me \_5» Cl
11 21
47% anti, 32% sin (1.15 eq) 50% anti, 32% sin (1.15 eq) 58% global (1.15eq)
55% anti, 33% sin (1.5 eq) 60% anti, 32% sin (1.5 eq) 71% global (1.5 eq)
r.d. 60:40 r.d. 62:38 r.d. 64:36
)SJ\ O OMeOMe )S]\ O OMe S O OMe
s” N S” N OMe S le\r\@
\_}' \_y \_3» oMo
23 24 25
60% anti, 29% sin (1.15 eq) 41% anti, 31% sin (1.15 eq) 68% anti, 21% sin (1.15 eq)
62% anti, 30% sin (1.5 eq) 44% anti, 37% sin (1.5 eq) 72% anti, 21% sin (1.5 eq)

r.d. 65:35 r.d. 60:40 rd. 73:27

Esquema 63

Como se desprende de un analisis de los resultados del Esquema 63, los
casos en los cuales no se habian obtenido conversiones completas, 11 y 22,
experimentan un significativo incremento del rendimiento. El resto de productos se
aislaban con rendimientos similares a los anteriores, en los que se empleaban 1.15 eq
de acido de Lewis. Por otra parte, la diastereoselectividad observada no variaba con el
incremento de equivalentes de TESOTf, demostrando que este aumento no influye en
el control estereoquimico de la reaccion. Finalmente, podemos afirmar que aquellos
electréfilos que no consiguen consumir todo el material de partida, pueden conseguir
un aumento de rendimiento si se aumenta la cantidad de TESOTT sin afectar al control

estereoquimico de la reaccion.
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3.2. Acetales proparqilicos

Los excelentes resultados obtenidos por Juan Manuel Romo con el dimetil
acetal del (E)-a-metilcinamaldehido tanto en rendimiento como en control
estereoquimico, 79% anti y r.d. = 83:17 (Esquema 64),”” nos animé a estudiar otros
tipos de acetales similares.

(Me3P)sNiCls, (2.5 mol%) S (@) OMe
TESOTf (1.15 eq) :

S o
S N)k/ 2,6-lutidina (1.5 eq) S)J\NW%
+
\_§, MeO ~ “Ph CH,Cl,, -20°C, 1.5 h
2a

79% anti, 19% sin
r.d. 83:17

Esquema 64

Los acetales propargilicos se presentaban, asi, como una buena alternativa
para expandir el uso a otros acetales con nuestro método. Por ello, se llevo a cabo la
reaccion entre el 3,3-dietoxipropino y 2a (Esquema 65), pero a pesar de los esfuerzos
por conseguir el producto deseado, el andlisis del crudo de reaccién por RMN de 'H

confirmaba la recuperacion inalterada tanto del electréfilo como de la N-aciltioimida 2a.

OEt

Eto)\

S 0 X S O OEt
)J\ J\/ (Me3P),NiCly (5 mol%) )J\

s N __TESOTf (1.15 eq), 2.,6-lutidina (1.5eq) _ 8" 'N A

CH,Cl,, -20 °C, 15 h

2a

Esquema 65

En contrapartida, el uso de los acetales propargilicos cobaltados, 29a y 29b,
fue altamente satisfactoria, alcanzando las diastereoselectividades mas altas
obtenidas en este tipo de reacciones (Esquema 66). Para poder llevar a cabo la
reaccion con este tipo de acetales, es necesario aumentar tanto la cantidad de
equivalentes de TESOTf (2.2 eq) como del acetal (2.2 eq) para conseguir el

diasteredmero mayoritario anti con excelentes rendimientos.
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OEt

Co,(CO
1O o5 2(CO)s
AN
H
29a

. 0,
(Me3P),NiCl; (2.5 mol%) O  OEt

TESOTf (2.2 eq) i
2,6-lutidina (1.5 eq) SJ\N . L02(CO)s
/ CH,Cly, 20 °C, 15 h \_§, \/\\\H
o)

s 30
S)]\N)J\/ OEt 68% anti, 22% sin

Eto)\\\/\\Z( )6
N
Ph

2a 29b
(Me3P)2NiCly (5 mol%) s
TESOTf (2.2 eq) )J\ Q ?Et
26-utidina (1.5eq) o~ C02(CO)

CH,Cl,, -20 °C, 15 h \_y \/\\\Ph

31
79% anti, 10% sin
r.d. 90:10

Esquema 66

4. ELUCIDACION DE LA CONFIGURACION ABSOLUTA

Una difraccién de rayos X del aducto 28a permitié determinar la configuracion
absoluta de los nuevos centros quirales. Tal y como era de esperar, la configuracion
relativa es anti y la configuracion absoluta de los nuevos estereocentros es 2R,3S. Al
igual que en el aducto 4b (Figura 3), se puede observar la existencia de puentes de
hidrégeno entre el azufre exociclico y el protéon en Ca (d = 2.384 A) por una parte y
entre el carbonilo y el H, del heterociclico (d = 2.346 A) por otra.®> Ademas, el
desplazamiento quimico del proton que se encuentra en Ca vuelve a ser mayor del

esqueleto (& = 6.25 ppm).
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Figura 6

5. HIPOTESIS MECANISTICA

Como se ha comentado en el anterior capitulo, es razonable pensar que
nuestra reaccion transcurre via un enolato de niquel(ll) de geometria Z en la que el
niquel adopta una estructura planocuadrada ligeramente distorsionada. Asi, el control
absoluto sobre la configuracion de Ca que se observa se deberia, pues, al
impedimento estérico que ejerce el grupo isopropilo en C4, dificultando la
aproximacion del electrofilo por la cara Re del enolato.

Sin embargo, para poder racionalizar el control obtenido en el centro en B, es
preciso evaluar con detenimiento el estado de transicibn. Tomando como punto de
partida todo el conocimiento acumulado a lo largo del estudio de la adicién de enolatos
de titanio(lV) de N-aciltiazolidintionas quirales a cationes oxocarbenio, la idea de un
estado de transicién abierto en el que el catibn oxocarbenio se acerque a nuestro
enolato metalico por la cara menos impedida (cara Si) podria explicar el estereocontrol

observado.
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De esta forma, si asumimos que el enolato metalico es lo suficientemente
nucleofilico para atacar por las dos caras 1 al intermedio oxocarbénico, se pueden
plantear hasta seis estados de transicion diferentes (Esquema 67). De estos estados
de transicion, tres de ellos (A;, Az, Az) generan el diasteredmero anti mientras que los
otros tres restantes (S, S, S3) conducen al diastereémero sin.

RsP. PR3 ¥ RsP. PR3 t RsP. PR3 ¥
S

3P\
_Ni_ _Ni_ _Ni_
S o) S _Me S o) S O OMe
N

1 O®
R (@) H
S N)ﬁRCB /U\)%IR s N%R — )K(\W
o) 1 H Me-0O R’ s N
\—yH | H
Me
2

H
A4

R
A

Esquema 67

Si nos fijamos en los estados A,, Az, S; y S3, podemos observar como en todos
y cada uno de ellos, uno de los grupos mas voluminosos, el grupo metéxido o el grupo
R!, se orientan hacia la tiazolidintiona. Asi, estos cuatro estados de transicion seran
menos favorables debido a los impedimentos estéricos, permitiendo que los estados
A; y S, sean los de menor energia ya que disponen del atomo de hidrégeno, que

genera menor impedimento estérico, bajo la tiazolidintiona.

Dejando de lado que los estados A; y S, tienen la misma interaccion gauche
entre el sustituyente R y el sustituyente R*; la principal diferencia entre ellos radica en
la posicion del enlace C=0 (Esquema 68). Esta diferencia es de suma importancia
puesto que la disposicion antiperiplanar del enlace C=0 permite al estado de
transicion A; reducir tanto las repulsiones estéricas como las interacciones dipolares
con el enlace C—O del enolato. El conjunto de estos factores, por lo tanto, muestra una
mayor estabilidad del estado de transicion A; y a su vez, la generacion mayoritaria del

diasteredmero anti en nuestra metodologia.
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R3P_ ,PR3 ¥
- I\
S (O S (0] OMe
R :
N)ﬁRCD s N/U\(\R1
(e}
/PRB \_$/H I \_§,R
Ni
S/ 0 M ®
e
~__R ~0 anti
N )J\ Ay
H R' _ B
RsP ,PRj +
_Ni__Me
S O '@ S (e} OMe

Esquema 68

Sin embargo, aunque la formacién del diasteredmero anti esta favorecida sobre
el diastereémero sin, la diastereoselectividad observada con los diferentes acetales
varia dependiendo de cual se utiliza. Como se ha mencionado con anterioridad en este
capitulo, la diastereoselectividad mas elevada se produce en el caso del acetal
propargilico cobaltado 29b (90:10); en cambio, la diastereoselectividad mas baja
corresponde al acetal del benzaldehido (60:40). Tras un vistazo al orden de
diastereoselectividades, podemos observar coOmo estan correlacionadas con la
estabilidad del carbocation oxocarbenio (Figura 7). Asi, cuando el acetal tiene
posibilidad de estabilizar la carga del carbocation, la estabilidad del intermedio

oxocarbénico es mayor y, a su vez, también es mayor la diastereoselectividad.

OEt
J\ Co,(CO)s J\©\ H :
d.r. 90:10 d.r. 73:27 d.r. 60:40
_ Menos estabilizado

Figura 7
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Por otro lado, aunque la diferenciacion de las caras del intermedio
oxocarbénico permite determinar el diastereomero mayoritario, la moderada
diastereoselectividad ofrecida por algunos de los acetales invita a pensar en la
posibilidad de otros mecanismos. Una de ellas es la competencia entre mecanismos
de tipo Sy1 y Sny2 que puede afectar a la diastereoselectividad de la reaccion en
cuanto a la formacion del centro en posicion .

Los estudios realizados por Fujioka y Kita arrojan algo de luz a este problema
(Esquema 69).*°**%* En estos estudios, se demuestra la formacién de un intermedio
cationico estable cuando se mezclan un acetal dimetilico, TESOTf y una base
impedida como la 2,6-lutidina o la 2,4,6-colidina. Este intermedio, que puede ser
aislado y caracterizado, reacciona con diferentes nucledfilos para generar aldehidos,
éteres, heteroacetales y O,S-acetales.

OMe
\C')g)\OMe
R1
X
»
N
0 H,0 TESOTf  R%,Culi OMe
\aa)kH \ 5/ \%ARZ
OMe Tf
81% © 61-94%
®
\("fg\N X
I
/ R1
OMe R20H / \ R2SH OMe
s OR2 R1=H: Me " SR2
88-94% 54-89%
Esquema 69

En las condiciones de reaccién de las reacciones catalizadas por el niquel(ll)
es bien posible la formacién de estos intermedios carbocatiénicos a partir de las sales
de 2,6-luditinio. Estas sales de lutidinio se podria formar si el &cido de Lewis empleado
para activar el acetal es demasiado débil y si las reacciones con los enolatos de
niguel(ll) son muy lentas.

La formacion de la sal de lutidina Ill (Esquema 70) puede tener lugar por dos
vias diferentes. A partir del ataque de la 2,6-lutidina sobre el intermedio |, que implica
el acetal activado por el acido de Lewis o por el ataque de la lutidina sobre el

intermedio carbocationico Il ya generado. Este nuevo intermedio de reaccion puede
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ser atacado por el enolato a través de un mecanismo de tipo Sy2 generando el aducto
deseado, pero sin ningun control en el centro B. A su vez, como se ha comentado, la
lenta activacion de ciertos acetales permitiria que el enolato pudiera atacar también al
intermedio | mediante un mecanismo de tipo Sy2. Todos estos procesos secundarios
pueden competir entre ellos provocando que no haya un solo camino estereoselectivo
para la formacion de nuestro producto (Esquema 70). Por ello, se puede asumir que el
uso de acetales que generen cationes oxocarbenio con mas dificultad favoreceran
estos mecanismos secundarios. Ello implica que la activacion del acetal sea crucial
para obtener una buena diastereoselectividad en la metodologia de Ni(ll) desarrollada

en este capitulo.

Et;Si<@_Me ®
OMe (0] OMe
)\ TESOTf )\ _
R OMe R OMe R H
| Il
no estereoselectivo estereoselectivo
Nu SN2 Sn1 Nu

)S]\ O OMe S O OMe

no estereoselectivo Nu ®
SN2
RsP. PR3 2,6-lutidina o 2,6-lutidina
NI OMe OTf

19 e

Nu = . R N~
s” °N I

=
\_§’ mn

Esquema 70
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6. RESUMEN Y CONCLUSIONES

Una nueva metodologia estereoselectiva basada en la reaccién de enolatos de
Ni(ll) de N-propanoiltiazolidintionas quirales con acetales se ha desarrollado con
buenos resultados. Tras una optimizacidon de las condiciones de reaccion, se ha
comprobado el alcance de reaccibn con acetales aromaticos y propargilicos
cobaltados. El control estereoquimico sobre el centro en a es absoluto, mientras que el
del centro en B se mueve entre moderado (anti/sin 60:40) y muy bueno (anti/sin 90:10).
Los indicios experimentales sugieren que la activacion del acetal es fundamental en
cuanto a la diastereoselectividad del proceso. También se han obtenido buenos
resultados con acetales dibencilicos y diarilicos, lo cual permite acceder a estructuras
de tipo aldol protegidas como éteres bencilicos y alilicos. Por dltimo, se ha
comprobado como al aumentar la cantidad de equivalentes de TESOTT, el rendimiento
de la reaccibn se incrementa, sin que en ningln caso haya variaciones en la

diastereoselectividad.

S o OR2
)J\/ 5 (Me3P)oNiCl, (2.5 mol%)
s7 N . )O\R TESOTf (1.5-2.2 eq), 2,6-lutidina (1.5eq) S
RZO R1 CH2C|2’ -20°C
2a
S O OEt S O OMe O Q
< COQ(CO)G ~
S N \/\\ S N
ﬂ, Ph ﬂ, oMe ﬂ,
31 25 11
79% anti, 10% sin 72% anti, 21% sin 55% anti, 33% sin
r.d. 90:10 r.d. 73:27 r.d. 60:40
Esquema 71
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Reacciones de N-gliciniltiazolidintionas quirales catalizadas por complejos de niquel(ll)

1. INTRODUCCION

1.1. a-Amino-B-hidroxiacidos

Los aminoacidos han atraido la atencién de los quimicos organicos ya que su
estructura resulta muy Util para la sintesis asimétrica y pueden utilizarse como sintones
versatiles en la sintesis de productos naturales.'® Aunque hay una gran cantidad de
aminod&cidos en la naturalez, inicamente un reducido grupo de éstos, conocidos como
amino&cidos proteinogénicos, forman parte de las estructuras proteicas y son
codificados por el material genético. De entre todos ellos, Unicamente dos son a-

amino-B-hidroxiacidos, la serina y la treonina.

O O OH
HOMOH HO)K./\
NH, NH,
Serina Treonina
Figura 8

Sin embargo, existe también un amplio abanico de a-amino-B-hidroxiacidos que
forman parte de moléculas con una importante actividad biolégica que pueden tener

estructuras relativamente sencillas como los A&cidos 3-aciltetramicos,®®” |a

8

esfingosina,'® o, alternativamente, formar parte de ciclopéptidos y depsipéptidos

mucho méas complejos®®

(Figura 9). Dada su importancia, el desarrollo de nuevos
métodos para la sintesis estereoselectiva de este tipo de estructuras ha supuesto un

gran reto para los quimicos sintéticos.**
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OH OH
C13Ha7
NH,
Acido 3-aciltetramico Esfingosina
CH,OH
Cl

OH

H

N
N

o) NHMe

Vancomicina

Figura 9

El andlisis retrosintético de estos a-amino-B-hidroxiacidos revela dos posibles
alternativas béasicas: una primera basada en la transformacién de los grupos
funcionales partiendo de wuna estructura carbonada previa (estrategias no

constructivas) y una segunda que recurre a la formacion de un enlace carbono-

carbono (estrategias constructivas).'**

HOMR

®
H O)H k —— H O)J\H\ p— o o
NH2 Estrategia Estrategia
constructiva no constructiva H o R

NH,

Esquema 72

1.2. Estrategias no constructivas

Dentro de las estrategias no constructivas, podemos encontrar el uso de la

112-114 mediante la

aminohidroxilacién asimétrica de olefinas descrito por Sharpless,
cual se incorpora simultaneamente tanto el grupo amino como el hidroxilo en una
Unica etapa. Esta aproximacion permite acceder a las estructuras deseadas de una
manera directa y sencilla, pero a pesar de haberse aplicado en algunos casos

(Esquema 73), las bajas regioselectividades obtenidas junto a la poca flexibilidad que
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ofrece el método en cuanto a las cadenas laterales han hecho que esta metodologia

no haya sido ampliamente utilizada.™*>™*’

Ko[OsO5(OH)4] (4 mol%) OH NHCbz
(DHQ),-AQN (5 mol%) B z
R/\/COZM Cbz-NNaCl R/\/COQAF . R/\/COQAr
n-PrOH/H,0 (1:1) NHCbz OH
Ar: p-BrPh A B
40-60% A
Panek ee 2-90%
A:B = 1:1—>20:1
Ko[OsO45(OH)4] (4 mol%)
(DHQ)2-AQN (5 mol%) OH NHCbz
CbzNH,, t-BuOCI, NaOH
CO,Me > CO,Me * CO,Me
A0 n-PrOH/H,0 (1:1) Ar 2 Ar 2
NHCbz OH
A B
Joullié
40-68% A
ee 87-95%
A:B =3:1-4:1
Esquema 73

En cambio, la dihidroxilacion asimétrica de Sharpless se ha empleado en

numerosas sintesis de productos naturales®*?°

ya gue soslaya el problema de la
regioselectividad. Sin embargo, no puede evitar que la ruta sintética se alargue hasta
cuatro etapas. Asi, tras la dihidroxilacién correspondiente, es necesario activar el
alcohol en C2 selectivamente, substituirlo generalmente por un grupo azida y por

ultimo transformarlo en la correspondiente amina (Esquema 74).

R AD-6. MeSOLNH RO 1) NosCl, Et;N, DMF RO
-B3, e
X B NHs | cio . 2) NaN;, DMF R0
tBUOH/H,0 (1:1) OH 3) SnCly-H,0, MeOH NH;
COsR' o o)

Esquema 74

Dejando a un lado las estructuras carbonilicas a,B-insaturadas, en la literatura
también encontramos el uso del aldehido de Garner como precursor de los productos
deseados (Esquema 75). Este tipo de aldehidos, que derivan de la L-serina, son
susceptibles de ser atacados por compuestos organometalicos y generar, asi,

alcoholes con una configuracién anti o sin dependiendo de la cadena del compuesto
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organometdlico. Estos alcoholes, a su vez, han de ser transformados mediante una
secuencia sintética de cuatro pasos para obtener las estructuras a-amino-[3-
hidroxiacidas correspondientes.'?*# Debido al pobre control estereoquimico que
presenta la reaccion y las diferentes etapas necesarias para generar el a-amino-@-
hidroxiacido, el uso de esta metodologia ha sido limitado.

HO
CHO R

(0] NBoc RMgX (0] NBoc

x THF X

R = Ph, 92%, r.d. (anti/sin) 5:
R =iPr, 85%, r.d. (antilsin): 1

1
6

Esquema 75

Por ultimo, la hidrogenacion asimétrica via resolucion cinética dinamica (DKR)
de a-amino-B-cetoésteres también permite la sintesis de los productos deseados. Asi,
por ejemplo, la reduccion estereoselectiva del grupo carbonilo de un B-cetoéster
utilizando catalizadores quirales, proporciona anti a-amino-f-hidroxiacidos como un
Unico diastereémero con un gran enantiocontrol (Esquema 76).'**'* A pesar de los
buenos resultados que proporciona este método, las condiciones de reaccion
necesarias, largos tiempos de reaccion y elevadas presiones, han impedido un mayor

uso de esta metodologia.

1) complejo de Ir-(S)-MeOBIPHEP (3 mol%)

0O fo) H, (100 atm), Nal OH O
AcONa, AcOH, 96 h B
Ar OMe 2). BzClI, Et3N, THF Ar OMe
NH-HCI NHBz
72-95%

© r.d. >99:1; ee 75-95%
MeO l P
MeO O =

(S)-MeO-BIPHEP

Esquema 76
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En resumen, el uso de las estrategias no constructivas cuenta con serias
limitaciones que no permiten su utilizacion de manera general. Ademas, el uso de
estrategias constructivas tiene la ventaja de poder elegir entre diferentes sintones para
generar el nuevo enlace carbono-carbono y no estar limitado a un esqueleto

carbonatado pregenerado, lo que las convierte en procesos mas eficaces y versétiles.

1.3. Estrategias constructivas

Como hemos comentado en el andlisis retrosintético de los a-amino-3-
hidroxiacidos (Esquema 72), la construccion del enlace carbono-carbono podria
realizarse mediante el ataque de un enolato de glicina a un aldehido en una reaccion
de tipo alddlico. Aungque la reaccion alddlica ha sido ampliamente estudiada, una de
las grandes dificultades que presenta esta aproximacion es la introduccién del grupo
amina en el enolato sin interferir en el curso habitual de esta clase de
transformaciones por lo que es preciso recurrir al uso de grupos protectores o bien de

otras funciones nitrogenadas, como pueden ser los isotiocianatos o las azidas.

En este contexto, Evans fue una de los pioneros que desarrollé una
metodologia de adicién alddlica estereoselectiva de N-aciloxazolidinonas quirales que
contienen un grupo isotiocianato en Ca sobre aldehidos (Esquema 77).}* Esta
aproximacion proporciona muy buenos resultados en cuanto a rendimiento y control
estereoquimico, pero los a-amino-B-hidroxiderivados se obtienen en forma de
oxazolidintiona tras una reaccion intramolecular entre el alcohol generado y el grupo
isotiocianato. Este heterociclo puede actuar, de hecho, como un grupo protector del
grupo amina e hidroxilo del aldol, pero requiere un camino sintético de 3 etapas para
obtener el aminoacido deseado.

(I)Tf
Sn_ O
j\ jv Sn(OTN, (12 eq) )°|\ 0 J j\ o R
NCS  N-etilpiperidina )\/NCS H” R M
(0] N - > O N X — > O N 7 (o)
\_( \_( THF \_( HN«
Bn Bn Bn S
71-92%
r.d. 91:9-99:1

Esquema 77
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Los aductos de estereoquimica relativa sin también pueden obtenerse a partir
de las pseudoefedrinas de Myers en reacciones estequiométricas de tipo alddlica a
través de los correspondientes enolatos de litio (Esquema 78).'** Los rendimientos van

de moderados a excelentes, al igual que el control estereoquimico de la reaccion.

Li o}
LiIHMDS (2.5 eq) o )J\ O  OH
)K/NHz LiCl (7.8 eq) x)\/NHz H™ R X)J\A-R
: T THF q THF X
OH NH>
63-89%
r.d. 72:28-94:6
Esquema 78

En el &mbito de los procesos cataliticos, se ha descrito el uso de catalizadores
de transferencia de fase quirales (PTC) aplicados a reacciones de tipo alddlico
(Esquema 79).*?"'?® De entre estas, destaca el método desarrollado por Maruoka en el
que sales de amonio quirales catalizan reacciones alddlicas enantioselectivas de
bases de Schiff derivadas de la glicina.'*” El control estereoquimico es excelente pero

los aldehidos aromaticos suelen proporcionar rendimientos moderados.

(2 mol %)
1% NaOH aq (15 mol%)
o] o 1) NH,CI (10 mol%) OH O
Ph N\)J\ t )]\ Tolueno /'\HJ\ .

b OBu + N, 2) 1 M HCI, THF R OBu

Ph NH,

39-98%
ee >97%; r.d.>94:6
Esquema 79

Una opcién organocatalitica es la descrita por Barbas en la que el tratamiento
del aldehido ftalimido acetaldehido con L-prolina permite obtener los aldoles anti
correspondientes (Esquema 80).'* La oxidaciéon y posterior esterificacion de estos

aldoles proporcionan a-amino-B-hidroxiésteres con buenos rendimientos y control
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estereoquimico. No obstante, Unicamente los aldehidos ramificados en Ca son

adecuados para obtener estos resultados.

Y

o "'COLH O OH O OH
Q Eomo%) 1 1) NaCIO, X

H + )J\ > H - R MeO - R

2) TMSCHN,

H R NMP - -
NPhth NPhth NPhth
62-75%
ee >86%; r.d. 1:1-16:1
Esquema 80

Como hemos comentado anteriormente, los enolatos de a-azidoacidos son una
alternativa a los de la glicina. Seria necesario, eso si, reducir el grupo azida para
obtener los correspondientes a-amino-B-hidroxiacidos. A pesar de las ventajas que
esta aproximaciéon parece ofrecer, la generacion de los enolatos de a-azidoacidos es
mucho mas compleja de lo que podria preverse debido a la posibilidad de que se
produzca una eliminaciébn que genere la correspondiente a-imina y su posterior
descomposicion.™® Por ello, es necesario generar estos enolatos en condiciones de
reaccion muy concretas para asegurar su estabilidad y, por ende, para que sean
capaces de completar la adicion alddlica.

Franck fue el primero en generar estequiométricamente los enolatos de titanio
de N-azidoacetil tiazolidintionas quirales a baja temperatura (—78 °C).%° Estos enolatos
reaccionan con diferentes aldehidos y producen los correspondientes precursores de
a-amino-B-hidroxiacidos  sin con buenos rendimientos y  excelentes

diastereoselectividades (Esquema 81).

o
/Ti\ o)
S 0 TiCl, (1.05 eq) SI o BS S O OH
A A wweee N v, WTR ~S)]\NJ\H\R
-/ CH,Cly -/ THF N,
Ph Ph Ph
60-73%
r.d. >98:2
Esquema 81
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En cuanto a la generacion catalitica de enolatos metalicos de a-azidoamidas,
Kumagai y Shibashaki han desarrollo una reaccién alddlica enantioselectiva a partir de
N-azidoacetil derivados de 7-azaindolinas (Esquema 82)."*' Empleando 7-azaindolinas
a modo de scaffold y cantidades cataliticas de diferentes catalizadores quirales de
metilcobre(l), se obtienen tanto aldoles anti o sin, dependiendo del catalizador
empleado, con aldehidos arométicos substituidos en posiciéon orto como aldoles sin a
partir de aldehidos arométicos sin substitucion en orto. Ademas, los aldehidos
propargilicos generan los correspondientes aldoles sin con excelentes rendimientos y

control estereoquimico.

mesitilo de
cobre(l)
(R,R)- Ph BPE

OH O
(R)-xyl- BINAP /\H}\ :
(0]
#N - 510 mol% : N
N3 = Ar H N3 =
N TH N
\ Y Ar = orto- substltwdo \ Y \ V/

(R,R)-Ph-BPE (R)-xyl-BINAP
69-98% 74-94%
ee 95-99%; r.d. 54:46-85:15 ee 93-99%; r.d. 53:47-98:2

mesitilo de
o) cobre(l)

OH ©
HJ\ o (R,R)-Ph-BPE )\HJ\
N Y 5-10 mol% Ar N
N3 —
N THF

\ Y Ar = no orto-substituido \ J

73-91%
ee 89-99%; r.d. 72:28-83:17

mesitilo de
cobre(l)

OH O
(R,R)-Ph-BPE
8 /J\ 5 mol% é 8
~ R Ny
N
W

™
52-98%

ee 85-96%; r.d. 81:19-92:2
Esquema 82
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Por ultimo, cabe afiadir que Concellén y del Amo han descrito una interesante
reaccion alddlica en ausencia de disolvente entre la azidoacetona y aldehidos
aromaticos catalizada por L-prolina y una sal de guanidinio que conduce a los
correspondientes aldoles anti con rendimientos elevados, buenas
diastereoselectividades y excelentes enantioselectividades, tras, eso si, tiempos de

reaccion muy prolongados (Esquema 83).1%

®
N
LS
N N (15 mol%)
o H H
)Oj\/ . J\ L-prolina (10 mol%) o OH
N g )J\)\
3 H™ “Ar 120 h, =10 °C v CAr
N3
78-91%
r.d. > 85:15; ee > 93%
Esquema 83

A la vista de las limitaciones que presentaban las metodologias cataliticas para
acceder a estructuras a-amino-B-alcoxi carboxilicas de estereoquimica anti y teniendo
en cuenta que en el Capitulo 2 habiamos desarrollado un método para la generacion
estereoselectiva de estructuras a-metil-B-alcoxicarboxilicas y habiendo comprobado en
el Capitulo 1 la posibilidad de generar cataliticamente enolatos de niquel(ll) estables
con grupos azido y NPhth en la posicion a, consideramos oportuno estudiar la
reaccion de N-gliciniltiazolidintionas quirales con acetales. Asi, se podrian preparar
a-amino-B-metoxiacidos, presentes en un gran namero de productos naturales, por
reaccion de acetales dimetilicos y también a-amino-B-hidroxiacidos utilizando acetales

dialilicos y dibencilicos.

=0 S 0o OR!
PR )J\/N 1 (MegP),NiCl (cat.) s 2
SN . )O\R TESOTf, 2.6-utidina s~ N R
R1O R CH2C|2 "N"
"N" = NPG 6 N3
Esquema 84
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Asi pues, los objetivos que nos marcamos para este Capitulo consistieron en:

e Explorar el grupo nitrogenado que generase los correspondientes aductos
a-amino-B-hidroxilados con buenos rendimientos y control estereoquimico.

e Optimizar las condiciones de reaccion de la metodologia desarrollada y
aplicarla a un amplio grupo de electréfilos

e Determinar la configuracion absoluta de los nuevos estereocentros

e Derivatizar las estructuras obtenidas

2. BUSQUEDA DEL GRUPO PROTECTOR ADECUADO

El primer paso para desarrollar nuestro método consistié en buscar el grupo
protector de la funcion nitrogenada adecuada. Si bien sabiamos que un grupo NPhth o
una azida podia proporcionar buenos resultados, quisimos explorar si cabia la
posibilidad de utilizar grupos protectores como los carbamatos, ampliamente
empleados en la quimica de péptidos. Con este propdsito, se sintetizaron
N-gliciniltioimidas con los grupos protectores Fmoc, Boc y Cbz mediante el
acoplamiento de la tiazolidintiona quiral 1 y la glicina debidamente protegida. Como se
puede apreciar en el Esquema 85, la sintesis de los materiales de partida no fue tan
sencilla como se esperaba. El uso de los grupos Fmoc y Boc generé las tioimidas 2k y
2m con pobres rendimientos, a la vez que su purificacién resultd muy complicada.
Debido a ello, tnicamente la tioimida 2n con el grupo protector Chz fue ensayada en

una prueba preliminar.

S O S o
PR J\/NHGP )J\/R
s” “NH HO ,EDCHCI,DMAP ¢~ >\
\_y CHQC'Q, t.a.
1 2

2k 2m 2n
25% 17% 73%
Esquema 85
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Inicialmente decidimos ensayar la reaccion con el ortoformiato de metilo en la
que teniamos mucha experiencia como ya hemos comentado en la Introduccion
General.”® La reaccion de 2n con ortoformiato de metilo en las condiciones
previamente optimizadas en nuestro grupo produjo una mezcla de diasteredmeros con

bajo rendimiento (Esquema 86).

(Me3P),NiCly (20 mol%) M

NHCbz “lutidi
s N)J\/ OMe TESOTf (1.5 eq), 2,6-Iutidina (1.5 eq) s N)J\H\ o

(@] OMe
+ L oM
MeO~ “OMe CH,Clp, —20°C, 15 h NHCbz
1.5€eq
32

36%
r.d. 66:34

2n

Esquema 86

La falta de control estereoquimico en la reaccién era notable, ya que en todas
las reacciones en las que se habia utilizado como electréfilo el trimetil ortoformiato, el
control sobre el nuevo estereocentro era total, cosa que no sucedia en este caso. Una
posible hipétesis que puede justificar esta pérdida de control estereoquimico apunta a
la coordinacién del grupo NHCbz con el metal del catalizador, impidiendo asi la
formacion del quelato entre el grupo C=S del auxiliar quiral y el oxigeno del enolato.
Asi se evitaria el blogueo ejercido por el grupo isopropilo en la posicién C4 de nuestro
auxiliar (Esquema 87). De esta manera, se podria perder el control estereoquimico
durante la formacién del nuevo enlace carbono-carbono y como consecuencia se

obtendrian bajas diastereoselectividades.

L L L
S,Ni\o \ L

S o0
. . \
| s _NHGP  (Me3P),NiCl, S)J\NJ\/NHGP (Me3P):NICl S)J\N X NGP

S N B T _—

Esquema 87

Intentando subsanar este problema, se sintetizoé la tioimida 20 siguiendo la
misma reaccion aplicada para las tioimidas 2k, 2m y 2n (Esquema 85). Esta tioimida
contenia el grupo Cbz ademas de un grupo metilo, lo cual deberia impedir la formacion
de este complejo con el nigquel y permitiria recuperar las excelentes

diastereoselectividades a las que nos tenia acostumbrados el ortoformiato de metilo.
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S O S 0 OMe

s )]\N J__Nmechz )O\Me (Me3P),NiCl, (20 mol%) . M

N OMe

* MeO OMe TESOTf (1.5 eq), 2,6-lutidina (1.5 eq)
NMeCbz
15eq CH,CI, —20 °C, 15h
20 33
32%
unico diasteredmero
Esquema 88

Cuando ensayamos esta reaccion, el andlisis del crudo por RMN de *H mostré
una relacion 74:26 entre dos conjuntos de sefales similares. Si bien podia ser debido
a dos diasterebmeros, cabia la posibilidad de que fueran causados por dos rotameros
propios de las amidas y carbamatos N,N-disubstituidos. Para clarificar esta disyuntiva,
se llevaron a cabo experimentos de RMN de 'H a temperatura variable. La teoria
establece que cuando se presentan dos rotameros, un aumento de la temperatura a la
que se registra el espectro facilita la rotacion de los enlaces y por lo tanto, provoca la
coalescencia de las dos sefiales en una.'*® En el caso de los diastereémeros, al ser
productos diferentes, no se apreciaria ningin cambio. Los resultados obtenidos
utilizando esta técnica no fueron concluyentes ya que a 25 °C no se observd ningan
cambio y un aumento de la temperatura hasta 55 °C produjo la degradacion del

compuesto.

Tras una busqueda bibliografica, encontramos un experimento de NOE
unidimensional que permitia identificar la naturaleza de los dos isébmeros en una
mezcla."* El experimento consistié en saturar una de las sefiales a estudiar para
invertir su signo y comprobar la respuesta de la sefial relacionada. Tendriamos
rotdmeros si la sefial relacionada variaba también, ya que al ser la misma molécula
repercutiria en ella. En el caso contrario, si la sefial relacionada se mantenia sin
cambios, tendriamos diastereémeros, ya que al ser moléculas diferentes, un cambio

en una no afecta a la otra.
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Las Figuras 10 y 11 recogen los resultados experimentales obtenidos de tres
sefales diferentes. Como se puede apreciar en los tres casos, las sefiales
relacionadas invierten su signo, demostrando que estan bajo efectos de intercambio
guimico. Esto confirma la teoria de que el producto obtenido corresponde a un Unico
diasteredmero con dos formas rotaméricas. Hay que destacar que en la Figura 11c,

podemos observar como hay dos sefales relacionadas mientras que sélo hay una
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irradiada. Este fendmeno se observa porque al irradiar una sefial tan cercana a la otra,
no se tiene la sensibilidad necesaria para distinguirlas y se saturan las dos, afectando,

por ende, a su correspondiente sefial relacionada.

Los pobres resultados obtenidos con los grupos carbamato hicieron que se
dejaran de lado y se continuara la exploraciéon con los grupos que previamente habian
dado resultados positivos en las reacciones de alquilacion del Capitulo 1. Asi, las
tioimidas 2h y 2j utilizadas previamente, se ensayaron con ortoformiato de metilo

(Esquema 89).

+ L
Meo)\OMe CH,Cly, -20°C, 15 h Ny
1.5eq

34
61%
Unico diastereémero

S O (Me3P)2N|CI2 (20 mol%) = Q OMe
S NJ\/Na OMe TESOTf (1.5 eq), 2,6-lutidina (1.5 eq) ¢ N)K‘)\OMe
2h

j\ o (MesP),NiCl, (10 mol%) j\ O OMe
s NJ\/NF’hth . OMe TESOTf (1.3 eq), 2,6-lutidina (1.5 eq)= s” N OMe
MeO”~ “OMe CHyCly, -20°C, 15 h NPhth
1.5€eq
35

65%
Unico diastereémero

Esquema 89

Los resultados obtenidos tanto con el grupo azido como con el grupo ftlamida
fueron buenos. Sin embargo, el verdadero reto consistia en aplicar la metodologia a
acetales y comprobar el control sobre la configuracién de dos nuevos estereocentros
simultdneamente. Para ello se eligi6 como electréfilo el acetal dimetilico del 4-
metoxibenzaldehido debido a que presentaba una de las diastereoselectividades mas

altas hasta la fecha con las N-propanoiltiazolidintionas quirales.
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i S
L OMe (Me3P),NiCl, (5 mol%) )J\ O OMe
N3 _ g -
S N + MeO Ar TESOTf (1.2 eq), 2,6-lutidina (1.5eq) g N
CH,Cly, —20 °C, 15h Ns
OM
1.1eq e

36
zh 60% anti
r.d. 96:4

i S
L L )Oi"e (MesP),NiCl, (20 mol%) Iy O OMe
NPhth - -
s N + MeO Ar TESOTf (1.5 eq), 2,6-lutidina (1.5eq) g~ N
CHCl,, —20 °C, 15h NPhth
OM
1.1eq e

j 37

3 89%
r.d. 67:33

Esquema 90

Como se puede apreciar en el Esquema 90, el grupo azido proporcionaba un
control estereoquimico muy superior al grupo ftalamida. Ademas, este Ultimo hacia
sumamente dificil la purificacion cromatogréfica de los dos diasteredmeros, cosa que
no ocurria con el grupo azida. Por ello, viendo la excelente diastereoselectividad
obtenida con el grupo azida se concluyd que la tioimida 2h era la mas indicada para

utilizarse en nuestra reaccion de niquel(ll).

Hay que remarcar, ademas, la generacion catalitica de un enolato estable de
una N-a-azidotioimida, una cuestion que como ya se ha comentado en la introduccién
a este capitulo resulta muy delicada. Ademas, en nuestro caso, el enolato se
preparaba a temperaturas relativamente altas (—20 °C), muy superiores a las

temperaturas empleadas por Franck y Shibasaki (—78 °C).

3. SINTESIS DEL MATERIAL DE PARTIDA Y SU ESCALADO

Hasta el momento, la N-azidoacetil-4-isopropil-1,3-tiazolidin-2-tiona se
preparaba a pequefia escala mediante el acoplamiento entre la tiazolidintiona quiral 1
y el acido 2-azidoacético empleando EDC-HCI como agente de acoplamiento. Sin
embargo, para poder llevarla a cabo a escala multigramo, se decidié aplicar la misma
metodologia empleada para el resto de tiazolidintionas quirales, 2, que hacia
necesario la sintesis del acido 2-azidoacético y su posterior transformacion en el
correspondiente cloruro de acido (Esquema 91). Es importante destacar, que se debe

tener extremada precaucion durante la sintesis del cloruro de éacido debido a la
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inestabilidad del producto. Para reducir los riesgos durante su sintesis hay que evitar
las concentraciones elevadas y el calentamiento del producto, prestando especial
atencion durante la evaporacion del disolvente. De esta manera se obtiene el cloruro

de a-azidoacetilo con un rendimiento global superior al 80%. (Esquema 91).

(0]
al Cl
(0] (0] (0]
NaN; o) , DMF (cat)
)K/Br —_— )K/Ng > )J\/Na
HO HO Cl
38 39
90% 93%
Esquema 91

El acoplamiento entre el cloruro de acido 39 y la tiazolidintiona quiral 1 se llevo
a cabo, en un primer momento, mediante la desprotonacion de ésta con BuLi y la
posterior adicion del cloruro de acido. Desgraciadamente, los resultados no eran
reproducibles ya que tras la introduccion del cloruro de 4cido, la mezcla de reaccién se
tornaba de un color negro intenso a la vez que se observaba un intenso burbujeo,
desembocando en rendimientos bajos y variables. Los intentos de llevar a cabo la
reaccibn a bajas temperaturas 0 en concentraciones mas bajas no resolvio el
problema de la irreproducibilidad de la sintesis. Por ello, se tomé como modelo la
sintesis de la N-azidoacetiltioimida empleada por Franck tal y como se ha descrito en
la Introducciéon de este Capl'tulo.90 En este caso, se empleaba una base mas débil, la
Et:N, en contraposicion al uso de BuLi. Este cambio podria impedir la posible
desprotonacion en a del cloruro de acido y la posterior descomposicion del grupo

azida.

En la Tabla 4, se resume la optimizacion y el escalado llevado a cabo para la
sintesis de la tioimida 2h. Se pudo comprobar cdmo una disminucién en la cantidad de
EtsN hasta rangos equimolares consigue aumentar el rendimiento de la reaccion
(comparar las entradas 1—4 de la Tabla 4). A su vez, también se aprecia que el
aumento en la escala de la reaccidén no afecta a su rendimiento, obteniéndose un

excelente 77% de rendimiento a escala 6 mmol (entrada 6 de la Tabla 4).

94



Reacciones de N-gliciniltiazolidintionas quirales catalizadas por complejos de niquel(ll)

S S o
)J\ N3
s” “NH 1) Et3N, THF, -78 °C s” °N
2) 9 (1,2 eq), t.a., 15 h
C|)J\/N3
1 2h
Entrada Et:N (eq) Escala (mmol) 2h (%)?
1 2 1 (0)°
2 1.2 1 (59)°
3 1.1 1 (67)°
4 1 1 76
5 1 3 78
6 1 6 77

®Rendimiento obtenido tras purificacion cromatografica en columna
PEntre paréntesis, conversion establecida mediante analisis por RMN de *H del crudo de reaccién

Tabla 4

4. REACCIONES CON ACETALES AROMATICOS

Tras establecer una via eficiente para preparar la N-azidoacetiltioimida 2h,
evaluamos las condiciones de reacciébn con un acetal aromatico partiendo de los
resultados obtenidos en el Capitulo 2. Por ello, sabiendo las diferencias que hay entre
acetales activados y no activados, decidimos estudiar el comportamiento de los

acetales dimetilicos derivados del 4-metoxibenzaldehido y del benzaldehido.

En primer lugar, ensayamos la reaccién con el acetal dimetilico del 4-
metoxibenzaldehido con el que ya habiamos realizado un ensayo preliminar (véase el
Esquema 90 de este capitulo) en el que se habia obtenido un 60% de aducto anti con
unar.d. del 96:4.
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4.1. Optimizacion con el dimetil acetal del 4-metoxibenzaldehido

OMe
S (0] MeO S
N
s N 3 1.1eq OMe s
(Me3P)oNiCly (5 mol%) OMe
TESOTH, 2,6-lutidina (1.5 eq)
oh CH,Cl,, -20°C, 15 h 36
r.d. 96:4
Entrada TESOTf (eq) 36 (%)* 2h (%)°
1 1.2 60 22
2° 1.5 86 0
3° 2.2 84 0

®Rendimiento obtenido tras purificacion cromatografica en columna
®Material de partida recuperado
°Filtracién con silica durante el work-up

Tabla 5

Partiendo del resultado obtenido previamente (entrada 1 de la Tabla 5), se
aumentaron los equivalentes de TESOTf para mejorar el rendimiento de la reaccion.
Ademads, se incorporé una pequefia modificacion en el tratamiento del crudo de
reaccion. En efecto, cuando se ensayd por primera vez la reaccion, se observo la
aparicion de un producto de color oscuro que quedaba retenido en la columna
cromatogréfica. Este producto, que no conseguiamos eluir ni con el uso de una fase
moévil muy polar, no habia aparecido en ninguna de las reacciones de niquel(ll)
llevadas a cabo en el laboratorio hasta la fecha. Pensando que podria interactuar con
nuestro producto y reducir el rendimiento de la reaccion, se decididé realizar una
filtracién con un pequefio pad de silica para separarlo y eliminarlo de nuestro crudo de
reaccion lo antes posible. La aplicacion conjunta de estos cambios puso de manifiesto
qgue Unicamente era necesario aumentar la cantidad de equivalentes de TESOTf hasta
1.5 (comparar las entradas 2 y 3 de la Tabla 5), obteniendo asi un excelente 86% de
rendimiento del aducto 36 con un 5 mol% de catalizador y sin pérdida de control
estereoquimico. Conviene resefar que hay que tener cuidado con la conservacion de
este producto ya que tiende a descomponer en el caso de que se deje en solucién o al
aire. Por ello se debe almacenar a —20 °C y bajo atmésfera de nitrdgeno para evitar su

descomposicion.
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4.2. Optimizacion con el dimetil acetal del benzaldehido

A continuacion, se ensayo la reaccién con el acetal dimetilico del benzaldehido.
Los primeros intentos utilizando condiciones similares al acetal activado del 4-
metoxibenzaldehido, generaron bajas conversiones (entradas 1 y 2 de la Tabla 6).
Debido a esto, se forzaron las condiciones utilizando un exceso de TESOTf (2.2
equivalentes) y una mayor carga de catalizador (comparar las entradas 3, 4 y 5 de la
Tabla 6), observando una mejora sustancial en términos de rendimiento. Sin embargo,
pudimos apreciar como a partir de un 10 mol% de catalizador, el rendimiento de la
reaccion se mantenia igual (comparar las entradas 4 y 5 de la Tabla 6). Asi, las
mejores condiciones implicaron un 10 mol% de catalizador y 2.2 equivalentes de
TESOTT( (entrada 4 de la Tabla 6). Respecto al control estereoquimico, en todos los

casos se obtuvo una relacion diastereomérica de 73:27.

OMe
S o MeO j\ O OMe j\ O OMe
N <
S N)K/ 3 1.1eq 87N , SN
(Me3P),NiCly N3 N3
TESOTT, 2,6-lutidina (1.5 eq)
2h CH,Cl,, -20 °C, 15h 40a 40s
rd.73:27
Entrada Cat. (mol%) TESOTTf (eq) 40a (%)? 40s (%)? 2h (%)?
1 10 1.3 (21)° (8)° (71)°
2 10 15 (34)° (12)° (54)°
3 5 2.2 40 10 18
4 10 2.2 56 18 14
5 15 2.2 50 18 13

#Rendimiento obtenido tras purificacion con cromatografica en columna
®Entre paréntesis, conversion determinada mediante analisis de RMN de *H del crudo de reaccién

Tabla 6

4.3. Reaccion con otros acetales aromaticos

Tras la optimizaciéon llevada a cabo con los dos modelos, se aplicaron las
condiciones obtenidas a los acetales dimetilicos derivados de aldehidos aromaticos 20
ya empleados en las reacciones de la N-propanoiltioimida 2a en el Capitulo 2. Los

resultados obtenidos en las reacciones se resumen en el Esquema 92.
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OMe
MeO Ar
S 0 20 (1.1 eq) S OMe
)J\ )K/Na (Me3P),NiCl, )J\
s” °N TESOTT, 2,6-lutidina (1.5 eq) Ar
CH,Cly, -20°C, 15 h N3
2h
5 mol%, 1.5 eq TESOTf 5 mol%, 1.5 eq TESOTf 5 mol%, 1.5 eq TESOTf
86% 84% 78%
d.r. 96:4 d.r. 92:8 dr.91:9
S O OMeOMe j\ O OMe
A % A, m
N
\_y N; \_y . e
43 44
5 mol%, 2.2 eq TESOTf 5 mol%, 2.2 eq TESOTf
75% 73%
d.r. 82:18 d.r. 83:17
j\ O OMe OMe OMe
s” °N
\_y N \_y \_3'
40a
10 mol%, 2.2 eq TESOTf 10 mol%, 2.2 eq TESOTf 20 mol%, 2.2 eq TESOTf
54% 36% 15%
d.r. 73:27 d.r. 73:27 d.r. 83:17
Esquema 92

El analisis de los resultados del Esquema 92, revela muchas similitudes con los
resultados obtenidos en el Capitulo 2. En primer lugar observamos como el uso de un
acetal activado genera los mejores resultados tanto en términos de
diastereoselectividad como de rendimiento. Asi, los aductos 36, 41 y 42, de manera
idéntica a lo que ocurria en la N-propanoiltioimida 2a, dan lugar a los mejores
resultados aunque conviene destacar que las diastereoselectividades son muy
superiores ya que no bajan del 91:9. En segundo lugar, el uso de acetales menos
activos que conducen a los aductos 43 y 44 también se obtienen con una notable
subida de diastereoselectividad (82:18—83:17), manteniendo rendimientos muy
buenos de sus aductos, aunque sea necesario forzar ligeramente las condiciones de

reaccion. En ultimo lugar, los acetales no activados también mejoran ligeramente la
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diastereoselectividad a costa de un ligero descenso en los rendimientos, como se
obtuvo con los aductos 40a y 45. Un caso limite es el del acetal dimetilico del 4-
clorobenzaldehido (20b), con el que Unicamente se obtuvieran trazas del aducto
deseado si aplicamos las condiciones optimizadas anteriores y fue necesaria la
utilizacion de una carga superior de catalizador, 20 mol%, para poder obtener
cantidades moderadas (15% de rendimiento) del aducto 46 anti.

Para finalizar, también se ensayaron los acetales dibencilicos y dialilicos del 4-
metoxibenzaldehido, 20e y 20f, (Esquema 93). Como se coment6 anteriormente, estos
acetales presentan la ventaja que darian lugar a los aldoles protegidos como éteres
mas labiles y faciles de desproteger que un grupo metilo y permiten la obtencién de los
correspondientes a-amino-B-hidroxi acidos tras su desproteccion. Los resultados
volvieron a ser excelentes ya que tanto el rendimiento (82—85%) como la

diastereoselectividad (95:5—96:4) de los productos 47 y 48 son excelentes.

OR
RO

OMe
20

S o
)J\ )K/N (Me3P),NiCl, (5 mol%)
s” N % TESO

Tf (1.5 eq), 2,6-lutidina (1.5eq) S

CH,Cl,, -20 °C, 15 h \—y
)
s

S S
OMe OMe
36 47 48
86% 82% 85%
r.d. 96:4 r.d. 96:4 r.d. 95:5

Esquema 93

5. REACCIONES CON ACETALES d,B-INSATURADOS

Los excelentes resultados obtenidos con acetales aromaticos nos impulsaron a
expandir el alcance de la metodologia a otros acetales. Los estudios previos con
acetales q,B-insaturados sugerian que se mantendrian estos excelentes resultados
con la N-azidoacetiltiazolidintiona 2h. Por ello, examinamos la reaccion de 2h con el

acetal dimetilico del (E)-3-fenil-2-metilpropenal (Esquema 94).
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OMe

MeO)\K\ Ph
S 0

S
)K/Ns (MesP),NiCl, )J\ -
s N _._TESOTY, 2,6-utidina (1.5eq) _ 8" 'N 7 "Ph
CH,Cly,-20 °C, 15 h N

Esquema 94

Sin embargo, y a pesar de numerosos intentos por obtener el producto
deseado, s6lo se obtuvieron mezclas complejas. Tanto las condiciones establecidas
para el acetal dimetilico del 4-metoxibenzaldehido como las del acetal dimetilico del
benzaldehido e incluso las del acetal dimetilico del 4-clorobenzaldehido no fueron

efectivas con este tipo de acetales.

6. REACCIONES CON ACETALES PROPARGILICOS

Tras los decepcionantes resultados obtenidos con el acetal a,B-insaturado, se
pensd en los acetales propargilicos cobaltados que ya se habian utilizado con la
N-propanoiltioimida 2a (ver el Esquema 66). Una prueba preliminar con el acetal 29b
demostré que la reaccién se podia llevar a cabo con este tipo de electréfilos por lo que
procedimos a optimizar la reaccibn con el acetal dietilico del 3-fenilpropanal
convenientemente cobaltado (29b). Los resultados obtenidos se resumen en la Tabla
7.
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OEt
Co,(CO
Eto)\\\/\ 2(CO)s
AN
Ph
S o 29b j\ OFt
(Me3P)oNiCly
s” °N Na  resorr (2.2 eq), 2,6-lutidina (1.5 eq) COZ(CO)G
\—y CH5Cl,, -20°C, 15 h Ph
2h
r.d. >97.3
Entrada (Me3P),NiCl, (mol%) 29b (eq) 49 (%)?
1 5 1.1 49
2 10 1.1 48
3 5 2.2 65
4 10 2.2 73
# Rendimiento obtenidos tras purificacién por cromatografia en columna
Tabla 7

Como se observa en la Tabla 7, la reaccion es relativamente independiente a la
cantidad de catalizador utilizada (comparar las entradas 1y 2; y 3y 4 en la Tabla 7).
No fue hasta duplicar la cantidad de acetal que se aprecié un aumento considerable
del rendimiento de la reaccion tanto con un 5 mol% como un 10 mol% de catalizador
(comparar las entradas 1 y 3; vy 2 y 4 de la Tabla 7). Respecto al control
estereoquimico los resultados fueron excepcionales, ya que se control6 la generacion
de dos estereocentros de manera completa al obtener un Unico diastereémero. Este
excelente resultado nos animd a buscar nuevos acetales propargilicos que pudieran

seguir la misma tendencia.

6.1. Sintesis de acetales propargilicos cobaltados

Los acetales propargilicos utilizados hasta el momento eran productos
comerciales que se habian cobaltado posteriormente. Sin embargo, al necesitar
acetales propargilicos que contuvieran diferentes cadenas terminales, era imperativo
sintetizarlos en el laboratorio. Partiendo del 3,3'-dietoxi-1-propino y utilizando BuLi
para desprotonar el alquino terminal, se obtuvo un amplio abanico de acetales

propargilicos.
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La incorporaciéon de un grupo TMS se llevd a cabo de manera sencilla
utiizando TMSCI y n-BuLi, obteniendo el acetal dietilico 50 con un rendimiento
excelente (Esquema 95). En contra partida, el intento de introducir un grupo butilo con
1-bromobutilo y n-BuLi no fue posible y solamente se recuperaron los materiales de
partida inalterados. La solucidon a este problema se obtuvo al utilizar un yoduro de
butilo, un agente alquilante con un mejor grupo saliente, siempre y cuando se
aumentara el tiempo de reaccion de manera notable (Esquema 95). De esta manera,
se aislo el acetal 51 con un 87% de rendimiento. Esto mismo ocurrio con el 1-cloro-2-
metoxietano, para el cual fue necesario obtener el iododerivado 52 que dio lugar al

acetal 53 con un rendimiento, también, muy bueno (Esquema 95).

OEt
TMSCI, n-BuLi
THF, ta., 3h EOT
T™S
OEt OEt 50
BuBr, n-BuLi 98%
et Aot SN
BOT THF,-78°Cata,24h E0
Bu H OEt
Bul, n-BuLi - EiO
THF, t.a., 50 h A
Bu
51
87%
OEt
EtO
X , OEt
oM Nal oM H , n-BuLi
[
T | E07 N
acetona THF, -78°C at.a., 40 h AN
reflujo, 62 h OMe
52
70% 53
87%
Esquema 95

Con la intencién de introducir varios grupos funcionales en la posicién terminal
del alquino, se desarroll6 una aproximacion general al acetal 54 (Esquema 96) a partir
del 1,3-dibromopropano. El bromo de la posicion terminal del producto resultante
podria ser substituido facilmente para obtener los productos derivados. Empleando
condiciones similares a las ensayadas antes, el bromoderivado 54 se obtuvo como

habiamos previsto, con un rendimiento aceptable.
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OEt OEt

BrCH,CH,CH,Br, n-BuLi
BO™ " THF, -78°Ca45°C,45h EO B
H
54
50%
Esquema 96

Partiendo del acetal dietilico 54, introdujimos un grupo azida siguiendo la
metodologia aplicada anteriormente para sintetizar el acido 2-azidoacético. Sin
embargo, fue necesario el cambio de disolvente a DMF para poder solubilizar el acetal
y obtener el producto deseado 55 con un excelente rendimiento (Esquema 97). Por
otro lado, se introdujo un grupo acetato con Bu;NOAc en unas condiciones descritas

en la literatura (Esquema 97).*%°

OEt OEt OEt
f0T N NaNs; f0” N BusNOAGC £0”
3N3 DMF, t.a., 16 h 3Br tolueno, t.a., 4 h SOAC
55 54 56
96% 95%
Esquema 97

Nuestro interés por obtener diferentes grupos oxigenados desembocé en la
saponificacion del acetal 56 para su posterior proteccion en forma de silil éter y de

éster pivalico (Esquema 98).

OEt
TBDPSCI, imidazol‘
CH.Cly, t.a., 16 h =O \\ OTBDPS
ot NaOH Ot 52 3
B9 N ,0Ac MeOH ta,1h =0 X, on 7%
56 3 57 3 (o)

86%
cl OEt
, Et;N

CH.Ch ta.21h  FO X, . opiv

w

59
95%

Esquema 98
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Por ultimo, todos los acetales obtenidos, excepto 57, se cobaltaron mediante la

metodologia utilizada con anterioridad, obteniendo los acetales cobaltados deseados

con excelentes rendimientos (Esquema 99).

OEt OEt
Cox(CO)s )\ Cox(CO)s
EO” " Pentano, t.a., 4 h \/\
R
29
80-95%
OEt OEt OFEt
Coy(CO) )\ Co,(CO) )\ Co,(CO)
&\/\2 6 L
N
SN oMe
29¢ 29d 29e
86% 80% 87%
/COz(CO)G /C02 CO /CO2 CO
~N > R
\MBr \MN3 \/TOAC
20f 29g 29h
0% 91% 95%
OEt OEt
Co,(CO Co,(CO
Eto)\ § O':';DPS S \:;OF))G
v
20i 29i
94% 92%
Esquema 99

6.2. Reaccidn de acetales propargilicos con 2h

La aplicacion de las condiciones de reaccién optimizadas para 29b a los
nuevos acetales. proporcioné unos resultados excelentes, que se resumen en el

Esquema 100.
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OEt
COz(CO)G

Eto)\\\/\\\
R

s
N)K/NS (Me3P)2NiClz (10 mol%) )J\N)J\r\\ Co,(COYs

TESOTf (2.2 eq), 2,6-lutidina (1.5eq) S
CH,Cly, -20 °C, 15 h N3

O OEt

OFt OFt
)K(\ Co,(CO)s )L )K(\ Co,(CO)s )L )K(\ Co,(CO)s
QAT SR

49 60 61
73% 74% 62%
rd. > 97:3 rd. > 97:3 rd. > 97:3

OEt S O OFt

)L )K(\ ConCO)s PR )H/\\/COZ Cclj3
HhR T R T

63

74% 70%
rd.>97:3 rd.>97:3
O OFEt

OEt
)L )k‘/\ Cox(CO)s )L )H/\ Cox(CO)s
\_y \WOTBDPS \_} \M/OPN

64 65
76% 74%
rd. > 97:3 rd. > 97:3
S O OFEt

)‘\ ){K\ Co,(CO)s )‘\ ){K\ Co,(CO)s S)J\ )k‘/\ /Coz<00)6
OMe 7 OAc
\_3' \_3' 5 \_3’ \a/

66a 0% 0%
36%
r.d. 60:40

Esquema 100

Como se puede apreciar, los aductos 60-65 se obtuvieron como un anico
diasteredbmero y con buenos rendimientos. Gracias a la variedad de acetales
utilizados, estos resultados abren las puertas a numerosas estructuras de gran interés
sintético. En efecto, tras la descobaltaciébn correspondiente, los triples enlaces

obtenidos son precursores de alquenos y alcanos, dos estructuras muy presentes en
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productos naturales y que amplia el niumero de estructuras de elevado interés sintético

que se pueden obtener aplicando metodologia desarrollada en esta tesis.

Sin embargo, es preciso comentar que tres de los acetales ensayados no
rindieron estos excelentes resultados. El acetal 29a con un alquino terminal condujo al
aducto 66a con un rendimiento pobre vy, lo que es peor, como una mezcla 60:40 de
dos diasteredmeros. Si bien la unica diferencia es el uso de un triple enlace terminal y
no interno, no acertamos a explicar un descenso de la diastereoselectividad tan
importante. Por otro lado, los acetales 29e y 29h, pese a los esfuerzos empleados, no
dieron el aducto correspondiente. En contraposicion con el éter de sililo y el éster
pivalico con los que si se obtienen excelentes rendimientos y diastereoselectividad, la
presencia de un éter metilico o un acetato interfiere de alguna manera en la reaccion.
En el caso del acetal 29e, que contiene un éter metilico, podria coordinarse con el
catalizador, impidiendo asi la activacion del carbonilo y la consecuente generacion del
enolato. En contraposicion, la no coordinacion del éter de sililo del acetal 29i podria
ser debida precisamente a la presencia del grupo sililo.**® En el caso del acetal 29h,
que contiene un grupo acetato, su falta de reactividad seria la competencia en la
generacién de enolatos, ya que hay dos posiciones susceptibles de enolizacién, el
carbonilo de nuestro producto y el carbonilo que contiene el propio grupo acetato. Por
ello, el grupo pivaloilo si que reacciona ya que la generacion de este enolato no es

posible por la falta de protones en Ca.

7. TRANSFORMACIONES DE LOS ADUCTOS DE ALDEHIDOS AROMATICOS

La eliminacién del auxiliar quiral tras ejercer su funcién y la obtencién de
intermedios sintéticos enantioméricamente puros es uno de los puntos claves de las
estrategias de sintesis estereoselectiva basadas en la utilizacion de auxiliares quirales
internos. En este sentido, exploramos la transformacion del aducto 36 en el
correspondiente alcohol, éster metilico, 1,3-dicetona, y un amplio abanico de amidas

que se muestran en el siguiente Esquema.
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OH OMe
Ar
N3
O Oom o
e o, .
2 90%, r.d. > 97:3 O oMe
K\N Ar H :
N THF/H,0 (30:1) MeO Ar
O\) [ j NaBHs | (2750
o

N3
72 I
93%; r.d. 96:4 NAP (cat.) A Meoh 95%; r.d. 97:3

THF, ta., 2h )S]\ o) OMe ta.,20h

s” °N
OMe
ONa
DIPEA
)\ THF, ta. 4 h THE. 789C. 2 1
> O  OMe -
MeO_ - . : CH,Cl,, t.a., 3.5 h O O OMe
mﬂﬁ Ar PR NH, :
N3 Ar
N
71 - O OMe 3
96%; r.d. 96:4 : B 69
/\ o/ - -
Ph H Ar 93%; r.d. > 97:3
N3
70

93%; r.d. > 97:3
Esquema 101

Los resultados alcanzados demuestran que la obtencién de los compuestos
antes mencionados se ha conseguido de una manera plenamente satisfactoria.
Unicamente el intento de formacion del tioéster, en la cual se obtuvo una mezcla
compleja, no rindié el resultado esperado. El resto de casos presentan excelentes
rendimientos para la formacién de alcoholes (67), esteres (68), acetoacetatos (69) y
amidas (70, 71y 72). Ademas, los tratamientos efectuados casi no afectaron la pureza

de los productos ya que la relacion diastereomérica fue igual o superior a 96:4.

De todos los resultados obtenidos hay que destacar la sintesis de la amida 71.
Este producto presenta un gran interés sintético ya que se ha obtenido un dipéptido sin
el uso de un agente de acoplamiento. La presencia del auxiliar quiral en el material de
partida permite que el aducto se pueda considerar un éster activo, en que el auxiliar
actia de grupo saliente. Por tanto, un aminoacido debidamente protegido puede
atacar y generar el correspondiente enlace amida en condiciones de reaccién muy

suaves. En cierto modo, este proceso abre una puerta hacia la sintesis de péptidos a
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partir de los aductos de tipo alddlico que obtenemos de la metodologia de niquel(ll)

desarrollada en esta tesis.

8. TRANSFORMACIONES DE LOS ADUCTOS DE ALDEHIDOS PROPARGILICOS

Como se ha comentado anteriormente, los productos obtenidos con acetales
propargilicos podrian ser precursores de los que obtendrian a partir de acetales
alifaticos y a,B-insaturados tras su correspondiente descobaltacion e hidrogenacion.
Con este propésito, estudiamos las transformaciones necesarias para obtener estos
productos.

8.1. Transformaciones de 49

Tomando como modelo el aducto 49, realizamos, en un primer lugar, la
descobaltacion del triple enlace con (NH;).Ce(NOs)s (CAN). El resultado fue bueno y
aislamos el producto descobaltado 73 con un 76% de rendimiento. A continuacién, el
tratamiento de 73 con NaBH,, permitié eliminar el auxiliar quiral y produjo el azido

alcohol 74 con un rendimiento excelente (Esquema 102).

O  OFt O  OFt

s 0 s
)J\ . L02CO)k CAN (4 eq) )J\ -
s N N /\\ >~ S N %
\_§, N \ph acetona, t.a., 2 h \_§, Ns Ph
49 73

76%

OH OEt
: NaBH, (5 eq)
N3 Ph THF,ta.,2h

74
90%

Esquema 102

Tras la obtencion del azido alcohol 74 en un 62% de rendimiento tras dos
pasos, decidimos transformar el grupo azida en una amina protegida. Esta decision
gueria evitar interferencias en la reaccion de hidrogenacion que ibamos a llevar a cabo
a continuacion evitando de esta manera reacciones secundarias o hidrogenaciones

parciales. Asi, la reaccion de la azida con MesP y Boc,O en THF y medio basico
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(NaOH) a temperatura ambiente produjo el Boc-amino alcohol 75 con un 69% de

rendimiento (Esquema 103)."*’

OH OEt OH OEt
B MesP (1.4 eq), Boc,O (1.1. eq), NaOH (1.1 eq) H
N THF, ta. 5h A
N3 Ph NHBoc Ph
74 75

69%

Esquema 103

Finalmente, se ensayo la hidrogenacion del triple enlace. Tanto el alcano como
del alqgueno de geometria Z se obtuvieron con excelentes rendimientos y de una
manera muy sencilla (Esquema 104). Sin embargo, la generacién del alqueno de
geometria E fue mas problematica. Los intentos por llevar a cabo esta transformacion

con Na/NH; o mediante catélisis de rutenio®*®*°

140

no fueron fructiferos y no fue hasta
que se utilizé LiAlH4, ™ que se pudo aislar el producto deseado con un rendimiento

discreto (Esquema 104).

OH OEt
Hy, Pd/C (10 mol%) :
- Ph
MeOH, ta.,1.5h
NHBoc
OH OFt OH (:)Et 76
= - 95%
Ph LiAIH, (3 eq) %
NHBoc THF, ta., 15 h NHBoc Ph
78 75
30% [64% brsm] OH OEt Ph
E/Z90:10 Hy, Lindlar (5 mol%), quinolina >
ACOEt, ta,, 15 h NHBoc
77

90%
Esquema 104

8.2. Transformaciones de 60

Con la intencion de aprovechar el doble enlace en una reaccion de metatesis,
se decidié seguir la misma ruta sintética planteada en el punto anterior pero utilizando
el aducto 60 ya que era el idéneo para obtener un alquino terminal tras la

desproteccion del grupo TMS (Esquema 105).'*
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S O OFEt S O OFEt
S)J\N)k('\\ Cox(CO)s . S)J\N :
\/\\\ (4 eq) AN
N3 ™S acetona, t.a., 2 h N TMS
60 79
98%
OH OEt OH OEt
% 1.5 eq K,CO3 % - NaBH, (5 eq) ‘
N3 H MeOH, ta., 3 h N3 T™S THF, t.a., 2 h
81 80
95% 95%
OH OEt OH OFEt
MesP (1.4. eq), BocyO (1.1 eq), : Hy Lindlar (5 mol%) : _
NaOH (1.1 eq) % quinolina
THF, t.a.,5h Ns H AcOEt, t.a., 15 h NHBoc
82 83
68% 91%

Esquema 105

La obtencion de 83 en un 56% de rendimiento tras cinco etapas permitio llevar
a cabo la optimizacion de la reaccion de metatesis. Se escogié el 1-hexeno como
alqgueno modelo ya que el exceso de hexeno se podria eliminar facilmente con una

evaporacion al final del work-up. Los resultados obtenidos se resumen en la Tabla 8.

OH OEt . OH OEt
B 1-Hexeno (10 eq), catalizador B
- /
toluene, t, 50 °C
NHBoc NHBoc
83 84
Entrada Catalizador (mol%) Tiempo (h) 84 (%) (brsm)? 83 (%)*
1 Hoveyda-Grubbs 22 Gen. (10) 24 46 (56) 13
2 Grubbs 22 Gen. (10) 24 54 (65) 17
3 Hoveyda-Grubbs 22 Gen. (10) 48 50 (65) 26
4 Hoveyda-Grubbs 22 Gen. (5+5) 4 61 (77) 22
5 Grubbs 22 Gen. (5+5) 8 50 (69) 28
6 Grubbs 22 Gen. (5+5) 24 57 (74) 21
4 Rendimiento obtenidos tras purificacion por cromatografia en columna

Tabla 8
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Los primeros ensayos en los que se introducia toda la carga de catalizador
desde el inicio demostraron que el catalizador de Grubbs de segunda generacion.
generaba un mayor rendimiento (comparar las entradas 1 y 2 de la Tabla 8). Sin
embargo, el catalizador de Hoveyda-Grubbs proporcioné resultados muy similares
cuando se alargd el tiempo de reaccion (entrada 3 de la Tabla 8). La experiencia
previa que teniamos con este tipo de reacciones durante la sintesis del

herboxidieno,'’*® de la amfidinolina X***'* y de la fluvinicina B,*****

y la informacién
obtenida tras consultar la literatura,**® inducia a pensar que la mejor manera de llevar
a cabo la reaccion era ir introduciendo pequefias cargas de catalizador a lo largo del
tiempo de reaccion (comparar las entradas 4, 5y 6 de la Tabla 8). Con este cambio
experimental se obtuvieron mejores rendimientos, determinando que las mejores
condiciones de reacciéon corresponden a la utilizacién de dos cargas de 5 mol% del

catalizador de Hoveyda-Grubbs cada 2 h y un tiempo total de 4 h.

En resumen, pues, la adecuada manipulacién de los aductos obtenidos a partir
de acetales propargilicos protegidos con cobalto permite tener acceso a intermedios

gque formalmente proceden de acetales alquilicos o a,B-insaturados.

9. REACCION DE PAUSON-KHAND

Las estructuras obtenidas gracias a la reaccion con los acetales propargilicos
cobaltados ofrecian la posibilidad de llevar a cabo una reacciéon de Pauson-Khand.
Esta reaccion de cicloadiciéon [2+2+1] implica la reaccion de un algueno, un alquino y
CO en presencia de Co,(CO)s para generar una a,B-ciclopentenona.**"**® En nuestro
caso, pensamos que podriamos intentar llevar a cabo una reaccién de Pauson-Khand
con un aducto derivado de la reaccion del enolato de niquel(ll) de 2h con un acetal
dialilico de un aldehido propargilico cobaltado, tal y como se resume en el siguiente
Esquema. Obviamente, un punto importante seria el control estereoquimico del nuevo

centro que se creaba en la reaccion.
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\/\O
s o \/\o)\\\gz(co)e j\ o Q/\/
A “_ Coy(CO
s N)K/Ne, R s N)W\\%( )6
N; R

Esquema 106

Asi, decidimos sintetizar como modelo el acetal dialilico propargilico cobaltado
29k (Esquema 107) para poder utilizarlo posteriormente en la reaccion de niquel(ll)

desarrollada en este Capitulo.

0 "o
H)\ Aliltrimetilsilano, TMSOTf \/\o)\
CsH44 CH,Cl,, —20°C, 72 h CsH1 4
85
70%
\/\O
Co,(CO
\/\O)\\\\\z( )e B Cox(CO)s ‘
N
CsH 14 Pentano, t.a., 4 h
29k

92%

Esquema 107

Aplicando las mismas condiciones que con el resto de acetales propargilicos,
se obtuvo, tal y como esperdbamos, el aducto 86 como Unico diastereGmero
(Esquema 108). Esta reaccién, ademas, demuestra como al igual que con los acetales
dimetilicos derivados de aldehidos aromaticos, se pueden utilizar acetales dialilicos en
vez de acetales dietilicos sin alterar el curso de la reaccion en términos de rendimiento

ni de control estereoquimico.
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X0
S [ S04
AN

CsH11
s o 29Kk (2.2 eq) S 0 Q/\/
Na (Me3P),NiCl (10 mol%) )J\ " Coy(CO
s” N TESOTY (2.2 eq), 2,6-lutidina (1.5eq) 7 N SA
CH,Cl,, -20 °C, 15 h Nj \\csHﬂ
2h 86
64%
r.d. >97:3

Esquema 108

Para llevar a cabo la reaccion Pauson-Khand, decidimos utilizar el N-6xido de
la N-metiimorfolina (NMO) para promover la cicloadicibn en condiciones
experimentales suaves que no pusieran en peligro la integridad estructural del
aducto.*** Con estas premisas, optimizamos la reaccién evaluando el nimero de
equivalente de NMO, el tiempo y la temperatura de reaccion. Los resultados obtenidos

se resumen en la siguiente Tabla.

S)J\N "~ C02(CO)s NMO S)J\N
\/\\\ R
N3 CsH14 CH.Clp, t, T N .y (¢}
5M11
86 87
r.d. 95:5

Entrada NMO (eq) Tiempo (h) Temperatura ("C) 87 (%)* 86 (%)%

1 2 4 -20 27 32
2 3 16 -20 42 18
3 6 1 -20 52 12
4 6 25 -20 51 9
5 9 1 -20 57 0
6 9 1 —40 33 3

#Rendimiento obtenidos tras purificacion por cromatografia en columna

Tabla 9
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La reaccion funcion6 satisfactoriamente, observandose como un aumento en
los equivalentes de NMO repercutia positivamente en el rendimiento de la reaccion.
Ademas, se demostré que la reaccidon era muy rapida puesto que el rendimiento no
variaba con un aumento del tiempo de reaccion (comparar las entradas 3 y 4 de la
Tabla 9). Incluso a una temperatura inferior se consumia practicamente todo el
material de partida a pesar de que sélo se aisl6 el producto con un moderado 33% de
rendimiento del aducto 87 (entrada 6 de Tabla 9). Por ultimo, comprobamos que se
obtenia una excelente diastereoselectividad (r.d. 95:5). La asignacion de este nuevo
estereocentro se llevé a cabo mediante estudios de NOESY de RMN de H.

10. ELUCIDACION DE LA CONFIGURACION ABSOLUTA

La realizacion de un andlisis de rayos X de la amida 70, permitié establecer sin
ningun género de dudas la configuracion absoluta de los nuevos centros quirales. Tal y
como habiamos sospechado, la configuracion relativa es anti y la configuraciéon

absoluta de los nuevos estereocentros es 2R,3R.

=
z
w
/
o
2
zT
@

OMe

70 H O H

Figura 12
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11. HIPOTESIS MECANISTICA

El mecanismo de reaccién propuesto para la reaccion catalitica del enolato de
niquel(ll) de la N-azidoacetiltiazolidintiona quiral con los diferentes electréfilos es muy
similar al propuesto en el Capitulo 2. En un primer lugar, un enolato de tipo Z se
genera por coordinacion del catalizador de Ni(ll) y la posterior desprotonaciéon de la
base. El ataque del enolato al catibn oxocarbenio se lleva a cabo intentando minimizar
el impedimento estérico, que genera la interaccion del auxiliar quiral con el cation
oxocarbenio, favoreciendo dos estados de transicion de los seis posibles. De entre
estos dos, el que lleva a la generacion del diastereébmero anti se ve mas favorecido
gue el que conduce al diasteredbmero sin gracias a que cuenta con menores

interacciones dipolares (Esquema 109).

B %
RsP. PR3
Ni
s” o R S o OR?
N3® a_~__,
s °N s °N b R
H 0
RsP. PRs H f2 N3
S,Ni\o
)]\ )\/ RZ2 ® - - a,B-anti
N (@]
s” N J\ Aq
H™ "R’ 3 a
. RsP PR3 ¥
_Ni__R?
. s” o b® S o OR?
\‘¥ _____________ S/U\N N3 ____________ > /U\aH\R‘]
H R‘l S N b
- - o,pB-sin
S,
Esquema 109
Sin embargo, la variabilidad vista tanto en rendimientos como en

diastereoselectividades dependiendo del electréfilo utilizado, hace pensar que no
Gnicamente intervienen en el mecanismo estos estados de transicion, si no que otros

factores puedan jugar un papel fundamental en el curso de la reaccion.

Al igual que se comenté en el Capitulo 2, la facilidad con la que se puede
formar el cation oxocarbenio parece ser una de las claves en cuanto a rendimiento del
proceso. Un buen ejemplo es la gradacion observada entre los acetales dimetilicos del

4-metoxibenzaldehido, del benzaldehido y del 4-clorobenzaldehido. Como se puede
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observar en la Figura 13, a medida que se necesita una cantidad mayor de TESOTf y
una carga catalitica mas elevada, el rendimiento obtenido disminuye, lo cual sugiere

activacion del acetal es un paso clave en el mecanismo de la reaccion.

Me\@ Me\@ Me\@
I I I
H H H
OMe Cl
5 mol% cat., 1.5 eq TESOTf 10 mol% cat., 2.2 eq TESOTf 20 mol% cat., 2.2 eq TESOTf
86% anti 54% anti 15% anti
Figura 13

Sin embargo, si comparamos los datos obtenidos para las
N-azidoacetiltiazolidintionas y las N-propanoiltiazolidintionas, podemos observar que
en todos los casos en los que se compara el mismo acetal, se consigue una mayor
relacién diastereomérica con las primeras. Y a su vez, también podemos observar que
las primeras tienden a reaccionar mas lentas que las segundas debido a la necesidad
de utilizar una mayor cantidad de reactivos. Si hipotetizamos que esto es debido a una
reaccion mas lenta de nuestro enolato, esto permitiria diferenciar mucho mejor los dos

estados de transicion y por tanto, obtener ese incremento en la diastereoselectividad.

Posiblemente, la diferencia de rapidez entre las dos reacciones se deba a una
menor nucleofilia experimentada por nuestro enolato permitiendo que otros procesos
de la reaccién tengan el tiempo suficiente para llevarse a cabo de manera correcta. Un
caso de estos, seria la activacién del acetal, que gracias a esta menor reactividad,
podria generarse el correspondiente i6n oxonio de manera eficiente y asi evitar

algunas reacciones secundarias.
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Et;Si @ _Me ®
OMe o OMe
R OMe R OMe R H
| Il
ng estereoselectiva estereoselectiva
2 S\
Nu N N Nu
VAN
i O OMe S (0] OMe
s N/lk(\R s~ ON R
+
\_§, N, \_$, N,
no estereoselectiva| Ny
- Sn2 -
R3sP. PR3 2,6-lutidina o 2,6-lutidina
Ni
i o) OMe OTf
Nu = >~ _N @
S N ’ R N7

Esquema 110

12. RESUMEN Y CONCLUSIONES

En este capitulo se ha desarrollado una nueva metodologia estereoselectiva
que implica la generacibn de catalitica de enolatos de Ni(ll) de
N-azidoacetiltiazolidintionas quirales y su posterior ataque a cationes oxocarbenio
derivados de acetales, que producen estructuras a-amino-B-metoxicarboxilicas de

estereoquimica anti con buenos rendimientos y excelentes diastereoselectividades.

Dependiendo de la facilidad de activacion del electréfilo se han utilizado unas
condiciones u otras. Asi, acetales como el acetal dimetilico del 4-metoxibenzaldehido,
requieren de unas condiciones de reaccion similares a las del Capitulo 2 (5 mol% cat.
y 1.5 eq TESOTf). Otros acetales como el acetal dimetilico del benzaldehido,
necesitan aumentar la carga catalitica (10 mol%) y los equivalentes de TESOTf (2.2
eq). Finalmente, los acetales propargilicos cobaltados exigen los cambios antes
mencionados y, ademas, un incremento de la cantidad de acetal (2.2 eq) tal y como se

resume en el Esquema 111.
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S 0
)J\ )‘K/N 5 (Me3P)2N|CI2 (Cat.)
s7 N 3 OR i

TESOTHf, 2,6-lutidina (1.5 eq)

OR?
+ ‘ )Y
RZO)\R1 CHyCl,, -20 °C \_57

2h
j\ O OMe j\ O OMe OEt
" " Co,(CO
N s N \ 2(CO)s
N N
\_y 3 \_5, 8 OMe \_5,
40a 36 49
1.1 eq. acetal 1.1 eq. acetal 2.2 eq. acetal
10 mol% cat. 5 mol% cat. 10 mol% cat.
2.2 eq TESOTf 1.5 eq TESOTf 2.2 eq TESOTf
54% anti 86% anti 73% anti
d.r. 77:23 r.d. 96:4 r.d. >97:3

Esque
ma 111

Por ultimo, comentar que la eliminacion del auxiliar quiral permite obtener una
gran variedad de compuesto enantioméricamente puros con excelentes rendimientos.
Asimismo, se ha aprovechado la estructura de un aducto que proviene del dialil acetal
de un aldehido propargilico cobaltado para completar una cicloadicion de Pauson-

Khand altamente estereoselectiva.
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SINTESIS DE DERIVADOS DE LA ANTI 3-HIDROXITIROSINA
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Sintesis de derivados de la anti B-hidroxitirosina

1. INTRODUCCION

1.1. B-Hidroxitirosina

La B-hidroxitirosina es un aminoacido no proteinogénico que poseen un gran

namero de péptidos ciclicos y depsipéptidos con actividad biolégica destacada, como

pueden ser la vancomicina, las estellatolidas o las callipeltinas (Figura 14),1*9°1%2

" NMe MeOy NMe
H H CONH,
0

OH

. (@) ;\
‘ NH o%\“‘\ 07 NH
. MeN._O OW\
O M Estellatolidas 0
MeO ,

OH
O

Iz

NHMe

Vancomicina

Figura 14

En consecuencia, la sintesis de este aminodacido, ya sea con el hidroxilo libre o
metilado, ha suscitado un considerable interés durante los Ultimos afos. En la
introduccion del Capitulo anterior se expuso una variedad de métodos que permiten
obtener estructuras a-amino-B-hidroxiacidas, pero también se han desarrollado
algunos mas especificos para la sintesis de este aminoacido en concreto que conviene
comentar.

Uno de estos ejemplos es el descrito por Joullié,**

que partiendo de un
aldehido quiral derivado de la L-serina o la D-serina descrito previamente por Lajoie,™*
lo hace reaccionar con un organomagnesiano para obtener el correspondiente a-

amino-B-hidroxiacido (Esquema 112). Aunque esta metodologia permite obtener con
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buen control estereoquimico los cuatro diasteredmeros dependiendo de la
configuracion de la serina, los rendimientos son moderados y las mezclas

diastereoméricas obtenidas no son separables.

Ot-Bu

Ot-Bu
bs oo
. O BrMg . . 0O
CbzHN ’K > CbzHN ’K
50 CH,Cl/Et,0 (1:1) o

65%
r.d. 90:10

Esquema 112

Por otro lado, D'Auria propuso una aproximacion diferente que parte de un
derivado de la propia L-tirosina (Esquema 113). Su tratamiento con NBS conduce al
correspondiente 3-bromoderivado cuya posterior tratamiento con el metanol,
empleando AgOTf como catalizador conduce al correspondiente aminoacido con un

buen rendimiento pero una diastereoselectividad moderada (Esquema 113).**°

o) OMe O
1) NBS, hv, CCly/ CH,Cl, -
OMe OMe
NPhth 2) AgOTf, MeOH NPhth
AcO AcO
84%
r.d. 60:40

Esquema 113

Por ultimo, Konno utiliza la dihidroxilacion y la aminohidroxilacion de Sharpless
para acceder a la PB-metoxitirosina (Esquema 114).® Para la formacién del
diasterebmero sin, emplea directamente la aminohidroxilacion seguida de una
metilacién del alcohol, mientras que para acceder al diasteredmero anti necesita de
una secuencia sintética mucho mas larga a partir del producto de dihidroxilacion. que
se resumen en el Esquema 114. En esta aproximacion, el control estereoquimico es

excelente pero el rendimiento moderado.
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1) i. AD-B, MeSO,NH,, tBUOH/H,0 (1:1)

o ii. cloruro de 4-nitrobenzensulfonilo, OMe O
S Et3N, CH2C|2 B
OEt iii. NaN3, DMF . OEt
2) PhsP, MeCN, reflujo NHBoc
MEMO 3) i. BF3-OEt, MeOH, CH,Cl, MEMO

ii. (Boc),0, EtsN, DMAP, THF 44%

ee 99%

Esquema 114

1.2. Acoplamiento de aminoacidos

Si bien la generacion estereoselectiva de la -hidroxi tirosina es un elemento
capital en la sintesis de los muchos péptidos y depsipéptidos como los indicados en la
Figura 13, su acoplamiento con los otros aminoéacidos de la cadena peptidica también
es de vital importancia. Para llevarlo a cabo, se utilizan agentes de acoplamiento, que
hacen posible la formacién del enlace amida por la reaccion entre la amina y el acido

carboxilico en condiciones experimentales muy suaves.

A lo largo de las dltimas décadas, se han ido desarrollando numerosos agentes
de acoplamiento que han ido mejorando progresivamente esta etapa de
acoplamiento.”®"**® Las carbodiimidas, como pueden ser la N-(3-dimetilaminopropil)-
N'-etilcarbodiimida) (EDC) o N,N'-diciclohexilcarbodiimida (DCC), se han convertido en
un elemento clave puesto que convierten el grupo OH del acido carboxilico en un buen
grupo saliente, facilitando asi el ataque nucledfilo de la amina.’*’**° A pesar de su
eficacia, algunos acoplamientos pueden presentar rendimientos bajos y epimerizacion
del Ca, por lo que es necesario la adiciéon de aditivos del tipo benzotriazol como el
hidroxi benzotriazol (HOBt) y 1-hidroxi-7-azabenzotriazol (HOAt) para minimizar la

epimerizacion y obtener un mejor rendimiento (Esquema 115).%"*%
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Esquema 115

Las sales de uronio como el 1-[bis(dimetilamino)metileno]-1H-1,2,3-triazol[4,5-
b]piridinio-3-6xido hexafluorofosfato (HATU), también han sido muy empleadas en el
acoplamiento de aminoacidos porque incrementan las velocidades de reaccion
respecto a las carbodiimidas, proporcionan mejores rendimientos y disminuyen la

! Estas sales son atacadas por el &acido carboxilico

epimerizacion de Ca.'®
desprotonado en el centro electréfilo activando el acido carboxilico a la vez que se
desprende una molécula de HOAt. Seguidamente, esta molécula vuelve a atacar al
acido activado para generar una estructura ain mas labil que, finalmente, reacciona

con la amina, generando el enlace amida correspondiente (Esquema 116).
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Esquema 116

A pesar del indudable éxito de estos reactivos, en ciertas ocasiones siguen sin

ser capaces de proporcionar los resultados deseados debido a problemas de

rendimiento o epimerizacion.’® Un ejemplo concreto se encuentra en la sintesis de la

papuamida llevada a cabo por Ma,'®

en la que el uso de las metodologias de

EDC/HOAt y HATU/HOALt no permiten obtener el producto con buenos rendimientos.

Es preciso recurrir a un nuevo agente de acoplamiento, el DEPBT,'®? para reducir la

epimerizacion del Ca de la p-metoxi tirosina y mejorar el rendimiento de la reaccién

(Esquema 117).
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OH OMe NHBoc O
: /\/O : \“O o N
° N
O« _NH o) o)
o) OTBS
FmocHN\)J\N\\‘ DEPBT, iProNEt
S H
= OTBS \
NHBoc O
o)
N. AN N” OMe
SN0
_ | 1] (o)
DEPBT = N. o R~0Et
OEt
0 OTBS
FmocNH

OTBS
82%
Esquema 117

El mecanismo de este acoplamiento, desarrollado en el Esquema 118,
comienza con la generacion del carboxilato del aminoacido mediante el uso de una
base, el cual ataca al fésforo central del DEPBT. El intermedio resultante se reordena
con la pérdida de un fosfito dietilico para formar el éster correspondiente. Este éster

fuertemente activado es atacado por la amina para generar la amida deseada.

o}

EtO. _

o}
JJ\ + B — EtO o N EtO. _N
R “OH R' o N EtO’ w\ )
R1

o)

O

EtO—P—0

Esquema 118
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Tomando como punto de partida estas dos premisas, resultaba obvio que
cualquier metodologia que permita la sintesis estereoselectiva de la B-hidroxitirosina y
su posterior acoplamiento con otros aminoécidos de una manera sencilla y evitando la
epimerizacion del Ca seria muy eficaz. Por ello, consideramos interesante explorar la
aplicacion de la metodologia de niquel(ll) desarrollada en el Capitulo 3 para obtener
tanto la anti B-metoxitirosina empleando acetales dimetilicos y la anti B-hidroxitirosina
empleando acetales dialilicos o dibencilicos y proceder a la posterior eliminacién del
auxiliar quiral con un aminoacido adecuadamente protegido (Esquema 119). El auxiliar
quiral que actia como elemento para controlar el transcurso estereoquimico de la
reaccion, también podria hacer la funcion de éster activo y, por ello, la simple adicion
del a-aminoéster podria rendir el dipéptido deseado sin el uso de agentes de
acoplamiento. Por dltimo, tras la reduccién del grupo azido a amina, se podria llevar a
cabo un segundo acoplamiento que generaria un tripéptido con el aminoacido anti 3-

hidroxitirosina en la posicién central. (Esquema 119).

Acetal
Catalizador de niquel

S (@)
N

a—Aminoéster

3 1
Reduccion y F§ O QR
acoplamiento R4O\[('\N -
-
I

0O R?

Esquema 119

A la vista de todo ello, los objetivos que nos propusimos para este capitulo

fueron los siguientes:

e Sintesis de derivados del aminoacido B-alcoxitirosina
e Optimizacion del proceso de acoplamiento con otros aminoacidos

e Sintesis de un tripéptido analogo de la vancomicina
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2. SINTESIS DE DERIVADOS DE B-ALCOXITIROSINA

Con vistas a emplear estructuras de tipo B-alcoxi tirosina en la sintesis de
péptidos y depsipéptidos, se aplicé la metodologia de niquel(ll) desarrollada en el
Capitulo 3 a diversos acetales dialquilicos derivados del 4-alcoxibenzaldehido (ver
Tabla 10). Estos acetales estan activados por el grupo alcoxi en posicién para por lo
que era de prever que se obtuvieran excelentes rendimientos |y
diastereoselectividades. Por otro lado, la presencia de grupos alilo y bencilo en el
grupo alcoxi del aducto resultante permitiria también acceder al grupo hidroxilo, es
decir a la B-hidroxitirosina. Ademas, también decidimos emplear grupos protectores
ortogonales en el acetal 20j con la finalidad de poder desprotegerlos, si era necesario,
en diferentes etapas sintéticas. Los resultados obtenido se resumen en la siguiente
Tabla.

OR?
R?0
S o S 0 OR?
N OR' -
s” N 3 20 (1.1 eq) s N

(Me3P)2NiCI2 (5 mol%) N3 1

TESOTTf (1.5 eq), 2,6-lutidina (1.5 eq) OR

CH,Cly, t, 20 °C
2h r.d. 96:4
Entrada Acetal R! R? Escala (mmol) Tiempo (h) Aducto  Rendimiento (%)%
1 Me Me 0.5 15 36 86
2 Me Me 0.5 3 36 84
3 20i Bn Me 0.5 15 88 83
4 20i Bn Me 0.5 3 88 82
5 20i Bn Me 3 3 88 81
6 20i Bn Me 6 3 88 82
7 20j Bn Alilo 0.5 15 89 74
8 20j Bn Alilo 0.5 3 89 77
9 20j Bn Alilo 1 3 89 76
# Rendimiento obtenidos tras purificacion por cromatografia en columna
Tabla 10
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Un estudio detallado de las condiciones de reaccion con el acetal dimetilico del
4-metoxibenzaldehido (R* = R* = Me) permitié establecer que el tiempo de reaccion
podia disminuir de 15 h a Unicamente 3 h usando las mismas condiciones de reaccion
(ver las entradas 1 y 2 de la Tabla 10) con unas diastereoselectividad excelente (r.d.
96:4). Por otro lado, confirmamos que los nuevos acetales 20i y 20j son excelentes
substratos para este tipo de proceso y permitieron aislar los correspondientes aductos,
88 y 89, con excelentes rendimientos y diastereoselectividades (r.d. 96:4). Por ultimo,
cabe mencionar que la reaccién con el acetal 20i se llevd a cabo a diferentes escalas,
dando en todos los casos rendimientos similares y proporcionando a una escala de 6

mmol, practicamente 2 g del aducto 88 (entrada 6 de la Tabla 10).

3. SINTESIS DE DIPEPTIDOS

3.1. Uso de aminoacidos con aminas primarias

Como ya habiamos comprobado en el capitulo anterior, podiamos desplazar el
auxiliar quiral y generar un dipéptido gracias a la capacidad que tiene el auxiliar quiral
de actuar como un éster activo. Este resultado abria la puerta a la sintesis de
dipéptidos a partir de los aductos de tipo alddlico obtenidos con nuestra metodologia
de niquel(ll). Por ello, decidimos ensayar esta reaccidbn con un conjunto de
aminoésteres de metilo con aminas primarias 90 y asi comprobar el alcance de la

reaccion. Los resultados obtenidos se resumen a continuacion.
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R‘l
S R2” > NH,-HCl
)]\ 90a-e (1.1 eq) R'" O OMe
i-ProNEt (2 eq) B -
S _ RZ/\N
THF, ta., 4 h H
OMe N3 OMe
36
o) O OMe - O OMe
- " : -
wofry e
H H
Na OMe © Na OMe
91a 91b
96% 96%
Ph
)\: O OMe N O OMe " 0 oMe
MeO\nﬂ' ~ MeO - ~ MeO ~ ~
o "N o " N o) HJ\I(\@
OMe OMe OMe
71 91c 91d
96% 87% 86%

Esquema 120

Como se observa en el Esquema anterior, el uso de las condiciones de
reaccion con el aminoéster 90a para sintetizar 71 (Esquema 101), es decir el
tratamiento del aducto 36 con 1.1 eq de hidrocloruro del aminoéster 90a y 2 eq de
i-Pr,NEt durante 4 h a temperatura ambiente, permitieron obtener todos los dipéptidos
con excelentes rendimientos y sin detectar epimerizacion visible (r.d. 96:4).
Unicamente se aprecia una ligera disminucion del rendimiento cuando se emplean
aminoésteres de metilo con un cierto impedimento estérico en la cadena lateral como
el hidrocloruro del fenilalaninato de metilo, 90d, y el hidrocloruro del valinato de metilo,

90e, que conducen a los dipéptidos 91c y 91d respectivamente.

3.2. Uso de aminoacidos con aminas secundarias

A la vista de los excelentes resultados obtenidos con aminoésteres con aminas
primarias, decidimos expandir el alcance del método utilizando aminoésteres con
aminas secundarias. Sin embargo, siendo conscientes de su menor nucleofilia
decimos ensayar en primer lugar la reaccién con la N-azidoacetiltiazolidintiona 2h que
presenta menos impedimentos estéricos y dos aminoésteres derivados de la L-prolina
90f y del acido pipecolico 90g (Esquema 121). De esta manera, podriamos comprobar
si su menor capacidad nucledfila no impedia el desplazamiento del auxiliar quiral. Los

resultados se muestran en el siguiente Esquema
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) j\/ MeO,C COMe o
Na i -ProNEt (2 )J\/
8 N + NH-Hol _ TTeNEt(2eq) N N3
\_§’ THF, t.a., 4 h
2h 90f 92a
72%
S 0
)K/N MeO,C MeO,C O
s N 3 i-ProNEt (2 eq) N
+ NH-HCI > N 3
THF, t.a., 4 h
2h 90g 92b

40%

Esquema 121

El uso del hidrocloruro del prolinato de metilo (90f) fue plenamente satisfactorio
y dio una conversion completa aplicando las mismas condiciones que los amino&cidos
estudiados previamente, aislandose la amida 92a con un 72% de rendimiento. Es
necesario advertir que la amida se obtuvo como una mezcla 4:1 de rotdmeros. En
cambio, el hidrocloruro del éster metilico del acido pipecdlico (90g) resulté mucho
menos nucledfilo; en este caso, la conversién no fue completa y Unicamente se pudo
aislar un 40% de la amida 92b, que también presentaba una relacion rotamérica de
4:1, recuperandose un 42% de la N-azidoacetiltioimida, 2h.

Una vez habiamos comprobado la viabilidad del acoplamiento con el éster
metilico de la L-prolina, evaluamos la reaccién del aducto 36 con el hidrocloruro del
aminoéster 90f en las mismas condiciones de reaccion ensayadas hasta el momento.
El desplazamiento del auxiliar quiral resulté ser ahora mucho mas problematico, y el
dipéptido deseado se obtuvo con un rendimiento muy moderado (entrada 1 de la Tabla
11). Un aumento en el tiempo de reaccién dio mejores rendimientos, pero tiempos de
reaccién excesivamente largos no produjeron mejoras significativas (entradas 2 y 3 de
la Tabla 11). El uso de diferentes bases tampoco mejoré el rendimiento de la reacciéon
(entradas 4 y 5 de la Tabla 11). Por lo que respecta al disolvente, el uso de CH,Cl,
permitio obtener rendimientos similares a los obtenidos con THF, mientras que el

acetonitrilo reportaba peores resultados (entrada 6 y 7 de la Tabla 11).
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MeO,C MeO,C O  OMe
Base (2 eq) H
+ NH-HCI - > N
Disolvente, t.a., t
N3
OMe
90f 91e
Entrada Disolvente Base Tiempo (h) 9le (%)*
1 THF i-Pr,NEt 4 33
2 THF i-Pr,NEt 16 68
3 THF i-Pr,NEt 64 65
4 THF Et;N 16 40
5 THF 2,6-lutidina 16 32
6 CH3CN i-Pr,NEt 16 30
7 CH,CI, i-Pr,NEt 15 60
#Rendimiento obtenidos tras purificacién cromatografica en columna
Tabla 11

Por dltimo, la utilizaciéon del aminoéster 93a y CH,Cl, como disolvente dio los
mejores rendimientos con un tiempo de reaccion de 4 h, bien se utilizara 2.1 eq del
aminoéster de metilo 93a como 1.1 eq de 93a y un 5 mol% de DMAP como catalizador
(ver Tabla 12).

. MeO,C O  OMe
Aditivo (cat.) -

NH
CHyCly ta., 4 h
OMe
93a 91e

Entrada Eg. 93a Aditivo 91e (%)?

1 2.1 - 72

2 1.1 DMAP (5 mol%) 69

#Rendimiento obtenidos tras purificacion cromatografica en columna

Tabla 12
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Lamentablemente, los intentos por obtener un dipéptido similar tanto con el
hidrocloruro del aminoéster derivado del acido pipecdlico 90g como el aminoéster 93b
fueron en vano ya que no se pudo obtener en ninguna de las reacciones llevadas a
cabo (Esquema 122).

CO,Me
Base 6
S NX Aditivo (cat.)
_____________ -
CH,Cly, ta., 4 h
OMe
36 X = H-HCI 90g
X =H93b

Esquema 122

Viendo la dificultad de acoplar aminoacidos con aminas secundarias utilizando
el auxiliar quiral como éster activo, decidimos intentar este paso con agentes de
acoplamiento. Para ello, en un primer lugar debiamos eliminar el auxiliar quiral para
obtener el correspondiente acido carboxilico y luego ensayar la reaccion con el
amino&cido deseado en presencia de un agente de acoplamiento.

La eliminacién del auxiliar quiral del aducto 88 permiti6 obtener el acido
carboxilico 94 con un excelente 90% de rendimiento tal y como era de esperar.
Ademas, la reaccién se podia llevar a cabo a escala multigramo obteniendo casi 1.5 g
de a-azido-B-metoxiacido 94 (escala 5.0 mmol) de una manera muy sencilla (Esquema
123).

S O OMe

A

s N LiIOH-H,O (6 eq)

N ACN/H50 (1:1
3 oBn 20 (1:1) N;

0 OMe

OBn

88 94
90%

Esquema 123

Para el acoplamiento, se eligié un aminoacido N-metilado N-Me-Ala-OMe (93c)
debido a su mayor sencillez que nos deberia permitir analizar facilmente la evolucion
de la reaccion. Se aplicaron dos estrategias de acoplamiento diferentes, EDC/HOBt y
HATU/HOAL, para ver como afectaban la posible epimerizacion del dipéptido. Los

resultados obtenidos se resumen en la siguiente Tabla.
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MeO,C~ ~NHMe
O OMe (1.5 eq), = O OMe
B agentes de acoplamiento MeO B B
HO _ - \[(\N
Ns base (2 eq), disolvente, t, t.a. o | Ns
OBn OBn
94 95
Entrada Agentes de Base Disolvente  Tiempo (h) rd? 95 (%)°
Acoplamiento
1 EDC-HCI/HOBt - CH,ClI, 20 45:55 65
2 EDC-HCI/HOBt i-Pr,NEt CH,ClI, 20 40:60 61
3 HATU/HOAt i-Pr,NEt° DMF 1 75:25 79
4 HATU/HOALt i-Pr,NEt DMF 1 75:25 85

3Establecido por analisis de RMN de ™H del crudo de reaccién.
® Rendimiento obtenidos tras purificaciéon por cromatografia en columna
°Se utiliza 1 eq de base.

Tabla 13

Como puede observarse, el EDC y HOBt dio unos resultados por debajo de
nuestras expectativas, tanto a nivel de rendimiento como de control diastereomérico
(entrada 1 de la Tabla 13) demostrando una notable epimerizacion en el Ca del
carbonilo de la amida. Incluso la adicién de base para intentar acelerar la reaccién fue
negativa, obteniendo rendimientos y relaciones diastereoméricas ligeramente
inferiores (entrada 2 de la Tabla 13). No fue hasta cambiar los agentes de
acoplamiento por HATU y HOAt que el rendimiento mejoré hasta obtener un 80%, pero
se detecté una mediocre relacion diastereomérica de 75:25 (entradas 3 y 4 de la Tabla
13).

Comentar que al igual que habia ocurrido al utilizar una amina disubstituida en
el Capitulo 3, los espectros de RMN de 'H del producto denotaban la presencia de
rotameros. En este caso nos encontrabamos ante cuatro grupos de sefiales diferentes
ya que se obtuvieron dos diastereémeros y cada uno de ellos tenia su forma
rotamérica. Para confirmar este hecho y descubrir las parejas de rotameros, volvimos

a realizar un espectro NOESY 1D con irradiaciones selectivas.
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Fig. 15d

Fig. 15c

Fig. 15b

Fig. 15a

R S R S S S S AL S m S S LA B A
170 1.65 160 155 130 145 140 135 130 135 120 .:I.'.rE- LilD 105 1.00 095 090 085 080 OY5 070
f1 pom

Figura 15

En la linea inferior roja (Figura 15a), se muestran los protones
correspondientes al metilo de la cadena lateral de la alanina. La irradiacion de la sefial
a 1.25 ppm (espectro de color verde, Figura 15b) revela que la sefial a 0.80 ppm
corresponde al rotamero de ese diasteredmero al invertirse también la sefial. Al irradiar
la sefial a 0.80 ppm (espectro de color azul, Figura 15c) podemos ver la
correspondencia y como se ve afectada en ese caso la sefial a 1.25 ppm, confirmado
la rotameria en este diastereébmero. Por dltimo, al irradiar la sefial a 1.45 ppm
(espectro de color morado, Figura 15d), la sefial a 1.50 ppm contigua también se
invierte constatando que corresponde al otro rotAmero de este diasteredmero. De esta
manera, los rotdmeros y los diasteredmeros pudieron ser asignados sin ninguna
ambigtiedad.

Los resultados obtenidos con agentes de acoplamiento convencionales no
eran, pues, los esperados. Por ello, se buscaron otros agentes de acoplamiento que
minimizaran la epimerizacion observada. Uno de los agentes que suele utilizarse
cuando se dan este tipo de problemas y que ya se comenté en la Introduccion de este

Capitulo, es el DEPBT.'® La aplicacion de este agente de acoplamiento permite
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reducir la epimerizacién en una gran cantidad de casos descritos en la literatura,*®? lo

que sugeria que podia ser de gran ayuda ante nuestro problema. Los resultados

obtenidos se describen a continuacion.

MeO,C~ “NHMe

(3 eq)
DEPBT (2 eq)

base, THF, 16 h, T

OBn OBn
94 95
Entrada Base Temperatura (°C) r.d. 95 (%)*
1 i-Pr,NEt (2 eq) ta. 88:12° 75
2 2,6-lutidina (2 eq) ta. 90:10° 74
3 - ta. 90:10° 74
4 2,6-lutidina (2 eq) ta. 87:13° 79
5 2,6-lutidina (2 eq) 0 89:11° 49
6 2,6-lutidina (2 eq) -20 93:7° 33

% Rendimiento obtenidos por purificacién con cromatografia en columna
® Establecido por andlisis de RMN de *H del crudo de reaccion.
¢ Establecido por andlisis de HPLC del crudo de reaccion.

Tabla 14

Su aplicacion proporciond unos rendimientos similares a los obtenidos con
HATU/HOAt pero se obtenia una relacién diastereomérica superior del 88:12, mucho
mejor que las obtenidas anteriormente (entrada 1 de Tabla 14). Dado que en alguna
ocasion se ha descrito que otras bases, como la 2,6-lutidina, podia ayudar a evitar aln

mas los problemas de epimerizacion,'®®

se decidi6 hacer este ligero cambio a la
metodologia obteniendo resultados ligeramente superiores al alcanzar una
diastereoselectividad del 90:10 (entrada 2 de la Tabla 14). Intentando evitar al maximo
la introduccion de productos que pudieran favorecer la racemizacion, llevamos a cabo
una prueba sin adicién de base, pero los resultados seguian siendo los mismos
(entrada 3 de la Tabla 14). Finalmente, los intentos de llevar a cabo la reaccion a
menor temperatura para evitar la epimerizacion permitieron obtener, a cambio de
perder rendimiento, pequefios incrementos en el control estereoquimico de la reaccién

(comparar entradas 4-6 de la Tabla 14).
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Asi pues, desgraciadamente, los esfuerzos empleados en obtener dipéptidos
con aminoacidos de aminas secundarias no alcanzaron los objetivos deseados, puesto
que aun obteniendo unos rendimientos buenos, la epimerizacién del Ca no permitia

obtener el producto deseado con niveles de epimerizacion suficientemente bajos.

4. SINTESIS DE UN ANALOGO DE LA VANCOMICINA

Aprovechando los buenos resultados que habiamos obtenido en la sintesis de
dipéptidos con aminoacidos primarios, decidimos embarcarnos en la sintesis de un
fragmento similar al del hemisferio este de la vancomicina.™" Este analogo consistiria

en un tripéptido que contuviera en su parte central el aminoacido B-hidroxitirosina.

o PGO
o OGP
O H o = 0
O o A A,
@] -
cSNH, NHMe Iw o
H,NOC Me” H

Vancomicina

Figura 16

Segun se resume en el Esquema 124, el tratamiento del aducto 89, sintetizado
mediante la reaccion de la N-azidoacetiltiazolidintiona 2h con el acetal dialilico del 4-
benziloxibenzaldehido (20j) catalizada con niquel(ll) (Tabla 10), con el hidrocloruro del
L-asparaginato de tert-butilo en las condiciones optimizadas previamente permitio
aislar el dipéptido 96 con un excelente rendimiento (90%) y diastereoselectividad (r.d.
> 95:5). A continuacién, la reduccion del grupo azida del dipéptido 96 con PMe; en
THF/H,O condujo a la correspondiente amina que se hizo reaccionar con N-Fmoc-N-
metil-D-leucina usando HOAt y EDC-HCI como agentes de acoplamiento. De esta
manera se obtuvo el tripéptido 98 con un rendimiento del 78%. Por ultimo, la
desproteccion del grupo Fmoc con piperidina en CH,CI, permitié aislar el tripéptido 99
con un rendimiento del 82% y una diastereoselectividad de 94:6. Por lo tanto, el
tripéptido deseado se habia preparado en tan solo cinco etapas a partir de la
N-azidoacetiltiazolidintiona quiral, 2h, con un 44% de rendimiento global (Esquema
124).
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s o o & H,NOC._
)]\ z HNOC._ S
H i-Pro,NEt (2 eq) t-BuO_ -~
L EBUO A\, Hal e WWAH
N oBn \[h 2 THF, 4 h, ta. 8
0] OBn
89 96
90%
rd. > 955
t-BuO X .
Tfﬂ T 1) PMe;, THF/H,0 (9:1), 2 h, ta.
M o OBn 2) N-Fmoc-N-Me-D-Leu-OH, EDC-HCI, HOAt,
& CH,Cl,, 15 h, t.a.
N
Fmoc
78% BuO. H
-bu
TN
H
Piperidina o HN OBn
CH,Cly, 24 h, t.a. ok o
e
99
82%
r.d. 94:6

Esquema 124

5. RESUMEN Y CONCLUSIONES

Se han preparado derivados de la B-alcoxi tirosina mediante la metodologia de
niquel(ll) desarrollada en el Capitulo 3, obteniendo excelentes resultados tanto en
términos de rendimiento como de control estereoquimico. Ademas, se ha podido

constatar la posibilidad de realizar la reaccién a escala multigramo.

OR?
OR?
S o0 S O OR?
N R'O (1.1. eq) )J\ B
s ON 3 23 s” N
(Me3P),NiCl, (5 mol%) N3 .
TESOTf (1.5 eq), 2,6-lutidina (1.5 eq) OR
CH,Cl,, -20 °C
2h 76-84%

r.d. > 20:1

Esquema 125
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A su vez, el auxiliar quiral puede desplazarse de una manera sencilla y en
condiciones de reaccion suaves para poder acoplar un aminoacido y obtener un
dipéptido. En el caso de emplear aminoacidos con una amina primaria la reaccion
tiene lugar con elevados rendimientos y sin epimerizacién. En cambio, la utilizacion de
amino&cidos con una amina secundaria es mucho mas problemética y solo se ha

podido completar satisfactoriamente con la L-prolina.

R1

R2”NH,-HCI
90a-e (1.1 eq)
i-ProNEt (2 eq)

THF, ta.,4h

OMe OMe

36

Esquema 126

Por dltimo, la formacién estereoselectiva de un enlace carbono-carbono por
reaccién de 2h con el acetal dialilico derivado del 4-benzilbenzaldehido (20i) seguida
del desplazamiento de la tiazolidintiona quiral, ha permitido obtener un analogo
correspondiente al fragmento del hemisferio este de la vancomicina, demostrando su

eficacia en la sintesis de tripétidos que contienen B-alcoxitirosinas.

HNOC [ o ~F

S o) NNF 4 etapas

(0) t-BuO -
N TN

S N (0] HN

OBn
OBn MeHN

89

99
58%

Esquema 127

141






RESUMEN Y CONCLUSIONES







Resumen y conclusiones

En la presente tesis doctoral se ha desarrollado y expandido la metodologia
estereoselectiva, catalitica y de tipo directa en la cual enolatos de niquel(ll) de
N-aciltiazolidintionas quirales reaccionan con un amplio grupo de electréfilos para
generar estructuras de alto interés sintético.

En el Capitulo 1, la mencionada metodologia de niquel(ll) se aplicé, en un
primer lugar, a electrofilos que generaban un Unico estereocentro, como son los
diarilmetil éteres. Los resultados fueron excelentes ya que aun utilizando un gran
namero de cadenas en las N-aciltioimidas quirales, con grupos muy voluminosos e
incluso heteroatomos, se obtenian elevados rendimientos, 90-95%, y un Unico
diasteredmero. A su vez, se comprobd la posibilidad de utilizar cantidades inferiores de
catalizador, hasta un 1 mol% de catalizador, y la opcion de realizar el método
desarrollado a escala multigramo sin afectar al rendimiento ni al control

estereoquimico.

OMe
MeO II II OMe
3a

S
(Me3p)2NiC|2 (5 mol%) S)J\N
TESOT( (1.5 eq), 2,6-lutidina

R

CH,Cly, -20°C, 15 h OMe
4
S o 90-95%, tnico diastereémero
s N)K/R OMe OMe
MeO I 3a I OMe S o O
2 (Me3P),NiCl, (1-5% mol) PR
TESOTf (1.2 eq), 2,6-lutidina s” N O
CH,Cl,, -20 °C, 15 h OMe
4a

2 g (5 mmol), unico diastereémero

Esquema 128

También se ha intentado ampliar el tipo de electréfilos que pueden reaccionar
con nuestro método. Los resultados obtenidos han sido moderados, pero se ha
comprobado la viabilidad de cationes alilicos aunque se necesita seguir estudiando el

control estereoquimico del segundo estereocentro.
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Resumen y conclusiones

La gran mayoria de los resultados obtenidos en este Capitulo se han publicado
en el siguiente articulo: "Stereoselective Alkylation of (S)-N-Acyl-4-isopropyl-1,3-
thiazolidine-2-thiones Catalyzed by (MesP).NiCl,", Ferndndez-Valparis, J.; Romo, J.
M.; Romea, P.; Urpi, F.; Kowalski, H.; Font-Bardia, M. Org. Lett., 2015, 17, 3540.

En el Capitulo 2, el sistema catalitico se aplico a diferentes acetales,
generando de esta manera dos nuevos estereocentros en el transcurso de la reaccion.
Se ha conseguido aplicar esta metodologia a un gran abanico de acetales yendo
desde acetales dimetilicos, dialilicos o dibencilicos de aldehidos aromaticos a acetales
dietilicos de aldehidos propargilicos cobaltados. Los diasteredbmeros anti, el
mayoritario en este proceso, se obtienen con rendimientos entre moderados y buenos.
El control estereoquimico viene determinado por las propiedades electrénicas del
acetal, siendo las mas influyentes la facilidad de activaciébn para generar el cation
oxocarbenio y la estabilidad del carbocatién generado, obteniendo valores que varian
entre 60:40 y 90:10. Por ultimo, se estudio el efecto de los equivalentes de TESOTf en
la reaccion demostrando que permiten aumentar la conversion y el rendimiento de la
reaccibn cuando empleamos acetales poco activados sin repercutir en la

diastereoselectividad del método.

S o _ S 0 ORrR?
J\/ ) (Me3P),NiCl, (2.5 mol%) )]\ B
N . )O\R TESOTf (1.5 eq-2.2. eq), 2,6-lutidina (15eq) 8~ N R’
\—y R20” OR! CH,Cl,, -20 °C
2a
S O OFEt S O OMe S O OMe
- - C02(CO)6 - -
SN \/\\ S S”°N
\_y Ph \_y OMe \_>.,
31 21 11
79% anti, 10% sin 72% anti, 21% sin 55% anti, 33% sin (1.5 eq)
r.d. 90:10 rd. 73:27 r.d. 60:40

Esquema 129

En el Capitulo 3, se estudi6é, en un primer lugar, el uso de diferentes
tiazolidintionas quirales que contenian un grupo amino protegido o precursor de amina
en la posicion Ca para la generacion de estructuras a-amino-f-metoxicarboxilicas,
siendo la N-azidoacetiltiazolidintiona la que generaba mejores resultados. El uso de

acetales aromaticos y propargilicos cobaltados permiti6 obtener rendimientos de
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buenos a excelentes del diastereémero anti, que volvia a ser el mayoritario en la
metodologia desarrollada. Sin embargo, en términos de diastereoselectividad, los
valores obtenidos eran muy superiores a los obtenidos en el Capitulo 2, consiguiendo
controlar completamente la generacion de los dos estereocentros al emplear acetales
propargilicos cobaltados. Como ya se habia visto en el Capitulo 2, la utilizacion de
acetales poco activados necesitaba aumentar los equivalentes de acido de Lewis
respecto a los acetales activados.

S o S OR?
)j\ )K/ N ) (Me3P),NiCl, (cat.) :
s N 3 OR N

(0]

it 1

. I TESOTY, 2,6-lutidina (15eq) S )YR
RZO R1 CH20|2, -20°C \_§/ N3

2h

)S]\ O OMe )S]\ (0] OMe j\ O OFEt
X X X Co,y(CO
s N s” N s N)K‘/\\/\ 2(COk
N N N \\Ph
3 3 OMe 3
40a 36 49
1.1 eq. acetal 1.1 eq. acetal 2.2 eq. acetal
10 mol% cat. 5 mol% cat. 10 mol% cat.
2.2 eq TESOTf 1.5 eq TESOTf 2.2 eq TESOTf
54% anti 86% anti 73% anti
d.r. 77:23 r.d. 96:4 r.d. >97:3

Esquema 130

Por otro lado, la eliminacién del auxiliar quiral se pudo llevar a cabo en
condiciones muy suaves con excelentes rendimientos y baja (o nula) epimerizacion. A
su vez, las estructuras propargilicas también pudieron ser transformadas previa
descobaltaciéon para la generacién de alcanos, alquenos y biciclos de gran interés
sintético.

Todos estos resultados fueron publicados en el siguiente articulo:
"Stereoselective and Catalytic Synthesis of anti-B-alkoxy-a-azido Carboxylic
Derivatives", Fernandez-Valparis, J.; Romea, P.; Urpi, F.; Font-Bardia, M. Org. Lett.
2017, 19, 6400.

Para finalizar, en el Capitulo 4, se sintetizaron estructuras de tipo anti
B-hidroxitirosina, las cuales se encuentran en una gran variedad de productos
naturales. Tomando como ejemplo el desplazamiento del auxiliar con un aminoacido

llevado a cabo en el capitulo anterior, pudimos sintetizar una bateria de dipéptidos en
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condiciones suaves de reaccién y sin el uso de agentes de acoplamiento. La
generacion de estos dipéptidos se llevaba a cabo con excelentes rendimientos cuando
utilizdbamos aminoécidos que tenian una amina primaria. Sin embargo, el uso de

aminoacidos con aminas secundarias es mas problemético.

R1

R2” NH,-HCI
90a-e (1.1 eq)
i-ProNEt (2 eq)

S O OMe

THF, ta., 4 h
OMe

Esquema 131

Por otro lado, se sintetizdé un analogo de un fragmento del hemisferio este de la
vancomicina utilizando la metodologia de niquel(ll) y el posterior acoplamiento de
aminoacidos en tan solo 5 etapas con un rendimiento global del 44%.

S o , s
(Me3P),NiCl, (cat.) )]\
s~ N N3 TESOTS, 2,6-utidina (1.5eq) g~ N
CH,Clp, 20 °C
OBn
2h 89

77%

u 4 etapas
BnO J

+BuO HJ\‘/\(
o NHMe

HoNOC

ZT

99
58%

Esquema 132

Los resultados obtenidos en este Capitulo se publicaron en el reciente articulo:
"Stereoselective Synthesis of Protected Peptides Containing an anti B-Hydroxy
Tyrosine", Fernandez-Valparis, J.; Romea, P.; Urpi, F. Eur. J. Org. Chem. 2019, 2745.
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EXPERIMENTAL SECTION







-Unless otherwise noted, reactions were conducted in oven-dried glassware
under inert atmosphere of N, with anhydrous solvents. The solvents and reagents were
dried and purified when necessary according to standard procedures.'® Commercially

available reagents were used as received.

-Analytical thin-layer chromatography (TLC) was carried out on Merck silica gel
60 F254 plates and analyzed by UV (254 nm) and stained with p-anisaldehyde and
phosphomolybdic acid.

-Column chromatography was carried under low pressure (flash) conditions and
performed on SDS silica gel 60 (35-70 uym). Eluents are indicated in brackets in each

case. Ry values are approximate.

-HPLC analyses were conducted on a Shimadzu LC-20 HPLC system, using a

C4 reverse phase column at a flow rate of 1 mL min™ and detected at 220 nm.

-Melting points (mp) were determined with a Stuart SMP10 apparatus and are

uncorrected.

-Specific rotations ([a]p) were determined at 20 °C on a Perkin-Elmer 241 MC

polarimeter equipped with a sodium lamp (A 589 nm, D-line).

-IR spectra (Attenuated Total Reflectance, ATR) were recorded on a Nicolet
6700FT-IR Thermo Scientific spectrometer and only the more representative

frequencies (v) are reported in cm™.

-'H NMR (400 MHz) and **C NMR (100.6 MHz) spectra were recorded at r.t. on
a Varian Mercury 400 or a Bruker 400. Chemical shifts () are quoted in ppm and
referenced to internal TMS (& = 0.00 ppm for *H NMR) and CDCl; (& = 77.0 ppm for **C
NMR) or CD;0D (& = 3.34 for *"H NMR or & = 49.9 for *C NMR). Data are reported as
follows: chemical shift (multiplicity, coupling constant(s), number of protons); multiplicity
is reported as follows: s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet (and their
corresponding combinations); coupling constants (J) are quoted in Hz. Where
necessary, 2D techniques (NOESY, COSY, HSQC) were also used to assist on

structure elucidation.

-High resolution mass spectra (HRMS) were obtained with an Agilent 1100

spectrometer by the Unitat d'Espectrometria de Masses, Universitat de Barcelona.
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Experimental Section

1.1 STARTING MATERIALS

1.1.1. (S)-2-Amino-3-methyl-1-butanol

A 500 mL single-necked round-bottomed flask equipped with a magnetic stir bar
was charged with L-valine (10.0 g, 85 mmol) and NaBH, (7.7 g, 204 mmol). It was
flushed with N, and then it was charged with THF (200 mL). A dropping funnel with
pressure equalizing tube was with a solution of iodine (21.6 g, 92 mmol) in THF (100
mL) was adapted to the flask. The solution was added dropwise at 0 °C. When the
addition was finished, the dropping funnel was substituted by a Graham condenser and

the reaction mixture was stirred and heated at reflux overnight.

After cooling, MeOH was added until H, emission was not observed. The
volatiles were removed with a rotatory evaporator and a solution of 20% KOH (165 mL,
33 g) was added. The resulting solution was stirred at room temperature for 4 h and it
was extracted with CH,CI, (3 x 150 mL). The combined organic layers were dried over
MgSO, and then filtered. Concentration of the filtrate with a rotatory evaporator
afforded 7.99 g (75 mmol, 91% vyield) of (S)-2-amino-3-methyl-1-butanol, which was
used in the next step without further purification.

<) Colourless il. IR (ATR) v 3362, 3289, 2936, 1593, 1468, 1388 cm'™.

HO/I IH NMR (CDCl;, 400 MHz) & 3.64 (1H, dd, J = 10.4, 4.1 Hz,

CH.HsOH), 3.28 (1H, dd, J = 10.4, 8.9 Hz, CHaH,OH), 2.55 (1H, ddd,

J=8.8, 6.4, 4.0 Hz, CHNH,), 1.71 (3H, br, OH, NH,), 1.56 (1H, dhept, J = 13.5, 6.8 Hz,

CH(CHs),), 0.93 (3H, d, J = 6.8 Hz, CHs) 0.92 (3H, d, J = 6.8 Hz, CHs). *C NMR
(CDCls, 100.6 Hz) & 64.6, 58.5, 31.1, 19.4, 18.4.

1.1.2. (S)-4-Isopropyl-1,3-thiazolidine-2-thione (1)

Carbon disulfide (12.5 mL, 207 mmol) was added to a solution of (S)-2-amino-3-
methyl-1-butanol (7.99 g, 75 mmol) in absolute EtOH (30 mL) under N,. To the yellow
mixture, a solution of 2.25 M KOH (12.1 g, 216 mmol) in (50:50) EtOH/H,O (100 mL)
was then added dropwise with a dropping funnel with pressure equalizing tube at room
temperature over 20 min, turning to a red solution. Then, the reaction mixture was

stirred and heated at reflux for 72 h.

After cooling, the volatiles were removed and the resulting liquid was acidified
with 0.5 M HCI (440 mL), which triggered the formation of a yellow solid. The

suspension was extracted with CH,CIl, (3 x 100 mL), and the combined organic
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extracts were dried over MgSO, and filtered. The solvent was removed in vacuum and
the resulting yellow oil was purified by column chromatography (CH,Cl,) to afford 9.43
g (58.5 mmol, 78% yield) of (S)-4-isopropyl-1,3-thiazolidine-2-thione (1).

—s | Yellow solid. mp = 66-68 °C [lit.** mp = 68-69 °C]. R; = 0.30 (CH.Cl).
S)LNH [alo = -34.9 (c 1.14, CHCIy) [Iit.%® [a]p = —34.8 (c 1.10, CHCl)]. IR

(ATR): v 3190, 2965, 1500, 1410, 1385, 1030 cm™*.*H NMR (CDCl;, 300
L& MHz) 5 7.99 (1H, s bs, NH), 4.06 (1H, td, J = 8.3, 6.7 Hz, NCH), 3.51
1 (1H, dd, J = 11.1, 8.3 Hz, SCH.H), 3.33 (1H, dd, J = 11.1, 2.1 Hz,
SCH.H,), 1.91-2.06 (1H, m, CH(CHs),), 1.04 (3H, d, J = 6.8 Hz, CHs), 1.01 (3H, d, J =
6.8 Hz, CHs). **C NMR (CDCl;, 100.6 MHz) & 201.2, 70.1, 36.0, 32.1, 18.9, 18.3.
HRMS (+ESI): m/z calcd for CeH1;NS, [M+H]": 162.0406, found: 162.0402.

1.1.3. General procedure for the synthesis of (S)-N-acyl-4-isopropyl-1,3-

thiazolidine-2-thiones

A 1.6 M solution of n-BuLi in hexanes (1.8 mL, 1.1 mmol) was added dropwise
to 1 (1 mmol) in THF (10 mL) at —78 °C under N,. The reaction mixture was stirred for
15 min and the corresponding acyl chloride (1.3 eq) was carefully added. The resulting
clear solution was stirred for 5 min at —78 °C and the solution was allowed to warm to

room temperature and stirred for 1.5 h.

The reaction mixture was cooled with an ice bath and quenched with a
saturated solution of NH,ClI (2.4 mL) and water (5 mL). This mixture was extracted with
CH,CI, (3 x 20 mL), the combined organic extracts were dried over MgSQ,, filtered and
concentrated. The resultant oil was purified through column chromatography to afford

the corresponding (S)-N-acyl-4-isopropyl-1,3-thiazolidine-2-thione.

1.1.3.1 (S)-4-Isopropyl-N-propanoyl-1,3-thiazolidine-2-thione (2a)

The reaction was carried out according to the General Procedure described in
Section 1.1.3. from the thiazolidinethione 1 (1.61 g, 10.0 mmol) and propanoyl chloride
(.15 mL, 13.0 mmol). Purification of the residue by column chromatography
(CH.Cly/Hexanes 50:50) afforded 1.93 g (8.9 mmol, 89% vyield) of (S)-4-isopropyl-N-
propanoyl-1,3-thiazolidine-2-thione (2a).
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" s o | VYellow oil. R = 0.45 (CH.Cl,/Hexanes 50:50). [a]p = +434.5 (c 1.00,

S NJ\/ CHCIy) [Iit.?® [a]p = +420.8 (c 1.01, CHCL)]. IR (ATR): v 2962, 2874,

\—3, 1692, 1460, 1345, 1257, 1240 cm™. *H NMR (CDCls;, 400 MHz) &

5.17 (1H, ddd, J = 8.0, 6.1, 1.2 Hz, NCH), 3.51 (1H, dd, J = 11.5, 8.0

2a Hz, SCH.Hy), 3.36 (1H, dq, J = 18.0, 7.2 Hz, COCH.H,), 3.16 (1H, dq,

J =18.0, 7.2 Hz, COCH.H,), 3.02 (1H, dd, J = 11.5, 1.2 Hz, SCH,Hy), 2.43-2.30 (1H,

m, CH(CHs),), 1.17 (3H, t, J = 7.2 Hz, COCH,CHz), 1.06 (3H, d, J = 6.8 Hz, CHCH,),

0.97 (3H, d, J = 6.9 Hz, CHCH,). *C NMR (CDCl;, 100.6 MHz) & 202.6, 174.8, 71.6,

32.0, 30.7, 30.3, 19.0, 17.6, 8.9. HRMS (+ESI): m/z calcd for CoH3sNNaOS, [M+Na]*:
240.0487, found: 240.0486.

1.1.3.2. (S)-N-Butanoyl-4-isopropyl-1,3-thiazolidine-2-thione (2b)

The reaction was carried out according to the General Procedure described in
section 1.1.3. from 1 (484 mg, 3.0 mmol) and butanoyl chloride (405 uL, 3.9 mmol).
Purification of the crude by column chromatography (Hexanes/EtOAc 90:10) afforded
512 mg (2.2 mmol, 74% vyield) of (S)-N-butanoyl-4-isopropyl-1,3-thiazolidine-2-thione
(2b).

Yellow oil. Ry = 0.30 (Hexanes/EtOAc 90:10). [a]p = +407.0 (c

S o
S)LN J\/\ 1.10, CHCly). IR (ATR): v 2957, 2927, 2867, 1690, 1460, 1360,
1300, 1252 cm™. *H NMR (CDCls, 400 MHz) & 5.17 (1H, ddd, J =
8.0, 6.1, 1.3 Hz, NCH), 3.50 (1H, dd, J = 11.5, 8.0 Hz, SCH.H,),

2b

3.33 (1H, ddd, J = 17.0, 8.4, 6.1 Hz, COCH,Hy,), 3.11 (1H, ddd, J =
17.0, 8.4, 6.5 Hz, COCH,Hy), 3.01 (1H, dd, J = 11.5, 1.3 Hz, SCH,Hy), 2.44-2.28 (1H,
m, CH(CHs),), 1.83-1.58 (2H, m, CH,CH3), 1.06 (3H, d, J = 7.0 Hz, CHs), 0.97 (3H, d, J
= 7.0 Hz, CHs), 0.97 (3H, t, J = 7.4 Hz, CH,CHj5). *C NMR (CDCl;, 100.6 MHz) & 202.6
(C), 173.9 (C), 71.6 (CH), 40.0 (CH,), 30.8 (CH), 30.4 (CH,), 19.0 (CHj3), 18.3 (CH,),
17.7 (CHs), 13.6 (CH3). HRMS (+ESI): m/z calcd. for CioH;7NNaOS, [M+Na]™:
254.0644; found: 254.0643.

1.1.3.3. (S)-4-Isopropyl-N-(3-phenylpropanoyl)-1,3-thiazolidine-2-thione (2¢)

The reaction was carried out according to the General Procedure described in
section 1.1.3. from 1 (484 mg, 3.0 mmol) and 3-phenylpropanoy! chloride (579 uL,
3.9mmol). Purification of the crude by column chromatography (CH,Cl,/Hexanes 80:20)
afforded 687 mg (2.4 mmol, 79% yield) of (S)-4-isopropyl-N-(3-phenylpropanoyl)-1,3-

thiazolidine-2-thione (2c).
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Yellow oil. Ry = 0.65 (CH,Cl,/Hexanes 80:20). mp = 84-85

sj\Nj\/\© °C. [a]p = +321.6 (c 0.95, CHCIl,). IR (ATR): v 3052, 3022,
2957, 2920, 2867, 1698, 1360, 1255, 1234 cm™. 'H NMR
L& (CDCl3, 400 MHz) & 7.31-7.18 (5H, m, ArH), 5.11 (1H, ddd,
2c J =8.0, 6.2, 1.2 Hz, NCH), 3.67 (1H, ddd, J = 17.1, 9.0, 5.9

Hz, COCH.H), 3.52 (1H, ddd, J = 17.1, 8.9, 6.6 Hz,
COCH,Hy), 3.45 (1H, dd, J = 11.5, 8.0 Hz, SCH.H,), 3.10-2.93 (2H, m, CH,Ph), 2.99
(1H, dd, J = 11.5, 1.2 Hz, SCH,H,), 2.40-2.28 (1H, m, CH(CHs),), 1.04 (3H, d, J = 6.8
Hz, CHs), 0.96 (3H, d, J = 7.0 Hz, CHs). *C NMR (CDCls, 100.6 MHz) & 202.7 (C),
173.1 (C), 140.5 (C), 128.5 (CH), 128.4 (CH), 126.2 (CH), 71.6 (CH), 39.6 (CH,), 30.9
(CH,), 30.7 (CH), 30.4 (CH,), 19.0 (CH3), 17.7 (CHs). HRMS (+ESI): m/z calcd. for
Ci15H20NOS, [M+H]": 294.0981; found: 294.0974.

1.1.3.4. (S)-4-Isopropyl-N-(3-methylbutanoyl)-1,3-thiazolidine-2-thione (2d)

The reaction was carried out according to the General Procedure described in
section 1.1.3. from 1 (484 mg, 3.0 mmol) and 3-methylbutanoyl chloride (475 pL, 3.9
mmol). Purification of the crude by column chromatography (Hexanes/CH,Cl, 50:50)
afforded 697 mg (2.8 mmol, 95% vyield) of (S)-4-isopropyl-N-(3-methylbutanoyl)-1,3-
thiazolidine-2-thione (2d).

( 1 Yellow oil. Ry = 0.40 (Hexanes/CH,CI, 50:50). [a]p = +382.9 (c

S o0
< )kN M 1.05, CHCIy). IR (ATR): v 2955, 2930, 2870, 1688, 1464, 1359,
1293, 1255, 1154, 1086, 1033 cm™. *H NMR (CDCl;, 400 MHz)
\_y 5 5.17 (1H, ddd, J = 8.0, 6.2, 1.2 Hz, NCH), 3.49 (1H, dd, J =
2d 11.5, 8.0 Hz, SCH.Hy), 3.23 (1H, dd, J = 16.5, 6.1 Hz,

COCH,Hy), 3.06 (1H, dd, J = 16.5, 7.4 Hz, COCH_H,), 3.01 (1H,
dd, J=11.5, 1.2 Hz, SCH.H}), 2.43-2.31 (1H, m, NCHCH), 2.27-2.16 (1H, m, CH,CH),
1.06 (3H, d, J = 6.8 Hz, CHCHCH5), 0.99 (3H, d, J = 6.5 Hz, CH,CHCHj3), 0.97 (3H, d,
J = 6.6 Hz, CHCHCHj5), 0.96 (3H, d, J = 6.6 Hz, CH,CHCHj5). **C NMR (CDCl;, 100.6
MHz) 6 202.7 (C), 173.2 (C), 71.6 (CH), 46.5 (CH,), 30.8 (CH), 30.4 (CH,), 25.4 (CH),
22.5 (CH3), 22.2 (CHg), 19.1 (CHs3), 17.7 (CH3z). HRMS (+ESI): m/z calcd. for
C11H20NOS,; [M+H]": 246.0981; found: 246.0982.
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1.1.3.5. 5-Hexenoyl chloride

Oxalyl chloride (309 pL, 3.6 mmol) was added dropwise to a solution of 5-
hexenoic acid (441 pL, 3.0 mmol) in CH,Cl, (5 mL) under Ny at 0 °C. A catalytic amount
of DMF was added and the mixture was warmed to room temperature and stirred
overnight.

The solvent was removed by rotatory evaporation to afford 398 mg (3.0 mmol,
100% vyield) of 5-hexenoyl chloride which was used in the next step without further

purification.

o Light yellow oil. *H NMR (CDCls, 400 MHz) & 5.75 (1H, ddt, J =
ClMl 17.0, 10.2, 6.7 Hz, CH,CH=CH,), 5.08-5.03 (2H, m, CH=CH,),

2.90 (2H, t, J = 7.3 Hz, COCH,), 2.16-2.10 (2H, m, CH,CH=CHy,),
1.82 (2H, p, J = 7.3 Hz, COCH,CH,).

1.1.3.6. (S)-N-(5-Hexenoyl)-4-isopropyl-1,3-thiazolidine-2-thione (2€e)

The reaction was carried out according to the General Procedure described in
section 1.1.3. from 1 (419 mg, 2.6 mmol) and 5-hexenoyl chloride (398 mg, 3.0 mmol).
Purification of the crude by column chromatography (Hexanes/CH,Cl, 50:50) afforded
429 mg (1.7 mmol, 64% vyield) of (S)-N-(5-hexenoyl)-4-isopropyl-1,3-thiazolidine-2-
thione (2e).

Yellow oil. Rf = 0.50 (Hexanes/CH,Cl, 50:50). [a]p = +379.2

S
. )LN )OM (c 0.92, CHCLy). IR (ATR): v 3074, 2960, 2872, 1691, 1638,
1466, 1363, 1256, 1150 cm™. *H NMR (CDCls, 400 MHz) &
\_§’ 5.80 (1H, ddt, J = 17.0, 10.2, 6.7 Hz, CH,CH=CH,), 5.16 (1H,
2e ddd, J = 8.0, 6.2, 1.2 Hz, NCH), 5.03 (1H, dtd, J = 17.0, 3.5,

1.6 Hz, CH=CH,Hy), 4.98 (1H, dtd, J = 10.2, 2.2, 1.6 Hz, CH=CH,H,), 3.50 (1H, dd, J =
11.5, 8.0 Hz, SCH.Hy), 3.36 (1H, ddd, J = 17.2, 8.8, 5.9 Hz, COCH.H,), 3.15 (1H, ddd,
J=17.2, 8.8, 6.2 Hz, COCH,Hy), 3.01 (1H, dd, J = 11.5, 1.2 Hz, SCH,H,), 2.40-2.30
(1H, m, CH(CHa),), 2.16-2.08 (2H, m, CH,CH=CH,), 1.87-1.70 (2H, m, COCH,CH,),
1.06 (3H, d, J = 6.8 Hz, CHCH,), 0.97 (3H, d, J = 6.9 Hz, CHCH,). *C NMR (CDCl,
100.6 MHz) & 202.6 (C), 173.9 (C), 137.8 (CH), 115.2 (CH,), 71.6 (CH), 37.5 (CH,),
32.9 (CH,), 30.8 (CH), 30.4 (CH,), 24.1 (CH,), 19.0 (CHs), 17.7 (CHs). HRMS (+ESI):
m/z calcd. for [M+H]" C1,H,0NOS, [M+H]": 258.0981; found: 258.0991.
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1.1.3.7. (S)-4-Isopropyl-N-[5-methoxy-5-o0xopentanoyl]-1,3-thiazolidine-2-thione (2f)

The reaction was carried out according to the General Procedure described in
section 1.1.3. from 1 (806 mg, 5.0 mmol) and methyl 5-chloro-5-oxopentanoate (760
uL, 5.5 mmol). Purification of the crude by column chromatography (Hexanes/EtOAc
70:30) afforded 1.35 g (4.7 mmol, 93% vyield) of (S)-4-isopropyl-N-[5-methoxy-5-
oxopentanoyl]-1,3-thiazolidine-2-thione (2f).

Yellow oil. Ry = 0.45 (Hexanes/EtOAc 70:30). [a]p =

S
] )LN Mom +305.4 (c 1.05, CHCly). IR (ATR): v 2957, 2872, 1732,
1690, 1434, 1363, 1307, 1252, 1139, 1088, 1030 cm™. 'H
\_§’ NMR (CDCls, 400 MHz) & 5.16 (1H, ddd, J = 8.0, 6.2, 1.1
2f Hz, NCH), 3.68 (3H, s, OCH,), 3.51 (1H, dd, J = 11.5, 8.0

Hz, SCHaHy), 3.42 (1H, ddd, J = 17.6, 7.9, 6.5 Hz, NCOCH.Hs), 3.20 (1H, ddd, J =
17.6, 7.8, 6.7 Hz, NCOCH.Hy), 3.02 (1H, dt, J = 11.5, 1.1 Hz, SCH.Hs), 2.44—2.30 (1H,
m, CH(CHs),), 2.41 (2H, t, J = 7.3 Hz, CH,CO,), 2.12-1.90 (2H, m, COCH,CH,), 1.06
(3H, d, J = 6.8 Hz, CHs), 0.97 (3H, d, J = 6.9 Hz, CHs). *C NMR (CDCl,, 100.6 MHz) &
202.7 (C), 173.4 (C), 173.1 (C), 71.5 (CH), 51.5 (CHs), 37.4 (CH,), 32.9 (CH,), 30.8
(CH), 30.4 (CH,), 20.1 (CH,), 19.0 (CHs), 17.7 (CHs). HRMS (+ESI): m/z calcd. for
C12H20NO3S, [M+H]*: 290.0879; found: 290.0880.

1.1.3.8. (S)-N-(2-Amino-(N,N-phtaloyl)acetyl)-4-isopropyl-1,3-thiazolidine-2-thione (29)

Neat EDC-HCI (1.150 g, 6.0 mmol) was added to a solution of 1 (647 mg, 4.0
mmol), N,N-phtaloylglicine (983 mg, 4.8 mmol) and DMAP (22 mg, 0.2 mmol) in CH,Cl,
(10 mL) at O °C under N,. The resultant mixture was stirred for 96 h at room

temperature.

The yellow solution was diluted with ether (10 mL) and extracted with 0.5 M HCI
(3 x 20 mL), 0.5 M NaOH (3 x 30 mL), and brine (1 x 40 mL). The organic layer was
dried over MgSQ,, filtered, and concentrated. The resultant oil was purified through
column chromatography (CH,Cl,/Hexanes 90:10) to afford 976 mg (2.8 mmol, 70%
yield) of (S)-N-(2-amino-(N,N-phtaloyl)acetyl)-4-isopropyl-1,3-thiazolidine-2-thione (29).
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S o Yellow oil. R = 0.35 (CH,Cl,/Hexanes 90:10). [a]p = +264.4 (C
S)J\NKNPhth 1.00, CHCI,). IR (ATR): v 2953, 1771, 1715, 1704, 1699, 1468,

\—§, 1409, 1235, 1177, 1117 cm™. 'H NMR (CDCl;, 400 MHz) &
7.90-7.88 (2H, m, ArH), 7.76-7.74 (2H, m, ArH), 5.51 (1H, d, J
29 =17.9 Hz, COCH.Hy), 5.17 (1H, d, J = 17.9 Hz, COCH_Hy), 5.12

(1H, ddd, J = 8.0, 5.8, 0.9 Hz, NCH), 3.65 (1H, dd, J = 11.1, 8.0 Hz, SCHaHy), 3.10 (1H,
dd, J = 11.1, 0.9 Hz, SCH.Hy), 2.42—2.30 (1H, m, CH(CHs),), 1.07 (3H, d, J = 6.9 Hz,
CHs), 0.96 (3H, d, J = 6.9 Hz, CH;). *C NMR (CDCl;, 100.6 MHz) & 202.7, 167.6,
167.1 (x 2), 134.1 (x 2), 132.1 (x 2), 123.5 (x 2), 71.7, 44.0, 31.1, 30.8, 19.0, 17.6.
HRMS (+ESI): m/z calcd. for C16H16N,NaO3S, [M+Na]*: 371.0495; found: 371.0503.

1.1.3.9. 2-Azidoacetic acid (38)

A solution of bromoacetic acid (2.09 g, 15.0 mmol) in H,O (5 mL) was added
dropwise to a solution of sodium azide (1.96 g, 30.0 mmol) in H,O and was stirred for

16 h at room temperature.

The solution was acidified with 2 M HCI until pH = 1 and extracted with Et,O (3
x 25 mL). The organic layer was dried over MgSQ,, filtered and concentrated under
vacuum to afford 1.37 g (13.0 mmol, 90% vyield) of 2-azidoacetic acid (38) which was
used in the following step without further purification.

o Colourless oil. IR (ATR): v 3046, 2104, 1716, 1187 cm™. 'H NMR

o "N | (CDCl, 400 MH2) 5 6.99 (1H, bs, COOH), 3.98 (2H, s, CH.Ny).

38

1.1.3.10. 2-Azidoacetyl chloride (39)

Oxalyl chloride (1.6 mL, 18.8 mmol) was added dropwise to a solution of 38
(1.52 g, 15.0 mmol) in CH,CI, (50 mL) under N, at 0 °C. A catalytic amount of DMF was

added and the mixture was warmed to room temperature and stirred overnight.

The solvent was removed by rotatory evaporation to afford 2-azidoacetyl
chloride (39) (1.67 g, 93% vyield), which was used in the next step without further

purification.
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0 Colourless oil. IR (ATR): v 3048, 2100, 1788, 1723, 1406, 1269 cm™.*H
Cl)@Ns NMR (CDCls, 400 MHz) & 4.29 (2H, s, CH,N5).
39

1.1.3.11. (S)-N-(Azidoacetyl)-4-isopropyl-1,3-thiazolidine-2-thione (2h)

Neat EtsN (1.10 mL, 7.6 mmol) was added dropwise to a solution of 1 (1.23 g,
7.6 mmol) in CH,CI, (30 mL) at room temperature under N,. The reaction mixture was
stirred for 15 min and 39 (1.09 g, 9.1 mmol) was carefully added via cannula (5 mL
CH,CIy) at 0 °C. After stirring for 5 min, the resulting clear solution was allowed to warm

to room temperature and stirred overnight.

The reaction was diluted in Et,O (50 mL) and this mixture was extracted with
H,O (3 x 30 mL). The combined organic layers were dried over MgSQO,, filtered and
concentrated. The resultant oil was purified through column chromatography
(CH,Cly/Hexanes 70:30) to afford (1.47 g, 6.0 mmol, 79% yield) of (S)-N-(azidoacetyl)-
4-isopropyl-1,3-thiazolidine-2-thione (2h).

s o Yellow oil. R; = 0.50 (CH,Cl,/Hexanes 70:30). [a]o = +239.9 (c 1.00,

N )K/Ng CHCIly). IR (ATR): v 2961, 2097, 1692, 1467, 1304, 1168, 1037 cm™.

'H NMR (CDCl,, 400 MHz) & 5.22-5.17 (1H, m, NCH), 4.92 (1H, d,

J = 18.3 Hz, COCH,H), 4.73 (1H, d, J = 18.3 Hz, COCH,H,), 3.62

2h (1H, dd, J = 11.6, 8.1 Hz, SCH,Hy), 3.10 (1H, dd, J = 11.6, 1.0 Hz,

SCHaHy), 2.40-2.30 (1H, m, CH(CHs),), 1.08 (3H, d, J = 6.9 Hz, CHs), 0.96 (3H, d, J =

6.9 Hz, CHs). **C NMR (CDCl;, 100.6 MHz) & 202.5, 168.7, 71.6, 55.0, 31.1, 30.7,

19.0, 17.5. HRMS (+ESI): m/z calcd. for [M+H]" CgH13N40OS,: 245.0525, found:
245.0530.

1.1.3.12. (S)-N-(2-Benzyloxyacetyl)-4-isopropyl-1,3-thiazolidine-2-thione (2i)

The reaction was carried out according to the General Procedure described in
section 1.1.3. from 1 (484 mg, 3.0 mmol) and 2-benzyloxyacetyl chloride (615 pL, 3.9
mmol). Purification of the crude by column chromatography (Hexanes/EtOAc 70:30)
afforded 881 mg (2.9 mmol, 95% vyield) of (S)-4-isopropyl-N-(2-benzyloxyacetyl)-1,3-
thiazolidine-2-thione (2i).
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S o Yellow oil. Ry = 0.60 (Hexanes/EtOAc 70:30). [a]p = +233.6 (c

S N)Jvosn 1.10, CHCL). IR (ATR): v 3059, 3025, 2959, 2872, 1701, 1463,

1363, 1307, 1260 cm™. *H NMR (CDCl;, 400 MHz) & 7.42-7.28

(5H, m, ArH), 5.18 (1H, ddd, J = 8.1, 6.4, 1.0 Hz, NCH), 5.05 (1H,

2i d, J = 17.7 Hz, COCH.H,), 4.97 (1H, d, J = 17.7 Hz, COCH_Hy),

4.67 (1H, d, J = 11.6 Hz, OCH HyPh), 4.63 (1H, d, J = 11.6 Hz, OCH,H,Ph), 3.59 (1H,

dd, J =11.5, 8.1 Hz, SCH,H,), 3.08 (1H, dd, J = 11.5, 1.0 Hz, SCHH,), 2.45-2.32 (1H,

m, CH(CHs),), 1.07 (3H, d, J = 6.8 Hz, CH5), 0.99 (3H, d, J = 6.9 Hz, CHs). *C NMR

(CDCls, 100.6 MHz) & 202.1 (C), 171.0 (C), 137.2 (C), 128.4 (CH), 128.0 (CH), 127.9

(CH), 73.4 (CHy), 72.0 (CH,), 71.3 (CH), 31.4 (CH,), 30.7 (CH), 19.0 (CHs), 17.6 (CHy).
HRMS (+ESI): m/z calcd. for C15H,0NO,S, [M+H]": 310.0930; found: 310.0930.

1.1.3.13. (S)-4-Isopropyl-N-(2-pivaloyloxyacetyl)-1,3-thiazolidine-2-thione (2})

A mixture of pivaloyl chloride (4.4 mL, 36 mmol) and glycolic acid (1.52 g, 20
mmol) was stirred for 60 h at room temperature under N,. Then, the volatiles were
eliminated under vacuum and the product, 2-pivaloyloxy acetic acid, was used in the

next step without further purification.

A solution of 2-pivaloxy acetic acid, 1 (2.74 g, 17 mmol), EDC-HCI (4.89 g, 25
mmol), and DMAP (104 mg, 0.85 mmol) in CH,Cl, (27 mL) was stirred at 0 °C for 15

min and at room temperature for 16 h under N,.

The resulting yellow mixture was diluted in Et,O (50 mL) and washed with 0.5 M
HCI (3 x 40 mL), 0.5 M NaOH (3 x 40 mL), and brine (50 mL). The organic layer was
dried over MgSO, and filtered. The solvent was removed and the crude product was
purified by column chromatography (Hexanes/EtOAc 90:10) to give 4.11 g (13.5 mmol,
80% yield) of (S)-4-isopropyl-N-(2-pivaloyloxyacetyl)-1,3-thiazolidine-2-thione (2)).

s o Thick yellow oil. Ry = 0.50 (Hexanes/CH,CI, 70:30). [a]p = +232.8
S)]\N)K/OPN (c 1.0, CHCLy). IR (ATR): v 2965, 2874, 1740, 1714, 1141 cm™.

'H NMR (CDCls, 400 MHz) & 5.44 (2H, s, COCH,), 5.11 (1H,
ddd, J = 8.1, 5.9, 1.1 Hz, NCH), 3.63 (1H, dd, J = 11.5, 8.1 Hz,
2 SCH.Hp), 3.09 (1H, dd, J = 11.5, 1.1 Hz, SCH.Hy), 2.43-2.32

(1H, m, CH(CH,),), 1.27 (9H, s, C(CHa)s), 1.06 (3H, d, J = 6.8 Hz, CHa), 0.98 (3H, d, J
= 7.0 Hz, CHa). *C NMR (CDCls, 100.6 MHz) & 202.5 (C), 177.9 (C), 168.1 (C), 71.4
(CH), 65.0 (CH, ), 38.7 (C), 31.4 (CH), 30.7 (CH,), 27.1 (CH3), 19.0 (CHa), 17.5 (CHa).
HRMS (+ESI): m/z calcd. for C3H,NO;S, [M+H]+: 304.1036; found: 304.1037.
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1.1.4. Synthesis of electrophiles

1.1.4.1. 4 4’-Dimethoxybenzhydryl methyl ether (3)

A mixture of 4,4'-bis(dimethoxy)benzhydrol (733 mg, 3.0 mmol) and catalytic
amounts of Amberlyst-15 ion-exchange resin in trimethyl orthoformate (1.2 mL, 11.1
mmol) and MeOH (0.75 mL, 18.6 mmol) was stirred for 15 h at room temperature under
No.

Then, the reaction mixture was filtered and the solid was washed with MeOH.
The solid was dried under reduced pressure to afford 702 mg (2.7 mmol, 91% yield) of
4.4 -dimethoxybenzhydryl methyl ether (3), which was pure by *H NMR.

oMo White solid. mp = 33-35 °C. IR (ATR): v 3004, 2985,
2936, 2896, 2829, 1601, 1583, 1505, 1464, 1301,

-1 1
Ve ome | 1234, 1161, 1086, 1027 cm™ *H NMR (CDCl;, 400
3 MHz) & 7.25-7.23 (4H, m, ArH), 6.86-6.84 (4H, m,
ArH), 5.16 (1H, s, CHOCHs), 3.78 (6H, s, ArOCHj),

3.34 (3H, s, CHOCHs). *C NMR (CDCl;, 100.6 MHz) & 158.8, 134.4, 128.0, 113.6,
84.4, 56.6, 55.1.

1.1.4.2. 4 4’-Dimethoxybenzhydryl acetate

Acetic anhydride (284 uL, 3.0 mmol) and Et;N (418 uL, 3.0 mmol) were added
to a solution of 4,4'-bis(dimethoxy)benzhydrol (366 mg, 1.5 mmol) and DMAP (18 mg,
0.15 mmol) in CH,CI, (7.5 mL) under N, and the resultant mixture was stirred during 45

min at room temperature.

The solvents were removed in vacuum to obtain an oil which was purified by
column chromatography (CH,Cl,) to afford 425 mg (1.5 mmol, 99% vyield) of 4,4’-
dimethoxybenzhydryl acetate.

Colourless oil. Ry = 0.35 (CH)Cly). 'H NMR (CDCls,
)J\O 400 MHZ) 8 7.30-7.22 (4H, m, ArH), 6.89-6.84 (4H,

m, ArH), 6.81 (1H, s, CHOAC), 3.79 (6H, s, ArOCHs),
O O 2.13 (3H, S, CH3C02)
MeO OMe
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1.1.4.3. 4,4’-Dimethoxybenzhydryl benzoate

Benzoyl chloride (418 pL, 3.6 mmol) and Et;N (627 uL, 4.5 mmol) were added
to a solution of 4,4'-bis(dimethoxy)benzhydrol (733 mg, 3.0 mmol) and DMAP (18 mg,
0.15 mmol) in CH,CI, (10 mL) under N, and then, the resulting mixture was stirred 45

min at room temperature.

The volatiles were removed in vacuum to obtain an oil, which was purified by
column chromatography (Hexanes/EtOAc 85:15) to afford 769 mg (2.20 mmol, 73%
yield) of 4,4’-dimethoxybenzhydryl benzoate.

o Colourless oil. R; = 0.38 (Hexanes/EtOAc 85:15). 'H
o )LO NMR (CDCls, 400 MHz) & 8.14-8.10 (2H, m, ArH),

7.58-7.53 (1H, m, ArH), 7.47-7.42 (2H, m, ArH),
O O 7.37-7.31 (4H, m, ArH), 7.06 (1H, s, CHOBz), 6.90-
MeO OMe

6.85 (4H, m, ArH), 3.79 (6H, s, ArOCH).

1.1.4.4. Hexacarbonyl y-[n*-(3-methoxy-1-propyne)dicobalt (5)

Neat 3-methoxy-1-propyne (253 pL, 3.0 mmol) was added to a solution of
Co0,(C0O)g (1.18 g, 3.5 mmol) in pentane (16 mL) at room temperature under N,. The

resulting mixture was stirred for 3 h at room temperature.

The solution was bubbled with a N, flux until the volume of was reduced by half.
The resulting solution was purified by flash column chromatography (Hexanes/Et,O
from 98:2 to 95:5) to afford 856 mg (2.4 mmol, 80% yield) of hexacarbonyl p-[n*-(3-
methoxy-1-propyne)dicobalt (5).

Black oil. R; = 0.50 (Hexanes/Et,0 95:5). *H NMR (CDCls, 400
MHz) & 6.06 (1H, s, C[C0,(CO)¢]CH), 4.60 (2H, s, CH3;OCH,),
3.49 (3H, s, CH3OCH,).

Co2(CO)e

MeO” 4

5

1.1.4.5. 1-Methoxy-3-phenyl-2-propyne

Neat iodomethane (1.76 mL, 28 mmol) was added to a suspension of NaH
(60% dispersion in mineral oil) (1.13 g, 28 mmol) in THF (14 mL) and 1-hydroxy-3-
phenyl-2-propyne (1.87 g, 14 mmol), at 0 °C for 5 min. Once the addition was

completed, the stirring was continued for 16 h at room temperature.
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The reaction was quenched with MeOH (2 mL), saturated NH4CI (5 mL) and
water (10 mL). The mixture was extracted with Et,O (3 x 20 mL). The organic extracts
were washed with water (3 x 20 mL) and brine (30 mL), dried over MgSO, and filtered.
The filtrate was evaporated, and the residual material was purified by column
chromatography (Hexanes/EtOAc 20:1) to afford 1.38 g (9.4 mmol, 67% yield) of 1-
methoxy-3-phenyl-2-propyne.

Dark oil. Ry = 0.38 (Hexanes/EtOAc 20:1). *H NMR (CDCl,
400 MHZ) 8 7.47—7.42 (2H, m, ArH), 7.33-7.29 (3H, m, ArH),
4.33 (2H, s, CHsOCH,), 3.46 (3H, s, OCHs).

MeO %

1.1.4.6. Hexacarbonyl y-[n*-(1-methoxy-3-phenyl-2-propyne)dicobalt (6)

A solution of 1-methoxy-3-phenyl-2-propyne (700 mg, 4.8 mmol) in pentane (6
mL) was added via cannula to a solution of Co,(CO)s (1.89 g, 5.5 mmol) in pentane (24
mL) at room temperature under N,. The reaction mixture was stirred for 3 h at room

temperature.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
95:5) to afford 1.93 g (4.5 mmol, 93% vyield) of hexacarbonyl p-[n*-(1-methoxy-3-
phenyl-2-propyne)dicobalt (6).

Black oil. R; = 0.50 (Hexanes/Et,0O 95:5). *H NMR (CDCls, 400

/\\/C02(CO)5
MeO™ % MHz) 5 7.56-7.51 (2H, m, ArH), 7.38-7.28 (3H, m, ArH), 4.80
(2H, S, CHgoCﬂz), 3.57 (3H, S, CﬂgOCHz)
6

1.1.4.7. a-Methylferrocene methyl ether (8)

Neat lodomethane (125 uL, 2.0 mmol) was added to a suspension of NaH (60%
dispersion in mineral oil) (80 mg, 2.0 mmol) and a-methylferrocenemethanol (230 mg,
1.0 mmol) in THF (1 mL) at 0 °C for 5 min under N,. Once the addition was completed,

the stirring was continued for 24 h at room temperature.
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The reaction was quenched with MeOH (1 mL), saturated NH4CI (2 mL) and
water (5 mL). The solution was extracted with Et,O (3 x 10 mL). The organic layer was
washed with water (3 x 10 mL) and brine (20 mL), dried over MgSO, and filtered. The
filtrate was evaporated, and the residual material was purified by column
chromatography (Hexanes/EtOAc 80:20) to afford 179 mg (0.73 mmol, 73% yield) of a-
methylferrocene methyl ether (8).

Yellowish oil. R; = 0.55 (Hexanes/EtOAc 80:20). 'H NMR (CDCl,, 400
Cj?( MHz) & 4.23-4.12 (11H, m, ArH, CHOMe), 3.26 (3H, s, OCHs), 1.54
Q}OMe (3H, d, J = 6.4 Hz, CHCHy).

8

1.1.4.8. (E)-1-Methoxy-1,3-diphenyl-2-propene (9)

A suspension of (E)-1,3-diphenyl-2-propen-1-ol (631 mg, 3.0 mmol) and
catalytic amounts of Amberlyst-15 ion-exchange resin in trimethyl orthoformate (1.2
mL) and MeOH (0.75 mL) was stirred for 15 h at room temperature under N,.

Then, the reaction mixture was filtered and the solid was washed with MeOH.
The solid was dried under reduced pressure to afford 642 mg (2.9 mmol, 95% yield) of

(E)-1-methoxy-1,3-diphenyl-2-propene (9), which was pure by *H NMR.

OMe Colourless oil. *H NMR (CDCls, 400 MHz) &6 7.43-7.18 (10H,

= m, ArH), 6.63 (1H, d, J = 15.9 Hz, CH=CHAr), 6.28 (1H, dd,

O O J = 15.9, 7.0 Hz, CH=CHAr) 4.80 (1H, d, J = 7.0 Hz,
9 CHOCH), 3.38 (3H, s, OCH,).

1.2. OPTIMIZATION AND SCALE-UP OF THE REACTION

1.2.1. General Procedure

Solid NiCl,(PMes), was added to a solution of (S)-4-isopropyl-N-acyl-1,3-
thiazolidine-2-thione (2) (0.5 mmol) and the corresponding electrophile (0.75 mmol) in
CH,CI, (1 mL) at room temperature under N,. This mixture was cooled at —20 °C. Then,
TESOTf and 2,6-lutidine were added dropwise after 3 and 7 min respectively. The

resultant mixture was stirred at —20 °C for a certain time.
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The reaction was quenched by addition of saturated NH,Cl (1.2 mL) and the
mixture was stirred vigorously for five minutes at room temperature. It was partitioned
with CH,Cl, (20 mL) and water (20 mL). The aqueous layer was further extracted with
CH,CI, (2 x 20 mL) and the combined organic extracts were washed with brine (30
mL), dried (MgSQ,), filtered, and concentrated. The residue was purified by column

chromatography to afford the desired adduct.

1.2.2. Alkylation with 4,4’-dimethoxybenzhydryl derivatives

The reactions were carried out according to the General Procedure described in
section 1.2.1. from 2a (109 mg, 0.5 mmol), NiCl,(PMes), (7.0 mg, 25 umol), the
corresponding electrophile (0.75 mmol), TESOTf (136 pL, 0.6 mmoal), 2,6-lutidine (87
pL, 1.5 mmol) in CH,Cl, (1 mL) at —20 °C for 15 h.

After the work-up described in General Procedure in section 1.2.1., the crudes
were analyzed by *H NMR without further purification. The results are shown in Table
15.

~0
1.5€eq
s NJ\/ MeO OMe s N Ar
(Me3P),NiCl, (5 mol%)
1.2 eq TESOTT, 1.5 eq 2,6-lutidine
2a CHyCIy -20°C, 15 h Ar: 4-MeOPh
Entry X Yield (%)?

1 H n.r.

2 TES n.r.

3 Ac n.r.

4 Bz n.r.

5 Me 94

?Established by 1H NMR analysis of the crude
Table 15
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1.2.3. Effect of the catalyst

The reactions were carried out according to the General Procedure described in
section 1.2.1. from 2a (109 mg, 0.5 mmol), 3 (194 mg, 0.75 mmaol), 2,6-lutidine (87 pL,
1.5 mmol) and different quantities of NiCl,(PMes), and TESOTTf in CH,Cl, (1 mL) at —20

oC for a certain time.

After the usual reaction work-up described in section 2.1.1, the crudes were

purified by column chromatography (Hexanes/EtOAc 85:15) to afford the pure adduct.

The results are summarized in Table 16.

OMe
1.5eq
MeO l OMe
3 .

S o0 )S]\ O Ar
s N)k/ s” N Ar
(Me3P)2NiCI2
TESOTHf, 1.5 eq 2,6-lutidine
CH20|2 -20 °C, time
' Ar: 4-MeOPh
2a 4a
Entry (Me3P),NiCl, (mol %) TESOTT (eq) Time (h) 3a (%)?
1 5 1.2 15 94
2 5 1.2 1 94
3 2.5 1.15 15 93
4 1 1.15 15 92
5 1 1.15 5 92
6 0.5 1.15 48 71
7 0 1.15 72 n.r.
?|solated yield after chromatographic purification
Table 16
OMe Yellow solid. mp = 175-176 °C. Ry = 0.30

4a

(Hexanes/EtOAc 85:15). [a]p = +316.7 (c 1.00, CHCIy).
IR (ATR): v 2959, 2925, 2829, 1683, 1601, 1501, 1464,
1360, 1238, 1145, 1030 cm™. 'H NMR (CDCl;, 400
MHz) & 7.32-7.18 (4H, m, ArH), 6.83-6.73 (4H, m,
ArH), 6.07 (1H, dq, J = 11.5, 6.8 Hz, COCH), 5.18 (1H,
ddd, J = 8.5, 5.2, 1.1 Hz, NCH), 4.19 (1H, d, J = 11.5

Hz, COCHCH), 3.74 (3H, s, OCHs), 3.71 (3H, s, OCH), 3.36 (1H, dd, J = 11.5, 8.5 Hz,
SCHaHb), 2.84 (1H, dd, J = 11.5, 1.1 Hz, SCH,Hy), 1.69-1.61 (1H, m, CH(CH>),), 1.07
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(3H, d, J = 6.8 Hz, COCHCHjy), 0.78 (3H, d, J = 6.8 Hz, CHs), 0.64 (3H, d, J = 7.0 Hz,
CHs). **C NMR (CDCl;, 100.6 MHz) & 203.2 (C), 176.9 (C), 158.1 (C), 157.9 (C),
136.5 (C), 135.1 (C), 129.0 (CH), 128.8 (CH), 114.0 (CH), 113.9 (CH), 71.5 (CH), 55.2
(CHs), 55.2 (CHj3), 54.2 (CH), 42.0 (CH), 30.7 (CH), 28.3 (CH,), 18.7 (CHjs), 17.2 (CHy),
17.1 (CH3). HRMS (+ESI): m/z calcd. for CyyH3NO3S, [M+H]": 444.1662; found:
444.1672.

1.2.4. Multigram scale process

The reactions were carried out according to the General Procedure described in
section 1.2.1. from 2a, NiCl,(PMe3), (5 mol%), 3 (1.5 eq), TESOTf (1.2 eq), 2,6-lutidine
(1.5 eq) and CH,CI, (0.5 M) at —20 °C for 15 h.

After the usual reaction work-up, the crudes were purified by flash column
chromatography (Hexane/EtOAc 85:15) to afford the pure adduct. The results are
shown in the following Table 17.

OMe
1.5eq

S (0] O S (@) Ar

M meo ome

s” N 3 _ s7 N Ar
(Me3P),NiCl, o
TESOTF, 1.5 eq 2,6-lutidine
CH,Cl, -20°C, 15 h
2a

Ar: 4-MeOPh
4a

Entry 2a (mmol) 4a (mg) 4a (%)?

1 0.5 209 94

2 15 617 93

3 5 2051 92

?|solated yield after chromatographic purification
Table 17

1.3. SCOPE OF THE REACTION

1.3.1. From (S)-N-Butanoyl-4-isopropyl-1,3-thiazolidine-2-thione (2b)

The reactions were carried out according to the General Procedure described in
section 1.2.1. from 2b (116 mg, 0.5 mmol), NiCl(PMej3), (7 mg, 25 pmol), 3 (194 mg,
0.75 mmol), TESOTTf (see Table 4), and 2,6-lutidine (88 pL, 0.75 mmol) in CH,CI, (1
mL).
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A further purification by column chromatography (from Hexanes/EtOAc 90:10 to
85:15) afforded (S)-N-[(R)-3,3-di(4-methoxyphenyl)-2-ethylpropanoyl]-4-isopropyl-1,3-
thiazolidine-2-thione (4b). The results are summarized in Table 18.

OMe

1.5eq
S o O O S 0o A
)J\ )J\/\ MeO OMe )J\
s” °N 3 7N Ar
(Me3P),NiCl, o
TESOTY, 1.5 eq 2,6-lutidine
CH,Cl, -20 °C, 15h
2b

Ar: 4-MeOPh
4b

Entry TESOTTf (eq) 4b (%)* 2a®

1 1.2 87 5

2 1.5 91 0

|solated yield after chromatographic purification
Table 18
OMe Yellow solid. mp = 183-185 °C. [a]p = +292.1 (c 1.00,
CHCI;). Rf = 0.30 (Hexanes/EtOAc 85:15). IR (ATR):
s O v 2957, 2832, 1691, 1505, 1241, 1146 cm™. 'H NMR
0

)J\ (CDCl;, 400 MHz) & 7.40-7.35 (2H, m, ArH), 7.25—

S N
\_§, O 7.21 (2H, m, ArH), 6.84-6.80 (2H, m, ArH), 6.76-6.71
OMe

(2H, m, ArH), 6.25 (1H, ddd, J = 11.5, 8.5, 4.1 Hz,
4b COCH), 5.21 (1H, ddd, J = 8.2, 5.7, 0.8 Hz, NCH),

4.18 (1H, d, J = 11.5 Hz, CHAry), 3.75 (3H, s, OCHy),
3.71 (3H, s, OCHy), 3.35 (1H, dd, J = 11.5, 8.2 Hz, SCH,H,), 2.86 (1H, dd, J=11.5, 0.8
Hz, SCH,Hy), 1.79-1.67 (1H, m, CH(CHjs),), 1.65-1.46 (2H, m, COCHCH,), 0.85 (3H, t,
J = 7.5 Hz, CH,CHzy), 0.77 (3H, d, J = 6.8 Hz, CHCHg;), 0.61 (3H, d, J = 6.9 Hz,
CHCHs). *C NMR (CDCl;, 100.6 MHz) & 203.6 (C), 175.9 (C), 158.1 (C), 157.9 (C),
136.3 (C), 135.3 (C), 129.2 (CH), 128.9 (CH), 114.1 (CH), 113.8 (CH), 71.6 (CH), 55.2
(CHj3), 55.1 (CHj3), 53.4 (CH), 46.8 (CH), 30.7 (CH), 28.9 (CH,), 25.5 (CH,), 18.6 (CH5),
17.4 (CHs), 10.3 (CHs3). HRMS (+ESI): m/z calcd. for CysH3,NO5S, [M+H]™: 458.1818;
found: 458.1831.
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1.3.2. From (S)-4-isopropyl-N-(3-phenylpropanoyl)-1,3-thiazolidine-2-thione (2c)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2c (147 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in CH,CI,
(1 mL).

A further purification by column chromatography (from Hexanes/EtOAc 90:10 to
85:15) afforded 249 mg (0.48 mmol, 95% vyield) of (S)-N-[(R)-2-benzyl-3,3-di(4-
methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (4c).

oMo Yellow solid. mp = 142-144 °C. Ry = 0.30
(Hexanes/EtOAc 85:15). [a]p = +291.2 (c 1.00,

s o O CHCly). IR (ATR): v 2957, 2872, 1687, 1605, 1508,
)J\ 1370, 1243, 1145 cm™. *H NMR (CDCl;, 400 MHz) &

7.25-7.09 (5H, m, ArH), 6.92-6.87 (2H, m, ArH),
4c 6.74-6.69 (2H, m, ArH), 6.45 (1H, td, J = 11.1, 5.0,

Hz, COCH), 4.70 (1H, ddd, J = 7.2, 5.4, 2.9 Hz, NCH),
4.25 (1H, d, J = 11.1 Hz, CHAr,), 3.79 (3H, s, OCHy), 3.69 (3H, s, OCH3), 2.90 (1H, dd,
J=12.8, 5.0 Hz, CH,H,Ph), 2.62 (1H, dd, J = 12.8, 11.1 Hz, CH,H,Ph), 2.58-2.50 (2H,
m, SCH,), 1.84-1.73 (1H, m, CH(CHs),), 0.74 (3H, d, J = 6.7 Hz, CHCH3), 0.42 (3H, d,
J = 6.9 Hz, CHCHs). *C NMR (CDCl;, 100.6 MHz) & 203.8 (C), 175.3 (C), 158.2 (C),
157.9 (C), 137.8 (C), 135.6 (C), 135.2 (C), 129.7 (CH), 129.0 (CH), 128.9 (CH), 128.2
(CH), 126.6 (CH), 114.3 (CH), 113.6 (CH), 71.3 (CH), 55.2 (2 x CHs), 54.9 (CH), 47.2
(CH), 41.0 (CHy), 30.2 (CH, & CH), 18.3 (CHj3), 18.2 (CH3). HRMS (+ESI): m/z calcd.
for C3oH33NNaOsS, [M+Na]*: 542.1794; found: 542.1794.

S N
O 7.49-7.43 (2H, m, ArH), 7.41-7.36 (2H, m, ArH),
Ph OMe

1.3.3. From (S)-4-isopropyl-N-(3-methylbutanoyl)-1,3-thiazolidine-2-thione (2d)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2d (123 mg, 0.5 mmol), NiCl,(PMe3), (7 mg, 25 pmol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol), 2,6-lutidine (88 pL, 0.75 mmol) in CH,CI, (1
mL).

A further purification by column chromatography (from Hexanes/EtOAc 90:10 to
85:15) afforded 228 mg (0.47 mmol, 94%) of (S)-N-[(R)-3,3-di(4-methoxyphenyl)-2-
isopropylpropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (4d)
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oMo Yellow solid. mp = 147-149 °C. Ry = 0.38
(Hexanes/EtOAc 85:15). [a]p = +283.0 (c 1.00,

s o O CHCl3). IR (ATR): v 2954, 2830, 1685, 1604, 1505,
)J\ 1240, 1141 cm™. *H NMR (CDCl;, 400 MHz) & 7.46—

(2H, m, ArH), 6.74-6.70 (2H, m, ArH), 6.37 (1H, dd, J
4d = 11.6, 4.1 Hz, COCH), 5.16 (1H, ddd, J = 8.2, 5.9, 1.0

Hz, NCH), 4.27 (1H, d, J = 11.6 Hz, CHAr,), 3.75 (3H,
s, OCHg), 3.70 (3H, s, OCH3), 3.34 (1H, dd, J = 11.5, 8.2 Hz, SCH,H}), 2.86 (1H, dd, J
= 11.5, 1.0 Hz, SCHyHy), 1.91-1.73 (2H, m, 2 x CH(CHj),), 0.96 (3H, t, J = 7.0 Hz,
COCHCHCHL), 0.90 (3H, d, J = 6.8 Hz, CHCHs), 0.77 (3H, d, J = 6.9 Hz, CHCH3), 0.55
(3H, t, J = 7.0 Hz, COCHCHCHj). *C NMR (CDCl;, 100.6 MHz) & 204.1 (C), 173.8 (C),
158.1 (C), 157.8 (C), 136.4 (C), 135.4 (C), 129.5 (CH), 128.8 (CH), 114.1 (CH), 113.7
(CH), 71.7 (CH), 55.2 (2 x CHjg), 52.0 (CH), 49.5 (CH), 30.6 (CH), 29.7 (CH), 29.4
(CH,), 20.5 (CH3), 18.5 (CHa), 17.7 (CHa), 17.5 (CHs). HRMS (+ESI): m/z calcd. for
Co6H3NO3S, [M+H]": 472.1975; found: 472.1971.

S N
\_y O 7.41 (2H, m, ArH), 7.31-7.26 (2H, m, ArH), 6.85-6.80
OMe

1.3.4. From (S)-N-(5-hexenovyl)-4-isopropyl-1,3-thiazolidine-2-thione (2€)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2e (129 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in CH,Cl,
(1 mL).

A further purification by column chromatography (from Hexanes/EtOAc 90:10 to
85:15) afforded 228 mg (0.47 mmol, 94% vyield) of (S)-N-[(R)-2-(3-butenyl)-3,3-di(4-
methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (2e).

Yellow sold. mp = 189-191 °C. Ry = 0.35
(Hexanes/EtOAc 85:15). [a]p = +251.1 (c 1.00,
CHCL,); IR (ATR): v 2929, 2839, 1686, 1604, 1505,
1242, 1144 cm™. "H NMR (CDCl;, 400 MHz) & 7.39—
7.34 (2H, m, ArH), 7.27-7.22 (2H, m, ArH), 6.85-6.80
(2H, m, ArH), 6.75-6.71 (2H, m, ArH), 6.30 (1H, ddd,
J=11.3, 7.8, 5.3 Hz, COCH), 5.64 (1H, ddt, J = 17.0,
10.2, 6.5 Hz, CH=CH,), 5.22-5.18 (1H, m, NCH), 4.93
(1H, dg, J = 17.0, 1.7 Hz, CH=CHaHy), 4.87 (1H, dq, J = 10.2, 1.7 Hz, CH=CH,H,), 4.15
(1H, d, J = 11.3 Hz, CHAr,), 3.75 (3H, s, ArOCHs), 3.70 (3H, s, ArOCHj), 3.32 (1H, dd,

2e
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J =115, 8.4 Hz, SCH,H,), 2.83 (1H, dd, J = 11.5, 0.7 Hz, SCH H,), 2.12-1.96 (2H, m,
CH,CH=CH,), 1.72-1.58 (3H, m, CH(CHs),, COCHCH,), 0.72 (3H, d, J = 6.8 Hz,
CHCHs), 0.62 (3H, d, J = 7.0 Hz, CHCHs). *C NMR (CDCl;, 100.6 MHz) & 203.6 (C),
176.0 (C), 158.1 (C), 157.9 (C), 138.0 (CH), 135.8 (C), 135.2 (C), 129.3 (CH), 128.9
(CH), 114.8 (CH,), 114.1 (CH), 113.8 (CH), 71.6 (CH), 55.2 (2 x CHy), 54.4 (CH), 45.7
(CH), 32.2 (CH,), 30.8 (CH), 30.5 (CH,), 28.4 (CH,), 18.6 (CHj3), 17.1 (CH3). HRMS
(+ESI): m/z calcd. for C,;H33NNaOsS, [M+Na]™: 506.1794; found: 506.1798.

1.3.5. From (S)-4-isopropyl-N-[5-methoxy-5-0xopentanoyl]-1,3-thiazolidine-2-
thione (2f)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2f (145 mg, 0.5 mmol), NiCl(PMe3), (7 mg, 25 pmol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 uL, 0.75 mmol) in CH,Cl,
(1 mL).

A further purification by column chromatography (from Hexanes/EtOAc 85:15 to
65:35) afforded 232 mg (0.45 mmol, 90% yield) of (S)-N-[(R)-3,3-di(4methoxyphenyl)-
2-(3-methoxy-3-oxopropyl)propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (4f).

oOMe Yellow solid. mp = 151-153 °C. Ry = 0.15
(Hexanes/EtOAc 85:15). [a]p = +263.9 (c 1.00,

s o O CHCly). IR (ATR): v 2949, 2833, 1738, 1686, 1604,
)J\ 1506, 1241, 1144 cm™. *H NMR (CDCl;, 400 MHz) &

6.85-6.81 (2H, m, ArH), 6.76-6.71 (2H, m, ArH), 6.36
(1H, ddd, J = 11.6, 8.2, 3.8 Hz, COCH), 5.18-5.13
(1H, m, NCH), 4.18 (1H, d, J = 11.6 Hz, CHAr,), 3.75
(3H, s, ArOCHs), 3.70 (3H, s, ArOCHs), 3.61 (3H, s, COOCHz), 3.43 (1H, dd, J = 11.4,
8.4 Hz, SCH.H,), 2.84 (1H, dd, J = 11.5, 0.8 Hz, SCH.H.), 2.41-2.22 (2H, m,
CH,CO,Me), 2.02-1.91 (1H, m, COCHCH_Hy), 1.86-1.75 (1H, m, COCHCH.H,), 1.72—
1.62 (1H, m, CH(CHa),), 0.73 (3H, d, J = 6.8 Hz, CHCHj5), 0.60 (3H, d, J = 7.0 Hz,
CHCH,). **C NMR (CDCl;, 100.6 MHz) & 203.8 (C), 175.3 (C), 173.3 (C), 158.2 (C),
158.0 (C), 135.7 (C), 134.7 (C), 129.2 (CH), 128.9 (CH), 114.2 (CH), 113.8 (CH), 71.7
(CH), 55.2 (2 x CHs), 53.4 (CH), 51.6 (CHs3), 44.9 (CH) 30.7 (CH), 30.3 (CH,), 28.6
(CH,), 26.7 (CHy), 18.6 (CHj3), 17.2 (CH3). HRMS (+ESI): m/z calcd. for C,7H33NNaOsS,
[M+Na]": 538.1692; found: 538.1694.

S\_gl O 7.37-7.33 (2H, m, ArH), 7.27-7.23 (2H, m, ArH),
OMe
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1.3.6. From (S)-4-isopropyl-N-(N,N-phtaloyl-2-aminoacetyl)-1,3-thiazolidine-2-
thione (29)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2g (174 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in CH,CI,
(1 mL).

A further purification by column chromatography (from Hexanes/EtOAc 70:30 to
60:40) afforded 262 mg (0.46 mmol, 91% yield) of (S)-N-[(R)-3,3-di(4-methoxyphenyl)-
N-phtaloyl-2-aminopropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (49)

OMe Yellow solid. mp = 203-205 °C. Ry = 0.10
(hexanes/EtOAc 80:20). [a]p = +525.7 (c 1.00,
s o O CHCI3). IR (ATR): v 2964, 2836, 1774, 1715, 1687,

1510, 1383, 1247, 1177 cm™. *H NMR (CDCls, 400
A Nphth MHz) & 7.71— 7.62 (4H, m, ArH), 7.44-7.39 (2H, m,
\_5' OMe | ArH), 7.24 (1H, d, J = 11.0 Hz, COCH), 7.04—6.98
ag (2H, m, ArH), 6.92-6.86 (2H, m, ArH), 6.56-6.51 (2H,

m, ArH), 5.11 (1H, d, J = 11.0 Hz, CHAT,), 4.79 (1H,
ddd, J = 7.6, 5.9, 0.8 Hz, NCH), 3.79 (3H, s, OCH), 3.59 (3H, s, OCHs), 3.30 (LH, dd, J
= 11.3, 7.6 Hz, SCH.H,), 2.93 (1H, dd, J = 11.3, 0.8 Hz, SCH.H,), 2.41-2.30 (1H, m,
CH(CHs),), 0.94 (3H, d, J = 6.8 Hz, CHCHs), 0.89 (3H, d, J = 7.0 Hz, CHCHs). *C NMR
(CDCls, 100.6 MHz) 5 201.6 (C), 169.5 (C), 158.2 (2 x C), 134.1 (CH), 133.3 (C), 132.3
(C), 130.9 (C), 130.1 (CH), 129.1 (CH), 123.2 (CH), 114.1 (CH), 113.4 (CH), 73.8 (CH),
55.5 (CH), 55.2 (CHa), 55.1 (CHs), 49.6 (CH), 31.5 (CH,), 31.2 (CH), 19.0 (CHs), 17.6
(CHs3). HRMS (+ESI): m/z calcd. for CsH3zoN,NaOsS, [M+Na]": 597.1488; found:
597.1487.

1.3.7. From (S)-N-(2-azidoacetyl)-4-isopropyl-1,3-thiazolidine-2-thione (2h)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2h (122 mg, 0.5 mmol), NiCl,(PMe3), (7 mg, 25 pmol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 uL, 0.75 mmol) in CH,Cl,
(1 mL).

A further purification by column chromatography (from Hexanes/EtOAc 85:15 to
80:20) afforded 216 mg (0.46 mmol, 92% vyield) of the (S)-N-[(R)-2-azido-3,3-di(4-
methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (4h)
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Yellow solid. mp = 133-135 °C. Ry = 0.25
(hexanes/EtOAc 85:15). [a]p = +129.7 (c 1.00,
CHCl). IR (ATR): v 2958, 2833, 2101, 1697, 1506,
1462, 1361, 1244, 1160 cm™. *H NMR (CDCl;, 400
MHz) & 7.33-7.27 (5H, m, ArH, COCH), 6.90-6.85
(2H, m, ArH), 6.80-6.75 (2H, m, ArH), 5.22 (1H, ddd,
J =8.6, 5.4, 1.1 Hz, NCH), 4.57 (1H, d, J = 10.8 Hz,
CHAr,), 3.78 (3H, s, OCHjs), 3.73 (3H, s, OCHy), 3.46
(1H, dd, J = 11.6, 8.6 Hz, SCH,H,), 2.91 (1H, dd, J = 11.6, 1.1 Hz, SCH_H,), 1.77-1.68
(1H, m, CH(CHy),), 0.72 (3H, d, J = 6.8 Hz, CHCH3), 0.66 (3H, d, J = 7.0 Hz, CHCH>).
3C NMR (CDCls, 100.6 MHz) & 203.4 (C), 169.4 (C), 158.7 (C), 158.6 (C), 132.3 (C),
132.2 (C), 129.6 (CH), 129.2 (CH), 114.2 (CH), 114.0 (CH), 71.5 (CH), 60.8 (CH), 55.2
(2 x CH3), 51.9 (CH), 30.6 (CH), 28.9 (CHy,), 18.6 (CHz), 17.0 (CHz). HRMS (+ESI): m/z
calcd. for C,3H26KN405S; [M+K]": 509.1078; found: 509.1082.

1.3.8. From (S)-N-(2-benzyloxyacetyl)-4-isopropyl-1,3-thiazolidine-2-thione (2i)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2i (162 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) CH,CI,
(1 mL).

A further purification by column chromatography (Hexanes/EtOAc 80:20)
afforded 251 mg (0.47 mmol, 94% vyield) of (S)-N-[(R)-2-benzyloxy-3,3-di(4-
methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (4i)

OMe Yellow solid. mp = 136-138 °C. Ry = 0.30
(Hexanes/EtOAc 80:20). [a]p = +160.3 (c 1.00,
s o O CHCl3). IR (ATR): v 2955, 2834, 1697, 1604, 1505,

. )LN 1363, 1243, 1157 cm™. *H NMR (CDCl;, 400 MHz) &

OBn O 7.40-7.35 (2H, m, ArH), 7.31-7.27 (2H, m, ArH),
\_§’ OMe | 727703 (3H, m, ArH), 7.19-7.14 (2H, m, ArH), 7.02
4i (1H, d, J = 7.4 Hz, COCH), 6.86-6.81 (2H, m, ArH),
6.76—6.71 (2H, m, ArH), 4.97 (1H, ddd, J = 8.7, 4.6, 1.1 Hz, NCH), 4.65 (1H,d, J = 7.4
Hz, CHAr,), 450 (1H, d, J = 12.1 Hz, OCH.H,Ph), 4.46 (1H, d, J = 12.1 Hz,
OCH,HyPh), 3.78 (3H, s, OCHs), 3.73 (3H, s, OCHs), 3.15 (1H, dd, J = 11.4, 8.1 Hz,
SCHaHs), 2.79 (1H, dd, J = 11.4, 1.2 Hz, SCH,H,), 1.63-1.53 (1H, m, CH(CHs),), 0.67
(3H, d, J = 7.1 Hz, CHCHSa), 0.65 (3H, d, J = 7.2 Hz, CHCHz). *C NMR (CDCls, 100.6
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MHz) & 202.7 (C), 172.3 (C), 158.3 (C), 158.2 (C), 137.7 (C), 132.9 (C), 132.8 (C),
130.2 (CH), 130.1 (CH), 128.0 (3 x CH), 127.6 (C), 113.7 (CH), 113.6 (CH), 79.0 (CH),
73.4 (CH,), 71.6 (CH), 55.2 (2 x CHs), 53.0 (CH), 30.5 (CH), 28.8 (CH,), 18.7 (CHa),
16.6 (CHs). HRMS (+ESI): m/z calcd. for CsHs3sNNaO,S, [M+Na]™: 558.1743; found:
558.1745.

1.3.9. From (S)-4-isopropyl-N-(2-pivaloyloxyacetyl)-1,3-thiazolidine-2-thione (2f)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2j (152 mg, 0.5 mmol), NiCl,(PMe3s), (7 mg, 25 pmol), 3 (194 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 uL, 0.75 mmol) in CH,Cl,
(1 mL).

A further purification by column chromatography (from Hexanes/EtOAc 85:15 to
80:20) afforded 250 mg (0.47 mmol, 95% yield) of (S)-N-[(R)-3,3-di(4-methoxyphenyl)-
2-pivaloxypropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (4j)

Yellow sold. mp = 75-77 °C. Ry = 0.25
(Hexanes/EtOAc 85:15). [a]p = +150.4 (¢ 1.00, CHCl,).
IR (ATR): v 2959, 2835, 1728, 1704, 1508, 1244, 1140
cm™. 'H NMR (CDCls, 400 MHz) & 7.35-7.30 (3H, m,
COCH, ArH), 7.25-7.20 (2H, m, ArH), 6.86—6.81 (2H,
m, ArH), 6.79-6.75 (2H, m, ArH), 5.20 (1H, ddd, J =
9.0, 4.6, 1.4 Hz, NCH), 5.07 (1H, d, J = 5.5 Hz,
CHAr,), 3.78 (3H, s, OCHzy), 3.75 (3H, s, OCHs), 3.53 (1H, dd, J = 11.5, 9.0 Hz,
SCHaHy), 2.93 (1H, dd, J = 11.5, 1.4 Hz, SCH.H,), 1.70-1.59 (1H, m, CH(CHs)), 1.15
(9H, s, C(CHas)3), 0.84 (3H, d, J = 6.8 Hz, CHCHj5), 0.76 (3H, d, J = 7.0 Hz, CHCH,). **C
NMR (CDClIs, 100.6 MHz) & 202.4 (C), 178.0 (C), 169.1 (C), 158.6 (C), 158.2 (C), 132.5
(C), 131.0 (CH), 130.7 (C), 129.5 (CH), 113.5 (CH), 113.4 (CH), 74.9 (CH), 71.6 (CH),
55.2 (2 x CHj3), 49.7 (CH), 38.5 (C), 30.6 (CH), 29.2 (CH,), 26.9 (CHz), 18.9 (CHj3), 16.7
(CHs). HRMS (+ESI): m/z calcd. for C,gH3sNOsS, [M+H]": 530.2029; found: 530.2045.

1.4. OTHER ELECTROPHILES

1.4.1. 3-Methoxyprop-1-yne

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2a (109 mg, 0.5 mmol), NiCl,(PMe3), (7 mg, 25 pmol), 3-
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methoxyprop-1-yne (63 pL, 0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine
(88 pL, 0.75 mmol) in CH,Cl, (1 mL).

After the usual reaction mixture treatment, 'H NMR analysis of the crude
product showed the presence of the starting material and the electrophile. No traces of
the expected product were observed.

1.4.2. Hexacarbonyl y-[n*-(3-methoxyprop-1-yne)dicobalt (5)

The reaction was carried out according to the General Procedure described in
section 2.2.1. from 2a (109 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 5 (267 mg,
0.75 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in CH,CI,
(1 mL).

After the usual reaction mixture treatment, 'H NMR analysis of the crude
product showed the presence of the starting material, the electrophile, and traces of S-
alkylated product.

1.4.3. Hexacarbonyl y-[n*-((3-methoxyprop-1-ynyl)benzene)dicobalt (6)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2a (109 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 6 (475 mg,
0.75 mmol), TESOTf (249 pL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in CH,Cl,
(1 mL).

Purification by column chromatography of the resultant mixture
(Hexanes/CH,Cl, 80:20 to CH,Cl,) afforded 80 mg (0.37 mmol, 74% yield) of (S)-N-
propanoyl-1,3-thiazolidine-2-thione (2a), 365 mg (0.84 mmol, 76% vyield) of the
electrophile 6 and 50 mg (0.09 mmol, 18% yield) of the S-alkylated product 7.

Dark oil. Rf = 0.18 (hexanes/CH,CI, 80:20). IR (ATR): v 2959,
/\\/COZ(CO)G
j\ \\\Ph 2839, 2089, 2043, 2007, 1569, 1481, 1221 cm™. 'H NMR
S (CDCl3, 400 MHz) & 7.57-7.51 (2H, m, ArH), 7.38-7.30 (3H,
\_5, m, ArH), 5.00 (1H, d, J = 14.8 Hz, SCH,H,C[C0,(CO)s]), 4.75
(1H, d, J = 14.8 Hz, SCH,H,C[C0,(CO)¢]), 4.15-4.05 (1H, m,
7

NCH), 3.41 (1H, dd, J = 10.7, 8.1 Hz, SCH,H), 2.90 (1H, dd, J
= 10.7, 9.9 Hz, SCH.Hy), 2.00-1.89 (1H, m, CH(CHs),), 1.06 (3H, d, J = 6.7 Hz, CHa),
0.96 (3H, d, J = 6.7 Hz, CHs). *C NMR (CDCls, 100.6 MHz) & 199.0, 162.1, 137.65,
129.4, 128.8, 127.9, 93.4, 91.7, 83.0, 37.9, 37.1, 33.1, 20.0, 19.1 HRMS (+ESI): m/z
calcd. for C;sH,C0,06 [CH,C=C[Co,(CO)s]Ph]": 440.8901; found: 400.8888.
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1.4.4. a-Methylferrocene methyl ether (8)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2a (109 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 8 (183 mg,
0.75 mmol), TESOTf (136 pL, 0.6 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in CH,Cl,
(1 mL).

After the usual reaction mixture treatment, 'H NMR analysis of the crude
product showed the presence of the starting material 2a and the electrophile 8. No

traces of the expected products were observed.

1.4.5. (E)-1,3-Diphenylallyl methyl ether (9)

The reaction was carried out according to the General Procedure described in
section 1.2.1. from 2a (109 mg, 0.5 mmol), NiCl,(PMes), (7 mg, 25 umol), 9 (168 mg,
0.75 mmol), TESOTf (136 uL, 0.6 mmol) and 2,6-lutidine (88 uL, 0.75 mmol) in CH,CI,
(1 mL).

Purification by column chromatography of the resultant crude mixture
(Hexanes/EtOAc 95:5) afforded 151 mg (0.37 mmol, 74% yield) of an unseparable
50:50 mixture of syn/anti diastereomers 10.

s o prh Yellow oil. Ry = 0.30 (Hexanes/EtOAc 95:5). 'H NMR
. )LN )th (CDCls, 400 MHz) & 7.37—7.11 (20H, m, (ArH)y,), 6.55 (1H,
dd, J = 15.8, 8.9 Hz, (CH=CHPh),), 6.49 (1H, d, J = 15.7
\_§’ Hz, (CH=CHPh),), 6.42 (1H, d, J = 15.8 Hz, (CH=CHPh),),
10 6.25 (1H, dd, J = 15.7, 9.7 Hz, (CH=CHPh),), 5.67-5.58
(2H, m, (COCH)y,), 5.23 (1H, ddd, J = 8.2, 5.5, 0.5 Hz, (NCH),), 5.23 (1H, ddd, J = 8.5,
5.3, 0.9 Hz, (NCH),), 3.88 (1H, t, J = 9.7 Hz, (PhCH),), 3.88 (1H, d, J = 10.6, 8.9 Hz,
(PhCH),), 3.42 (1H, dd, J = 11.4, 8.2 Hz, (SCHaHs)y), 3.36 (1H, dd, J = 11.5, 8.5 Hz,
(SCHaHb),), 2.91 (1H, dd, J = 11.4, 0.5 Hz, (SCHaHy)y), 2.82 (1H, dd, J = 11.5, 0.9 Hz,
(SCHaHb),), 2.20-2.10 (1H, m, (CH(CHs)2),), 1.60-1.49 (1H, m, (CH(CHa)»),), 1.27 (3H,
d, J = 6.8 Hz, (COCHCHL),), 0.99 (3H, d, J = 6.7 Hz, (COCHCHj),), 0.79 (3H, d, J = 7.0
Hz, (CH(CHa).)y), 0.73 (3H, d, J = 7.1 Hz, (CH(CHa).),), 0.71 (3H, d, J = 7.1 Hz,
(CH(CHs),),), 0.58 (3H, d, J = 7.0 Hz, (CH(CHa)»)y).
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Experimental Section

2.1. STARTING MATERIALS

2.1.1. General procedure for the synthesis of (S)-N-propanoyl-1,3-thiazolidine-2-

thiones

A solution of n-BuLi in hexanes (1.1 eq) was added dropwise to a solution of
1,3-thiazolidine-2-thiones (1 eq) in THF (10 mL) at —78 °C under N,. The reaction
mixture was stirred for 15 min and the corresponding acyl chloride (1.3 eq) was
carefully added. The resulting clear solution was stirred for 5 min at —78 °C and the

solution was allowed to warm to room temperature and stirred for 1.5 h.

The reaction mixture was cooled with an ice bath and quenched with a
saturated solution of NH,ClI (2.4 mL) and water (5 mL). This mixture was extracted with
CH,CI, (3 x 20 mL), the combined organic extracts were dried over MgSQ,, filtered and
concentrated. The resultant oil was purified through column chromatography to afford

the corresponding (S)-N-propanoyl-1,3-thiazolidine-2-thione.

2.1.1.1. (S)-4-Isobutyl-N-propanoyl-1,3-thiazolidine-2-thione (13)

The reaction was carried out according to the General Procedure described in
Section 2.1.1. from (S)-4-isobutyl-1,3-thiazolidine-2-thione (877 mg, 5.0 mmol) and
propanoyl chloride (0.59 mL, 6.5 mmol).

Purification of the residue by column chromatography (CH,Cl,/Hexanes 50:50)
afforded 993 mg (4.3 mmol, 86% vyield) of (S)-4-isobutyl-N-propanoyl-1,3-thiazolidine-2-
thione (13).

s o Yellow oil. Ry = 0.40 (CH,Cl,/Hexanes 50:50). [a]p = +269.8 (c 1.05,

N J\/ CHCL). IR (ATR): v 2959, 1701, 1460, 1341, 1269, 1161, 1099,

961 cm™. '*H NMR (CDCl;, 400 MHz) & 5.29 (1H, ddd, J = 10.4, 7.2,

\_&’< 3.5 Hz, NCH), 3.55 (1H, ddd, J = 11.2, 7.2, 0.7 Hz, SCH.H,), 3.36

13 (1H, dq, J = 18.1, 7.2 Hz, COCH,H,CHs), 3.10 (1H, dq, J = 18.1, 7.2

Hz, COCH.H,CHs), 2.91 (1H, dd, J = 11.2, 0.7 Hz, SCH.Hy), 1.93 (1H, ddd, J = 13.2,

10.3, 4.1 Hz, CH.H,CH(CHs),), 1.71-1.51 (2H, m, CH.H,CH(CHa),), 1.17 (3H, t,J = 7.2

Hz, COCH,CHz), 1.01 (3H, d, J = 6.2 Hz, CHCHj5), 1.00 (3H, d, J = 6.2 Hz, CHCHj). **C
NMR (CDCl;, 75.4 MHz) & 201.4, 174.7, 66.1, 39.6, 33.0, 32.2, 25.4, 23.5, 21.2, 8.8.

187



Experimental Section

2.1.1.2. (S)-4-Phenyl-N-propanoyl-1,3-thiazolidine-2-thione (14)

The reaction was carried out according to the General Procedure described in
Section 2.1.1. from (S)-4-phenyl-1,3-thiazolidine-2-thione (977 mg, 5.0 mmol) and
propanoyl chloride (0.59 mL, 6.5 mmol).

Purification of the residue by column chromatography (CH,Cl,/Hexanes 70:30)
afforded 1.11 g (4.4 mmol, 87% yield) of (S)-4-phenyl-N-propanoyl-1,3-thiazolidine-2-
thione (14).

s o Yellow solid. mp = 115-117 °C. R; = 0.40 (CH,Cl,/Hexanes 70:30).
s )LN )J\/ [alo = +301.3 (c 1.00, CHCIl5). IR (ATR): v 2977, 1692, 1320, 1400,
\_4 1233, 1164 cm™. *H NMR (CDCl;, 400 MHz) & 7.40-7.30 (5H, m,

Ph ArH), 6.24 (1H, dd, J = 8.2, 1.6 Hz, NCH), 3.93 (1H, dd, J = 11.3, 8.2

L Hz, SCH.Hy), 3.38 (1H, dqg, J = 18.1, 7.3 Hz, COCH,H,CHs), 3.20
(1H, dg, J = 18.1, 7.3 Hz, COCH.H,CHs), 3.07 (1H, dd, J = 11.3, 1.6 Hz, SCH.H,), 1.13
(38H, t, J = 7.3 Hz, COCH,CHa). *C NMR (CDCl;, 75.4 MHz) & 202.1, 174.8, 139.3,
129.0, 128.4, 125.4, 69.8, 36.6, 32.5, 8.7.

2.1.2. Synthesis of acetals

2.1.2.1. 4-Methylbenzaldehyde dimethyl acetal (20a)

A mixture of 4-methylbenzaldehyde (1.2 mL, 10.0 mmol), camphorsulfonic acid
(348 mg, 1.5 mmol), anhydrous methanol (202 mL, 500 mmol) and anhydrous CH,Cl,

(12 mL) was stirred for 72 h at room temperature under N,.

The mixture was washed with sat NaHCO; (50 mL) and the aqueous layer was
extracted with CH,Cl, (3 x 30 mL). The combined organic extracts were dried over
MgSO,, filtered and concentrated. The resultant oil was purified through column
chromatography of deactivated silica gel (Hexanes/EtOAc 10:1) to afford 935 mg (5.6
mmol, 56% yield) of 4-methylbenzaldehyde dimethyl acetal (20a).

OMe Colourless oil. Ry = 0.50 (Hexanes/EtOAc 10:1). *H NMR (CDCls,
MGOJ\O\ 400 MHz) & 7.35-7.32 (2H, m, ArH), 7.18-7.15 (2H, m, ArH), 5.36
(1H, s, CH(OCH3),), 3.32 (6H, s, CH(OCHz),), 2.35 (3H, s,

20a ArCHs).
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2.1.2.2. 4-Chlorobenzaldehyde dimethyl acetal (20b)

A mixture of 4-chlorobenzaldehyde (5.05 g, 36 mmol), trimethyl orthoformate
(4.75 mL, 43 mmol), anhydrous methanol (0.3 mL, 7.2 mmol) and Amberlyst-15 ion-

exchange resin was stirred for 72 h at room temperature under N,.

Thereafter, the mixture was filtered to remove the Amberlyst-15 resin and the
solvent was removed under reduced pressure. The crude mixture was then purified by
distillation under reduced pressure to afford 4.21 g (23 mmol, 63% vyield) of 4-
chlorobenzaldehyde dimethyl acetal (20b).

Colourless oil. bp = 115-118 °C (20 mmHg). *H NMR (CDCls,

o 400 MHz) & 7.41-7.31 (4H, m, ArH), 5.37 (1H, s, CH(OCHa)y),
e
3.31 (6H, s, CH(OCHs),).
Cl

2.1.2.3. 2-Anisaldehyde

Over a suspension of NaH (480 mg, 20.0 mmol) ) and 2-hidroxybenzaldehyde
(2.44 g, 20 mmol) in dry 80:20 DMF/THF (30 mL), iodomethane (2.5 mL, 40 mmol) in
THF (20 mL) was added from a dropping funnel with pressure equalizing tube at 0 °C
during 5 min. After a completed addition, the stirring was continued for 3 h at room

temperature under N,.

The mixture was diluted with Et,O (30 mL) and washed with water (3 x 10 mL).
The organic layer was dried over MgSO, and filtered. The volatiles were removed, and
the residual material was purified by column chromatography (Hexanes/EtOAc 90:10)
to afford 1.04 g (7.6 mmol, 38% vyield) of 2-anisaldehyde.

o Colourless oil. R; = 0.50 (Hexanes/EtOAc 90:10). *H NMR (CDCl,, 400

. | MH2) 10.48 (1H, s, ArCHO), 7.85-7.84 (1H, m, ArH), 7.55-7.53 (1H,
m, ArH), 7.10-7.06 (2H, m, ArH), 3.94 (3H, s, ArOCHj).

OMe

2.1.2.4. 2-Anisaldehyde dimethyl acetal (20c)

A mixture of 2-anisaldehyde (1.04 g, 7.6 mmol), trimethyl orthoformate (0.9 mL,
8.2 mmol), anhydrous methanol (0.3 mL, 7.6 mmol) and Amberlyst-15 ion-exchange

resin was stirred for 24 h at room temperature under N,.
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Thereafter, the mixture was filtered to remove the Amberlyst-15 resin and
volatiles were removed under reduced pressure. The residue was then purified by
distillation under reduced pressure to afford 442 mg (2.4 mmol, 32% vyield) of 2-
anisaldehyde dimethyl acetal (20c).

Colourless liquid. bp = 129—131 °C (15 mmHg). 'H NMR (CDCls,

OMe OMe
oo 400 MHz) & 7.54—7.51 (1H, m, ArH), 7.34-7.29 (1H, m, ArH), 6.98—
6.96 (1H, m, ArH), 6.79-6.76 (1H, m, ArH), 5.68 (1H, s, CH(OCHs),,
20¢ 3.85 (3H, s, ArOCHs), 3.36 (6H, s, CH(OCHs),).

2.1.2.5. 4-Trifluoromethylbenzaldehyde dimethyl acetal (20d)

A solution of 4-trifluoromethylbenzaldehyde (2.0 mL, 15 mmol), trimethyl
orthoformate (2.0 mL, 18 mmol), anhydrous methanol (0.25 mL, 6 mmol) and

Amberlyst-15 ion-exchange resin was stirred for a week at room temperature under N,.

Thereafter, the mixture was filtered to remove the Amberlyst-15 resin and the
solvent was removed under reduced pressure. The residue was then purified by
column chromatography with deactivated silica gel (CH,Cl,/Hexanes 40:60) to afford
1.94 g (8.8 mmol, 59% vyield) of 4-trifluoromethylbenzaldehyde dimethyl acetal (20d).

ove Colourless oil. Ry = 0.30 (CH,Cl,/Hexanes 40:60). '"H NMR

oo (CDCls, 400 MHz) & 7.66—7.62 (2H, m, ArH), 7.56-7.53 (2H, m,

e

ArH), 5.44 (1H, s, CH(OCHa),, 3.33 (6H, s, CH(OCHb),).

CFs
20d

2.1.2.6. 4-Anisaldehyde dibenzyl acetal (20e)

In a 100 mL rounded bottom flask, camphorsulfonic acid (116 mg, 0.5 mmol),
benzyl alcohol (2.1 mL, 20 mmol) and 4-anisaldehyde dimethyl acetal (1.7 mL, 10.0
mmol) were added. After the addition of 50 mL of cyclohexane, a Dean Stark apparatus
and a Graham condenser were placed. The reaction was stirred and heated at reflux
for 1.5 h under N,.

After cooling, the mixture was diluted with Et,O (25 mL) and it was washed with
0.5 M NaOH (3 x 30 mL) and brine (30 mL). The organic layer was dried over MgSO,
and filtered. The solvent was removed in vacuum and the oil was purified by column
chromatography with deactivated silica gel (Hexanes/EtOAc 90:10) to afford 2.47 g (7.4
mmol, 74% yield) of 4-anisaldehyde dibenzyl acetal (20e).
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OBn Colourless oil. Ry = 0.45 (Hexanes/EtOAc 90:10). *H NMR
BnO (CDCls, 400 MHz) & 7.51-7.48 (2H, m, ArH), 7.37-7.25 (10H,
o m, ArH), 6.94-6.90 (2H, m, ArH), 5.73 (1H, s, CH(OBn),),

Me

s06 4.59 (4H, s, CH(OCH,Ph),), 3.82 (3H, s, ArOCHs).

2.1.2.7. Allyltrimethylsilane

A mixture of TMSCI (12.7 mL, 0.1 mol) and N,N-dimethylaniline (12.7 mL, 0.1
mol) in Et,O (27 mL) was stirred at 0 °C under N, for 10 min. Then, allyl alcohol (6.8
mL, 0.1 mol) was added and the resultant mixture was stirred for 3 h at room

temperature under N,.

After cooling, the mixture was filtered and washed with Et,O. After the addition
of a small quantity of Na, the filtrate was distilled at atmospheric pressure to afford 6.83
g (52 mmol, 53% yield) of allyltrimethylsilane.

Colourless oil. bp = 95 °C (760 mmHg). *H NMR (CDCls;, 400 MHz) &
5.98-5.88 (1H, m, CH,=CH), 5.29-5.22 (1H, m, CH,H,=CH), 5.12—
5.08 (1H, m, CH,H,=CH), 4.15-4.13 (2H, m, CH,OTMS), 0.13 (9H, s, OSi(CHjs)3).

0TS

2.1.2.8. 4-Anisaldehyde diallyl acetal (20f)

A mixture of 4-anisaldehyde (0.97 mL, 8.0 mmol), allyltrimethylsilane (2.08 g, 16
mmol) and TMSOTf (50 uL, 0.28 mmol) in CH,CI, (20 mL) was stirred at —78 °C for 15

min and at —20 °C over weekend under N,.

The reaction mixture was quenched with anhydrous pyridine (0.5 mL) and
diluted with saturated NaHCO3; (30 mL). The aqueous layer was extracted with Et,O (3
x 30 mL) and the combined organic extracts were washed with brine (40 mL), dried
over MgSO, and filtered. The solvent was removed in vacuum and the residue was
purified by column chromatography of deactivated silica gel (Hexanes/Et,O 90:10 with
5% of Et;N) to afford 1.08 g (4.98 mmol, 58% yield) of 4-anisaldehyde diallyl acetal
(20f).

\/\o Colourless oil. Ry = 0.45 (Hexanes/EtO, 90:10). 'H NMR
e (CDCls, 400 MHz) 5 7.44-7.38 (2H, m, ArH), 6.92-6.87
0)\© (2H, m, ArH), 5.93 (2H, ddt, J = 17.2, 10.6, 5.5 Hz,

OMe | (CH,CH=CH,),), 5.59 (1H, s, CH(OCH,CH=CH,),), 5.30

(2H, dqg, J = 17.2, 1.7 Hz, (CH,CH=CHH.),), 5.19-5.15

20f
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(2H, m, (CH,CH=CHH,),), 4.05 (4H, dt, J = 5.5, 1.5 Hz, (CH,CH=CHH.),), 3.81 (3H, s,
ArOCHs).

2.1.2.9. Hexacarbonyl y-[n*-(1,1-diethoxypropyne)dicobalt (29a)

A solution of propiolaldehyde diethyl acetal (0.8 mL, 5.6 mmol) in pentane (3.0
mL) was added via cannula to a solution of Co,(CO)g (2.01 g, 5.9 mmol) in pentane (27
mL) at room temperature under N,. The reaction was stirred for 3 h at room

temperature under N,.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
95:5) to afford 1.48 g (3.6 mmol, 64% vyield) of hexacarbonyl p-[n*(1,1-
diethoxypropyne)dicobalt (29a).

Black oil. Rf = 0.75 (Hexanes/Et,O 90:10). 'H NMR (CDCls,

OEt
o LoAC%k | 400 MHz) & 6.01 (1H, s, C[Co(CO)ICH), 5.47 (1H, s,
2\9\; CH(OCH,CHj),), 3.82-3.59 (4H, m, CH(OCH,CH),), 1.25 (6H,

t, J = 7.0 Hz, CH(OCH,CHys),).

2.1.2.10. Hexacarbonyl u-[n*-(1,1-diethoxy-3-phenylpropyne)dicobalt (29b)

A solution of phenylpropiolaldehyde diethyl acetal (0.80 mL, 3.9 mmol) in
pentane (2 mL) was added via cannula to a solution of Co,(CO)g (1.40 g, 4.1 mmol) in
pentane (19 mL) at r.t. under N,. The reaction mixture was stirred for 3 h at room

temperature under N,.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
from 98:2 to 94:6) to afford 1.82 g (3.71 mmol, 95% yield) of hexacarbonyl p-[n*-(1,1-
diethoxy-3-phenylpropyne)dicobalt (29b).

Black oil. R; = 0.55 (Hexanes/Et,O 95:5). *H NMR (CDCl;, 400

OEt
o SoHCOk | MHZ) § 7.65-7.58 (2H, m, ArH), 7.38-7.28 (3H, m, ArH), 5.73
NN, (1H, s, CH(OCH,CHs),), 3.87-3.69 (4H, m, CH(OCH,CH).),
20b 1.26 (6H, 1, J = 7.0 Hz, CH(OCH,CHy),).
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2.2. PRELIMINARY STUDIES

2.2.1. Procedure for the optimization

Solid NiCl,(PMe3), was added to a solution of the N-propanoil tiazolidinthione
(1.0 mmol) and the corresponding acetal (1.1 eq) in CH,CI, (2 mL) under N, at r.t. The
resulting red solution was purged with N, and then cooled to —20 °C. Neat TESOTf (1.5
eq) and 2,6-lutidine (1.5 eq) were added dropwise after 3 and 7 min respectively. The

resultant solution was stirred at —20 °C for a certain time.

The reaction mixture was quenched with saturated NH,Cl (2.2 mL) and then
diluted in H,O (30 mL). The aqueous layer was extracted with CH,Cl, (3 x 30 mL). The
combined organic extracts were washed with brine (30 mL), dried over MgSO, and
filtered. The solvent was removed in vacuo and the crude product was purified by
column chromatography (CH,CI,) to afford the desired product.

2.2.2. Effect of the concentration

The reactions were carried out according to the Procedure described in Section
2.2.1. using the 2a (217 mg, 1.0 mmol), NiCly(PMejz), (7 mg, 0.025 mmol, 2.5 mol%),
benzaldehyde dimethyl acetal (165 pL, 1.1 mmol), TESOTf (339 uL, 1.5 mmol) and
2,6-lutidine (174 uL, 1.5 mmol) in CH,CI, (2 mL). The reaction was stirred at —20 °C
during 15 h.

After carrying out the work-up, the *H-NMR spectrum of the crude revealed an
89 % conversion and a 60:40 mixture of diastereomers 11. A parallel reaction with 20

mL of CH,ClI, provided a conversion of 86% and a diastereomeric ratio of 60:40.

2.2.3. Kinetic study

The kinetic study was done according to the Procedure described in Section
2.2.1. using 2a (217 mg, 1.0 mmol), NiCl,(PMes), (7 mg, 0.025 mmol, 2.5 mol%),
benzaldehyde dimethyl acetal (165 pL, 1.1 mmol), TESOTf (339 pL, 1.5 mmol) and
2,6-lutidine (174 pL, 1.5 mmol) in CH,Cl, (2 mL).

After carrying out the work-up, the *H-NMR spectrum of the crude revealed a
60:40 mixture of diastereomers. Purification of this mixture by column chromatography

(CH.Cl,) afforded the desired product. The results are shown in Table 19.
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OMe
S o MeO™ Ph S O OMe S O OMe
L )k/ (MesP),NiCly (2.5 mol%) PR : PR
s”ON TESOTF (1.5 eq), 2,6-lutidine (1.5eq) S~ N Ph s7 N Ph
+
CH,Cl,, -20 °C, t \—y \—§/
2a 11a 11s
anti syn
Entry Time (h) (11a:11s)? Overall Yield (%)°
1 1.5 60:40 21
2 3 60:40 76
3 15 60:40 89
4° 15 60:40 86

?Established by "H NMR analysis of the crude
®Overall isolated yield after chromatographic purification

Table 19

S o oMe (S)-4-1sopropyl-N-[(2R,3S)-3-methoxy-2-methyl-3-phenyl
S)]\N R propanoyl]-1,3-thiazolidine-2-thione. Yellow solid. mp = 82—
83 °C. R; = 0.60 (CH,CL,). [a]o = +120.0 (c 1.90, CHCly). IR

\_y (ATR): v 2927, 1670, 1458, 1363, 1250, 1154 cm™. 'H NMR
11a (CDCls, 400 MHz) & 7.39-7.29 (5H, m, ArH), 5.36 (1H, ddd,

J =8.7,5.5, 2.0 Hz, NCH), 5.26 (1H, dq, J = 9.8, 7.0 Hz, COCHCHs), 4.35 (1H, d, J =
9.8 Hz, CHOCHs), 3.46 (1H, dd, J = 11.4, 8.7 Hz, SCH_H,), 3.08 (3H, s, OCHz), 3.01
(1H, dd, J = 11.4, 2.0 Hz, SCH,H,), 2.45-2.34 (1H, m, CH(CHs),), 1.11 (3H, d, J = 6.8
Hz, CHs), 1.03 (3H, d, J = 6.8 Hz, CHs), 0.86 (3H, d, J = 7.0 Hz, COCHCHjs). **C NMR
(CDCls, 75.4 MHz) & 202.6 (C), 177.7 (C), 139.1 (C), 128.3 (CH), 128.2 (CH), 128.1
(CH), 87.7 (CH), 71.9 (CH), 56.4 (CHj), 45.1 (CH), 30.4 (CH), 28.8 (CH,), 19.0 (CHy),
17.0 (CHs), 14.3 (CH3). HRMS (+FAB): m/z calcd. for Cy7H4NO,S, [M+H]": 338.1243,
found: 338.1251.

(S)-4-Isopropyl-N-[(2R,3R)-3-methoxy-2-methyl-3-phenyl
SANJKH\@ propanoyl]-1,3-thiazolidine-2-thione. Yellow solid. mp = 61—

63 °C. R; = 0.45 (CH.CL,). [a]p = +302.1 (c 2.30, CHCl,). IR
\_§’ (KBr): v 2966, 1696, 1457, 1364, 1259, 1156 cm™. *H NMR
11s (CDCls, 400 MHz) & 7.41-7.22 (5H, m, ArH), 5.27 (1H, dq, J

= 6.9, 6.8 Hz, COCHCHy), 5.24 (1H, ddd, J = 8.7, 5.2, 1.5 Hz, NCH), 4.64 (1H, d, J =
6.9 Hz, CHOCHS), 3.39 (1H, dd, J = 11.5, 8.7 Hz, SCH,Hy), 3.20 (3H, s, OCHs), 2.88
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(1H, dd, J = 11.5, 1.5 Hz, SCH.H}), 1.88-1.81 (1H, m, CH(CH3),), 1.25 (3H, d, J = 6.8
Hz, COCHCHjy), 0.81 (3H, d, J = 6.9 Hz, CHs), 0.72 (3H, d, J = 7.0 Hz, CHs). **C NMR
(CDCls;, 100.6 MHz) & 202.3 (C), 175.0 (C), 139.3 (C), 128.1 (CH), 127.8 (CH), 127.7
(CH), 84.1 (CH), 71.4 (CH), 56.7 (CHs), 45.3 (CH), 30.6 (CH), 28.5 (CH,), 18.6 (CHy),
16.9 (CHs), 13.3 (CHs3). HRMS (+ESI): m/z calcd. for C17H,4NO,S, [M+H]": 338.1243,
found: 338.1233.

2.2.4. Effect of the auxiliary

The effect of the auxiliary was tested according to the General Procedure
described in Section 2.2.1. using the corresponding N-acylated thiazolidinthione (1.0
mmol), NiCl,(PMe3), (7 mg, 0.025 mmol, 2.5 mol%), benzaldehyde dimethyl acetal
(165 pL, 1.1 mmol), TESOTf (260 uL, 1.15 mmol) and 2,6-lutidine (174 uL, 1.5 mmol)
in CH,ClI, (2 mL). The results are shown in Table 20.

OMe

s o MeOQ™ "Ph S O OMe S O OMe
)]\ J\/ (Me3P),NiCl, (2.5 mol%) )]\ : )J\
37 ON TESOTf (1.15 eq), 2,6-lutidine (1.5 eq) g~ >N Ph S” N Ph
\_4 CH,Cl,, -20 °C, 15 h \_4 + \_<

R R R
2 anti syn
Entry Substrate R Adduct dr? Anti (%)°  Syn (%)°
1 13 i-Bu 17 58:42 47 28
2 14 Ph 18 58:42 51 36
3 2a i-Pr 11 60:40 47 32

?Established by *H NMR analysis of the crude
® Isolated yield after chromatographic purification
Table 20

2.2.4.1. Use of (S)-4-isobutyl-N-propanoyl-1,3-thiazolidine-2-thione (13)

After the corresponding work-up, the crude mixture was purfied by column
cromatography (CH2CI2/Hexanes 70:30) to obtain the desired products.
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S 0 oMe (S)-4-1sobutyl-N-[(2R,3S)-3-methoxy-2-methyl-3-phenyl
S)J\N R propanoyl]-1,3-thiazolidine-2-thione. Yellow solid. mp = 92—
94 °C. R¢ = 0.45 (CH,Cl,/Hexanes 70:30). IR (ATR): v 2955,
1703, 1453, 1366, 1288, 1215 cm™. 'H NMR (CDCl;, 400
MHz) & 7.39-7.29 (5H, m, ArH), 5.39 (1H, ddt, J = 10.3, 7.5,
2.8 Hz, NCH), 5.08 (1H, dqg, J = 9.9, 6.9 Hz, COCHCHjy),
4.36 (1H, d, J = 9.9 Hz, CHOCHz), 3.53 (1H, ddd, J = 11.2, 7.5, 0.5 Hz, SCH,H,), 3.10
(3H, s, OCHgj), 2.93 (1H, dd, J = 11.2, 2.6 Hz, SCH,Hy), 1.93-1.84 (1H, m,
CH,CH(CHj3),), 1.74-1.63 (2H, m, CH,CH(CH3),), 1.02 (3H, d, J = 6.1 Hz, CHCHa),
1.01 (3H, d, J = 6.2 Hz, CHCHj5), 0.88 (3H, d, J = 6.9 Hz, COCHCHjs). *C NMR (CDCl,
100.6 MHz) & 201.5, 171.9, 139.0, 128.4, 128.2, 128.0, 87.7, 66.5, 56.5, 45.5, 40.7,
33.0, 25.3, 23.6, 21.3, 14.4.

17a

(S)-4-Isobutyl-N-[(2R,3R)-3-methoxy-2-methyl-3-phenyl
SJKNJKH\@ propanoyl]-1,3-thiazolidine-2-thione. Yellow solid. mp = 97—

99 °C; R¢= 0.35 (CH.Cly/Hexanes 70:30). IR (ATR): v 2956,
1691, 1452, 1336, 1289, 1251 cm™. *H NMR (CDCl;, 400
MHz) & 7.40-7.20 (5H, m, ArH), 5.35-5.25 (1H, m, NCH),
5.19 (1H, p, J = 7.0 Hz, COCHCHjy), 4.58 (1H, d, J = 7.0 Hz,
CHOCHjy), 3.45 (1H, ddd, J = 11.2, 7.6, 1.0 Hz, SCH.H,), 3.20 (3H, s, OCHg), 2.78 (1H,
dd, J = 11.2, 1.8 Hz, SCH,H,), 2.00-1.60 (3H, m, CH,CH(CHj3),), 1.25 (3H, d, J = 6.7
Hz, COCHCHs), 0.86 (3H, d, J = 6.6 Hz, CHCHjs), 0.86 (3H, d, J = 7.0 Hz, CHs); **C

NMR (CDCl, 100.6 MHz) 6 201.0, 175.3, 139.4, 128.2, 127.8, 84.1, 65.9, 56.8, 45.7,
40.0, 32.4, 25.1, 235, 21.1, 13.2.

17s

2.2.4.2. Use of (S)-4-phenyl-N-propanoyl-1,3-thiazolidine-2-thione (14)

After the corresponding work-up, the crude mixture was purfied by column
cromatography (CH2CI2/Hexanes 70:30) to obtain the desired products.

S OMe (S)-N-[(2R,3S)-3-Methoxy-2-methyl-3-phenylpropanoyl]-4-
S)]\le\r?\© phenyl-1,3-thiazolidine-2-thione. Yellow oil. Ry = 0.25
\_4 (CH.Cl,/Hexanes 60:40). IR (film): v 2933, 1670, 1595, 1455,

P 1300, 1254, 1151 cm™. *H NMR (CDCl;, 400 MHz) & 7.50—
7.20 (10H, m, ArH), 6.34 (1H, dd, J = 8.2, 3.3 Hz, NCH), 5.09

(1H, dg, J = 9.8, 6.9 Hz, COCHCHj3), 4.19 (1H, d, J = 9.8 Hz, CHOCHg), 3.84 (1H, dd, J
=11.2, 8.2 Hz, SCH.Hy), 3.14 (1H, dd, J = 11.2, 3.3 Hz, SCH,Hy), 2.86 (3H, s, OCHs5),

(0]
h
18a
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0.85 (1H, d, J = 6.9 Hz, COCHCH,). *C NMR (CDCl;, 100.6 MHz) & 203.3, 177.3,
139.0, 138.9, 128.7, 128.4, 128.2, 128.2, 128.0, 126.0, 87.7, 70.3, 56.5, 45.5, 36.2,
14.4.

S o0 oMe (S)-N-[(2R,3R)-3-Methoxy-2-methyl-3-phenylpropanoyl]-4-
SXN)KH\@ phenyl-1,3-thiazolidine-2-thione. Yellow oil. Ry = 0.20
\_< (CH,Cl,/Hexanes 60:40). '"H NMR (CDCl;, 400 MHz) & 7-

Ph 35-7.20 (8H, m, ArH), 7.10-7.03 (2H, m, ArH), 6.24 (1H, dd,
18 J =8.2, 2.1 Hz, NCH), 5.22 (1H, p, J = 6.6 Hz, COCHCHy),
4.54 (1H, d, J = 6.6 Hz, CHOCH,), 3.80 (1H, dd, J = 11.3, 8.3 Hz, SCH.H,), 3.03 (1H,
s, OCHs), 3.01-2.97 (1H, m, SCH.H,), 1.23 (3H, d, J = 6.8 Hz, COCHCH,); *C NMR

(CDCl3, 100.6 MHz) & 201.8, 174.9, 139.3, 138.7, 128.8, 128.1, 128.1, 127.7, 127.6,
125.4, 83.3, 69.7, 56.7, 45.8, 35.8, 13.2.

2.3. REACTION WITH OTHER ACETALS

2.3.1. Aromatic acetals

2.3.1.1. Reaction of 2a with 4-methylbenzaldehyde dimethyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 20a (183 mg, 1.1 mmol), NiCl,(PMejs), (7
mg, 0.025 mmol, 2.5 mol%), TESOTf (260 uL, 1.15 mmol) and 2,6—lutidine (174 L, 1.5
mmol) at —20 °C for 15 h.

A 62:38 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 60:40) afforded 214 mg (0.60 mmol, 60% yield) of the pure anti
diastereomer (S)-4-isopropyl-N-[(2R,3S)-3-methoxy-3-(4-methylphenyl)-3-methyl
propanoyl]-1,3-thiazolidine-2-thione (21a) and 113 mg (0.32 mmol, 32% vyield) of the
pure syn diastereomer (S)-4-isopropyl-N-[(2R,3R)-3-methoxy-3-(4-methylphenyl)-3-
methylpropanoyl]-1,3-thiazolidine-2-thione (21s).
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S O OMe Yellow oil. Ry = 0.50 (CH,Cly/Hexanes 60:40). [a]p =
S)J\N : +123.6 (c 1.1, CHCLy). IR (film): v 2962, 1692, 1513, 1240,
1148 cm™. 'H NMR (CDCl;, 400 MHz) & 7.27-7.20 (2H, m,

L§' ArH), 7.21-7.16 (2H, m, ArH), 5.36 (1H, ddd, J = 8.7, 5.5,
21a 2.0 Hz, NCH), 5.23 (1H, dq, J = 9.8, 6.9 Hz, COCHCH,),

4.31 (1H, d, J = 9.9 Hz, CHOCH,), 3.45 (1H, dd, J = 11.4, 8.7 Hz, SCH.Hy), 3.07 (3H,
s, CHOCHjs) 3.00 (1H, dd, J = 11.4, 2.0 Hz, SCH,H,), 2.47-2.36 (1H, m, CH(CHa)s),
2.35 (3H, s, ArCHs), 1.11 (3H, d, J = 6.8 Hz, CHa), 1.03 (3H, d, J = 7.0 Hz, CHs), 0.85
(3H, d, J = 6.9 Hz, COCHCHjs). *C NMR (CDCl;, 100.6 MHz) & 202.5, 177.8, 137.9,
136.0, 129.1, 128.0, 87.5, 71.9, 56.3, 45.0, 30.4, 28.8, 21.2, 19.0, 17.0, 14.4. HRMS
(+ESI): m/z calcd. for C17H,,NOS, [M—OMe]": 320.1137, found: 320.1144.

Yellow oil. R; = 0.35 (CH.Cl;:Hexanes 60:40). [a]p =
S)J\N)A\H\@\ +303.1 (c 1.0, CHCIy). IR (film): v 2961, 1691, 1512, 1242,

1147 cm™. *H NMR (CDCls, 400 MHz) & 7.30-7.25 (2H, m,
\_§’ ArH), 7.17-7.10 (2H, m, ArH), 5.36-5.19 (2H, m, NCH,
21s COCHCHS), 4.59 (1H, d, J = 7.0 Hz, CHOCHj), 3.39 (1H,
dd, J = 11.5, 8.8 Hz, SCH.H,), 3.18 (3H, s, CHOCHjs) 2.87 (1H, dd, J = 11.5, 1.5 Hz,
SCH.Hy), 2.32 (3H, s, ArCHj), 1.86-1.79 (1H, m, CH(CHs)3), 1.24 (3H, d, J = 6.8 Hz,
COCHCHg), 0.80 (3H, d, J = 6.8 Hz, CHj3), 0.73 (3H, d, J = 7.0 Hz, CH3). *C NMR

(CDCl3, 100.6 MHz) & 202.2, 175.1, 137.4, 136.2, 128.8, 127.8, 84.0, 71.4, 56.6, 45.4,
30.7,28.4, 21.1, 18.7, 16.8, 13.3.

2.3.1.2. Reaction of 2a with 4-chlorobenzaldehyde dimethyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 20b (205 mg, 1.1 mmol), NiCl,(PMes), (7
mg, 25 pymol, 2.5 mol%), TESOTf (260 pL, 1.15 mmol) and 2,6-lutidine (174 uL, 1.5
mmol) at —20 °C for 15 h.

A 64:36 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 60:40) afforded 231 mg of an unseparable mixture of the anti
diastereomer (S)-N-[(2R,3S)-3-(4-chlorophenyl)-3-methoxy-2-methylpropanoyl]-4-
isopropyl-1,3-thiazolidine-2-thione (22a) (167 mg, 0.45 mmol, 45% yield) and syn
diastereomer (S)-N-[(2R,3R)-3-(4-chlorophenyl)-3-methoxy-2-methylpropanoyl]-4-
isopropyl-1,3-thiazolidine-2-thione (22s) (98 mg, 0.26 mmol, 26% vyield).
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S o ome Yellow oil. R; = 0.40 (CH,Cl,/Hexanes 70:30). '"H NMR
S)LN : (CDCls, 400 MHz) & 7.40—7.23 (4H, m, ArH), 5.35 (LH,
ddd, J=8.6, 5.6, 2.0 Hz, NCH), 5.25 (1H, dgq, J =9.8, 6.9

\_§’ “|' Hz COCHCHz), 4.34 (1H, d, J = 9.8 Hz, CHOCHy), 3.50
22a (1H, dd, J = 11.5, 8.0 Hz, SCH.Hy), 3.08 (3H, s,

CHOCHS), 3.02 (1H, dd, J = 11.5, 1.3 Hz, SCH.Hs), 2.45-2.30 (1H, m, CH(CHs),), 1.10
(3H, d, J = 6.8 Hz, CHs), 1.03 (3H, d, J = 7.0 Hz, CHs), 0.85 (3H, d, J = 6.9 Hz,
COCHCH,).

Yellow oil. R; = 0.40 (CH.Cl,/Hexanes 70:30). *H NMR
SJ\NJ\H\O\ (CDCls, 400 MHz) & 7.35-7.25 (4H, m, ArH), 5.30-5.20

(2H, m, NCH, COCHCHs), 4.59 (1H, d, J = 7.1 Hz,
\_y C'| CHOCHSa), 3.40 (1H, dd, J = 11.5, 8.6 Hz, SCH,H,), 3.18
225 (3H, s, CHOCHs), 2.89 (1H, dd, J = 115, 1.4 Hz,

SCH,Hp), 1.92-1.78 (1H, m, CH(CHb2),), 1.24 (3H, d, J = 6.8 Hz, COCHCHS), 0.83 (3H,
d, J = 6.8 Hz, CHs), 0.73 (3H, d, J = 7.0 Hz, CHs).

2.3.1.3. Reaction of 2a with 2-methoxybenzaldehyde dimethyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 20c (200 mg, 1.1 mmol), NiCl,(PMe3), (7
mg, 0.025 mmmol, 2.5 mol%), TESOTf (260 pL, 1.15 mmol) and 2,6-lutidine (174 L,
1.5 mmol) at —20 °C for 15 h.

A 65:35 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH,Cly/Hexanes 70:30) afforded 228 mg (0.62 mmol, 62% yield) of the pure anti
diastereomer (S)-4-isopropyl-N-[(2R,3S)-3-methoxy-3-(2-methoxyphenyl)-2-methyl
propanoyl]-1,3-thiazolidine-2-thione (23a) and 111 mg (0.30 mmol, 30% vyield) of the
pure syn diastereomer (S)-4-isopropyl-N-[(2R,3R)-3-methoxy-3-(2-methoxyphenyl)-2-
methylpropanoyl]-1,3-thiazolidine-2-thione (23s).

S O OMe OMe Yellow oil. R; = 0.35 (CH,Cly/Hexanes 70:30). [a]p = +121.0
S)J\N : (c 2.2, CHCly). IR (film): v 2964, 1700, 1374, 1245, 1154
cm™. *H NMR (CDCls;, 400 MHz) & 7.40 (1H, dd, J = 7.6, 1.7
Hz, ArH), 7.32-7.24 (1H, m, ArH), 6.99 (1H, td, J = 7.6, 1.0

23a
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Hz, ArH), 6.88 (1H, dd, J = 8.4, 1.0 Hz, ArH), 5.35 (1H, ddd, J = 8.6, 5.6, 2.0 Hz, NCH),
5.24 (1H, dg, J = 9.6, 6.9 Hz, COCHCHj), 5.01 (1H, d, J = 9.8 Hz, CHOCH,), 3.82 (3H,
s, ArOCHy), 3.45 (1H, dd, J = 11.4, 8.7 Hz, SCHaHy), 3.08 (3H, s, CHOCHS) 3.00 (1H,
dd, J = 11.4, 2.0 Hz, SCHaHy), 2.48-2.30 (1H, m, CH(CH,)), 1.10 (3H, d, J = 6.8 Hz,
CHs), 1.02 (3H, d, J = 7.0 Hz, CHs), 0.89 (3H, d, J = 6.9 Hz, COCHCHz). *C NMR
(CDCls, 100.6 MHz) & 202.4, 177.8, 158.3, 128.9, 128.4, 127.6, 120.9, 110.4, 80.1,
72.0, 56.5, 55.4, 45.1, 30.5, 28.9, 19.1, 17.0, 13.7. HRMS (+FAB): m/z calcd for [M+H]*
C1sH26NO3S,: 368.1354, found: 368.1362.

Yellow oil. Ry = 0.20 (CH,Cly/Hexanes 70:30). [a]p =
)J\ +324.2 (c 1.5, CHCIly). IR (film): v 2964, 1700, 1364, 1245,
1154 cm™. *H NMR (CDCl;, 400 MHz) & 7.37 (1H, dd, J =
\_§’ 7.5, 1.7 Hz, ArH), 7.23 (1H, ddd, J = 8.2, 7.5, 1.7 Hz, ArH),
23s 6.94 (1H, td, J = 7.5, 0.9 Hz, ArH), 6.86 (1H, dd, J = 8.2, 0.9
Hz, ArH), 5.32 (1H, p, J = 6.9 Hz, COCHCHjs), 5.12 (1H, ddd, J = 8.5, 5.4, 1.6 Hz,
NCH), 4.94 (1H, d, J = 6.8 Hz, CHOCHs), 3.83 (3H, s, ArOCH,), 3.38 (1H, dd, J = 11.4,
8.5 Hz, SCH.H,), 3.24 (3H, s, CHOCHz), 2.89 (1H, dd, J = 11.4, 1.6 Hz, SCH.Hy),
1.93-1.84 (1H, m, CH(CHs)3), 1.25 (3H, d, J = 6.9 Hz, COCHCH,), 0.86 (3H, d, J = 6.8
Hz, CHs), 0.73 (3H, d, J = 7.0 Hz, CHj;). *C NMR (CDCl;, 100.6 MHz) & 202.4, 175.8,
157.6, 128.7, 128.5, 127.7, 120.4, 110.6, 78.2, 71.6, 56.7, 55.5, 43.6, 30.6, 28.8, 18.7,
17.0, 13.4.

2.3.1.4. Reaction of 2a and 3-methoxybenzaldehyde dimethyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 3-methoxybenzaldehyde dimethyl acetal
(200 mg, 1.1 mmol), NiCl,(PMe3), (7 mg, 0.025 mmol, 2.5 mol%), TESOTf (260 L,
1.15 mmol) and 2,6—-lutidine (174 pL, 1.5 mmol) at —20 °C for 15 h.

A 60:40 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 70:30) afforded 210 mg (163 mg, 0.44 mmol, 44% yield) of anti
diastereomer (S)-4-isopropyl-N-[(2R,3S)-3-methoxy-3-(3-methoxyphenyl)-3-methyl
propanoyl]-1,3-thiazolidine-2-thione (24a) and 137 mg (0.37 mmol, 37% vyield) of the
syn diastereomer (S)-4-isopropyl-N-[(2R,3R)-3-methoxy-3-(3-methoxyphenyl)-3-
methylpropanoyl]-1,3-thiazolidine-2-thione (24s).
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S 0O OMe Yellow oil. Ry = 0.35 (CH,Cly/Hexanes 70:30). [a]p =
S)J\N 8 OMe | +118.7 (c 1.9, CHCL). IR (film): v 2966, 1698, 1372,
1258, 1156 cm™. 'H NMR (CDCl;, 400 MHz) & 7.27

L§’ (1H, t, J = 8.0 Hz, ArH), 6.98-6.89 (2H, m, ArH), 6.85
24a (1H, ddd, J = 8.2, 2.6, 1.0 Hz, ArH), 5.36 (1H, ddd, J =

8.6, 5.6, 2.0 Hz, NCH), 5.26 (1H, dq, J = 9.8, 6.9 Hz, COCHCHy), 4.32 (1H, d, J =9.8
Hz, CHOCHz), 3.82 (3H, s, ArOCHg), 3.46 (1H, dd, J = 11.4, 8.6 Hz, SCH.H,), 3.09
(3H, s, CHOCH3) 3.00 (1H, dd, J = 11.4 2.0 Hz, SCH,Hy), 2.48-2.30 (1H, m,
CH(CHa)3), 1.11 (3H, d, J = 6.9 Hz, CH3), 1.03 (3H, d, J = 7.0 Hz, CHs), 0.87 (3H, d, J =
6.9 Hz, COCHCHz). *C NMR (CDCl,, 100.6 MHz) & 202.6, 177.6, 159.8, 140.8, 129.3,
120.6, 113.8, 113.1, 87.6, 71.9, 56.5, 55.2, 45.0, 30.4, 28.9, 19.0, 17.0, 14.4. HRMS
(+FAB): m/z calcd. for C1gH,6NO3S, [M+H]": 368.1354, found: 368.1338.

Yellow oil. R = 0.25 (CH,Cly/Hexanes 70:30). [a]p =
S)J\N )Wom +292.1 (¢ 1.1, CHCIy). IR (film): v 2961, 1691, 1352,

1250, 1147 cm™. 'H NMR (CDCl;, 400 MHz) & 7.22
\_§’ (1H, t, J = 8.0 Hz, ArH), 7.06-6.89 (2H, m, ArH), 6.80
(1H, ddd, J = 8.2, 2.6, 1.0 Hz, ArH), 5.30 (1H, quintet,
J = 6.9 Hz, COCHCHj3), 5.25 (1H, ddd, J = 8.7, 5.3, 1.4 Hz , NCH), 4.60 (1H, d, J = 6.9
Hz, CHOCHjs), 3.79 (38H, s, ArOCHs), 3.39 (1H, dd, J = 11.5, 8.7 Hz, SCH.H,), 3.21
(3H, s, CHOCH;) 2.88 (1H, dd, J = 11.5, 1.5 Hz, SCH.H,), 1.89-1.78 (1H, m,
CH(CHa)3), 1.24 (3H, d, J = 6.8 Hz, COCHCHz), 0.82 (3H, d, J = 6.8 Hz, CHs), 0.73

(3H, d, J = 7.0 Hz, CHs). *C NMR (CDCls, 100.6 MHz) & 202.3, 179.0, 159.6, 141.0,
129.1, 120.4, 113.8, 112.5, 84.1, 71.4, 56.8, 55.2, 45.2, 30.7, 28.5, 18.7, 16.9, 13.4.

2.3.1.5. Reaction of 2a with 4-methoxybenzaldehyde dimethyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 4-methoxybenzaldehyde dimethyl acetal
(187 pL, 1.1 mmol), NiCl(PMes3), (7 mg, 0.025 mmol, 2.5 mol%), TESOTf (260 uL,
1.15 mmol) and 2,6—lutidine (174 pL, 1.5 mmol) at —20 °C for 15 h.

A 73:27 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 70:30) afforded 266 mg (0.72 mmol, 72% yield) of the pure anti
diastereomer (S)-4-isopropyl-N-[(2R,3S)-3-methoxy-3-(4-methoxyphenyl)-3-methyl
propanoyl]-1,3-thiazolidine-2-thione (25a) and 77 mg (0.21 mmol, 21% yield) of the
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pure syn diastereomer (S)-4-isopropyl-N-[(2R,3R)-3-methoxy-3-(4-methoxyphenyl)-3-
methyl propanoyl]-1,3-thiazolidine-2-thione (25s).

S o oMe Yellow oil. R = 0.25 (CH,Cl,/Hexanes 70:30). [a]p =

. )LN : +79.3 (c 1.2, CHCly). IR (film): v 2964, 1698, 1513,
1252, 1156 cm™. *H NMR (CDCl;, 400 MHz) & 7.29—

\_y OMe 723 (2H, m, ArH), 6.95-6.87 (2H, m, ArH), 5.36 (1H,
25a ddd, J = 8.6, 5.5, 2.0 Hz, NCH), 5.24 (1H, dg, J = 9.9,

6.9 Hz, COCHCHjs), 4.30 (1H, d, J = 9.9 Hz, CHOCH,), 3.83 (3H, s, ArOCH3), 3.45 (1H,
dd, J = 11.4, 8.7 Hz, SCH.H,), 3.06 (3H, s, CHOCHs), 3.00 (1H, dd, J = 11.4, 2.0 Hz,
SCH.Hs), 2.45-2.30 (1H, m, CH(CHs)s), 1.11 (3H, d, J = 6.8 Hz, CHCHs), 1.03 (3H, d, J
= 7.0 Hz, CHCHS,), 0.85 (3H, d, J = 6.9 Hz, COCHCHs). *C NMR (CDCls;, 100.6 MHz) &
202.6, 177.8, 159.5, 131.2, 129.3, 113.8, 87.3, 71.9, 56.2, 55.2, 45.1, 30.4, 28.8, 19.1,
17.0, 14.4. HRMS (+ESI): m/z calcd. for CigHNO3S, [M+H]": 368.1354, found:
368.1360.

Yellow oil. Ry = 0.20 (CH,Cl,/Hexanes 70:30). [a]p =
s )J\N J\H\@ +282.7 (c 0.8, CHCIly). IR (film): v 2964, 1696, 1513,

1364, 1248, 1154 cm™. *H NMR (CDCl;, 400 MHz) &
L§' oMe 7.34-7.28 (2H, m, ArH), 6.88-6.81 (2H, m, ArH),
25s 5.30-5.20 (2H, m, NCH, CHOCHjs), 4.56 (1H, d, J =
7.2 Hz, CHOCHs), 3.79 (1H, s, ArOCHz), 3.39 (1H, dd, J = 11.5, 8.7 Hz, SCH,H,), 3.17
(38H, s, CHOCH;) 2.87 (1H, dd, J = 11.5, 1.5 Hz, SCH.Hp), 1.91-1.73 (1H, m,
CH(CHa)3), 1.25 (3H, d, J = 6.8 Hz, COCHCHS,), 0.80 (3H, d, J = 6.8 Hz, CHCH,), 0.72

(3H, d, J = 7.0 Hz, CHCHs). *C NMR (CDCls;, 100.6 MHz) & 202.4, 175.1, 159.2, 131.4,
129.0, 113.5, 83.8, 71.3, 56.5, 55.2, 45.4, 30.6, 28.5, 18.7, 16.9, 13.5.

2.3.1.6. Reaction of 2a with 4-(trifluoromethylbenzaldehyde dimethyl acetal

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 20d (242 mg, 1.1 mmol), NiCl,(PMes),
(28.2 mg, 0.1 mmol, 10 mol%), TESOTf (339 uL, 1.5 mmol) and 2,6—lutidine (174 L,
1.5 mmol) at 0 °C for 4 days. A 66:34 anti/syn diastereomeric mixture was established
by 'H NMR of the crude product.

That crude was converted into a methyl ester due to the difficulty to separate

both diastereomers. The procedure consists on adding DMAP (24 mg, 0.2 mmol) and
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MeOH (25 mL, 0.6 mol) to crude. The reaction was stirred for 16 h at room

temperature.

The crude mixture was diluted in Et,O (20 mL) and washed with 1 M NaOH (3 x
30 mL), water (30 mL) and brine (30 mL). The organic layer was dried over MgSO,4 and
filtered. The solvents were removed in vacuo and the resulting crude product was
purified by column chromatography (CH,Cl,/Hexanes 60:40) to afford 93 mg (0.34
mmol, 34% vyield) of the pure anti diastereomer methyl (2R,3S)-3-methoxy-2-methyl-3-
(4-(trifluoromethyl)phenyl)propanoate (26a) and 56 mg (0.20 mmol, 20% yield) of the
pure syn diastereomer methyl (2R,3R)-3-methoxy-2-methyl-3-(4-(trifluoromethyl)
phenyl)propanoate (26s).

Colourless oil. R; = 0.30 (CH,Cl,/Hexanes 60:40). [a]p =

O OMe
oo - —57.3 (c 1.0, CHCly). IR (film): v 2940, 1737, 1620, 1322,
o 1064 cm™. 'H NMR (CDCl;, 400 MHz) & 7.66-7.61 (2H,
26a > | m, ArH), 7.48-7.40 (2H, m, ArH), 4.33 (1H, d, J = 9.6 Hz,

CHOCH_), 3.76 (3H, s, COOCHs,), 3.17 (3H, s, CHOCHS),
2.76 (1H, dg, J = 9.6, 7.1 Hz, COCHCH,), 0.88 (3H, d, J = 7.1 Hz, COCHCH,). **C
NMR (CDCls;, 100.6 MHz) & 175.3, 143.3, 130.5 (q, J = 32.4 Hz, CCF5), 127.9, 125.4
(q, J = 3.8 Hz, CHCCF3), 124.0 (q, J = 272.1 Hz, CFs), 85.2, 57.1, 51.0, 46.8, 13.8.
HRMS (+ESI): m/z calcd. for Cy13H15F,03 [M-F]*: 257.0984, found: 257.0988.

o oMe Colourless oil. R; = 0.25 (CH,Cl,/Hexanes 60:40). [a]p =

oo )kﬁ\@ +27.9 (c 1.0, CHCL). IR (film): v 2940, 1736, 1619, 1323,
1065 cm™. *H NMR (CDCl;, 400 MHz) & 7.68-7.60 (2H,
26s cre m, ArH), 7.45-7.37 (2H, m, ArH), 4.51 (1H, d, J = 9.6 Hz,

CHOCH,), 3.57 (3H, s, COOCHs), 3.24 (3H, s, CHOCHa),

2.73 (1H, p, J = 7.0 Hz, COCHCHj), 1.21 (3H, d, J = 7.0 Hz, COCHCHs). *C NMR
(CDCls, 100.6 MHz) & 174.1, 144.0, 130.0 (g, J = 32.3 Hz, CCF5), 127.3, 125.3 (9, J =

3.8 Hz, CHCCF»), 124.1 (q, J = 272.0 Hz, CF), 83.7, 57.4, 51.7, 47.2, 12.2.

2.3.1.7. Reaction of 2a with 4-methoxybenzaldehyde dibenzyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 20e (367 mg, 1.1 mmol), NiCl,(PMejy), (7
mg, 0.025 mmol, 2.5 mol%), TESOTf (260 uL, 1.15 mmol) and 2,6—lutidine (174 L, 1.5
mmol) at —20 °C for 15 h.
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A 73:27 anti/syn diastereomeric ratio was established by 'H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 60:40) afforded 384 mg of a unseparable mixture of the anti
diastereomer  (S)-4-isopropyl-N-[(2R,3S)-3-benzyloxy-3-(4-methoxyphenyl)-3-methyl
propanoyl]-1,3-thiazolidine-2-thione (27a) (281 mg, 0.63 mmol, 63% yield) and syn
diastereomer  (S)-4-isopropyl-N-[(2R,3R)-3-benzyloxy-3-(4-methoxyphenyl)-3-methyl
propanoyl]-1,3-thiazolidine-2-thione (27s) (103 mg, 0.23 mmol, 23% vyield).

S o oBn Yellow oil. R; = 0.2 (CH,Cl,/Hexanes 60:40). *H NMR
S)LN : (CDCls, 400 MHz) 5 7.32-7.18 (7H, m, ArH), 6.97—
6.88 (2H, m, ArH), 5.33 (1H, ddd, J = 8.8, 5.2, 1.6 Hz,

\_§’ OMe | NCH), 5.23 (1H, dg, J = 9.9, 6.9 Hz, COCHCHS), 4.59
o7a (1H, d, J = 9.9 Hz, CHOBN), 4.28 (1H, d, J = 11.2 Hz,

OCHaH,Ph), 4.16 (1H, d, J = 11.2 Hz, OCH.H,Ph),
3.83 (3H, s, ArOCH3), 3.41 (1H, dd, J = 11.4, 8.8 Hz, SCH.Hy), 2.92 (1H, dd, J = 11.4,
1.6 Hz, SCH,Hy), 2.31-2.19 (1H, m, CH(CHs)s), 0.89 (3H, d, J = 6.9 Hz, CHs), 0.88
(3H, d, J = 7.0 Hz, COCHCHs), 0.83 (3H, d, J = 6.8 Hz, CHb).

Yellow solid. R = 0.2 (CH,Cl,/Hexanes 60:40). 'H
S)LN)H/V\@ NMR (CDCl;, 400 MHz) & 7.32-7.18 (7H, m, ArH),
6.97—6.88 (2H, m, ArH), 5.40 (1H, dq, J = 8.1, 6.7 Hz,

\_y OMe | COCHCHs), 5.14 (1H, ddd, J = 8.6, 5.3, 1.3 Hz, NCH),
o7s 4.65 (1H, d, J = 8.2 Hz, CHOBn), 4.40 (1H, d, J = 11.8
Hz, OCH.H,Ph), 421 (1H, d, J = 11.8 Hz

OCH,H,Ph), 3.80 (3H, s, ArOCHs), 3.34 (1H, dd, J = 11.5, 8.6 Hz, SCH,H), 2.81 (1H,

dd, J = 11.5, 1.3 Hz, SCH,Hy), 1.72-1.61 (1H, m, CH(CHs)3), 1.35 (3H, d, J = 6.7 Hz,
COCHCH3), 0.69 (3H, d, J = 6.8 Hz, CHs), 0.61 (3H, d, J = 7.0 Hz, CHb).

2.3.1.8. Reaction of 2a with 4-methoxybenzaldehyde diallyl acetal and 1.15 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (217 mg, 1.0 mmol), 20f (367 mg, 1.1 mmol), NiCl,(PMej), (7
mg, 0.025 mmol, 2.5 mol%), TESOTf (260 pL, 1.15 mmol) and 2,6—lutidine (174 pL, 1.5
mmol) at —20 °C for 15 h.
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A 78:22 anti/syn diastereomeric was established by '"H NMR analysis of the
crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 60:40) afforded 264 mg (0.69 mmol, 69% yield) of the pure anti
diastereomer  (4S)-N-[(2R,3S)-3-allyloxy-3-(4-methoxyphenyl)-3-methylpropanoyl]-4-
isopropyl-1,3-thiazolidine-2-thione (28a) and 79 mg (0.20 mmol, 20% yield) of the pure
syn diastereomer (4S)-N-[(2R,3R)-3-allyloxy-3-(4-methoxyphenyl)-3-methylpropanoyl]-
4-isopropyl-1,3-thiazolidine-2-thione (28s).

Yellow solid. mp = 65-67 °C. R = 0.35
S)J\NJ\(?\@ (CH,Cl,Hexanes 60:40). [a]p = +99.4 (c 1.0, CHCIy).
IR (ATR): v 2923, 2856, 1696, 1606, 1509, 1359,

\_$" OMe 1 1240, 1150 cm™. 'H NMR (CDCls, 400 MHz) & 7.30—
28a 7.24 (2H, m, ArH), 6.93-6.86 (2H, m, ArH), 5.80-5.71
(1H, m, CH,CH=CH,), 5.37 (1H, ddd, J = 8.6, 5.5, 1.7

Hz, NCH), 5.24 (1H, dg, J = 9.9, 6.9 Hz, COCHCH3), 5.13 (1H, ddd, J = 17.3, 3.4, 1.5
Hz, CH=CH.H,), 5.05 (1H, ddd, J = 10.4, 3.4, 1.5 Hz, CH=CH,H.), 4.51 (1H, d, J = 9.9
Hz, CHOAIlyl), 3.81 (3H, s, ArOCHy), 3.77 (1H, ddt, J = 12.7, 5.0, 1.5 Hz, OCHaHsCH)
3.66 (1H, ddt, J = 12.7, 6.3, 1.5 Hz, OCH.H,CH) 3.46 (1H, dd, J = 11.4, 8.6 Hz,
SCH.Hy), 2.98 (1H, dd, J = 11.4, 1.7 Hz, SCH.Hy), 2.45-2.30 (1H, m, CH(CHs)s), 1.08
(3H, d, J = 6.8 Hz, CH5), 1.01 (3H, d, J = 7.0 Hz, CH,), 0.85 (3H, d, J = 6.9 Hz,
COCHCHs). *C NMR (CDCl;, 100.6 MHz) & 202.5, 177.4, 159.5, 134.9, 131.3, 129.3,

116.3, 113.7, 84.4, 71.8, 69.3, 55.2, 45.0, 30.5, 28.8, 19.2, 17.2, 14.5. HRMS (+ESI):
m/z calcd. for C,oH,7NNaO3S, [M+Na]": 416.1325, found: 416.1324.

Yellow solid. mp = 74-76 °C. Ry = 0.20
)J\ (CH.Cl,:Hexanes 60:40). [a]p = +257.1 (c 1.0,
s NJ\H\Q CHCL,). IR (ATR): v 2957, 2929, 1708, 1607, 1509,
\_y OMe | 1359, 1271, 1171 cm™. *H NMR (CDCl,, 400 MHz) &
7.37-7.28 (2H, m, ArH), 6.90-6.81 (2H, m, ArH), 5.85
(1H, dddd, J = 17.1, 10.6, 6.0, 5.1 Hz CH,CH=CH,),
5.33 (1H, dg, J = 7.9, 6.7 Hz, COCHCH,), 5.26-5.14 (3H, m, NCH, CH=CH,), 4.65 (1H,
d, J = 7.9 Hz, CHOAIlyl), 3.90—3.83 (1H, m, OCH.H,CH), 3.81 (3H, s, ArOCHjs), 3.69
(1H, ddt, J = 12.8, 6.0, 1.4 Hz, OCH,H,CH), 3.36 (1H, dd, J = 11.5, 8.7 Hz, SCH.Hy),

2.84 (1H, dd, J = 11.5, 1.4 Hz, SCHaH,), 1.78-1.69 (1H, m, CH(CHs)3), 1.31 (3H, d, J =
6.7 Hz, COCHCHz), 0.75 (3H, d, J = 6.8 Hz, CHs), 0.67 (3H, d, J = 7.0 Hz, CH,). **C
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NMR (CDCl;, 100.6 MHz) & 202.2, 175.2, 159.2, 134.7, 131.8, 129.3, 116.6, 113.5,
81.8, 71.3, 69.3, 55.2, 45.3, 30.6, 28.4, 18.7, 16.8, 14.2.

2.3.1.9. Reaction of 2a with benzaldehyde dimethyl acetal and 1.5 eq of TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), benzaldehyde dimethyl acetal (84 uL, 0.55
mmol), NiCl,(PMe3z), (3.5 mg, 12.5 ymol, 2.5 mol%), TESOTf (170 uL, 0.75 mmol) and
2,6—lutidine (87 pL, 0.75 mmol) at —20 °C for 15 h.

A 60:40 anti/syn diastereomeric ratio was established by 'H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH,CI,) afforded 81 mg (0.24 mmol, 47% yield) of the pure anti diastereomer 11a and
54 mg (0.16 mmol, 32% yield) of the pure syn diastereomer 11s.

2.3.1.10. Reaction of 2a with 4-methylbenzaldehyde dimethyl acetal and 1.5 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 20a (92 mg, 0.55 mmol), NiCl,(PMes), (3.5
mg, 12.5 ymol, 2.5 mol%), TESOTf (170 uL, 0.75 mmol) and 2,6—lutidine (87 uL, 0.75
mmol) at —20 °C for 15 h.

A 62:38 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 60:40) affored 88 mg (0.25 mmol, 50% vyield) of the pure anti
diastereomer 21a and 56 mg (0.16 mmol, 32% yield) of the pure syn diastereomer 21s.

2.3.1.11. Reaction of 2a with 4-chlorobenzaldehyde dimethyl acetal and 1.5 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 20b (103 mg, 0.55 mmol), NiCl,(PMes),
(3.5 mg, 12.5 ymol, 2.5 mol%), TESOTf (170 pL, 0.75 mmol) and 2,6—lutidine (87 pL,
0.75 mmol) at —20 °C for 15 h.

A 64:36 anti/syn diastereomeric ratio was established by 'H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH.Cly/Hexanes 60:40) afforded 108 mg of an unseparable mixture of anti
diastereomer 22a (71 mg, 0.19 mmol, 37% yield) and the syn diastereomer 22s (37
mg, 0.10 mmol, 21% yield).
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2.3.1.12. Reaction of 2a with 2-methoxybenzaldehyde dimethyl acetal and 1.5 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 20c (101 mg, 0.55 mmol), NiCl,(PMes),
(3.5 mg, 12.5 ymol, 2.5 mol%), TESOTf (170 pL, 0.75 mmol) and 2,6—lutidine (87 WL,
0.75 mmol) at —20 °C for 15 h.

A 65:35 anti/syn diastereomeric ratio was established by 'H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH,Cly/Hexanes 70:30) affored 110 mg (0.30 mmol, 60% yield) of the pure anti
diastereomer 23a and 53 mg (0.14 mmol, 29% yield) of the pure syn diastereomer 23s

2.3.1.13. Reaction of 2a with 3-methoxybenzaldehyde dimethyl acetal and 1.5 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 3-methoxybenzaldehyde dimethyl acetal
(201 mg, 0.55 mmol), NiCl,(PMe3), (3.5 mg, 12.5 ymol, 2.5 mol%), TESOTf (170 pL,
0.75 mmol) and 2,6—lutidine (87 uL, 0.75 mmol) at —20 °C for 15 h.

A 60:40 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography
(CH,Cly/Hexanes 70:30) afforded 75 mg (0.21 mmol, 41% yield) of the pure anti
diastereomer 24a and 58 mg (0.16 mmol, 31% yield) of the pure syn diastereomer 24s.

2.3.1.14. Reaction of 2a with 4-methoxybenzaldehyde dimethyl acetal and 1.5 eq of
TESOTf

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 4-methoxybenzaldehyde dimethyl acetal
(94 pL, 0.55 mmol), NiCly(PMe3), (3.5 mg, 12.5 ymol), TESOTf (170 pL, 0.75 mmol)
and 2,6-lutidine (87 pL, 0.75 mmol) at —20 °C for 15 h. A 73:27 anti/syn diastereomeric
ratio was established by 'H NMR analisys of the crude product. Purification of the
crude product by column chromatography (CH,Cl,/Hexanes 70:30) afforded 125 mg
(0.34 mmol, 68% yield) of the pure anti diastereomer (25a) and 37 mg (0.10 mmol,
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2.3.2. Cobalted propargylic acetals

2.3.2.1. 1,1-Diethoxypropyne

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 1,1-diethoxypropyne (79 pL, 0.55 mmol),
NiCl,(PMe3), (7 mg, 25 pmol, 5 mol%), TESOTf (249 pL, 1.1 mmol) and 2,6—lutidine
(87 pL, 0.75 mmol) at —20 °C for 15 h.

After the usual reaction mixture treatment, 'H NMR analysis of the crude
product showed the presence of the starting material 2a and 1,1-diethoxypropyne. No

traces of the expected product were observed.

2.3.2.2. Hexacarbonyl y-[n*-(1,1-diethoxypropyne)dicobalt (29a)

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 29a (228 mg, 0.55 mmol), NiCl,(PMe3), (7
mg, 25 ymol, 5 mol%), TESOTf (249 uL, 1.1 mmol) and 2,6—lutidine (87 yL, 0.75 mmol)
at —20 °C for 15 h.

A 77:23 anti/syn diastereomeric ratio was established by *H NMR analysis of
the crude product. Purification of the crude product by column chromatography (from
CH,Cl,/Hexanes 40:60 to 50:50) afforded 153 mg (0.26 mmol, 52% yield) of the pure
anti diastereomer (S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(3-ethoxy- 2-methyl-4-pentynoyl)]
dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (30a) and 102 mg of a mixture of
aldehyde (16 mg), anti diastereomer (S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(3-ethoxy-2-
methyl-4-pentynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione  (30a) (44
mg, 0.08 mmol, 16% yield) and syn diastereomer (S)-N-[(2R,3R)-hexacarbonyl{u-[n’-
(3-ethoxy-2-methyl-4-pentynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione
(30s) (69 mg, 0.12 mmol, 22% yield).

Dark oil. Ry = 0.35 (Hexanes/CH,Cl, 50:50). [a]p =

. )SLN i ?Et\ CoaCO)s | +849.0 (c 0.01, CH;CL). IR (film): v 2920, 2070, 2030,
o 2000, 1680, 1340, 1240, 1140 cm™. *H NMR (CDCls,

\_§' 400 MHz) & 6.05 (1H, s (bs), C[COx(CO)e]H), 5.31 (1H,
30a ddd, J = 8.5, 6.0, 1.2 Hz, NCH), 5.03 (1H, dg, J = 9.8,

6.9 Hz, COCHCHgy), 4.67 (1H, d, J = 9.8 Hz, CHOCH,CHj3), 3.82 (1H, p, J = 7.2 Hz,
OCH,H,CHj3), 3.61 (1H, p, J = 7.2 Hz, OCH,H,CH3), 3.47 (1H, dd, J = 11.5, 8.5 Hz,
SCHaHy), 2.98 (1H, dd, J = 11.5, 1.2 Hz, SCH,Hy), 2.42-2.30 (1H, m, CH(CHz),), 1.22
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(3H, d, J = 6.9 Hz, COCHCHj), 1.12 (3H, t, J = 7.2 Hz, OCH,CHj), 1.09 (3H, d, J = 6.8
Hz, CHa), 1.02 (3H, d, J = 7.0 Hz, CHa). **C NMR (CDCls, 100.6 MHz) & 202.4, 199.5,
175.7, 93.4, 82.3, 73.0, 71.6, 66.6, 45.7, 30.6, 29.0, 19.1, 17.3, 14.9, 14.7. HRMS
(+FAB): m/z calcd. for C16H,1NO,S,Co, [M=6CO]": 472.7576, found: 472.9565.

Dark oil. Rf = 0.30 (Hexanes/CH,Cl, 50:50). 'H NMR

)L J\H\ Cox(CO)s | (CDCls, 400 MHz) & 5.88 (1H, br s, C[C0,(CO)¢H), 5.16

(1H, ddd, J = 8.2, 5.7, 1.0 Hz, NCH), 4.95-4.86 (2H, m,
\_§’ COCHCH), 3.88 (1H, dg, J = 139, 7.0 Hz
30s OCH.H,CHs), 3.63 (1H, dg, J = 139, 7.0 Hz
OCHaH,CH3), 3.49 (1H, dd, J = 11.5, 8.2 Hz, SCH,Hy), 3.02 (1H, dd, J = 11.5, 1.0 Hz,
SCHaHy), 2.44-2.31 (1H, m, CH(CHs),), 1.33 (3H, d, J = 6.3 Hz, COCHCHs), 1.23 (3H,
t, J = 7.0 Hz, OCH,CHj), 1.10 (3H, d, J = 6.8 Hz, CHs), 1.04 (3H, d, J = 6.9 Hz, CHj).

2.3.2.3. Hexacarbonyl y-[n*-(1,1-diethoxy-3-phenylpropyne)dicobalt (29b)

The reaction was carried out according to the General Procedure described in
Section 2.2.1. using 2a (109 mg, 0.5 mmol), 29b (270 mg, 0.55 mmol), NiCl,(PMes),
(3.5 mg, 12.5 ymol, 5 mol%), TESOTf (249 uL, 1.1 mmol) and 2,6-lutidine (87 uL, 0.75
mmol) at —20 °C for 15 h. A 90:10 anti/syn diastereomeric ratio was established by *H
NMR analisys of the crude product.

Purification of the crude product by column chromatography (CH,Cl,/Hexane
from 40:60 to 50:50) afforded 296 mg (0.45 mmol, 89% yield) of a mixture of the anti
and syn diastereomers and permitted the separation of the aldehyde that did not react.
Further purification of that mixture by column chromatography (Hexanes/EtOAc 95:5)
afforded 262 mg (0.40 mmol, 79% vyield) of the pure anti diastereomer (S)-N-[(2R,3S)-
hexacarbonyl{u-[n*-(3-ethoxy-2-methyl-5-phenyl-4-pentynoyl)]dicobalt(Co-Co)}-4-
isopropyl-1,3-thiazolidine-2-thione (31a) and 34 mg (0.05 mmol, 10% vyield) of the syn
diastereomer (S)-N-[(2R,3R)-hexacarbonyl{u-[n*-(3-ethoxy-2-methyl-5-phenyl-4-
pentynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (31a) .

s o OFt Red oil. R = 0.40 (Hexanes/EtOAc 90:10). IR (film): v
)J\ C°2 CO)k | 2918, 2088, 2047, 2008, 1689, 1441, 1240, 1155 cm™.

\© 'H NMR (CDCl;, 400 MHz) & 7.57-7.52 (2H, m, ArH),
\_§’ 7.34-7.27 (3H, m, ArH), 5.29 (1H, d, J = 4.0 Hz,
CHOCH,CHg), 5.09 (1H, ddd, J = 8.5, 5.1, 1.0 Hz,
NCH), 4.89 (1H, qd, J = 6.9, 4.0 Hz, COCHCHjy,), 3.81-3.65 (2H, m, OCH,CHj3), 3.46
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(1H, dd, J = 11.5, 8.3 Hz, SCH,Hy), 2.99 (1H, dd, J = 11.5, 1.1 Hz, SCHH,), 2.24-2.14
(1H, m, CH(CHg)), 1.28 (3H, d, J = 6.9 Hz, COCHCHg), 1.20 (3H, t, J = 7.0 Hz,
OCH,CH,), 1.01 (3H, d, J = 6.9 Hz, CHy), 0.95 (3H, d, J = 7.9 Hz, CHs). *C NMR
(CDCl;, 100.6 MHz) & 202.6, 199.4, 175.0, 137.8, 129.8, 128.5, 127.51, 96.9, 92.8,
79.7, 72,5, 67.7, 46.1, 31.1, 29.4, 19.2, 17.1, 15.0, 13.2. HRMS (+ESI): m/z calcd for
C24H20NO;S,Co, [M-OEt]": 615.9340, found: 615.9348.
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Experimental Section

3.1. STARTING MATERIALS

3.1.1. (S)-N-[2-(Fluorenylmethyloxycarbonylamino)acetyl]-4-isopropyl-1,3-
thiazolidine-2-thione (2k)

Neat EDC-HCI (575 mg, 3.0 mmol) was added to a solution of 1 (322 mg, 2.0
mmol), Fmoc-Gly-OH (1.040 g, 3.5 mmol) and DMAP (12 mg, 0.1 mmol) in CH,CI, (5

mL) at 0 °C under N,. The resultant mixture was stirred overnight at room temperature.

The yellow solution was diluted with ether (10 mL) and extracted with 0.5 M HCI
(3 x 20 mL), and brine (1 x 40 mL). The organic layer was dried over MgSQ,, filtered,
and concentrated. The resultant oil was purified through column chromatography
(CH,Cly/Hexanes from 20:80 to 80:20) to afford 224 mg (0.5 mmol, 25% yield) of (S)-N-
[2-(fluorenylmethyloxycarbonylamino)acetyl]-4-isopropyl-1,3-thiazolidine-2-thione  (2k)
impurified with tiazolidinthione 1 (9%).

s o Yellow oil. Ry = 0.15 (CH.Cl,/Hexanes 80:20). 'H NMR
)J\ )K/NHFmOC (CDCl3, 400 MHz) 6 7.79-7.75 (2H, m, ArH), 7.63-7.59 (2H,
s” N

m, ArH), 7.43-7.37 (2H, m, ArH), 7.35-7.29 (2H, m, ArH),
5.49 (1H, bs, NH), 5.16 (1H, ddd, J = 7.7, 6.2, 0.9 Hz, NCH),
2K 4.95 (1H, dd, J = 19.1, 5.0 Hz, COCH.H,NH), 4.85 (1H, dd, J

= 19.1, 5.8 Hz, COCHaH,NH), 4.40 (2H, d, J = 7.1 Hz,
COOCH,CH), 4.24 (1H, t, J = 7.1 Hz, COOCH,CH), 3.60 (1H, dd, J = 11.3, 8.3 Hz,
SCH,Hy), 3.08 (1H, dd, J = 11.6, 1.0 Hz, SCH,Hy), 2.42—2.31 (1H, m, CH(CH,),), 1.07
(3H, d, J = 6.8 Hz, CHj), 0.99 (3H, d, J = 6.8 Hz, CHj).

3.1.2. (S)-N-[2-(tert-Butyloxycarbonylamino)acetyl]-4-isopropyl-1,3-thiazolidine-2-
thione (2m)

Neat EDC-HCI (431 mg, 2.25 mmol) was added to a solution of 1 (242 mg, 1.5
mmol), Boc-Gly-OH (460 mg, 3.5 mmol) and DMAP (9 mg, 75 umol) in CH,CI, (5 mL)

at 0 °C under N,. The resultant mixture was stirred for overnight at room temperature.

The yellow solution was diluted with ether (10 mL) and extracted with 0.5 M
NaOH (3 x 20 mL), and brine (1 x 40 mL). The organic layer was dried over MgSOy,,
fitered, and concentrated. The resultant oil was purified through column
chromatography with deactivated silica gel (CH,Cl,) to afford 79 mg (0.25 mmol, 17%
yield) of (S)-N-[2-(tert-butyloxycarbonylamino)acetyl]-4-isopropyl-1,3-thiazolidine-2-
thione (2m) impurified with tiazolidinthione 1 (6%).
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— Yellow oil. Ry = 0.15 (CH,Cl,). *H NMR (CDCls, 400 MHZ) &
S)]\N)K/NHBOC 5.20 (1H, bs, NH), 5.18-5.12 (1H, m, NCH), 4.85 (1H, dd, J =

19.3, 4.9 Hz, COCH,H,NH), 4.77 (1H, dd, J = 19.3, 5.9 Hz,
\_§’ COCH.H,NH), 3.59 (1H, dd, J = 11.5, 8.1 Hz, SCH,H,), 3.07
2m (AH, dd, J = 11.5, 1.0 Hz, SCH.Hy), 2.42-2.30 (1H, m,
CH(CHs)s), 1.46 (9H, s, C(CHs)s), 1.07 (3H, d, J = 6.8 Hz, CHs), 0.98 (3H, d, J = 7.0 Hz,
CHa).

3.1.3. (S)-N-[2-(Carboxybenzylamino)acetyl]-4-isopropyl-1,3-thiazolidine-2-thione
(2n)

Neat EDC-HCI (575 mg, 3.0 mmol) was added to a solution of 1 (323 mg, 2.0
mmol), Cbz-Gly-OH (502 mg, 2.4 mmol) and DMAP (12 mg, 0.1 mmol) in CH,CI, (5
mL) at O °C under N,. The resultant mixture was stirred for five days at room

temperature.

The yellow solution was diluted with ether (10 mL) and extracted with 0.5 M HCI
(3 x 20 mL), 0.5 M NaOH (3 x 20 mL), and brine (1 x 40 mL). The organic layer was
dried over MgSQ,, filtered, and concentrated. The resultant oil was purified through
column chromatography with deactivated silica gel (Hexanes/EtOAc 75:25) to afford
512 mg (1.45 mmol, 73% vyield) of (S)-N-[2-(carboxybenzylamino)acetyl]-4-isopropyl-
1,3-thiazolidine-2-thione (2n).

— Yellow oil. R; = 0.15 (CH,Cl,). 'H NMR (CDCls, 400 MHZz) &
S)LNKNHCbZ 7.39-7.29 ( 5H, m, ArH), 5.46 (1H, bs, NH), 5.16-5.10 (1H, m,

NCH), 5.15 (2H, s, COOCH,Ar), 4.92 (1H, dd, J = 19.1, 5.1 Hz,
COCH.Hy,NH), 4.83 (1H, dd, J = 19.1, 5.9 Hz, COCH,H,NH),
2n 3.58 (1H, dd, J = 11.5, 8.2 Hz, SCH.H,), 3.07 (1H, dd, J =

11.5, 0.8 Hz, SCH.Hp), 2.40-2.26 (1H, m, CH(CH,),), 1.06 (3H, d, J = 6.8 Hz, CHy),
0.97 (3H, d, J = 6.9 Hz, CHy).
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3.1.4. (S)-N-[2-(N-Carboxybenzyl-N-methylamino)acetyl]-4-isopropyl-1,3-

thiazolidine-2-thione (20)

Neat EDC-HCI (322 mg, 1.7 mmol) was added to a solution of 1 (179 mg, 1.25
mmol), Cbz(Me)-Gly-OH (250 mg, 1.1 mmol) and DMAP (7 mg, 50 pmol) in CH,Cl, (4
mL) at O °C under N,. The resultant mixture was stirred for five days at room

temperature.

The yellow solution was diluted with ether (10 mL) and extracted with 0.5 M HCI
(3 x 20 mL), 0.5 M NaOH (3 x 20 mL), and brine (1 x 40 mL). The organic layer was
dried over MgSOQ,, filtered, and concentrated to afford 397 mg (1.08 mmol, 97% yield)
of (S)-N-[2-(N-carboxybenzyl-N-methylamino)acetyl]-4-isopropyl-1,3-thiazolidine-2-
thione (2n) with a rotameric ratio of 54:46 which was used in the following step without

further purification.

S 0 Me Yellow oil. Ry = 0.28 (CH,Cl,/Hexanes 90:10). 'H NMR (CDCls,

S N)K/KICbz 400 MHz) & 7.39-7.28 (10H, m, ArH,, ArHy), 5.16-5.10 (1H, m,

NCH,), 5.15 (2H, s, (COOCH.Ar),), 5.13 (1H, d, J = 12.4 Hz,

(COOCH,HbvAI),), 5.13 (1H, d, J = 12.4 Hz, (COOCHHuAr)y),

2n 5.01-4.97 (1H, m, NCH,), 4.94 (1H, d, J = 183 Hz,

(COCH HuN),), 4.92 (1H, d, J = 17.9 Hz, (COCH.HpN),), 4.88 (1H, d, J = 17.9 Hz,

(COCH,HuN)y,), 4.82 (1H, d, J = 18.3 Hz, (COCH4HuN),), 3.61 (1H, dd, J = 11.5, 8.2 Hz,

(SCHaHb)a), 3.39 (1H, dd, J = 11.5, 8.1 Hz, (SCH Hy),), 3.07 (1H, dd, J = 11.5, 1.0 Hz,

(SCHHb)a), 3.01-2.98 (1H, m, (SCH H),), 3.01 (6H, s, (NCHs)a, (NCH3),, 2.43-2.34

(1H, m, (CH(CHs))a), 2.30-2.22 (1H, m, (CH(CHz3),)), 1.07 (3H, d, J = 6.8 Hz,

(CHCHj3),), 1.00 (3H, d, J = 6.8 Hz, (CHCHg)p), 0.99 (3H, d, J = 7.0 Hz, (CHCHs),), 0.90
(3H, d, J = 6.9 Hz, (CHCHj3)y).

3.1.5. Optimization of (S)-N-(azidoacetyl)-4-isopropyl-1.3-thiazolidine-2-thione
(2h)

Neat Et3N (1 eq) was added dropwise to a solution of 1 (1 eq) in CH,CI, (0.1 M)
at room temperature under N,. The reaction mixture was stirred for 15 min and 39 (1.2
eq) was carefully added via cannula (CH,Cl,) at 0 °C. After stirring for 5 min, the

resulting clear solution was allowed to warm to room temperature and stirred overnight.

The reaction was diluted in Et,O (50 mL) and this mixture was extracted with
H,O (3 x 30 mL). The combined organic layers were dried over MgSQ,, filtered and

concentrated. The resultant oil was purified through column chromatography
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(CH.Cly/Hexanes 70:30) to afford (S)-N-(azidoacetyl)-4-isopropyl-1,3-thiazolidine-2-

thione (2h). The results are shown in the following Table 21.

) S o
)J\ N3
s” “NH 1) EtsN, THF, -78 °C s” N
2) 0 (1,2 eq), r.t., 15h
N
cl 3
1 2h
Entry Et:N (eq) Scale (mmol) 2h (%)*
1 2 1 (0)°
2 1.2 1 (59)°
3 1.1 1 (67)°
4 1 1 76
5 1 3 78
6 1 6 77

?|solated yield after chromatographic purification
®In brackets, conversion determinated by analysis of the *H NMR crude

Table 21

s o Yellow oil. R; = 0.50 (CH,Cl,/Hexanes 70:30). [a]o = +239.9 (c 1.00,

N )@M CHCIly). IR (ATR): v 2961, 2097, 1692, 1467, 1304, 1168, 1037 cm™.

'H NMR (CDCls, 400 MHz) & 5.22-5.17 (1H, m, NCH), 4.92 (1H, d,

J = 18.3 Hz, COCHaHy), 4.73 (1H, d, J = 18.3 Hz, COCH,H,), 3.62

2h (1H, dd, J = 11.6, 8.1 Hz, SCH,H,), 3.10 (1H, dd, J = 11.6, 1.0 Hz,

SCH.Hy), 2.40-2.30 (1H, m, CH(CHs),), 1.08 (3H, d, J = 6.9 Hz, CHs), 0.96 (3H, d, J =

6.9 Hz, CHs). **C NMR (CDCl,;, 100.6 MHz) & 202.5, 168.7, 71.6, 55.0, 31.1, 30.7,

19.0, 17.5. HRMS (+ESI): m/z calcd for [M+H]" CgH:3N4OS,: 245.0525, found:
245.0530.

3.1.6. Synthesis of acetals

3.1.6.1. Piperonal dimethyl acetal (20q)

Trimethyl orthoformate (4.8 mL, 43.8 mmol) and anhydrous MeOH (0.3 mL, 7.3
mmol) were added to a mixture of piperonal (5.5 g, 36.5 mmol) and Amberlyst-15 ion-

exchange was stirred for 70 h at room temperature.
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The mixture was filtered, and the solvent was removed in vacuum. The residue
was purified by column chromatography (Hexanes/EtOAc 90:10) to give 3.90 g (20
mmol, 55% yield) of piperonal dimethyl acetal (209).

oMo Colourless oil. R; = 0.50 (Hexanes/EtOAc 90:10). 'H NMR

o o | (CDCls, 400 MHz) & 6.95 (1H, d, J = 1.7 Hz, ArH), 6.92 (1H, dd,

e

O> J=8.0, 1.7 Hz, ArH), 6.79 (1H, d, J = 8.0 Hz, ArH), 5.96 (2H, s,
20g OCH,0), 5.29 (1H, s, CH(OCH),), 3.31 (6H, s, CH(OCHy),).

3.1.6.2. 4-(N,N-Dimethylamino)benzaldehyde dimethyl acetal (20h)

A mixture of 4-(N,N-dimethylamino)benzaldehyde (4.5 g, 30 mmol), trimethyl
orthoformate (4.0 mL, 36 mmol), anhydrous MeOH (0.25 mL, 6 mmol) and Amberlyst-
15 ion-exchange was stirred for five days at room temperature.

The mixture was filtered, and the solvent was removed in vacuum. The residue
was purified by flash column chromatography on deactivated silica gel
(Hexanes/EtOAc 90:10) to give 2.0 g (105 mmol, 35%) of 4-(N,N-
dimethylamino)benzaldehyde dimethyl acetal (20h).

oMo Colourless oil. Ry = 0.50 (Hexanes/EtOAc 90:10). *H NMR
Voo (CDCls, 400 MHz) & 7.31-7.29 (2H, m, ArH), 6.73-6.70 (2H,
e
m, ArH), 5.32 (1H, s, CH(OCHy),), 3.31 (6H, s, CH(OCHy),),
NMe,

20h

3.1.6.3. 1,1-Diethoxy-3-(trimethylsilane)propyne (50)

A 1.6 M solution of n-BuLi in hexanes (1.63 mL, 2,6 mmol) was added dropwise
to a solution of propiolaldehyde diethyl acetal (430 uL, 3.0 mmol) in THF (10 mL) at
—78 °C under N,. The reaction mixture was stirred for 15 min and chlorotrimethylsilane
(331 uL, 2.61 mmol) was carefully added. The resulting clear solution was stirred for 5

min and the solution was allowed to warm to room temperature and stirred for 3 h.

The reaction mixture was cooled with an ice bath and quenched with water (2
mL). This mixture was extracted with Et,O (3 x 20 mL). The combined extracts were
washed with brine (25 mL), dried over MgSQ,, filtered and concentrated. The resultant
oil was purified through column chromatography (Hexanes/Et,O 90:10) to give 515 mg
(2.57 mmol, 98% vyield) of 1,1-diethoxy-3-(trimethylsilane)propyne (50).
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OEt Colourless oil. Ry = 0.5 (Hexanes/Et,O 90:10). 'H NMR (CDCls,
)\ 400 MHz) & 5.24 (1H, s, CH(OCH,CHjs),), 3.74 (2H, dg, J = 9.5,
EtO %

T™s | 7.1 Hz, 2 x OCH.H,CHs), 3.59 (2H, dg, J = 9.5 Hz, J = 7.1 Hz, 2

50
x OCH.H,CHs), 1.24 (6H, t, J = 7.1 Hz, CH(OCH,CHs),), 0.19

(gH, S, S|(Cﬂ3)3)

3.1.6.4. Hexacarbonyl y-[n*-(1,1-diethoxy-3-(trimethylsilane)propyne)dicobalt (29¢)

A solution of 50 (515 mg, 2.6 mmol) in pentane (2 mL) was added via cannula
to a solution of Co,(CO)g (1.01 g, 3.0 mmoal) in pentane (12 mL) at room temperature.

under N, and stirred for 3 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
95:5) to afford 1.07 g (2.21 mmol, 86% yield) of hexacarbonyl y-[n4-(1,1-diethoxy-3-
(trimethylsilane)propyne)dicobalt (29c).

OEt Black oil. R; = 0.40 (Hexanes/Et,0 95:5). 'H NMR (CDCl;, 400
)\ Co2(CO) |  MHz) 5.48 (1H, s, CH(OCH,CHz),), 3.82 (2H, dg, J = 9.0, 7.0
EtO i/\\
T™S Hz, 2 x OCH.H,CHs), 3.67 (2H, dq, J = 9.0, 7.0 Hz, 2 x
29c

OCH,H,CHs), 1.25 (6H, t, J = 7.0 Hz, CH(OCH,CHb),), 0.30
(9H, s, Si(CHs)s).

3.1.6.5. 1,1-Diethoxy-2-heptyne (51)

a) Via 1-bromobutane

A 2.3 M solution of n-BuLi in hexanes (2.2 mL, 3.5 mmol) was added dropwise
to a solution of propiolaldehyde diethyl acetal (430 pL, 3.0 mmol) in THF (30 mL) at
—78 °C under N,. The reaction mixture was stirred for 30 min and 1-bromobutane (1.30
mL, 12 mmol) was carefully added. The resulting clear solution was stirred for 15 min

and the solution was allowed to warm to room temperature and stirred for 24 h.

The reaction mixture was cooled with an ice bath and quenched with saturated
NH,4CI (5 mL). This mixture was extracted with Et,O (3 x 30 mL), the combined organic
extracts were washed with water (40 mL) and brine (40 mL), dried over MgSQ,, filtered
and concentrated. *H NMR analysis of the crude product showed the only presence of
the starting material and 1-bromobutane. No traces of the expected product were

observed.
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b) Via 1-iodobutane

A 2.3 M solution of n-BuLi in hexanes (4 mL, 9.2 mmol) was added dropwise to
a solution of propiolaldehyde diethyl acetal (1.15 mL, 8.0 mmol) in THF (80 mL) at
—78 °C under N,. The reaction mixture was stirred for 30 min and 1-iodobutane (3.65
mL, 32 mmol) was carefully added. The resulting clear solution was stirred for 15 min

and the solution was allowed to warm to room temperature and stirred for two days.

The reaction mixture was cooled with an ice bath and quenched with saturated
NH,Cl (10 mL). This mixture was extracted with Et,O (3 x 60 mL), the combined
organic extracts were washed with water (80 mL) and brine (80 mL), dried over MgSQy,,
fitered and concentrated. The resultant oil was purified through column
chromatography (from Hexanes to Hexanes/Et,O 95:5) to afford 1.28 g (6.9 mmol, 87%
yield) of 1,1-diethoxy-2-heptyne (51).

Colourless oil. R; = 0.35 (Hexanes/Et,0 95:5). *H NMR (CDCl;, 400

OEt
)\ MHz) & 5.26 (1H, t, J = 1.6 Hz, CH(OCH,CHbs),), 3.74 (2H, dqg, J =
EtO %
Bu| 9.5, 7.1 Hz, 2 x OCH,HyCHs), 3.57 (2H, dg, J = 9.5, 7.1 Hz, 2 x
51 OCH,HyCHs), 2.25 (6H, td, J = 7.1, 1.6 Hz,C=CCH,), 1.55-1.48

(2H, m, CH,CH,CHs), 1.46-1.36 (2H, m, CH,CH,CHs), 1.23 (6H, t, J = 7.1 Hz,
CH(OCH,CHs),), 0.91 (3H, s, J = 7.3 Hz, CH,CH,CHy).

3.1.6.6. Hexacarbonyl y-[n*-(1,1-diethoxy-2-heptyne)dicobalt (29d)

A solution of 51 (1.28 g, 7.0 mmol) in pentane (7 mL) was added via cannula to
a solution of Co,(CO)s (2.49 g, 7.3 mmol) in pentane (40 mL) at room temperature

under N, and was stirred for 3 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
98:2) to afford 2.62 g (5.57 mmol, 80% vyield) of hexacarbonyl p-[n*-(1,1-diethoxy-2-
heptyne)dicobalt (29d).

Black oil. Ry = 0.6 (Hexanes/Et,0 95:5). *H NMR (CDCls, 400

OEt
AN L0k | MHZ) 85.48 (1H, 5, CH(OCH,CH)), 3.80 (2H, ddi, J = 9.0, 7.0
NG, Hz, 2 x OCH,H,CHs), 3.67 (2H, dq, J = 9.0, 7.0 Hz, 2 x
29 OCH.H,CH:), 2.82 (2H, t, J = 9.0 Hz, C=CCH,), 1.68-1.60

(2H, m, CH,CH,CHs), 1.53-1.43 (2H, m, CH,CH,CHs), 1.20 (6H, t, J = 7.0 Hz,
CH(OCH,CHs),), 0.97 (3H, t, J = 7.3 Hz, CH,CH,CHy).
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3.1.6.7. 1,1-Diethoxy-5-methoxy-2-pentyne (53)

a) Via 1-chloro-2-methoxyethane

A 2.5 M solution of n-BuLi in hexanes (2.3 mL, 5.8 mmol) was added dropwise
to a solution of propiolaldehyde diethyl acetal (717 pL, 5.0 mmol) in THF (50 mL) at
—78 °C under N,. The reaction mixture was stirred for 30 min and 1-chloro-2-
methoxyethane (1.83 mL, 20 mmol) was carefully added via cannula. The resulting
clear solution was stirred for 15 min and the solution was allowed to warm to room

temperature and stirred for 50 h.

The reaction mixture was cooled with an ice bath and quenched with saturated
NH4CI (10 mL). This mixture was extracted with Et,O (3 x 50 mL). The combined
organic extracts were washed with water (70 mL) and brine (70 mL), dried over MgSQOy,,
filtered and concentrated. *H NMR analysis of the crude product showed the only
presence of propiolaldehyde diethyl acetal. No traces of the expected product were

observed.

b) Via 1-iodo-2-methoxyethane

A solution of 1-chloro-2-methoxyethane (2.7 mL, 30 mmol) and Nal (9.0 g, 60
mmol) in acetone (65 mL) was refluxed for 62 h at room temperature under N,.

The mixture was poured into ice water and extracted with Et,O (4 x 60 mL). The
organic layer was washed with aqueous sodium thiosulfate (2 x 80 mL), water (100
mL) and brine (100 mL), dried over MgSO,, filtered and concentrated to afford 3.91 g
(21 mmol, 70% yield) of 1-iodo-2-methoxyethane (52).

Colourless oil. *H NMR (CDCl;, 400 MHz) & 3.66 (2H, d, J = 6.6 Hz,

/\/OMe
|
CH,OCHs), 3.40 (3H, s, CH,OCHs), 3.26 (2H, d, J = 6.6 Hz, ICH,CH,).

52

A 1.6 M solution of n-BuLi in hexanes (3.2 mL, 8.1 mmol) was added dropwise
to a solution of propiolaldehyde diethyl acetal (1.0 mL, 7.0 mmol) in THF (70 mL) at
—78 °C under N,. The reaction mixture was stirred for 30 min and 52 (3.90 g, 21 mmol)
was carefully added via cannula. The resulting clear solution was stirred for 15 min and

the solution was allowed to warm to room temperature and stirred for 40 h.

The reaction mixture was cooled with an ice bath and quenched with saturated
NH4CI (10 mL). This mixture was extracted with Et,O (3 x 50 mL). The combined
organic extracts were washed with water (70 mL) and brine (70 mL), dried over MgSQy,

filered and concentrated. The resultant oil was purified through column
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chromatography (Hexanes/AcOEt from 95:5 to 80:20) to afford 1.13 g (6.1 mmol, 87%
yield) of 1,1-diethoxy-5-methoxy-2-pentyne (53).

OEt Colourless oil. R; = 0.25 (Hexanes/Et,0 90:10). 'H NMR

)\A (CDCl,, 400 MHz) & 526 (1H, t J = 1.6 Hz
E0” N\

OMe Cﬂ(OCHzCH3)2), 3.74 (ZH, dq, J = 95, 7.1 HZ, 2 x

53 OCH.H,CHs), 3.57 (2H, dg, J = 9.5 7.1 Hz, 2 «x

OCH,HyCH3), 3.52 (2H, t, J = 7.1 Hz, CH,OMe), 3.36 (3H, s, OCHs), 2.53 (2H, td, J =
7.1, 1.6 Hz,C=CCH,), 1.23 (6H, t, , J = 7.1 Hz, CH(OCH,CHy),).

3.1.6.8. Hexacarbonyl y-[n*-(1,1-diethoxy-5-methoxy-2-pentyne)dicobalt (29¢e)

A solution of 53 (1.13 g, 6.1 mmol) in pentane (6 mL) was added via cannula to
a solution of Co,(CO)s (2.23 g, 6.4 mmoal) in pentane (25 mL) at room temperature and
was stirred for 3 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
from 98:2 to 90:10) to afford 2.61 g (5.5 mmol, 90% yield) of hexacarbonyl p-[n*-(1,1-
diethoxy-5-methoxy-2-pentyne)dicobalt (29e).

OFt Black oil. Ry = 0.30 (Hexanes/Et,O 90:10). *H NMR (CDCls,
PN £oAC% 400 MHz) & 5.48 (1H, s, CH(OCH,CH),), 3.81 (2H, dg, J =
S ome | 9.1, 7.0 Hz, 2 x OCH.H,CHs), 3.71-3.61 (4H, m, 2 x

29e OCH.H,CHs, CH,OMe), 3.37 (3H, s, OCHs), 3.08 (2H, t, J =

6.4 Hz, C=CCH.,), 1.25 (6H, t, J = 7.0 Hz, 2 x OCH,CHa).

3.1.6.9. 5-Bromo-1,1-diethoxy-2-hexyne (54)

A 2.5 M solution of n-BuLi in hexanes (4.4 mL, 11 mmol) was added dropwise
to a solution of propiolaldehyde diethyl acetal (1.40 mL, 10 mmol) in THF (9 mL) at
—78 °C under N,. The reaction mixture was stirred for 30 min and 1,3-dibromopropane
(1.2 mL, 11.5 mmol) was carefully added. The resulting yellow solution was stirred for

15 min and was allowed to warm to room temperature and heated at 45°C for 46 h.

The reaction mixture was cooled with an ice bath and quenched with saturated
NH,4CI (5 mL). This mixture was extracted with Et,O (3 x 25 mL). The combined organic
extracts were washed with water (30 mL) and brine (30 mL), dried over MgSQ,, filtered

and concentrated. The resultant oil was purified through column chromatography
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(Hexanes/EtO, from 95:5 to 80:20) to afford 1.26 g (5.0 mmol, 50% yield) of 5-bromo-
1,1-diethoxy-2-hexyne (54).

OFt Colourless oil. Ry = 0.20 (Hexanes/EtO, 95:5). 'H NMR
(CDCls, 400 MHz) & 5.25 (1H, t, J = 1.7 Hz, CH(OCH,),),
EtO % Br
3.73 (2H, dg, J = 9.5, 7.1 Hz, 2 x OCH.H,CHs), 3.57 (2H,
54

dg, J = 9.5, 7.1 Hz, 2 x OCH,H,CHs), 3.51 (2H, t, J = 6.6
Hz, CH,CH.Br), 2.45 (2H, td, J = 6.6, 1.7 Hz, C=CCH,), 2.07 (2H, p, J = 6.6 Hz,
CH.CH,Br), 1.24 (6H, t, J = 7.1 Hz, CH,CHs).

3.1.6.10. Hexacarbonyl y-[n*-(6-bromo-1,1-diethoxy-2-hexyne)dicobalt (29f)

A solution of 54 (747 mg, 3.0 mmol) in pentane (10 mL) was added via cannula
to a solution of Co,(CO)g (1.13 g, 3.3 mmol) in pentane (6 mL) at room temperature
under N, and was stirred for 4 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
95:5) to afford 1.44 g (2.7 mmol, 90% vyield) of hexacarbonyl p-[n*-(6-bromo-1,1-
diethoxy-2-hexyne)dicobalt (29f).

OEt Dark oil. R; = 0.45 (Hexanes/Et,O 95:5). *"H NMR (CDCls,
A Lox(CO)s 400 MH2) & 5.49 (1H, s, CH(OCH,CHa),), 3.81 (2H, dq, J =
ISNACBT | 91,70 Hz, 2 % OCH,H,CHs), 3.68 (2H, dg, J = 9.1, 7.0 Hz,
2 x OCHaH,CHs), 3.57 (2H, t, J = 6.4 Hz, CH,CH,Br), 3.03—
2.99 (2H, m, C=CCH,), 2.25-2.18 (2H, m, CH,CH,Br), 1.26 (6H, t, J = 7.0 Hz,
CH,CHs).

3.1.6.11. 5-Azido-1,1-Diethoxy-2-hexyne (55)

A solution of 54 (870 mg, 3.5 mmol) in DMF (2 mL) was added to a solution of
NaN; (454 mg, 7 mmol) in DMF (1.5 mL) at 0°C. The resulting clear solution was
stirred for 15 min and the solution was allowed to warm to room temperature and
stirred for 16 h.

The reaction mixture was extracted with Et,O (3 x 10 mL). The combined
organic extracts were washed with water (20 mL) and brine (20 mL), dried over MgSQy,,

fitered and concentrated. The resultant oil was purified through column
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chromatography (Hexanes/EtO, 90:10) to afford 710 mg (3.36 mmol, 96% yield) of 5-
azido-1,1-diethoxy-2-hexyne (55).

OFT Colourless oil. R; = 0.30 (Hexanes/EtO, 90:10). 'H NMR

)\/v (CDCls, 400 MHz) & 5.26 (1H, t, J = 1.6 Hz, CH(OCH.,),),
EtO % N
3| 373 (2H, dg, J = 9.5, 7.1 Hz, 2 x OCHaH,CHs), 3.57 (2H,

55

dq, J = 9.5, 7.1 Hz, 2 x OCH,H,CHs), 3.41 (2H, t, J = 6.8
Hz, CH,CHoNs), 2.37 (2H, td, J = 6.8, 1.6 Hz, C=CCH,), 1.80 (2H, p, J = 6.8 Hz,
CﬂzCHzNe,), 1.24 (6H, t,J=7.1Hz, CH2CH3)

3.1.6.12. Hexacarbonyl y-[n*-(6-azido-1,1-diethoxy-2-hexyne)dicobalt (29q)

A solution of 55 (660 mg, 3.1 mmol) in pentane (10 mL) was added via cannula
to a solution of Co,(CO)g (1.18 g, 3.4 mmoal) in pentane (8 mL) at room temperature
under N, and was stirred for 4 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
90:10) to afford 1.40 g (2.8 mmol, 91%) of hexacarbonyl p-[n*-(6-azido-1,1-diethoxy-2-
hexyne)dicobalt (299).

OEt Dark oil. R = 0.60 (Hexanes/Et,O 90:10). ‘H NMR (CDClj,
Eto)\\ Cox(CO)s 400 MHz) & 5.49 (1H, s, CH(OCH,CHs),), 3.80 (2H, dg, J =
NS
TSN | 9.0, 6.9 Hz, OCH,H,CHs), 3.67 (2H, dg, J = 9.0, 6.9 Hz,
29g

OCH,H,CHs), 3.47 (2H, t, J = 6.5 Hz, CH,CH,N3), 2.94—
2.90 (2H, m, C=CCH,), 1.98-1.91 (2H, m, CH,CH,N3), 1.25 (6H, t, J = 7.0 Hz,
CH,CHa).

3.1.6.13. 6,6-Diethoxy-4-hexyn-1-yl acetate (56)

A solution of 54 (747 mg, 3.0 mmol) in toluene (16 mL) was added to solution of
Bus;NOAc (181 mg, 6.0 mmol) in toluene (10 mL). The resulting clear solution was
heated at 45 °C for 2 h.

The reaction mixture was diluted with hexane (30 mL) and the solution was
washed with H,O (3 x 40 mL) and brine (50 mL), dried over MgSQ,, filtered and
concentrated. The resultant oil was purified through column chromatography
Hexanes/EtO, 90:10) to afford 650 mg (2.9 mmol, 95% yield) of 6,6-diethoxy-4-hexyn-
1-yl acetate (56).
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OEt Colourless oil. Ry = 0.15 (Hexanes/EtO, 90:10). 'H NMR
(CDCls, 400 MHz) 6 5.25 (1H, t, J = 1.6 Hz, CH(OCH,),),
BN OA
°l 4.15 (2H, t, J = 6.7 Hz, CH,CH,0ACc), 3.73 (2H, dg, J = 9.5,
56

7.1 Hz, 2 x OCHaHyCHs), 3.57 (2H, dg, J = 9.5, 7.1 Hz, 2
x OCHaH,CHs), 2.36 (2H, td, J = 6.7, 1.6 Hz, C=ECCH,), 2.05 (3H, s, OCOCHy), 1.87
(2H, p, J = 6.7 Hz, CH.CH,N3), 1.23 (6H, t, J = 7.1 Hz, CH,CHs).

3.1.6.14. Hexacarbonyl y-[n*-(6-acetyloxy-1,1-diethoxy-2-hexyne)dicobalt (29h)

A solution of 56 (600 mg, 2.6 mmol) in pentane (9 mL) was added via cannula
to a solution of Co,(CO)g (988 mg, 2.9 mmol) in pentane (6 mL) at room temperature

under N, and was stirred for 4 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
from 90:10 to 80:20) to afford 1.28 g (2.5 mmol, 95% yield) of hexacarbonyl p-[n*-(6-
acetyloxy-1,1-diethoxy-2-hexyne)dicobalt (29h).

OEt Dark oil. R; = 0.45 (Hexanes/Et,O 95:5). *H NMR (CDCl,,
Eto)\\ £o2(CO) 400 MH2) & 5.49 (1H, s, CH(OCH,CHa),), 4.21 (2H, t, J =
N
OO | 3z CHLCHOAC), 3.81 (2H, dg, J = 9.0, 7.0 Hz, 2 x
29h

OCH.H,CH3), 3.67 (2H, dg, J = 9.1, 7.0 Hz, 2 «x
OCH,H,CHs3), 2.92-2.88 (2H, m, C=CCH,), 2.08 (3H, s, OCOCHj), 2.03-1.96 (2H, m,
CH.CH,0ACc), 1.25 (6H, t, J = 7.0 Hz, CH,CHa).

3.1.6.15. 1,1-Diethoxy-5-hydroxy-2-hexyne (57)

A solution of 56 (811 mg, 3.6 mmol) in MeOH (20 mL) was added to solution of
NaOH (568 mg, 14.2 mmol) in MeOH (16 mL). The resulting clear solution was stirred

at room temperature for 1 h.

It was then extracted with Et,O (3 x 30 mL) and the combined organic extracts
were washed with brine (50 mL), dried over MgSQy, filtered and concentrated to afford
577 mg (3.1 mmol, 86% vyield) of 1,1-diethoxy-5-hydroxy-2-hexyne (57) which was

used in the following step without further purification.

228



Experimental Section

v Colourless oil. *H NMR (CDCl;, 400 MHz) 5 5.25 (1H, t, J =
)\/V 1.5 Hz, CH(OCH,),), 3.77-3.70 (4H, m, 2 x OCH,H,CHs,
EtO %
OH | CH,OH), 3.57 (2H, dg, J = 9.5, 7.1 Hz, 2 x OCH,H,CHs),
57 2.38 (2H, td, J = 6.6, 1.5 Hz, C=CCH,), 1.79 (2H, p, J = 6.6
Hz, CﬂzCHzNe,), 1.23 (6H, t,J=7.1Hz, CH2CH3)

3.1.6.16. 5-tert-Butyldiphenylsilyloxy-1,1-diethoxy-2-hexyne (58)

Neat TBDPSCI (1.1 mL, 4.0 mmol) was added dropwise to a solution of 57 (577
mg, 3.1 mmol) and imidazole (274 mg, 4.0 mmol) in CH,CI, (17 mL) for 10 min at 0 °C

under N,. The resulting solution was stirred for 16 h at room temperature.

The reaction mixture was diluted with H,O (20 mL) and was extracted with
CH.CI, (3 x 20 mL). The extracts were dried over MgSQy, filtered and evaporated in
vacuo. Purification of the crude mixture was carried out performing a column
chromatography (CH,Cl,) to afford 1.30 g (3.0 mmol, 97% vyield) of 5-tert-
butyldiphenylsilyloxy-1,1-diethoxy-2-hexyne (58).

OEt Colourless oil. Ry = 0.70 (CH,Cl,). *H NMR (CDCls,
)\/V 400 MHz) & 7.67-7.64 (4H, m, ArH), 7.43-7.35 (6H,

EtO %
OTBDPS | m, ArH), 5.23 (1H, t, J = 1.6 Hz, CH(OCH,),), 3.75-
58 3.67 (4H, m, 2 x OCH.H,CHs, CH,OTBDPS), 3.55
(2H, dg, J = 9.5, 7.1 Hz, 2 x OCH.H,CH,), 2.40 (2H, td, J = 6.6, 1.6 Hz, C=ECCH,),

1.81-1.75 (2H, m, CH,CH,OTBDPS), 1.22 (6H, t, J = 7.1 Hz, CH,CHs), 1.04 (9H, s,
C(CHa)a).

3.1.6.17. Hexacarbonyl u-[n*-(6-tert-butyldiphenylsilyloxy-1,1-diethoxy-2-hexyne)
dicobalt (29i)

A solution of 58 (1.30 g, 3.1 mmol) in pentane (10 mL) was added via cannula

to a solution of Co,(CO)g (1.17 mg, 3.4 mmol) in pentane (8 mL) at room temperature.

under N, and was stirred for 4 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
95:5) to afford 2.07 g (2.9 mmol, 94% vyield) of hexacarbonyl p-[n*-(6-tert-
butyldiphenylsilyloxy-1,1-diethoxy-2-hexyne)dicobalt (29i).
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OFt Dark oil. R = 0.60 (Hexanes/Et,O 95:5). 'H NMR
o SO (CDCl,, 400 MHz) & 7.68-7.65 (4H, m, ArH), 7.45—
NS
SN OTBDPS | 235 (6H, m, ArH), 547 (1H, s, CH(OCH,CHs),),
29i

3.82-3.75 (4H, m, 2 x OCH,H,CH3;, CH,OTBDPS),
3.69-3.61 (1H, dq, J = 9.1, 7.0 Hz, 2 x OCH.H,CHs), 2.95-2.91 (2H, m, C=CCH,),
1.92-1.85 (2H, m, CH,CH,0Ac), 1.23 (6H, t, J = 7.0 Hz, CH,CHs), 1.06 (9H, s,
C(CHs)s).

3.1.6.18. 6,6-Diethoxy-4-hexyn-1-vyl-2.2-dimethylpropionate (59)

Pivaloyl chloride (505 pL, 4.1 mmol) and freshly distilled EtsN (815 uL, 5.8
mmol) were added dropwise to a solution of 57 (428 mg, 2.3 mmol) in CH,Cl, (10 mL)
for 10 min at 0 °C under N,. The resulting solution was stirred for 21 h at room

temperature.

It was washed with H,O (3 x 20 mL) and brine (20 mL). The organic layer was
dried over MgSQO,, filtered and evaporated in vacuo. Purification of the crude mixture
was carried out performing a column chromatography (CH,Cl,) to afford 507 mg (1.9
mmol, 93% yield) of 6,6-diethoxy-4-hexyn-1-yl-2,2-dimethylpropionate (59).

oEt Colourless oil. Ry = 0.25 (CH,Cl,). *H NMR (CDCls;, 400
Eto)\/v | MH2)85.25(1H,t, 3= 1.6 Hz, CH(OCH,),), 4.13 (2. t, J
oS OPiv | = §.6 Hz, CH,OPiv), 3.73 (2H, dq, J = 9.5, 7.1 Hz, 2 x

59 OCH.H,CHs,), 357 (2H, dgq, J = 9.5, 7.1 Hz, 2 x

OCH.H,CHs), 2.35 (2H, td, J = 6.6, 1.6 Hz, C=ECCH.,), 1.91-1.84 (2H, m, CH,CH,OPiv),
1.23 (6H, t, J = 7.1 Hz, CH,CHs), 1.19 (9H, s, C(CHs)s).

3.1.6.19. Hexacarbonyl y-[n*-(1,1-diethoxy-6-pivaloyloxy-2-hexyne)dicobalt (29j)

A solution of 59 (507 mg, 1.9 mmol) in pentane (7 mL) was added via cannula
to a solution of Co,(CO)g (708 mg, 2.1 mmol) in pentane (4 mL) at room temperature

under N, and was stirred for 4 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
from 95:5 to 80:20) to afford 916 mg (1.65 mmol, 89% yield) of hexacarbonyl p-[n*-(1,1-
diethoxy-6-pivaloyloxy-2-hexyne)dicobalt (29j).
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Ot Dark oil. Ry = 0.20 (Hexanes/Et,0 95:5). *H NMR (CDCls,
)\ 0a(CO) 400 MHz) & 5.49 (1H, s, CH(OCH,CHj),), 4.22 (2H, t, J =
ISPV |67 1z, CH,OPIV), 3.81 (2H, dg, J = 9.2, 7.0 Hz, 2 x
OCH,H,CHs), 3.67 (2H, dg, J = 9.1, 7.0 Hz, 2 «x
OCH,H,CHs), 2.92-2.88 (2H, m, C=CCH,), 2.03-1.96 (2H, m, CH,CH,OPiv), 1.25 (6H,
t, J = 7.0 Hz, CH,CHy), 1.21 (9H, s, C(CH3)s).

3.1.6.20. 1,1-Diallyloxy-2-octyne (85)

A solution of 2-octynal (913 pL, 6.4 mmol), allyltrimethylsilane (1.84 g, 14.2
mmol) and TMSOTT (50 L, 0.28 mmol) in CH,CI, (16 mL) was stirred at —78 °C for 15

min and at =20 °C over weekend under N,.

The reaction mixture was quenched with anhydrous pyridine (0.5 mL) and
diluted with saturated NaHCO3 (30 mL). The aqueous layer was extracted with Et,O (3
x 30 mL). The resulting organic layer was washed with brine (40 mL), dried over
MgSO, and filtered. The solvent was removed in vacuum and the crude product was
purified by column chromatography of deactivated silica gel (Hexanes/EtOAc 95:5 with
5% of Et3N) to afford 994 mg (4.5 mmol, 70% yield) of 1,1-diallyloxy-2-octyne (85).

Colourless oil. Ry = 0.60 (Hexanes/Et,0 90:10). '"H NMR

\/\O
S~ (CDCl3, 400 MHz) & 5.99-5.89 (2H, m, (CH,CH=CH,),),
R o 5.59 (1H, t, J = 1.7 Hz, CH(OCH,CH=CH,),), 5.31 (2H, dq,
511
85 J=17.2,1.7 Hz, 2 x CH,CH=CHH,), 5.20-5.15 (2H, m, 2

x CH,CH=CHH,), 4.21 (2H, ddt, J = 12.6, 5.5, 1.5 Hz, 2 x
CH.CH,CH=CH,), 4.08 (2H, ddt, J = 12.6, 6.0, 1.4 Hz, 2 x CH.,CH,CH=CH,), 2.24 (2H,
td, J = 7.2, 1.7 Hz, C=CCH,), 1.58-1.49 (2H, m, CH,CH,CHs), 1.42-1.25 (4H, m,
(CH,),CH,CHj), 0.89 (3H, t, J = 7.2 Hz, CH,CHb).

3.1.6.21. Hexacarbonyl y-[n*-(1,1-diallyloxy-2-octyne)dicobalt (29k)

A solution of 85 (1.86 g, 8.3 mmol) in pentane (11 mL) was added via cannula
to a solution of Co,(CO)g (2.97 g, 8.7 mmol) in pentane (31 mL) at room temperature

under N, and was stirred for 4 h.

The solution was bubbled with a N, flux until the volume of solvent was reduced
by half. The resulting solution was purified by column chromatography (Hexanes/Et,O
from 98:2 to 95:5) to afford 3.88 g (7.6 mmol, 92% yield) of hexacarbonyl p-[n*
(diallyloxy-2-octyne)dicobalt (29k).
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Dark oil. R = 0.55 (Hexanes/Et,O 95:5). 'H NMR (CDCls,

S i £oACONs 400 MHz) 5 5.99-5.89 (2H, ddt, J = 17.2, 10.5, 5.6 Hz, 2 x

\\\CEH11 CH,CH=CH,), 5.61 (1H, s, CH(OCH,CH=CHy,),), 5.32

29k (2H, dg, J = 17.2, 1.5 Hz, 2 x CH,CH=CHH.), 5.22 (2H,

dg, J = 10.4, 1.5 Hz, 2 x CH,CH=CHH,), 4.25 (2H, ddt, J = 12.6, 5.6, 1.5 Hz, 2 x

CH H,CH=CHy), 4.19 (2H, ddt, J = 12.6, 5.6, 1.5 Hz, 2 x CH,CH,CH=CH,), 2.85-2.79

(2H, m, C=ECCH,), 1.71-1.62 (2H, m, CH,CH,CHs), 1.48-1.32 (4H, m, (CH,),CH,CHs),
0.93 (3H, t, J = 7.2 Hz, CH,CHa).

AN

3.2. PRELIMINARY EXPERIMENTS WITH TRIMETHYL ORTHOFORMATE

3.2.1. Reaction of 2n with trimethyl orthoformate

Solid (MesP),NiCl, (28.2 mg, 100 umol) was added to a solution of 2n (176 mg,
0.5 mmol) and trimethyl orthoformate (82 pL, 0.53 mmol) in CH,CI, (1 mL) under N, at
room temperature. The resulting solution was cooled at —20 °C and after 3 min,
TESOTTf (170 pL, 0.75 mmol) was added dropwise and followed, 4 min later, by 2,6-
lutidine (87 pL, 0.75 mmol). The resultant mixture was stirred for 15 h at —20 °C

The reaction was quenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgSO, and filtered. The solvent
was removed in vacuo and the residue was purified by column chromatography
(Hexanes/EtOAc 70:30) to afford 76 mg (0.18 mmol, 36% yield) of an inseparable
66:34 mixture of two diastereomers of (S)-N-[2-amino-N-carboxybenzyloxyl-3,3-

dimethoxypropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (32)

S o0 oMe Yellow oil. R; = 0.40 (Hexanes/EtOAc 70:30). *H NMR (CDCls,

J 400 MHz) & 7.37-7.29 (10H, m, ArH), 5.95 (1H, s, (NH),), 5.81
S N OMe

NHCbz (1H, s, (NH),), 5.22-5.10 (5H, m, (OCH.Ph), (OCH.Ph),
\_§' (NCH),), 4.99-4.91 (3H, m, (CH(OMe),),, (CH(OMe)y),,
32 (NCH),), 4.79-4.74 (2H, m, (COCHNH),, (COCHNH),), 3.61
(1H, dd, J = 11.2, 8.3 Hz, (SCH.Hs)y), 3.42 (3H, s, OCH), 3.40 (3H, s, OCHs), 3.35-
3.30 (1H, m, (SCHaHb),), 3.35 (3H, s, OCHs), 3.33 (3H, s, OCHs), 3.05 (1H, d, J = 11.2
Hz, (SCHaHy)y), 2.95 (1H, d, J = 11.5 Hz, (SCH.Hb),), 2.43-2.36 (1H, m, (CH(CHs)y),),
2.28-2.18 (1H, m, (CH(CH3)2),), 1.07 (3H, d, J = 6.7 Hz, (CHCHy),), 0.97 (6H, d, J = 6.8
Hz, (CHCHs),, (CHCHs),), 0.88 (3H, d, J = 6.9 Hz, (CHCHs),).
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3.2.2. Reaction of 20 with trimethyl orthoformate

Solid (MesP),NiCl, (17.0 mg, 60 umol) was added to a solution of 20 (110 mg,
0.3 mmol) and trimethyl orthoformate (49 pL, 0.45 mmol) in CH,CI, (1 mL) under N, at
room temperature. The resulting solution was cooled at —20 °C and after 3 min,
TESOTf (102 pL, 0.45 mmol) was added dropwise and followed, 4 min later, by 2,6-
lutidine (52 pL, 0.45 mmol). The resultant mixture was stirred for 15 h at —20 °C

The reaction was guenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgSQO, and filtered. The solvent
was removed in vacuo and the residue was purified by column chromatography (from
Hexanes/EtOAc 85:15 to 70:30) to afford 42 mg (0.11 mmol, 32% vyield) of a pure
diastereomer (S)-N-[(R)-2-amino-N-carboxybenzyloxyl-3,3-dimethoxy-N-methyl-
propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (33) (rotamers ratio 74:26).

Yellow oil. R; = 0.35 (Hexanes/EtOAc 70:30). 'H NMR (CDCls,

S ) OMe
S)J\N o | 400 MH2) & 7.38-7.28 (5H, m, ArH), 5.64 (1H, d J = 6.5 Hz,
e
oz CH(OMe),), 5.19 (1H, d, J = 12.7 Hz, OCH.H,Ph), 5.07 (1H, d,
J = 12.7 Hz, OCH.H,Ph), 4.74-4.71 (1H, m, NCH), 4.02 (1H,
33 d, J = 6.5 H, COCHNMeCbz), 3.53 (3H, s, OCHz), 3.42 (3H, s,

OCHs), 3.08 (3H, s, NCHa), 2.93 (1H, dd, J = 11.3, 7.6 Hz, SCHaHy), 2.79 (1H, d, J =
11.3 Hz, SCHaHy), 2.43-2.36 (1H, m, (CH(CH,),), 2.45-2.34 (1H, m, CH(CHs),), 1.01
(6H, d, J = 6.8 Hz, CHCHS).

3.2.3. Reaction of 2h with trimethyl orthoformate

Solid (MesP);NiCl, (32.4 mg, 100 pumol, 20 mol%) was added to a solution of 2h
(122 mg, 0.50 mmol) and trimethyl orthoformate (82 uL, 0.75 mmol) in CH,Cl, (1 mL)
under N, at room temperature. The resulting solution was cooled at —20 °C and after 3
min, TESOTf (170 uL, 0.75 mmol) was added dropwise and followed, 4 min later, by
2,6-lutidine (88 pL, 0.75 mmol). The resultant mixture was stirred for 15 h at —20 °C.

The reaction was quenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgS0O, and filtered. The solvent
was removed in vacuo and the residue was purified by column chromatography (from
CH,Cl,/Hexanes 80:20 to CH,CI,) to afford 99 mg (0.31 mmol, 61% yield) of (S)-N-
[(R)-2-azido-3,3-dimethoxypropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (34).
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Yellow oil. R; = 0.23 (CH,Cl,/Hexanes 70:30). [a]p = +148.6 (c

S @) OMe
. )J\N o 1.00, CHCly). IR (ATR): v 2961, 2834, 2106, 1696, 1363,
\_y N, 1243, 1164 cm™. *H NMR (CDCl;, 400 MHz) 6 6.39 (1H, d, J =
6.2 Hz, COCH), 5.29 (1H, ddd, J = 8.4, 5.8, 1.6 Hz, NCH),
34 4.88 (1H, d, J = 6.2 Hz, CH(OMe),), 3.54 (1H, dd, J = 11.5, 8.4

Hz, SCH.H,), 3.47 (3H, s, OCHjs), 3.46 (3H, s, OCHa), 3.04 (1H, dd, J = 11.5, 1.6 Hz,
SCH,Hy), 2.36—-2.24 (1H, m, CH(CHz),), 1.06 (3H, d, J = 6.8 Hz, CHCHj3), 0.99 (3H, d, J
= 7.0 Hz, CHCHj5). **C NMR (CDCl;, 100.6 MHz) & 203.0 (C), 168.3 (C), 104.2 (CH),
71.6 (CH), 60.2 (CHj3), 56.2 (CHj3), 54.5 (CH), 30.5 (CH,), 29.7 (CH), 18.9 (CH3), 17.2
(CH3). HRMS (+ESI): m/z calcd. for CioHi1sN40,S,; [M—-OMe]": 287.0631; found:
287.0625.

3.2.4. Reaction of 2g with trimethyl orthoformate

Solid (MezP),NiCl;, (14.1 mg, 50 pumol) was added to a solution of 2g (174 mg,
0.50 mmol) and trimethylorthoformate (82 uL, 0.75 mmol) in CH,CI, (1 mL) under N, at
room temperature. The resulting solution was cooled at —20 °C and after 3 min,
TESOTf (147 uL, 0.65 mmol) was added dropwise and followed, 4 min later, by 2,6-
lutidine (88 L, 0.75 mmol). The resultant mixture was stirred for 15 h at =20 °C.

The reaction was guenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgS0O, and filtered. The solvent
was removed in vacuo and the residue was purified by column chromatography
(CH,Cly/Hexanes 80:20) to afford 137 mg (0.33 mmol, 65% vyield) of (S)-N-[(R)-2-
amino-3,3-dimethoxy-N-phtaloyl-propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (35).

Yellow oil. Ry = 0.10 (CH,Cl,/Hexanes 80:20). [a]p = +156.0 (c

S O OMe
S)J\N OMe 1.00, CHCIly). IR (ATR): v 2959, 2835, 1777, 1713, 1383,
NPhth 1252, 1170 cm™. *H NMR (CDCl;, 400 MHz) & 7.85-7.82 (2H,
\_§, m, ArH), 7.75-7.73 (2H, m, ArH), 6.35 (1H, d, J = 5.7 Hz,
35 COCH), 5.17 (1H, d, J = 5.7 Hz, CH(OMe),), 4.88 (1H, ddd, J

= 7.5, 3.7, 0.9 Hz, NCH), 3.55 (3H, s, OCH), 3.42 (1H, dd, J = 11.2, 7.5 Hz, SCH.Hb),
3.37 (3H, s, OCHs), 2.99 (1H, dd, J = 11.2, 0.9 Hz, SCH.Hy), 2.51-2.40 (1H, m,
CH(CHs),), 1.06 (3H, d, J = 6.8 Hz, CHCHs), 1.04 (3H, d, J = 7.0 Hz, CHCHa). *C NMR
(CDCls, 100.6 MHz) & 201.7 (C), 168.2 (C), 167,1 (C), 134.2 (CH), 131.3 (C), 123.5
(CH), 102.3 (CH), 73.7 (CH), 56.0 (CHs), 55.4 (CHs), 54.2 (CH), 31.9 (CH,), 31.0 (CH),
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19.1 (CH3), 17.9 (CHs). HRMS (+ESI): m/z calcd. for CigH19N,04S, [M-OMe]":
391.0781; found: 391.0774.

3.3. PRELIMINARY EXPERIMENTS WITH 4-METHOXYBENZALDEHYDE DIMETHYL
ACETAL

3.3.1. Reaction of 2h with 4-methoxybenzaldehyde dimethyl acetal

Solid (Me3P),NiCl, (7.0 mg, 25 pmol) was added to a solution of 2h (122 mg,
0.50 mmol) and 4-methoxybenzaldehyde dimethyl acetal (94 uL, 0.55 mmol) in CH,CI,
(1 mL) under N, at room temperature. The resulting solution was cooled at —20 °C and
after 3 min, TESOTf (136 pL, 0.60 mmol) was added dropwise and followed, 4 min
later, by 2,6-lutidine (88 pL, 0.75 mmol). The resultant mixture was stirred for 15 h at
-20 °C.

The reaction was quenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgSQO, and filtered. The solvent
was removed in vacuo and a 96:4 diastereomeric ratio for the anti/syn was established
by *H NMR of the crude. Further purification of the crude mixture by column
chromatography (CH,Cl,/Hexanes 80:20) afforded 118 mg (0.30 mmol, 60% yield) of
the anti diastereomer (4S)-N-[(2R,3R)-2-azido-3-methoxy-3-(4-methoxyphenyl)
propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (36).

S o oMe Yellow oil. Ry = 0.50 (CH,Cl,/Hexanes 80:20). [a]p =
S)J\N - +90.4 (c 1.0, CHCly). IR (ATR): v 2960, 2824, 2095,
\_3, N; v 1686, 1610, 1360, 1240, 1162 cm™. *H NMR (CDCl,,

400 MHz) & 7.40-7.36 (2H, m, ArH), 6.96—6.93 (2H,
36 m, ArH), 6.50 (1H, d, J = 9.0 Hz, CHNj3), 5.33 (1H,

ddd, J = 8.4, 5.9, 1.6 Hz, NCH), 4.53 (1H, d, J = 9.0 Hz, CHOMe), 3.83 (3H, s, OCH,),
3.54 (1H, dd, J = 11.5, 8.4 Hz, SCH,Hy), 3.15 (3H, s, OCHs), 3.05 (1H, dd, J = 11.5, 1.6
Hz, SCH.H,), 2.42-2.31 (1H, m, CH(CHs),), 1.10 (3H, d, J = 6.8 Hz, CHCHs), 1.03 (3H,
d, J = 6.9 Hz, CHCHs). *C NMR (CDCls;, 100.6 MHz) & 203.1 (C), 170.5 (C), 160.2 (C),
129.2 (CH), 129.1 (C), 114.1 (CH), 83.8 (CH), 71.8 (CH), 62.5 (CH), 56.5 (CHs), 55.3
(CH3), 30.4 (CH,), 29.8 (CH), 18.9 (CHs), 17.3 (CH3). HRMS (+ESI): m/z calcd. for
C16H10N40,S; [M—OMe]+: 363.0944; found: 363.0952.
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3.3.2. Reaction of 2g with 4-methoxybenzaldehyde dimethyl acetal

Solid (Me3P),NiCl, (28.2 mg, 100 umol) was added to a solution of 2g (174 mg,
0.50 mmol) and 4-methoxybenzaldehyde dimethyl acetal (94 uL, 0.55 mmol) in CH,ClI,
(2 mL) under N, at room temperature. The resulting solution was cooled at —20 °C and
after 3 min, TESOTf (170 pL, 0.75 mmol) was added dropwise and followed, 4 min
later, by 2,6-lutidine (88 pL, 0.75 mmol). The resultant mixture was stirred for 15 h at
-20 °C.

The reaction was guenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgSO, and filtered. The solvent
was removed in vacuo and the residue was purified by column chromatography
(CH,Cly/Hexanes 80:20) to afford 222 mg (0.45 mmol, 89% vyield) of an unseparable
67:33 mixture of two diastereomers of (S)-N-[(2R)-3-methoxy-3-(4-methoxyphenyl)-N-
phtaloylpropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (37).

S o o Yellow oil. R; = 0.25 (CH.,Cl,). '"H NMR (CDCls, 400
S)J\NJKH\@ MHz) & 7.88-7.83 (4H, m, ArH), 7.76-7.72 (4H, m,
Lo ArH), 7.69-7.63 (2H, m, ArH), 7.48-7.44 (2H, m, ArH),
\_§’ OMe | 724-7.20 (2H, m, ArH), 6.93-6.89 (2H, m, ArH),
37 6.69-6.66 (2H, m, ArH), 6.61 (1H, d, J = 8.0 Hz
(COCH),), 6.46 (1H, d, J = 8.0 Hz, (COCH),), 5.19
(1H, d, J = 8.0 Hz, (CHOMe),), 4.97 (1H, d, J = 8.0 Hz, (CHOMe),), 4.92 (1H, dd, J =
7.6, 3.6 Hz, (NCH),), 4.92 (1H, ddd, J = 7.6, 3.8 Hz, (NCH),), 3.81 (3H, s, (OCH),),
3.68 (3H, s, (OCHs),), 3.40 (1H, dd, J = 11.2, 7.6 Hz, (SCH.Hb),), 3.35 (1H, dd, J
11.2, 7.6 Hz, (SCHaHy),), 3.31 (3H, s, (OCHs),), 3.03 (3H, s, (OCHs),), 2.97 (1H, dd, J
11.2 Hz, (SCH,Hb),), 2.96 (1H, dd, J = 11.2 Hz, (SCH.Hy)), 2.54-2.46 (1H, m,
(CH(CHa)y),), 2.43-2.34 (1H, m, (CH(CHs),),), 1.07 (3H, d, J = 6.7 Hz, (CHCHs),), 1.06
(3H, d, J = 6.9 Hz, (CHCH),), 0.97 (3H, d, J = 7.0 Hz, (CHCHs),), 0.93 (3H, d, J = 7.0
Hz, (CHCHa),).
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3.4. USE OF AROMATIC ACETALS WITH 2h.

3.4.1. Procedure for optimization

Solid (MesP),NiCl, was added to a solution of 2h (122 mg, 0.5 mmol) and the
corresponding dialkyl acetal (0.55 mmol) in CH,CIl, (1.0 mL) under N, at room
temperature. The resulting solution was cooled at —20 °C. Then, TESOTf and 2,6-
lutidine (87 L, 0.75 mmol) were added dropwise after 3 and 7 min respectively and the

reaction mixture was stirred at —20 °C for 15 h.

The reaction mixture was quenched with saturated NH,Cl (1.2 mL) and then
diluted in H,O (20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The
combined organic extracts were washed with brine (50 mL), dried (MgSQO,), and
filtered. Then, were concentrated and filtered through a pad of silica gel (CH,Cl,); the
solvent was removed in vacuo and the resultant oil was purified by column

chromatography to afford the desired product.

3.4.2. Optimization with aromatic acetals

3.4.2.1. Optimization with 4-methoxybenzaldehyde dimethyl acetal

Solid (MesP),NiCl, was added to a solution of 2h (122 mg, 0.50 mmol) and 4-
methoxybenzaldehyde dimethyl acetal (94 uL, 0.55 mmol) in CH,Cl, (1 mL) under N, at
room temperature. The resulting solution was cooled at —20 °C and after 3 min,
TESOTf was added dropwise and followed, 4 min later, by 2,6-lutidine (88 uL, 0.75
mmol). The resultant mixture was stirred for 15 h at —20 °C.

The reaction was quenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgSO, and filtered. The solvent
was removed in vacuo and a 96:4 diastereomeric ratio for the anti/syn was established
by 'H NMR of the crude. Further purification of the crude mixture by column
chromatography (CH.Cl,/Hexanes 80:20) afforded the anti diastereomer (4S)-N-
[(2R,3R)-2-azido-3-methoxy-3-(4-methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidi
ne-2-thione (36).
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OMe
s o Meo)\©\ S 0O OMe
s N N3 1.1 eq OMe N S)J\N)‘\‘/-\@\
(Me3P),NiCly (5 mol%) N3 OMe
TESOTY, 2,6-lutidine (1.5 eq)
oh CH,Cly -20 °C, 15h 36
r.d. 96:4
Entry TESOT(f (eq) 36 (%)? 2h (%)*
1 1.2 60 22
2 1.5 86 0
3 2.2 84 0
%|solated yield after column chromatography.
Table 22
S O OMe Yellow oil. R; = 0.50 (CH,Cl,/Hexanes 80:20). [a]p =
. )J\N : +90.4 (¢ 1.0, CHCly). IR (ATR): v 2960, 2824, 2095,
Ns 1686, 1610, 1360, 1240, 1162 cm™. *H NMR (CDCls,
OMe
400 MHz) & 7.40-7.36 (2H, m, ArH), 6.96-6.93 (2H,
36 m, ArH), 6.50 (1H, d, J = 9.0 Hz, CHN3), 5.33 (1H,

ddd, J = 8.4, 5.9, 1.6 Hz, NCH), 4.53 (1H, d, J = 9.0 Hz, CHOMe), 3.83 (3H, s, OCHy),
3.54 (1H, dd, J = 11.5, 8.4 Hz, SCH.H,), 3.15 (3H, s, OCHs), 3.05 (1H, dd, J=11.5, 1.6
Hz, SCH.Hp), 2.42-2.31 (1H, m, CH(CHs),), 1.10 (3H, d, J = 6.8 Hz, CHCHs), 1.03 (3H,
d, J = 6.9 Hz, CHCHs). *C NMR (CDCls;, 100.6 MHz) & 203.1 (C), 170.5 (C), 160.2 (C),
129.2 (CH), 129.1 (C), 114.1 (CH), 83.8 (CH), 71.8 (CH), 62.5 (CH), 56.5 (CH5), 55.3
(CH3), 30.4 (CH,), 29.8 (CH), 18.9 (CHs), 17.3 (CH3). HRMS (+ESI): m/z calcd. for
C16H19N40,S, [M—OMe]+: 363.0944; found: 363.0952.

3.4.2.2. Optimization with benzaldehyde dimethyl acetal

Solid (MesP):NiCl, was added to a solution of 2h (122 mg, 0.50 mmol) and
benzaldehyde dimethyl acetal (83 pL, 0.55 mmol) in CH,Cl, (1 mL) under N, at room
temperature. The resulting solution was cooled at —20 °C and after 3 min, TESOTf was
added dropwise and followed, 4 min later, by 2,6-lutidine (88 pL, 0.75 mmol). The

resultant mixture was stirred for 15 h at —20 °C.

The reaction was quenched with saturated NH,Cl (1.2 mL) and diluted with H,O
(20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The combined
extracts were washed with brine (50 mL), dried over MgS0O, and filtered. The solvent

was removed in vacuo and a 73:27 diastereomeric ratio for the anti/syn was

238



Experimental Section

established by 'H NMR of the crude. Further purification of the crude mixture by
column chromatography (CH,Cl,/Hexanes 70:30) afforded the anti diastereomer (4S)-
N-[(2R,3R)-2-azido-3-methoxy-3-phenylpropanoyl]-4-isopropyl-1,3-thiazolidine-2-thione
(40a) and the syn diastereomer (40s)

OMe

S O MeO OMe
s N N3 1.1eq
\—3, (Me3P),NiCly \_§’ \—y
2h

TESOTHf, 2,6-lutidine (1.5 eq)
CH,Cl, -20 °C, 15h

rd. 73:27
Entry Cat. (mol%) TESOTTf (eq) 40a (%)* 40s (%)* 2h (%)?
1 10 1.3 (21)° (8)° (71)°
2 10 15 (34)° (12)° (54)°
3 5 2.2 40 10 18
4 10 2.2 56 18 14
5 15 2.2 50 18 13

Isolated yield after column chromatograph¥
®In brackets, conversion determinated by analysis of the "H NMR crude

Table 23
S o OMe Yellow oil. Ry = 0.50 (CH,Cl,/Hexanes 70:30). [a]p = +116.1
S)]\N - (c 1.05, CHCIly). IR (ATR): v 2964, 2827, 2106, 1689, 1362,
Na 1241, 1166 cm™. *H NMR (CDCl;, 400 MHz) & 7.48-7.37
\_§’ (5H, m, ArH), 6.52 (1H, d, J = 9.1 Hz, COCH), 5.33 (1H, ddd,
40a J=8.2,6.0, 1.6 Hz, NCH), 4.58 (1H, d, J = 9.1 Hz, CHOMe),

3.54 (1H, dd, J = 11.5, 8.2 Hz, SCH.H,), 3.17 (3H, s, OCHs), 3.06 (1H, dd, J=11.5, 1.6
Hz, SCH.Hy), 2.43-2.31 (1H, m, CH(CHs),), 1.11 (3H, d, J = 6.8 Hz, CHCHs), 1.04 (3H,
d, J = 7.0 Hz, CHCHj5). *C NMR (CDCls, 100.6 MHz) & 203.1 (C), 170.3 (C), 137.2 (C),
129.0 (C), 128.7 (CH), 128.1 (CH), 84.2 (CH), 71.8 (CH), 62.4 (CH), 56.8 (CH3), 30.4
(CHy), 29.8 (CH), 18.9 (CH3), 17.3 (CH3). HRMS (+ESI): m/z calcd. for C1gH21N4O2S,
[M+H]": 365.1100; found: 365.1099.
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3.4.3. General Procedure for aromatic acetals

Solid (MesP),NiCl, was added to a solution of 2h (122 mg, 0.5 mmol) and the
corresponding dialkyl acetal (0.55 mmol) in CH,CIl, (1.0 mL) under N, at room
temperature. The resulting solution was cooled at —20 °C. Then, TESOTf and 2,6-
lutidine (87 pL, 0.75 mmol) were added dropwise after 3 and 7 min respectively and the
reaction mixture was stirred at —20 °C for 15 h.

The reaction mixture was quenched with saturated NH,Cl (1.2 mL) and then
diluted in H,O (20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The
combined organic extracts were washed with brine (50 mL), dried (MgSO,), and
filtered. Then, were concentrated and filtered through a pad of silica gel (CH,Cl,); the
solvent was removed in vacuo and the resultant oil was purified by column

chromatography to afford the desired product.

3.4.3.1. Reaction of 2h with piperonal dimethyl acetal (209)

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmoal), (MesP).NiCl, (7.0 mg, 25 pmol, 5 mol%), 20g (108
mg, 0.55 mmol), TESOTf (170 uL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) and
CH,CI; (1.0 mL) at —20 °C for 15 h.

A 92:8 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (CH,Cl,/Hexanes
65:35) afforded 173 mg (0.42 mmol, 84% vyield) of the pure anti diastereomer (4S)-N-
[(2R,3R)-2-azido-3-(benzo[d][1,3]dioxol-5-yl)-3-methoxypropanoyl]-4-isopropyl-1,3-
thiazolidine-2-thione (41) and 13 mg (32 pmol, 6% vyield) of the pure syn diastereomer.

Yellow oil. Ry = 0.28 (CH,Cl,/Hexanes 70:30). [a]p =

o +124.5 (c 1.00, CHCl,). IR (ATR): v 2962, 2875, 2095,
\_;‘\E\Q:(} 1686, 1485, 1359, 1241, 1162 cm™. 'H NMR (CDCls,
400 MHz) & 6.98-6.97 (1H, m, ArH), 6.92-6.90 (1H, m,
41 ArH), 6.84-6.82 (1H, m, ArH), 6.47 (1H, d, J = 9.1 Hz,
CHNj3), 6.00 (1H, d, J = 5.2 Hz, OCH,H,0), 5.99 (1H, d, J = 5.2 Hz, OCH,H,0), 5.33
(1H, ddd, J = 8.4, 6.0, 1.6 Hz, NCH), 4.49 (1H, d, J = 9.1 Hz, CHOMe), 3.54 (1H, dd, J
= 11.5, 8.4 Hz, SCH,Hy), 3.16 (3H, s, OCHz), 3.05 (1H, dd, J = 11.5, 1.6 Hz, SCH.Hy),
2.42-2.30 (1H, m, CH(CHs),), 1.10 (3H, d, J = 6.8 Hz, CHCHj3), 1.03 (3H, d, J = 7.0 Hz,
CHCH,). **C NMR (CDCl;, 100.6 MHz) & 203.1 (C), 170.3 (C), 148.2 (2 x C), 131.0 (C),
122.1 (CH), 108.3 (CH), 107.7 (CH), 101.2 (CH,), 84.0 (CH), 71.8 (CH), 62.4 (CH),
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56.6 (CHj3), 30.4 (CH), 29.8 (CH,), 18.9 (CH3), 17.3 (CH3). HRMS (+ESI): m/z calcd. for
C16H17N,03S, [M—OMe]": 377.0737; found: 377.0742.

3.4.3.2. Reaction of 2h with 4-(N,N-dimethylamino)benzaldehyde dimethyl acetal (20h)

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (7.0 mg, 25 pmol, 5 mol%), 20h (107
mg, 0.55 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) and
CH,CI; (1.0 mL) at —20 °C for 15 h.

A 91:9 diastereomeric ratio of the anti/syn was established by 'H NMR of the
crude product. Purification of the crude by column chromatography (from
Hexanes/EtOAc 90:10 to 80:20) afforded 159 mg (0.39 mmol, 78% yield) of the pure
anti  diastereomer  (4S)-N-[(2R,3R)-2-azido-3-(4-dimethylaminophenyl)-3-methoxy
propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (42) and 11 mg (27 umol, 5% vyield) of

syn diastereomer.

S o0 OoMe Orange oil. Ry = 0.24 (Hexanes/EtOAc 90:10). [a]p =
S)J\N : +95.4 (c 1.00, CHCL,). IR (ATR): v 2961, 2874, 2093,
\—§,N3 | 1686, 1610, 1521, 1347, 1241, 1159 cm™. 'H NMR

| (CDCls, 400 MHz) & 7.33-7.29 (2H, m, ArH), 6.76-6.73
42 (2H, m, ArH), 6.49 (1H, d, J = 9.1 Hz, CHN3), 5.34 (1H,

ddd, J = 8.3, 5.9, 1.6 Hz, NCH), 4.48 (1H, d, J = 9.1 Hz, CHOMe), 3.52 (1H, dd, J =
11.5, 8.3 Hz, SCH.H.), 3.13 (3H, s, OCHa), 3.04 (1H, dd, J = 11.5, 1.6 Hz, SCH.H,),
2.97 (6H, s, N(CHs),), 2.43-2.31 (1H, m, CH(CHa),), 1.10 (3H, d, J = 6.8 Hz, CHCH,),
1.03 (3H, d, J = 7.0 Hz, CHCHj5). *C NMR (CDCls, 100.6 MHz) & 203.0 (C), 170.9 (C),
150.1 (C), 128.9 (CH), 124.1 (C), 112.2 (CH), 84.1 (CH), 71.8 (CH), 62.4 (CH), 56.3
(CH3), 40.4 (CHs), 30.4 (CH), 29.7 (CH,), 18.9 (CH3), 17.3 (CHs). HRMS (+ESI): m/z
calcd. for C17H,,Ns0S, [M+H]": 376.1271, found: 376.1260.

3.4.3.3. Reaction of 2h with 2-methoxybenzaldehyde dimethyl acetal (20c)

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (7.0 mg, 25 pmol, 5 mol%), 20c (100
mg, 0.55 mmol), TESOTf (249 puL, 1.10 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) and
CH,CI, (1.0 mL) at —20 °C for 15 h.
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A 82:18 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (from
CH,Cl,/Hexanes 55:45 to CH,Cl,) afforded 147 mg (0.373 mmol, 75% yield) of the pure
anti diastereomer (4S)-N-[(2R,3R)-2-azido-3-methoxy-3-(2-methoxyphenyl)propanoyl]-
4-isopropyl-1,3-thiazolidine-2-thione (43) and 27 mg (68 umol, 14% yield) of the syn

diastereomer.

S O OMe OMe Yellow oil. Rf = 0.25 (CH,Cly/Hexanes 60:40). [a]p = +135.9

s )J\N - (c 1.00, CHCLy). IR (ATR): v 2961, 2828, 2097, 1685, 1600,
Ns 1360, 1240, 1159 cm™. *H NMR (CDCl;, 400 MHz) & 7.50—

\_§’ 7.48 (1H, m, ArH), 7.35-7.31 (1H, m, ArH), 7.04-7.00 (1H,
43 m, ArH), 6.93-6.91 (1H, m, ArH), 6.43 (1H, d, J = 8.9 Hz,

CHN,), 5.32 (1H, ddd, J = 8.3, 5.8, 1.4 Hz, NCH), 5.20 (1H, d, J = 8.9 Hz, CHOMe),
3.87 (3H, s, OCHs), 3.53 (1H, dd, J = 11.5, 8.3 Hz, SCH.Hy), 3.18 (3H, s, OCHa), 3.05
(1H, dd, J = 11.5, 1.4 Hz, SCH.Hy), 2.43-2.31 (1H, m, CH(CHs),), 1.09 (3H, d, J = 6.8
Hz, CHCHs), 1.03 (3H, d, J = 7.0 Hz, CHCHz). **C NMR (CDCls, 100.6 MHz) & 202.9
(C), 170.6 (C), 158.4 (C), 129.9 (CH), 128.8 (CH), 125.3 (C), 121.0 (CH), 110.5 (CH),
77.7 (CH), 71.8 (CH), 61.5 (CH), 56.9 (CHs), 55.5 (CHs), 30.5 (CH), 29.8 (CH,), 18.9
(CH3), 17.4 (CH3). HRMS (+ESI): m/z calcd. for CyH19N40,S, [M—OMe]": 363.0944,
found: 363.0946.

3.4.3.4 Reaction of 2h with 4-methylbenzaldehyde dimethyl acetal (20a)

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (7.0 mg, 25 pmol, 5 mol%), 20a (91
mg, 0.55 mmol), TESOTf (249 uL, 1.10 mmol) and 2,6-lutidine (88 uL, 0.75 mmol) and
CH,CI; (1.0 mL) at —20 °C for 15 h.

A 83:17 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (Hexanes/EtOAc
95:5) afforded 138 mg (0.365 mmol, 73% vyield) of the pure anti diastereomer (4S)-N-
[(2R,3R)-2-azido-3-methoxy-3-(4-methylphenyl) propanoyl]-4-isopropyl-1,3-thiazolidine-
2-thione (44) and 30 mg (80 pmol, 16% yield) of the syn diastereomer.
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S 0 OMe Yellow oil. Rf = 0.25 (Hexanes/EtOAc 95:5). [a]p = +120.4
S)J\N : (c 1.00, CHCl;). IR (ATR): v 2962, 2824, 2094, 1686,
Ns 1359, 1239, 1161 cm™. *H NMR (CDCls;, 400 MHz) &
L§’ 7.36-7.34 (2H, m, ArH), 7.23-7.21 (2H, m, ArH), 6.50
44 (1H, d, J = 9.1 Hz, CHN3), 5.33 (1H, ddd, J = 8.4,5.9, 1.7

Hz, NCH), 4.54 (1H, d, J = 9.1 Hz, CHOMe), 3.54 (1H, dd, J = 11.5, 8.4 Hz, SCH.H),
3.16 (3H, s, OCHy), 3.05 (1H, dd, J = 11.5, 1.7 Hz, SCH.Hs), 2.38 (3H, s, ArCHs), 2.43—
2.31 (1H, m, CH(CHs),), 1.09 (3H, d, J = 6.8 Hz, CHCHS,), 1.03 (3H, d, J = 7.0 Hz,
CHCHS-). *C NMR (CDCls;, 100.6 MHz) & 203.1 (C), 170.5 (C), 138.9 (C), 134.1 (C),
129.4 (CH), 127.9 (CH), 84.0 (CH), 71.8 (CH), 62.4 (CH), 56.6 (CH3), 30.4 (CH), 29.8
(CH,), 21.3 (CHs), 18.9 (CHs), 17.3 (CHs). HRMS (+ESI): m/z calcd. for Ci7H,sN40,S,
[M+H]*: 379.1257, found: 379.1258.

3.4.3.5. Reaction of 2h with 3-methoxybenzaldehyde dimethyl acetal

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmol), (Me3P),;NiCl, (14.1 mg, 50 pumol, 10 mol%), 3-
methoxybenzaldehyde dimethyl acetal (100 mg, 0.55 mmol), TESOTf (249 uL, 1.10
mmol) and 2,6-lutidine (88 uL, 0.75 mmol) and CH,ClI, (1.0 mL) at —20 °C for 15 h.

A 73:27 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (CH,Cl,/Hexanes
80:20) afforded 22 mg (56 umol, 11% yield) of the pure syn diastereomer and 98 mg of
a mixture of the anti diastereomer and 3-methoxybenzaldehyde. Further purification of
such a mixture by column chromatography (Hexanes/EtOAc 90:10) afforded 70 mg
(0.177 mmol, 36% yield) of the pure anti diastereomer (4S)-N-[(2R,3R)-2-azido-3-
methoxy-3-(3-methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidine-2-thione (45).

Yellow oil. R; = 0.30 (Hexanes/EtOAc 90:10). [a]p=

S 0O OMe
. )J\N : oMe | +127.1 (c 1.00, CHCL). IR (ATR): v 2961, 2826, 2095,
\_y N, 1686, 1599, 1359, 1253, 1159 cm™. *H NMR (CDCls,
400 MHz) & 7.35-7.31 (1H, m, ArH), 7.05-7.03 (2H,
45 m, ArH), 6.93-6.91 (1H, m, ArH), 6.51 (1H, d, J = 9.1

Hz, CHN;), 5.33 (1H, ddd, J = 8.3, 6.0, 1.6 Hz, NCH), 4.55 (1H, d, J = 9.1 Hz, CHOMe),
3.84 (3H, s, OCHs), 3.54 (1H, dd, J = 11.5, 8.3 Hz, SCH.Hy), 3.18 (3H, s, OCHs), 3.05
(1H, dd, J = 11.5, 1.6 Hz, SCH,Hy), 2.43-2.31 (1H, m, CH(CH,),), 1.10 (3H, d, J = 6.8
Hz, CHCH,), 1.03 (3H, d, J = 7.0 Hz, CHCHj). **C NMR (CDCl;, 100.6 MHz) & 203.2
(C), 170.3 (C), 160.0 (C), 138.9 (C), 129.8 (CH), 120.4 (CH), 114.7 (CH), 113.0 (CH),
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84.1 (CH), 71.9 (CH), 62.3 (CH), 56.8 (CH3), 55.3 (CHj3), 30.5 (CH), 29.8 (CH,), 18.9
(CHs), 17.3 (CH3). HRMS (+ESI): m/z calcd. for C;7;H,,N,NaO3S, [M+Na]™: 417.1026,
found: 417.1036.

3.4.3.6. Reaction of 2h with 4-chlorobenzaldehyde dimethyl acetal (20b)

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmol), (MesP),NiCl, (28.2 mg, 100 umol, 20 mol%), 20b
(203 mg, 0.55 mmol), TESOTf (249 pL, 1.10 mmol) and 2,6-lutidine (88 pL, 0.75 mmol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.

A 83:17 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (from
Hexanes/EtOAc 95:5 to 90:10) afforded 31 mg (78 pmol, 15% yield) of the anti
diastereomer (4S)-N-[(2R,3R)-2-azido-3-(4-chlorophenyl)-3-methoxypropanoyl]-4-
isopropyl-1,3-thiazolidine-2-thione (46).

S o0 OMe Yellow oil. Ry = 0.25 (Hexanes/EtOAc 95:5). [d]p =
S)J\N B +123.6 (c 1.00, CHCl;). IR (ATR): v 2961, 2101, 1689,
\—§,N3 N 1358, 1240, 1163 cm™. 'H NMR (CDCl;, 400 MHz) &

7.40 (4H, s, ArH), 6.49 (1H, d, J = 8.9 Hz, CHN,), 5.31
46 (1H, ddd, J = 8.3, 6.0, 1.6 Hz, NCH), 4.56 (1H, d, J = 8.9

Hz, CHOMe), 3.54 (1H, dd, J = 11.5, 8.3 Hz, SCHaH,), 3.17 (3H, s, OCHs), 3.06 (1H,
dd, J = 11.5, 1.6 Hz, SCH,H,), 2.40-2.32 (1H, m, CH(CHs),), 1.10 (3H, d, J = 6.8 Hz,
CHCHs), 1.03 (3H, d, J = 7.0 Hz, CHCHz5). **C NMR (CDCls, 100.6 MHz) & 203.4 (C),
170.1 (C), 135.9 (C), 135.1 (C), 129.5 (CH), 129.1 (CH), 83.6 (CH), 72.0 (CH), 62.5
(CH), 57.1 (CHs), 30.6 (CH), 30.1 (CH,), 19.1 (CHs), 17.5 (CH3). HRMS (+ESI): m/z
calcd. for C1H20CIN4O,S, [M+H]": 399.0711; found: 399.0706.

3.4.3.7. Reaction of 2h with 4-methoxybenzaldehyde dibenzyl acetal (20e)

The reaction was carried out according to the General Procedure in section
3.4.3. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (7.0 mg, 25 pumol, 5 mol%), 20e (184
mg, 0.55 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) and
CH,CI; (1.0 mL) at —20 °C for 15 h.
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A 95:5 diastereomeric ratio of the anti/syn was established by 'H NMR of the
crude product. Purification of the crude by column chromatography (Hexanes/EtOAc
90:10) afforded 193 mg (0.41 mmol, 82% vyield) of the pure anti diastereomer (4S)-N-
[(2R,3R)-2-azido-3-benzyloxy-3-(4-methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazo
lidine-2-thione (47) and 8 mg (17 umol, 3% yield) of the syn diastereomer.

S o oBn Yellow oil. Ry = 0.18 (Hexanes/EtOAc 90:10). [a]p =
S)J\N : +95.4 (c 1.00, CHCLy). IR (ATR): v 2961, 2871, 2095,
\—§,N3 oo 1684, 1609, 1510, 1361, 1243, 1163 cm™. 'H NMR

(CDCls, 400 MHz) & 7.46-7.42 (2H, m, ArH), 7.30-
47 7.19 (5H, m, ArH), 6.98-6.94 (2H, m, ArH), 6.50 (1H,

d, J = 9.0 Hz, COCH), 5.28 (1H, ddd, J = 8.3, 5.8, 1.3 Hz, NCH), 4.81 (1H, d, J = 9.0
Hz, CHOBn), 4.41 (1H, d, J = 11.3 Hz, OCH.HyAr), 4.24 (1H, d, J = 11.3 Hz,
OCH,HyAr), 3.84 (3H, s, OCHy), 3.51 (1H, dd, J = 11.5, 8.3 Hz, SCHaHy), 2.99 (1H, dd,
J = 11.5, 1.3 Hz, SCH.Hy), 2.29-2.17 (1H, m, CH(CHs),), 0.90 (3H, d, J = 7.0 Hz,
CHCHs), 0.88 (3H, d, J = 6.9 Hz, CHCHj). **C NMR (CDCls, 100.6 MHz) & 203.0 (C),
169.9 (C), 160.2 (C), 137.6 (C), 129.4 (CH), 129.1 (C), 128.1 (CH), 127.7 (CH), 127.5
(CH), 114.2 (CH), 81.6 (CH), 71.8 (CH), 70.7 (CH,), 62.6 (CH), 55.3 (CH3), 30.6 (CH),
29.6 (CH,), 19.0 (CHs), 17.0 (CHs). HRMS (+ESI): m/z calcd. for CsH1oN4O,S, [M+H]":
363.0944, found: 363.0941.

3.4.3.8. Reaction of 2h with 4-methoxybenzaldehyde diallyl acetal (20f)

The reaction was carried out according to the General Procedure in section
3.4.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (7.0 mg, 25 pummol, 5 mol%), 20f
(184 mg, 0.55 mmol), TESOTf (170 pL, 0.75 mmol) and 2,6-lutidine (88 L, 0.75 mmol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.

A 96:4 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (CH,Cl,/Hexanes
60:40) afforded 180 mg (0.43 mmol, 85% vyield) of the pure anti diastereomer (4S)-N-
[(2R,3R)-3-allyloxy-2-azido-3-(4-methoxyphenyl)propanoyl]-4-isopropyl-1,3-thiazolidine
-2-thione (48) and 7 mg (20 umol, 4% yield) of the syn diastereomer.
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s o o/\/ Yellow solid. mp = 81-83 °‘C. Ry = 0.30
)J\ H (CH,Cly/Hexanes 60:40). [a]p = +129.9 (c 1.00,
5 N I CHCl). IR (ATR): v 3008, 2958, 2099, 1684, 1682,
\_y OMe | 1609, 1510, 1358, 1272, 1165 cm™. 'H NMR (CDCls,
48 400 MHz) & 7.42-7.36 (2H, m, ArH), 6.96-6.92 (2H,

m, ArH), 6.49 (1H, d, J = 9.0 Hz, CHNs), 5.81-5.66
(1H, m, OCH,CH=CH,), 5.33-5.28 (1H, m, NCH), 5.17 (1H, dq, J = 17.2, 1.5 Hz,
OCH,CH=CHH.), 5.10 (1H, dq, J = 10.4, 1.5 Hz, OCH,CH=CHH,), 4.74 (1H, d, J = 9.1
Hz, CHOAIlyl), 3.87 (1H, ddt, J = 6.3, 4.6, 1.5 Hz, OCH.H,CH=CH,), 3.83 (3H, s,
OCHa), 3.74 (1H, ddt, J = 12.7, 6.3, 1.5 Hz, OCH.H,CH=CH,), 3.54 (1H, dd, J = 11.5,
8.4 Hz, SCH.H,), 3.04 (1H, dd, J = 11.5, 1.2 Hz, SCH.H.), 2.42-2.29 (1H, m,
CH(CHs),), 1.08 (3H, d, J = 6.8 Hz, CHCHs), 1.01 (3H, d, J = 6.9 Hz, CHCH,). **C NMR
(CDCls, 100.6 MHz) & 203.2 (C), 170.3 (C), 160.3 (C), 134.2 (CH), 129.4 (CH, C), 117,
2 (CH,), 114.3 (CH), 81.2 (CH), 72.0 (CH), 69.6 (CH,), 62.6 (CH), 55.4 (CH,), 30.7
(CH), 30.0 (CH,), 19.2 (CHa), 17.7 (CH3). HRMS (+ESI): m/z calcd. for C1eH24N4NaOsS,
[M+Na]*: 443.1182; found: 443.1188.

3.5. USE OF a,B-INSATURATED ACETALS WITH 2h

Solid (Me3P),NiCl, was added to a solution of 2h (122 mg, 0.5 mmol) and (E)-3-
phenil-2-metilpropenal dimethyl acetal in CH,Cl, (1.0 mL) under N, at room
temperature. The resulting solution was cooled at —20 °C. Then, TESOTf and 2,6-
lutidine (87 pL, 0.75 mmol) were added dropwise after 3 and 7 min respectively and the
reaction mixture was stirred at —20 °C for 15 h.

The reaction mixture was quenched with saturated NH,CI (1.2 mL) and then
diluted in H,O (20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The
combined organic extracts were washed with brine (50 mL), dried (MgSQO,), and
filtered. Then, were concentrated and filtered through a pad of silica gel (CH,Cl,) and
the solvent was removed in vacuo. *H NMR analysis of the crude product revealed a

complex mixture.
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OMe

Meo)\f\ Ph
S o O OMe

S
)K/Ns (Me3P),NiCl, )J\ -
s N ... TESOTf, 2,6-lutidine (1.5eq) _ 8" 'N Z "Ph
CH,Cl,,-20 °C, 15h N

\—y ;

2h
Entry (MesP),NiCl, (mol%)  TESOTf (eq) Acetal (eq) Yield (%)*
1 5 15 11 Complex mixture
2 5 2.2 11 Complex mixture
3 20 2.2 2.2 Complex mixture
?Established by 1H NMR analysis of the crude
Table 24

3.6. USE OF COBALTED PROPARGILIC ACETALS WITH 2H

3.6.1. Optimization of the reaction with acetal 29b

Solid (MesP):NiCl, was added to a solution of 2h (122 mg, 0.5 mmol) and the
acetal 29b in CH,Cl, (1.0 mL) under N, at room temperature. The resulting solution
was cooled at —20 °C. Then, TESOTf and 2,6-lutidine (87 uL, 0.75 mmol) were added
dropwise after 3 and 7 min respectively and the reaction mixture was stirred at —20 °C
for 15 h.

The reaction mixture was quenched with saturated NH,CI (1.2 mL) and then
diluted in H,O (20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The
combined organic extracts were washed with brine (50 mL), dried (MgSO,), and
filtered. Then, were concentrated and filtered through a pad of silica gel (CH,Cl,) and
the solvent was removed in vacuo. Further purification of the crude mixture by column
chromatography (Hexanes//EtOAc 95:5) afforded the anti diastereomer (4S)-N(4S)-N-
[(2R,3S)-hexacarbonyl{u-[n*-(2-azido-3-ethoxy-5-phenyl-4-pentynoyl)]dicobalt(Co-Co)}-
4-isopropyl-1,3-thiazolidine-2-thione (49).
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OEt

Co,(CO
Eto)\\\/\\oz( )6

Ph
s o 29b O  OEt

S
(Me3P),NiCl, :
S N)K/N3 TESOTf (2.2 eq), 2,6-lutidine (1.5 eq) SJ\N \\/COZ(CO)G
2h

NS

CHyCl5,,-20 °C, 15h \_§, N3 \\Ph

49
r.d. >97:3
Entry (Me3P),NiCl, (mol%) 29b (eq) 49 (%)?

1 5 1.1 49

2 10 1.1 48

3 5 2.2 65

4 10 2.2 73

*Isolated yield after column chromatography.
Table 25

S o Ot Dark oil. Ry = 0.25 (Hexanes/EtOAc 95:5). IR (ATR): v
S)J\N R \/Coz(CO)e 2963, 2089, 2049, 2010, 1694, 1440, 1341, 1240,
\_§,N3 NG 1164 cm™. 'H NMR (CDCls, 400 MHz) & 7.52-7.50
(2H, m, ArH), 7.36-7.27 (3H, m, ArH), 5.66 (1H, d, J =
52 2.1 Hz, CHNjy), 5.61 (1H, d, J = 2.1 Hz, CHOEt), 5.31

(1H, ddd, J = 9.0, 5.5, 1.1 Hz, NCH), 3.71-3.59 (2H, m, OCH.H,, SCH.H;), 3.51-3.44
(1H, m, OCH.Hb), 3.10 (1H, dd, J = 11.6, 1.1 Hz, SCH.Hy), 2.39-2.28 (1H, m,
CH(CHs),), 1.16 (3H, t, J = 7.0 Hz, OCH,CHs), 1.08 (3H, d, J = 6.8 Hz, CHCH,), 1.03
(3H, d, J = 7.0 Hz, CHCHs). *C NMR (CDCl;, 100.6 MHz) & 202.9 (C), 199.1 (C), 169.0
(C), 138.1 (C), 129.3 (CH), 128.7 (CH), 127.6 (CH), 93.6 (C), 93.1 (C), 80.8 (CH), 72.2
(CH), 68.0 (CH,), 64.1 (CH), 30.8 (CH), 30.4 (CH,), 19.0 (CHs), 17.3 (CHz3), 14.9 (CH>).
HRMS (+ESI): m/z calcd. for C,3H17,C0,N,0+S, [M—OEt]": 642.9197, found: 642.9195

The [a]p of this kind of products can not be measured due to the opacity that the
solution has with standard concentrations, ¢ = 1, and diluted solutions that let the light

cross presents valors near 0 because the concentration is too small.
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3.6.2. Hexacarbonyl p-[n*-(1.1-diethoxy-3-(trimethylsilane)propyne)dicobalt (29¢)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (MesP),NiCl, (14.1 mg, 50 umol, 10 mol%), 29c
(535 mg, 1.1 mmol), TESOTf (249 uL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in
CH.ClI, (1.0 mL) at —20 °C for 15 h.

A >97:3 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the residue by column chromatography (from
Hexanes/EtOAc 95:5 to 80:20) afforded 243 mg (0.37 mmol, 74% yield) of the pure anti
diastereomer  (4S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(2-azido-3-ethoxy-5-trimethylsilyl-4-
pentynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (60).

S o0 Ot Dark oil. R = 0.20 (Hexanes/EtOAc 95:5). IR (ATR): v
S)J\N e /002(00)6 2964, 2085, 2008, 1698, 1338, 1241, 1169 cm™. *H
\_§,N3 \\\ms NMR (CDCls, 400 MHz) & 5.53 (1H, d, J = 1.9 Hz,

CHN3), 5.34 (1H, d, , J = 1.9 Hz, CHOEY), 5.29 (1H,
60 ddd, J = 8.4, 5.4, 1.0 Hz, NCH), 3.83 (1H, dq, J = 14.0,
6.9 Hz, OCH.H,CH,), 3.64 (1H, dd, J = 11.6, 8.4 Hz, SCH.H,), 3.54 (1H, dg, J = 14.0,
6.9 Hz, OCH.H,CHs), 3.12 (1H, dd, J = 11.6, 1.0 Hz, SCH.Hy), 2.45-2.35 (1H, m,
CH(CHa),), 1.23 (3H, t, J = 7.0 Hz, CH,CHa), 1.11 (3H, d, J = 6.9 Hz, CHCH,), 1.06
(3H, d, J = 6.9 Hz, CHCHS,), 0.35 (9H, s, SiC(CHs)s). *C NMR (CDCls, 100.6 MHz) &
202.9 (C), 200.1 (CO), 169.2 (C), 105.6 (C), 81.8 (CH), 79.2 (C), 72.4 (CH), 68.1 (CH,),
63.9 (CH), 30.8 (CH), 30.5 (CH,), 19.1 (CH3), 17.2 (CHs), 14.9 (CH3), 1.1 (CH3). HRMS
(+ESI): m/z calcd. for C5H,,C0,N,0;S,Si [M—OEt]": 638.9279; found: 638.9306.

3.6.3. Hexacarbonyl p-[n*-(1,1-diethoxy-2-heptyne)dicobalt (29d)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (14.1 mg, 50 pmol, 10 mol%), 29d
(517 mg, 1.1 mmol), TESOTf (249 pL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.

A >97:3 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the residue by column chromatography (from
Hexanes/EtOAc 95:5 to 80:20) afforded 208 mg (0.31 mmol, 62% yield) of the pure anti
diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(2-azido-3-ethoxy-4-nonynoyl)]
dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (61).
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Dark oil. Rf = 0.30 (Hexanes/EtOAc 90:10). IR (ATR):

j\ S 002 co) | v 2961, 2088, 2001, 1694, 1344, 1241, 1165 cm™. H
NMR (CDCls, 400 MHz) & 5.48 (1H, d, J = 2.4 Hz,
\_5’ CHN,), 5.43 (1H, d, J = 2.4 Hz, CHOEY), 5.29 (1H,
ddd, J = 8.2, 5.7, 1.3 Hz, NCH), 3.81 (1H, dg, J = 8.3,

6.9 Hz, OCH,H,CHs), 3.65-3.52 (2H, m, OCH,HyCHs, SCH.Hy), 3.11 (1H, dd, J = 11.6,
1.0 Hz, SCH.H,), 2.81 (2H, t, J = 8.2 Hz, C=CCH,), 2.44-2.34 (1H, m, CH(CHs),),
1.72-1.58 (2H, m, CCH,CH,), 1.54-1.42 (2H, m, CCH,CH,), 1.23 (3H, t, J = 7.0 Hz,
CH,CHs), 1.11 (3H, d, J = 6.9 Hz, CHCH,), 1.05 (3H, d, J = 6.9 Hz, CHCHs), 0.98 (3H,
d, J = 7.3 Hz, CH,CH,CHs). **C NMR (CDCl;, 100.6 MHz) & 203.0 (C), 199.8 (CO),
169.1 (C), 100.1 (C), 92.4 (C), 81.4 (CH), 72.3 (CH), 68.0 (CH,), 63.4 (CH), 34.1 (CH,),
33.2 (CH,), 30.9 (CH), 30.5 (CH,), 22.7 (CH), 19.0 (CHs), 17.3 (CH,), 15.0 (CH3), 13.9
(CH3). HRMS (+ESI): m/z calcd. for C,;H»;Co,N,0;S, [M-OEt]": 622.9510; found:
622.9505.

3.6.4. Hexacarbonyl y-[n*-(1,1-diethoxy-6-bromo-2-hexyne)dicobalt (29e)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl; (14.1 mg, 50 pumol, 10 mol%), 29e
(589 mg, 1.1 mmol), TESOTf (249 yL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.

A >97:3 diastereomeric ratio of the anti/syn was established by 'H NMR
analysis of the crude product. Purification of the crude by column chromatography
(from Hexanes/EtOAc 90:10 to 80:20) afforded 272 mg (0.37 mmol, 74% vyield) of the
pure anti diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n4-(2-azido-8-bromo-3-ethoxy
-4-octynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (62).

Dark oil. Ry = 0.25 (Hexanes/EtOAc 90:10). IR

. )SLN i (?Et\ Co,(CO)g (ATR): v 2964, 2089, 2002, 1693, 1468, 1344,
\_§, N, SN ~_Br | 1165 cm™. *H NMR (CDCl;, 400 MHz) & 5.48 (1H,
d, J = 2.5 Hz, CHN3), 5.43 (1H, d, J = 2.5 Hz,

62 EtOCH), 5.31-5.27 (1H, m, NCH), 3.85-3.78 (1H,

m, OCHaHyCHs), 3.66-3.55 (4H, m, SCHaHy, OCH.H,CHa, CH.Br), 3.12 (1H, dd, J =
11.6, 1.2 Hz, SCH,H,), 3.00 (2H, t, J = 8.1 Hz, C=CCH,), 2.42—2.36 (1H, m, CH(CHa),),
2.30-2.17 (2H, m, CHCH,Br), 1.24 (3H, t, J = 7.0 Hz, CH,CHz), 1.11 (3H, d, J = 6.8 Hz,
CHCHs), 1.06 (3H, d, J = 6.9 Hz, CHCHj). **C NMR (CDCls, 100.6 MHz) & 203.3 (C),
199.6 (CO), 169.1 (C), 97.8 (C), 92.9 (C), 81.6 (CH), 72.4 (CH), 68.4 (CH,), 63.5 (CH),
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34.7 (CH,), 32.9 (CHy,), 32.3 (CH,), 31.0 (CH), 30.7 (CH,), 19.2 (CHg), 17.4 (CH3), 15.2
(CHs3). HRMS (+ESI): m/z calcd for CyH1sBrCo,N,0O,S, [M—OEt]": 686.8459; found:
686.8454.

3.6.5. Hexacarbonyl y-[n*-(6-azido-1,1-diethoxy-2-hexyne)dicobalt (29f)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (14.1 mg, 50 umol, 10 mol%), 29f
(547 mg, 1.1 mmol), TESOTf (249 pL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmaol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.

A >97:3 diastereomeric ratio of the anti/syn was established by 'H NMR
analysis of the crude product. Purification of the crude by column chromatography
(from Hexanes/EtOAc 90:10 to 80:20) afforded 272 mg (0.35 mmol, 70% vyield) of the
pure anti diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(2,8-diazido-3-ethoxy-4-
octynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (63).

S o Okt Dark oil. Ry = 0.15 (hexanes/EtOAc 90:10). IR
S)J\N B - \Coz(CO)e (ATR): v 2964, 2088, 1997, 1693, 1345, 1240,
N, SN | 1164 cmt *H NMR (CDCl, 400 MHZ) & 5.46 (1H,
\_&' d, J = 2.4 Hz, CHN3), 5.44 (1H, d, J = 2.4 Hz,
63 EtOCH), 5.29 (1H, ddd, J = 8.2, 5.6, 1.0 Hz, NCH),
3.81 (1H, dq, J = 8.5, 6.9 Hz, OCH,H,CHj3), 3.66-3.54 (2H, m, SCH.H,, OCH,H,CH5),
3.48 (2H, t, J = 6.5 Hz, CH,N3), 3.12 (1H, dd, J = 11.5, 0.9 Hz, SCH.Hy), 2.91 (2H, t, J
= 8.2 Hz, C=CCHy,), 2.42-2.35 (1H, m, CH(CHa),), 2.03-1.90 (2H, m, CHCH,), 1.23
(3H,t,J =7.0 Hz, CH,CHz5), 1.11 (3H, d, J = 6.9 Hz, CHCH3), 1.06 (3H, d, J = 6.9 Hz,
CHCHs). *C NMR (CDCl;, 100.6 MHz) & 203.4 (C), 199.7 (CO), 169.1 (C), 98.2 (C),
92.8 (C), 81.7 (CH), 72.5 (CH), 68.4 (CH,), 63.5 (CH), 51.4 (CH,), 31.3 (CH,), 31.03
(CHy), 30.98 (CH), 30.7 (CH,), 19.2 (CH3), 17.4 (CHa), 15.2 (CH3). HRMS (+ESI): m/z
calcd. for CyH15C0,N;0;S, [M—OEt]": 649.9368; found: 649.9368.

3.6.6. Hexacarbonyl p-[n*-(6-tert-butyldiphenylsilyloxy-1,1-diethoxy-2-hexyne)
dicobalt (299)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (14.1 mg, 50 pmol, 10 mol%), 29g
(782 mg, 1.1 mmol), TESOTf (249 pL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.
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A >97:3 diastereomeric ratio of the anti/syn was established by 'H NMR
analysis of the crude product. Purification of the crude by column chromatography
(from Hexanes/EtOAc 90:10 to 80:20) afforded 344 mg (0.38 mmol, 76% vyield) of the
pure anti diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(2-azido-8-tert-butyl
diphenylsilyloxy-3-ethoxy-4-octynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-
thione (64).

s o Okt Dark oil. R = 0.25 (Hexanes/EtOAc 90:10).

. )LN L CoxCOk IR (ATR): v 2930, 2088, 2010, 1964, 1427,
N, SNSOTBDPS | 1344 1240 et 'H NMR (CDCls, 400 MHz)

\_§' 5 7.68-7.66 (4H, m, ArH), 7.44-7.36 (6H, m,
64 ArH), 5.46 (2H, s, CHNs, EtOCH), 5.32-5.28

(1H, m, NCH), 3.84-3.77 (3H, m, CH,OTBDPS, OCH,H,CHs), 3.63 (2H, dd, J = 11.6,
8.3 Hz, SCH.H,), 3.58-3.51 (1H, m, OCH.H,CHs), 3.11 (1H, dd, J = 11.6, 0.9 Hz,
SCHaHy), 2.97-2.93 (2H, m, C=CCH,), 2.43-2.35 (1H, m, CH(CHs),), 1.97-1.86 (2H,
m, CHCH,), 1.21 (3H, t, J = 7.0 Hz, CH,CHj5), 1.10 (3H, d, J = 6.8 Hz, CHCHz), 1.06—
1.04 (12H, m, CHCHs;, C(CH)s)s). *C NMR (CDCl;, 100.6 MHz) & 203.1 (C), 199.8
(CO), 169.3 (C), 135.7 (CH), 134.0 (C), 129.8 (CH), 127.8 (CH), 100.2 (C), 92.6 (C),
81.6 (CH), 72.4 (CH), 68.2 (CH,), 63.6 (CH), 63.4 (CH,), 35.1 (CH,), 31.0 (CH), 30.7
(CH,), 30.3 (CH,), 27.0 (CHs), 19.4 (C), 19.2 (CH3), 17.5 (CH3), 15.2 (CHs). HRMS
(+ESI): m/z calcd for CagHsC0,N500S,Si [M+NH,]" 926.1165, found: 926.1157.

3.6.7. Hexacarbonyl y-[n*-(1,1-diethoxy-6-pivaloxy-2-hexyne)dicobalt (29h)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (MesP),NiCl, (14.1 mg, 50 umol, 10 mol%), 29h
(612 mg, 1.1 mmol), TESOTf (249 pL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol)
and CH,CI; (1.0 mL) at —20 °C for 15 h.

A >97:3 diastereomeric ratio of the anti/syn was established by 'H NMR
analysis of the crude product. Purification of the crude by column chromatography
(from Hexanes/EtOAc 90:10 to 80:20) afforded 280 mg (0.37 mmol, 74% vyield) of the
pure anti diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n4-(2-azido-3-ethoxy-8-
pivaloyloxy-4-octynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (65).
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s o Okt Dark oil. Ry = 0.25 (Hexanes/EtOAc 90:10). IR
S)J\N " CoCO) (ATR): v 2965, 2089, 2006, 1725, 1694, 1479,
Ny OSSPV 1345 1155 cm™. *H NMR (CDCls, 400 MHz)

L& 5.45 (2H, s, CHNs, EtOCH), 5.31-5.27 (1H, m,
65 NCH), 4.22 (2H, td, J = 6.0, 1.3 Hz, CH,OPiV),

3.80 (1H, dq, J = 8.3, 7.0 Hz, OCH.H,CHs), 3.66-3.53 (2H, m, SCH,H,, OCH,H,CHy),
3.12 (1H, dd, J = 11.6, 1.0 Hz, SCH.Hy), 2.93-2.89 (2H, m, C=CCH,), 2.45-2.35 (1H,
m, CH(CHs),), 2.08-1.96 (2H, m, CHCH,), 1.24-1.21 (12H, m, CH,CHs, C(CHa)3), 1.11
(3H, d, J = 6.9 Hz, CHCH,), 1.06 (3H, d, J = 6.9 Hz, CHCHj5). **C NMR (CDCl;, 100.6
MHz) & 203.3 (C), 199.7 (C), 178.6 (C), 169.2 (C), 98.8 (C), 92.8 (C), 81.7 (CH), 72.5
(CH), 68.3 (CH,), 63,6 (CH,), 63.4 (CH), 38.9 (C), 31.2 (CH,), 31.0 (CH), 30.7 (CHy),
30.2 (CH,), 27.3 (CHa), 19.2 (CHs), 17.4 (CHs), 15.2 (CH3). HRMS (+ESI): m/z calcd.
for Co7H36C0,Ns010S, [M+NH,4]": 772.0562, found; 772.0568.

3.6.8. Hexacarbonyl u-[n4-(1,1-diethoxypropyne)dicobalt (29a)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (14.1 mg, 50 pmol, 10 mol%), 29a
(456 mg, 1.1 mmol), TESOTf (249 yL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol)
and CH,CI, (1.0 mL) at —20 °C for 15 h.

A 60:40 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (from
Hexanes/EtOAc 95:5 to 80:20) afforded 149 mg (0.24 mmol, 49% yield) of the pure anti
diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(2-azido-3-ethoxy-4-pentynoyl)]
dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (66a) and 84 mg (0.14 mmol,
28% yield) of the pure syn diastereomer (4S)-N-[(2R,3R)-hexacarbonyl{u-[n*-(2-azido-
3-ethoxy-4-pentynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (66s).

Dark oil. Ry = 0.30 (Hexanes/EtOAc 90:10). IR (ATR):

S O OEt
A A ©xCO) | v 2965, 2003, 2005, 1964, 1342, 1162 cm™. 'H NMR
N, (CDCls, 400 MHz) & 6.05 (1H, d, J = 2.4 Hz, C=CH),
L& 5.60 (1H, d, J = 2.9 Hz, CHNa), 5.35-5.29 (2H, m,
66a NCH, CHOEt), 3.84 (1H, dgq, J = 85, 7.0 Hz,

OCH.H,CHs), 3.62 (1H, dd, J = 11.6, 8.4 Hz, SCH.Hs), 3.53 (1H, dg, J = 8.5, 7.0 Hz,
OCH.H,CHs), 3.10 (1H, dd, J = 11.6, 1.2 Hz, SCH,Hy), 2.42—2.31 (1H, m, CH(CHa),),
1.23 (3H, t, J = 7.0 Hz, CH,CHs), 1.10 (3H, d, J = 6.8 Hz, CHCH,), 1.04 (3H, d, J = 6.9
Hz, CHCHs). *C NMR (CDCls, 100.6 MHz) & 203.0 (C), 199.2 (CO), 169.3 (C), 90.2
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(C), 79.5 (CH), 73.7 (CH), 72.2 (CH), 67.2 (CH,), 64.4 (CH), 31.0 (CH), 30.6 (CH.,),
19.2 (CHg), 17.5 (CH3), 15.1 (CH3) HRMS (+ES|) m/z calcd. for C]_7H13C02N40782 [M—
OEt]": 566.8884; found: 566.8887.

Dark oil. R; = 0.40 (Hexanes/EtOAc 90:10). IR (ATR) v

)J\ JKH\ Cop(CO)s | 2965, 2093, 2004, 1682, 1347, 1163 cm™. *H NMR
&L

(CDCls, 400 MHz) & 6.29 (1H, d, J = 8.8 Hz, CHN3),
L& 6.15 (1H, d, J = 0.7 Hz, C=CH), 5.28 (1H, ddd, J = 8.1,
66s 6.2, 1.2 Hz, NCH), 491 (1H, dd, J = 8.8, 0.7
Hz,CHOEY), 3.84 (1H, dq, J = 8.8, 7.1 Hz, OCH.H,CHs), 3.66-3.53 (2H, m, SCH.Hx,
OCH.H,CHz), 3.06 (1H, dd, J = 11.5, 1.0 Hz, SCH,H,), 2.42-2.31 (1H, m, CH(CHs),),
1.15 (3H, t, J = 7.0 Hz, CH,CHs), 1.09 (3H, d, J = 6.8 Hz, CHCH), 1.03 (3H, d, J = 6.9
Hz, CHCHa). **C NMR (CDCls, 100.6 MHz) & 203.1 (C), 199.4 (CO), 169.5 (C), 90.4
(C), 79.6 (CH), 73.9 (CH), 71.9 (CH), 66.7 (CH,), 61.8 (CH), 30.8 (CH), 30.4 (CH,),
19.2 (CHg3), 17.9 (CHa3), 14.9 (CHa).

3.6.9. Hexacarbonyl y-[n*-(1.1-diethoxy-5-methoxy-2-pentyne)dicobalt (29i)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (MesP),NiCl, (14.1 mg, 50 pumol, 10 mol%), 29i
(519 mg, 1.1 mmol), TESOTT (249 uL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmaol) in
CH,Cl, (1.0 mL) at —20 °C for 15 h.

After the usual reaction mixture treatment indicated in the General Procedure in
Section 3.4.1. 'H NMR analysis of the crude product showed the presence of 2h and

the corresponding aldehyde.

3.6.10. Hexacarbonyl p-[n*-(1,1-diethoxy-5-acetoxy-2-pentyne)dicobalt (29j)

The reaction was carried out according to the General Procedure in section
3.6.1. from 2h (122 mg, 0.50 mmol), (Me3P),NiCl, (14.1 mg, 50 pumol, 10 mol%), 29j
(566 mg, 1.1 mmol), TESOTf (249 pL, 1.1 mmol) and 2,6-lutidine (88 pL, 0.75 mmol) in
CH,CI, (1.0 mL) at —20 °C for 15 h.

After the usual reaction mixture treatment indicated in the General Procedure in
Section 3.4.1. *H NMR analysis of the crude product showed the presence of 2h and

the corresponding aldehyde.
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3.7. REMOVAL OF THE CHIRAL AUXILIARY OF ADDUCT 36

3.7.1. Reaction with NaBH,

A solution of 36 (50 mg, 0.13 mmol) in THF (2 mL) was added via cannula to a
solution of NaBH, (25 mg, 0.65 mmol) in 30:1 THF/H,O (3 mL) at 0 °C under N,. The

reaction mixture was stirred at 0 °C for 30 min and then at room temperature for 1.5 h.

The reaction was quenched with saturated NH4Cl (5 mL) and extracted with
CH,CI, (3 x 20 mL). The organic layer was washed with saturated NaHCO; (2 x 30 mL)
and brine (40 mL), dried over MgSQ,, filtered and concentrated. The crude mixture was
purified by column chromatography (from CH,CI, to CH,CL/EtOAc 90:10) to afford 28
mg (0.12 mmol, 90% vyield) of (2S,3R)-2-azido-3-methoxy-3-(4-methoxyphenyl)-1-
propanol (67).

Yellowish oil. Ry = 0.43 (CH,Cl,/EtOAc 90:10). [a]p = -117.7 (¢

1.35, CHCls). IR (ATR): v 3412, 2933, 2105, 1610, 1510, 1244,

Ns oMe 1173 cm™. 'H NMR (CDCl;, 400 MHz) & 7.30-7.24 (2H, m,

ArH), 6.96-6.91 (2H, m, ArH), 4.25 (1H, d, J = 6.8 Hz,

CHOMe), 3.85-3.72 (2H, m, OHCH,), 3.83 (3H, s, ArOCH,),

3.61-3.54 (1H, m, CHNs3), 3.24 (3H, s, CHOCHs) 2.25 (1H, t, J = 6.1 Hz, OH). **C NMR

(CDCl;, 100.6 MHz) & 159.8 (C), 129.6 (C), 128.6 (CH), 114.1 (CH), 83.9 (CH), 67.2

(CH), 62.7 (CH,), 56.8 (CH3), 55.3 (CH3). HRMS (+ESI): m/z calculated for C1;H3oN,4O3
[M+NH,]": 255.1452; found: 255.1453.

OH OMe

67

3.7.2. Reaction with MeOH

A solution of 36 (52 mg, 0.13 mmol) and DMAP (130 pL of a solution 0.05 M in
MeOH, 6.5 umol) in MeOH (5 mL) was stirred for 20 h at room temperature under N..

The reaction mixture was diluted in Et,O (10 mL), the organic layer was washed
with 0.5 M NaOH (3 x 20 mL), 0.5 M HCI (3 x 20 mL) and brine (40 mL) and then dried
over MgSQ,, filtered and the solvent was evaporated. The crude mixture was purified
by column chromatography (Hexanes/EtOAc 85:15) to afford 32 mg (0.12 mmol, 95%
yield) of methyl (2R,3R)-2-azido-3-methoxy-3-(4-methoxyphenyl) propanoate (68) with
3% of epimerization established by 'H NMR.
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Yellowish oil. Ry = 0.33 (hexanes/EtOAc 85:15). [a]p =

—43.7 (c 1.00, CHCIy). IR (ATR): v 2951, 2105, 1736,

N3 oM 1609, 1510, 1356, 1167 cm™. *H NMR (CDCls, 400 MHz)

68 0 7.31-7.25 (2H, m, ArH), 6.95-6.90 (2H, m, ArH), 4.49

(AH, d, J = 7.4 Hz, CHOMe), 4.02 (1H, d, J = 7.4 Hz, CHN3), 3.82 (3H, s, ArOCHy),

3.79 (38H, s, COOCHs), 3.24 (3H, s, CHOCH,). *C NMR (CDCl;, 100.6 MHz) & 169.1

(C), 160.0 (C), 128.7 (CH), 128.4 (C), 114.1 (CH), 82.6 (CH), 66.3 (CH), 56.9 (CHy),

55.2 (CHs), 52.6 (CHs3). HRMS (+ESI): m/z calcd. for C1,H19N,O, [M+NH,]": 283.1401;
found: 283.1399.

O OMe

MeO

3.7.3. Reaction with a thioester

A 25 M n-BuLi solution (16 pL, 0.04 mmol) was added to a solution of
dodecanthiol (93 pL, 0.39 mmoal) in THF (1.5 mL) at 0 °C under N,. The reaction was
stirred for 15 min at 0 °C. Then, 36 (50 mg, 0,13 mmol) was added via cannula (THF

0.3 mL) and the reaction mixture was stirred for 4.5 h at 0 °C.

It was diluted in water (5 mL) and brine (5 mL). The aqueous layer was
extracted with CH,Cl, (3 x 20 mL). The combined organic extracts were dried over
MgSO,, filtered and concentrated. *H NMR analysis of the crude product revealed a

complex mixture.

3.7.4. Reaction with EtOAc and NaHMDS

Distilled EtOAc (37 uL, 0.38 mmol) was added to a solution of 1 M NaHMDS
(375 pL, 0.38 mmol) in THF (1 mL) at —78 °C under N, The reaction was stirred for 1 h
at —78 °C. Then, a solution of 36 (58 mg, 0.14 mmol) in THF (1 mL) was added via

cannula and the reaction was stirred for 2 h at =78 °C.

Saturated NH,4CI (2 mL) was added to quench the reaction. The aqueous layer
was extracted with EtOAc (3 x 10 mL) and the organic layer was dried over MgSQO,,
filtered and concentrated. The crude mixture was purified by column chromatography
(CH,CI,/EtOACc 80:20) to afford 30 mg (0.09 mmol, 63% yield) of ethyl (4R,5R)-4-azido-
5-methoxy-5-(4-methoxyphenyl)-3-oxopentanoate (69), observing by 'H NMR an
approximate relation keto/enol form of 85:15 established by *H NMR.
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Yellowish oil. Rf = 0.45 (CH,CI,/EtOAc 80:20). [a]p =

—218.9 (c 1.00, CHCly). IR (ATR): v 2935, 2104,

Ns e 1744, 1719 1512, 1247, 1093 cm™. *H NMR (CDCls,

400 MHz) & 7.29-7.24 (2H, m, ArH), 6.95-6.90 (2H,

m, ArH), 4.44 (1H, d, J = 7.1 Hz, CHOMe), 4.28 (1H,

d, J = 7.1 Hz, CHN3), 4.19 (2H, g, J = 7.2 Hz, OCH,CHs), 3.83 (3H, s, ArOCH,), 3.51

(1H, d, J = 16.1 Hz, COCH.H,CO0), 3.37 (1H, d, J = 16.1 Hz, COCH,H,CO), 3.21 (3H,

s, CHOCHs), 1.28 (3H, t, J = 7.2 Hz, COCH,CHs). *C NMR (CDCls;, 100.6 MHz) &

199.6 (C), 166.6 (C), 160.0 (C), 128.9 (C), 128.8 (CH), 114.1 (CH), 83.4 (CH), 70.9

(CH), 61.5 (CH,), 56.6 (CH3), 55.2 (CH3), 48.2 (CH,), 14.1 (CHs). HRMS (+ESI): m/z
calculated for C15H,3N,O5 [M+NH,]": 339.1663; found: 339.1661.

O O OMe

EtO

69

Enolic Form: 'H NMR & 12.15 (1H, s, COH), 5.13 (1H, s, C=CH), 4.51 (1H, d, J = 7.1
Hz, CHOMe), 4.05 (1H, d, , J = 7.1 Hz, COCH), ), 3.82 (3H, s, ArOCH,), 3.24 (3H, s,
CHOCHa).

3.7.5. Reaction with (S)-(-)-a-methylbenzylamine

Neat (S)-(-)-a-methylbenzylamine (37 pL, 0.29 mmol) was added to a solution
of 36 (51 mg, 0.13 mmol) in CH,Cl, (0.7 mL) at room temperature under N,. The

reaction was stirred for 2.5 h at room temperature.

The volatiles were evaporated and the crude mixture was purified by column
chromatography (from CH,CIl, to CH,CI,/EtOAc 90:10) to afford 42 mg (0.13 mmoal,
93% vyield) of (2R,3R)-2-azido-3-methoxy-3-(4-methoxyphenyl)-N-[(S)-1-phenylethyl)]
propanamide (70).

Yellowish solid. mp = 108-110 °C. Ry = 0.20
(CH,CL). [a]p = —218.9 (c 1.00, CHCL,). IR (ATR): v
3332, 2930, 2122, 1651 1510, 1248, 1132 cm™. 'H
NMR (CDCl;, 400 MHz) & 7.21-7.13 (5H, m, ArH),
6.84-6.80 (2H, m, ArH), 6.77-6.72 (2H, m, ArH),
6.31 (1H, d, J = 8.1 Hz, NH), 5.01-4.92 (1H, m, PhCHN), 4.84 (1H, d, J = 3.7 Hz,
CHOMe), 4.54 (1H, d, J = 3.7 Hz, CHN,), 3.79 (3H, s, ArOCH;), 3.30 (3H, s,
CHOCHS,), 1.40 (3H, d, J = 7.0 Hz, PhCHCHjs). **C NMR (CDCl;, 100.6 MHz) 5 165.4
(C), 159.6 (C), 142.1 (C), 129.1 (CH), 128.3 (CH), 127.4 (C), 127.1 (CH), 125.9 (CH),
113.6 (CH), 83.6 (CH), 67.7 (CH), 56.8 (CH3), 55.1 (CHs), 48.1 (CH), 21.5 (CH,).
HRMS (+ESI): m/z calcd for CyoH,3N,05 [M+H]*: 355.1765, found: 355.1762.

- O OMe
Ph” >N
H
N3
OMe

70
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3.7.6. Reaction with methyl L-Leucinate hydrochloride

Neat i-PrEtN; (49 uL, 0.28 mmol) was added to a solution of 36 (57 mg, 0.14
mmol) and methyl L-leucinate hydrochloride (28 mg, 0.15 mmol) in THF (1 mL) at 0 °C
under N, The reaction was stirred 30 min at 0 °C and 4 h at room temperature.

The volatiles were removed. The crude was diluted in CH,CIl, (10 mL) and
washed with 1 M NaOH (3 x 10 mL). The organic layer was dried over MgSO,, filtered
and concentrated. The resulting mixture was purified by column chromatography (from
Hexanes/EtOAc 85:15 to 50:50) to afford 51 mg (0.13 mmol, 96% yield) of a 96:4
diastereomeric mixture (established by HPLC) of methyl ((2R,3R)-2-azido-3-methoxy-
3-(4-methoxyphenyl) propanoyl)-L-leucinate (71).

Yellowish oil. R = 0.20 (Hexanes/EtOAc 50:50).

)\: O OMe HPLC (C4 reverse phase column, from 30% to
Meojﬁ:” : 350% of ACN in H,0, 1 mL/min, 220 nm), tg =
o N3 ome | 9-62 min. [a]p = —97.8 (c 1.00, CHCL). IR (ATRY:

7 v 3308, 2954, 2104, 1743, 1660 1511, 1246,

1173 cm™. 'H NMR (CDCl;, 400 MHz) & 7.26-7.22 (2H, m, ArH), 6.89-6.85 (2H, m,
ArH), 6.42 (1H, d, J = 8.4 Hz, NH), 4.73 (1H, d, J = 4.7 Hz, CHOMe), 4.51 (1H, td, J =
8.7, 5.1 Hz, CHNH), 4.36 (1H, d, J = 4.7 Hz, CHN3), 3.81 (3H, s, ArOCH3), 3.61 (3H, s,
COOCHz5), 3.30 (3H, s, CHOCHjs), 1.62-1.45 (3H, m, CH,CH(CHz),), 0.92 (3H, d, J =
6.1 Hz, CHCHs), 0.91 (3H, d, J = 6.2 Hz, CHCHs). **C NMR (CDCl;, 100.6 MHz) &
172.2 (C), 166.7 (C), 159.9 (C), 129.0 (CH), 127.9 (C), 113.8 (CH), 83.6 (CH), 67.6
(CH), 57.0 (CHj3), 55.3 (CHs), 52.3 (CHs), 50.7 (CH), 41.7 (CH,), 24.8 (CH), 22.9 (CHy),
22.0 (CHj3). HRMS (+ESI): m/z calcd. for CigH»N4Os [M+H]": 379.1976, found:
379.1973.

3.7.7. Reaction with morpholine

Morpholine (49 pL, 0.56 mmol) was added to a solution of 36 (55 mg, 0.14
mmol) and DMAP (140 pL of a 0.05 M solution in THF, 7 umol) in THF (1.5 mL) at 0 °C

under N,. The reaction was stirred 30 min at 0 °C and 2 h at room temperature.

The volatiles were removed and the crude mixture was purified by column
chromatography (from CH,CIl, to CH,CI,/EtOAc 80:20) to afford 42 mg (0.13 mmoal,
93% yield) of N-[(2R,3R)-2-azido-3-methoxy-3-(4-methoxyphenyl)propanoyljmorpholine
(72) with 4% of epimerization established by *H NMR.
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0  OMe Yellowish oil. R; = 0.28 (CH,CI,/EtOAc 90:10). [a]p = —

ﬁN ; 64.5 (c 1.00, CHCly). IR (ATR) v 2920, 2849, 2100,

oy Ns oM 1644, 1513, 1253, 1175 cm™. *H NMR (CDCls, 400

MHz) & 7.35-7.30 (2H, m, ArH), 6.98-6.93 (2H, m,

ArH), 4.54 (1H, d, J = 9.2 Hz, CHOMe), 3.94 (1H, d, J

= 9.2 Hz, CHN3), 3.84 (3H, s, ArOCHs), 3.76-3.44 (8H, m, (OCH,CH:N),), 3.19 (3H, s,

CHOCHs3). **C NMR (CDCl;, 100.6 MHz) & 167.8 (C), 160.1 (C), 129.4 (C), 128.5 (CH),

114.2 (CH), 82.8 (CH), 66.8 (CH,), 66.7 (CH,), 61.3 (CH), 56.8 (CH3), 55.2 (CHa), 46.4

(CH,), 42.7 (CH,). HRMS (+ESI): m/z calcd. for CisH2N,O4 [M+H]": 321.1557, found:
321.1546.

72

3.8. TRANSFORMATIONS OF THE COBALTED PROPARGYLIC ADDUCTS

3.8.1. From adduct 49

3.8.1.1. Decobaltation of 49

A solution of 49 (768 mg, 1.1 mmol) and CAN (2.5 g, 4.5 mmol) in acetone (30

mL) was stirred at —78 °C for 30 min and at room temperature for 1.5 h under N,.

The solution was partitioned in Et,O (30 mL) and brine (50 mL) and the
agueous layer was extracted with Et,O (3 x 30 mL). The organic extracts were dried
over MgSQO,, filtered and concentrated. The resulting yellow oil was purified by column
chromatography (Hexanes/EtOAc 90:10) to afford 342 mg (0.85 mmol, 76% vyield) of
(4S)-N-[(2R,3S)-2-azido-3-ethoxy-5-phenyl-4-pentynoyl]-4-isopropyl-1,3-thiazolidine-2-
thione (73).

Yellowish oil. Ry = 0.38 (Hexanes/EtOAc 90:10). [a]p =

S
S)LN)(L(?Et\ +245.5 (c 1.00, CHCl;). IR (ATR): v 2965, 2111, 1698,
Ns oS ph | 1489, 1240, 1164 cm™. *H NMR (CDCls;, 400 MHz) & 7.45-
L& 7.43 (2H, m, ArH), 7.33-7.28 (3H, m, ArH), 6.31 (1H, d, J =
73 6.0 Hz, CHN,), 5.31 (1H, ddd, J = 8.3, 5.9, 1.3 Hz, NCH),

5.03 (1H, d, J = 6.0 Hz, CHOEY), 3.94 (1H, dq, , J = 9.1, 7.0 Hz, OCH.H,), 3.59-3.52
(2H, m, OCH.Hp, SCH,H,), 3.04 (1H, dd, J = 11.6, 1.3 Hz, SCH,H,), 2.34-2.26 (1H, m,
CH(CHs),), 1.27 (3H, t, J = 7.0 Hz, CH,CHs), 0.98 (3H, d, J = 6.8 Hz, CHCHs), 0.95
(3H, d, J = 7.0 Hz, CHCH,). *C NMR (CDCls, 100.6 MHz) & 202.9 (C), 167.9 (C), 132.1
(CH), 128.9 (C), 128.4 (CH), 122.1 (C), 88.4 (C), 84.0 (C), 71.9 (CH), 71.2 (CH), 65.2
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(CH,), 63.4 (CH), 30.9 (CH), 30.3 (CH,), 19.1 (CHs), 17.6 (CHs), 15.2 (CH3). HRMS
(+ESI): m/z calcd. for C;;H;,N40S; [M-OEt]": 357.0838; found: 357.0843.

3.8.1.2. Removal of the chiral auxiliary of 73 with NaBH,

A solution of 73 (342 mg, 0.9 mmol) and NaBH, (161 mg, 4.3 mmol) in 30:1
THF/H,O (25 mL) was stirred at 0 °C for 30 min and at room temperature for 1.5 h.

The reaction was quenched with saturated NH4CI (15 mL) and was extracted
with CH,CI, (3 x 30 mL). The organic extracts were washed with 1 M NaOH (2 x 30
mL) and brine (40 mL), dried over MgSQ,, filtered and concentrated. The residue was
purified by column chromatography (from CH,Cl, to CH,CIl,/EtOAc 90:10) to afford 168
mg (0.77 mmol, 90% vyield) of (2S,3R)-2-azido-3-ethoxy-5-phenyl-4-pentyn-1-ol (74).

Yellowish oil. R; = 0.28 (CH,Cl,). [a]o = —101.6 (¢ 1.10, CHCl;). IR

OH OEt
- \ (ATR): v 3388, 2975, 2094, 1489, 1258, 1091 cm™. 'H NMR
Ns N (CDCls, 400 MHz) & 7.47-7.44 (2H, m, ArH), 7.34-7.32 (3H, m,
74 ArH), 4.46 (1H, d, J = 6.9 Hz, CHOEt), 3.97-3.92 (2H, m,

CH,HLOH, CHN3), 3.82-3.75 (2H, m, CH,H,OH, OCH.H,), 3.58 (1H, dg , J = 9.1, 6.7
Hz, OCH.H,), 1.96 (1H, t, J = 6.3 Hz, CH,OH), 1.30 (1H, J = 7.0 Hz, CH,CHz). **C
NMR (CDCl;, 100.6 MHz) & 131.8 (CH), 128.8 (C), 128.3 (CH), 121.9 (C), 88.1 (C),
84.3 (C), 71.1 (CH), 65.9 (CH), 65.3 (CH,), 62.3 (CHy), 15.0 (CHz). HRMS (+ESI): m/z
calcd. for C13H19N,O, [M+NH,]™: 263.1503; found: 263.1500

3.8.1.3. Transformation of 74 into a Boc-protected amine

A 1 M solution of PMe3 in THF (1.1 mL, 1.1 mmol) was added to a solution of 74
(168 mg, 0.77 mmol) and a degassed solution of 1 M NaOH (0.85 mL, 0.85 mmol) in
THF (2.5 mL) at room temperature under N,. Such an addition produced the formation
of bubbles immediately. When the bubbles stopped appearing (approximately 5 min),
Boc,O (185 mg, 0.8 mmol) was added via cannula (2 mL) and the resultant mixture

was stirred at room temperature for 4 h.

The reaction was quenched with a pH 7 buffer solution of phosphate (5 mL) and
was extracted with CH,CI, (3 x 10 mL). The organic extracts were dried over MgSQ,,
fitered and the volatiles were evaporated. The residue was purified by column
chromatography (CH,CI,/EtOAc 90:10, then CH,CIl,/MeOH 90:10) to afford 170 mg
(0.53 mmol, 69% yield) of (2S,3R)-2-amino-N-tert-butyloxycarbonyl-3-ethoxy-5-phenyl-
4-pentyn-1-ol (75).
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Yellowish oil. R; = 0.38 (CH,CI/EtOAc 90:10). [a]p = =3.1 (¢ 1.00,

“ CHCL). IR (ATR): v 3436 (br), 2975, 2097, 1692, 1489, 1248, 1162

NHBoo “pn | cm™ H NMR (CD;OD-d,, 400 MHz) & 7.46-7.43 (2H, m, ArH),

75 7.35-7.33 (3H, m, ArH), 4.73 (1H, d, J = 4.4 Hz, CHOEY), 3.93—-

3.85 (2H, m, OCH,H,CHs;, CHNHBoc), 3.75 (1H, dd, , J = 11.1, 6.2 Hz, CH.H,OH),

3.67 (1H, dd, , J = 11.1, 6.5 Hz, CH,H,0OH), 3.59-3.51 (1H, m, OCH,H,CHs), 1.46 (9H,

S, C(CHs)s), 1.26 (3H, t, J = 6.5 Hz, CH,CH3). **C NMR (CD;OD-d,, 100.6 MHz) &

158.2 (C), 132.7 (CH), 129.6 (CH), 129.4 (CH), 123.9 (C), 87.4 (C), 87.1 (C), 80.4 (C),

70.3 (CH), 65.9 (CH,), 62.0 (CH,), 57.4 (CH), 28.8 (CHj), 15.4 (CH3). HRMS (+ESI):
m/z calcd. for C1gH,6NO,4 [M+H]": 320.1856; found: 320.1858.

OH OFEt

3.8.1.4. Hydrogenation of 75 with H, and Pd/C

A mixture of 75 (40 mg, 0.13 mmol) and 10% Pd/C (6.9 mg) in MeOH (0.3 mL)

was stirred at room temperature under H, atmosphere (balloon) for 2 h.

The reaction mixture was filtered through a pad of Celite® using EtOAc as
eluent and the volatiles were evaporated in vacuum. Purification of the crude mixture
by column chromatography (CH,CI/EtOAc 90:10) afforded 39 mg (0.12 mmol, 95%
yield) of (2S,3R)-2-amino-N-tert-butyloxycarbonyl-3-ethoxy-5-phenyl-1-pentanol (76).

Colourless oil. Ry = 0.20 (CH,CI/EtOAc 90:10). [a]p = +21.1 (c

OH OEt
- on | 1:00, CHCIy). IR (ATR): v 3443 (br), 2973, 1685, 1410, 1365, 1162
NHBoc cm™. *H NMR (CD;OD-d,, 400 MHz) & 7.28-7.14 (5H, m, ArH),
76 3.78 (1H, dt, J = 6.6, 2.5 Hz, CHOE), 3.66—3.50 (5H, m, OCH,CHs,

CHNHBoc, CH,0H), 2.72-2.64 (2H, m, CH,Ph), 1.85-1.73 (2H, m, CH,CH,Ph), 1.46
(9H, s, C(CHs)s), 1.19 (3H, t, J = 7.0 Hz, CH,CHs). *C NMR (CD;OD-d,, 100.6 MHz) &
158.3 (C), 143.4 (C), 129.4 (2 x CH), 126.8 (CH), 80.2 (C), 78.7 (CH), 67.0 (CH,), 62.4
(CH,), 55.5 (CH), 34.1 (CH,), 33.0 (CH,), 28.8 (CHs), 16.0 (CH3). HRMS (+ESI): m/z
calcd. for C1gH3oNO, [M+H]": 324.2169; found: 324.2170.

3.8.1.5. Hydrogenation of 75 with H, and Lindlar catalyst

A mixture of 75 (30 mg, 94 pmol), 5% Lindlar catalyst (10 mg) and quinoline (13
pL, 0.11 mmol) in EtOAc (1 mL) was stirred at room temperature under H, atmosphere
(balloon) for 18 h.
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The reaction mixture was filtered through a pad of Celite® using CH,Cl, as
eluent and the volatiles were evaporated in vacuum. Purification of the crude mixture
by column chromatography (CH,CI,/EtOAc 90:10) afforded 27 mg (84 umol, 90% yield)
of (2S,3R,42)-2-amino-N-tert-butyloxycarbonyl-3-ethoxy-5-phenyl-4-penten-1-ol (77).

oH ort pn) Colourless oil. Rt = 0.70 (CH,Cl/EtOAc 90:10). [a]p= +248.0 (c 1.20,
N CHCLy). IR (ATR): v 3444 (br), 2974, 1689, 1493, 1365, 1162 cm™. 'H

NHBoc NMR (CD3OD-d,, 400 MHz) & 7.35-7.23 (5H, m, ArH), 6.74 (1H, d, J

77 = 11.9 Hz, CH=CHPh), 5.65-5.59 (1H, m, CH=CHPh), 4.58 (1H, dd, J

= 9.9, 2.6 Hz, CHOEY), 3.81-3.77 (1H, m, CHNHBoc), 3.67 (1H, dd, J = 10.8, 7.1 Hz,
CH.H,OH), 3.55 (1H, dd, J = 10.8, 6.1 Hz, CH.H,OH), 3.52-3.44 (1H, m,

OCH.HyCH3), 3.21-3.14 (1H, m, OCH,H,CHa), 1.44 (9H, s, C(CHa)s), 1.06 (3H, t, J =
7.0 Hz, CH,CHz). **C NMR (CD3;0D-d,, 100.6 MHz) 5 158.2 (C), 138.0 (C), 134.5 (CH),
131.3 (CH), 129.9 (CH), 129.3 (CH), 128.3 (CH), 80.3 (C), 73.8 (CH), 64.9 (CH,), 62.2
(CH,), 57.5 (CH), 28.8 (CH3), 15.5 (CH3). HRMS (+ESI): m/z calcd. for CygHpsNO,
[M+H]": 322.2013; found: 322.2010.

3.8.1.6. Hydrogenation of 75 with (EtO);SiH and Cp' Ru(CH;CN)sPFg

A Cp'Ru(CH3CN);PF¢ solution (62 pL of a 7 M solution in CH,Cl,, 0.85 pmol)
freshly prepared at 0 °C was added to a solution of 75 (27 mg, 85 pumol) and (EtO)s;SiH
(24 pL, 128 pmol) in CH,Cl, (1 mL). The reaction was allowed to warm until room
temperature and stirred for 3 h. Then, a solution of CsF (16 mg, 102 pumol) in EtOH (1

mL) was added via cannula at 0 °C and stirred at room temperature for 18 h.

The crude was filtered through a pad of Celite® using CH,CI, as eluent and the
volatiles were evaporated in vacuum recovering 26 mg (82 pmol, 97%) of the starting

material 75.

3.8.1.7. Hydrogenation of 75 with LiAlH,

A mixture of 75 (23 mg, 72 pmol) and LiAlH4 (8 mg, 0.22 mmol) in THF (1 mL)

was stirred at room temperature for 15 h under N,.

The reaction mixture was cooled at 0 °C and quenched with EtOAc (1 mL) and
the resultant mixture was stirred at 0 °C for 5 min. Then, 1 M aqueous solution of
sodium and potassium tartrate (1.5 mL) was added and stirred at room temperature for
1 h. The mixture was extracted with CH,Cl, (3 x 5 mL) and the combined organic

extracts were dried over MgSO4, filtered and concentrated. Purification of the crude
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mixture by column chromatography (CH,CI,/EtOAc 80:20) afforded 7 mg (22 pumol, E/Z
90:10, 30% vyield) of (2S,3R,4E)-2-amino-N-tert-butyloxycarbonyl-3-ethoxy-5-phenyl-4-
penten-1-ol (78) and 12 mg (38 umol, 53% vyield) of 75.

Yellowish oil. [a]p = +24.7 (¢ 1.00, CHCIy). IR (ATR) v 3440 (br),

OH OEt
o on 2974, 1686, 1495, 1366, 1162 cm™. 'H NMR (CD;OD-d,, 400
NHBoc MHz) & 7.41-7.22 (5H, m, ArH), 6.62 (1H, d, J = 16.0 Hz,
78 CH=CHPh), 6.14 (1H, dd, J = 16.0, 7.4 Hz, CH=CHPh), 4.12 (1H,

dd, J = 7.4, 2.9 Hz, CHOEY), 3.70-3.54 (4H, m, CHNHBoc, CH,OH, OCH,H,CHs), 3.43
(1H, dg, J = 9.5, 7.1 Hz, OCH.H,CHs), 1.40 (9H, s, C(CHs)s), 1.21 (3H, t, J = 7.0 Hz,
CH,CHs). *C NMR (CDs0OD-d,, 100.6 MHz) & 158.3 (C), 138.1 (C), 133.8 (CH), 129.6
(CH), 128.7 (CH), 128.7 (CH), 127.6 (CH), 80.2 (C), 80.0 (CH), 65.6 (CH,), 62.4 (CH,),
57.4 (CH), 28.7 (CHs), 15.6 (CHs). HRMS (+ESI): m/z calcd. for [M+H]" CigHasNO4:
322.2013, found: 322.2022.

3.8.2. From adduct 60

3.8.2.1. Decobaltation of 60

A solution of 60 (920 mg, 1.4 mmol) and CAN (3.1 g, 5.6 mmol) in acetone (30
mL) was stirred at —78 °C for 30 min and at room temperature for 1.5 h under N,.

It was partitioned in Et,O (30 mL) and brine (50 mL) and the aqueous layer was
extracted with Et,O (2 x 30 mL). The organic extracts were dried over MgSQ,, filtered
and the volatiles were evaporated to obtain 547 mg (1.37 mmol, 98% yield) of (4S)-N-
[(2R,3S)-2-azido-3-ethoxy-5-trimethylsilyl-4-pentynoyl]-4-isopropyl-1,3-thiazolidine-2-
thione (79) which was used in the next step without further purification.

Yellowish oil. Ry = 0.33 (Hexanes/EtOAc 90:10). [a]p =

S O OFt
S)LN)Y\ +239.1 (c 1.00, CHCl,). IR (ATR): v 2962, 2111, 1700,
X
N, tus | 1468, 1248, 1165 cm™. *H NMR (CDCly, 400 MHz) § 6.19
(1H, d, J = 6.1 Hz, CHOEY), 5.29-5.25 (1H, m, NCH),
79 4.78 (1H, d, J = 6.1 Hz, CHN3), 3.86 (1H, dg, J = 9.1, 7.0

Hz, OCHaHs), 3.57 (1H, dd, J = 11.5, 8.2 Hz, SCHaHy), 3.48 (1H, dg, J = 9.1, 7.0 Hz,
OCH.Hs),3.05 (1H, dd, J = 11.5, 1.3 Hz, SCH.H»), 2.36-2.28 (1H, m, CH(CHs),), 1.23
(3H, t, J = 7.0 Hz, CH,CHs), 1.06 (3H, d, J = 6.8 Hz, CHCHs), 0.99 (3H, d, J = 6.9 Hz,
CHCHs), 0.17 (9H, s, Si(CHs)s). *C NMR (CDCls, 100.6 MHz) & 202.8 (C), 167.6 (C),
100.0 (C), 94.0 (C), 71.9 (CH), 70.8 (CH), 65.0 (CH,), 63.3 (CH), 30.8 (CH), 30.5
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(CHy), 19.2 (CHs), 17.8 (CHs), 15.1 (CH3), -0.1 (CH3). HRMS (+ESI): m/z calcd. for
C16H27N,05S,Si [M-OEt]": 371.1278; found: 371.1279.

3.8.2.2. Removal of the chiral auxiliary of 79 with NaBH,

A solution of 79 (518 mg, 1.3 mmol) and NaBH, (246 mg, 6.5 mmol) in 30:1
THF/H,O (30 mL) was stirred at 0 °C for 30 min and at room temperature for 1.5 h

under N,.

The reaction was quenched with saturated NH4CI (20 mL) and was extracted
with CH,CI, (3 x 20 mL). The combined organic extracts were washed with 1 M NaOH
(2 x 30 mL) and brine (40 mL), dried over MgSQ,, filtered and concentrated to afford
297 mg (1.23 mmol, 95% vield) of (2S,3R)-2-azido-3-ethoxy-5-trimethylsilyl-4-pentyn-1-
ol (80), which was used in the following step without further purification.

Yellowish oil. Ry = 0.18 (CH,Cl,). [a]o = +65.4 (¢ 1.00, CHCl,). IR

OH OFEt
8 “ (ATR): v 3379, 2968, 2095, 1479, 1240, 1089 cm™. 'H NMR

X
Na T™Ms | (CDCls, 400 MHz) & 4.20 (1H, d, J = 7.2 Hz, CHOEY), 3.88-3.84
80 (2H, m, CH.H,OH, OCH.H,), 3.72 (1H, dt, J = 11.7, 6.5 Hz,

OCH,Hy), 3.64 (1H, ddd, J = 7.2, 6.0, 4.0 Hz, CHN5), 3.49 (1H, dq , J = 9.2, 7.0 Hz,
OCHaHy), 1.92 (1H, t, J = 6.5 Hz, CH,OH), 1.26 (1H, J = 7.0 Hz, CH,CH), 0.19 (9H,
s, Si(CHs)3). **C NMR (CDCls, 100.6 MHz) 5 100.8 (C), 93.9 (C), 71.1 (CH), 65.9 (CH),
65.3 (CH,), 62.4 (CH,), 15.1 (CHs), -0.1 (CHs). HRMS (+ESI): m/z calcd. for
CioH25N40,Si [M+NH,]": 259.1585; found: 259.1584.

3.8.2.3. Removal of the TMS group of 80

A mixture of 80 (262 mg, 1.1 mmol) and K,CO; (227 mg, 1.64 mmol) in MeOH

(4 mL) was stirred at room temperature for 3 h under N,.

The reaction was quenched with saturated NH,ClI (3 mL), diluted in H,O (5 mL)
and extracted with EtO, (3 x 10 mL). The combined organic extracts were washed with
brine (40 mL), dried over MgSO,, filtered and the volatiles were evaporated to afford
175 mg (1.03 mmol, 95% vyield) of (2S,3R)-2-azido-3-ethoxy-5-4-pentyn-1-ol (81),

which was used in the next step without further purification.
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Yellowish oil. Ry = 0.13 (Hexanes/EtOAc 90:10). [a]p = +52.1 (c

OH OEt
S 1.00, CHCly). IR (ATR): v 3926 (br), 2977, 2094, 1256, 1094 cm™.

N
Ns H| *H NMR (CDCls, 400 MHZz) & 4.24 (1H, dd, J = 7.2, 2.1 Hz, CHOE),
81 3.92-3.84 (2H, m, CH.H,OH, OCH.H,), 3.78-3.74 (1H, m,

OCH.H,), 3.67 (1H, ddd, J = 7.2, 5.7, 4.0 Hz, CHN3), 3.51 (1H, dg , J = 9.1, 7.0 Hz,
OCH.Hy), 2.57 (1H, d, J = 2.1 Hz, C=CH) 1.88 (1H, br s, CH,0H), 1.27 (1H, J = 7.0 Hz,
CH,CH,). *C NMR (CDCl;, 100.6 MHz) & 79.3 (C), 76.3 (CH), 70.4 (CH), 65.6 (CH),
65.3 (CH,), 62.1 (CH,), 15.0 (CH3). HRMS (+ESI): m/z calcd. for C;H1,N,O, [M+NH,]":
187.1190; found: 187.1189.

3.8.2.4. Transformation of 81 into a Boc-protected amine

A 1 M solution of PMe; in THF (1.32 mL, 1.32 mmol) was added to a solution of
81 (159 mg, 0.94 mmol) and a degassed 1 M solution of NaOH (1.0 mL, 1.0 mmol) in
THF (3.5 mL) at room temperature under N,. Such an addition produced the formation
of bubbles immediately. When the bubbles stopped appearing (appoximately 5 min), a
solution of Boc,O (225 mg, 1.0 mmol) in THF (2 mL) was added via cannula and the

resultant mixture was stirred at room temperature for 4 h.

The reaction was quenched with a pH 7 buffer solution of phosphates (5 mL)
and the mixture was extracted with CH,Cl, (3 x 10 mL). The organic extracts were
dried over MgSOQ,, filtered, and concentrated. The crude mixture was purified by
column chromatography (CH,CI,/EtOAc 90:10, then CH,CIl,/MeOH 95:5) to afford 156
mg (0.64 mmol, 68% yield) of (2S,3R)-2-amino-N-tert-butyloxycarbonyl-3-ethoxy-4-
pentyn-1-ol (82).

Yellowish oil. R; = 0.25 (CH,Cl,/EtOAc 90:10). [a]p = +6.3 (c 1.00,

S CHCIl,). IR (ATR): v 3291 (br), 2976, 1685, 1410, 1163 cm™. '*H NMR

NHBoc “H| (CDsOD-d,, 400 MHz) & 4.28 (1H, dd, J = 4.6, 2.0 Hz, CHOEY),

82 3.86-3.77 (2H, m, CHNHBoc, OCH,Hy), 3.70 (1H, dd, J = 11.1, 5.9

Hz, HOCH.H,), 3.63 (1H, dd, J = 11.1, 6.5 Hz, HOCH,Hy), 3.48 (1H, dq , J = 9.2, 7.0

Hz, OCH,H,), 2.88-2.87 (1H, m, C=ECH), 1.47 (9H, s, COC(CHz)3), 1.22 (1H, J = 7.0

Hz, CH,CHs). **C NMR (CD;0D-d,, 100.6 MHz) & 158.2 (C), 81.6 (C), 80.3 (C), 76.2

(C), 69.6 (CH), 65.8 (CH,), 61.7 (CH,), 57.1 (CH), 28.7 (CH), 15.3 (CH;). HRMS
(+ESI): m/z calcd. for [M-Boc]" C;H4NO,: 144.1019, found: 144.1018.

OH OFEt
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3.8.2.5. Hydrogenation of 82 with H, and Lindlar catalyst

A mixture of 82 (75 mg, 0.31 mmol), 5% Lindlar catalyst (33.9 mg) and quinoline
(44 pL, 0.37 mmol) in EtOAc (3 mL) was stirred under H, (balloon) at room temperature
for 18 h.

The reaction mixture was filtered through a pad of Celite® using CH,Cl, as
eluent and the volatiles were evaporated in vacuum. Purification of the crude mixture
by column chromatography (Et,O/EtOAc 90:10) afforded 69 mg (0.28 mmol, 91% yield)
of (2S,3R)-2-amino-N-tert-butyloxycarbonyl-3-ethoxy-4-penten-1-ol (83).

Colourless oil. Ry = 0.73 (EtO,/EtOAc 90:10). [a]p = +18.5 (¢ 1.00,
CHCl,). IR (ATR): v 3448 (br), 2975, 1690, 1612, 1499, 1361, 1166
cm™. *H NMR (CD;0OD-d,, 400 MHz) & 5.78 (1H, ddd, J = 17.4, 10.4,
7.1 Hz, CH=CH,), 5.32-5.25 (2H, m, CH=CH,), 3.95 (1H, dd, J = 6,8
3.0 Hz, CHOEt), 3.66-3.51 (3H, m, CHNHBoc, CH,H,OH, OCH.H,CH;), 3.55-3.49
(1H, m, CH.H,OH), 3.39 (1H, dg, J = 9.3, 7.0 Hz OCH.H,CHz), 1.46 (9H, s, C(CHs)s),
1.19 (3H, t, J = 7.0 Hz, CH,CHs). *C NMR (CD3;0D-d,4, 100.6 MHz) 5 158.2 (C), 137.4
(CH), 118.1 (CH,), 80.2 (C, CH), 65.4 (CH,), 62.2 (CH,), 57.1 (CH), 28.7 (CHs), 15.5
(CHs). HRMS (+ESI): m/z calcd. for C1,H,4NO,4 [M+H]": 246.1700, found: 246.1702

3.8.2.6. Methathesis reaction with 83

a) Using all catalyst at the beqining

A mixture of 83 (1 eq), 1-hexene (10 eq) and the corresponding catalyst in

toluene (1 M) was stirred for a certain time at 50 °C under N.,.

It was filtered through a pad of Celite® using CH,Cl, as eluent and the volatiles
were evaporated in vacuum. Purification of the crude mixture by column

chromatography (CH,Cl,/EtOAc 90:10) afforded the corresponding product.

b) Using the catalyst in two loads

A mixture of 83 (1 eq), 1-hexene (10 eq) and the first load of the catalyst (5
mol%) in toluene (1 M) was stirred for a half the time at 50 °C under N,. After half of the
time, the second load of catalyst (5 mol%) was added and the reaction was stirred at
50 °C for the rest of the time.

It was filtered through a pad of Celite® using CH,Cl, as eluent and the volatiles
were evaporated in vacuum. Purification of the crude mixture by column

chromatography (CH,Cl,/EtOAc 90:10) afforded the corresponding product.
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OH OEt OH OEt
= 1-Hexene (10 eq), Catalyst =
=
Toluene, t, 50 °C
NHBoc NHBoc
83 84
Entrada Catalizador (mol%) Tiempo (h) 84 (%) (brsm)? 83 (%)?
1 Hoveyda-Grubbs 22 Gen. (10) 24 46 (56) 13
2 Grubbs 22 Gen. (10) 24 54 (65) 17
3 Hoveyda-Grubbs 22 Gen. (10) 48 50 (65) 26
4 Hoveyda-Grubbs 22 Gen. (5+5) 4 61 (77) 22
5 Grubbs 22 Gen. (5+5) 8 50 (69) 28
6 Grubbs 22 Gen. (5+5) 24 57 (74) 21
|solated yield after chromatographic purification
Table 26
OH OEt Colourless oil. Rf = 0.18 (CH,CI,/EtOAc 90:10). [a]p = +21.9
N (c 1.00, CHCI3). IR (ATR): v 3439 (br), 2973, 1684, 1406,
NHBoc 1365, 1161 cm™. *H NMR (CDs0OD-d,4, 400 MHZz) 6 5.78 (1H,
84 dt, J = 15.3, 6.8, CH=CHCH,), 5.37 (2H, J = 15.3, 7.8 Hz,

CHCH=CH), 3.89 (1H, dd, J = 7.8 3.4 Hz, CHOEt), 3.64-3.46 (4H, m, CHNHBoc,
CH,OH, OCH,H,CH,), 3.42-3.36 (1H, m, CH.H,OH), 2.12-2.07 (2H, m, CH=CHCH,),
1.46 (9H, s, C(CHa)s), 1.46-1.31 (4H, m, CH,(CH,),CH3, 1.18 (3H, t, J = 7.0 Hz,
CH,CHs), 0.94 (3H, t, J = 7.2 Hz, (CH,),CHs). **C NMR (CD;0OD-d,, 100.6 MHz) &
156.8 (C), 134.6 (CH), 127.5 (CH), 78.7 (C), 78.4 (CH), 63.6 (CH,), 60.9 (CH,), 56.0
(CH), 31.6 (CH,), 31.0 (CH,), 27.3 (CHs), 21.8 (CH,), 14.1 (CHs), 12.8 (CH3). HRMS
(+ESI): m/z calcd. for C1H3,NO, [M+H]": 302.2353; found: 302.2360.

Final Protocol

A mixture of 83 (23 mg, 94 umol), 1-hexene (117 uL, 0.94 mmol), and Hoveyda-
Grubbs 2nd Generation catalyst (2.9 mg, 0.37 umol, 5 mol%) in toluene (0.5 mL) was
stirred at room temperature for 2 h under N,. Then, more catalyst (2.9 mg, 0.37 ymol, 5

mol%) was added in one portion and the reaction was further stirred for 2 h.

It was filtered through a pad of Celite® using CH,Cl, as eluent and the volatiles
were evaporated in vacuo. Purification of the crude mixture by column chromatography
(CH,CI/EtOAC 90:10) gave 5 mg (0.20 mmol, 22%) of starting material 83 and afforded
17 mg (0.56 mmol, 61% vyield, 77% brsm) of (2S,3R,4E)-2-amino-N-tert-
butyloxycarbonyl-3-ethoxy-4-nonen-1-ol 84.
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3.9. PAUSON-KHAND REACTION

3.9.1.Synthesis of hexacarbonyl p-[n*-(1,1-bis(allyloxy)-2-octyne)dicobalt (86)

The reaction was carried out according to the General Procedure in section
3.4.1. from 2h (244 mg, 1.0 mmol), (Me3P),NiCl; (28.2 mg, 0.1 mmol. 10 mol%), 29k
(1.12 g, 2.2 mmol), TESOTf (0.5 mL, 2.2 mmol) and 2,6-lutidine (0.18 mL, 1.5 mmol) in
CH,CI, (2.0 mL) at —20 °C for 15 h.

A >97:3 diastereomeric ratio of the anti/syn was established by *H NMR
analysis of the crude product. Purification of the crude by column chromatography
(from Hexanes/EtOAc 95:5 to 80:20) afforded 443 mg (0.64 mmol, 64% vyield) of the
pure anti diastereomer (4S)-N-[(2R,3S)-hexacarbonyl{u-[n*-(3-allyloxy-2-azido-4-
decynoyl)]dicobalt(Co-Co)}-4-isopropyl-1,3-thiazolidine-2-thione (86).

P> Dark oil. Ry = 0.43 (Hexanes/EtOAc 90:10). IR (ATR):

j\ i ?/\0/02(00)6 v 3008, 2959, 2087, 2004, 1997, 1693, 1466, 1342,
S\_§, No i/\\csHﬂ 1239, 1165 cm™. 'H NMR (CDCl;, 400H MHz) & 5.88
(1H, ddt, J = 17.2, 10.6, 5.4 Hz, CH,CH=CH,), 5.52

86 (2H, s, CHNs, CHOAIlyl), 5.38-5.27 (2H, m, NCH,

CH,CH=CH,H,), 5.18 (1H, dgq, J = 10.5, 1.3 Hz,
CH,CH=CH_H,), 4.30 (1H, ddt, J = 12.2, 5.4, 1.3 Hz, CH,H,CH=CH,), 4.06 (1H, ddt, J
=12.2, 5.4, 1.3 Hz, CH,H,CH=CH,), 3.62 (1H, dd, J = 11.6, 8.4 Hz, SCH,H,), 3.11 (1H,
dd, J = 11.6, 1.1 Hz, SCH.Hy), 2.80 (1H, t, J = 8.5 Hz, C=CCH,), 2.44-2.34 (1H, m,
CH(CHa),), 1.76-1.60 (2H, m, CH,CH,CH,), 1.49-1.34 (4H, m, (CH,),CH,CHs), 1.10
(3H, d, J = 6.9 Hz, CHCHs), 1.04 (3H, d, J = 7.0 Hz, CHCHjs), 0.93 (3H, t, J = 7.2 Hz,
CH,CHs); *C NMR (CDCls, 100.6 MHz) & 203.2 (C), 199.9 (CO), 169.1 (C), 133.4
(CH), 117.7 (CH,), 100.5 (C), 91.8 (C), 80.8 (CH), 72.9 (CH,), 72.5 (CH), 63.8 (CH),
33,6 (CH,), 31.87 (CH,), 31.84 (CH,), 31.1 (CH), 30.5 (CH,), 22.6 (CH,), 19.2 (CHs),
17.3 (CHs), 14.1 (CH3). HRMS (+ESI): m/z calcd for CyHyCo,N40;,S, [M—OAllyIl*:
636.9667, found: 636.9672.

3.9.2. Optimization of the Pauson-Khand reaction

A solution of 86 (1 eq) and NMO in CH,CI, (0.5 M) was stirred at a certain
temperature for a certain time under N,. Direct purification of the mixture by column
chromatography (CH,Cl,) afforded the corresponding product. The results of the

optimization are shown in the following Table 27.
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)L . C02(CO)s NMO )J\
S N \/\\ .- S
N
N3 CsH1q4 CH.Clp, t, T
CsH14

86 87
r.d. 95:5
Entry NMO (eq) Time (h) Temperature ("C) 87 (%)* 86 (%)*
1 2 4 =20 27 32
2 3 16 =20 42 18
3 6 1 =20 52 12
4 6 2.5 -20 51 9
5 9 1 =20 57 0
6 9 1 -40 33 3
?|solated yield after chromatographic purification
Table 27

Colourless oil. Ry = 0.18 (CH,CL/EtOAc 90:10). [a]p=
+156.7 (c 1.00, CHCLy). IR (ATR): v 2958, 2113, 17086,
1670 1466, 1365, 1163 cm™. *H NMR (CDCl;, 400 MHz) &
6.13 (1H, d, J = 2.7 Hz, CHN,), 5.50 (1H, br s, CHOCH,),
87 5.44-5.40 (1H, m, NCH), 445 (1H, t, J = 7.8 Hz,

OCH.H,CH), 3.61 (1H, dd, J = 11.6, 8.9 Hz, SCH.H,),
3.41-3.34 (1H, m, CH,CHCH,), 3.24 (1H, dd, J = 11.1, 7.9 Hz, OCH,H,CH) 3.13 (1H,
dd, J = 11.6, 1.9 Hz, SCH.H,), 2.72 (1H, dd, J = 17.8, 7.2 Hz, CH,H,CO), 2.44-2.35
(1H, m, CH(CHs),), 2.31 (1H, t, J = 7.6 Hz, C=CCH,), 2.11 (1H, dd, J = 17.8, 3.5 Hz,
CH.H,CO), 1.38-1.24 (6H, m, CH,CH,CH,CHs), 1.06 (3H, d, J = 6.8 Hz, CHCHz), 1.02
(3H, d, J = 7.0 Hz, CHCHs), 0.88 (3H, t, J = 6.7 Hz, CH,CHs). **C NMR (CDCl;, 100.6
MHz) & 208.6 (C), 203.1 (C), 173.2 (C), 168.7 (C), 139.9 (C), 76.3 (CH), 72.6 (CH),
72.4 (CHy), 62.9 (CH), 42.7 (CH), 39.7 (CH,), 32.1 (CH,), 30.8 (CH), 30.0 (CH,), 28.4
(CH,), 24.7 (CH,), 22.7 (CH,), 19.1 (CHa3), 17.0 (CHs), 14.2 (CH3). HRMS (+ESI): m/z
calcd. for CyoH29N,03S, [M+H]": 437.1676; found: 437.1678.
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Final Protocol

A solution of 86 (33 mg, 47 pmol) and NMO (50 mg, 0.43 mmol) in CH,Cl, (1
mL) was stirred at —20 °C for 1 h under N,.

Direct purification of the mixture by column chromatography (CH,Cl,) afforded
12 mg (27 pmol, 57% yield) of a 95:5 diastereomeric mixture (established by ‘H NMR)
of the cyclic adduct 87.
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Experimental Section

4.1. SYNTHESIS OF STARTING MATERIALS

4.1.1. General procedure for the synthesis of protected hydrochloride amino

acids

Neat TMSCI (5.5 eq) was added to a 0.5 M solution of the corresponding a-
amino acid (1 eq) in anhydrous methanol at r.t. under N, and the resulting mixture was
stirred for 3 h at reflux.

After cooling the reaction mixture, the solvent was evaporated. The residue was
precipitated with Et,O (10-15 mL) to obtain the corresponding hydrochloride methyl

ester.

4.1.1.1. Methyl B-alaninate hydrochloride (90b)

The reaction was carried out according to the General Procedure in section
4.1.1. from B-alanine (445 mg, 5.0 mmol), TMSCI (3.5 mL, 27.5 mmol) and anhydrous
methanol (10 mL, 0.5 M).

The reaction afforded 687 g (4.9 mmol, 98% yield) of methyl B-alaninate
hydrochloride (90b).

5 White solid. mp = 88-90 °C [lit.'®® mp = 94-95 °C]. '*H NMR
PN (D,0, 400 MHz) 5 3.77 (3H, s, OCHy), 3.31 (2H, t, J = 6.5 Hz,
MeO NH,-HCI

oon CH,NH,HCI), 2.84 (2H, t, J = 6.5 Hz, CH,CO,Me).

4.1.1.2. Methyl L-alaninate hydrochloride (90c)

The reaction was carried out according to the General Procedure in section
4.1.1. from L-alanine (445 mg, 5.0 mmol), TMSCI (3.5 mL, 27.5 mmol) and anhydrous
methanol (10 mL, 0.5 M).

The reaction afforded 692 g (4.9 mmol, 99% vyield) of methyl L-alaninate
hydrochloride (90c¢).

o White solid. mp = 106-108 °C [lit.*® mp = 108 °C]. 'H NMR
Meo)J\rNHz-HCI (D,0, 400 MHz) 5 4.24 (1H, q, J = 7.3 Hz, NH,CH), 3.87 (3H, s,

OCHgy), 1.59 (3H, d, J = 7.3 Hz, CHCHs).
90c
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4.1.1.3. Methyl L-phenylalaninate hydrochloride (90d)

The reaction was carried out according to the General Procedure in section
4.1.1. from L-phenilalanine (826 mg, 5.0 mmol), TMSCI (3 mL, 27.5 mmol) and
anhydrous methanol (10 mL, 0.5 M).

The reaction afforded 998 mg (4.6 mmol, 92% vyield) of methyl L-
phenylalaninate hydrochloride (90d).

5 White solid. mp = 156-158 °C [Iit."®® mp = 158-162 °C]. 'H
Meo)J\ENHZ-HCI NMR (MeOD-d,4, 400 MHz) & 7.40-7.25 (5H, m, ArH), 4.32 (H, t,
J = 6.8 Hz, COCH), 3.81 (3H, s, CHs0), 3.27 (1H, dd, J = 14.4,

6.8 Hz, CH.H,Ph), 3.12 (1H, dd, J = 14.4, 6.8 Hz, CH.H,Ph).

Ph
90d

4.1.1.4. Methyl L-valinate hydrochloride (90e)

The reaction was carried out according to the General Procedure in section
4.1.1. from L-valine (351 mg, 3.0 mmol), TMSCI (2.1 mL, 16.5 mmol) and anhydrous
methanol (6 mL, 0.5 M).

The reaction afforded 493 mg (2.9 mmol, 98% yield) of methyl L-valinate
hydrochloride (90e).

o White solid. mp = 170-171 °C [Iit."®® mp = 171-173 °C]. *H NMR
Meo)ﬁ/\NHzHu (CDCl;, 400 MHz) & 8.84 (3H, br s, NH,-HCI), 3.98-3.93 (1H, m,
COCH), 3.83 (3H, s, CH;0), 2.53-2.42 (1H, m, CH(CHs),), 1.16

90e (3H, d, J = 6.2 Hz, CH3), 1.14 (3H, d, J = 6.2 Hz, CHs).

4.1.1.5. Methyl L-prolinate hydrochloride (90f)

The reaction was carried out according to the General Procedure in section
4.1.1. from L-proline (1.15 g, 10 mmol), TMSCI (7 mL, 55 mmol) and anhydrous
methanol (20 mL, 0.5 M).

The reaction afforded 1.56 g (9.4 mmol, 94% vyield) of methyl L-prolinate
hydrochloride (90f).
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White solid. mp = 67-69 “C. 'H NMR (CDCls, 400 MHz) 5 10.87 (1H,
br s, HCI), 9.05 (1H, br s, NH), 4.53-4.46 (1H, m, COCH), 3.85 (3H,
s, CHsO), 3.63-3.51 (2H, m, CH.NH), 2.49-2.40 (1H, m,
COCHCH,H), 2.23-2.03 (3H, m, NHCH,CH,, COCHCH,Hy).

4.1.1.6. Methyl L-pipecolinate hydrochloride (90q)

The reaction was carried out according to the General Procedure in section
4.1.1. from L-pipecolic acid (646 mg, 5.0 mmoal), TMSCI (3.5 mL, 27.5 mmol) and
anhydrous methanol (10 mL, 0.5 M).

The reaction afforded 846 mg (4.7 mmol, 94% vyield) of methyl L-pipecolinate
hydrochloride (909).

White solid. mp = 171-173 °C. *H NMR (CDCls, 400 MHz) & 10.11
(1H, br s, HCI), 9.74 (1H, br s, NH), 3.98-3.92 (1H, m, COCH), 3.84
(3H, s, CH;0), 3.68-3.62 (1H, m, CH.H,NH), 3.16-3.08 (1H, m,
CH.HoNH), 2.31-2.24 (1H, m, COCHCH.Hy), 2.15-1.98 (2H, m,
COCHCH,CH,), 1.93-1.79 (3H, m, NHCH,CH,, COCHCH_H5).

4.1.2. General procedure for the synthesis of amino esters

Neat TMSCI (5.5 eq) was added to a 0.5 M solution of the corresponding a-
amino acid (1 eq) in anhydrous methanol at r.t. under N, and the resulting mixture was

stirred for 3 h at reflux.

After cooling the reaction, the solvent was evaporated and then crude was
treated with a 50% (w/w) solution of K,CO3 (15 mL) for 20 min. The resulting solution
was extracted with Et,O (3 x 15 mL) and the combined organic extracts were dried

over MgSQ,, filtered and evaporated at 15 °C to yield the corresponding amino ester.

4.2.1.1. Methyl L-prolinate (93a)

The reaction was carried out according to the General Procedure in section
4.1.2. from L-proline (331 mg, 2.0 mmol), TMSCI (1.4 mL, 11 mmol) and anhydrous
methanol (4 mL, 0.5 M).

The reaction afforded 168 mg (1.3 mmol, 65% yield) of methyl L-prolinate (93a).
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Colourless oil. *H NMR (CDCl;, 400 MHz) & 3.80-3.77 (1H, m,
COCH), 3.73 (3H, s, CH30), 3.13-3.07 (1H, m, CH,Hy,NH), 2.96-2.89
(1H, m, CH,HpNH), 2.16-2.09 (1H, m, COCHCH,Hy), 1.90-1.74 (4H,
m, NHCH,CH,, COCHCH_H;, NH).

4.2.1.2. Methyl L-pipecolinate (93b)

The reaction was carried out according to the General Procedure in section
4.1.2. from L-pipecolic acid (904 mg, 7.0 mmol), TMSCI (4.9 mL, 38 mmol) and
anhydrous methanol (14 mL, 0.5 M).

The reaction afforded 787 mg (5.5 mmol, 79% yield) of methyl L-pipecolinate
(93b).

Colourless oil. *H NMR (CDCls, 400 MHz) & 3.72 (3H, s, CH:0),
3.37 (1H, dd, J = 9.9, 3.2 Hz, COCH), 3.08 (1H, dt, J = 12.2, 3.9 Hz,
NHCH.H,), 2.66 (1H, ddd, J = 13.4, 10.5, 3.9 Hz, NHCH.H,), 1.99—
1.94 (1H, m, COCHCH.H,), 1.82-1.78 (2H, m, COCHCH.H», NH),
1.58-1.42 (4H, m, NHCH,CH,CH,).

4.2.1.3. Methyl N-methyl-L-alaninate (93c)

The reaction was carried out according to the General Procedure in section
4.1.2. from N-methyl-L-alanine (1.03 g, 10.0 mmol), TMSCI (7 mL, 55 mmol) and
anhydrous methanol (20 mL, 0.5 M).

The reaction afforded 810 mg (6.9 mmol, 69% yield) of methyl N-methyl L-
alaninate (93c).

o Colourless oil. *H NMR (CDCl3, 400 MHz) & 3.74 (3H, s, CH30),
H
MeO)H/N\ 3.27 (1H, q, J = 7.0 Hz, COCH), 2.38 (3H, s, NCHs), 1.30 (3H, d, J

= 7.0 Hz, COCHCHs).
93¢
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4.1.3. Synthesis of acetals

4.1.3.1. 4-Benzyloxybenzaldehyde dimethyl acetal (20i)

A mixture of 4-benzyloxybenzaldehyde (2.12 g, 10.0 mmol), trimethyl
orthoformate (5 mL, 46 mmol), anhydrous methanol (5 mL, 124 mmol) and Amberlyst-

15 ion-exchange resin was stirred for 16 h at room temperature.

Thereafter, the mixture was filtered to remove the Amberlyst-15 resin and the
solvent was removed under reduced pressure. The resulting orange oil (2.49 g, 9.6
mmol, 96% vyield) of 4-benzyloxybenzaldehyde dimethyl acetal (20i) was used in the

next step without further purification.

OMe Orange oil. *H NMR (CDCl;, 400 MHz) & 7.44-7.30 (7H, m,
MeO ArH), 6.99-6.95 (2H, m, ArH), 5.35 (1H, s, CH(OCHj3),), 5.07
(2H, s, CH,0OBn), 3.31 (6H, s, CH(OCHs)5).
OBn

20i

4.1.3.2. 4-Benzyloxybenzaldehyde diallyl acetal (20})

A mixture of 4-benzyloxibenzaldehyde (2.12 g, 10.0 mmol), allyltrimethylsilane
(2.6 g, 20 mmol) and TMSOTT (62.5 L, 0.35 mmol) in CH,CI, (20 mL) was stirred at —
78 °C for 1 h and overnight at —20 °C.

The reaction mixture was quenched with anhydrous pyridine (0.5 mL) and
diluted with saturated NaHCO3; (30 mL). The aqueous layer was extracted with Et,O (3
x 30 mL) and the combined extracts were washed with brine (40 mL), dried over
MgSO, and filtered. The solvent was removed in vacuo and the crude was purified by
column chromatography of deactivated silica gel (Hexanes/Et,O 90:10 with 5% of Et3N)
to afford 1.60 g (5.4 mmol, 54% vyield) of 4-benzyloxybenzaldehyde diallyl acetal (20j).

S Colourless oil. Ry = 0.45 (Hexanes/Et,O 90:10). *H NMR
“ (CDCls, 400 MHz) & 7.96-7.86 (7H, m, ArH), 7.01-6.89
D A

(2H, m, ArH), 5.98-5.88 (2H, m, (CH,CH=CH,),), 5.59
OBn | (1H, s, CH(OCH,CH=CH,),), 5.30 (2H, dg, J = 17.2, 1.5

Hz, (CH,CH=CH.CH.),), 5.17 (2H, dg, J = 10.2, 1.5 Hz,
(CH,CH=CH,CH.)»), 5.07 (2H, s, OCH,Ph), 4.09-4.02 (4H, m, (OCH,CH=CH,),).

20j
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4.2. REACTION OF 2h WITH ACETALS

4.2.1. (4S)-N-[(2R,3R)-2-azido-3-(4-benzyloxyphenyl)-3-methoxypropanoyl]-4-
isopropyl-1,3-thiazolidine-2-thione (88)

The reactions were carried out according to the General Procedure in section
3.4.3. from 2h (1 eq), (Me3P).NiCl; (5 mol%), 20i (1.1 eq), TESOTf (1.5 eq) and 2,6-
lutidine (1.5 eq) and CH,CI, (0.5 M) at —20 °C for a certain time.

A 96:4 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (from
Hexanes/EtOAc 90:10 to 80:20) afforded the corresponding adduct.

The results of the reaction are summarized in the following Table 28.

OMe

/©)\OMe
S O
N BnO ~ (1.1.eq) j\ O  OMe
s N 3 20i s N
(Me3P),NiCl, (5 mol%) N3
TESOTf (1.5 eq), 2,6-lutidine (1.5 eq) OBn
CH,Cl,. t, —20 °C
2h 88
r.d. 96:4
Entry Scale (mmol) Time (h) 88 (%)*
1 0.5 15 83
2 0.5 3 82
3 3 3 81
4 6 3 82
?|solated yield after chromatographic purification
Table 28
S O OMe Yellow oil. Ry = 0.30 (CH,Cl,/Hexanes 50:50). [a]p =
S)J\N - +91.4 (c 2.0, CHCLy). IR (ATR): v 2961, 2097, 1689,
N 1606, 1508, 1359, 1239, 1160 cm™. 'H NMR (CDCls,
OBn
400 MHz) & 7.45-7.31 (7H, m, ArH), 7.04-7.00 (2H,
91 m, ArH), 6.50 (1H, d, J = 9.0 Hz, CHN3), 5.33 (1H,

ddd, J = 8.0, 6.0, 1.6 Hz, NCH), 5.08 (2H, s, OCH.Ph), 4.53 (1H, d, J = 9.0 Hz,
CHOMe), 3.54 (1H, dd, J = 11.5, 8.0 Hz, SCH.H), 3.15 (3H, s, OCHy), 3.05 (1H, dd, J
= 11.5, 1.6 Hz, SCHaHy), 2.41-2.32 (1H, m, CH(CHs),), 1.10 (3H, d, J = 6.8 Hz,
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CHCH5), 1.03 (3H, d, J = 6.9 Hz, CHCHj5). **C NMR (CDCls, 100.6 MHz) & 203.1 (C),
170.5 (C), 159.4 (C), 136.8 (C), 129.4 (C), 129.3 (CH), 128.6 (CH), 128.0 (CH), 127.5
(CH), 115.0 (CH), 83.8 (CH), 71.8 (CH), 70.0 (CHy), 62.5 (CH), 56.6 (CH3), 30.4 (CH),
29.8 (CH,), 18.9 (CHyj), 17.3 (CH3). HRMS (+ESI): m/z calcd. for C,H,3N40,S, [M—
OMel+: 439.1257; found: 439.1253.

Final Protocol

A solution of 2h (1.47 g, 6.0 mmol), (Me3P),NiCl, (84.4 mg, 0.3 mmol, 5 mol%),
and 20i (1.70 g, 6.6 mmol) in CH,Cl, (12 mL) under N, at r.t. The resulting solution was
cooled to —20 °C. Then, TESOTf (2.0 mL, 9.0 mmol) and 2,6-lutidine (1.0 mL, 9.0
mmol) were added dropwise after 3 and 7 min respectively and the reaction mixture
was stirred at —20 °C for 3 h.

The reaction mixture was quenched with saturated NH,Cl (1.2 mL) and then
diluted in H,O (20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The
combined organic extracts were washed with brine (50 mL), dried (MgSO,), and
filtered. Then, were concentrated and filtered through a pad of silica gel (CH,Cl,); the
solvent was removed in vacuo and the resultant oil was purified by column
chromatography (CH,Cl,/Hexanes 50:50) gave 2.30 g (4.9 mmol, 82 % vyield) of 88.

4.2.2. (4S)-N-[(2R,3R)-3-allyloxy-2-azido-3-(4-benzyloxyphenylpropanoyl]-4-
isopropyl-1,3-thiazolidine-2-thione (89)

The reactions were carried out according to the General Procedure in section
3.4.3. from 2h (1 eq), (Me3P),NiCl, (5 mol%), 20j (1.1 eq), TESOTf (1.5 eq) and 2,6-
lutidine (1.5 eq) in CH,Cl, (0.5M) at —20 °C for a certain time.

A 96:4 diastereomeric ratio of the anti/syn was established by *H NMR of the
crude product. Purification of the crude by column chromatography (from
CH,Cl,/Hexanes 60:40 to 70:30) afforded the corresponding adduct. The results are

summarised in the following Table 29.
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O/\/
/@)\O/\/
S 0 /\/
N BnO ~ (1.1.eq) j\ Q ?
s” O N 3 20, s”ON
(Me3P),NiCly (5 mol%) N3
TESOTf (1.5 eq), 2,6-lutidine (1.5 eq) OBn
CH,Cl,. t, =20 °C
2h 89
r.d. 96:4
Entry Scale (mmol) Time (h) 89 (%)?
1 0.5 15 74
2 0.5 3 77
3 1 3 76
|solated yield after chromatographic purification
Table 29
s o o/\/ Yellow oil. Ry = 0.30 (CH,Cl,/Hexanes 60:40). [a]p =
)J\ R +123.0 (c 1.0, CHCL). IR (ATR): v 2962, 2872, 2105,
s 'N
N 1692, 1608, 1509, 1362, 1242, 1163 cm™. *H NMR
3
\_§’ ©OBn (CDCl3, 400 MHz) & 7.45-7.32 (7H, m, ArH), 7.03—
89 7.00 (2H, m, ArH), 6.49 (1H, d, J = 9.0 Hz, CHNs),

5.80-5.70 (1H, m, CH,CH=CH,), 5.32 (1H, ddd, J =
8.3, 6.0, 1.3 Hz, NCH), 5.18 (1H, dqg, J = 17.2, 1.7 Hz, CH,CH=CHH,), 5.11-5.08 (1H,
m, CH,CH=CHH,), 5.08 (2H, s, OCH,Ph), 4.74 (1H, d, J = 9.0 Hz, CHOMe), 3.88 (1H,
ddt, J = 12.7, 4.9, 1.7 Hz, CH,H,CH=CH,), 3.74 (1H, ddt, J = 12.7, 6.2, 1.7 Hz,
CH.H,CH=CH,), 3.54 (1H, dd, J = 11.5, 8.3 Hz, SCH.Hy), 3.04 (1H, dd, J = 11.5, 1.3
Hz, SCH.H,), 2.41-2.31 (1H, m, CH(CHs),), 1.08 (3H, d, J = 6.8 Hz, CHCHs), 1.01 (3H,
d, J = 6.8 Hz, CHCH,). *C NMR (CDCl;, 100.6 MHz) & 203.0 (C), 170.1 (C), 159.4 (C),
136.8 (C), 134.0 (CH), 129.6 (C), 129.3 (CH), 128.6 (CH), 128.0 (CH), 127.5 (CH),
117.1 (CH,), 115.0 (CH), 81.0 (CH), 71.8 (CH), 70.0 (CH,), 69.5 (CHy,), 62.4 (CH), 30.5
(CH), 29.8 (CH,), 19.1 (CHs), 17.5 (CH3). HRMS (+ESI): m/z calcd. for C,,HsN,0.S,
[M—OAIlyl]": 439.1257; found: 439.1271.
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Final Protocol

A solution of 2h (244 mg, 1.0 mmol), (Me3P),NiCl, (14.1 mg, 50 umol, 5 mol%),
and 20j (341 mg, 1.1 mmol) in CH,Cl, (2 mL) under N, at r.t. The resulting solution was
cooled to —20 °C. Then, TESOTf (340 uL, 1.5 mmol) and 2,6-lutidine (177 puL, 1.5
mmol) were added dropwise after 3 and 7 min respectively and the reaction mixture
was stirred at —20 °C for 3 h.

The reaction mixture was quenched with saturated NH,Cl (1.2 mL) and then
diluted in H,O (20 mL). The aqueous layer was extracted with CH,Cl, (3 x 20 mL). The
combined organic extracts were washed with brine (50 mL), dried (MgSO,), and
filtered. Then, were concentrated and filtered through a pad of silica gel (CH,Cl,); the
solvent was removed in vacuo and the resultant oil was purified by column
chromatography (CH,Cl,/Hexanes from 60:40 to 70:30) gave 337 mg (0.76 mmol, 76 %
yield) of 89.

4.3. REMOVAL OF THE CHIRAL AUXILIARY WITH AMINO ESTERS

4.3.1. General procedure for the removal of the chiral auxiliary with primary

amino esters

Distilled iPr,NEt (2 eq) was added to a mixture of the corresponding
hydrochloride amino acid (1.1 eq) and 36 (1 eq) in THF (0.15 M) at 0 °C under N, The

reaction was stirred 30 min at 0 °C and 4 h at room temperature.

The volatiles were evaporated. The crude mixture was diluted in CH,Cl, (10 mL)
and washed with 1 M NaOH (3 x 15 mL). The organic layer was dried over MgSOy,
fitered and concentrated. The resulting mixture was purified by column

chromatography to afford the corresponding product.

4.3.1.1. Reaction with methyl B-alaninate hydrochloride (90b)

The reaction was carried out according to the General Procedure in section
4.3.1. from 90b (20 mg, 140 pmol), 36 (50 mg, 127 pmol) and iPr,NEt (44 pL, 254
pmol).

The purification of the crude mixture by column chromatography (from
Hexanes/EtOAc 80:20 to 60:40) afforded 41 mg (121 pmol, 96% vyield) of a 96:4
diastereomeric mixture (established by HPLC) of methyl N-[(2R,3R)-2-azido-3-
methoxy-3-(4-methoxyphenyl) propanoyl]-B-alaninate (91a)
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5 Yellowish oil. Ry = 0.10 (Hexanes/EtOAc
MeO)J\/\N - 80:20). HPLC (C4 reverse phase column,
H N3 o from 15% to 25% of ACN in H,O, 1 mL/min,
220 nm), tr = 10.75 min. [a]p = -188.1 (c
1.00, CHCIy). IR (ATR): v 3330, 2950, 2106,
1732, 1663, 1511, 1246, 1172 cm™. *H NMR (CDCl;, 400 MHz) & 7.24-7.22 (2H, m,
ArH), 6.87—6.84 (2H, m, ArH), 6.57 (1H, t (bs), J = 5.5 Hz, NH), 4.79 (1H, d, J = 4.1 Hz,
CHOMe), 4.32 (1H, d, J = 4.1 Hz, CHNs), 3.80 (3H, s, ArOCHs), 3.61 (3H, s, COOCHs),
3.47-3.39 (1H, m, CH.H,NH), 3.30 (3H, s, CHOCHz), 3.27-3.21 (1H, m, CH,HyNH),
2.37 (1H, ddd, J = 17.4, 6.3, 4.6 Hz, MeOCOCH_H,), 2.19 (1H, ddd, J = 17.4, 8.5, 4.9
Hz, MeOCOCH,.H,). *C NMR (CDCl;, 100.6 MHz) & 172.3 (C), 166.6 (C), 159.7 (C),
129.0 (CH), 127.6 (C), 113.5 (CH), 83.6 (CH), 67.5 (CH), 56.8 (CH5), 55.1 (CHs), 51.7
(CHs), 34.3 (CH,), 33.4 (CH,). HRMS (+ESI): m/z calcd. for CysH»0NsNaOs [M+Na]':
359.1326; found: 359.1323.

91a

4.3.1.2. Reaction with methyl L-alaninate hydrochloride (90b)

The reaction was carried out according to the General Procedure in section
4.3.1. from 90c (20 mg, 140 pmol), 36 (50 mg, 127 umol) and iProNEt (44 uL, 254
pumol).

The purification of the crude mixture by column chromatography (from
Hexanes/EtOAc 80:20 to 60:40) afforded 41 mg (121 pmol, 96% yield) of a 96:4
diastereomeric mixture (established by HPLC) of methyl N-[(2R,3R)-2-azido-3-
methoxy-3-(4-methoxyphenyl) propanoyl]-L-alaninate (91b).

- 0 OMe Yellowish oil. R = 0.10 (Hexanes/EtOAc 80:20).

MeO\f(\N - HPLC (C4 reverse phase column, from 15% to

o H Ns o 25% of ACN in H,O, 1 mL/min, 220 nm), tg =

12.27 min. [a]p = —149.1 (c 1.00, CHCl;). IR

(ATR): v 3309, 2937, 2104, 1740, 1661 1511,

1247, 1096 cm™. *H NMR (CDCl;, 400 MHz) & 7.26-7.23 (2H, m, ArH), 6.89-6.85 (2H,

m, ArH), 6.62 (1H, d (bs), J = 7.3 Hz, NH), 4.75 (1H, d, J = 4.5 Hz, CHOMe), 4.43 (1H,

quintet, J = 7.3 Hz, CHNH), 4.37 (1H, d, J = 4.5 Hz, CHN,), 3.81 (3H, s, ArOCHj), 3.65

(3H, s, COOCH,), 3.31 (3H, s, CHOCHs), 1.35 (3H, d, J = 7.3 Hz, CHCHs). **C NMR

(CDCl3, 100.6 MHz) d 172.4 (C), 166.5 (C), 159.9 (C), 129.0 (CH), 127.7 (C), 113.8

(CH), 83.6 (CH), 67.6 (CH), 57.0 (CH3), 55.4 (CHs), 52.5 (CH3), 48.1 (CH), 18.5 (CH>).
HRMS (+ESI): m/z calcd. for C15H20N4NaOs [M+Na]": 359.1326; found: 359.1315

91b
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4.3.1.3. Reaction with methyl L-phenylalaninate hydrochloride (90d)

The reaction was carried out according to the General Procedure in section
4.3.1. from 90d (30 mg, 140 pumol), 36 (50 mg, 127 umol) and iPro,NEt (44 uL, 254
pmol).

The purification of the crude mixture by column chromatography (from
Hexanes/EtOAc 80:20 to 60:40) afforded 45 mg (109 pmol, 87% vyield) of a 96:4
diastereomeric mixture (established by HPLC) of methyl N-[(2R,3R)-2-azido-3-
methoxy-3-(4-methoxyphenyl) propanoyl]-L-phenylalaninate (91c).

on Yellowish solid. mp = 103-105 °C. R; = 0.10
~N
H o ?Me (Hexanes/EtOAc 80:20). HPLC (C4 reverse
MeO
EAH I phase column, from 30% to 40% of ACN in H.0,
’ OMe | 1 mL/min, 220 nm), tx = 10.38 min. [a]o = —85.8
e (c 1.00, CHCLy). IR (ATR): v 3337, 2936, 2102,

1736, 1648, 1509, 1249, 1100 cm™. 'H NMR (CDCl;, 400 MHz) & 7.30-7.20 (5H, m,
ArH), 7.09-7.05 (2H, m, ArH), 6.86—6.84 (2H, m, ArH), 6.58 (1H, d, J = 7.9 Hz, NH),
4.73 (1H, dt, J = 7.9, 6.0 Hz, CHNH), 4.67 (1H, d, J = 4.9 Hz, CHOMe), 4.30 (1H, d, J =
4.9 Hz, CHN3), 3.79 (3H, s, ArOCH,), 3.60 (3H, s, COOCHs), 3.24 (3H, s, CHOCHs),
3.10 (1H, dd, J = 13.9, 6.0 Hz, CHaH,Ph), 3.01 (1H, dd, J = 13.9, 6.0 Hz, CHaH,Ph).
13C NMR (CDCls, 100.6 MHz) & 170.8 (C), 166.6 (C), 159.7 (C), 135.6 (C), 129.2 (CH),
128.8 (CH), 128.5 (CH), 127.7 (C), 127.1 (CH), 113.6 (CH), 83.2 (CH), 67.4 (CH), 56.8
(CHs), 55.2 (CHs), 53.1 (CH), 52.2 (CHa), 37.9 (CH,). HRMS (+ESI): m/z calcd. for
Ca1H2NsNaOs [M+Na]*: 435.1639; found: 435.1637.

4.3.1.4. Reaction with methyl L-valinate hydrochloride (90e)

The reaction was carried out according to the General Procedure in section
4.3.1. from 90e (28 mg, 171 pmol), 36 (59 mg, 156 pmol) and iPr,NEt (52 pL, 32 umol).

The purification of the crude mixture by column chromatography (from
Hexanes/EtOAc 85:15 to 70:30) afforded 47 mg (130 pmol, 86% yield) of a 96:4
diastereomeric mixture (established by HPLC) of methyl N-[(2R,3R)-2-azido-3-
methoxy-3-(4-methoxyphenyl) propanoyl]-L-valinate (91d).
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\:/ o ome Yellowish oil. R = 0.15 (Hexanes/EtOAc 85:15).
Meom/:\N : HPLC (C4 reverse phase column, from 25% to
o H N; vt 30% of ACN in H,O, 1 mL/min, 220 nm), tg =
11.82 min. [a]p= —130.4 (c 1.00, CHCls). IR
(ATR): v 3325, 2960, 2102, 1703, 1663, 1511,
1208, 1098 cm™. *H NMR (CDCls, 400 MHz) & 7.26—7.19 (2H, m, ArH), 6.89-6.86 (2H,
m, ArH), 6.51 (1H, d, J = 8.8 Hz, NH), 4.70 (1H, d, J = 5.0 Hz, CHOMe), 4.40 (1H, dd, J
= 8.8, 5.3 Hz, CHNH), 4.36 (1H, d, J = 5.0 Hz, CHN3), 3.81 (3H, s, ArOCH5), 3.62 (3H,
s, COOCHs), 3.30 (3H, s, CHOCHg), 2.12-2.04 (1H, m, CH(CHjs),), 0.90 (3H, d, J=6.9
Hz, CHCH,), 0.86 (3H, d, J = 6.9 Hz, CHCH,). *C NMR (CDCl;, 100.6 MHz) & 171.3
(C), 167.0 (C), 159.9 (C), 128.9 (CH), 127.9 (C), 113.8 (CH), 83.6 (CH), 67.6 (CH),
57.2 (CH), 57.0 (CHgz), 55.3 (CH3), 52.1 (CHj3), 31.6 (CH), 19.0 (CH3), 17.9 (CHy).
HRMS (+ESI): m/z calcd. for C17H2sN,Os [M+H]*: 365.1819, found: 365.1820.

91d

4.3.2. Removal of the chiral auxiliary with amino esters containing secondary

amines

4.3.2.1. Reaction of methyl L-prolinate hydrochloride (90f) with 2h

A mixture of 2h (122 mg, 0.5 mmol), 90f (91 mg, 0.55 mmol), and i-Pr,NEt (174
ML, 1.0 mmol) in THF (2.5 mL) was stirred for 30 min at 0 °C and 4 h at room
temperature under N,.

The volatiles were evaporated, and the crude mixture was diluted in CH,CI, (20
mL) and washed with 1 M NaOH (3 x 30 mL). The organic layer was dried (MgSQO,),
fitered, and concentrated. The resulting mixture was purified by column
chromatography (from CH,Cl, to CH,CIl,/EtOAc 90:10) to afford 79 mg (0.37 mmoal,
75% yield) of methyl N-(2-azidoacetyl)-L-prolinate (92a) as a 5:1 mixture of rotamers
established by *H NMR.

o Colourless oil. Rf = 0.10 (CH.Cl,). [a]p = —-114.2 (c 1.00, CHCIy). IR
C/NKN?’ (ATR): v 2954, 2881, 2100, 1737, 1651, 1436, 1170 cm™. *H NMR

(CDCls, 400 MHz) & 4.56 (dd, J = 8.6, 3.7 Hz, 1H), 3.90 (s, 2H),
3.75 (s, 3H), 3.61-3.57 (m, 1H), 3.48-3.42 (m, 1H), 2.28-2.00 (m,
4H). *C NMR (CDCl;, 100.6 MHz) & 172.2 (C), 166.1 (C), 59.0
(CH), 52.4 (CH3), 50.9 (CH,), 46.3 (CH,), 29.0 (CH,), 24.8 (CH,). HRMS (+ESI): m/z
calcd. for CgH13N4O5 [M + H]™: 213.0979, found: 213.0982.

“COOMe

92a
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4.3.2.2. Reaction of methyl L-pipecolate hydrochloride (90g) with 2h

A mixture of 2h (122 mg, 0.5 mmol), 90g (99 mg, 0.55 mmol), and i-Pr,NEt (174
pL, 1.0 mmol) in THF (2.5 mL) was stirred for 30 min at 0 °C and 4 h at room
temperature under N,.

The volatiles were evaporated, and the crude mixture was diluted in CH,ClI, (20
mL) and washed with 1 M NaOH (3 x 30 mL). The organic layer was dried (MgSO,),
filtered, and concentrated. The resulting mixture was purified by column
chromatography (from CH,Cl, to CH,CI,/EtOAc 90:10) to afford 51 mg (0.21 mmol,
42% yield) of starting material 2h and 45 mg (0.20 mmol, 40% vyield) of methyl N-(2-
azidoacetyl)-L-pipecolate (92b) as a 5:1 mixture of rotamers established by *H NMR.

o Colourless oil. Rf = 0.10 (CH,CL,). [a]p = =77.7 (c 1.00, CHCIl,). IR

N)k/Ns (ATR): v 2946, 2102, 1735, 1651, 1445, 1204, 1020 cm™. *H NMR
O (CDCls3, 400 MHz) & 5.34 (1H, d, J = 5.6 Hz, CHCOOMe), 3.99 (2H,
s, COCH,), 3.75 (3H, s, OCHs), 3.56-3.52 (1H, m, NCH.H,), 3.29
(1H, td, J = 13.0, 3.0 Hz, NCH.H,), 3.33-3.27 (1H, m, PipH), 1.77—
1.64 (3H, m, PipH), 1.50-1.32 (2H, m, PipH). *C NMR (CDCl;, 100.6 MHz) & 171.4
(C), 167.4 (C), 52.5 (CH3), 52.4 (CH), 50.9 (CH,), 43.1 (CH,), 26.7 (CH,), 25.2 (CH,),
20.9 (CH,). HRMS (+ESI): m/z calcd. for CgHisN,O; [M+H]": 227.1139; found:
227.1146.

"/COOMe

92b

4.3.2.3. Reaction of methyl L-prolinate hydrochloride (90f) and methyl L-prolinate (93a)
with 36

a) Protocol 1
A base (2 eq) was added to a solution of 90f (1.1 eq) and 36 (1 eq) in the

corresponding solvent at 0 °C under N, The reaction was stirred for a certain time at

room temperature.

The solvents of the reaction mixture were evaporated. The crude mixture was
diluted in CH,CI, (10 mL) and washed with 1 M NaOH (3 x 15 mL). The organic layer
was dried over MgSOQO,, filtered and concentrated. The resulting mixture was purified by
column chromatography (Hexanes/EtOAc 80:20) to afford a 93:7 diastereomeric
mixture (established by HPLC) of methyl N-[(2R,3R)-2-azido-3-methoxy-3-(4-
methoxyphenyl)propanoyl]-L-prolinate (91e).

The results are shown in the following Table 30.
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S O OMe

)J\ CO,Me CO,Me O OMe
s N Base (2 eq) H
+ NH-HCI > N
N3 Solvent, r.t., t
OMe N3
36 90f 91e
Entry Solvent Base Time (h) 9le (%)*
1 THF i-Pr,NEt 4 33
2 THF i-Pr,NEt 16 68
3 THF i-Pr,NEt 64 65
4 THF EtsN 16 40
5 THF 2,6-lutidine 16 32
6 CH3CN i-Pr,NEt 16 30
7 CH,CI, i-Pr,NEt 15 60
|solated yield after chromatographic purification
Table 30
b) Protocol 2

OMe

DMAP (5 mol%) was added to a solution of 90f (1.1 eq) and 36 (1 eq) in the
corresponding solvent at 0 °C under N, The reaction was stirred for 4 h at r.t.

The solvents of the reaction mixture were evaporated. The crude mixture was
diluted in CH,CI, (10 mL) and washed with 1 M NaOH (3 x 15 mL). The organic layer

was dried over MgSO,, filtered and concentrated. The resulting mixture was purified by

column chromatography (Hexanes/EtOAc 80:20) to afford a 93:7 diastereomeric

mixture (established by HPLC) of methyl

methoxyphenyl)propanoyl]-L-prolinate (91e).

The results are shown in the following Table 31.

288

N-[(2R,3R)-2-azido-3-methoxy-3-(4-



Experimental Section

S O OMe

)]\ R COs,Me CO,Me (0] OMe
S N DMAP (5 mol%) B
+ NH > N
N3 Solvent, r.t., t
OMe N3
OMe
36 93a 91e

Entry Additive 91e (%)?

1 - 72

2 DMAP 69

#|solated yield after chromatographic purification
Table 31

Yellowish oil. Ry = 0.10 (Hexanes/EtOAc 80:20). HPLC
@ (C4 reverse phase column, from 15% to 25% of ACN in
"’Cocl)\ll\a/le oM H.O, 1 mL/min, 220 nm), tr = 17.62 min. [a]p, = —45.0 (c
1.00, CHCIL,). IR (ATR): v 2952, 2100, 1741, 1650,
1511, 1433, 1247, 1172 cm™. 'H NMR (CDCl;, 400
MHz) & 7.34-7.30 (2H, m, ArH), 6.96-6.92 (2H, m, ArH), 4.59 (1H, dd, J = 8.4, 4.0 Hz,
CHCOOMe), 4.54 (1H, d, J = 9.3 Hz, CHOMe), 3.83 (1H, d, J = 9.3 Hz, CHN;3), 3.83
(3H, s, OCHz3), 3.75 (3H, s, OCHg), 3.72-3.68 (2H, m, NCH,), 3.18 (3H, s, OCHa),
2.26-2.20 (1H, m, NCHCH.H,), 2.13-1.97 (3H, m, NCHCH,H,, NCH,CH,). *C NMR
(CDCl3, 100.6 MHz) & 172.3 (C), 167.5 (C), 160.2 (C), 129.7 (C), 128.8 (CH), 114.3
(CH), 82.5 (CH), 63.8 (CH), 59.3 (CH), 57.0 (CH3), 55.4 (CHj3), 52.5 (CHj3), 47.2 (CH,),
29.3 (CHy), 24.9 (CH,). HRMS (+ESI): m/z calcd. for Cy7H,3N4Os [M+H]": 363.1663,
found: 363.1664.

4.3.2.4. Reaction of methyl L-pipecolinate hydrochloride (90g) and 36

Neat iPr,NEt (26 pL,148 ymol) was added to a solution of 90g (15 mg, 81 pmol)
and 36 (35 mg, 74 ymol) in THF (0.4 mL) at 0 °C under N, The reaction was stirred for

18 h at room temperature.

The volatiles were evaporated. The crude mixture was diluted in CH,CI, (5 mL)
and washed with 1M NaOH (3 x 10 mL). The organic layer was dried over MgSQy,,
filtered and concentrated. *H NMR analysis of the crude product showed the presence

of the starting material 36. No traces of the expected product was observed.
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4.3.2.5. Reaction of methyl L-pipecolate (93b) and 36

A 0.05 M solution of DMAP in CH,CI, was added to a solution of 93b (2.1 eq)
and 36 (1 eq) in CH,Cl, at 0 °C under N, The reaction was stirred for 24 h at room

temperature.

The volatiles were evaporated. The crude mixture was diluted in CH,CI, (5 mL)
and washed with 1 M NaOH (3 x 10 mL). The organic layer was dried over MgSOy,
filtered and concentrated. *H NMR analysis of the crude product showed the presence

of a complex mixture.

4.4. SYNTHESIS OF DIPEPTIDES VIA CARBOXYLIC ACID

4.4.1. (2R,3R)-2-Azido-3-(4-benzyloxyphenyl)-3-methoxypropanoic acid (94)

A solution of 88 (2.35 g, 5.0 mmol) in acetonitrile (62 mL) was added via
cannula to a solution of LIOH-H,O (1.26 g, 30 mmol) in H,O (62 mL) at 0 °C under N,.
The reaction was heavily stirred for 4 h at room temperature.

The crude mixture is diluted in H,O (50 mL) and extracted with CH,Cl, (3 x 50
mL). The organic extracts were dried over MgSQy, filtered and evaporated to obtain
765 mg (4.7 mmol, 94% vyield) of 1.

The aquous layer is acidified with 2 M HCI until pH = 1. The acidified layer is
extracted with EtOAc (3 x 70 mL) and the organic extracts are dried over MgSQy,,
filtered and the volatiles evaporated to obtain 1.39 g (4.5 mmol, 90% vyield) of (2R,3R)-
2-azido-3-(4-benzyloxyphenyl)-3-methoxypropanoic acid (94).

Yellow solid. mp = 110-112 °C. [a]p = —38.3 (c 1.00,

CHCls). IR (ATR): v 2933 (br), 2098, 1716, 1608, 1466,

N3 opn | 1216, 1063 cm™. *H NMR (CDCls, 400 MHz) & 7.44-7.29

(7H, m, ArH), 7.03-7.00 (2H, m, ArH), 5.07 (2H, s,

OCH.Ph), 4.52 (1H, d, J = 7.3 Hz, CHOMe), 4.12 (1H, d, J

= 7.3 Hz, CHN,), 3.28 (3H, s, OCHjs). *C NMR (CDCl;, 100.6 MHz) & 172.6 (C), 159.6

(C), 136.9 (C), 129.0 (CH), 128.8 (CH), 128.3 (C), 128.2 (CH), 127.7 (CH), 115.2 (CH),

82.7 (CH), 70.2 (CHy), 66.4 (CH), 57.1 (CHs). HRMS (+ESI): m/z calcd. for C;7H16N30,
[M—=H]": 326.1146; found: 326.1149.

0] OMe

HO

94
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4.4.2. Using HOBt and EDC as coupling agents

A solution of 93¢ (18 mg, 150 umol) in CH,Cl, (0.5 mL) was added via cannula
to a solution of 94 (33 mg, 100 umol), HOBt-H,O (27 mg, 200 umol) and EDC-HCI (38
mg, 200 pmol) in CH,CI; (0.5 mL) under N, at r.t. The solution was cooled at 0 °C and
neat i-Pr,NEt was added dropwise, The reaction was stirred for 20 h at room

temperature.

The reaction was quenched with sat. NaHCO; (1 mL) and stirred vigorously for
15 min. Then, it was extracted with CH,Cl, (3 x 10 mL). The organic extracts were
washed with brine (30 mL) and then dried over MgSQ,, filtered, and evaporated.
Purification of the residue by column chromatography (CH,CI,/EtOAc 90:10) afforded
28 mg (65 umol, 65% vyield) of a 45:55 diastereomeric mixture (established by HPLC)
of methyl N-[(2S,3R)-2-azido-3-(4-benzyloxyphenyl)-3-methoxypropanoyl]-N-methyl-L-
alaninate (95).

The reaction was repeated with 2 eq of iPr,NEt. In this case, a 40:60
diastereomeric mixture (established by HPLC) was isolated with a 61% yield of methyl
N-[(2S,3R)-2-azido-3-(4-benzyloxyphenyl)-3-methoxypropanoyl]-N-methyl-L-alaninate
(95).

Yellow oil. R; = 0.60 (CH,Cl/EtOAc 90:10).
MeO. - : HPLC (C4 reverse phase column, from 50% to
jﬁ'? 100% of ACN in H,O, 1 mL/min, 220 nm), tz =
%8 1 10.63 min. IR (ATR): v 2937, 2100, 1738, 1647,
1508, 1222, 1097 cm™. 'H NMR (CDCl;, 400
MHz) & 7.45-7.32 (7H, m, ArH), 7.04-7.02 (2H, m, ArH), 5.35 (1H, g, J = 7.3 Hz,
CHCOOMe), 5.09 (2H, s, OCH,Ph), 4.56 (1H, d, J = 9.2 Hz, CHOMe), 3.95 (1H, d, J =
9.2 Hz, CHN3), 3.74 (3H, s, COOCHs), 3.19 (3H, s, OCHs), 2.99 (3H, s, NCH,), 1.94
(3H, d, J = 7.3 Hz, NCHCHs). *C NMR (CDCl;, 100.6 MHz) & 171.9 (C), 169.4 (C),
159.3 (C), 136.8 (C), 129.9 (C), 128.6 (CH), 128.6 (CH), 128.0 (CH), 127.5 (CH), 115.1
(CH), 82.9 (CH), 70.1 (CH,), 61.7 (CH), 56.9 (CHs), 52.6 (CH), 52.3 (CH3), 31.6 (CHa),
14.2 (CH3). HRMS (+ESI): m/z calcd. for CyHoeN4Os [M+Na]+: 449.1795, found:
449.1796.

95
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4.4.3. Using HOAt and HATU as coupling agents

A solution of 93¢ (18 mg, 150 pmol) in DMF (0.3 mL) was added via cannula to
a solution of 94 (33 mg, 100 umol), HATU (57 mg, 150 umol), and HOAt (20 mg, 150
pmol) in DMF (0.2 mL) under N, at room temperature. The solution was cooled at 0 °C
and neat i-Pr,NEt (1 eq) was added dropwise. The reaction was stirred for 1 h at room

temperature.

The mixture was diluted with H,O (5 mL) and EtOAc (5 mL) and extracted with
EtOAc (3 x 10 mL). The organic extracts were washed with brine (30 mL) and then
dried over MgSQ,, filtered, and evaporated. Purification of the residue by column
chromatography (CH,CI,/EtOAc 90:10) afforded 34 mg (79 umol, 79% vyield) of a 75:25
diastereomeric mixture (established by HPLC) of methyl N-[(2R,3R)-2-azido-3-(4-
benzyloxyphenyl)-3-methoxypropanoyl]-N-methyl-L-alaninate (95).

The reaction was also carried out with 2 equivalents of neat iPr,NEt with a yield
of 84% of a 75:25 diastereomeric mixture of methyl N-[(2R,3R)-2-azido-3-(4-
benzyloxyphenyl)-3-methoxypropanoyl]-N-methyl-L-alaninate (95).

4.4.4. With DEPBT as coupling agent

A solution of 93c (3 eq) in THF (0.5 mL) was added via cannula to a solution of
94 (33 mg, 100 umol), and DEPBT (60 mg, 200 pmol) in THF (0.5 mL) under N, at
room temperature. The solution is cooled at a 0 °C and the corresponding base was

added dropwise  The reaction was stirred for 16 h at a certain temperature.

The mixture was diluted with EtOAc (5 mL) and washed with sat. NaHCO3; (3 x
10 mL). The organic extracts were washed with brine (30 mL) and then dried over
MgSOQ,, filtered, and evaporated. Purification of the residue by column chromatography
(CH,CI/EtOAc 90:10) afforded methyl N-[(2R,3R)-2-azido-3-(4-benzyloxyphenyl)-3-
methoxypropanoyl]-N-methyl-L-alaninate (95).

The results are shown in Table 32.
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o OMe = O OMe
: 93c (3eq), DEPBT (2eq) MeO._ _~ -
HO N
Base, THF, 16 h, T j(\ |
N3 9 NS
OBn OBn
94 95
Entry Base Temperature (°C) d.r. 95 (%)*
1 i-Pr,NEt (2 eq) r.t. 88:12" 75
2 2,6-lutidine (2 eq) r.t. 90:10° 74
3 - r.t 90:10° 74
4 2,6-lutidine (2 eq) r.t. 87:13° 79
5 2,6-lutidine (2 eq) 0 89:11° 49
6 2,6-lutidine (2 eq) —20 93:7° 33

|solated yield after chromatographic purification
® Established by analysis of *H NMR's crude mixture
¢ Established by analysis of HPLC's purified 95

Table 32

4.5. SYNTHESIS OF AN ANALOG TRIPEPTID OF THE VANCOMYCIN

4.5.1. tert-Butyl N-[(2R,3R)-3-allyloxy-2-azido-3-(4-benzyloxyphenyl)propanoyl]-L-

asparaginate (96)

Neat iProNEt (75 uL, 430 pmol) was added to a solution of tert-butyl L-
asparaginate hydrochloride (53 mg, 237 umol) and 89 (107 mg, 215 pmol) in THF (1.5

mL) at 0 °C under N,. and the resulting mixture was stirred 4 h at room temperature.

The volatiles were evaporated. The residue was diluted in CH,CI, (5 mL) and
washed with 1 M NaOH (3 x 10 mL). The organic layer was dried over MgSQ,, filtered,
and concentrated. Purification of the crude mixture by column chromatography
(CH,CI,/EtOAc 90:10 and then CH,Cl,/MeOH 95:5) afforded 102 mg (195 pmol, 90%
yield) of a 99:1 diastereomeric mixture (establish by HPLC) of tert-butyl N-[(2R,3R)-3-
allyloxy-2-azido-3-(4-benzyloxyphenyl)propanoyl]-L-asparaginate (96).

o Yellow solid. mp = 53-55 °C. R = 0.30
HZN)K: o Q/\/ (CH,CIl,/MeOH 95:5). HPLC (C4 reverse
o. _ : phase column, from 30% to 40% of ACN in
>f rﬂmom H,0, 1 mL/min, 220 nm), tx = 16.68 min. [a]o =
—81.6 (¢ 1.0, CHCI3). IR (ATR): v 3343 (bs),

2978, 2829, 2107, 1731, 1688, 1510, 1243,
1156 cm™. 'H NMR (CDCl;, 400 MHz) & 7.44-7.31 (5H, m, ArH), 7.29-7.25 (2H, m,

96
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ArH), 7.21 (1H, bd, J = 7.5 Hz, NH), 6.97-6.93 (2H, m, ArH), 5.92-5.82 (1H, m,
CH,CH=CH,), 5.71 (1H, bs, CONH.H,), 5.45 (1H, bs, CONH.H,), 5.25 (1H, dq, J =
17.3, 1.7 Hz, CH,CH=CHH,), 5.16 (1H, dg, J = 10.5, 1.7 Hz, CH,CH=CHH,), 5.04 (2H,
s, OCH,Ph), 4.88 (1H, d, J = 5.3 Hz, CHOMe), 4.49 (1H, dt, J = 7.5, 4.9 Hz,
CHCOO'BuU), 4.30 (1H, d, J = 5.3 Hz, CHN3), 3.98 (1H, ddt, J = 12.9, 4.7, 1.7 Hz,
CH,H,CH=CH,), 3.84 (1H, ddt, J = 12.9, 6.9, 1.7 Hz, CH,H,CH=CHy), 2.75 (2H, d, J =
4.9 Hz, NH,COCH,), 1.40 (9H, s, C(CHa)s). *C NMR (CDCls, 100.6 MHz) & 171.6 (C),
168.9 (C), 167.0 (C), 159.1 (C), 136.8 (C), 134.0 (CH), 129.0 (CH), 128.6 (CH), 128.4
(C), 128.0 (CH), 127.5 (CH), 117.0 (CH,), 114.6 (CH), 82.6 (C), 80.8 (CH), 70.0 (CH,),
69.5 (CH,), 67.4 (CH), 49.7 (CH), 37.4 (CH,), 27.8 (CHs3). HRMS (+ESI): m/z calcd. for
C,7H33NsNaOg [M+Na]™: 546.2323; found: 546.2332.

4.5.2. tert-Butyl N-[(2R,3R)-3-allyloxy-2-amino-3-(4-benzyloxyphenyl)propanoyl]-

L-asparaginate (97)

A 1 M solution of PMe; in THF (367 pL,367 umol) was added to a solution of 96
(175 mg, 334 ymol) in 90:10 THF/H,O (2.6 mL) under N, at room temperature and the

resulting mixture was stirred for 2 h.

It was diluted in EtOAc (10 mL) and washed with H,O (3 x 15 mL). The organic
layer was dried over MgSQO,, filtered, and concentrated to afford 154 mg (309 umol,

93% yield) of dipeptid 97, which was used in the next step without further purification.

o Colourless solid. mp = 51-53 °C. [a]p = +1.4
o )K 0 o~F (c 1.0, CHCL). IR (ATR): v 3316 (bs), 2976,
o : 2928, 1727, 1661, 1508, 1220, 1153 cm™. 'H
>r f”)mom NMR (CDCl;, 400 MHz) & 7.79 (1H, d (bs), J =
7.5 Hz, NH), 7.44-7.31 (5H, m, ArH), 7.25-
7.22 (2H, m, ArH), 6.97-6.93 (2H, m, ArH),
6.01 (1H, bs, NH), 5.93-5.83 (1H, m, CH,CH=CH,), 5.48 (1H, bs, NH), 5.22 (1H, dq, J
= 17.2, 1.7 Hz, CH,CH=CHH,), 5.15 (1H, dq, J = 10.4, 1.7 Hz, CH,CH=CHH,), 5.04
(2H, s, OCH,Ph), 4.74 (1H, d, J = 5.8 Hz, CHOMe), 4.59 (1H, dt, J = 7.5, 5.1 Hz,
CHCOO'Bu), 3.69 (1H, d, J = 5.8 Hz, CHN,), 3.98 (1H, ddt, J = 12.7, 5.1, 1.7 Hz,
CH.H,CH=CH,), 3.84 (1H, ddt, J = 12.7, 6.1, 1.7 Hz, CH.H,CH=CH,), 2.77 (2H, d, J =
5.1 Hz, CH,CONH,), 1.42 (9H, s, C(CHa)s). **C NMR (CDCls, 100.6 MHz) & 172.5 (C),
171.8 (C), 169.5 (C), 158.8 (C), 136.9 (C), 134.4 (CH), 129.4 (C), 128.9 (CH), 128.6
(CH), 128.0 (CH), 127.5 (CH), 117.1 (CH,), 114.7 (CH), 82.4 (C), 81.3 (CH), 70.0
(CH,), 69.6 (CH,), 59.9 (CH), 49.5 (CH), 37.9 (CH,), 27.8 (CHy).

97

294



Experimental Section

4.5.3. Fmoc-N-Me-Leu-B-OAllyl-Tyr(Bn)-Asp(OtBu) (98)

A solution of N-Fmoc-N-methyl-D-leucine (55 mg, 150 pumol) in CH,CI; (0.5 mL)
was added via cannula to a solution of 97 (51 mg, 100 umol), HOAt (45 mg, 330 umol),
and EDC-HCI (58 mg, 300 umol) in CH,Cl, (0.5 mL) under N, at 0 °C. The resultant
mixture was stirred for 1 h at 0 °C and 15 h at room temperature.

The reaction was quenched with sat. NaHCO; (1 mL) and vigorously stirred for
15 min and extracted with CH,Cl, (3 x 10 mL). The organic extracts were washed with
brine (30 mL) and then dried over MgSQy,, filtered, and evaporated. Purification of the
crude mixture by column chromatography (Hexanes/EtOAc 30:70, then CH,Cl,/MeOH
95:5) afforded 71 mg (84 pmol, 84% yield) of protected tripetid 97 as 5:1 mixture of
rotamers established by *H NMR.

o Colourless solid. mp = 75-77 °C. Ry = 0.32
CH,Cl,/MeOH 95:5). [a]p = -32.0 (c 1.0,
HZNJK 0 o~ (CH:Cl, ). [alo (

o, : CHCL;). IR (ATR) v 3303, 2928, 1735, 1658
>( rgmom (bs), 1610, 1510, 1154 cm™. *H NMR (CDCl,,
Fmoc. I)\ 400 MHz) & 7.77-7.75 (2H, m, ArH), 7.60-7.57
'|“ (2H, m, ArH), 7.41-7.21 (13H, m, ArH, 2 x
98 NH), 6.93-6.91 (2H, m, ArH), 5.98-5.80 (2H,
m, CH,CH=CH,, CONH,), 5.41 (1H, bs,
CONH,), 5.21-5.16 (1H, m, CH,CH=CHH,), 5.14-5.11 (1H, m, CH,CH=CHH,), 4.96
(2H, s, OCH,Ph), 4.71-4.52 (4H, m, CHOMe, CHN3;, MeNCH, tBuOCOCH), 4.45-4.36
(2H, m, CHCH,OCONMe), 4.30-4.22 (1H, m, CHCH,OCONMe), 3.95-3.87 (1H, m,
CH.H,CH=CH,), 3.81-3.73 (1H, m, CH,H,CH=CH,), 2.78 (3H, s, CHsN), 2.76-2.72
(2H, m, CH,COCH,), 1.49-1.37 (1H, m, CH.H,CH(CH,),), 1.42 (9H, s, C(CHs)s), 1.31—
1.22 (2H, m, CHH,CH(CHs),, CH,CH(CH,),), 0.87-0.83 (6H, m, CH(CHa),). **C NMR
(CDCls, 100.6 MHz) d 171.6 (C), 170.6 (2 x C), 169.2 (C), 159.0 (C), 157.1 (C), 143.8
(C), 141.3 (C), 136.8 (C), 134.0 (CH), 129.2 (C), 128.7 (CH), 128.5 (CH), 128.0 (CH),
127.7 (CH), 127.5 (CH), 127.1 (CH), 125.0 (CH), 120.0 (CH), 117.6 (CH,), 114.7 (CH),
82.5 (C), 80.1 (CH), 69.9 (CH,), 69.8 (CH,), 67.9 (CH,), 57.4 (CH), 57.2 (CH), 49.9
(CH), 47.2 (CH), 37.7 (CH,), 36.6 (CH,), 30.2 (CH3), 27.8 (CHs), 24.6 (CH), 23.0 (CHs),
21.9 (CH3). HRMS (+ESI): m/z calcd. for C,HssN4Og [M—OAllyl]*: 789.3858; found:
789.3853.
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4.5.4. H-N-Me-Leu-B-OAllyl-Tyr(Bn)-Asp(OtBu) (99)

A solution 10% (v/v) of piperidine in CH,Cl, (103 pL,104 ymol) was added to a
solution of 98 (30 mg, 35 umol) in CH,CI, (0.4 mL) at 0 °C under N, and the resulting

mixture was stirred for one day at room temperature.

The volatiles were evaporated. Purification of the residue by column
chromatography (from CH,Cl,/MeOH 95:5 to 90:10) afforded 19 mg (30 pmol, 82%
yield) of a 94:6 diastereomeric mixture (established by HPLC) of tripeptid 99.

o Colourless solid. mp = 180-182 °C. R; = 0.13
CH,Cl/MeOH 95:5). HPLC (C4 reverse
AN o o (CH.Cl ) (

o = : phase column, from 30% to 40% of ACN in
>( roumom H,O, 1 mL/min, 220 nm), tg = 7.02 min. [a]p =
I)\ ~16.1 (c 1.0, CHCL). IR (ATR): v 3286, 2924,
N 2853, 1733, 1656 (bs), 1510, 1242, 1157 cm™.
99 'H NMR (CDCls, 400 MHz) & 7.62 (1H, (bs),
NH), 7.43-7.22 (8H, m, ArH, NH), 6.96-6.93
(2H, m, ArH), 6.06 (1H, bs, CONH,), 5.90-5.81 (1H, m, CH,CH=CH,), 5.51 (1H, bs,
CONH,), 5.22 (1H, dd, J = 17.2, 1.6 Hz, CH,CH=CHH,), 5.15 (1H, dg, J = 10.4, 1.6 Hz,
CH,CH=CHH,), 5.04 (2H, s, OCH,Ph), 4.75-4.71 (2H, m, CHOMe, CHN5), 4.67-4.62
(1H, m, CHCOO'Bu), 3.93 (1H, dd, J = 12.8, 5.1 Hz, CH,H,CH=CH,), 3.81 (1H, ddt, J =
12.8, 6.5 Hz, CH,H,CH=CH,), 2.88-2.84 (1H, m, MeNHCH), 2.77 (2H, d, J = 4.5 Hz,
NH,COCH,), 2.12 (3H, s, CHsNH), 1.49-1.37 (1H, m, CH.H,CH(CHs),), 1.45 (9H, s,
C(CHs)s), 1.31-1.22 (2H, m, CH,H,CH(CHs),, CH,CH(CHs),), 0.86 (3H, d, J = 9.2 Hz,
CHCHs), 0.84 (3H, d, J = 9.1 Hz, CHCHj5). **C NMR (CDCls, 100.6 MHz) & 171.7 (C),
169.6 (2 x C), 169.2 (C), 159.0 (C), 136.8 (C), 134.2 (CH), 129.4 (C), 128.9 (CH),
128.6 (CH), 128.0 (CH), 127.5 (CH), 117.4 (CH,), 114.8 (CH), 82.6 (C), 79.9 (CH), 70.0
(CH,), 69.7 (CH,), 63.1 (CH), 57.1 (CH), 49.8 (CH), 42.4 (CH,), 37.9 (CH,), 35.0 (CHs),
27.9 (CHs), 25.0 (CH), 23.0 (CHs), 21.9 (CHs3). HRMS (+ESI): m/z calcd. for Ca4HaoN,O;
[M+H]+: 625.3596; found: 625.3591.

~
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Acrénimos

[a]o

o]

Ac
anh
BINAP
Bn
Boc
bp
brsm
Bz
calc.
CAN
cat.
Cbz
Conv
CSA
DBU
DIBALH
DIPEA
DMAP
d.r./r.d.
EDC
ee

El

ent

eq

ESI
FAB
Fmoc
HPLC
HRMS

L.A.
lit.

LG
MS

Rotacioén especifica

Desplazamiento quimico

Acetilo

Anhidro
2,2'-Bis(difenilfosfino)-1,1'-binaftilo
Bencilo

tert-Butoxicarbonilo

Punto de ebullicion

Rendimiento en base al material de partida recuperado
Benzoilo

Calculado

Nitrato de amonio cerio(IV)

Catalizador

Benziloxicarbonilo

Conversion

Acido canforsulfénico
1,8-Diazabiciclo[5,4,0]lundec-7-eno
Hidruro de di(isobutilo)aluminio
N,N-Diisopropiletilamina
4-N,N-(Dimetilamino)piridina

Relacion diastereomeérica
N-(3-Dimetilaminopropil)-N'-etilocarbodiimida
Exceso enantiomérico

lonizacion electrénica

Enantibmero

Equivalentes

lonizacién por electrospray

Bombardeo atémico rapido
Fluorenilometiloxicarbonilo
Cromatografia liquida de alta resolucién
Espectroscopia de masas de alta resolucién
Espectroscopia de infrarojos

Acido de Lewis

Literatura

Ligando

Grupo saliente

Espectroscopia de masas
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Acrénimos

mp/pf Punto de fusion

NMO N-Oxido de N-metiimorfolina
NMR/RMN Resonancia magnética nuclear
Nu Nucledfilo

OTf Triflato o Trifluorometansulfonato
PG/GP Grupo protector

Phth Ftalamil

Piv Pivaloilo o dimetilpropanoilo
r.t./t.a. Temperatura ambiente

sat. Saturado

TBDPS tert-Butildifenilsililo

TBS tert-Butildimetilsililo

TES Trietilsililo

THF Tetrahidrofurano

TIPS Triisopropilsilano

TLC Cromatografia en capa fina
TMS Trimetilsililo
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