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Introduccioén

1. INTRODUCCION

Uno de los principales desafios de la quimica acgagurante las Ultimas décadas
ha sido la busqueda de nuevos métodos para lacidtede compuestos quirales
enantioméricamente puros, debido a las importantpkcaciones que la quiralidad de
las moléculas tiene en campos tan diversos conmalletria agroquimica, farmacéutica
y ciencia de los materialé$entre otros. Esto es asi porque aunque los enserié
presentan las mismas propiedades fisicas y quinsaaasteraccion con otras moléculas
quirales como la mayoria de las presentes en les s#vos es diferente, por lo que
ambos enantiomeros pueden presentar diferenteidactivbiologica. Igualmente, la
ordenacion a nivel molecular en materiales variglsese trate de compuestos
enantioméricamente puros o racémicos, lo cual pwddetar a las propiedades
mecanicas, opticas o electromagnéticas del material

Tradicionalmente la sintesis de compuestos enaatioamente puros se ha llevado
a cabo utilizando como material de partida commsesde la llamada “chiral pool”,
fundamentalmente productos de origen natural, oiantsl procesos de resolucion de
mezclas racémicas. No obstante ambos procedimien@gan con serias limitaciones.
En este contexto emerge la sintesis asimétricangediante el uso de auxiliares,
reactivos o catalizadores quirales, permite la &midn de nuevos enlaces y el control
sobre la estereoquimica de los elementos esterieogéormados durante la reaccion.
Entre las diferentes metodologias de sintesis &so@éla utilizacion de catalizadores
quirales presenta diversas ventajas ya que pedisteinuir el consumo de material
quiral y minimizar la produccién de residuos.

La formacion de enlaces carbono-carbono es unosprbcesos fundamentales en
sintesis organica que puede dar lugar a la aparae centros estereogénicos en la
molécula. Asi pues, el desarrollo de nuevas mebgdiad para la formacion catalitica
enantioselectiva de enlaces C-C sigue siendo wndetgran importancia en quimica
organica, particularmente en la sintesis de produtaturales y farmacos.

Por otra parte, los alquinos son compuestos de ygesatilidad ya que el triple
enlace C-C puede ser sometido a una gran variegladodlificaciones permitiendo el
acceso a diversos motivos estructurales y gruposidnales (Esquema i)Por
ejemplo, el triple enlace puede experimentar reaes de hidrogenacion parcial o total
para dar alquenos o alcanos, respectivamente, iseascde adicion nucleofilica,
reacciones de adicion electrofilica para dar voréimos y vinilsilanos que se utilizan
frecuentemente en reacciones catalizadas por metietransicion, reacciones de
adicion de haldgenos, reacciones de oxidacion mximktonas, o pueden participar en
multitud de reacciones de cicloadicion. Ademastigle enlace C-C se encuentra tanto
en moléculas naturales, habiéndose aislado mas dellar de productos naturales con
esta caracteristica en su estrucfucemo en moléculas en la frontera de la quimica
orgénica, de interés en bioquimica o ciencia denateriales.
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Introduccioén

7 .
RN . .
Yoo

B(OR"),
Esquema 1 Algunos ejemplos de modificacion del triple eslaC-C.

Por todos estos motivos, el interés en la quimé#os alquinos ha experimentado
un renacimiento en las ultimas décadas, tanto graglicaciones como en su sintesis.
La adicion nucleofilica de alquinos terminales oatfguno de sus derivados a grupos
funcionales electrofilicos constituye uno de logadés mas directos para la formacién
de un enlace C (sp)-C @pproporcionando moléculas que incorporan un trisiace
C-C interno. Para llevar a cabo este tipo de reaesi es necesaria la activacion del
alquino terminal via su conversion en un alquimilonetalico.

Los alquinilboranos y alquinilalanos han sido méllos como reactivos
nucleofilicos en reacciones de alquinilacion. Tambes posible la premetalacion
cuantitativa de un alquino terminal utilizando lsafesrtes como por ejemplo reactivos
organoliticos o reactivos de Grignard. En todo®s®siasos es necesario el uso de
cantidades estequiométricas o superiores de espe@tlicas. Sin embargo, resulta
mas conveniente, ya que produce menos residuoslicostala generacion del
alquiniluro metélico de forma transitoria, a pade alquinos terminales, bases débiles
como aminas terciarias y metales de transiciors tadeno Ag Ad', Cd, Ir', Pd', RH,

RU' y zn", elementos que tienen gran afinidad hacia el entadel triple enlace
(Esquema 29.En estos casos, la coordinacién del i6n metélmo e triple enlace
incrementa la acidez del hidrégeno unido al C(gpinitiendo su abstraccién por parte
de la base.

R'Li
R'MgX M2X
R——M"' R———M?2
R — H _ 5 M3L BH
M3L
~ R—=—H =~ R—ML

Esquema 2 Desprotonacion de un alquino.

Las especies anteriores han sido ampliamente adds en reacciones
enantioselectivas de adicion 1,2 a aldehidos, asteniminas proquirales, habiéndose
obtenido en algunos casos excelentes resultadoséremnos de rendimiento y

14



Introduccioén

estereoselectividad. Sin embargo, la alquinila@@antioselectiva de dobles enlaces
electrofilicos proquirales, como por ejemplo en passtos carbonilicosu,p-
insaturados (adiciones 1,4), apenas se encuerdeardiéada, existiendo incluso pocos
ejemplos para la version no enantioselectiva. laucigla reactividad tanto de las
especies alquinilmetélicas como de las enonaduttdieste tipo de reacciones. Ademas
hay que considerar el control tanto sobre la rejgosividad (adicion 1,%s adicion
1,4) como sobre la enantioselectividad de la réacciodo esto convierte el desarrollo
de reacciones de alquinilacion conjugada enandoseds en un desafio sintético
extraordinario.

La investigaciobn de la presente tesis doctoral esgtra precisamente en este
objetivo, la adicidbn conjugada catalitica enanlestéra de alquinos terminales a
compuestos carbonilicos,B-insaturados utilizando catalisis mediante complejo
quirales de Zn(Il) y Cu(l).

15
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Antecedentes Bibiograficos

2. ANTECEDENTES BIBLIOGRAFICOS

2.1. Reacciones de alquinilacion conjugada no asitriéas

Aunque los organocupratos han sido comiunmenteaditis para las reacciones de
adicién conjugada de grupos alquilo, arilo y vifilta baja nucleofilia de los
alquiniluros de cobfeha limitado su aplicacién en reacciones de alcpiith
conjugada. Los primeros ejemplos de adicion comjagde alquinos fueron descritos
empleando alquinilalanos y boranos.

La primera reaccion de adicion conjugada de algusedescribié en 1971 por el
grupo de Hooz, utilizando para ello alquinilalanpmeparados por transmetalacion de
alquiniluros de litio con cloruro de dietilaluminioLa reaccién se llevé a cabo a
temperatura ambiente en una mezcla de éter/ligraleniendo los correspondientes
productos de alquinilacién con rendimientos comgickys entre 30-95% (Esquema 3).

—R3
Et,AICI
-LiCl R3
Et, A———R3
R1JJ\/\R2 2 . . R1 R2
Et,Olligroina
R'"-3 = alquil, aril 10:1 30-95%

Esquema 3 Primer ejemplo de alquinilacién conjugada de ason

Cabe destacar que solo las cetong®insaturadas que pueden adoptar una
conformacions-cispueden experimentar la adicién conjugada mientnaslas cetonas
a,p-insaturadas en las cuales la conformag@émnans esta bloqueadaexperimentan
preferentemente la adicion 1,2. En base a estodtadss, los autores sugirieron un
estado de transicion donde el aluminio se coordinaxigeno del grupo carbonilo
activando la enona. En el caso de enonas que paeldgtar la conformaciés-cis es
posible la adicion 1,4, sin embargo con enonascailse obtienen sélo productos de
adicion 1,2 debido a los impedimentos geométriEggufa 1).

A 0. Et
“30 “UAI-Et
Al—Et
= | \9(/ l |
R
Figura 1. Estado de transicion propuesto por el grupo dezhbara la reaccion con alquinilalanos.

Brown y colaboradores describieron en 1977 la d&diciconjugada de
alquinilboranos a diversas cetonag,f-insaturadas a temperatura ambiente
proporcionando los correspondientes productos éewvados rendimientos (Esquema
4).1°
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B—OMe
R3
R'IJJ\/\RZ R1 R2
Pentano
R = alquil, aril 70-99%

Esquema 4 Adicion conjugada de alquinilboranos a cetanfisnsaturadas.

Los alquinilboranos solo reaccionaron con lasreto,p-insaturadas capaces de
adoptar una conformaciés-cis. Los autores propusieron una explicacion de estos
resultados similar a la proporcionada por Hooz kalmaradores para la reaccion con
alquinilalanos.

En 1978, Schwartz y colaboradores describieronriehgs ejemplo de adicion
conjugada de alquinos a enonas con conformaskirans utilizando para ello
alquinilalanos y como catalizador un complejo d€l)Nobtenido por reduccion de
Ni(acac) con DIBAL-H (Esquema 5)! Fue necesario un exceso de alquinilalano para
favorecer la reaccion de alquinilacién frente aeaccion alddlica entre el enolato de
aluminio que se genera al adicionar el alquinarg otolécula de enona.

0 0
% Et, A———R'
n( Ni(acac),/DIBAL-H nl S
N 1
R = alquil 15-85%

Esquema 5 Adicién conjugada de alquinilalanos a enonasgemmetria-trans

En 2014, Fillion y Ahmdf describieron el primer ejemplo de adicién conjuged
alquinos en la que se generaba un centro cuatenesracarbosustituido. Estos autores
llevaron a cabo la reaccidén no enantioselectivalgeinilalanos y alquinilmagnesianos
a alquenos doblemente activados derivados del &daldMeldrum obteniendo el
producto deseado con rendimientos elevados. Conpiloductos de alquinilacion
resultantes llevaron a cabo una ciclacién intramgdée catalizada por plata obteniendo
y-alquiliden butirolactonas con un centro cuatemam la posicion C-4 con buenos
rendimientos (Esquema 6).
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Me_ Me Me_ Me

o O o><o R4 o
Tolueno Ag,CO3 (cat.) )
(@] | o RB——M — = O o —— R O
0°Cata PhH, MeOH 0 H;0 RZ"
R" "R? R R2 X R3
R = aril M = MgCl, AlMe, R 79-98%
' 27-94% R*=H, COOH, COOMe

R? = alquil, CO,Me
R3 = TMS, alquil, aril

Esquema 6 Sintesis de carbono tetracarbosustituido viai@udiconjugada de alquinilalanos y alquinil
organomagnesianos.

El primer ejemplo de adicion conjugada utilizanttuanos terminales fue descrito
en 1990 por Kovalev y colaboradores (Esquentd 7).

e [RhCI(PMe3);] 0
+ R>=——H
R1JJ\/ Acetona R1ﬂ\/\ 2
R
R" = Me, ciclopropil 86-91%

R? = alquil, aril
Esquema 7 Adicion conjugada de alquinos terminales a vatdnas.

La reaccion entre un alquino terminal y la vinitoe se llevé a cabo utilizando una
carga catalitica baja (1 mol %) de un complejo t¢)Robteniéndose el producto de
adicion conjugada deseado con rendimientos elevadtesmperaturas altas aumenta el
rendimiento del producto de alquinilacién perod&estividad de la reaccion disminuye
debido a la reaccion de dimerizacion del alquinonieal (Esquema 8). A 20 °C el
producto de dimerizacion no se observa pero laamsiin de los productos de partida
es baja. Esta reaccion esta limitada a vinilcetowasustituidas.

[RhCI(PMes3)3]
2 RZ-=—H > R=—=F
Acetona, 80°C, 5 h 40-50%

Esquema 8 Reaccion de dimerizacion de alquinos terminales.

A partir de este trabajo se describieron numeregasplos de adicion conjugada
de alquinos terminales empleando diferentes sal@$rds metales de transicion.

El primer ejemplo de adicion conjugada de alquitersninales catalizada por
rutenio fue descrito por Dixneuf y colaboradores. €tudio la adicion de alquinos
terminales a la metil vinil cetona empleando [RiGB)(COL(PPh)]. como
catalizador. Los correspondientes productos de iralgcion se obtuvieron con
rendimientos inferiores al 50% con alquinos alifds$i o arilacetilenos sustituidos con un
grupo fuertemente electron-atrayente; Unicamentmsgiguié un rendimiento superior
al 50% con el fenilacetileno (Esquema®).
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0 [Ru(O,CH)(CO),(PPhy)]; 0

I - r=
Me CH, CN, 100°Cc  Me A

R = alquil, aril, TMS 20-74% R

Esquema 9 Adicion conjugada de alquinos terminales a nvatil cetona catalizada por rutenio.

Carreira y colaboradores llevaron a cabo por panvez la adicion conjugada de
alquinos terminales catalizada por Cu(l) generadcitu a partir de Cu(OAg)y
ascorbato sodico en un sistema bifasic@HBUOH. La reaccién se lleva a cabo con
alquenos doblemente activados derivados del aa@ddaldrum para compensar la baja
nucleofilia de los alquiniluros de cobre (Esquepg'l

O><O Cu(OAc), 20% mol O><O
o o + RZ=H Na-Ascorbato 40% mol
| H,O:'BUOH (10:1) 0 o)
R 0.25 M, ta.
, , . RT ™S
R = aril, alquil R? = aril S R2
55-98%

Esquema 10 Adicion conjugada de alquinos terminales a deldgadel acido de Meldrum.

En 2004, se describié el primer ejemplo de adicoc@mjugada de alquinos
terminales catalizada por paladfcChen vy Li llevaron a cabo la reaccién entre disnt
alquinos terminales y vinilcetonas empleando coisterma catalitico PAd(OAgPMe; y
agua o acetona como disolvente, obteniendose adsslt similares en ambos
disolventes. Los productos de alquinilacion de &ilnvinil cetona se obtuvieron con
rendimientos moderados mientras que con etil egtibna los rendimientos fueron mas
altos (Esquema 11).

Pd(OAc) 5% mol

J?\/ L re— PMe; 20% mol 1
R? Acetona o Agua R A )
60 °C R
-
R =Me, Et 49-91%

R2 = alquil, Ph, TMS

Esquema 11 Adicion conjugada de alquinos terminales a vetidoas catalizada por paladio.

Kidway y col., en 2010, describieron la adiciéon jogada de alquinos terminales a
cetonaso,p-insaturadas empleando un complejo formado pot-gmdlina (Esquema
12)} La reaccién se llevé a cabo en medio acuoso empte&tN como aditivo,
esencial para la activacion del alquino. Los préakicle alquinilacién se obtuvieron
con rendimientos elevados aunque como mezclas re@gnindependientemente del
sustituyente de la enona y del alquino.
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0 //’O P
R1JJ\/\R2 + R3 ——H Q

R', R® = alquil, aril
R2 = H, alquil, aril

Esquema 12 Adicion conjugada de alquinos terminales a cetarfainsaturadas catalizada por cinc.

En 2012, Su y col. describieron la adicion conjegal® trimetilsililalquinos a
ésteres a,p-insaturados empleando como catalizador §n(Esquema 13% Los
correspondientes productos de alquinilacion sevidaton con rendimientos superiores
al 75% obteniéndose rendimientos inferiores carselde alquinos terminales.

O InCl; 10% mol
R0 N Ry RI-=—Tus — 2 2% mol R1OJ\/\
PhCI, 110 °C R2 R3
1= H
R2 alquil 55-96%
R2=H, Me

R3 = alquil, aril

Esquema 13 Adicion conjugada de trimetilsililalquinos a éstsu,p-insaturados catalizada por indio.

2.2. Reacciones de alquinilacion  conjugada  asimétes
estequiométricas

En el afio 2000, Chong y colaboradores describiergmimer ejemplo de adicidon
conjugada enantioselectiVaLos autores describieron la adicién enantioselactie
alquinilboranos quirales derivados de 2,2’-binaf$e8,3’-disustituidos a cetonas3-
insaturadas (Esquema 14).

CB——R® 1. iv. 3
o 1.5 equiv R
OO L1Y=H o M

o) Y L2Y=Ph _
TR R2
R1JJ\/\R2 CH,Cl,, ta

38-99%

R'"-3 = alquil, aril 3-98% ee

Esquema 14 Adicion conjugada enantioselectiva de alquinitmrs a enonas.

Los productos de alquinilacibon se obtuvieron conndmientos vy
enantioselectividades elevados obteniendo exceasastieméricos inferiores al 50%
para sustratos sustituidos con un grupo alifatic@ g también con alquinos alifaticos.
La reaccion esté limitada a cetong$-insaturadas que puedan adoptar la conformacion
s-Cis
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Posteriormente a este trabajo se han publicadatdisttrabajos sobre alquinilacion
conjugada asimétrica empleando sales de cinc gquérieron el uso de cantidades
estequiométricas o superiores de material quiral.

Asi, Carreira y colaboradores describieron la adiconjugada diastereoselectiva
de alquinos terminales catalizada por cinc, utildta como electrofilos oxazepinas
quirales derivadas de la efedrfifd.a alquinilacién de este tipo de aceptores diesegc
después de la hidrdlisis del auxiliar quiral y dboxilacién, a acidog-alquinil
sustituidos enantioméricamente enriquecidos (EsquEsn

o Me
N_ .Me i) Zn(OTf), 1.2 equiv. o R'
— I v R2— EtsN 1.3 equiv.‘
R 0" Ph B i KOH, PrOH, 9700 T © N
, PrOH,
© .'.'.) 55-83% R
iii) DMSO, 100 °C 68-99% ee

R'=Pr, iPr, tBu, Ph  R2 = alquil, Ph, TMS
Esquema 15 Adicion conjugada enantioselectiva de alquinositeales a oxazepinas quirales.

La reaccion de adicidbn conjugada enantioselectiea attjuinos terminales a
nitroalquenos fue descrita por Tomioka y colaborasi@n 2005 La reaccién se llevo
a cabo en presencia de 3 equivalentes de un amewliwohquiral y galvinoxil, necesario
para capturar los radicales que se pueden genebaioda la capacidad que el Ma
tiene como iniciador de radicales. Los productosldeinilacion se obtuvieron como
mezcla de isbmerass/trans con enantioselectividades excelentes para el isbirans
(Esquema 16).

Ph, Ph
MeaN 5H 3 equiv. NO R
2 2
NO, Me,Zn 3 equiv. \\\//
Galvinoxil 0.03 equiv. '
+ R——H
tolueno, ta 0 50 °C
R = aril 73:85%

cis/trans = 73:27 a 21:79
97-99% ee (isémero trans)

Esquema 16 Adicion conjugada enantioselectiva de alquinositeales a nitroalquenos.

En 2010, se describié la adicion conjugada a deosadel acido de Meldrum
utilizando alquiniluros de cinc generados por tmaemlacion a partir de Zn y
RC=CMgCI promovida por chinchonidirfd.La reaccién se llevé a cabo en presencia de
2 equivalentes de trifluoroetanol como aditivo ehlcreacciona rpidamente con el
dietilcinc para formar un alcoxido de cinc. Los guotos de alquinilacién se obtuvieron
con rendimientos y excesos enantioméricos elevaBosteriormente, los autores
demostraron la utilidad de su método en la sintesentioselectiva de un farmaco
agonista del receptor GPR40 (Esquema’?7).
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R? FsC Me
2.9 equiv. O | |
I o

o Et,Zn 2.4 equiv.

R1/\f\o CFchQOH 1.9 eqUiV.‘ R1 o O OH

2 I . - —_—
o O)T 2) R2-==—MgCI 2.4 equiv. o O)T o
THF/Tol., -40 °C a ta.
R" = alquil, aril 71-96% agonista del
R2 = alquil, aril, TMS 45-98% ee receptor GPR40

Esquema 17 Adicidon conjugada enantioselectiva de alquingude cinc a derivados del acido de
Meldrum.

2.3. Reacciones de alquinilacion conjugada asimétds cataliticas

2.3.1 Adiciones conjugadas enantioselectivas de otimos de alquinilaluminio
catalizadas por niquel

En 2004, Corey y colaboradores describieron el grigjemplo de adicion conjugada
enantioselectiva cataliti¢dLos autores estudiaron la reaccién de adicién cauja de
un alquiniluro de aluminio a la 2-ciclohexenona é&apdo un complejo tetraédrico de
acetilacetonato de niquel (Il) con ligandos de bjsoxazolina (Esquema 18).

CN
Me oj}\wo Me
Me><~/N\ _,N\2<Me

h\*‘ O’NI‘O Pn 5% mol

(0]
|
/ Me)\/kMe
+ MesSi—=—A
4
BuOMe, 0 °C R

X
86% \SiMe3
82-88% ee

Esquema 18 Adicidn conjugada enantioselectiva de alquinilaka 2-ciclohexenona catalizada por el
complejo de Ni(ll)-bisoxazolina-acetilacetonato.

Cabe seinalar que cuando los autores emplearonéyi(ligar de Ni(ll) tomando
como referencia las condiciones de la adicidn gaga no enantioselectiva descritas
por SchwartZ para la adicién de un alquiniluro de aluminio 24eiclohexenona, se
obtuvieron enantioselectividades inferiores a lagemidas con Ni(ll) y rendimientos
muy bajos.

Continuando este trabajo, los autores describieror2010 la adicion conjugada
enantioselectiva de alquiniluros de aluminio a mao,p-insaturadas ciclicas
catalizada por un complejo de Ni(ll)-bisfosfitiaSe estudioé la adicién de fenilacetileno
y trimetilsililacetileno a diferentes enonas ciacobteniendo los correspondientes
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productos de alquinilaciéon con rendimientos buep@nantioselectividades iguales o

superiores al 85% (Esquema 19).
‘O PAr,

\
/NiC|2 8% mol

) Ar = m-terfenil
( + R——AIBu, (
n

Tolueno, -45 °C n %

n=1-3 R =Ph, TMS 61-74% R
85-90% ee

Esquema 19 Adicidn conjugada enantioselectiva de alquinibude aluminio a enonas ciclicas catalizada
por Ni(ll).

2.3.2. Adicion conjugada enantioselectiva de alquiboranos catalizada por
BINOL

En el afio 2005, Chong y colaboradores describiéaoversion catalitica de su
trabajo anteridr’ de adicién conjugada enantioselectiva de alquirélbos a enonas
a,p-insaturada$’ Se llevé a cabo la adicion de alquinildiisopropitimos catalizada por
3,3’-diiodo-BINOL obteniendo los productos ¢ealquinilacién con rendimientos y
excesos enantioméricos elevados. La reaccion espatinie tanto con grupos
aromaticos como alifaticos en la enona y en eliatg(Esquema 20).

X
OH R3

OH 20% mol
: ¢ I s
R1VJ\R2 + R3—=—=—B(OPr), ! R! R?
CH,Cl,, ta.
R'! = Ph, Me R3 = alquil, aril 2¥2 78-97%
R2 = aril 82-96% ee

Esquema 20 Adicion conjugada enantioselectiva de alquinidars a enonas catalizada por ligandos de
tipo BINOL.

2.3.3. Adiciones conjugadas enantioselectivas degainos terminales catalizadas
por cobre

El primer ejemplo de adicion conjugada enantiosei@ccatalitica empleando
alquinos terminales fue descrita por Carreira yalootadore€® Se estudié la reaccién
de adicion conjugada de fenilacetileno a derivatl®sicidos de Meldrum empleando
condiciones similares a las descritas anteriorm@otelos mismos autores para la
versién no enantioselectiva.La reaccién se llevé a cabo en medio acuoso y sin
necesidad de atmaosfera inerte catalizada por cgosple Cu(l)-PINAP (Esquema 21).
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Ny OH
_N
(5-20% mol)
MeO PPh, ><
\ 9@ o
(@) (0}

Cu(OAc),-H,0 (5-20% mol) 0] ¢}
Na-(+)-ascorbato (10-40% mol) = R
R H,0, 0 °C oh =
R = alquil, m-toli 82_45?0‘/‘:/;9

Esquema 21 Adicién conjugada enantioselectiva de fenilaeatil a derivados del acido de Meldrum
catalizada por Cu(l)-PINAP.

Segun los autores, la reaccion transcurre en fasdgénea y el agua no actda
como disolvente de la reaccién sino mas bien commeglio donde se generan las
especies reactivas de cobre mientras que la readei@dicion conjugada tiene lugar en
la fase orgéanica.

En un trabajo posteridf,los autores describen para esta reaccion un efecto
lineal positivo con la mezcla diastereocisoméricalageligandos PINAP. Se encontro
que una mezcla 60:40 de los dos diastereoisOmerbdigdndo es suficiente para
obtener un exceso enantiomérico elevado en laGdmbnjugada de fenilacetileno a
derivados del acido de Meldrum.

Shibashaki y colaboradores describieron en 2010 athcion conjugada
enantioselectiva de alquinos terminales a tioamigfatsaturadas catalizada por Cu(l)
y ligandos de tipo bisfosfirfd.La catélisis cooperativa de un acido de Lewis diday
una base de Brgnsted dura se utilizé para la aghivaimultanea del alquino terminal y
la tioamida a,p-insaturada, obteniendo lag-alquiniltioamidas con elevados
rendimientos y excesos enantioméricos (Esquema 22).

2

PPh, O
©: MeO PAr,

ﬁ)th L: MeO O PAr2

Ar = 3,5-Pr-4-Me,N-CgH,

o)
2x(0.25-5% mol)

L, [Cu(CH5CN),JPFs
Li(OCgH,-p-OMe)

.
j\/\ + RI— p 0.25-5% mol = B
. -
Me.N R n-hexano, 50-80 °C MeN X,
R" = aril, Me, iPr R? = Ph, 1-ciclohexenil 63-98%
80-98% ee

Esquema 22 Adicion conjugada enantioselectiva de alquinositgales a tioamidag,f-insaturadas.
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Los autores realizaron un estudio mecanistico esthaude la reacci6ff. Este
estudio muestra la catalisis cooperativa de unoadil Lewis blando y una base de
Brgnsted dura, que implican [Cu(&EN)sPFs, Li(OCsHs-p-OMe) y la bisfosfina
quiral (R)-DTBM-Segphos. Esta catélisis cooperativa activaukaneamente ambos
sustratos compensando la baja reactividad de tpgsnduros de cobre. Los autores
demostraron que el enolato de cobre de la tioammamedio actia como base de
Bronsted generando el alquiniluro de cobre a pad&l alquino terminal,
proporcionando al ciclo catalitico una eficientansferencia de proton entre los
sustratos (Figura 2).

S 51
- -
N)W /u \
Il B
\NJ\/\R1 / \\
|

\, W
o / % /
N 2 ~-- Base de Brnsted-- =~ __

u

*

*C
R2 SI

R2

Figura 2. Ciclo catalitico de la adicion conjugada de aigsiterminales a tioamidag3-insaturadas

Posteriormente, los autores llevaron a cabo l@sgile AMG 837, un agonista de
GPR40 gue es una diana terapéutica para los desdrde la insulina como la diabetes
23 La sintesis de AMG 837 se llevé a cabo a partirude de los productos de
alquinilacion enantioselectiva enriquecido enanédoamente mediante cristalizacion,
en una secuencia sintética que implico la transdoidom de la agrupacion tioamida en
un acido carboxilico (Esquema 23).
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[Cu(CH3CN),]PFg ™S
S (S)-DTBM-Segphos
KHMDS S |_|
= o =
5% mol :
n-hexano, 50 °C
OAc 83% OAc
91% ee

CF;
o |h O O recrist.
HO .

o)
AMG 837

Esquema 23 Sintesis de AMG 837, agonista de GPR40.
2.3.4. Adiciones conjugadas enantioselectivas cataldas por rodio

Nishimura y Hayashi han descrito varios ejemplos adiiciones conjugadas
enantioselectivas catalizadas por complejos deoraedn ligandos quirales de tipo
fosfina>> En 2008, describieron el primer ejemplo de adici@éonjugada
enantioselectiva de triisopropilsililacetilieno avelisas enonas catalizada por un
complejo de Rh(l) y el ligando DTBM-Segphos. lfaalquinilcetonas correspondientes
se obtuvieron con rendimientos entre 54-99% Yy eosglectividades elevadas

(Esquema 24).
.90
Ar 5.5% mol
© P=Ar R D(TBMOS ! h
o R-Ar (R)- egphos
{ O Ar Ar = 3,5-Bu,4-MeO-CgH,
(@]
(@] 0 82
J\/\ _ [Rh(x-OAc)(CoHy)ol2 (5% mol) :
R = R2 + TIPS———H R S
1,4-dioxano, 80 °C AN PS
R = aril, alquil, alquenil 54-99%
2 - : 89-95% ee
R< = alquil

Esquema 24 Adicion conjugada de triisopropilsililacetilene@aonas catalizada por Rh(l).

La dimerizacion de los alquinos se consiguio redemn el empleo del ligand&)-
DTBM-Segphos ya que los impedimentos estéricos geeproducen entre los

sustituyentes voluminosos del fosforo y los deicisil del alquino dificultan esta
reaccion secundaria (Figura 3).
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Figura 3. Impedimento estérico para la reaccion de dimeidrade sililacetileno.

Sin embargo, esta reaccion de dimerizacién fuegpngthnte cuando se emplearon
enonas menos reactivas, como las en@rad sustituidas o enonas ciclicas. En 2009,
estos autores publicaron un nuevo trabajo sobedigion conjugada a este tipo de
enonas menos reactivas, utilizando un sistema feésve que evitaba la dimerizacion
de los alquinos terminalé$.Para ello se utilizaron derivados de dialquilsilatos
cuales dan lugar a la formacién de alquinilurogatio intermedios que se muestran
mas reactivos frente a las enonas que frente aldpsnos de partida. Utilizaron tres
sistemas cataliticos en funcion de que la enondeai fuera alquilica, arilica o ciclica
(Esquema 25).

JCJ)\/\ OH Rh/L* (5% mol) ¢ F
Z TIPS——Si -
R’ R2 + R3 I‘Rs dioxano, zZO °C R1M\/\TIPS
. . ) * = (R)-binap; R*= alquil
1_ R3 = Me, Pr ( 73-97%
R" = aril, alquil L* = (R)-DTBM-segphos; R?= aril 78-98% 0ee

L* = (R,R)-Bn-bod; enonas ciclicas
Esquema 25 Adicion conjugada de alquinilsilanoles a enoretalizada por Rh(l).

Ademas en 2009, estos mismos autores describieaoradicion conjugada
enantioselectiva de triisopropilsililacetiieno aakss catalizada por rodio/DTBM-
Segphos con buenos rendimientos y excelentes esaletitividades (Esquema 28).
Los autores resolvieron el problema de la adici@ndel alquino al grupo carbonilo del
enal con la utilizacion de metanol como disolvente.

o [{Rh(OAC)(CoHa)s}s] (5% mol) o0 R
Pz (R)-DTBM-segphos (6% mol) 2
HJ\/\R + TIPS—=—H H N
R = alquil, bencil MeOH, 40 °C 61-93% TIPS
93-99% ee

Esquema 26 Adicion conjugada de triisopropilsililacetilenanales catalizada por Rh(l).

Utilizando el mismo sistema catalitico, en 201GH\Whura y Hayashi describieron
la adicion conjugada enantioselectiva de triisopstiacetileno a nitroalquenos
sustituidos con grupos alifaticos y con anillosna@ticos sustituidos con grupos de
distinta naturaleza electronica, obteniefidalquinilnitro compuestos con rendimientos
y excesos enantioméricos elevados (Esquem& 27).
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[Rh(OAC)(C2Hy)2]2 (5 mol %) R
R/\/NOZ + TIPS—H (R)-DTBM-segphos (5.5 mol %) NO,
1,4-dioxano, 80 °C =
= ari i TIPS
R = aril, alquil £0.09%
92-99% ee

Esquema 27 Adicion conjugada de triisopropilsililacetilenaaroalquenos catalizada por Rh(l).

Por otra parte en 2009, Fillion y Zorzitto publimarun nuevo método para la
alquinilacién conjugada catalizada por RE{IIComo alternativa al uso de acetilenos
voluminosos para evitar la reaccion de dimerizaciéhalquino se utilizaron aceptores
altamente electrofilicos para cambiar la cinétiealalreaccion y favorecer la adicion
conjugada frente a la dimerizacion del alquinoaRsio hicieron uso de derivados del
acido de Meldrum doblemente activados, y de un ¢ejmple Rh(l) con una bisfosfina
quiral como catalizador (Esquema 28). Los produdmsalquinilacién se obtuvieron
con rendimientos y excesos enantiomeéricos elevados.

MeO P[CsH3(CH3),l2
MeO O P[CeH3(CH3)]»
o>(o (16% mol) o><o
[RhOH(cod)], (15% mol)
o o + TMS—=H © ©
| 4 A MS, DME, ta
R™H RN
R = aril, alquil 65-91% ™S
74-99% ee

Esquema 28 Adicidn conjugada de trimetilsililacetileno a oados del &cido de Meldrum catalizada por
Rh(l).

2.3.5. Adiciones conjugadas enantioselectivas degainos terminales catalizadas
por cobalto

Nishimura y Hayashi describieron en 2011 la primemicion conjugada
enantioselectiva catalizada por Cdfl)Los autores describen la reaccién de adicion
conjugada de triisopropilsililacetileno a diferenteetonasu,p-insaturadas catalizada
por un sistema de Co(ll)/bisfosfina quiral/zn. Eb(Q) es reducido a Co(l) por la
accion del cinc. Los productos se obtuvieron comdirmientos y excesos
enantioméricos elevados (Esquema 29).
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\
\\\

Ph,P PPh, (10% mol)
J?\/\ Co(OAC),-4H,0 (10% mol) o R?
0,
RIS OR2 + TIPS———H Z[’)‘h;z(?;)‘fé R’ T
R = aril ’ 53-93%  1IPS
R2 = Me, Et 79-91% ee

Esquema 29 Adicién conjugada de triisopropilsililacetileno cetonasa,-insaturadas catalizada por
Co(l).

En el articulo, un sistema catalitico no quiraliézado en la adicién conjugada de
diversos trialquilsililacetilenos a diferentes c&ea,p-insaturadas dando lugar a los
correspondientes productos con rendimientos elevado

Con posterioridad, los autores describieron el erimjemplo de adicion 1,6
enantioselectiva de triisopropilsililacetileno a ngmiestos carbonilicosa,B,y,o-
insaturados empleando un sistema catalitico siraildescrito anteriormente (Esquema
30)3" Los productos de alquinilacién tanto de ésteresocde amidas se obtuvieron con
rendimientos elevados y regio- y enantioselectilédaexcelentes.

R? Q R3
'(;\ U L1R3=Me
e R3 L2 R3 = Et

L1oL2 (5% mol)
0 Co(0AC), 4H,0 (5% mol) 0 R

wWRZ Y TIPS———H Zn (10% mol) RPN
- i o

R = OEt, O'Bu, OPh, NPh, DMSO, t-amil alcohol, 80 °C 65-99% TIPS

R2 = alquil 88-99% ee

Y4

Esquema 30 Adicién conjugada 1,6 de triisopropilsililacetite a compuestos carbonilicasf,y,s-
insaturados catalizada por Co(l).

2.3.6. Adicion conjugada enantioselectiva de alquiis terminales catalizada por
paladio

En 2012, el grupo de Mascarefas describio la algaian de enonas, tanto ciclicas
como aciclicas, con diversos alquinos terminalepleamdo el complejo de Pd(0) y
fosfito de 2,4-diterc-butilfenilo como catalizador, obteniendo las cqoegientes-
alquinilcetonas racémicas con rendimientos entr&88%3° En la misma publicacion,
estos autores describieron Unicamente dos ejeng@ogna version asimétrica de la
reaccion utilizando un fosfito quiral derivado deINBL obteniendo excesos
enantioméricos bajos del 38% y 39% en la alquidlade E)-pent-3-en-2-ona con
fenilacetileno y triisopropilsililacetileno, resge@mente (Esquema 31).
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2L
Ad” 0 N
OO O—1{,  (20% mol)
3

o Ad = Adamantilo (e} Me
M [Pdz(dbal] (5% mol) )J\/\
+ R——H > Me
Me Me dioxano, 90 °C X
R = TIPS, Ph R

R =TIPS, 50%, 38% ee
R =Ph, 98%, 39% ee

Esquema 31 Adicion conjugada de alquinos terminales éBagent-3-en-2-ona catalizada por Pd(0).

2.3.7. Adicion conjugada enantioselectiva de alquais terminales catalizadas por
rutenio

En 2012, Ito y col. describieron la adicion conggao enantioselectiva catalizada
por rutenio de alquinos terminales (arilacetileyosimetilsililacetileno) a diferentes
compuestos carbonilicasp-insaturados tales como cetonas, ésteres, virfivriatos y
amidas, obteniendo en todos los casos los produdsalquinilacion con buenos
rendimientos. En este trabajo, se describe un Uejemplo de adicion conjugada
enantioselectiva de fenilacetileno &)-pent-3-en-2-ona, empleando para ello un
complejo de Ru-phebox-acetato quiral, obteniendacatespondiente producto de
alquinilacion con 49% de rendimiento y un 82% deesw® enantiomérico (Esquema
32)%

R2
R1
O/\f‘ R
—N M

Me e
\ 03
cat: /Ru—O (5% mol)
oc /
Me —N
Ph
O\/"—,‘R1 | |
) R? 0
NaOAc -
Me)v\lvle +  Ph——=—H Me" Me
THF, 60 °C 49%
82% ee

Esquema 32 Adicion conjugada de fenilacetilenoB){pent-3-en-2-ona catalizada por Ru(l).
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3. OBJETIVOS

La adicién de alquinos terminales a grupos fundamaelectrofilicos es un método
eficaz para la formacion de enlaces carbono-carbdeedo lugar a moléculas con un
centro estereogeénico propargilico. En los ultim@gsase han desarrollado una serie de
procedimientos para la adicion conjugada enangoteh catalitica de alquinos
terminales; sin embargo, es un tema de investigaanel que aun queda mucho por
descubrir y desarrollar. La investigacion en esta glantea nuevos retos tales como:

» El desarrollo de sistemas cataliticos no deschiasa la adicion conjugada
enantioselectiva de alquinos terminales, en paaticaquellos que no utilizan
metales preciosos.

» Expandir la aplicacion de esta reaccidon a una mawoiedad de sustratos
electrofilicos. En particular, resulta muy intergseel estudio de la reaccion con
sustratos que presentan grupos fluorados, de gmporiancia en la quimica
farmacéutica y agroquimica.

» La aplicabilidad sintética de los productos de c&ac

De acuerdo con estos retos, en la presente Tegksiaron como objetivos el
desarrollo de nuevas reacciones de alquinilacidjugada de compuestos carbonilicos
a,B-insaturados, incluyendo compuestos fluoradoszatito catalisis por complejos de
cinc(ll) y cobre(l):

1. Alquinilacion conjugada enantioselectiva de ilegeam-1,3-dicetonas catalizada por
complejos de cinc(ll).

2. Alquinilacion conjugada enantioselectiva de IBg@icarbonil)cumarinas catalizada
por complejos de cinc(ll).

3. Alquinilacion conjugada enantioselectiva de dnffsulfonil)-1,1-difluoro-3-en-2-
onas catalizada por complejos de cobre(l).

4. Alquinilacion conjugada enantioselectiva de Itffifluorometil-3-en-2-onas
catalizada por complejos de cobre(l).

5. Adicién conjugada enantioselectiva de 1,3-diiaol,1,1-trifluorometil-3-en-2-onas
catalizada por complejos de cobre(l).

6. Alquinilacion conjugada enantioselectiva [gHrifluorometil a,p-enonas catalizada
por complejos de cobre(l).

7. Alquinilacion conjugada enantioselectiva @earil B-trifluorometil o,p-enonas
catalizada por complejos de cinc(ll).
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4. RESULTADOS Y DISCUSION

4.1. Alguinilaciébn conjugada enantioselectiva de ariliden-1,3-
dicetonas catalizada por complejos de Zn(ll).

Como se ha descrito en los antecedentes biblicgsafexisten varios ejemplos de
adicion conjugada diastereo- o enantioselectivalgignos terminales mediada por cinc
en los que se emplea una cantidad estequiométsopavior de inductor quiral:?*Sin
embargo, no se habia descrito ningun ejemplo deiéadiconjugada de alquinos
terminales mediada por cinc en el que se empleaeaantidad subestequiométrica de
complejo quiral. Desde el punto de vista econdnvsoprocedimientos cataliticos que
eviten el uso de metales nobles, caros y poco antes| y que minimicen la cantidad
de inductor quiral necesaria resultan muy intetesanDe acuerdo con esto, nos
planteamos el desarrollo de reacciones de algaidilaconjugada mediadas por cinc.

Comenzamos nuestro estudio con 2-ariliden-1,3-oli@st como electrofilos ya que
estos sustratos se pueden sintetizar de manerdlssanediante una reaccion de
Knoevenagel y presentan una gran electrofilia debidue el doble enlace se encuentra
conjugado con dos grupos carbonilo electron-atitagefiesquema 33).

O O O O
L-Zn(Il)
R)K(U\R + Ar ——H —_— R R
R & * R'
Ar

Esquema 33 Reaccién de adicion conjugada de alquinos telesra2-ariliden-1,3-dicetonas.
4.1.1. Sintesis de 2-ariliden- y 2-alquiliden-1,3icktonas

Existen en la bibliografia varios procedimientosal#os para la sintesis de los
materiales de particdd, todos ellos basados en la reaccién de Knoeven&pth
reaccion consiste en una reaccion de tipo aldGdintre el metileno acido de un
compuesto 1,3-dicarbonilico y un aldehido. Nosotptgmos por la utilizacion de las
condiciones clasicas de la reaccion de Knoevenemelpiperidina, acido acético y
benceno a reflujo, descritas por Antoniol&ti.

Los derivados de 3-bencilidenpentano-2,4-diona repgvaron por reaccion de
pentano-2,4-diona con aldehidos aromaticos y heatenovaticos para obtener los
compuestos la-k con rendimientos entre 60-95% (Esquema 34). La 4-
bencilidenheptano-3,5-diondl( R* = Et, R = Ph) se preparé de la misma manera a
partir de heptano-3,5-diona y benzaldehido corendimiento del 90%.
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O , AcOH (0] (0]

O O 0] H
R1JJ\/U\R1 + RZJJ\H R1)K(u\R1

Benceno, 100 °C

RZ
1
1a, R'=Me, R?2 = Ph 1g, R' = Me, R2 = 4-NO,CgH,
1b, R'= Me, R? = 4-MeCgH,4 1h, R'= Me, R? = 2-naftilo
1c, R'=Me, R =4-MeOC¢H,  1i, R" = Me, R? = 2-furanilo
1d, R'= Me, R? = 3-CIC4H, 1j, R' = Me, R? = 3-furanilo
1e, R'=Me, R? = 4-CIC4H, 1k, R" = Me, R? = 3-tienilo

1f, R' = Me, R? = 4-BrC4H, 11, R"= Et, R2=Ph

Esquema 34.Sintesis de 3-arilidenpentano-2,4-dionds-k) y 4-bencilidenheptano-3,5-diondll)
mediante la reacciéon de Knoevenagel.

Para aldehidos volatiles y enolizables como elatédetido la reaccion se llevo a
cabo en etanol a -5 *€La 3-etilidenpentano-2,4-dionarf) se purificé por destilacion
a vacio obteniéndose un aceite transparente (Esg8&m

) o

0O O j\ N
Me)J\/U\Me *HT Me Me)kaMe

_E O
EtOH, -5 °C Me

1m

Esquema 35Sintesis de 3-etilidenpentano-2,4-diohen).

Todos estos compuestos se caracterizaron por resanaagnética nucleatH-
RMN, C-RMN).

4.1.2 Optimizacion de las condiciones de reaccion

Debido a la experiencia previa de nuestro grupongestigacion en la adicion
enantioselectiva de alquinos terminales a aldeffides iminaé® mediadas por
dialquilcinc en presencia de cantidades catalitieakgandos de tipo BINOL decidimos
iniciar nuestra investigacion sobre alquinilicacidonjugada empleando este tipo de
sistema reactivo.

El proceso de optimizacion se llevo a cabo utikizanla reaccion entre
fenilacetileno 2a) y 3-bencilidenpentano-2,4-dionaa), evaluandose el rendimiento y
el exceso enantiomérico en funcién del ligandoelmperatura, el disolvente y el
reactivo de dialquilcinc utilizado (Esquema 36).
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o o O O
R,Zn, L Me Me
Me)J\fLMe + Ph——H oo >
Isolvente
Ph = Ph
Ph
1a 2a 3aa

X2 1 (R-L1X'=Xx2=H
(R-L2 X' =H, X2 = Br
(R-L3 X' =Br, X2 =H
OH (R L6 X'=R" X2=H 3
OH  (R)-L7X'=R2 x2=H
X2 (R-L8X'=R3 X2=H

X1
oy 0‘
OH (R-L4X'=H Ph OH
‘O OH (R)-L5X'=Br Ph O OH
x1
(R)-L9 (R)-L10

Esquema 36.Adicién conjugada de fenilacetilengd) a 3-bencilidenpentano-2,4-dionka)] y ligandos
de tipo BINOL utilizados.

Inicialmente, las condiciones de reaccion utilizatleeron similares a las descritas
por nuestro grupo de investigacion para la aditi@de alquinos a aldehid&sgonde
se generaba el complejo ligando-acetiluro de cin€0a°C en tolueno. Nosotros
decidimos llevar a cabo la formaciéon del complatestando una mezcla del ligando
(20% mol), fenilacetileno2@, 7,5 equiv.) y MgZn 2 M en tolueno (2 equiv.) a 70 °C
durante 1 h 30 min., adicionando a continuaciénlg misma temperatura la enoba
disuelta en tolueno.

Con estas condiciones se estudi6 el efecto desvéigandos derivados dé&R)¢
BINOL (L1-L8), incluyendo algunos de sus derivados con grulexsrén-atrayentes o
voluminosos en las posiciones 3,3 y 6,6, asi comerivados con anillos
tetrahidrogenados, y también ligandos “abovedadosio el R)-VANOL (L9) y el
(R)-VAPOL (L10).
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Tabla 1. Adicion conjugada enantioselectiva de fenilaecatl @Qa) a 3-
bencilidenpentano-2,4-diond). Screening de ligand@s.

O O o O
Me)kftme o MeZnlwe e
Ph Tolueno, 70 °C Y Ph
1a 2a Ph 3aa
L t (h) Rto (%) ee(%)°
1 L1 2 40 10
2 L2 4 52 20
3 L3 2 58 29
4 L4 2 65 6
5 L5 2 70 26
6 L6 2 55 28
7 L7 2 81 0
8 L8 1 62 0
9 L9 1 87 64
10 L10 2 50 32

#1a (0,125 mmol)2a (0,94 mmol), MeZn 2 M en tolueno (0,13 mL, 0,25 mmal),(0,025
mmol) en tolueno a 70 °& Rendimiento de producto aisladdeterminado por HPLC en
fase estacionaria quiral.

Los ligandos de tipo BINOL (Tabla 2, entradas JpB)porcionaron unos excesos
enantioméricos muy bajos en especial cuando eldmmato estérico en las posiciones
3,3’ era muy grande obteniéndose el prod@etaen forma racémica (Tabla 1, entradas
7'y 8). El mejor resultado tanto en términos delirarento como de enantioselectividad
fue proporcionado por el ligand®, (R)-VANOL (Tabla 1, entrada 9). El ligandd.0,
(R)-VAPOL no aporté ninguna mejora con respect®gTablal, entrada 10).

A continuacion, la reaccion se llevé a cabo comidios reactivos de dialquilcinc, a
diferentes temperaturas y con varios disolventeset fin de aumentar el rendimiento
y el exceso enantiomérico (Tabla 2).

En primer lugar, se ensay0 la reaccion cofZiEtl M en hexano con lo que se
consiguio aumentar el rendimiento hasta 92% maeneoi el exceso enantiomeérico
(Tabla 2, entrada 2), por lo que se decidio coatia optimizacion con EZn que es
ademas mas economico que ehLEfe Cuando la adicion del sustrdtase llevo a cabo
a temperatura ambiente se consiguié aumentar esexenantiomérico del producto
hasta el 74% (Tabla 2, entrada 3), sin embargo, disminucion mayor de la
temperatura condujo a menor rendimiento y enaréoseidad (Tabla 2, entrada 4).

A continuacién, se ensayo el uso de co-disolveiasdiclorometano aumenté el
exceso enantiomérico pero a expensas de un remdarb@jo (Tabla 2, entrada 5). El
uso de nitrometano (Tabla 2, entrada 6) produjoinaiemento acentuado de la
enantioselectividad hasta 91%e aunque el producto de adicion se obtuvo con
rendimiento moderado. Un examen de los subprodudmsreaccion mostré la
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formacion de una cantidad considerable de 5-femiéigol resultante de una reaccion de
adicién 1,3-dipolar entre nitrometano y fenilaagid?* Con el fin de minimizar esta
reaccion secundaria se ensayaron otros nitroalddadda 2, entradas 7-9), alcanzando
un compromiso entre rendimiento y enantioselecicen tolueno/nitroetano que
proporciond el producto de adicién dese8dacon un 69% de rendimiento y un 87%
ee (Tabla 2, entrada 7). La utilizacion de Mg en tolueno, con nitroetano como co-
disolvente no aporté ninguna mejora (Tabla 2, eliat0).

Tabla 2. Adicion conjugada enantioselectiva de fenilacatl @Qa) a 3-
bencilidenpentano-2,4-diondd). Efecto del reactivo de dialquilcinc, temperatyra
disolvente®

o) o) (6] (o]
Me)‘\Eu\Me ¢ Ph—=——H L9, RyZn - Me Me
Ph =~ "Ph
1a 2a Ph 3aa
R,ZN Co- T (°CY t (h) Rto (%)  edq%)
2 disolventé
1 Me,Zn' Tolueno 70 1 87 64
2 EtzZnd Tolueno 70 1 92 63
3 EtZn® Tolueno ta 4 69 74
4 EtzZnd Tolueno 0 5 30 68
5 EtzZn® CH,Cl, ta 4 49 80
6 EtzZn® MeNO, ta 2 45 91
7 EtzZn® EtNG, ta 4 69 87
8 EtzZn® PhNQ, ta 4 68 86
9 EtzZn® 'PINO, ta 4 48 75
10 MezZn' EtNO, ta 4 65 86
11 Etzn" EtNO, ta 4 72 87

la (0,125 mmol),2a (0,94 mmol), BZn (0,25 mmol),L9 (0,025 mmol) en toluend’. Disolvente
utilizado en la adicién dda ° Temperatura de adicion de. ° Rendimiento de producto aisladb.
Determinado por HPLC quira{IMeZZn 2 M en toluend.E,Zn 1 M en hexand. Et,Zn 1,5 M en tolueno.

Finalmente, el uso de la disolucion de dietilcimctelueno, en lugar de hexano,
permitio un ligero aumento de rendimiento (Tablartrada 11).

De acuerdo con este proceso de optimizacion lasresefondiciones consistieron
en la formacion del complejo cdr® (20% mol), EtZn 1,5 M en tolueno (2 equiv.) y
alquino2 (7,5 equiv.) a 70 °C en tolueno y adicién del sustt utilizando EtNQ como
co-disolvente a temperatura ambiente.

4.1.3 Alcance y limitaciones de la reaccién

Finalizado el proceso de optimizacion con la adiaidnjugada de fenilacetileno
(2a) a 3-bencilidenpentano-2,4-dionka), se evaluo la aplicabilidad de las condiciones
de reaccion a otras endiorfgsalquinos terminale2.
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En primer lugar se estudio la adicion conjugaddetacetileno 2a) a distintas
dionas (Tabla 3).

Tabla 3. Adicién conjugada enantioselectiva de fenilaeatl @a) a distintas endionas
12

fe) fe) (0] (@]
R1N\fJ\R1 . Pr— L9, Et,Zn . R R
R2 Tol/EtNO,, ta = "R
1 2a Ph 3
R R? t (h) Rto (%) ee(%)°
1 la Me GHs 4 3aa 72 87
2 1b Me 4-MeGH, 4 3ba 69 85
3 1c Me 4-MeOGH, 4 3ca 65(59f | 80(97f
4 1d Me 3-CIGH, 4 3da 64 84
5 le Me 4-CIGH, 4 3ea 67 88
6 1f Me 4-BrGH, 4 3fa 68(74) | 88(99Y
7 1g Me 4-NO,CeH,4 4 3ga 53 83
8 1h Me 2-naftilo 4 3ha 52(71) | 80(99Y
9 1i Me 2-furanilo 4 3ia 48 80
10 1j Me 3-furanilo 4 3ja 53 83
11 1k Me 3-tienilo 4 3ka 52 82
12 1l Me Me 4 3la 68 64
13 im Et CeHs 5 3ma 55 76

21 (0,125 mmol)2a (0,94 mmol), EZn (0,25 mmol)L9 (0,025 mmol) en tol./EtN©a ta” Rendimiento
de producto aisladd. Determinado por HPLC quiraf.Entre paréntesis, rendimientoeg después de
cristalizaciéon con mezclas de hexanofCH

La reaccion de adicion conjugada puede llevarsealao ccon diferentes 3-
arilidenpentano-2,4-diona& sustituidas tanto con grupos electron-atrayenteaoco
electron-dadores en las posiciomestay para del anillo aromatico efi, obteniéndose
las correspondienteg-alquinil dicetonas3 con buenos rendimientos y excesos
enantioméricos superiores al 80% (Tabla 3, entr@dés La reaccion de adicién a un
sustrato con un sustituyente voluminoso en la posig, como es el derivado de 2-
naftilcarbaldehido transcurrié con un rendimientoderado y un 80%e (Tabla 3,
entrada 8). La aplicabilidad de la reaccion tamipéede ampliarse a endionas con
grupos heteroaromaticos eh obteniéndose los correspondientes productos con
enantioselectividades en torno al 88&{Tabla 3, entradas 9-11). Ademas, se estudio la
reaccion de adicion conjugada a un compuesto tgabnilicoo,p-insaturado con un
sustituyente alifatico ef (11) obteniéndose el producBba con un buen rendimiento y
una enantioselectividad moderada (Tabla 3, enttajla-inalmente, se estudio el efecto
del sustituyente en el grupo carbonilo haciendaaieaar la 4-bencilidenheptano-3,5-
diona ((m, R' = Et, R = Ph) con2a obteniendo el correspondiente producto de
alquinilacion 3ma con un rendimiento moderado y una enantioseleletilviinferior
(76%e¢© a la obtenida con la diorda (Tabla 3, entrada 13).
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A continuacion se ensayo el alcance de la reaamarotros alquinos terminal@s
(Tabla 4).

Tabla 4. Adicion conjugada enantioselectiva de varios ialggl aromaticos2 a
diferentes 3-arilidenpentano-2,4-dioria®

fe) fe) (0] (@]
Me)J\EU\Me . RA— L9, Et,Zn _ Me ’ Me
R2 TOl/EtNO,, ta = 'R
1 2 R® 3
R? R® Rto (%)  ee(%)
1 la CeHs 2b  4-MeOGH, 3ab 53(44) | 84(99}
2 la CeHs 2¢c A-FCeH, 3ac 61(80f | 86(99}
3 la CeHs 2d 4-CICgH, 3ad 56 87
4 | 1b 4-MeGH, | 2c 4-FCH, 3bc 67 87
5 le 4-CICGH, 2c 4-FGH4 3ec 76 86
6° le 4-CICH, | 2c 4-FCH, 3ec 45 93
7 1f  4-BrCH, | 2c 4-FCH, 3fc 80 86
8 la CoHs 2e 3-tienilo 3ae 62 80
9 | 1a CeHs 2f  PhCHCH, 3af 45 27

42 (0,94 mmol), EZn (0,25 mmol),L9 (0,025 mmol),1 (0,125 mmol) en tol./EtNQa ta., 4 H.
Rendimiento de producto aisladdeterminado por HPLC quirdl Entre paréntesis, rendimiento
y ee después de cristalizacién con mezclas de hexan@gH Utilizando MeNQ en lugar de
EtNO,. f La reaccién se llevé a cabo a 70 °C.

La reaccion de adicibn conjugada de diversos ddowade fenilacetileno
sustituidos en el anillo aromatic2b-d con distintas endionasa,b,e,f dieron los
productos deseados con enantioselectividades sawilaa las observadas con
fenilacetileno2a (Tabla 4, entradas 1-7). La reacciénldecon (3-tienil)acetileno2g
condujo al product@aecon un 80% de exceso enantiomérico (Tabla 4, emBadSin
embargo, se necesitd una temperatura de reaccisreledada para la reaccion de 4-
fenil-1-butino @f) dando el producto espera@af con un 43% de rendimiento y un
27% de exceso enantiomérico (Tabla 4, entradad@jbien se ensayo la reaccion con
trimetilsililacetileno dando una mezcla complejgpdeductos que no se caracterizé.

Finalmente, cabe destacar que la mayoria de laupims de alquinilacioB son
sélidos que pueden obtenerse en forma casi enaricamente pura mediante
cristalizacion de mezclas hexano-diclorometan®I@ &, entradas 3, 6 y 8; Tabla 4,
entradas 1y 2).

4.1.4 Determinacién de la configuracion absoluta

La determinacion de la configuraciéon absoluta des psoductos de adicion
conjugada3 se llevo a cabo por correlacion quimica del produessultante de la
hidrogenacion catalitica d8aa con el producto5 obtenido por hidrogenacién del
producto4 de esteroquimica conocid.
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En primer lugar, se llevd a cabo la reaccién deikdgion alilic&® del acetato de
(E)-1,3-difenilalilo con 2,4-pentanodiona empleandono catalizador un complejo de
Pd(Il) y (R-BINAP obteniéndose el productbcon un rendimiento del 90% y 898&
(Esquema 37).

o0 O

Qhe o 0 [PdCI(n3-C3Hs)]
n--Lahs)lz Me Me
Ph)\/\Ph ¥ Me)J\/U\Me "

(R-BINAP, BSA, KOAC b\ ~pp,
CH20|2, ta

4 89% ee
[odp® + 9,8 (c 1, EtOH)

90%

Esquema 37 Reaccién de alquilacién alilica enantioselectiva.

La hidrogenacion catalitica del productd sobre Pd/CaC® condujo
cuantitativamente a la dion8{(+)-5 (Esquema 37).

Por otra parte la hidrogenacion catalitica del potal de alquinilacion conjugada
3aacondujo a un compuesto cuyas caracteristicas egpeapicas coincidieron con las
de5 (Esquema 38).

0 O

O O
I\ieij\)LMe Pd/CaCO4 I\Kj:\LMe
"~ Ph Ph

Ph™ X Ph EtOH, H,, ta

4 89% ee 99% (S)-(+)-5  89% ee
[a]p2° + 9,8 (c 1, EtOH) [a]p?® + 36,8 (¢ 0,83, CHCI,)
o o O O
Me Me  Pd/CaCO; I\ieij)LMe
EtOH, H,, ta
. _ h 9902 Ph Ph
3aa 86% ee (R-(-)-5 85% ee

[o]p?° - 32,9 (¢ 0,78, CHCI5)
Esquema 38 Reacciones de hidrogenacion catalitica.

Los productos de hidrogenacién preparados a et y 3aa mostraron signos
opuestos en el valor de su rotacién optica, lo mrrenitié asignar al compues8aa,
resultante de la reaccion de alquinilacion, la icamicionR en el centro estereogénico.
Para el resto de product8se asigné la misma configuracion absoluta suponiemd
mecanismo estereogénico uniforme.

4.1.5 Transformaciones sintéticas

Con el fin de mostrar el potencial sintético destrgereaccion y de los productos
preparados se llevaron a cabo algunas modificagideéos mismos.
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Los productos resultantes de la alquinilacion cgagla son enolatos que pueden
reaccionar con electrofilos si no son neutralizadoges, o que permite realizar
reacciones de tipo tandem. Como ejemplo, se llevdalzo una reaccién tandem
enantioselectiva, alquinilacion  conjugada-fluoracid por adicibn de N-
fluorobencenosulfonamida (NFSI) a la mezcla final aquinilacién, obteniendo el
producto6 con un rendimiento moderado y exceso enantioméltdB7% (Esquema
39).

0O O

1) L9, Et,Zn, TOVEtNO,, ta
Me | Me + Ph———-H
2) NFSI, ta

Ph .
1a 2a 48%

87% ee

Esquema 39 Reaccién tandem alquinilaciéon conjugada-fluona@aantioselectiva.

Por otra parte, la hidrogenacién parcial del cormfmi@aa con el catalizador de
Lindlar (5%) da lugar al alquent con un doble enlacg y un centro estereogénico
alilico (Esquema 40), siendo este procedimientoptementario a la sustitucion alilica
catalizada por Pd(ll) del acetato d€)-(,3-difenilalilo con 2,4-pentanodiona, la cual
favorece la formacion del doble enldeéEsquema 40).

Me Me cat. Lindlar Me Me
1y Benceno, H, ta "'Ph
=z P 99% |
Ph Ph
3aa 7
87% ee 87% ee

Esquema 40 Hidrogenacién parcial del triple enlace en el paesto3aa

Ademas, el productBaapuede ser reducido de manera diastereoselectdial &
con LiAlH,4, lo que seguido de una ciclaciéon catalizada patappermite obtener el
tetrahidrofurano quiréd con cuatro centros estereogénicos (Esquema 41).

o o OH. OH
) = H= Me
Me Me & Me Me ﬂ»
THF, 0°C THF, 0°C
= Ph 86% = Ph 779
Ph dr=71 N
3aa 8
87% ee 87% ee

Esquema 41 Formacion del tetrahidrofurano quirél
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El tetrahidrofuran® es inestable debido a la presencia del doble epbemeclico,
observandose su migracién a una posicién endazielicun 60% tras permanecer 18
horas en disolucion de CDLI

Para determinar la estereoquimica relativa del&lypldel compuesto ciclic6, se
fij6 la conformacion del compuest® mediante la formacion de un aceténil®y por
tratamiento del dioB con 2,2-dimetoxipropano en medio acido (Esquenma 42

Me_ Me
OH, OH <o
T N SH =
Me Me MeO OMe Me Me
= o _— “y
= Pz
p-TsOH = ©
8 76% 10

Esquema 42 Sintesis del acetonidi®.

La estereoquimica del acetonitld fue asignada de acuerdo con las constantes de
acoplamiento del protéon C5-H del anillo de dioxaba.sefial de este proton aparece
como un doble triplete debido a los acoplamientws & proton propargilical(= 3,6
Hz) y a los acoplamientos idénticos ecuatorialdafda= 2,7 Hz) con los dos protones
C4-H y C6-H como se muestra en la Figura 4.

4400
4388
4280
4375
4271
4268
4256
4254
4249
4235
4232
4226
4211

4204
1891

1.881

1,889
1,880

4,280
475
4271

-] =
SRR
- ke

o

4258

3
&l
=

)i

4246
4235
4232
4226
413
4211
4204

1691

1.681

1.869
1.860

J=3.6Hz,

_OL{?——=

T T T T T T
5.0 5.0 4.0 3.0 20

Figura 4. Detalle del espectro de RMiM del acet6nidd.O.

Ademas, se llevaron a cabo experimentos NOESY selboempuesto ciclic®
observandose las interacciones significativas qualgestran en la Figura 5.
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3
N

i
H(b)

5.0 0.0
ppm

Figura 5. Experimento NOESY del tetrahidrofura@o

SiendoR la configuracién del carbono propargilico enrelducto de alquinilaciéon
3aay considerando tanto las constantes de acoplamidrservadas en el acetonitio
y los experimentos NOESY realizados con el tetraffiidlano 9, se asignd la
estereoquimica de los compuestek

En resumen, los resultados descritos en este tapdnstituyen el primer ejemplo
de reaccion de alquinilacion conjugada enantiotesecatalizada por cinc que requiere
una cantidad subestequiométrica de material guisateaccion es aplicable a endionas
con diferente sustitucion en el carbohalel doble enlace y alquinos terminales con
sustituyentes aromaticos y heteroaromaticos. Loslymtos se obtienen con buenos
rendimientos y enantioselectividades, pudiendoesgiguecidos enantioméricamente
por cristalizacion.
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4.2. Alquinilacion conjugada enantioselectiva a 3keoxicarbonil
cumarinas catalizada por complejos de Zn(ll).

El ndcleo de 3,4-dihidrocumarina esta presenteuemenosos productos naturales y
compuestos biolégicamente actiVdsDe ahi, la importancia del desarrollo de
procedimientos para la construccion de este tipesiieicturas. La adicién conjugada
enantioselectiva de reactivos nucledfilicos al dafhlace de una cumarina constituye
un método directo para la obtencion de 3,4-dihwgnmuarinas con un centro
estereogénico en la posicion 4 del heterociclo. €ajemplos de este tipo de
reacciones podemos mencionar la adicion conjugadaciios boronicos a cumarinas
empleando complejos quirales de #Ha adicién enantioselectiva de reactivos de
dialquilciné® y de Grignar? a 3-acil y 3-nitrocumarinas catalizada por colyda
alilacion conjugada de 3-alcoxicarbonilcumarinagiiaete activacion dual empleando
un complejo deN,N-diéxido-Yb(OTf); y Cu(OTfy-C/Hg.>! Teniendo en cuenta estos
antecedentes decidimos estudiar la alquinilaciéeuwtearinas con el fin de introducir
en la posicion 4 de estos compuestos un grupo radooque permitiera posteriores
modificaciones funcionales aprovechando la reatdviquimica del triple enlace. Con
el fin de aumentar la electrofilia del doble enlaeepenso en utilizar 3-alcoxicarbonil
cumarinas en las que éste se encuentra doblemeivada por dos grupos carbonilo
(Esquema 43).

Rl

. I,

+ R—m—H —
0) 0] (0] ¢}

Esquema 43 Adicion conjugada de alquinos terminales a 3»at@rbonil cumarinas.

4.2.1. Sintesis de 3-alcoxicarbonil cumarinas

Las 3-alcoxicarbonil cumarinas se sintetizaron isigdo el procedimiento
experimental descrito en la bibliografigue consiste en una reaccién de Knoevenagel
entre salicilaldehido y un éster malonico en preisette piperidina y acido acético.

En primer lugar, con el fin de estudiar el efectd gfupo alcoxicarbonilo sobre la
reaccion se prepararon las cumaribhda-14ahaciendo reaccionar salicilaldehido y los
correspondientes dialquilmalonatos con buenos m@edios (77-88%) (Esquema 44).

0]

11aR=Me
i :CHO COOR Piperidina, AcOH N OR 12aR=Et
' < Benceno, 100 °C 13a R='Pr

OH COOR : o o

14aR=Bu

Esquema 44 Sintesis de 3-alcoxicarbonil cumarinas.
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La sintesis de 8rc-butoxicarbonil cumarinas, las cuales fueron elegidamo
sustratos mas adecuados (ver apartado 4.2.3)véedleabo de manera similar a partir
del correspondiente salicilaldehido sustituido ylamato de terc-butilo y metilo
(Esquema 45).

0
5
- CHO <coofBu Piperidina, AcOH 6 C(ikotm
Ri— + R~
B 100 ° '
ZoH CooMe ~ gencene. c 5 8/ 0 o
14
14a,R=H 14f, R =7-MeO
14b, R = 8-Me 14g, R = 8-MeO
14c, R = 8-1Bu 14h, R = 6-Br
14d, R = 5-MeO 14i, R = 6,8-(Bu),
14e, R = 6-MeO 14j, R = 6-Cl, 8-Me

Esquema 45 Sintesis de 8rc-butoxicarbonil cumarinas.

Las 3-alcoxicarbonil cumarinas se obtuvieron comdiientos elevados (76-88%).
Los compuestos se caracterizaron por resonanciaétiag nuclear (RMNH, RMN
13

C).

4.2.2. Sintesis de ligandos bis(hidroxiamida) coinsetria C,

Los ligandos utilizados en este estudio fueron nlilgs con estructura de
bis(hidroxiamida). Su sintesis se llevdo a cabo isiglo el esquema retrosintético
general que se muestra en el esquema 46.

R R
0 R’ o)

NH OH cl R R R EO
Xj/,: X; +HN\ OE’ H,N  OH
NH OH Cl 2 2
o ) R’ o)

R R

Esquema 46 Analisis retrosintético de los ligandos bis(hidamnida) con simetri&,.

Los aminoalcoholes quirales no comercidl®s,d-h se prepararon siguiendo un
procedimiento descrito en la literatdfapor reaccién entre el éster del correspondiente
aminoacido quiral y un exceso de reactivo de Grijasquema 47).
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R '
0 SOCl, R 3 R'MgBr R RR.
H,N OH MeOH H,N OCH;  Eter H,N OH
15
Ph, Ph Ph.  4-CICqH, Ph,  2-Naftilo
Ph Y—4-CiCeH, 2-Naftilo
H,N  OH H,N  OH H,N  OH
15a 15d 15e
1-Naftilo 2-Naftilo
Ph Ph Ph
Ph Ph Ph
H,N  OH H,N  OH H,N  OH
15f 159 15h

Esquema 47 Sintesis de los aminoalcoholes quirdlBa,d-h

Los aminoalcoholes sintetizados y los aminoalcaghotemerciales §)-(+)-2
fenilglicinol (15b) y (1R,29-(-)-norefedrina 15¢), se hicieron reaccionar con varios
dicloruros de acido en presencia de trietilamimaTEF para dar los liganddd 3-L.22

(Esquema 48).

0 o »Y—<rR

R R >—C| BN Y—NH OH
2 R' X
H,N  OH }/-—C| THF,ta  )—NH OH
15 ° TR
R R
L13-L22
o 0 a
M o o o o] Oy o]
Ph
Ph/" NH HN NH HN Ph/, Ph Ph/,
Ph7E I Ph Ph%i j;Ph ph7[ j; Ji I
Ph
pH O HO" pn OH HO OH  HO LPM OH  HO GPM
L11 L13 L14
Q 0 L16 R = Ph L19R =Ph
Ph, }—@—( Ph 0 0 R =H R' = Naftilo
Ph{NH HN‘§<Ph R, _NH HN. JR  L17 E = ngﬁ L20 2 = I::L
Ph Ph ‘= =
OH HO R'Ji o H OJ;R' L18 R = Ph L21R = 1-NaftiloCH,
L15 R R R'=4CiCeH,  R'=Ph
L22 R = 2-NaftiloCH,
=Ph

Esquema 48 Sintesis de ligandos bis(hidroxiamida).

Los ligandos bis(hidroxiamida) derivados del acadlico L11 y del acido 2,2-
dimetilmalénicoL12 se encontraban disponibles en nuestro laboratorio.
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4.2.3. Optimizacion de las condiciones de reaccién

Para comenzar el proceso de optimizacion se estiadiaccion de adicion
conjugada de fenilacetiiend?2d) a 3-etoxicarbonil cumarinal2a) empleando las
condiciones utilizadas en el trabajo anterior, logendos derivados de BINOL y &Zn.
Sin embargo, bajo estas condiciones el productalglgnilacionl6aase obtuvo con
bajos rendimientos y bajos excesos enantioméricmsympafiado de la 4-
etildihidrocumarina resultante de la adicion ddildiac.

A la vista de este resultado decidimos estudiegdacion utilizando los ligandos de
tipo bis(hidroxiamida) L11 y L12, derivados de acido oxdalico y acido 2,2-
dimetilmalonico, respectivamente, que nuestro grdgaonvestigacion habia empleado
con anterioridad para llevar a cabo reaccionegio#oa enantioselectiva de dietilcinc a
aldehidos®Aunque el ligandd_11 condujo al producto esperado en forma racémica
(Tabla 5, entrada 1), el resultado prometedor atbbenon el ligandd_12 (Tabla 5,
entrada 2) nos impulsé a preparar y ensayar oigaados de tipo bis(hidroxiamida)
con simetriaC,, L13-L22. Los resultados obtenidos se muestran en la Babla

En general, la bis(hidroxiamid&)13, derivada de 1,1,2-trifenilaminoetanol y del
acido isoftalico proporcioné mejores resultados ofues ligandos derivados del mismo
aminoalcohol y diferente acidos dicarboxilicos (f&ab, entrada ¥s entradas 1-2 y 4-
5). Ademas, la presencia del grupo diariimetanel ifaportante para la obtencion de
enantioselectividad (Tabla 5, entradavé entradas 8-12). Asi pues, los mejores
resultados se obtuvieron con los ligantd@8 y L21 (Tabla 5, entradas 3y 11).
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Tabla 5. Adicion conjugada de fenilacetilen@aj a 3-etoxicarbonil cumaringl2a).
Screening de ligandos de tipo bis(hidroxiamitia).

Ph

o I

Ny OEt o L, EtoZn OEt
+ Ph——H ————
o o Tolueno, ta o o
12a 2a < N-Me 16aa

=
o 0 o o S\ | o
Ph,, NH HN:C’“ NH HN Ph,, _NH Ph Ph
Pw[o” Ho oy };7[ j; Ph{OH HOI Ph Ph{w Hoj; o
L11 L12 L13 -
o o L16 R = Ph L19R = Ph
o, W o Y©\( R = H R' = Naftilo
Ph NH HN Ph R L17 E'_:'::,!E L20 II;{ EL
Ph" o HO R' R, L18R = Ph L21R = 1-NaftiloCH,
L15 g/ OH  HO g R'=4CICgH, R =Ph
L22 R = 2-NaftiloCH,
R'=Ph
L t (h) Rto (%) ee(%)
1 L11 4 34 0
2 L12 2 73 50
3 L13 2 78 67
4 L14 5 63 10
5 L15 2 66 40
6 L16 4 55 0
7 L17 1 76 47
8 L18 2 79 34
9 L19 1 86 37
10 L20 1 61 20
11 L21 1 80 68
12 L22 1 72 55

#12a (0,125 mmol),2a (0,9 mmol),L (0,025 mmol), EZn 1,5 M en tolueno (0,25

mmol), N-metilpiperidina (0,05 mmol) en tolueno a taRendimiento del producto

aislado por cromatografia de columriaDeterminado por HPLC utilizando fases
estacionarias quirales.

Se decidio continuar el proceso de optimizacion eoligandolL21 y estudiar el
efecto del grupo 3-alcoxicarbonilo (Tabla 6, entiad-4). La cumarina con el grupo 3-
terc-butoxicarbonill4a(Tabla 6, entrada 4) proporcioné el correspondiprmeucto de
alquinilacion19aacon mejor rendimiento y enantioselectividad en garacion con el
resto de 3-alcoxicarbonil cumarinas (Tabla 6, elatsal-3). El uso de M&n en lugar
de EtZn asi como la utilizacién de otros co-disolventdemperaturas de reaccion no
proporcionaron mejores resultados (Tabla 6, ensr&el®). También se estudié el efecto
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de la carga catalitica ensayando la reaccion cdtO@e molar dé.21 (Tabla 6, entrada
10) sin que se viera afectada la enantioselectivigixro obteniendo el produci®aa
con menor rendimiento (60%). Un descenso mayoa earga catalitica de21 hasta el
5% molar provocd un descenso tanto en el rendimienitno en la enantioselectividad
(Tabla 6, entrada 11). Todas las reacciones sartieva cabo en presencia de un 20 mol
% de N-metilpiperidina. La presencia de este aditivo n® esencial para la
enantioselectividad de la reaccidon aunque produe raejora en los rendimientos
(Tabla 6, entrada ¥sentrada 12).

Tabla 6. Adicién conjugada de fenilacetilen8a) a 3-alcoxicarbonil cumarindl{a
1492

Ph

0 I

" Phm="" Co-disol T
o o) o-disolvente, o) 0
11a-14a 2a < N—Me 16aa-19aa

Co- Rto ee

R gisolvente 1O t() %) (%)
1 12a Et Tolueno ta 1 16aa 65 68
2 1lla Me Tolueno ta 1 17aa 80 58
3 13a  'Pr Tolueno ta 2 18aa 75 65
4 14a  'Bu Tolueno ta 2 19aa 82 72
5 | 148 'Bu Tolueno ta 2 19aa 69 68
6 14a  'Bu Hexano ta 2 19aa 87 66
7 l4a '‘Bu CH,Cl, ta 2 19aa 99 64
8 14a  'Bu Tolueno 40 1 19aa 83 54
9 14a  'Bu Tolueno 0 3 19aa 60 72
10 | 144 '‘Bu Tolueno ta 3 19aa 60 72
11 | 14d 'Bu Tolueno ta 3 19aa 58 65
12 | 14 '‘Bu Tolueno ta 3 19aa 60 72

#11-14 (0,125 mmol),2a (0,9 mmol),L21 (0,025 mmol), EZn 1,5 M en tolueno (0,25 mmolN-
metilpiperidina (0,05 mmol) a t&.Rendimiento del producto aislado por cromatogreffacolumna’
Determinado por HPLC utilizando fases estacionagisisales.® Se utiliz6 MeZn en lugar de BEn. ©
10% mol de.21. '5% mol del.21. YReaccién llevada a cabo en ausencil-aeetilpiperidina.

4.2.4. Alcance y limitaciones de la reaccion

A pesar de los resultados moderados obtenidos kdéigaedo L21, decidimos
continuar con el estudio sobre la aplicabilidadade=accion en las condiciones que nos
daban los mejores resultados. En primer lugar,saedi® la adicién de fenilacetileno
(2a) a diferentes 3erc-butoxicarbonil cumarinasl4 (Tabla 7). La presencia de
sustituyentes en el anillo aromatico, tanto denaédma electron-donante como electron-
atrayente favorece enantioselectividades superebtas obtenidas con la cumarina no
sustituida. Las mayores enantioselectividades fueobtenidas con cumarinas
sustituidas en las posiciones C-7 y C-8 (Tablanfradas 4-5vs entradas 6-7). En
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particular, se obtuvieron excesos enantiomeéricpsrsares al 90% con compuestos que
presentaban sustituyente alquilicos (M8w) en la posicién C-8 (Tabla 7, entradas 2-
3). También se ensayaron algunas cumarinas digdat obteniendo excelentes
enantioselectividades con las cumaritdsy 14j sustituidas, de nuevo, con un grupo
alquilo en la posicion 8 (Tabla 7, entradas 9-10).

Tabla 7. Adicion conjugada de alquinos terminaka 3terc-butoxicarbonil cumarina
142

R2

. I

(0]
R + R2—=—H R
o Yo Tolueno, ta o Yo
14 2 < N—-Me 19

R R t (h) (f%’b ee (%)
1 | 14a H 2a CeHs 2 19aa 82 72
2 | 14b 8-Me 2a CeHs 3 19ba 97 91
3 | 14c 8-'Bu 2a CeHs 4 19ca 85 95
4 | 14d 5-MeO 2a CeHs 5 19da 76 76
5 | 14e 6-MeO 2a CeHs 4 19ea 70 75
6 | 14f 7-MeO 2a CeHs 3 19fa 80 85
7 | 14g 8-MeO 2a CeHs 4 19ga 70 84
8 | 14h 6-Br 2a CeHs 3 19ha 78 80
9 | 14 6,8-(Bu) 2a CeHs 3 19ia 82 89
10 | 14 6-Cl, 8-Me 2a CeHs 3 19a 85 93
11 | 14f 8-Me 2b  4-MeOGH, | 3 19fb 99 81
12 | 14f 8-Me 29 3-FGH, 4 19fg 92 87
13 | 14 6-Cl, 8-Me 29 3-FGH, 3 19jg 77 92
14 | 14 6-Cl, 8-Me 2c 4-FCH, 4 19jc 73 92
15 | 14a H i Ph(CH), 4 19af 36 60
16" | 14a H i Ph(CH), 4 19af 40 66
17 | 14a H 2h CO.Me - 19ah NR -
18 | 14f 8-Me 2i Me;Si 3 19fi 95 -

%14 (0,125 mmol),2 (0,9 mmol), L21 (0,025 mmol), EZn 1,5 M en tolueno (0,25 mmol)\-
metilpiperidina (0,05 mmol) en tolueno a faRendimiento del producto aislado por cromatogreéa
columnaZ Determinado por HPLC utilizando fases estaciosagigirales® L13 fue utilizado en lugar de
L21. ® Se recuperé el compuestdasin reaccionar.Producto de etilacion.

A continuacion, se llevé a cabo la reaccion deiadiconjugada de otros alquinos
terminales 2 a varias 3erc-butoxicarbonil cumarinasl4. Los derivados de
fenilacetileno sustituidos en las posicioneseta y para del anillo aromatico
reaccionaron con rendimientos y excesos enanticogEltos, siendo mayores cuando
el sustituyente es electron-atrayente. En particela(3-fluorofenil)acetileno2g) y el
(4-flurofenil)acetileno 2c¢) reaccionaron con la cumarink4j proporcionando los
correspondientes productos con un 92%eeé€Tabla 7, entradas 13-14). Los alquinos
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alifaticos como el 4-fenil-1-butinc2f) condujeron al producto de alquinilacid9af
con rendimiento bajo y enantioselectividad moderiaa#o con el ligand@13 como
con L21 (Tabla 7, entradas 15-16). También se ensayo ikcibadconjugada con
propiolato de etiloZh) no observando reaccion, recuperandose el prodlecimartida
1l4a (Tabla 7, entrada 17). Por ultimo, se llevé a cdhoreacciéon entre el
trimetilsililacetileno @i) y la cumarinal4df obteniéndose uUnicamente producto de
etilacion (Tabla 7, entrada 18). En este casomgdéda reaccion prolongando el tiempo
de reaccion entre el alquiri, el ligandoL21 y el EbZn de 1,5 h a 3 h previas a la
adicion de la cumarind4f, no observando avance alguno y recuperandosea@ligio

de partidal4f sin reaccionar.

4.2.5. Determinacion de la configuracién absoluta

En todos los casos, los productos de adicion cadaf9 fueron obtenidos como
un Unico diastereoisémero con la disposidi@ns entre el grupderc-butoxicarbonil en
3y los grupos alquinilo en 4, tal y como se pudtedninar a partir de la estructura de
rayos X obtenida por andlisis de un monocristalpietiucto19ha (Figura 6). Para el
resto de los productos la estereoquintiaas se asignd de acuerdo con la similitud de
las constantes de acoplamiento con lat3ta

Figura 6. ORTEP para la estructura de rayos X del compueiia

Desafortunadamente, los cristales obtenidos arpddi 19ha fueron centro
simétricos por lo que el andlisis de rayos X nanpigd determinar la configuracion
absoluta del compuesto.

La asignacién de la configuracion absoluta de lm®puestosl9 se asigné por
correlacion quimica mediante la transformacion aehpuestal9aaen el compuesto
21 de configuracion absoluta conocida (Esquema 49).
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Ph Ph
Il &
§ Pd/C (5% RS o
“Noig ) ~"Ngtg, TsOH, 80 °C
E— —_—
o o AcOEt, Hy, ta. 0 0 Tolueno o o
0,
1933 99% 20 90% 21
(70% e6) [a]p?® = -24,6 (¢ 0,53, CHCl3, 70% ee)

Lit.50 [a]p2° = + 57,0 (¢ 1,0, CHCl5, 94% ee)
Esquema 49 Determinacién de la configuracion absoluta dehgoestal9aa

El compuesto de alquinilacion conjugad®aa fue hidrogenado sobre Pd/C
obteniendo el compuest®d0 con un rendimiento cuantitativo, el cual después d
hidrolisis y descarboxilacién proporcioné el progu2l con un rendimiento del 90% y
sin pérdida de pureza Optica. Por comparacion odéémprotatorio y de los tiempos de
retencién en HPLC quiral del compue&tbcon los descritos en la bibliografipara el
enantiomeroR)-21 se pudo establecer que los compuestos sinteti2ZpR1 tenian
configuracion S en C4 y por lo tanto el producto de alquinilaci@faa tenia
configuracion R en el centro estereogénico C4. Para el resto deuptos de
alquinilacion19, la configuracion se asigndé asumiendo un mecansstereoquimico
comun.

4.2.6. Transformaciones sintéticas

Los productos de alquinilacidl® presentan un gran potencial sintético. El triple
enlace del compuestt®aa puede ser parcialmente hidrogenado con el catalizde
Lindlar (5%) para obtener la alquenilcumari@@ con el doble enlac& con un
rendimiento cuantitativo sin pérdida de pureza agptiEsquema 50). También fue
posible eliminar el grupo ferc-butoxicarbonil de la posicion 3 mediante hidréligi
descarboxilacion selectiva cpiisOH en tolueno para obtener la 4-alquinilcumazda
Dado que la cumarina no sustituida en la posicido s suficientemente reactiva en
las condiciones de alquinilacién desarrolladagjrepo alcoxicarbonil en la posicion 3
puede ser considerado como un auxiliar que incrariarreactividad del doble enlace,
el cual posteriormente puede ser eliminado delymadde reaccion.
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Ph
J\ Cat. Llndlar \\ O'Bu
Benceno ta

99%

19aa
h
L
W TsOH 80 °C
~ SOBuU
o Tolueno
80%
19aa

Esquema 50 Hidrogenacién parcial y descarboxilacion del caegtol9aa Todas las transformaciones
transcurrieron sin pérdida de la pureza éptica.

La alquinilcumarin®3 puede ser reducida por tratamiento con LiAfidra obtener
el alcohol 24 el cual mediante la reaccidon de Mitsunobu da luglacromano25,
producto de partida para la sintesis de otros r{detenil)cromanos con actividad
antihipertensiva® Por otra parte, el di@4 puede ser ciclado mediante catélisis de oro
dando el acetal fusionadeis 26 obteniendo el esqueleto tetrahidrofuro[2,3-
blbenzofurano caracteristico de las aflatoxingtros productos naturafé§Esquema

51).
Ph Ph
o g THF,0 c CH,Cl, o

91% 82%
Ph
I _Ph
oy AuCls O\l o
THF, 0 °C < SI/\
OH E
24 91% 26

Esquema 51 Transformaciones sintéticas del compuégoTodas las transformaciones transcurrieron
sin pérdida de la pureza 6ptica.

La estereoquimicais del producto26 se asigno teniendo en cuenta el NOE
observado entre los hidrogenos bencilicos del gfempigmetilo © 3,29 y 3,19 ppm) vy el
hidrogeno del carbono cabeza de puedes, 74 ppm) en el espectro de RMN en
acetonads (Figura 7).
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7.386
7.368

3754

\—37&3

)

Bridgehead hydrogen

NOE irradiation at 3.25 (benzylic H)
T L L L S S O B s B
. . 3.0 2.0 1.0 0.0

Figura 7. NOEs observados en el produ2®

En resumen, en este capitulo hemos desarrollagwasedimiento para la sintesis
enantioselectiva de 3-alquinilcumarinas. La reatcé lleva a cabo con un nuevo
sistema catalitico que utiliza bis(hidroxiamidash simetriaC,, dietilcinc y alquinos
terminales. Los productos de alquinilacion se oleiiecon buenos rendimientos (70-
99%) y excesos enantioméricos entre 60-94% depmhaliele la sustitucién en el
alquino y en la cumarina. Aunque la mayoria daldistse ha llevado a cabo utilizando
20% mol de inductor quiral, se ha demostrado queasga puede disminuirse hasta
10% mol, sin un efecto muy acusado en el resultidta reaccion. El procedimiento
descrito aqui representa la primera reaccion deiralgcion enantioselectiva de
cumarinas y también el primer ejemplo de alquindlacle ésteres insaturados mediado
por cinc que utiliza cantidades subestequiométdeasspecie quiral.
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4.3. Alquinilacién conjugada enantioselectiva de (fenilsulfonil)-1,1-
difluoro-3-en-2-onas catalizada por complejos de GU)

Como se ha comentado previamente en la introduckiéadicion nucleofilica de
alquinos terminales a compuestos que presentanogréyncionales electrofilicos
constituye una de las estrategias mas directas lpasintesis de moléculas que
incorporan un triple enlace carbono-carbono en swu@ura. Estas reacciones se
pueden llevar a cabo mediante activacion nucleafillel alquino terminal via su
conversion en un alquiniluro metalico. Esto pueelglizarse aprovechando la mayor
acidez de los hidrégenos sobre carbono sp, pantrahto del alquino terminal con una
especie organometdlica alquilica, o bien el altwini puede generarse de manera
transitoria en presencia de una cantidad catalittcan complejo metalico y de una base
(Figura 8). Esta segunda opcidén resulta mas ateadliesde el punto de vista
medioambiental ya que permite minimizar la proddicae residuos metalicas.

R——H + RYM —> R——M-R' + R-H ]
pKa = 28,8 pKa = 56
(fenilacetileno) (metano)
E+
I » R———E
ML .
ML :
R—=—=—H R—=——H R—=——ML —

Figura 8. Activacién nucleofilica de alquinos terminales.

En los capitulos anteriores hemos desarollado stigesistemas reactivos para la
alquinilacion conjugada enantioselectiva promovida reactivos de dialquilcinc. En
ellos hemos utilizado cantidades subestioquiona&ride material quiral, lo que ha
representado un avance respecto a otros procedisidascritos en la bibliograffa?
aunque no se ha podido evitar el uso de cantidastesjuiométricas o mayores de
especies metalicas. La formacion de alquinilurogahoes de manera transitoria a partir
de catalizadores metalicos permite evitar este nvewmiente. Entre los diferentes
metales que se han empleado con este fin, los epympbe cobre resultan muy
atractivos debido a su baja toxicidad y menor cestendmico, si bien su uso plantea
algunas dificultades debido a la baja nucleofilia bbs alquiniluros de cobre
intermedios. Esta limitacion ha podido ser superadaliante el uso de alquenos
doblemente activados, derivados del acido de MeidEsquema 52-£),0 mediante el
uso de tioamidas insaturadas especialmente disefiada la activacion simultanea del
doble enlace y del alquino mediante catalisis craip@ con un sistema formado por
un &cido de Lewis blando y una base de Brgnstesl (#isquema 52-2§.%°
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Carreira?’
cu R2 0
Me . N
>< y _N.P-ligando N O><Me )
Na-(+)-ascorbato 4 Me
bifasico R o
doble activacién (@)

Shibasaki28-30
activacion simultanea
s | Cu' (A.L. blando) R' s

R P,P-ligando
(\)J\ + RZTH o MY /\/U\ (2)
R NMe; base Bronsted ) Z NMe.
dura

Esquema 52 Estrategias para la alquinilacion conjugada catdh por cobre (1).

Como uno de los objetivos generales de la tesispfageamos el desarrollo de
diversas reacciones de alquinilacion conjugadatmsahectiva catalizadas por Cu(l) de
sustratos fluorados. De acuerdo con los antecesleitibograficos®>°como ligandos
quirales para este tipo de reacciones catalizaola€y(l) hemos utilizado los ligandos
comerciales de tipo bisfosfina que se muestraa éigura 9.

PPh,

OO PAr, PCy>
PPh2 Me thP 'lMe
PPh H
OO 2 S 2 Lion
(R)-BINAP (R, Rp)-Walphos (R,Sp)-Josiphos
L23 L24 Ar=Ph L26

L25 Ar = 3,5-(CF3),CgH3

> H PR, O
nNMe
AP Eo 2 O ) _— MeO PAr,

MezN H PR2 MeO O PAr2

oo

H NMe2 PAr, @
(R, Sp)-Mandiphos (R, Ry)-Taniaphos (R)-MeOBIPHEP
L27 Ar = 3,5-Me»-4-MeOCgH, L28 R =Ph L30 Ar=Ph
L29 R=Cy L31 Ar=3,5-Buy,-4MeOCgH,

Figura 9. Ligandos de tipo bisfosfina empleados en la preseesis.

En trabajos anteriores, nuestro grupo de investgalea utilizadoa’-arilsulfonil
enonas (Figura 10) como diendfilos en reaccioneDigds-Alder enantioselectivas
catalizadas por complejos BOX-Cu(ff)En estas reacciones la agrupacién cetosulfona
actia como una plantilla bidentada que favoreecmién del sustrato al centro metélico
del catalizador facilitando la accion cataliticaymentando la enantioselectividad. Sin
embargo, ensayos previos de alquinilacion conjudjadados a cabo con estas enonas
mostraron que no son suficientemente electréfilgaas reaccionar con alquiniluros de
cobre.
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00

O \ /,
\\V7
S\
R1/\)k/ Ph
Figura 10. Estructura de’-(fenilsulfonil)cetonasu,p-insaturadas.

Para compensar la falta de reactividad dexlearilsulfonil enonas pensamos en la
introduccion de dos atomos de flaor fuertementetelaegativos que podria producir
una activacion suficiente del doble enlace paranpierla reaccion de alquinilacion
conjugada catalizada por cobre. De acuerdo cors ggtEmisas, nos planteamos el
estudio de la alquinilacion conjugada enantioseleale 1-(fenilsulfonil)-1,1-difluoro-
3-en-2-onas catalizada por complejos de cobregyyEma 53).

P , [
9 Q0 ! ICDJUP . R" 0O
- . 20— ,P-ligando
R1VL:><S\Ph: + REF——H — = % ///*\/U\CFZSOZPh
v OF ! base R?

fuerte activacion
modificable, eliminable

Esquema 53 Alquinilacién conjugada enantioselectiva de T{fulfonil)-1,1-difluoro-3-en-2-onas.

4.3.1 Sintesis de 1-(fenilsulfonil)-1,1-difluoro-&n-2-onas

Los productos de partida para la reaccion de alguidn enantioselectiva se han
preparado siguiendo un procedimiento descrito ebidiiografia® que consiste en la
sustitucion nucleofilica sobre ésteres metilic@$-insaturados utilizando como
nucleofilo fenilsulfonildifluorometano (PhSORH) en presencia  de
bis(trimetilsilillamiduro de litio (LHDMS). Hay qusefialar que en la bibliografia sélo
se encuentra descrita la sintesis de uno de estgsuestos, el derivado del cinamato de
metilo. Nosotros hemos seguido este procedimieat@a fa sintesis del resto del-
(fenilsulfonil)-1,1-difluoro-3-en-2-onas utilizadas este estudio.

La sintesis de los éstereg-insaturados necesarios para preparar las enonas se
llevd a cabo mediante una reaccion de Wittig erdgtealdehido adecuado y
(metoxicarbonilmetilen)trifenilfosforano, con buenorendimiento§® Una vez
obtenidos, los ésteres se hicieron reaccionar tararbanion generado a partir de
PhSQCFKH y LHDMS como base, en una disolucion de THF/HM#PA82 °C durante
30 min (Esquema 54).
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o o 1. PhSO,CF,H 0
CH30,CCH=P(Ph)3 THF/HMPA (5:1), -80 °C
RJ\H - R/\)J\OMe G, R“\)I\CFZSOzPh
CHyCI, ta, 3d 2. H;0* 27
27a,R =Ph

_ 27f, R = 3-BrCeH
27b, R = 2-MeCgH, R = 3-BrCeH,
27¢, R = 4-MeCeH, 279 R=4-BrCeH,

= 27h, R = 2-naftilo
27d, R = 4-OMeCgH, 27N K =2 _
27e, R = 2-BrC¢H, 27i, R = ciclohexilo

Esquema 54 Sintesis de 1-(fenilsulfonil)-1,1-difluoro-3-erebas27.

Es importante sefalar que la reaccion de adicion2 1l1de
fenilsulfonildifluorometillitio es reversible siendnecesario mantener la temperatura de
reaccion lo mas baja posible para evitar la fordgradinal del producto de adicién 1,4
mas estable termodinamicamente.

4.3.2. Optimizacion de las condiciones de reaccién

Para el proceso de optimizacion se eligio la réacentre el fenilacetilen®§) y la
(E)- 4-fenil-1-(fenilsulfonil)-1,1-difluorobut-3-en-&na @78 para dar el productd8aa
empleando  complejos formados a partir de tetradlborato de
tetrakis(acetonitrilo)cobre (I) y los diferentegdndos de tipo bisfosfina comerciales
(Tabla 8).

La reaccion se inicia con la formacion del comphajtre el ligandd (20% mol) y
la sal de cobre [Cu(G¥EN)4BF; (20% mol) disueltos en tolueno a temperatura
ambiente durante 1,5 h, a continuacion a esa nismperatura se afiade la en@@q1
equiv.) disuelta en tolueno seguido de IgNEf1 equiv.), finalmente transcurridos 10
min se adicionan 7,5 equiv. de fenilacetileBa)( Los resultados obtenidos se muestran
en la Tabla 8.
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Tabla 8. Adicion conjugada de fenilacetilen®a) a la enon@7a Optimizacion de las

condiciones de reaccién.

o

Cu(l) Ph O

Ph/\)J\CFzsozPh + Ph—=—H

27a

frhe PA
2
2

(R, Rp)-Walphos
L24 Ar=Ph
L25 Ar = 3,5-(CF3),CgH3

O PR,

Me,N b

PCyZ
Ph,P /. Me

H
< Eron

(R, Sp)-Josiphos
L26

<7

F PRe
-

(R, Ry)-Taniaphos

Ligando /\/U\
Z CF,SO,Ph
Et3N, tolueno, ta Ph = Ze

28aa

Q H
Ar2P "'NMez

Pho Ph
H NMe, PAr,

(R, Sp)-Mandiphos
L27 Ar = 3,5-Me»-4-MeOCgH,

MeO PATZ
MeO E PATZ

(R)-MeOBIPHEP

L28 R=Cy L30 Ar=Ph
L31 Ar = 3,5-Bu,-4MeOCgH,

L cu() %o mol slj‘iv , th) RO ee()
1 L24 [Cu(CH;CN)4BF, 20 7,5 48 96 59
2 L25 [Cu(CH;CN)4|BF, 20 7,5 120 34 55
3 L26 [Cu(CH;CN)4|BF, 20 7,5 - - -
4 L27 [Cu(CH;CN)4|BF, 20 7,5 96 66 54
5 L28 [Cu(CH;CN)4BF, 20 7,5 120 51 38
6 L30 [Cu(CH;CN)4BF, 20 7,5 120 62 40
7 L31 [Cu(CH;CN)4BF, 20 7,5 48 80 98
8 L31 [Cu(OT),Tol] 20 7,5 72 78 93
9 L31 [Cu(CH;CN)4BF, 10 7,5 96 67 96
10 L31 [Cu(CH;CN),|BF, 5 7,5 120 62 94
11 L31 [Cu(CH;CN)4]BF, 20 5 72 70 97

&2a (0,9 mmol),L (0,025 mmol), sal de Cu(l) (0,025 mma®y7a (0,125 mmol), EN (0,125 mmol) en
tolueno a t& Rendimiento de producto aislado por cromatogméfaolumna’ Determinado por HPLC

utilizando fases estacionarias quirales.

Utilizando estas condiciones se ensayaron lasetifes bisfosfinas quirales. Los
mejores resultados se lograron con el ligab8b con el que se obtuvo el producto de
B-alquinilacion28aa con un 80% de rendimiento y un 98% de exceso iEmadtico
(Tabla 8, entrada 7). La sustitucion de tetraflborato de tetrakis(acetonitrilo)cobre (1)
por el complejo de triflato de cobre (I)-toluenondajo al producto esperado con un
ligero descenso tanto del rendimiento como de kntrselectividad y ademas la
velocidad de la reaccién disminuy6 (Tabla 8, erar&)l. Por ultimo, se estudi6 la
posibilidad de disminuir la carga catalitica o émero de equivalentes de alquino
observandose que estos cambios no afectaron sat@faesnantioselectividad, aunque
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se produjo una disminucion en la velocidad de iéacg en el rendimiento (Tabla 8,
entradas 9-11).

Asi pues, las condiciones optimizadas para la @acde alquinilacion fueron:
enona27 (1 equiv.), alquin@® (7,5 equiv.),L31 (20% mol), [Cu(CHCN)4BF,4 (20%
mol), EgN (1 equiv.) como base, tolueno como disolventeraperatura ambiente
(Tabla 8, entrada 7).

4.3.3. Alcance y limitaciones de la reaccion

Una vez finalizado el proceso de optimizacion deekccion se procedio a evaluar
la aplicabilidad de las condiciones establecidasatoos sustratos (Tabla 9).

Tabla 9. Adicion conjugada de alquinos terminaka diferentes 1-(fenilsulfonil)-1,1-
difluoro-3-en-2-onag7.?

Q [CU(CHACN),JBF 4 R' 0
R1/\)J\CFZSOZPh + RZ-=——H L31 ///k)J\CFZSOZPh

27 2 Et;N , tolueno, ta R? 28

R R? t (h) Rto (%f ee(%)
1 | 27a CeHs 2a CeHs 48 28aa 80 98
2 | 27b 2-MeGH, 2a CeHs 48 28ba 82 99
3 | 27b  2-MeGH, 2a CeHs 96 28ba 83 98
4 | 27¢c  4-MeGH, 2a CeHs 48 28ca 77 97
5 |27d 4-MeOGH, | 2a CeHs 72 28da 77 96
6° | 27d 4-MeOGH,; | 2a CeHs 96 28da 70 94
7 | 27e 2-BrGeH, 2a CsHs 48 28ea 90 99
8 | 27f 3-BrCsH, 2a CeHs 48 28fa 80 97
9 | 279 4-BrCH, 2a CeHs 48 28ga 75 97
10 | 27h 2-naftilo 2a CeHs 72 28ha 50 95
11 | 27i ciclohexilo 2a CsHs - - - -
12 | 27a CeHs 2b 4-MeOGsH,4 72 28ab 86 98
13 | 27a CeHs 2b 4-MeOGsH,4 96 28ab 67 97
14 | 27a CeHs 2c 4-FCH, 72 28ac 69 97
15 | 27a CeHs 2d 4-CICsH, 48 28ad 90 99
16 | 27a CeHs 2e 3-tienilo 72 28ae 70 98
17 | 27a CeHs 2] ciclopropilo 96 28a] 82 92
18 | 27¢  4-MeGH, 2b 4-MeOGH, 48 28ch 84 97
19 | 27¢c  4-MeGH, 2c 4-FCH, 48 28cc 69 94

&2 (0,9 mmol),L31 (0,025 mmol), [Cu(CKCN)BF, (0,025 mmol),27 (0,125 mmol), EN (0,125
mmol) en tolueno a t&.Rendimiento de producto aislado por cromatogrdi@olumna® Determinado
por HPLC utilizando fases estacionarias quirafeResultados obtenidos con un 10% mol de carga
catalitica.

La adicion de fenilacetilen@®) se pudo llevar a cabo sobre distintas enonas que
poseen e anillos aromaticos sustituidos tanto con grupestebn-dadores (Tabla 9,
entradas 2-6), como con grupos electron-aceptdrallg 9, entradas 7-9) pudiendo
éstos ocupar las posiciona$o, metao para del anillo, obteniéndose en todos los casos
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los productos d@-alquinilacién con excelentes excesos enantiomériCoiando Res
un grupo 2-naftilo voluminoso (Tabla 9, entrada $8)obtiene el producto esperado
28hacon un excelente exceso enantiomérico, sin emt#ngmdimiento es menor.

Ademas, el sistema también permite la adicion desarilacetilenos sustituidos en
el anillo aromético con grupos electrén-dadoresbi@®, entradas 12 y 18) o con
grupos electron-aceptores (Tabla 9, entradas 34185, asi como la adicion de 3-tienil
acetileno (Tabla 9, entrada 16), obteniéndose dostdos casos excelentes excesos
enantioméricos y rendimientos que oscilaron entre6®90%. Cabe destacar el
resultado obtenido en la adicion conjugada de iolulacetileno Zj), con el que se
obtiene un 82% de rendimiento y 92% de exceso iemadtico, ya que este suele ser un
alquino bastante exigente en las reacciones dendéuon enantioselectiva.

También se llevaron a cabo algunas reacciones warcarga catalitica del 10%
molar, observandose de nuevo excesos enantioméiiodares a los obtenidos con un
20% molar de carga catalitica, con rendimientogréimente inferiores (Tabla 9,
entradas 3, 6 y 13).

Los excesos enantioméricos obtenidos con nueststensa catalitico son
considerablemente mas elevados que los obtenido€aeird’ para la adiciéon de
fenilacetileno a derivados aromaticos de acidosMeédrum utilizando el complejo
PINAP-Cu(l) como catalizador, y similares a losestilos por Shibasai*®en sus
reacciones de adicion conjugada de fenilacetilemaaidas aromaticas.

Sin embargo, el sistema catalitico no permite lgi@u conjugada de alquinos
alifaticos tales como 4-fenil-1-butino o 1-hexihmgualmente, la reaccion tampoco tiene
lugar con enonas que presenta un atomo de hidrégemd carbong. Asi, durante el
intento de reaccion de fenilacetiler2a) con la E)-4-ciclohexil-1-(fenilsulfonil)-1,1-
difluorobut-3-en-2-ona27i) (Tabla 9, entrada 11) de la mezcla de reacciopus®
aislar un producto que no incorpora el fragmentéedgacetileno en su estructura y que
podria corresponder al compue&i en su forma endlica (ver apartado 5.3.2.3.). Este
resultado pareceria indicar que la presencia dgrapacion diflurometilsulfonil cetona
incrementa la acidez del proton gnprovocando la enolizacién en medio basico y la
consecuente desactivacion del doble enlace comtrd@lo.

4.3.4. Determinacion de la configuracién absoluta

La configuracion absoluta de los productos de al@dgion conjugada
enantioselectiva se determind por correlacion cquéandel productd®®8aa con el 3,5-
difenilpentan-1-ol 81), un producto descrito en la bibliografia de cgafacion
conocida®

La transformacion d@8aaen 3,5-difenilpentan-1-ol3Q) se llevdé a cabo en una
secuencia sintética de tres etapas (Esquema 539u gmmera de ellas, una reaccion
descubierta de manera accidental permitié transfoeh compuest@8aa (ee = 91%)
en el ésteR9 por tratamiento con magnesio en metanol a 0 °GrAirtuacion, se llevo
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a cabo la hidrogenacion total del triple enlace lBdfiC en acetato de etilo para obtener
el compuest®0 con un 62% de rendimiento. Finalmente, la redurcdé ésteB0 con
hidruro de litio y aluminio en THF condujo al alabl81 con un rendimiento del 77%.
Los tres pasos de la secuencia transcurrieron &idida de pureza Optica en los
productos.

Ph O Ph O
Mg, MeOH H,, Pd/C
& CF,SO,Ph " & OMe
Ph THF, 0°C Ph AcOEt, ta
28aa 68% 29 62%
91% ee
Ph
Ph O LiAIH, W
— Ph OH
Ph OMe  THF goc
30 77% (R)-31
91% ee

Esquema 55 Transformacion del compues@Baa en (R)-31. Determinacién de la configuracion
absoluta.

El andlisis cromatografico por HPLC con una columquaal (Chiralcel OD-H) del
compuestdl obtenido a parti8aay su comparacion con los datos cromatograficos
descritos en la bibliografia para el compuestosdereoquimica conocida, permitieron
asignar la configuraciom al centro estereogénico en el compuekloy por tanto
también en el compuesBaa Para el resto de productos de alquinilacién gada
28, la asignacion estereoquimica se llevé a cabo te™d un mecanismo
estereoquimico comun para todas las reaccione® S=Hinlar que la comparacion de
los signos de rotacion oOptica del produl sintetizado por nosotros con los del
producto descrito en la bibliografia condujeroneauttados contradictorios con los
obtenidos por comparacion de los tiempos de reianem HPLC quiral. Sin embargo,
debido al bajo valor de rotacion oOptica del produd decidimos dar mas fiabilidad al
andlisis cromatogréfico.

4.3.5. Transformaciones sintéticas

Como se ha mencionado anteriormente la agrupatediisulfonil)difluorometilo
es responsable de la activacion electrofilica dalblal enlace. Una caracteristica
deseable en el grupo activante es la posibilidadsele sustituido o modificable
sintéticamente. En particular su conversion enrésty amidas es especialmente
interesante ya que estos grupos funcionales se artanpcon dificultad en catalisis
asimétricd® También es interesante la  transformacién del  grupo
(fenilsulfonil)difluorometilo en otros grupos fluados, por ejemplo, GA o CR,%® que
como se ha mencionado, son de gran interés delsdopaesencia en un gran namero
de moléculas utilizadas en la industria farmacéutiegroquimic&?
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4.3.5.1. Sintesis gealquinildifluorometil- y trifluorometilcetonas

Dada la importancia de la agrupacion trifluoroneetl! difluorometilo, exploramos
la posibilidad de transformar los productos de iaitacion conjugada28 en las
correspondientgs-alquinildifluorometil- y triflurometilcetonas (Esgma 56).

Siguiendo un procedimiento descrito en la biblifigr® se llevéd a cabo la
eliminacion reductiva de la fenilsulfona por tratanmo de28aacon magnesio y cloruro
de trimetilsillo (TMSCI) en THF a 0 °C, para dal eorrespondiente enol éter
difluorado que por hidrolisis con acido fluorhidric0,01 M proporcion la
difluorometilceton&82 con un 83% de rendimiento.

Por otra parte, el tratamiento de dicho enol étézrinedio con SelectFluor en
acetonitrilo a temperatura ambiente condujo aifladrometilcetona33 con un 60% de
rendimiento. Ambas transformaciones transcurrisiorpérdida de pureza Optica en los
productos.

Ph O
0.01M HF > CF,H

83% Ph
32

Ph O Ph  OTMS

/K)J\ Mg, TMSCI /K/g
= CF,S0,Ph ————~ CF,[—
o T THR 0°C Z 2

Cl
28aa Ph BF4'?\I

60% 33

Esquema 56 Obtencién de los compuest®®y 33 a partir d&28aa

4.3.5.2. La agrupaciéon 1-(fenilsulfonil)-1,1-diflonetil cetona como equivalente de
ésteres y amidas

Durante uno de los intentos de eliminacion redactile la fenilsulfona en el
compuest@8aallevada a cabo con magnesio en metanol se obkefeémacion de un
compuesto que se identifico como el éster meti#@pel cual fue utilizado para la
determinacion de la configuracion absoluta de laxlpctos de alquinilaciog8 (ver
apartado 4.3.4). La reaccion se optimizé llevandosabo la sintesis del ési&rcon un
rendimiento del 68% por tratamiento 2@aacon metanol en THF a 0 °C en presencia
de magnesio (Esquema 57). La reaccién también ligyae en ausencia de magnesio si
se lleva a cabo a temperatura ambiente, aunquierepd requerido es mayor. La
reaccion tiene lugar sin pérdida en la pureza auteclos productos.
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I (0]
Mg, MeOH
= CF,SO,Ph
Z 2 T TR occ
0,
O 28aa 687%

Esquema 57 Obtencién del ést&9 a partir del compuest2Baa

La reaccion anterior implica una sustitucion nuilea en la que la agrupacion
(fenilsulfonil)difluorometilo actia como grupo salite. Un comportamiento que no
habia sido descrito en la bibliografia con anteta.

Con el fin de estudiar si este comportamiento eeige se llevd a cabo la reaccion
del compuest@8aa con bencilamina a 0 °C en THF para obtener laespondiente
amida34 (Esquema 58). La amida se obtuvo con un 73% demésrato y sin pérdida
de la integridad estereoquimica del centro estérgog.

l o ‘ o}
PhCH,NH
= CF,SO0,Ph 2 = N
O THF, 0 °C H
28aa 73% 34

Esquema 58 Obtencién de la amid24 a partir del compuesi2Baa

Merece mencionarse que la transformacior8aaen éster o amida Unicamente
requiere el uso de alcoholes o aminas y que elousitproducto formado es la
difluorometil fenil sulfona que se utiliza en laeparacién de los productos de partida
28, la cual podria ser recuperada de la mezcla deitgamediante cromatografia de
columna.

En resumen, en este capitulo hemos desarrolladoraawxion de alquinilacion
conjugada altamente enantioselectiva de 1-(fefdisilj-1,1-difluoro-3-en-2-onas
catalizada por Cu(l). La adicion de derivados deildeetileno, 3-tieniacetileno y
ciclopropilacetileno a este tipo de enonas tiemgaducon buenos rendimientos y
excelentes enantioselectividades. Los productadtaeses son precursores sintéticos de
B-alquinildifluorometil y trifluorometil cetonas. Pmtra parte, los productos pueden
transformarse en ésteres o amidas por tratamiemtoun alcohol o una amina. Esta
reaccion también constituye el primer caso de esb-(enilsulfonil)-1,1-difluoro-3-en-
2-onas como sustratos en reacciones enantiosalectiv
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4.4. Alquinilacion conjugada enantioselectiva de 1,1-trifluorometil-3-
en-2-onas catalizada por complejos de Cu(l)

En el apartado anterior hemos descrito la adiciénalfjuinos terminales a 1-
(fenilsulfonil)-1,1-difluoro-3-en-2-onas y su poste transformacion en -
alquiniltrifluorometil cetonas. Dado el interés lds moléculas que presentan un grupo
CF; en guimica médica, nos pareci6 interesante estladequinilacion conjugada de
1,1,1-trifluorometil-3-en-2-onas que permitiria labtencion directa de B-
alquiniltrifluorometil cetonas quirales (Esquemag.59

0 Cu' R" 0O
R1VJ\CF + R—=——H P,P-ligando MCF
8 base R2 Z 3

Esquema 59 Alquinilacién conjugada enantioselectiva de Lftifluorometil-3-en-2-onas.

Las trifluorometil enonas son sustratos especidienetesafiantes para las
reacciones de adicidbn conjugada enantioselectizasjue la presencia del grupo
trifluorometilo, fuertemente electron-atrayenteidanal grupo carbonilo, no solo activa
el doble enlace sino también el grupo carbonildicuiando el control de la
regioselectividad. En lo que se refiere a reacaalee alquinilacion de estos sustratos,
Gnicamente encontramos en la bibliografia un ejenqg¢ adicion conjugada no
enantioselectiva dealquinilboran®y, dos ejemplos de adicién 1,2 al grupo carbofiilo.

4.4.1. Sintesis de 1,1,1-trifluorometil-3-en-2-onas

La sintesis d@-aril 1,1,1-trifluorometil enonas se llevo a cabediante la reaccion
de trifluorometilacién nucleofilica de estereg-insaturado¥ utilizando el reactivo de
Ruppert-Prakash (TMSGF en presencia de floruro de tetrabutilamonio (TBAF
seguida de hidrdlisis de los sililacetales restdtsicon HCI 4 M acuoso (Esquema 60).

1) TMSCF 5, TBAF

(0] (0]
pentano, ta
AN > AN
SN ol am e RVkCF3
35

35a, R =Ph 359, R = 2-BrCgH,
35b, R = 2-MeCgH,4 35h, R = 3-BrCgH,
350, R = 3-MeCGH4 35i, R = 4-B|'CeH4
35d, R = 4-MeCgH,4 35j, R = 2-naftilo

35e, R = 2-MeOC¢H, 35k, R = 3-tienilo
35f, R = 4-MeOCgH,

Esquema 60 Sintesis de trifluorometil enons.

La sintesis de la trifluorometil eno®®l con un sustituyente alifatico gnno fue
posible siguiendo este procedimiento, debido aja teactividad delR)-5-fenilpent-2-
enoato de metilo con el reactivo de Ruppert-Prakaha sintetizaB5l fue necesario
transformar dicho éster erk)(5-fenilpent-2-enal por reduccion al correspontien
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alcohol y posterior oxidacion (Esquema 61). Laluofometilacion nucleofilica del
aldehido con el reactivo de Ruppert-Prakash prapudc el correspondiente
trifluorometil alcohol que por oxidacion con el céao de Dess-Martin permitié
obtener la trifluorometil cetona dese&#.

0 OH ?
X DIBAL 1 M Tolueno X MnO, AN
OMe > _—
THF, -78 °C DCM. ta
93% 94%

1) TMSCF 5, TBAF

OH
Pentano, ta X CF, Dess-Martin _
2)HCI 4 M, ta “oomt

94% 67%

Esquema 61 Sintesis de I&-alquil trifluorometil enona5l.

4.4.2. Optimizacion de las condiciones de reaccion

Para llevar a cabo el proceso de optimizacion sediésla reaccion de adicion
conjugada de fenilacetileno2d) a E)-1,1,1-trifluoro-4-fenilbut-3-en-2-ona3%a),
utilizando condiciones similares a las descritaglerapitulo anterior, 7.5 equivalentes
de alquino2a, 20% mol de bisfosfina quiral, 20% mol de [Cu@Cil)4BF,, 1
equivalente de BN y tolueno como disolvente (Tabla 10).

Solo tres de los ligandos ensayados proporcionamnplejos de Cu(l) con
actividad catalitica (Tabla 10, entradas 2, 5 ysindo el ligandd.31 el que mejor
resultado dio con un 66% de rendimiento y 94% d=es&x enantiomérico (Tabla 10,
entrada 7).
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Tabla 10. Adicion conjugada de fenilacetilenda) a la enon&5a Optimizacion de las
condiciones de reaccién.

0 Ph O
/\)J\ [Cu(CH3CN)4IBF,, Et;N
Ph CF; + Ph—=—H > = CF3
Tol
35a 2a olueno, ta Ph 33aa
PPh,
- PAr, /Q<P“Cnyz
2 "Me Ph,P ‘Me
PPh, \
OO G @ EtOH
(R)-BINAP (R, Rp)-Walphos (R, Sp)-Josiphos
L23 L25 Ar = 3,5-(CF3),CgH3 L26

% PR ®
Ar,P . 'NMez @E{@ MeO PAr,
PRz Meo PAr,

MezN H
H NMep_ PAr, S

(R, Sp)-Mandiphos (R, Ry)-Taniaphos (R)-MeOBIPHEP
L27 Ar = 3,5-Me,-4-MeOCgH, L29 R =Ph L30 Ar=Ph
L31 Ar = 3,5-Bu,-4MeOCgH,

L t (h) Rto (%) ee(%)
1 L23 72 - -
2 L25 48 39 62
3 L26 72 - -
4 L27 72 - -
5 L29 48 18 50
6 L30 72 - -
7 L31 48 66 94

#2a (0,9 mmol),L (0,025 mmol), [Cu(CKCN),BF, (0,025 mmol),35a (0,125 mmol),

Et;N (0,125 mmol) en tolueno a t&Rendimiento de producto aislado por cromatogmdia
columna.® Determinado por HPLC utilizando fases estaciosagizirales® Se obtiene un
20% de rendimiento de producto de dialquinilacién.

De la mezcla de reaccion llevada a cabo con ehdigh31 se pudo aislar cerca de
un 20% del product86 resultante de doble alquinilicacion 1,2 y 1,4 (Bab0, entrada
7). Con el fin de disminuir la formacion de esteducto no deseado llevamos a cabo
una serie de ensayos reduciendo los equivalentagjdmo, base y catalizador (Tabla
11).
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Tabla 11 Adicion conjugada de fenilacetilen@a) a la trifluorometilenona35a
Optimizacién de las condiciones de reacéion.

0 Ph O Ph OH_ "
Ph/\)J\CFs + Ph—=—H L31, IOUCH,CNIBR_ /\/U\CFs * M
253 2a Et;N, tolueno, ta Ph = 3328 Ph Z . 3
(%5 3;1110I) 2a (equiv.) (elflta’i\lv.) Rt&f)?f’aa ee (%) R(t(;))?‘)16
1 20 7,5 1 66 94 20
2 20 5 1 35 94 25
3 10 7,5 1 45 94 25
4 10 5 1 52 94 15
5 5 3 1 59 94 15
6 5 1,3 1 63 94 5
7 5 1,3 0.1 72 94 5
8 2,5 1,3 0.1 87 94 -
9 2,5 1,3 - - - -

2 Tiempo de reaccion 24 hRendimiento de producto aislado por cromatog@di@olumna®
Determinado por HPLC utilizando fases estacionayiasales® Rendimiento determinado por
RMN.

Al intentar reducir Unicamente el nimero de eqentds de alquino o la carga
catalitica se observd una disminucion del renditiatel producto de alquinilacion
33aa manteniéndose la formacion del producto de doldeimlacién 36 (Tabla 11,
entradas 2 y 3). Sin embargo, al reducir al misimmpo los equivalentes &ay la
carga catalitica se observdé un aumento en el readliondel productd@33aay una
disminucién en la formacion del producto secunddfiabla 11, entradas 4-6). La
reduccion en el nimero de equivalentes de baseljorod aumento en el rendimiento
del producto33aa (Tabla 11, entrada 7). El mejor resultado se abtutdizando un
2,5% molar de carga catalitica, 1,3 equivalentesldeino2a y 0,1 equivalentes de
EtsN, que proporcioné el producto de alquinilacBBaacon un 87% de rendimiento y
94% de exceso enantiomérico, no observandose famedel producto secundarl6
(Tabla 11, entrada 8).

4.4.3. Alcance y limitaciones de la reaccion

Las condiciones optimizadas se aplicaron a la r@agentre diversos alquinos y
1,1,1-trifluorometil-3-en-2-onas sustituidas (Tab®.
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Tabla 12 Adicion conjugada de diversos alquirtbson diferentes 1,1,1-trifluorometil-
3-en-2-onags.?

0 R" O

L31, [Cu(CH3CN)4]BF4
R1/\)J\CF3 + R2——H » é CF3

35 ) Et3N, tolueno, ta R2 33
R R (;) Rto (%) ee(%)

1 | 35a CeHs 2a CeHs 33aa | 24 87 94
2 | 35b  2-MeGH., 2a CeHs 33ba | 48 96 98
3 | 35c  3-MeGH,4 2a CeHs 33ca | 72 65 96
4 | 35d 4-MeGH, | 2a CeHs 33da | 72 55 95
5 35f  4-MeOGH, | 2a CeHs 33fa | 72 56 94
6 359 2'B|’C5H4 2a C6H5 339& 48 74 98
7 | 35h  3-BrCsH., 2a CeHs 33ha | 48 73 93
8 35i 4-BrCsH, 2a CeHs 33ia | 48 68 9d
9 35 2-naftilo 2a CeHs 33ja | 72 55 94
10 | 35k 3-tienilo 2a CeHs 33ka | 48 80 90
11 | 351 CH,CH,Ph | 2a CeHs 33la | - - -
12 | 35a CeHs 2k 3,5-(MeO)Ce¢H; | 33ak | 48 63 96
13 | 35a CeHs 2b 4-MeOGH, 33ab | 24 96 94
14 | 35a CeHs 29 3-FCH, 33ag | 48 76 95
15 | 35a CeHs 2c 4-FCH, 33ac | 48 60 95
16 | 35a CeHs 2d 4-CIC4H, 33ad | 48 78 92
17 35a CeHs 2e 3-tienilo 33ae | 48 65 94
18 | 35a CeHs 2f CH,CH,Ph 33af | 72 | 20(31f | 62(78f
20 | 35b  2-MeGH, 29 3-FCH, 33bg | 48 99 98
21 | 35b  2-MeGH, 2f CH,CH,Ph 33bf | 72 30 9@
22 | 35g  2-BrCgH, 2b 4-MeOGH, 33gb | 72 60 98
23 | 35g  2-BrCeHq 29 3-FGsH,4 33gg | 72 53 98
24 | 35a CeHs 2l TIPS - - - -

42 (0,188 mmol),L (0,0034 mmol), [Cu(CECN),BF, (0,0034 mmol),35 (0,144 mmol), EN (0,014
mmol) en tolueno a taRendimiento de producto aislado por cromatogrdi@olumna® Determinado
por HPLC utilizando fases estacionarias quirdi@eterminado tras hidrogenacion total del triplaee.
® Resultados obtenidos con un 5% mol de carga tiedali

En primer lugar, se llevd a cabo la adicion de léeetileno ga) a 1,1,1-
trifluorometil-3-en-2-onag5 con grupos aromaticos en el carbghdel doble enlace,
sustituidos en las diferentes posiciones del araitomético con grupos electrén-
donantes y electron-atrayentes. Se obtuvieron loglugtos de alquinilacion con
rendimientos buenos y excesos enantiomeéricos supsral 90% (Tabla 12, entradas 2-
8). Los mejores resultados se obtuvieron con legatos sustituidos en la posiciorio
del anillo aroméatico obteniéndose los correspondgrproductos con excelentes
enantioselectividades (Tabla 12, entradas 2 y ®).réaccion permite un grupo
voluminoso como es el 2-naftilo sobre el carb@ndel doble enlace, obteniéndose el
correspondiente productd@3ja con un rendimiento moderado y un exceso
enantiomérico del 94% (Tabla 12, entrada 9). Rldistse amplié con el empleo de un
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sustrato sustituido con un grupo heteroaroméaticoatacual se obtuvo el producto de
alquinilacion33ka con rendimiento y enantioselectividad elevadol@d?2, entrada
10). Sin embargo, la reaccion no tolera gruposataibs en el carbong®, no
observandose reaccion con la enona alif@tdgTabla 12, entrada 11).

También se ha llevado a cabo la reaccién con difesederivados del acetileno. La
reaccion de diversos arilacetilendssustituidos en el anillo aroméatico con grupos de
distinta naturaleza electronica permiti0 obtenes Iproductos de alquinilacion
correspondientes con rendimientos buenos y enefdtitvidades superiores al 92%
(Tabla 12, entradas 12-16, 20, 22-23). La adiciéhatljuino sustituido con un anillo
heteroaromatic@e a la enon&85acondujo al product@3aecon un rendimiento bueno
y un exceso enantiomérico del 94% (Tabla 12, eatfiaf). Interesantemente, también
fue posible utilizar un alquino alifatico como effehil-1-butino @f), aunque en los
ejemplos estudiados los rendimientos fueron baj@s ynantioselectividades variables
segun la enona (Tabla 12, entradas 18 y 21).

4.4.4. Determinacion de la configuracion absoluta

La configuracion absoluta del compuesB3aa se determind por analisis
cromatografico por HPLC con una columna quiral (@lpak AD-H), comparando los
tiempos de retencion con los del mismo compuestenado a partir de la fenilsulfona
28aasegun se describe en el apartado 4.3.5.1. Estisianatlico que en ambos casos
la configuraciéon del centro estereogénico ®sPara el resto de productos de
alquinilacion 33 la configuracién se asigndé asumiendo un mecanissteremgeénico
comun.

4.4.5. Transformaciones sintéticas

Una aplicacion sintética de Ifisalquinilcetonas33 es la sintesis de dihidrofuranos
quirales sustituidos con un grupo trifluorometiksi, la adicion MeMgCl a la cetona
33aa condujo al producto37 con un rendimiento del 68% y una relacién
diastereomérica de 3:1. La ciclacion 8e promovida por el ién de plata(l) permitié
obtener el tetrahidrofurar@8 (Esquema 62).

Ph
Ph O Ph OH
/k)k MeMgCl 3 M en THF g||:43 AgOTf X0 CII;?:
Z cFs > Z 3 : L /ers
Ph Eter, ta Ph THF, ta PH"
33aa 68% 37 72% 38
dr2:1 dr 3:1

Esquema 62 Transformacion sintética &3aa

El diastereoisdmero mayoritario 88 se pudo obtener puro mediante cristalizacién
de hexano. El analisis de este producto mediarftacdidon de rayos X permitié
determinar la estructura del compue88) indicando la presencia del anillo de cinco
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miembros, la disposicioais entre el grupo fenilo y el grupo gF la configuraciorZ
del doble enlace exociclico (Figura 11).

Figura 11. Estructura del compuess8 elucidada mediante difraccién de rayos X.

En resumen, en este capitulo hemos desarrollado remecion de alquinilacion
conjugada altamente enantioselectiva de 1,1, xtnfimetil-3-en-2-onas catalizada por
Cu(l). La reaccion se ha llevado a cabo empleamaocarga catalitica de 2,5% mol sin
observar producto de adicién 1,2. La adicién deivddos de fenilacetileno, 3-
tienilacetileno y 4-fenil-1-butino a este tipo d&luorometilenonas tiene lugar con
buenos rendimientos y excelentes enantioselectleglalos productos resultantes son
precursores sintéticos de dihidrofuranos quiralssitsiidos.

79



Resultados y Discusion

4.5. Enantioselective conjugate addition of 1,3-dnes to 1,1,1-
trifluoromethyl-3-en-2-ones catalyzed by Cu(l) comfexes

The 1,3-diyne moiety is present in a large numbematural and artificial
molecule<® Naturally occurring diynes are found as metabslitea variety of
fungi, higher plants and marine organisms, and mainthem have important
biological and pharmacological properties rangirant antifungal to anticancer
activities®® Diynes and oligoynes have also interest as protesxndeds-
conjugation and can serve as active componentsptoetectronic device?.
Furthermore, conjugate diynes are intriguing buaiddblocks due to the unique
behavior of alkynes, especially in transition metatialyzed processés.

Compared with simple alkynes, the studies on eaoselective nucleophilic
additions of 1,3-diynes are far more limited, andstnof the examples reported in the
literature involve the activation of terminal 1,BAates as diynylzinc reagents, which
requires in most of the cases the use of stoichiaener larger amounts of dialkylzinc
reagents. Thus, after the pioneering work by Carém 2003’? on the use of 4
equivalents of Zn(OT§N-methylephedrine to achieve the addition of a taahil,3-
diyne to an aliphatic aldehyde, Trbsteported in 2010 a catalytic enantioselective
addition of 1,3-diynes to aldehydes using a dinarcRroPhenol/zinc catalyst. Later on,
Pu/* Tykwinski”® and Wan{® developed their own versions on the asymmetric-zin
catalyzed addition of 1,3 diynes to aldehydes bggisombinations of dialkylzinc with
amino alcohd’™® or binaphthol-typ& ligands. In 2011, Ma described the
enantioselective addition of 1,3-diynylzinc reagemfenerateth situ from Me,Zn and
terminal diynes, to aromatic ketones in the preseot a Cu(ll)-hydroxycamphor-
sulfonamide complex and M&n.”” On the other hand, the diynylation of differentdin
of aldimine$® and fluorinated ketiminéd has been reported by the same group using
terminal diynes, Mgn and binaphthol-type ligands.

However, a procedure for the enantioselective auditof 1,3-diynes to
electrophilic C-C double bonds, i.e. enones, ha$ren reported so far. Following our
research on conjugate alkynylation of electrophdauble bonds, we have performed
research to achieve the enantioselective conjugatition of terminal 1,3-dyines to
1,1,1-trifluoromethyl-3-en-2-ones, a reaction withany precedent in the literature
(Scheme 63).

0 Cu' R O
R1VJ\CF . R=—— 4 P,P-ligand ) oF
3 base = 3
Z
R2

Scheme 63Enantioselective conjugate addition of 1,3-diytee$,1,1-trifluoromethyl enones.
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4.5.1. Synthesis of terminal 1,3-diynes

The terminal 1,3-diynes were prepared accordintpéoprocedure described in the
literature (Scheme 645.First, 4-bromo-2-methylbut-3-yn-2-ol, a common $ygtic
intermediate for all diynes, was prepared in goedbyby bromination of 2-methylbut-
3-yn-2-ol with Bp in basic medium. A Cadiot-Chodkiewicz cross couplieaction of
4-bromo-2-methylbut-3-yn-2-ol with the corresporglierminal alkyne? catalyzed by
CuCl and NHOH-HCI in a 30%n-butylamine aqueous solution gave the corresponding
1,3-diyne precursors which upon fragmentation bgebafforded the desired terminal
1,3-diynes39 and acetone. All terminal 1,3-diynes undergo rag@tomposition or
polymerized when concentrated. For this reasory tiere stored at —15 °C inEt
solution and concentrated immediately prior to use.

H—=—R 2
HO KOH,Br, HO g, CUCl HNOHHC]
——H — r >
Me Me H20,0°C me" Me BUNH,/H,0, 0 °C
94%
HO K,COj3, 18-crown-6
————R » H— R
Me Me Toluene, 110 °C
39
39a, R = Ph 39f, R = 3-thienyl
39b, R = 2-MeOCgH, 39g, R = PhCH,CH,
39¢, R = 4-MeOC¢H, 39h, R = CI(CH,)s
39d, R = 3-FCgH, 39i, R =TIPS

399, R= 4-FCBH4
Scheme 64 Synthesis of 1,3-diyne3®.

4.5.2. Optimization of reaction conditions

In the onset of our investigation we studied thejegate addition of buta-1,3-diyn-
1-ylbenzene 399 to 1,1,1-trifluoromethyl-3-en-2-on85a catalyzed by 20 mol % of
[Cu(CH;CN)4]BF; and R)-MeOBIPHEP L31 in toluene, under similar reaction
conditions to those used in the addition reactidntesminal alkynes to 1,1,1-
trifluoromethyl enones (section 4.4).

Pleasantly, compoundOaa was obtained in 82% yield and 938e under these
reaction conditions (Table 13, entry 1). No produatising from 1,2-addition to the
carbonyl group were observed. Further studies with catalytic system (Table 13,
entries 2-6) showed that the catalyst load couldeldeced as low as 2.5 mol % and the
amount of base decreased to 0.1 equivalents withsidnificant effect on the reaction
outcome, as in the previously studied addition egaje of terminal alkyne&to 1,1,1-
trifluoromethyl-3-en-2-ones5.

Other phosphine ligands were also tested (Tableef8jes 7-11). Surprisingly,
from all the studied ligands, only biarylphosphin&l provided a catalytic complex
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sufficiently active to promote the reaction withistHow catalytic load. The use of
copper(l) triflate provided similar results as [CH3CN)4BF, (Table 13, entry 12),
whereas other solvents such as THF or,CH decreased the reaction rate, the
alkynylation productOaabeing obtained in lower yields than in toluen¢haligh still
with good enantioselectivities (Table 13, entri8sl).

Table 13 Conjugate addition of buta-1,3-diyn-1-ylbenzerg9g to enone 35a
Screening of ligands and reaction conditions.

/\j’\ [CU(Cll_-_iaCNC;4]BF4 Ph O
X + Ph——=—H 'gan
Ph CF; EtN . CF,
35a 39%a Solvent, rt Z 40aa
Ph
= PCy Q{H
2 2 “"NMe
2. Me thP" ?\<--1Me ArP 2
Ph
: H @ H Ph7_/©
EtOH H NM62 PAFZ
(R, Rp)-Walphos (R, Sp)-Josiphos (R, Sp)-Mandiphos
L25 Ar = 3,5-(CF3),CeHs L26 L27 Ar = 3,5-Me,-4-MeOCgH,

PRQZ O
MeO PAr,
N PR2

MezN H MeO E PAl'z

(R, Rp)-Taniaphos (R)-MeOBIPHEP
L28 R=Cy L30Ar = Ph
L31 Ar = 3,5-Bu,-4MeOCgH,

L-Cu(l 39a Et;N Yield

L (mol (E/o)) (equiv) (equiv) Sovent t) gpa ee(%)
1 L31 20 7.5 1.0 toluene 18 82 93
2 L31 20 5 1.0 toluene 18 70 93
3 L31 5 3 1.0 toluene 18 73 93
4 L31 5 3 0.1 toluene 18 75 93
5 L31 2.5 1.3 0.1 toluensg 18 73 93
6 L31 2.5 1.3 0 toluene 18 n.r. -
7 L25 2.5 1.3 0.1 toluens 18 n.r. -
8 L26 2.5 1.3 0.1 toluens 18 n.r. -
9 L27 2.5 1.3 0.1 toluens 18 trace -
10 L28 25 1.3 0.1 toluensg 18 trace -
11 L30 25 1.3 0.1 toluensg 18 n.r. -
1 L31 2.5 1.3 0.1 tolueng 18 65 93
13 L31 2.5 1.3 0.1 THF 48 34 94
14 L31 2.5 1.3 0.1 ChLCl, 48 17 90

2Yield of isolated product Determined by HPLC using chiral stationary phaS&uOTf- Tol was used
instead of [Cu(CHCN)4BF,.
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4.5.3. Scope of the reaction

The optimized conditions (Table 13, entry 12) wegplied to the conjugate
addition of several 1,3-diyne89 to various trifluoromethylenone85 giving the
corresponding diynylated produet® in good to excellent results (Table 14).

Table 14 Enantioselective conjugate addition of termina3-diynes 39 to
trifluoromethylenone85. Scope of the reactidh.

o} R" O

L31-[Cu(CH4CN)]BF
R1’\)J\CF3+ R2—=——=——H [ (EtzN I8P = CFs
35 39 Toluene, rt = 40
R2
R R? Yield (%)° ee(%)

1 35a C6H5 39a C6H5 40aa 73 93
2 | 35b 2-MeGsH,4 39a CeHs 40ba 94 94
3 | 35¢c 3-MeGsH, 39a CeHs 40ca 55 93
4 | 35d 4-MeGH, 39a CsHs 40da 56 92
5 | 35e 2-MeOGH, 39a CeHs 40ea 76 94
6 | 35f 4-MeOGH, 39a CsHs 40fa 55 92
7 | 35¢g 2-BrCgsH, 39a CeHs 40ga 69 94
8 | 35i 4-BrCsH, 39a CsHs 40ia 41 92
9 | 35 2-naphthyl 39a CeHs 40ja 59 92
10° | 35 PhCHCH, 39a CsHs 40la 50 84
11 | 35a CeHs 39b 2-OMeGH,4 40ab 50 90
12 | 35a CeHs 39c 4-OMeGH,4 40ac 68 92
13 | 35a CsHs 39d 3-FGH,4 40ad 89 92
14 | 35a CeHs 3% 4-FCH, 40ae 65 91
15 | 35a CsHs 39f 3-thienyl 40af 72 94
16 | 35a CeHs 39¢g PhCHCH, 40ag 41 93
17 | 35b 2-MeGsH,4 39¢g PhCHCH, 40bg 50 95
18 | 35a CeHs 39%h 6-CIC;Hs 40ah 61 93
19 | 35a CeHs 39i TIPS 40ai 50 85

435 (1 equiv),39 (1.3 equiv), BN (0.1 equiv), [Cu(CHCN),BF, (2.5 mol %),L.31 (2.5 mol %), toluene,
rt, 24 h.” Yield of isolated product Determined by HPLC using chiral stationary pha&eReaction
carried out with 10 mol % of cataly§tReaction time 48 h.

Again, we conducted the addition of diyB@awith several trifluoromethyl enones
bearing different substituents At position of the double bond. Good results were
obtained with a variety of enones bearing a sulistit aromatic ring at this position.
Good enantiomeric excesses were obtained for enbeasing an aromatic ring
substituted at either thertho, methaor para positions (Table 14, entries 2-4). Aromatic
rings bearing electron-donating (Table 14, ent&é® or electron-withdrawing (Table
14, entries 7-8) substituents were also tolerayeglding the expected products with
enantiomeric excesses above 90%. En®bjebearing a bulky 2-naphthyl group also
reacted under the optimized conditions to givedlyaylated produc#0Oja with good
yield and excellent enantioselectivity (Table 1#trg 9). Remarkably, the reaction
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could also be carried out with enoB8l, which features an aliphatic group on fhe
carbon, providing compoundlOla with moderated yield but high enantiomeric excess,
although a higher catalytic load (10 mol %) wasuregfl in this case (Table 14, entry
10). This result contrasts with that observed dutire alkynylation of enon85| with
simple alkynes, since this enone was not reactive.

Next, we tested the diyne scope (Table 14, enfrie49). Substituted 4-aryl-1,3-
butadiynes bearing electron-donating (MeO) or ebectvithdrawing (F) groups on the
phenyl group reacted with enon8&5a with variable vyields but excellent
enantioselectivities (Table 14, entries 11-14). Theterocyclic 3-(buta-1,3-diyn-1-
yhthiophene 89f) reacted with compoun85ato give the expected produdDaf with
72% vyield and 94% excess enantiomeric (Table 14ryeb5). Furthermore, we
examined the reaction with aliphatic diynes, whieacted similarly to aromatic diynes.
hexa-3,5-diyn-1-ylbenzene39g reacted with enoneg85a and 35b to give the
corresponding chiral diyne¥0agand40bg respectively, with moderate yield but high
enantioselectivity (Table 14, entries 16-17). 8dthbcta-1,3-diyne39h) reacted in a
similar way to give compoundOah in 61% vyield and 93%e (Table 14, entry 18).
These results contrast with those observed in thpper-catalyzed conjugate
alkynylation of 1,1-difluoro-1-(phenylsulfonyl)-33e2-ones28 (Section 4.3.) orp-
trifluoromethyl enones46 (Section 4.6.) with terminal monoynes where alighat
alkynes did not react or they did it with lower Igi® and enantioselectivities than
aromatic and heteroaromatic ones. Finally, silyldiB9i, which is an equivalent of
buta-1,3-diyne, could be reacted with en@%& to give the diynylated produeOai
with 85%ee(Table 14, entry 19), showing the broad scopd&efreaction regarding the
diyne nucleophile.

4.5.4. Determination of absolute configuration

The configuration of the stereogenic center in dingylated product4Oaf was
established to b& by X-ray crystallographic analysis (Figure 12).r Rbe rest of
products of addition conjugate of 1,3-diynes to,1-tifluoromethyl-3-en-2-ones were
assigned on the assumption of a uniform reactiochianr@sm.

Figure 12 ORTEP plot for the X-ray structure of compout@hf.
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4.5.5. Synthetic transformations

Some synthetic modifications of diynd6 are presented in Scheme 65. Thus, full
hydrogenation of both triple bonds4®aacould be carried out over 10% Pd/C in ethyl
acetate to give trifluoromethyl ketodd without any loss of optical purity. We have
also performed the desylilation of compoud@ai (70% yield) to give the chiral
terminal diyne42 upon treatment with TBAF and acetic acid in THF.

Ph O Ph O
CF PdiC (10%) /\/\/'\)J\
— 3 Ph CF
P EtOAc, 1t :
o 40aa 89% 41

Ph O Ph O
cp. TBAF 1MinTHE
gz 3 gz CF3
y ~ AcOH, THF, 0°C P
40ai 70% w 42

Scheme 65Synthetic transformations.

TIPS

On the other hand, a chiral tetrahydrofuran beaaitrgfluoromethylated quaternary
stereocente#4 could be obtained after diastereoselective additiomethylmagnesium
chloride to compoundOaafollowed by silver-catalyzed cyclization (Schen®.6

Ph
MeMgCI 3 M in THF
// CF3
Diethyl ether, 0 °C
// letnyl ether
Ph 40aa 78% Ph 43 60% 44

dr. 4.5:1

Scheme 66Synthesis of chiral tetrahydrofurda.

The stereochemistry of compourdt was determined by NOESY. A relevant
interaction was observed between the;@rbup at C2& 1.63 ppm) and H4&4.18
ppm) which indicated thrans disposition between the Me group at C2 and thewyghe
group at C4. NOE was also observed between orfeediydrogens of the phenyl group
at C4 ¢ 7.30 ppm) and the olefinic hydrogen H® 4.30 ppm) which indicated the
geometry of the exocyclic double bond. Other spathgeractions detected in the
NOESY experiment are shown in figure 13.
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Figure 13 Interactions observed in NOESY experiment in conmuoials.

In summary, we have reported the first example mdnéoselective conjugate
diynylation of enones. The reaction requires onlgnaall excess (1.3 equiv) of a
terminal diyne and is carried out in the preserice low catalytic load of a copper(l)-
biphosphine complex (0.025 equiv) and an amine (8dliv) to provide the
corresponding internal diynes bearing a propargylereogenic center with excellent
enantioselectivities. The reaction is broad in scalowing variation of substituents on
the enong-carbon as well as on the diyne. It should be r&eththat, unlike in other
enantioselective diynylations of carbonyl compouadd imines previously reported in
the literature, pre-metalation of the terminal d@iywith stoichiometric amounts of a
dialkylzinc reagent is not required. Our result®whhat the transient diynyl-copper
species formed from the terminal diyne and the edjppcomplex in the presence of an
amine are sufficiently nucleophilic to react eveithwweak electrophiles. This may
anticipate the possibility of other enantioseleetiiynylation reactions not requiring
pre-metalation of terminal diynes with stoichionetamounts of organometallic
reagents in the future.
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4.6. Alguinilacion conjugada enantioselectiva dg-trifluorometil a,f-
enonas catalizada por complejos de Cu(l)

En apartados anteriores hemos desarrollado pro@rdivs para la alquinilacion de
enonas que poseen grupos fluorados unidos al gecaplonilo. En este capitulo
describiremos nuestra investigacion sobre alquirdifa de-trifluorometilenonas para
obtener compuestos con un centro estereogénicoituglst con un grupo
trifluorometilo, una subestructura que se encuesrirmoléculas de gran intef&s.

Existen dos aproximaciones generales para la foémate centros estereogénicos
trifluorometilados: a) la trifluorometilacién de w@itomo de carbono proquiral y b) la
funcionalizacion de atomos de carbonos proquitaithsorometilados. Aunque se trata
de un procedimiento directo, existen pocos ejemplumntioselectivos que utilicen la
primera aproximacioft siendo mas frecuentes los procedimientos que aiilia
segunda aproximacion para la construccion de cer@stereogénicos con un grupo
trifluorometilo de manera enantioselectf¢a.

Podemos encontrar carbonos propargilicos estermogésustituidos con un grupo
trifluorometilo en numerosos compuestos bioactiemsio el efavirenz y sus analogos
que presentan actividad frente al VAiHEN la bibliografia se encuentran algunos
procedimientos para la generacion enantioselectiea centros estereogénicos
propargilicos trifluorometilados heterosustituidmsados en la trifluorometilacién de
inonas®* o en la alquinilacién de cetofaso iminas® Sin embargo, no existen
antecedentes de formacion de centros estereogdmmoargilicos trifluorometilados no
heterosustituidos. Asi pues, siguiendo la aprogiémab) planteamos la posibilidad de
llevar a cabo reacciones de adicion conjugadatiesatectiva de alquinos terminales a
B-trifluorometil a,p-enonas para obtener las correspondientes cetamasirc centro
estereogénico propargilico sustituido con un gitujlaorometilo (Esquema 67).

o) CF; O

“\)1\1 + R2—=—H
FsC R

1
&* R
R2

Esquema 67 Alquinilacion conjugada enantioselectivafi&ifluorometil cetonas,p-insaturadas.
4.6.1. Sintesis d@-trifluorometil a,p-enonas

Las B-trifluorometil a,p-enonas45 se prepararon con rendimientos variables (45-
81%) siguiendo el procedimiento descrito por naesgrupo de investigacidi
consistente en una secuencia de adicion alddlishidiatacion a partir de las
correspondientes acetofenonas y el hemiacetalriflabtoacetaldehido en tolueno a
reflujo y utilizando pirrolidina como base (Esque&®.
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0 0
Jj\ Pirrolidina
1 + CF3CH(OH)OEt M ;
R Me ° Tolueno, 110 °C FsC R
72 h
45a, R' = Ph 45e, R' = 4-NO,CgH,

45b, R' = 4-MeCgH,  45f, R' = 2-naftilo
45¢, R' = 4-MeOCgH, 459, R' = 2-tienilo
45d, R" = 4-CICgH,4

Esquema 68 Sintesis d@-trifluorometil cetonas:,p-insaturadagbs.

La sintesis de lag-trifluorometil enonas con un grupo alifatico unidibcarbonilo
de cetona se llev a cabo siguiendo el procedimigescrito por el grupo de Billafd,
el cual consiste en una sintesis de cuatro pasededel intermedio clave es [&
trifluorometil hidroxiamida de Weinreb obtenida arfir del trifluoroacetilacetato de
etilo. La reaccion de la amida de Weinreb con attieo organometalico adecuado
seguido de deshidratacion condujo a las endbhy 45i (Esquema 69).

j\/[?\ NaBHs OH O MeONHMe-HC| OH O
M
FaC OEt  Et0,ta  FsC OEt AlMes, CH,Cly, -10°C  F4C N e
90% 90% OMe
U Me BULi 2,5 M en hexano )Oi/l?\ 1) MesCl, Et;N /\)?\
FsC l}ll FyC Bu F S "
THF, -78 °C 2) Et;N
OMe 45h
92% 3%
. OoHoO o
)Oi/l?\ Me —=—U 1) PA/C (10%), AcOEt L
FsC f}ll THF, -78 °C F3C)\)JX 2) MesCl, Et;N, ta F,;C . CH,CH,Ph
OMe 92% PRI ELN o 45

Esquema 69 Sintesis d@-trifluorometil enonagi5hy 45i.

4.6.2. Optimizacion de las condiciones de reaccion

El proceso de optimizacion de las condiciones dedacion de adicidon conjugada
se llevé a cabo utilizando la reaccion entre elldentileno @a) y 4,4,4-trifluoro-1-
fenilbut-2-en-1-ona45a). En primer lugar, se estudié la influencia deiostigandos
comerciales derivados del ferroceno utilizando {THYCN)4|BF4(Tabla 15, entradas 1-
5) y EgN como base a 70 °C. El mejor resultado en estadicdones se obtuvo con el
ligandoL29 que condujo al compuestiaacon un 64% de rendimiento y 78% el
La sustitucion del complejo de [Cu(@EN),BF, por [Cu(OTfrTol] no mejord la
enantioselectividad, produciendo un descenso eanglimiento (Tabla 15, entrada 6)
Posteriormente, se estudio el efecto de la temperdflabla 15, entradas 7 y 8)
observandose una ligera mejora eree(80%) a 40 °C, aunque un descenso mayor
hasta temperatura ambiente provoco una disminwgaeada en el rendimiento (Tabla
15, entrada 8). También se llevo a cabo un ensatituyendo la BN por'PrLNH sin
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obtener ninguna mejora en los resultados (Tabladffada 9). Por ultimo, la reaccion
se ensayo con distintos disolventes obteniéndosejelr resultado en THF con un 70%
de rendimiento y un 85% de exceso enantioméric@lgoroducto46aa (Tabla 15,
entrada 13).

Tabla 15. Adicién conjugada de fenilacetilenda) a la enona@5a Optimizaciéon de las
condiciones de reaccidn.

0 Cu(h CF3 O
/\)J\ L Ligando
FsC Pho+ Ph=—H EtN, disolvente, T o Z Ph
45a 2a 46aa
PPh; PC QF PR,
QZ Pth/‘ ?\<;|'M¥92 PhAr2P -l;'hNMez PR2
- & Eon F?ﬁrz Me,N by P
(R, R,)-Walphos (R, Sp)-Josiphos (R, Sp)-Mandiphos (R, Rp)-Taniaphos
Ar = 3,5-(CF3),CeH3 L26 Ar = 3,5-Me»-4-MeOCgH, L28 R=Cy
L25 L27 L29 R =Ph
L T(°C) Disolvente t(h) Rto (% ee(%)
1 L25 60 tolueno 72 26 14
2 L26 60 tolueno 72 45 10
3 L27 60 tolueno 48 93 42
4 L28 60 tolueno 72 47 75
5 L29 60 tolueno 72 64 78
6 L29 60 tolueno 72 30 78
7 L29 40 tolueno 72 64 80
8 L29 ta tolueno 72 53 80
o° L29 40 tolueno 96 40 76
10 L29 40 PhNQ 96 40 73
11 L29 40 anisol 96 56 81
12 L29 40 TBME 96 20 79
13 L29 40 THF 72 70 85
14 L29 40 dioxano 96 26 81

42a (0,94 mmol),L (0,025 mmol), sal de Cu(l) (0,025 mmol), base Z6,inmol), 45a
(0,125 mmolf. Rendimiento de producto aislado por cromatograféa columna.®
Determinado por HPLC utilizando fases estacionagjaisales.? La reaccién se llevd a
cabo con [Cu(OT#ol] en lugar de [Cu(CECN),JBF.. ©'PrLNH en lugar de EN.

4.6.3. Alcance y limitaciones de la reaccion

Bajo las condiciones optimizadas (Tabla 15, entd&8)aes posible llevar a cabo la
reaccion de adicion conjugada de fenilacetile?® @ diferentes arip-trifluorometil
enonas 45a-45¢ sustituidas en la posicigrara del anillo aromético tanto con grupos
electrén-dadores como electron-atrayentes (Tablaebh&adas 2-5). La naturaleza
electrénica del sustituyente tiene poco efectoaeanantioselectividad de la reaccion,
aunque la presencia de un grupo nitro fuertemeldetrén-atrayente provoca un
descenso tanto en el rendimiento como en el exeesntiomeérico (Tabla 16, entrada
5). La aplicabilidad de la reaccién también puedwlaarse a sustratos con el grupo
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carbonilo unido a un sustituyente voluminoso como2eaftilo con un buen
rendimiento y buena enantioseletividad (Tabla IGragla 6). Cabe destacar que la
presencia de un anillo heterociclico de tiofenalaral carbonilo en el sustrato provoca
un aumento tanto en el rendimiento como en lateysatectividad, obteniéndose el
producto46gacon un rendimiento cuantitativo y 90% de excesmtomérico (Tabla
16, entrada 7).

También se estudio la reaccién utilizando sustrabmsgrupos alifaticos unidos al
grupo carbonilo, los cuales resultaron menos ngztgue los sustratos con grupos
aromaticos. La enorbh (R* = PhCHCH,) se hizo reaccionar con fenilacetilera)(y
con 4-metoxifenilacetileno 2p) obteniendo los correspondientes productos de
alquinilacion con bajos rendimientos, aunque corenbs excesos enantiomeéricos
(Tabla 16, entradas 9 y 10). Sin embargo para dma45i (R = "Bu) no se observé
producto de alquinilacion (Tabla 16, entrada 8).

A continuacion, se estudio la reaccion de adicmmugada de diferentes derivados
de fenilacetileno con sustituyentes electron-daglgrelectron-atrayentes en las distintas
posiciones del anillo aromatico a las enodas (Tabla 16, entradas 11-13) 4bg
(Tabla 16, entradas 14-21) obteniendo los produdeslquinilacién46 con buenos
rendimientos y enantioselectividades, con excesastmmeéricos cercanos al 100% en
la adicion de (2-metoxifenil)acetileno (Tabla 16trada 14) y (3-fluorofenil)acetileno
(Tabla 16, entrada 17). De nuevo las enonas dexiva@ 2-tienilo dieron mejores
resultados que las fenil enonas. La reaccion tamé&llevé a cabo con un alquino
sustituido con un grupo heteroaromati2e, obteniendo el producto de adicidon
conjugadat6gecon un buen rendimiento y enantioselectividad (@alé, entrada 20).

Por altimo, se estudio la reaccion entre un alqgaiifatico, el 4-fenil-1-butinoZf),
con la enona45g Con este alquino la reaccion transcurre de foreata
proporcionando el product@6gf con un rendimiento moderado pero con una
enantioselectividad excelente (Tabla 16, entrada 21
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Tabla 16. Adicidon conjugada de alquinos terminasa diferentes3-trifluorometil
enonasts.®

/\)(J)\ ) [CU(CHE%\I)ABH CF; O
FoC R RE=H Et:N, THF, 40°C 2 R’

45 2 R 46

R! R? (';SL ee (%)
1 45a CsHs 2a CsHs 46aa 70 85
2 45b 4-MeGH, 2a CsHs 46ba 66 80
3 45¢  4-MeOGH;, 2a CsHs 46ca 64 80
4 45d 4-CIGH, 2a CeHs 46da 94 80
5 45e  4-O,NCgH,4 2a CsHs 46ea 54 70
6 45f 2-naftilo 2a CsHs 46fa 87 84
7 459 2-tienilo 2a CeHs 469a 99 90
g | 45 "Bu 2a CeHs 46ia - -
o' | 45h PhCHCH, | 2a CeHs 46ha 30° 79
10" | 45h PhCHCH, | 2b 4-MeOGH, 46hb 28 82
11 | 45a CeHs 2b 4-MeOGH, 46ab 90 83
12 45a CsHs 2c 4-FCsH,4 46ac 77 80
13 45a CsHs 2d 4-CICH, 46ad 60 77
14 45¢ 2-tienilo 2m 2-MeOGH, 46gm 86 98
15 | 45¢g 2-tienilo 2k 3,5-(MeO}CeH, 46gk 68 86
16 45¢ 2-tienilo 2b 4-MeOGH, 46gb 96 93
17 45¢ 2-tienilo 29 3-FGHa4 4699 97 99
18 45¢g 2-tienilo 2C 4-FGH, 469c 99 90
19 45¢ 2-tienilo 2d 4-CICsH,4 46gd 81 84
20 | 45¢g 2-tienilo 2e 3-tienilo 469e 80 88
21 45¢g 2-tienilo 2f PhCHCH, 46gf 51 92

22a (0,94 mmol),L29 (0,025 mmol),[ Cu(CHCN),]BF,4 (0,025 mmol), EN (0,125 mmol),45 (0,125
mmol), tiempo de reaccién 72 B.Rendimiento de producto aislado por cromatogrdéiacolumna’
Determinado por HPLC utilizando fases estacionagiaisales.® Tiempo de reaccién 90 F.51% de
producto de partidd5h recuperadd.17% de producto de partid®g recuperadd.50% de producto de
partidad5hrecuperado.

4.6.4. Determinacion de la configuracion absoluta

La determinacidon de la configuracion absoluta adehguesto46aase determind
por correlacion quimica con el compuedi® de estereoquimica conocida (Esquema
70).

CF; O CF; OH N CF; O
LiAIH,4 /\/k/é\ PCC, silica gel /\/k)j\
Ph THF, 75°C 47 4A TM, CHzclz
46aa 99% 66% (E,S)-48 [a]p?5 = +4,9 (CCly, 78% ee)
80% ee Lit?®  [a]p?® =-16,5 (CCl,, 40% ee)

para el enantiomero (E,R)

Esquema 70 Determinacién de la configuracion absolutat@aa
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El tratamiento del compuesti®aa(80%ee con LIALH,4 produjo simultaneamente
la reduccion de la cetona a alcohol y la reducpineial del triple enlace conduciendo a
una mezcla de dos alcoholes epimeros con geontetea el doble enlacd7. La
oxidacion con clorocromato de piridinio (PCC) des lalcoholes47 dio lugar al
compuestal8, el cual se encontraba descrito en la bibliogratiaieforma E,R)-48. El
producto preparado a partir déaa mostré signo de rotacion opuesto al compuesto
descrito en la bibliografia indicando que nuestnmpuestat8y por tanto el compuesto
46aatenian la configuracio en el centro estereogénico. Para el resto de cestgsl
de alquinilacién46 se asigno la estereoquimica absoluta asumiendo aganismo
estereogénico comun.

4.6.5. Transformaciones sintéticas

Para demostrar la aplicabilidad sintética de lagdpctos de alquinilacioA6, se
llevaron a cabo una serie de transformacionestisiaté Ademas de la reducci@mans
del triple enlace que se muestra en el esquemae’/Bintetizd6 el compuest#® con
isomeriaZ en el doble enlace mediante hidrogenaciéon utitleael catalizador de
Lindlar (Esquema 71).

CF; O
/k)l\ Hz, cat. Lindlar
benceno
Ph 49

46aa
88%

Esquema 71 Hidrogenaciortis del compuestd6aa

El iodo en medio basico promueve la ciclacion aehpuesto46aa mediante un
proceso éendodig para dar el 4-trifluorometil#4-pirano quirals0 altamente sustituido
sin perdida en la pureza optica (Esquema 72). Esteun método eficaz para la
obtencion de compuestos heterociclicos halogenquiosles altamente sustituidos con
un centro estereogénico sustituido con un grufladrometilo.

CF; O Ph._O._Ph
/k)k l2, NaHCO; U
= ph ————————>

Ph 4 CH,Clp, 40°C |7
77% CF3
46aa 50

Esquema 72 Ciclacion del compues#taa

La estructura heterociclica de tipo pirano (ariléo6 miembros) del compuesio
se determin6 por métodos espectroscopicos en @ligiab 1 resultante de una reaccion
de deshalogenacion reductiva (Esquema 73). Asiatalmiento dé0 con BySnH en
presencia de AIBN proporcion6 el produ&h El compuestdl mostrd un espectro
RMN *H muy sencillo con una Unica sefial en la zona nitefi correspondiente a un
compuesto con un plano de simetria. Este resultiedoarté una posible estructura
furdnicab1’ que hubiera resultado de un procesex6-ig.
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Ph._O.__Ph BusSnH, AIBN Ph.__O.__Ph
] — |
I - benceno, hv
CF; 40% CF3
50 51
)\Q/ Bu,SnH, AIBN )\Q/
EEEEE——
CF3 benceno, hv
50' 51'

(Estructura descartada)

Esquema 73 Reduccidn radicalaria y determinacion de la estira de51.

En resumen, en este capitulo hemos descrito laemiralquinilacion conjugada
enantioselectiva dg-trifluorometil a,p-enonas utilizando un complejo de Cu(l) con un
ligando taniaphos, para dar cetonas con un cestese®génico propargilico sustituido
con un grupo trifluorometilo efral grupo carbonilo con buenos rendimientos y eoxes
enantioméricos. Estos compuestos pueden utilizarsda sintesis de heterociclos
quirales trifluorometilados tales como 4-trifluoretit4H-piranos mediante

iodociclacion.
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4.7. Alquinilacion conjugada enantioselectiva d@-aril p-trifluorometil
enonas catalizada por complejos de Zn(ll)

Un importante desafio en quimica organica es leesigr de moléculas con un
centro cuaternario quiral tetracarbosustittftidLa adicién conjugada de nucleéfilos
carbonados a compuestos carboniliefisinsaturado$,p-disustituidos constituye una
de las estrategias a priori mas directas paranabfn embargo, esta reaccion plantea
algunas dificultades en relacion a la adicion a mpeestog3-monosustituidos debido al
mayor impedimento estérico en el centro reactive. dbstante, existen algunos
ejemplos para este tipo de reaccion empleando dfiloke carbonados tales como
reactivos de dialquilcin®**trialquilaluminio®*“ trialquilboronato sédic8? o reactivos
de Grignarf®® mediante catélisis con Cu y Rh, asi como ejemp®sadicion de

cianurd® o nitroalcanos como nucleofilds.

En el caso concreto de enonas en las que uno dadtotiyentes en el carbofi@s
un grupo CEk la adicidon de nucleodfilos carbonados genera urtr@ecuaternario
estereogénico que contiene un sustituyente triflmetilo. La formacion de compuestos
con un centro estereogénico trifluorometilado pmeseun gran interés debido a la
presencia de esta subestructura en compuestogjibaitente activo¥ pero también
en reactivos quiralés o en materiales de interés tecnolégité pesar de ello, el
estudio de reacciones de adicion conjugada enatdaiva ap-trifluorometilenonas
B,B-disustituidas es muy limitado. Asi, solo encontaren la literatura cientifica dos
ejemplos de adicién conjugada asimétrica organiiiegade cianur® asi como de
nitrometand® ambas catalizadas por sales de amonio cuatedetiadas de alcaloides
de la chinchona.

Sin embargo, no existe ningun ejemplo descrito tpiir@lacion conjugada
asimétrica dg-trifluorometil enonas disustituidas en el carb@ndel doble enlace. El
desarrollo de reacciones de alquinilacion conjugael@antioselectiva dep-
trifluorometilenonas se encuentra entre los obpstiguperados en esta tesis. En el
capitulo anterior se ha descrito la alquinilaciémjogada des-trifluorometilenonag-
monosustituidas utilizando catélisis por Cu(l). éntinuacién, describiremos nuestros
resultados de alquinilacién con enorfa-disustituidas, la cual requirié un sistema
reactivo completamente diferente (Esquema 74).

Ar

R O L-Zn(ll) R || 0
_ -
FaC)\/U\R' CAT= FaC™+ R

Esquema 74 Alquinilacién conjugada dg-aril B-trifluorometil enonas.
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4.7.1. Sintesis d@-aril p-trifluorometil enonas

Las p-aril B-trifluorometil enonas52 fueron sintetizadas mediante una reaccion de
Wittig entre la sal de fosfonio correspondiente iyetsas trifluorometilcetonas
siguiendo el procedimiento descrito en la literat{Esquema 75Y.

1 + CIPhsP. N
FsC R R® THF, 80°C,3h FaC R?
52
52a, R' = Ph, R? = Ph 52h, R' = Ph, R? = 4-MeCgH,
52b, R' = 4-MeCgH,4, R? = Ph 52i, R" = Ph, R? = 4-MeOCgH,4
52c, R' = 4-MeOCgHy4, R% = Ph 52j, R' = Ph, R? = 4-CICgH,4
52d, R" = 4-FCgH,, R2 = Ph 52k, R' = Ph, R? = 2-naftilo
52e, R" = 3-BrCgH,4, R? = Ph 52l, R" = 4-MeCgH,4, R? = 2-naftilo
52f, R = 4-BrCgH,, R%2 = Ph 52m, R" = 4-MeOCgH,4, R? = 2-naftilo

52g, R' = 2-tienilo, R2 = Ph
Esquema 75 Sintesis d@-aril p-trifluorometil enona$2.

Las p-aril B-trifluorometil enona$2 se obtuvieron con rendimientos elevados (60-
98) observandose en todos los casos mayoritarignebigdémerd facilmente aislable
por cromatografia de columna. Los compuestos sactemizaron por resonancia
magnética nuclear (RM*, RMN *C y RMN *F).

4.7.2. Optimizacion de las condiciones de reaccion

Para llevar a cabo la optimizacion de las condesode reaccion se estudio la
adicién conjugada de fenilacetilen®a) a la €)-4,4,4-trifluoro-1,3-difenilbut-2-en-1-
ona 62d). Inicialmente se intentd llevar a cabo la reatcién las condiciones
optimizadas para la alquinilacion d@-trifluorometilenonas pB-monosustituidas
utilizando complejos de Cu(l) con ligandos de tlpsfosfina (ver seccion 4.6.). Sin
embargo, en ninguno de los casos se observd nangimce de la reaccion por lo que
decidimos utilizar un sistema reactivo basado euiabs terminales y reactivos de
dialquilcinc. Se eligieron entonces condiciones ilsires a las descritas para la
alquinilacion de endionas, es decir, ligandos ge BINOL como inductor quiral,
Et,Zn para la pre-formacion de reactivos de alquindciolueno como disolvente y 70
°C como temperatura de reaccion.

En primer lugar, se estudi6 la influencia de digerBgandos de tipoR)-BINOL,
(R)-VANOL y (R)-VAPOL utilizando un 20% molar de ligando quird)5 equivalentes
de fenilacetilenoZa) y 2 equivalentes de #n 1,5 M en tolueno (Tabla 17).

De todos los ligandos de tipo BINOL comercialesligdndoL6, con dos grupos
3,5-bis(trifluorometil)fenilo en las posiciones 3¢&l sistema de BINOL proporcioné la
mejor enantioselectividad (56%€ en la formacion dé3aa (Tabla 17, entrada 7).
Puesto que la presencia de sustituyentes elediré@yeates de volumen intermedio en
estas posiciones del BINOL parece favorecer ersalgotividades elevadas,
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preparamos el ligandk32, que presenta dos anillos de pentafluorofefiilel cual
permitio obteneb3aacon un 68% de rendimiento y un 70% de exceso mEmaético

(Tabla 17, entrada 10).

Cabe destacar que la reaccion también tiene lugamawsencia de ligando,
obteniéndose el producto racém&Raacon un rendimiento del 50% (Tabla 17, entrada
1), lo cual indica que puede haber bastante reacgdondo no enantioselectiva.

Tabla 17. Adicidbn conjugada enantioselectiva de fenilaeatil Qa) a E)-4,4,4-
trifluoro-1,3-difenilbut-2-en-1-onab@a). Screening de ligandds.

Ph O
X~">pp ¥ Ph—=——H
52a 2a

FsC

(R-L1X'=X2=H
(R)-L2X'=H, X2=Br
(R)-L3X'=Br,X2=H
(R-L6 X'=R" X2=H
(R)-L32X'=R4 X2=H

X2 l l X'
OH
OH
X2 OO X1

L, Etzzn

Tolueno, 70 °C

X1
I, ® C
OH  (ArLox' - o o o
Ph OH
“ X1 OO OOO
(R)-L9 (R)-L10
L Rto (%) ee (%)
1 - 50 -
2 L1 80 40
3 L2 - -
4 L3 29 10
5 L4 - -
6 L5 50 0
7 L6 70 56
8 L9 60 50
9 L10 46 0
10 L32 68 70

#2a (0,94 mmol), EZn 1,5 M en tolueno (0,13 mL, 0,25 mmoal),
(0,025 mmol) 52a (0,125 mmol) en tolueno, 20 hRendimiento de
producto aisladd. Determinado por HPLC quiral.
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Con el fin de minimizar la reaccion de fondo y podmmentar el exceso
enantiomérico se procedié a disminuir la tempegatier reaccion. EI mejor resultado se
obtuvo a 37 °C obteniéndose el produstaacon un rendimiento del 53% y un 77% de
exceso enantiomérico (Tabla 18, entrada 3). Tami@énensayaron varios co-
disolventes sin obtener ninguna mejora en el reiedito ni en el exceso enantiomérico
(Tabla 18, entradas 5 y 6). La disminucion de l@aaatalitica al 10% provocé una
disminucién de rendimiento y exceso enantiomériabla 18, entrada 7). Por ultimo,
se estudié una disminucion en el numero de equitedede fenilacetilend®) o en el
namero de equivalentes de,&t, manteniéndose el exceso enantiomérico en ambos
casos pero observandose una ligera disminucion em@miento (Tabla 18, entradas
8-9).

Tabla 18 Adicion conjugada enantioselectiva de fenilaeatl Qa) a €)-4,4,4-
trifluoro-1,3-difenilbut-2-en-1-onabRa).*

Ph

P o o

)\/U\ . L L32, Et,Zn Ph
FaC 52a Ph PhTH Disolvente FaC 53aa Ph
L32 2a Et,Zn Temp. . Rto ee
@ mol) (equiv) (equiv.) (°C)p Disolvente () gp0 (g5
1 20 7,5 2 70 tolueno 2(Q 68 70
2 20 7,5 2 50 tolueno 2(Q 65 70
3 20 7,5 2 37 tolueno 30Q 53 77
4 20 7,5 2 ta tolueno - - -
5 20 7,5 2 37 Tol/EIN® - - -
6 20 7,5 2 37 Tol/CKCl, 30 35 60
7 10 7,5 2 37 tolueno 30Q 39 65
8 20 5 2 37 tolueno 30 40 77
9 20 7,5 1,3 37 tolueno 30 44 77

22a (0,94 mmol), EZn 1,5 M en tolueno (0,13 mL, 0,25 mmdlg2 (0,025 mmol)52a (0,125 mmol)?
Rendimiento de producto aisladdeterminado por HPLC quiral.

Asi, las mejores condiciones de reaccion alcanzediasistieron en el uso de 7,5
equivalentes de alquirza, 20% mol dd_32, 2 equivalentes de #n 1,5 M en tolueno,
tolueno como disolvente y 37 °C como temperatunadecion.

4.7.3. Alcance y limitaciones de la reaccion

A continuacion, se estudi6 la aplicabilidad dedasdiciones anteriores a diversas
enonas y alquinos. Los resultados se resumenTabla 19.
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Tabla 19 Adicion conjugada enantioselectiva de alquinosomeaticos vy
heteroaromatico® ap-aril B-trifluorometil enona$2.?

RS
U o L32, Et,Zn R1|| o

T

1 2 3 Rto ee

R R R 06 (%)
1 52a C6H5 C6H5 2a C6H5 53aa 53 77
2 52b 4-MeQ;H4 C6H5 2a C6H5 53ba 50 78
3 | 52¢c 4-MeOGH, CeHs 2a CeHs 53ca 50 75
4 52d 4'FQ§H4 C6H5 2a C6H5 53da 61 70
5 | 52e 3-BrGeH, CsHs 2a CeHs 53ea 35 73
6 52f 4-BrCeH, CsHs 2a CeHs 53fa 48 47
7" | 52f 4-BrCgH, CeHs 2a CeHs 53fa 88 67
8 52¢g 2-tienilo GHs 2a CsHs 53ga 70 53
9% | 52h CgHs 4-MeGsH, 2a CeHs 53ha 64 62
10 | 52i CgHs 4-MeOGH, | 2a CgHs 53ia 70 78
11 | 52 CeHs 4-CIGH, 2a CeHs 53ja 45 40
12 | 52 CeHs 4-CIGH, 2a CeHs 53ja | 60(63f | 59(95f
13 | 52k CeHs 2-naftilo 2a CeHs 53ka 50 83
14 | 52a CeHs CeHs 2b  4-MeOGH, | 53ab 65 80
15 | 52a CgHs CgHs 29 3-FGH, 53ag | 51(77f | 74(97F
16 52a C6H5 C6H5 2c 4'FQ§H4 53ac 8].(77)E 80(99;
17 | 52k CeHs 2-naftilo 2b  4-MeOGH, | 53kb 86 84
18 | 52k CeHs 2-naftilo 2c 4-FGH, 53kc 90 90
19 | 52l 4-MeGsH, 2-naftilo 2c 4-FGH, 53Ic 82 88
20 | 52m 4-MeOGH, 2-naftilo 2c 4-FCH, 53mc 66 83
21 52a C6H5 C6H5 2e 3-tienilo 53ae 44 82
22 | 52k CsHs 2-naftilo 2e 3-tienilo 53ke 64 86
23 52a C6H5 C6H5 2f PhCHgCHg - - -
24 | 52a CgHs CsHs 2l TIPS - - -

42 (0,94 mmol), EZn 1,5 M en tolueno (0,13 mL, 0,25 mmdIB2 (0,025 mmol)52 (0,125 mmol) en
tolueno a 37 °C, 30 A.Rendimiento de producto aislado por cromatograéaolumna’ Determinado
por HPLC utilizando fases estacionarias quirafe&€mpleandoL6 como ligando y a temperatura
ambiente ®Entre paréntesis, rendimientoeg de las aguas madre después de cristalizacion eanlas
hexano/CHCI,.

En primer lugar, se ensayo la reaccion de adicidjugada de fenilacetilen@g) a
diversas enona$2b-f con un anillo aromético en el carboifodel doble enlace,
sustituido con grupos de distinta naturaleza éeata en las posiciongsetay para.
Se obtuvieron los correspondientes productos deiralacion 53 con rendimientos
moderados y excesos enantioméricos comprendidos éat78% (Tabla 19, entradas
2-6). Para la enonigRf la utilizacion del ligandd.32 dio lugar al product&3fa con un
bajo rendimiento y enantioselectividad, este radgoltse consiguid mejorar con el
empleo del ligandd.6 llevando a cabo la reaccion a temperatura ambiebteniendo

98



Resultados y Discusion

el correspondiente producto de alquinilacion corremdimiento elevado (88%) y un
exceso enantiomerico del 67% (Tabla 19, entradharjeaccion también funciona con
enonas que tienen un grupo heteroaromatic eomo 52g (Tabla 19, entrada 8),

obteniendo el producte3gacon un buen rendimiento (70%) y un exceso enanticmé

moderado (53%).

A continuacion, se estudio la reaccion con diveesamas que presentaban grupos
electrén-atrayentes o electron-donantes en laipogiara del anillo aromatico unido al
grupo carbonilo (Tabla 19, entradas 9-12). Paraelasnas52h y 52) también se
obtuvieron mejores resultados con el ligando que con el ligand@.32 (Tabla 19,
entradas 9 y 12). La presencia de un grupo aromabtuminoso como el 2-naftilo
unido al grupo carbonilo en la enobak favorece la enantioselectividad (8386
aungue con un rendimiento moderado (50%) (Tablead®ada 13).

Por dltimo, se estudi6 la reaccion de adicion agajia de otros alquinos. Diversos
fenilacetilenos sustituidos en la posicidetao para del anillo aromatico con grupos de
distinta naturaleza reaccionaron con la en&2za obteniendo los productos de
alquinilacion con rendimientos buenos y enantiaselielades comprendidas entre 74-
80% (Tabla 19, entradas 14-16). Los resultadosofuespecialmente buenos en la
adicién de estos alquinos a las 1-(2’-naftil) ersob2k-m (Tabla 19, entradas 17-20),
obteniéndose el mejor resultado en la adicion di¢tofenil)acetileno 2c) a la enona
52k que permitio obtener el produdd@kc con 90% de rendimiento y 90% de(Tabla
19, entrada 18). También es posible la utilizacléralquinos sustituidos con un anillo
heterociclico de 3-tiofenge que al reaccionar con las enoBda2say 52k conduce a los
correspondientes productos de alquinilack@aey 53ke con excesos enantiomeéricos
del 82 y 86%, respectivamente (Tabla 19, entradas22).

Cabe sefialar que en algunos casos se llevo a@aisthlizacion de varios de los
productos de alquinilacion con mezclas de hexaolmimetano. En todos los casos se
observo la formacion de cristales racémicos, prédidose un enriquecimiento
enantiomérico del producto restante en las aguasasiacuyos excesos enantioméricos
superaron el 95% (Tabla 19, entradas 12,15 y 16).

Dada la dificultad para obtener cristales de lasmaestos de alquinilacidiB en
forma enantioméricamente pura no ha sido posibkerménar su estereoquimica
absoluta, quedando pendiente para trabajo postellectura de la tesis.

4.7.4. Transformaciones sintéticas

Al igual que ocurre con los productos de alquindacade -trifluorometil enonas,
los productos de alquinilaci@8 demostraron ser excelentes substratos para l&idicla
electrofilica promovida por ,| obteniendo los correspondientes pirar®$ con
rendimientos altos (63-87%) y sin pérdida de pudgteca (Esquema 76).
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R3
l RS _O. _Ph
R? O I, NaHCO4 | |
FsC Ph T
DCM, 40 °C I CF

53aa, R' = Ph, R®=Ph 54aa (70%, 77% ee)
53ba, R! = 4-MeCgHy4, R3 = Ph 54ba (87%, 78% ee)
53ac, R' = Ph, R® = 4-FCgH, 54ac (63%, 80% ee)

Esquema 76 lodociclacion de productos de alquinilacE

Cuando se llevé a cabo la reaccion de iodociclacamel compuestb3caen las
condiciones anteriores, sorprendentemente se oleiupivano no iodadé5 (Esquema
77). Aunque no tenemos una explicacion definitimeada formacion del productsb,
una posibilidad consistiria en la hidratacion dmbld enlace favorecida por la presencia
del anillo dep-metoxibenceno electrén-dador que aumentaria Ietivedad del doble
enlace, seguido de eliminacion reductiva de acipoibdoso.

OMe
MeO
|| e} Nal—||2003 | © | i
Ph NG
FaC Ph e PH CF;
53ab 90% L _ 55

Esquema 77 lodociclacién del compues&Bca

En resumen, en este capitulo hemos descrito elepra@emplo de alquinilaciéon
conjugada enantioselectiva de enopgsdisustituidas descrito en la bibliografia. Una
gran variedad de alquinos terminales arométicostgrbarométicos puede reaccionar
con B-aril B-trifluorometil enonas en presencia de dietilcinary ligando derivado de
(R)-BINOL para dar los correspondientes productos c©oncentro estereogénico
propargilico cuaternario con un sustituyente tofmetilo. La reaccion transcurre con
rendimientos y excesos enantioméricos en generalerados, si bien es posible
aumentar el exceso enantiomérico de los produceasamte cristalizacion. Los mejores
resultados se obtienen con enonas sustituidas magrupo 2-naftilo unido al grupo
carbonilo. La iodociclacion de los productos deuaddacion permite la sintesis de
piranos quirales con un grupo trifluorometilo sobrecentro estereogénico cuaternario.
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5. EXPERIMENTAL SECTION

General Procedures

All catalytic reactions were carried out in glasssvaven-dried overnight at 120 °C.
Reactions were monitored by TLC analysis using M&itica Gel 60 F-254 thin layer
plates. Flash column chromatography was performedJerck silica gel 60, 0.040-
0.063 mm.

Solvents and Reagents

Analytical quality solvents were used for genemaipgmses. The following solvents were
dried and purified when needed: &, benzene and toluene were freshly distilled
from CaH under nitrogen. EtOAc, hexane, pentane, triethylanand nitroethane were
dried and stored on 4 A molecular sieves. THF, aiexand diethyl ether were freshly
distilled from Na/benzophenone under nitrogen. Moesdgents were commercially
available and used as purchased without furtheifigation. LigandL32 and Dess-
Martin reagent were prepared according to proceddescribed in the literature.

Melting points

Melting points were measured in capillary tubes itBlichi M-560” instrument and are
uncorrected.

Nuclear magnetic resonance (NMR)

NMR spectra were run in a Bruker Avance 300 DPXcspeneter (300MHz forH,
75MHz for **C and 282 MHz for®F NMR). In some cases a Bruker Avance 400
spectrometer or a Bruker Avance 500 spectrometee weed, especially for NOE and
NOESY experiments.

Samples were dissolved in deuterated solvents atedstusing the residual non-
deuterated solvent as internal standard@.g6 ppm forH NMR and$ 77.00 ppm for
3C NMR in the case of CDgI$ 2.50 ppm forH NMR and$ 40.76 ppm fo*C NMR

in the case of DMS@s, & 2.05 ppm for'H NMR in the case of acetomf- For *°F
NMR experiments, CFglwas used as internal standard. Chemical shiftalues) are
given in ppm. Coupling constantd) (are given in Hz. The carbon multiplicity was
determined by DEPT experiments.

Polarimetry

Specific optical rotations were measured in a PeBtmer polarimeter using sodium
light (D line 589 nm) and a 1 dm cell. Concentrnasic) are given in g/100 mL.
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Mass spectrometry

Mass spectra were recorded on a Fisons Instrunivéhtgutospec GC 8000 series at 70
eV. Data are given in mass units and values innpaeses express the relative intensity
with respect to base peak.

Electrospray ionization mass spectra (ESI) werertlsd on a Waters Q-TOF premier
mass spectrometer equipped with an electrospragasauth a capillary voltage of 3.3
kV.

HPLC analyses

Chiral HPLC analyses were performed in an Agileb®Q series instrument equipped
with a refraction index detector or in a Hitachit&€lLachrom instrument equipped with
a Hitachi UV diode-array L-4500 detector using ahstationary columns from Daicel.
Variable mixtures of hexane and isopropanol weeztluss eluents. Retention time$ (t
are expressed in minutes.

Gas chromatography analyses

Chiral gas chromatography analyses were performea Termoquest Trace GC 2000
Series instrument equipped with a Supelco Beta-REX 30 m x 0.25 mm x 0.2
column. N was used as carrier at 1 mL/minute. Injector astator temperature was
set at 220 °C.
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5.1. Enantioselective conjugate alkynylation ofa,p-unsaturated-1,3-
dicarbonyl compounds.

5.1.1. Synthesis and characterization of a,p-unsaturated-1,3-dicarbonyl
compounds 1

a,p-Unsaturated-1,3-dicarbonyl compounds were syntbdsi according to the
procedures described by Antonioletti ef%i™

Method A

In a round bottom flask equipped with a water-safmaty Dean-Stark system, the
required 1,3-dicarbonyl compound (5 mmol) was dis=b in benzene (30 mL). The
aldehyde (5 mmol), glacial acetic acid (0.5 mmaiy giperidine (0.5 mmol) were
added. The mixture was refluxed until the substvedis consumed. The mixture was
cooled, diluted with diethyl ether (30 mL) and waf#5 mL). The organic layer was
separated, washed with water (15 mL), 1M aqueouls(H&CmL) and saturated aqueous
NaHCG; until neutrality. The organic layer was dried owdgSO, and the solvent
evaporated under reduced pressure. The compbwas obtained upon purification by
flash chromatography eluting with hexane/ethyl afsemixtures.

Method B

In a round bottom flask, 2,4-pentanedione (50 mm@}y dissolved in ethanol (0.13
mL) at -5 °C. Acetaldehyde (60 mmol) and piperidine (0.6 a)mvere added. The
mixture was stirred until the substrate was conguniden, the mixture was diluted
with diethyl ether (100 mL) and water (50 mL). Theganic layer was separated and
washed with brine (50 mL), dried (Mg@Cand the solvent evaporated under reduced
pressure. The compourddvas obtained upon vacuum distillation.

3-Benzylidenepentane-2,4-dione (1a)

O O Yellow oil, 60% yield;*H NMR (300 MHz, CDCl3)  7.48 (s, 1H),
7.38 (s, 5H), 2.41 (s, 3H), 2.27 (s, 3 NMR (75.5 MHz, CDCl)

8 205.5 (C), 196.4 (C), 142.7 (C), 139.7 (CH), 13Xy 130.5 (CH),
129.6 (2CH), 128.9 (2CH), 31.5 (GH 26.4 (CH). Data consistent

with the literaturé’®

Me | Me

1a
3-(4-Methylbenzylidene)pentane-2,4-dione (1b)
O O Yellow solid, 93% vyield;mp 39-40 °C;'H NMR (300 MHz,
CDCl3) 6 7.45 (s, 1H), 7.28(d] = 8.4 Hz, 2H), 7.18 (d) = 8.1
Hz, 2H), 2.40 (s, 3H), 2.36 (s, 3H), 2.28 (s, 3HE NMR (75.5
MHz, CDCI3) & 205.9 (C), 196.5 (C), 141.8 (C), 141.32 (C),
Me 139.9 (CH), 130.0 (C), 129.8 (2CH), 129.7 (2CH),63(CH),
1b 26.4 (CH), 24.4 (CH). Data consistent with the literatute.

Me | Me
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3-(4-Methoxybenzylidene)pentane-2,4-dione (1c)

O O White solid, 90% yield;mp 71-72°C;*H NMR (300 MHz,
Me Me CDCl3) 8 7.41 (s, 1H), 7.35 (d = 8.7 Hz, 2H), 6.90 (d] = 9.0
| Hz, 2H), 3.83 (s, 3H), 2.39 (s, 3H), 2.31 (s, 3t NMR

(75.5 MHz, CDCk) & 206.2 (C), 196.4 (C), 161.7 (C), 140.7
oMe (C), 139.7 (CH), 131.8 (2CH), 125.3 (C), 114.5 (9CH5.4

le (CHg), 31.6 (CH), 26.3 (CH). Data consistent with the

literature'®°
3-(3-Chlorobenzylidene)pentane-2,4-dione (1d)

O O Yellow oil, 77% vyield:*H NMR (300 MHz, CDCl3) & 7.39-7.24
(m, 5H), 2.41 (s, 3H), 2.27 (s, 3tC NMR (75.5 MHz, CDCl)

ol 8204.9 (C), 196.2 (C), 143.8 (C), 137.9 (CH), 138Y), 134.4
(C), 130.5 (CH), 130.2 (CH), 129.5 (CH), 127.4 (CB})..6 (CH),
26.5 (CH). Data consistent with the literatufg.

Me

o

1d
3-(4-Chlorobenzylidene)pentane-2,4-dione (1e)

O O Yellow solid, 90% vyield;mp 74-75 °C;*H NMR (300 MHz,
CDCl3) & 7.41 (s, 1H), 7.34 (m, 4H), 2.41 (s, 3H), 2.283H);
13C NMR (75.5 MHz, CDCl) § 205.3 (C), 196.2 (C), 143.2 (C),
138.2 (CH), 136.8 (C), 131.3 (C), 130.9 (2CH), B2@CH), 31.6

¢l (CHs), 26.5 (CH). Data consistent with the literatuf@.

Me | Me

1e

3-(4-Bromobenzylidene)pentane-2,4-dione (1f)

O O White solid, 88% vyield;mp 83-84 °C;'H NMR (300 MHz,
Me Me CDCls) § 7.52 (d,J = 8.4 Hz, 2H), 7.39 (s, 1H), 7.25 @@= 8.7
| Hz, 2H), 2.41 (s, 3H), 2.27 (s, 3HYC NMR (75.5 MHz, CDCl)
8 205.3 (C), 196.2 (C), 143.2 (C), 138.3 (CH), 132G3H), 131.8
Br (C), 131.0 (2CH), 125.2 (C), 31.7 (GH 26.5 (CH). Data
1f consistent with the literaturé!

3-(4-Nitrobenzylidene)pentane-2,4-dione (19)

O O Yellow solid,75% yield;mp 87-88°C;'H NMR (300 MHz,

Me Me CDCl3) 6 8.24 (d,J = 9.0 Hz, 2H), 7.56 (d) = 9.0 Hz, 2H),

| 7.49 (s, 1H), 2.45 (s, 3H), 2.28 (s, 3H}c NMR (75.5 MHz,

CDCI3) 6 204.2 (C), 195.9 (C), 148.5 (C), 145.6 (C), 13«2,

19 NO, 136.4 (CH), 130.2 (2CH), 124.1 (2CH), 31.7 (§H26.7 (CH).
Data consistent with the literatul®.
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3-(Naphthalen-2-ylmethylene)pentane-2,4-dione (1h)

Yellow solid, 85% vyield:mp 73-74 °C;'H NMR (300 MHz,
CDCl3) 6 7.92 (d,J = 1.5 Hz, 1H), 7.88-7.83(m, 3H), 7.66 (s,
1H), 7.57-7.53 (m, 2H),7.45 (dd,= 8.6, 1.8 Hz, 1H), 2.47 (s,
3H), 2.32 (s, 3H)*C NMR (75.5 MHz, CDCls) & 205.8 (C),
O 196.4 (C), 142.8 (C), 139.9 (CH), 134.0 (C), 133, 130.9
1h (CH), 130.4 (C), 128.9 (CH), 128.7 (CH), 127.9 (CHR7.7
(CH), 127.0 (CH), 125.7 (CH), 31.8 (G}126.6 (CH).

O
Me |

©)
O
®

3-(Furan-2-ylmethylene)pentane-2,4-dione (1i)

0O © Yellow solid, 95% yieldmp 55-56 °C;*H NMR(300 MHz, CDCls) &
Vo e 7-53 (dtJ=1.8, 0.3 Hz, 1H), 7.15 (s, 1H), 6.76 (ddds 3.6, 0.3, 0.3
| Hz, 1H), 6.50 (ddJ = 3.6, 1.8 Hz, 1H), 2.43 (s, 3H), 2.36 (s, 3HT

// NMR (75.5 MHz, CDCly) & 204.4 (C), 195.8 (C), 148.8 (C), 146.5
© (CH), 138.3 (C), 124.9 (CH), 118.3 (CH), 112.9 (CH)L.4 (CH),
1i 26.1 (CH). Data consistent with the literatufe.

3-(Furan-3-ylmethylene)pentane-2,4-dione (1))

0O o QOil, 85% vyield;'H NMR (300 MHz, CDCls) & 7.71-7.70 (m, 1H),

7.41-7.40 (m, 1H), 7.25 (s, 1H), 6.40-6.39 (m, 1HB6 (s, 3H), 2.35

(s, 3H);**C NMR (75.5 MHz, CDCl) & 205.3 (C), 196.6 (C), 146.4
| > (CH), 144.6 (CH), 141.1 (C), 130.2 (CH), 120.0 (0)9.3 (CH), 31.4

. O (CHs), 25.9 (CH); HRMS (ESI) m/z 179.0709 (M + H), @H1:0s

! requiere 179.0708.

3-(Thiophen-3-ylmethylene)pentane-2,4-dione (1k)

o © Oil, 86% vyield;*H NMR (300 MHz, CDCl3) § 7.54 (dd,J = 2.7, 1.5
Ve ve Hz 1H), 7.39 (s, 1H), 7.31 (dd= 5.1, 2.7 Hz, 1H), 7.08 (dd,= 5.1,
| 1.5 Hz, 1H), 2.36 (s, 3H), 2.32 (s, 3HYC NMR (75.5 MHz,
| Y CDCl3)s 205.8 (C), 196.7 (C), 141.1 (C), 134.7 (C), 132CH),
1k S 130.5(CH), 127.2 (CH), 127.2 (CH), 31.6 (§H26.1 (CH).

4-Benzylideneheptane-3,5-dione (1)

o 0 Qil, 90% yield;'H NMR (300 MHz, CDCl3) 5 7.52 (s, 1H), 7.38-7.32
(m, 5H), 2.74 (qJ = 7.2 Hz, 2H), 2.47 (q] = 7.2 Hz, 2H), 1.13 (f =
7.2 Hz, 3H), 1.06 (tJ = 7.2 Hz, 3H):3C NMR (75.5 MHz, CDCL)5
208.6 (C), 200.0 (C), 142.2 (C), 138.5 (CH), 1363}, 130.3 (CH),
129.4 (2CH), 128.8 (2CH), 37.2 (GH 31.7 (CH), 7.9 (CH), 7.5
1 (CHs). Data consistent with the literatuf¥.

Et | Et
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3-Ethylidenepentane-2,4-dione (1m)

O O  Method B. Oil, 27% yield*H NMR (300 MHz, CDCl5) 3 6.73 (q.J =
Me)l\(l,vle 7.2 Hz, 1H), 2.21 (s, 3H), 2.21 (s, 3H), 1.81dc 7.2 Hz, 3H):%C
| NMR (75.5 MHz, CDCly) § 203.4 (C), 196.9 (C), 146.2 (C), 141.9
Me (CH), 31.5 (CH), 26.0 (CH), 15.5 (CH). Data consistent with the

im literature?°d

5.1.2. Enantioselective conjugate addition of termil alkynes to a,p-unsaturated-
1,3-dicarbonyl compounds

5.1.2.1. General procedure for enantioselective alkynylation reaction

A 1.5 M solution of EZn in toluene (0.17 mL, 0.25 mmol) was added drepwb a
solution of R-VANOL (L9, 11.3 mg, 0.025 mmol) and alkyr# (0.94 mmol) in
toluene (0.48 mL) at room temperature under nitnoged the mixture was stirred for
1.5 h at 70 °C. Then, the reaction mixture wasexdd room temperature. A solution
of arylidene-1,3-diketonel (0.125 mmol) in nitroethane (1.0 mL) was added via
syringe. The solution was stirred until the reattwas complete (TLC). The reaction
mixture was quenched with 20% aqueous,8H21.0 mL), extracted with C}Cl, (2x

15 mL), washed with brine (15 mL), dried over MgSDd concentrated under reduced
pressure. Purification by flash chromatography iboasgel eluting with hexane:EtOAc
mixtures afforded compourgl

5.1.2.2. General procedure for the synthesis of the racemic products

A 1.5 M solution of EfZn in toluene (0.17 mL, 0.25 mmol) was added drgewb a
solution of alkyne2 (0.94 mmol) and%)-BINOL (L1, 7.2 mg, 0.025 mmol) in toluene
(0.48 mL)at room temperature under nitrogen andribxure was stirred for 1.5 h at 70
°C. Then, arylidene-1,3-diketorie(0.125 mmol) in toluene (1.0 mL) was added via
syringe. The solution was stirred at 70 °C untg tieaction was complete (TLC).
Racemic compound3were obtained after the described work up.

5.1.2.3. Characterization of products 3
See Table 3 (Page 35) and Table 4 (page 36) ftusyie

(R)-(+)-3-(1,3-Diphenylprop-2-ynyl)pentane-2,4-dion€3aa)

O O Enantiomeric excess (87%) was determined by chifalLC
Me ve (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min, major
enantiomert= 9.2 min, minor enantiomer+ 10.9 min.
Z

: © mp 75-77 °C:[a]o® +46.7 € 0.73, CHC}, 87%ed; *H NMR
30 (300 MHz, CDCl) & 7.42-7.27 (m, 10H), 4.67 (d,= 11,1 Hz,
1H), 4.22 (d,J = 11.1 Hz, 1H), 2.39 (s, 3H), 1.93 (s, 3HJC NMR (75.5 MHz,
CDCls) § 201.6 (C), 201.6 (C), 138.2 (C), 131.6 (2CH), 2282CH), 128.3 (CH),
128.2 (2CH), 128.1 (2CH), 127.7 (CH), 122.6 (C),086C), 84.9 (C), 75.6 (CH), 38.0
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(CH), 31.1 (CH), 28.7 (CH); MS (El)m/z(%): 290 (M, 1), 248 (22), 247 (100), 191
(34), 189 (15); HRMS: 290.1303 241150, requires 290.1307.
(R)-(+)-3-(3-Phenyl-1p-tolylprop-2-ynyl)pentane-2,4-dione (3ba)

O O Enantiomeric excess (85%) was determined by chiPdlC
(Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major
enantiomert= 8.8 min, minor enantiomer+ 8.2 min.

Me Me

Z H//©\ : 20 1
vie Ol [elo® +4.6 € 0.40, CHCY, 85%ed); 'H NMR (300

3ba MHz, CDCl3) § 7.38-7.33 (m, 2H), 7.30-7.26 (m, 5H), 7.14
(d,J = 7.8 Hz, 2H), 4.63 (d] = 11.1 Hz, 1H), 4.21 (d] = 11.1 Hz, 1H), 2.38 (s, 3H),
2.33 (s, 3H), 1.94 (s, 3H}C NMR (75.5 MHz, CDCls) § 201.8 (C), 201.7 (C), 137.5
(C), 135.1 (C), 131.6 (2CH), 129.6 (2CH), 128.3 JCH28.2 (2CH), 127.9 (2CH),
122.7 (C), 88.3 (C), 84.7 (C), 75.7 (CH), 37.7 (CHL.1 (CH), 28.7 (CH), 21.1
(CHs); MS (EI) m/z (%): 304 (M, 2.32), 262 (23), 261 (100), 205 (62), 202 (29);
HRMS: 304.1471, §H,O, requires 304.1463.

(R)-(+)-3-(1-(4-Methoxyphenyl)-3-phenylprop-2-ynyl)p@tane-2,4-dione (3ca)

O O Enantiomeric excess (80%) was determined by chiral
Me Me HPLC (Chiralpak AS-H), hexan&rOH 90:10, 1 mL/min,
major enantiomer, & 15.3 min, minor enantiomer 8.2
= H/©\ min.
OMe 20 1
3ca mp 93-95 °C;[a]p” +8.5 € 0.76, CHC4, 80% eqg; H

NMR (300 MHz, CDCl3) & 7.38-7.27 (m, 7H), 6.86 (d, = 8.7 Hz, 2H), 4.62 (d] =
10.8 Hz, 1H), 4.19 (d) = 10.8 Hz, 1H), 3.79 (s, 3H), 2.38 (s, 3H), 1.843H);*°C
NMR (75.5 MHz, CDCls;) § 201.7 (2C), 159.0 (C), 131.6 (2CH), 130.1 (C), .229
(2CH), 128.3 (CH), 128.2 (2CH), 122.7 (C), 114.T¥KD, 88.3 (C), 84.7 (C), 75.8
(CH), 55.2 (CH), 37.3 (CH), 31.2 (CH), 28.7 (CH); HRMS (ESI) m/z 338.1755 (M
+ NHy), C1H24NO;3 requires 338.1756.

(R)-(+)-3-(1-(3-Chlorophenyl)-3-phenylprop-2-ynyl)penane-2,4-dione (3da)

O O Enantiomeric excess (83%) was determined by chiaLC
Me Me (Chiralpak AD-H), hexanéPrOH 99:01, 1 mL/min, major
5 enantiomer;t= 17.2 min, minor enantiomer= 13.7 min.

Z Y

Oil; [a]p®°+27.3 € 2.33, CHC}, 83%e8; *H NMR (300 MHz,
sda ¢ CDCls) 8 7.44-7.42 (m, 1H), 7.39-7.34 (m, 3H), 7.32-7.3Q (m

2H), 7.29-7.26 (m, 3H), 4.67 (d,= 10.8 Hz, 1H), 4.20 (d] =
10.8 Hz, 1H), 2.38 (s, 3H), 1.99 (s, 3HJC NMR (75.5 MHz, CDCl) & 201.1 (C),
201.0 (C), 140.3 (C), 134.7 (C), 131.7 (2CH), 13(®, 130.1 (CH), 128.5 (CH),
128.29 (2CH), 128.27 (CH), 128.0 (CH), 126.4 (CBIJ,2 (C), 85.3 (C), 75.4 (CH),
37.4 (CH), 31.0 (Ch), 28.7 (CH) :MS (El) m/z(%): 324 (M, 5.7), 306 (3), 283 (85),
281 (100), 225 (78), 189 (60); HRMS: 324.0916,HG-CIO; requires 324.0917.
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(R)-(+)-3-(1-(4-Chlorophenyl)-3-phenylprop-2-ynyl)penane-2,4-dione (3ea)

Enantiomeric excess (88%) was determined by chiRILC
(Chiralpak AS-H), hexand?rOH 99:01, 1 mL/min, major
enantiomert= 12.2 min, minor enantiomers 10.0 min.

Oil; [a]p?° +28.8 € 0.80, CHC}, 88% ed; 'H NMR (300
MHz, CDCl3) § 7.38-7.28 (m, 10H), 4.67 (d,= 10.8 Hz,
1H), 4.18 (d,J = 10.8 Hz, 1H), 2.38 (s, 3H), 1.97 (s, 3H);
13C NMR (75.5 MHz, CDCl) § 201.1 (2C), 136.8 (C), 133.0 (C), 131.6 (2CH), .529
(2CH), 129.0 (2CH), 128.5 (CH), 128.3 (2CH), 122@), 87.5 (C), 85.2 (C), 75.6
(CH), 37.2 (CH), 31.1 (CH), 28.6 (CH); MS (El) m/z(%): 324 (M, 6), 283 (90), 225
(100), 202 (47), 189 (60); HRMS: 324.09160;/CIO, requires 324.0917.

(R)-(+)-3-(1-(4-Bromophenyl)-3-phenylprop-2-ynyl)penane-2,4-dione (3fa)

O O Enantiomeric excess (88%) was determined by chRILC
(Chiralpak AS-H), hexand?rOH 95:05, 1 mL/min, major
enantiomert= 9.5 min, minor enantiomers 8.3 min.

mp 101-103 °C;a]p*° +42.4 € 0.94, CHC}, 88%ed; H
NMR (300 MHz, CDCls) & 7.46 (d,J = 8.4 Hz, 2H), 7.37-
7.34 (m, 2H), 7.31-7.28 (m, 5H), 4.66 (U= 10.8 Hz, 1H), 4.18 (d] = 11.1 Hz, 1H),
2.37 (s, 3H), 2.00 (s, 3HY*C NMR (75.5 MHz, CDCls) § 201.1 (2C), 137.3 (C), 132.0
(2CH), 131.6 (2CH), 129.9 (2CH), 128.5 (CH), 12@8H), 122.4 (C), 121.7 (C), 87.4
(C), 85.2 (C), 75.5 (CH), 37.2 (CH), 31.1 (§H28.6 (CH); HRMS (ESI) m/z
386.0733/ 388.0718 (M + Nj197.7/100.0, GH»:BrNO, requires 386.0756/388.0735.

(R)-(+)-3-(1-(4-Nitrophenyl)-3-phenylprop-2-ynyl)penane-2,4-dione (3ga)

O O Enantiomeric excess (82%) was determined by chiral
Me HPLC (Chiralpak AS-H), hexan&rOH 90:10, 1 mL/min,
major enantiomer, &£ 23.3 min, minor enantiomers 17.5

H//©\ min.
NO,

3ga Oil; [a]p™® +26.9 € 0.26, CHCY4, 82%ed; 'H NMR (300
MHz, CDCls) 6 8.20 (d,J = 8.7 Hz, 2H), 7.62 (d] = 8.7
Hz, 2H), 7.39-7.29 (m, 5H), 4.82 (d,= 10.8 Hz, 1H), 4.23 (d] = 10.8 Hz, 1H), 2.40
(s, 3H), 2.01 (s, 3H)*C NMR (75.5 MHz, CDCl;) § 200.5 (2C), 147.4 (C), 145.7 (C),
131.6 (2CH), 129.3 (2CH), 128.8 (CH), 128.4 (2CH)4.0 (2CH), 122.0 (C), 86.4 (C),
86.0 (C), 75.2 (CH), 37.2 (CH), 30.9 (©28.7 (CH); MS (EI) m/z (%): 335 (M,
100), 320 (46), 318 (35), 292 (28); HRMS: 335.11@4H;/,NO, requires 335.1158.
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(R)-(-)-3-(1-Naphthalen-3-yl)-3-phenylprop-2-ynyl)pentane2,4-dione (3ha)

Enantiomeric excess (80%) was determined by chiral
HPLC (Chiralcel OD-H), hexandrOH 95:05, 1 mL/min,
major enantiomer, t= 8.4 min, minor enantiomef + 9.3
min.

mp 123-125 °C;a]p*°—0.6 € 0.87, CHC4, 80%ee; *H
NMR (300 MHz, CDCls) & 7.86-7.81 (m, 5H), 7.56 (dd,

= 8.7, 1.8 Hz, 1H), 7.51-7.48 (m, 2H), 7.41-7.37, @H),
7.31-7.28 (m, 2H), 4.86 (d, = 11.1 Hz, 1H), 4.35 (d] = 10.8 Hz, 1H), 2.43 (s, 3H),
1.94 (s, 3H)*C NMR (75.5 MHz, CDCl;) § 201.6 (C), 201.5 (C), 135.5 (C), 133.3
(C), 132.7 (C), 131.7 (2CH), 128.8 (CH), 128.4 (T38.4 (CH), 128.3 (2CH), 128.0
(CH), 127.6 (CH), 127.2 (CH), 126.2 (CH), 125.7 (CH22.6 (C) 88.0 (C), 85.1 (C),
75.5 (CH), 38.1 (CH), 31.1 (G} 28.7 (CH); MS (EI) m/z (%): 340 (M, 8.4), 322
(23), 297 (100), 242 (41), 241 (86), 239 (48); HRNBR0.1475, GuH»00, requires
340.1463.

(9)-(+)-3-(1-(Furan-2-yl)-3-phenylprop-2-ynyl)pentane2,4-dione (3ia)

Enantiomeric excess (80%) was determined by chiaLC
(Chiralpak AD-H), hexanérOH 99:01, 1 mL/min, major
enantiomer,t= 16.7 min, minor enantiomert 13.6 min.

Oil; [a]p?°+16.6 € 0.41, CHC4, 80%ed: *H NMR (300 MHz,

_ CDCls) § 7.40-7.28 (m, 6H), 6.35-6.29 (m, 2H), 4.85Jd; 10.3
3ia Hz, 1H), 4.32 (dJ = 10.3 Hz, 1H), 2.34 (s, 3H), 2.15 (s, 3H);

13C NMR (75.5 MHz, CDCl) § 201.1 (2C), 150.5 (C), 142.4 (CH), 131.7 (2CHB.52

(CH), 128.3 (2CH), 122.4 (C), 110.6 (CH), 107.6 {CBB.1 (C), 84.4 (C), 72.0 (CH),

31.5 (CH), 29.9 (Ch), 29.4 (CH); MS (El) m/z (%): 280 (M, 1.2), 237 (100), 238

(19), 181 (30), 152 (24); HRMS: 280.109844:¢05 requires 280.1099.

(9)-(+)-3-(1-(Furan-3-yl)-3-phenylprop-2-ynyl)pentane2,4-dione (3ja)

O O Enantiomeric excess (83%) was determined by chiaLC
(Chiralpak AD-H), hexanéPrOH 99:01, 1 mL/min, major
enantiomer,t= 17.7 min, minor enantiomert 15.6 min.

Me Me
Z W
d Oil; [a]p®+36.1 € 0.79, CHCY, 83%ed: 'H NMR (300 MHz,
CDCls) § 7.42-7.28 (m, 7H), 6.40 (dd,= 1.8, 0.9 Hz, 1H), 4.67
3ja (d,J = 10.5 Hz, 1H), 4.12 (dl = 10.5 Hz, 1H), 2.35 (s, 3H), 2.11
(s, 3H);**C NMR (75.5 MHz, CDCls) § 201.6 (C), 201.5 (C), 143.4 (CH), 140.3 (CH),
131.6 (2CH), 128.4 (CH), 128.3 (2CH), 122.6 (C)2.52(C), 109.8 (CH), 87.1 (C),
84.0 (C), 74.6 (CH), 30.8 (CH), 28.7 (@H28.5 (CH); MS (El) m/z (%): 280 (M+,
2.3), 238 (19), 237 (100), 181 (24), 152 (17); HRM#B0.1105, GH:160; requires
280.1099.
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(S)-(+)-3-(3-Phenyl-1-(thiophen-3-yl)prop-2-ynyl)penéne-2,4-dione (3ka)

Enantiomeric excess (82%) was determined by chitaLC
(Chiralpak AS-H), hexan&g?rOH 95:05, 1 mL/min, major
enantiomert=12.1 min, minor enantiomers 10.3 min.

QOil; [#]p*®+9.8 € 0.75, CHC}, 82%e8d); *H NMR (300 MHz,
CDCls) § 7.39-7.27 (m, 6H), 7.22 (ddd= 3.0, 1.2, 0.3 Hz, 1H),

3ka 7.11 (d,J=5.1, 1.2 Hz, 1H), 4.83 (d,= 10.5 Hz, 1H), 4.19 (d
= 10.8 Hz, 1H), 2.36 (s, 3H), 2.02 (s, 3} NMR (75.5 MHz, CDCl) § 201.7 (C),
201.5 (C), 138.2 (C), 131.6 (2CH), 131.6 (C), 12€#), 128.3 (2CH), 127.0 (CH),
126.4 (CH), 122.8 (CH), 87.6 (C), 84.5 (C), 75.(HJC33.1 (CH), 30.9 (CH), 28.7
(CHs); HRMS (ESI) m/z 297.0936 (M + H), GH.1/0,S requires 297.0949.

(S)-(+)-3-(4-Phenylbut-3-yn-2-yl)pentane-2,4-dione (8)

O O Enantiomeric excess (64%) was determined by chHi@alLC
Me Me (Chiralcel OD-H), hexan&rOH 99:01, 1 mL/min, major
) enantiomer;t= 9.8 min, minor enantiomer+ 10.6 min.
= H’Me

Oil; [a]o?®+77.5 € 0.93, CHC4, 64%ee; 'H NMR (300 MHz,
CDCls) § 7.36-7.25 (m, 5H), 3.81 (d,= 10.2 Hz, 1H), 3.53 (dq,
3la J=10.2, 6.8 Hz, 1H), 2.29 (d,= 0.3 Hz, 3H), 2.25 (d] = 0.3
Hz, 3H), 1.24 (dJ = 6.8 Hz, 3H);"*C NMR (75.5 MHz, CDCly) § 202.5 (C), 202.2
(C), 131.5 (2CH), 128.2 (2CH), 128.1 (CH), 122.9,(d0.1 (C), 83.0 (C), 74.6 (CH),
30.4 (CH), 28.9 (CH), 26.3 (CH), 19.1(CH); MS (EI) m/z (%): 228 (M, 0.6), 186
(15), 185 (100), 128 (14); HRMS: 228.11434;60, requires 280.1150.

(R)-(+)-4-(1,3-Diphenylprop-2-ynyl)heptane-3,5-dioné3ma)

O O Enantiomeric excess (76%) was determined by chiaLC
(Chiralpak 1C), hexané’rOH 99:01, 1 mL/min, major
enantiomert= 9.2 min, minor enantiomer+ 10.5 min.

Et

: © mp 68-70 °C;[a]p?*+33.8 € 0.39, CHCY, 74%ed; 'H NMR
3ma (300 MHz, CDCk) 6 7.41-7.26 (m, 10H), 4.71 (d,= 10.8 Hz,
1H), 4.23 (dJ = 10.8 Hz, 1H), 2.84-2.67 (m, 2H), 2.34 (do; 18.6, 7.2 Hz, 1H), 1.96
(dg, J=18.6, 7.2 Hz, 1H), 1.10 (#,= 7.2 Hz, 3H), 0.78 (t) = 7.2 Hz, 3H);*C NMR
(75.5 MHz, CDCk) & 204.1 (C), 204.1 (C), 138.4 (C), 131.6 (2CH), B2@CH),
128.2 (CH), 128.2 (2CH), 128.1 (2CH), 127.7 (CH)2B (C), 88.4 (C), 84.7 (C), 74.2
(CH), 38.3 (CH), 37.6 (Ch), 35.0 (CH), 7.6 (CH), 7.1 (CH); MS (EI) m/z(%): 318
(M*, 1), 262 (23), 261 (100), 192 (18), 191 (52); HR\$8.1633, G:H»,0, requires
318.1620.
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(R)-(+)-3-(3-(4-Methoxyphenyl)-1-phenylprop-2-ynyl)patane-2,4-dione (3ab)

O O Enantiomeric excess (84%) was determined by chiral
Me Me HPLC (Chiralpak AS-H), hexan@&rOH 95:05, 1 mL/min,
major enantiomer,t= 14.0 min, minor enantiomef £

= H© 10.5 min.

mp 93-95 °C;[a]p?° +11.7 € 0.39, CHC}, 84%ed; H
3ab NMR (300 MHz, CDClg) § 7.42-7.28 (m, 7H), 6.80 (d,
= 8.9 Hz, 2H), 4.65 (d] = 10.9 Hz, 1H), 4.20 (d] = 10.9 Hz, 1H), 3.79 (s, 3H), 2.38 (s,
3H), 1.92 (s, 3H)*C NMR (75.5 MHz, CDCl) & 201.8 (C), 201.7 (C), 159.6 (C),
138.4 (C), 133.0 (2CH), 128.8 (2CH), 128.1 (2CH27X (CH), 114.8 (C), 113.8
(2CH), 86.5 (C), 84.8 (C), 75.7 (CH), 55.3 (§H38.1 (CH), 31.1 (CH), 28.7 (CH);
MS (El) m/z (%): 320 (M, 1.3), 278 (22), 277 (100), 221 (16); HRMS: 32684
C21H2003 requires 320.1412.

MeO

(R)-(+)-3-(3-(4-Fluorophenyl)-1-phenylprop-2-ynyl)petiane-2,4-dione (3ac)

O O Enantiomeric excess (86%) was determined by chiRILC
(Chiralpak AD-H), hexanerOH 99:01, 1 mL/min, major
enantiomert= 20.2 min, minor enantiomers 16.7 min.

Z H//© 20 1

mp 88-90 °C;[e]p” +23.3 € 0.99, CHC}, 86% eg; "H

NMR (300 MHz, CDCls) & 7.38-7.26 (m, 7H), 6.97 ( =

3ac 8.7 Hz, 2H), 4.65 (dJ = 10.8 Hz, 1H), 4.21 (d] = 11.1 Hz,

1H), 2.37 (s, 3H), 1.93 (s, 3H)Y’C NMR (75.5 MHz, CDCl) 5 201.5 (C), 201.5 (C),
162.5 (d,Jc.= 248.1 Hz, C), 138.0 (C), 133.5 (@.= 8.4 Hz, 2CH), 128.9 (2CH),
128.1 (2CH), 127.8 (CH), 118.7 (&.r = 3.0 Hz, C), 115.5 (dlc.= 21.9 Hz, 2CH),
87.8 (C), 83.8 (C), 75.6 (CH), 38.0 (CH), 31.1 @H8.6 (CH); MS (EI) m/z (%):
308 (M, 3.3), 266 (46), 265 (100), 209 (61); HRMS: 30892GH.7FO, requires
308.1213.

F

(R)-(+)-3-(3-(4-Chlorophenyl)-1-phenylprop-2-ynyl)petiane-2,4-dione (3ad)

O O Enantiomeric excess (87%) was determined by chirdlC
(Chiralpak AD-H), hexan&rOH 99:01, 1 mL/min, major
enantiomer,t= 23.0 min, minor enantiomert 18.7 min.

Z H//© . 20 1
Oil; [a]p®® +8.8 € 0.22, CHC}, 88% ed: 'H NMR (300
MHz, CDCls3) & 7.45-7.27 (m, 9H), 4.66 (d] = 10.8 Hz,
3ad 1H), 4.21 (d,J = 10.8 Hz, 1H), 2.37 (s, 3H), 1.97 (s, 3H);
13C NMR (75.5 MHz, CDCl) & 201.5 (C), 201.4 (C), 137.9 (C), 133.1 (C), 132.9
(2CH), 128.9 (2CH), 128.6 (2CH), 128.1 (2CH), 12{C#), 126.6 (C), 89.1 (C), 83.8
(C), 75.5 (CH), 38.0 (CH), 31.1 (GH 28.7 (CH); HRMS (ESI) m/z 347.0807 (M +
Na), GoH17Cl NaG, requires 347.0815.

Cl
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(R)-(+)-3-(3-(4-Fluorophenyl)-1-p-tolylprop-2-ynyl)pentane-2,4-dione (3bc)

O O Enantiomeric excess (88%) was determined by chiral
HPLC (Chiralpak AD-H), hexand?rOH 95:05, 1
mL/min, major enantiomer,t= 10.6 min, minor

= H//©\ enantiomer,t= 9.4 min.
Me

. Oil; [e]o® +12.0 € 0.57, CHC}, 88% ed; 'H RMN

3be (300 MHz, CDCl) § 7.38-7.25 (m, 4H), 7.18-7.12 (m,
2H), 6.96 (t,J = 8.8 Hz, 2H), 4.62 (d] = 10.9 Hz, 1H), 4.20 (dl = 10.9 Hz, 1H), 2.37
(s, 3H), 2.32 (s, 3H), 1.94 (s, 3HY'C RMN (75.5 MHz, CDCl) 6 201.7 (C), 201.6
(C), 162.5 (dJc.r = 249.5 Hz, C), 137.5 (C), 135.0 (C), 133.5J¢ls= 8.4 Hz, 2CH),
129.6 (2CH), 127.9 (2CH), 118.8 (@..= 3.4 Hz, C), 115.5 (dJc.r= 22.2 Hz, 2CH),
88.0 (C), 83.6 (C), 75.6 (CH), 37.6 (CH), 31.1 8.6 (CH), 21.0 (CH); HRMS
(ESI) m/z 345.1262 (M + Na), &Hi1FNaQ requires 345.1267.

(R)-(+)-3-(1-(4-Chlorophenyl)-3-(4-fluorophenyl)prop2-ynyl)pentane-2,4-dione
(3ec)

O O Enantiomeric excess (86%) was determined by chiral
HPLC (Chiralpak AD-H), hexand&?rOH 95:05, 1
mL/min, major enantiomer ,t= 12.3 min, minor

= H//©\ enantiomer,t= 10.2 min.
Cl

. Oil; [0]p*°+14.7 € 1.18, CHCY, 86%ed; *H NMR (300

3ec MHz, CDCl3) 6 7.36-7.31 (m, 6H), 6.98 (fl = 8.8 Hz,
2H), 4.65 (dJ = 10.8 Hz, 1H), 4.17 (dl = 10.8 Hz, 1H), 2.36 (s, 3H), 1.97 @z 0.3
Hz, 3H); **C NMR (75.5 MHz, CDCls) & 201.1 (2C), 162.6 (dlc.== 249.8 Hz, C),
138.1 (C), 133.6 (dJc..= 8.4 Hz, 2CH), 132.9 (C), 129.5 (2CH), 129.0 (2CH)8.4
(C), 115.6 (dJc./= 22.1 Hz, 2CH), 87.2 (C), 84.1 (C), 75.5 (CH), BICH), 31.1
(CHs), 28.6 (CH); HRMS (ESI) m/z 343.0881/345.0852 (M + H) 100.0/31.7,
CooH17CIFNO, requires 343.0901/345.0872.

(R)-(+)-3-(1-(4-Bromophenyl)-3-(4-fluorophenyl)prop-2ynyl)pentane-2,4-dione
(3fc)

Enantiomeric excess (86%) was determined by chiral
HPLC (Chiralpak AD-H), hexandgrOH 95:05, 1
mL/min, major enantiomer t= 12.9 min, minor
enantiomer,t= 11.1 min.

Oil; [a]p*°+14.2 € 0.90, CHC}, 86%e8d); *H NMR (300
3fc MHz, CDCl3) § 7.48-7.44 (m, 2H), 7.35-7.28 (m, 4H),
6.98 (t,J = 8.7 Hz, 2H), 4.64 (d) = 10.9 Hz, 1H), 4.16 (d] = 10.9 Hz, 1H), 2.36 (s,
3H), 1.97 (s, 3H)*C NMR (75.5 MHz, CDCl) & 201.0 (2C), 162.6 (dlc.== 249.9
Hz, C), 138.7 (C), 133.5 (dc.r = 8.3 Hz, 2CH), 132.0 (2CH), 129.9 (2CH), 121.9,(C
118.4 (dJc./= 3.7 Hz, C), 115.6 (dlc.r= 22.1 Hz, 2CH), 87.1 (dc= 1.1 Hz, C), 84.2
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(C), 755 (CH), 37.2 (CH), 311 (GH 28.6 (CH); HRMS (ESI) m/z
404.0661/406.0645 (M + N 98.8/100.0, gH20BrFNO, requires 404.0661/406.0641.

(R)-(+)-3-(1-Phenyl-3-(thiophen-3-yl)prop-2-ynyl)penane-2,4-dione (3ae)

O O Enantiomeric excess (80%) was determined by chiaLC
(Chiralpak AD-H), hexané&rOH 95:05, 1 mL/min, major
enantiomert=12.1 min, minor enantiomears 9.7 min.

Z H//© 20 1

a mp 92-94 °C:[a]p?® +13.2 € 0.37, CHC}, 80%ed; 'H NMR
S (300 MHz, CDClk) & 7.41-7.28 (m, 6H), 7.23 (dd,= 4.8, 3 Hz,

3ae 1H), 7.04 (ddJ = 5.1, 1.2 Hz, 1H), 4.65 (d, = 11.1 Hz, 1H),
4.21 (d,J = 11.1 Hz, 1H), 2.38 (s, 3H), 1.91 @= 0.3 Hz, 3H)**C NMR (75.5 MHz,
CDCl3) & 201.5 (2C), 138.1 (C), 129.8 (CH), 128.9 (2CH)8.82(CH), 128.1 (2CH),
127.7 (CH), 125.2 (CH), 121.6 (C), 87.6 (C), 80@),(75.5 (CH), 38.1 (CH), 31.1
(CHs), 28.7 (CH); MS (El) m/z (%): 296 (M, 1.4), 254 (21), 253 (100), 197 (42);
HMRS: 296.0885, GH160,S requires 296.0871.

(R)-3-(1,5-Diphenylpent-2-yn-1-yl)pentane-2,4-dione3gf)

Enantiomeric excess (27%) was determined by chiRILC

O O
Me Me (Chiralpak AD-H), hexan&rOH 99:01, 1 mL/min, major
. enantiomert= 15.7 min, minor enantiomer+ 12.5 min.
Z HI/ - 20 1
Ph o Oil; [a]p™"+7.1 € 0.52, CHC4, 27%eg; "H NMR (300 MHz,
al

CDCl3) 6 7.31-7.16 (m, 10H), 4.38 (td,= 11.0, 2.2 Hz, 1H),
4.03 (d,J = 11.0 Hz, 1H), 2.77 (t] = 7.3 Hz, 2H), 2.47 (td] = 7.3, 2.2 Hz, 2H), 2.38
(s, 3H), 1.91 (dJ = 0.3 Hz, 3H):**C NMR (75.5 MHz, CDCl) § 201.92 (C), 201.87
(C), 140.5 (C), 138.7 (C), 128.7 (2CH), 128.5 (2CH)8.4 (2CH), 128.0 (2CH), 127.5
(CH), 126.3 (CH), 84.4 (C), 79.6 (C), 75.8 (CH),.8TCH), 34.9 (CH), 31.0 (CH),
28.5 (CH),20.7 (CH); HRMS (ESI) m/z 319.1691 (M + H), &H»30, requires
319.1698.

5.1.2.4. Determination of the absolute stereochemistry of compound 3aa
(S,E)-3-(1,3-Diphenylallyl)pentane-2,4-dione (4)

O ©o A solution of [PdCI§>-C3Hs)]2 (0.7 mg, 2 pmol) andR)-BINAP
(2.7 mg, 4.4 pmol) in C¥Cl, (0.4 mL) was stirred for 30 min at
room temperature under nitrogen. A solution of difhenyl-2-
O o propenyl acetate (100 mg, 0.4mmol) in £H (1.2 mL),
pentane-2,4-dione (0.12 mL, 1.2 mmol), N,O
bis(trimethylsilyl)acetamide (0.3 mL, 1.2 mmol) aadcpinch of
KOAc was added in this order. The mixture was etirat room temperature until the
reaction was complete (TLC). The reaction mixtusswuenched with N)&I sat. (1.0
mL) and was diluted in diethyl ether (40 mL). Orgalayer washed with brine (2 x 15
mL), dried over MgS@and concentrated under reduced pressure. Puofichy flash

Me Me

4
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chromatography on silica gel afforded compouhd105 mg, 90%). Enantiomeric
excess (89%) was determined by chiral HPLC (ChatalaD-H), hexanePrOH 90:10,
1 mL/min, major enantiomey £ 9.7 min, minor enantiomer 9.1 min.

Oil; [0]p?® +9.8 € 1, EtOH, 89%e8), Lit.*[a]p™° +6.8 € 1, EtOH) for 94%eefor theS
enantiomer!H NMR (300 MHz, CDCls) § 7.35-7.19 (m, 10H), 6.43 (d,= 15.7 Hz,
1H), 6.20 (ddd,) = 15.8, 4.8, 3.1 Hz, 1H), 4.34 (m, 2H), 2.26 (4),31.93 (s, 3H)*C
NMR (75.5 MHz, CDCly) 5 202.8 (C), 202.7 (C), 140.1 (C), 136.5 (C), 13(CH),
129.2 (CH), 129.0 (2CH), 128.5 (2CH), 127.9 (2CH37.7 (CH), 127.2 (CH), 127.3
(2CH), 74.5 (CH), 49.1 (CH), 30.0 (GH29.7 (CH).

(5)-3-(1,3-Diphenylpropyl)pentane-2,4-dione (5)

O O A solution of4 (48.5 mg, 0.166 mmol) in abs EtOH (15.3 mL)
was stirred under hydrogen atmosphere in the pceseri
Pd/CaCQ (5%) (21.4 mg) for 30 min. Then, the reaction
O O mixture was filtered through silica gel eluting WiEtOAc. The

solvent was removed under reduced pressure tocgingound
(9-(+)-5 (48.5 mg, 99%) having identicdH and *C NMR
spectra as the hydrogenation product3af but opposite retention times and optical
rotation sign. Enantiomeric excess (89%) was detexthby chiral HPLC (Chiralpak
IC), hexanéPrOH 95:05, 1 mL/min, major enantiomer (§ = 9.7 min, minor
enantiomer,t(R) = 8.2 min.

Me Me

(S)-(+)-5

[a]o?° +36.8 € 0.83, CHC}, 89%e8.
(R)-3-(1,3-Diphenylpropyl)pentane-2,4-dione (5)

O O A solution of3aa(18.2 mg, 0.063 mmol) in abs EtOH (5.8 mL)
was stirred under hydrogen atmosphere in the pceseh5%
5 Pd/CaCQ (8 mg) for 1 h. Then, the reaction mixture was
/’© filtered through silica gel eluting with EtOAc. Th®lvent was
removed under reduced pressure to give compotid-)5
(18.1 mg, 99%). Enantiomeric excess (85%) was oheted by
chiral HPLC (Chiralpak IC), hexarlBrOH 95:05, 1 mL/min, major enantiome(R) =
8.3 min, minor enantiomer ¢S = 9.9 min.

Me Me

(R)-(-)-5

Oil; [¢]o?°-32.9 € 0.78, CHC}, 85%ed; *H NMR (300 MHz, CDCl3) § 7.36-7.31 (m,
2H), 7.28-7.14 (m, 6H), 7.05-7.03 (m, 2H), 4.09 Jd&& 11.5 Hz, 1H), 3.50-3.14 (m,
1H), 2.40-2.30 (m, 2H), 2.18 (s, 3H), 1.87-1.80 @Hi), 1.79 (s, 3H)*C NMR (75.5
MHz, CDCl3) & 203.4 (C), 203.2 (C), 141.3 (C), 140.3 (C), 12@8H), 128.4 (2CH),
128.3 (2CH), 128.3 (2CH), 127.2 (CH), 126.0 (CH),37(CH), 45.4 (CH), 36.1 (Ci
33.0 (CH), 29.9 (CH), 29.4 (CH); HRMS (ESI) m/z 295.1678 (M + H), GH230-
requires 295.1698.
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5.1.2.5. Synthetic transformations
(R)-(-)-3-(1,3-Diphenylprop-2-ynyl)-3-fluoropentane-2,4-ibne (6)

o o A 1.5 M solution of EfZn in toluene (0.17 mL, 0.25 mmol) was
F added dropwise to a solution of ligah® (11.3 mg, 0.025
Me Me  mmol) and alkyne2a (0.1 mL, 0.94 mmol) in toluene (0.48
Y © mL)at room temperature under nitrogen and the mextuas
stirred for 1.5 h at 70 °C. Then, the reaction omtwas cooled
to room temperature. A solution of arylidene-1,Betione 1a
(23.5 mg, 0.125 mmol) in nitroethane (1.0 mL) wasled via
syringe. The solution was stirred for 4 h. NFSIZ13g, 0.375 mmol) was added in one
portion, and the reaction mixture was stirred f@rtv at room temperature, then was
quenched with 20% aqueous MH (1.0 mL), extracted with C}Cl, (2x 15 mL),
washed with brine (15 mL), dried over MgS@nd concentrated under reduced
pressure. Purification by flash chromatographyiboasgel afforded compoun@ (18.5
mg, 48%). Enantiomeric excess (87%) was determuyechiral HPLC (Chiralpak AD-
H), hexandPrOH 95:05, 1 mL/min, major enantiomert9.8 min, minor enantiomey t
= 7.6 min.

6

Oil; [¢]o?°-39.3 € 0.45, CHC}, 87%ed; *H NMR (300 MHz, CDCls) § 7.45-7.29 (m,
10H), 4.94 (d,J = 30.3 Hz, 1H), 2.47 (d] = 4.8 Hz, 3H), 1.86 (d] = 5.7 Hz, 3H);*C
NMR (75.5 MHz, CDCls) 6 200.9 (d Jc.r = 29.3 Hz, C), 199.4 (dicr = 26.7 Hz, C),
133.8 (C), 131.7 (2CH), 129.7 (2CH), 128.6 (2CH)B85 (CH), 128.3 (CH), 128.3
(2CH), 122.4 (C), 107.1 (dc.r = 211.1 Hz, C), 85.4 (C), 84.8 (C), 43.9 Jd+ = 19.6
Hz, CH), 27.2 (s,CH), 26.9 (s,CH); F NMR (282 MHz, CDCly) & -174.2 (s, F);
HRMS (ESI) m/z 309.1279 (M+ H), GH1sFO, requires 309.1291.

(R)-(+)-3-((2)-1,3-Diphenylallyl)pentane-2,4-dione (7)

A solution of 3aa (16.6 mg, 0.098 mmol) in benzene (1 mL) was
stirred in the presence of Lindlar's catalyst (81g) under hydrogen
atmosphere for 1 h. Then, the reaction mixture flsed through a
pad of Celite® with EtOAc. The solvent was remoweudier reduced
pressure to givg (16.5 mg, 99%). Enantiomeric excess (87%) was
7 determined by chiral HPLC (Chiralpak AS-H), hexaReOH 90:10, 1
mL/min, major enantiomer £ 5.9 min, minor enantiomers 6.8 min.

mp 58-60 °C;[a]p®+389.3 € 0.53, CHCY, 87%ed: 'H NMR (300 MHz, CDCls) &
7.37-7.23 (m, 10H), 6.57 (d,= 11.4 Hz, 1H), 5.81 (tJ = 11.1 Hz, 1H), 4.62 (§ =
10.8 Hz, 1H), 4.11 (dJ = 11.1 Hz, 1H), 1.97 (s, 3H), 1.82 @@= 0.3 Hz, 3H):C
NMR (75.5 MHz, CDCly) 5 203.2 (C), 203.0 (C), 140.9 (C), 136.2 (C), 13(CH),
130.6 (CH), 129.1 (2CH), 128.6 (2CH), 128.4 (2CH)7.8 (2CH), 127.4 (CH), 127.1
(CH), 76.4 (CH), 44.2 (CH), 31.3 (GH 27.9 (CH); HRMS (ESI) m/z 310.1806 (M +
NH4), C20H24N02 requires 310.1807.
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(2R,3r,49)-(-)-3-((R)-1,3-Diphenylprop-2-yn-1-yl)pentane-2,4-diol (8)

A 1 M solution of LiAlH, in Toluene (0.46 mL, 0.46 mmol) was
9'14 QH added dropwise to a solution 8&a (33.5 mg, 0.12 mmol) in
Me Me THF (1 mL) at O °C under nitrogen. The reaction tome& was
o, allowed to reach room temperature. After 1 h, #mction was
© guenched with water (1 mL). The aqueous layer wasaeted
with CH.Cl, (3 x 15 mL). The organic layer was washed with
brine (10 mL) and dried over MgQORemoval of the solvent
under reduced pressure followed by flash chromafdgr gave8 (25.5 mg, 86%) and
3.6 mg of a minor diastereomer.

8

Oil; [a]p® -3.1 € 0.42, CHCY); *H NMR (300 MHz, CDCls) § 7.53-7.44 (m, 4H),
7.38-7.30 (m, 5H), 7.28-7.25 (m, 1H), 4.49J& 5.1 Hz, 1H), 4.25-4.17 (m, 2H), 2.25-
2.13 (m, 2H), 2.07-2.02 (m, 1H), 1.37 (b= 4.8 Hz, 3H), 1.35(d] = 4.5 Hz, 3H);*C
NMR (75.5 MHz, CDCls) § 141.0 (C), 131.4 (2CH), 128.5 (2CH), 128.3 (2C198.1
(CH), 127.8 (2CH), 126.7 (CH), 122.8 (C), 90.0 (85,9 (C), 63.9 (CH), 68.6 (CH),
56.7 (CH), 34.9 (CH), 21.8 (2GHHRMS (ESI) m/z 295.1704 (M + H), @H2:0,
requires 295.1698.

(R)-(-)-1-((2S,35,4R)-5-((2)-Benzylidene)2-methyl-4-phenyltetrahydrofuran-3-
yl)ethan-1-ol (9)

HO H To a solution o8 (11.4 mg, 0.039 mmol) in THF (0.2 mL) was added

/e A9(OTH) (0.5 mg, 2 umol) at 0 °C under nitrogen asphere and the
H mixtures was stirred for 1 h. Then, the reactioxtore was filtered
“pp  through silica gel eluting with ##AcOEt) afforded compoundd
(77%). Enantiomeric excess (8.8 mg, 87%) was deteanby chiral
Ph™ 9 HPLC (Chiralcel OD-H), hexan®OH 90:10, 1 mL/min, major
enantiomert= 6.8 min, minor enantiomers 11.9 min.

Me

Oil; [0]p*°-41.6 € 0.39, CHC}, 87%e8; 'H NMR (400 MHz, CDCls) § 7.48 (dd,J =
8.4, 1.2 Hz, 2H), 7.37-7.31 (m, 4H), 7.30-7.21 8H), 7.05 (tJ = 7.6 Hz, 1H), 4.67 (d,
J=2.0 Hz, 1H), 4.52 (dql = 8.8, 6.4 Hz, 1H), 4.14 (dd,= 10.8, 2.0 Hz, 1H), 3.98 (m,
1H), 2.16 (ddd, = 10.4, 8.8, 4.0 Hz, 1H), 1.56 (d,= 6.4 Hz, 3H), 1.36 (br s, OH),
1.09 (d,J = 6.8 Hz, 3H);*C NMR (100 MHz, CDCls) § 161.2 (C), 141.9 (C), 136.9
(C), 128.9 (2CH), 128.8 (2CH), 128.1 (2CH), 1272€K), 127.1 (CH), 124.7 (CH),
99.0 (CH), 79.7 (CH), 66.9 (CH), 59.7 (CH), 51.9H)C 21.8 (CH), 20.7 (CH);
HRMS (ESI) m/z 295.1690 (M + H), GH,30; requires 295.1698.
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(4S,5r,6R)-5-((R)-1,3-Diphenylprop-2-yn-1-yl)-2,2,4,6-tetramethyl-13-dioxane (10)

Me_ Me A solution of diol 8 (30 mg, 0.10 mmol) in 2,2-
QXQ dimethoxypropane (1 mL) and a catalytic amount pof
Me 5 Mo toluenesulfonic acid was stirred in presence oflegwdar sieve
' 5 A at room temperature. After 1 h, the reactiors @iuted with
=Z © EtOAc (10 mL), washed with saturated NaHC®G mL), brine
(10 mL) and dried over MgSORemoval of the solvent under
10 reduced pressure followed by flash chromatograiyng with

hexane-EtOAc (9:1) gavE) (26 mg, 76%).

Oil; *H NMR (300 MHz, CDCls) & 7.56 (d,J = 7.5 Hz, 2H), 7.51-7.47 (m, 2H), 7.35-
7.26 (M, 5H), 7.22 () = 7.2 Hz, 1H), 4.39 (d] = 3.6 Hz, 1H), 4.28-4.19 (m, 2H), 1.87
(dt,J = 3.6, 2.9 Hz, 1H), 1.46 (s, 3H), 1.42 (s, 3HR8L(d,J = 6.6 Hz, 3H), 1.24 (d]

= 6.6 Hz, 3H)°C NMR (75.5 MHz, CDCk) § 142.1 (C), 131.2 (2CH), 128.4 (2CH),
127.9 (2CH), 127.9 (2CH), 127.2 (CH), 126.1 (CH42 (C), 98.9 (C), 91.1 (C), 84.6
(C), 70.0 (CH), 69.3 (CH), 48.8 (CH), 32.1 (§H29.4 (CH), 20.2 (CH), 19.6 (CH),
19.5 (CH):; HRMS (ESI) m/z 335.2010 (M + H), @H»70, requires 335.2011.
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5.2. Enantioselective conjugate alkynylation of 3{eoxycarbonyl
coumarins

5.2.1. Synthesis and characterization of 3-alcoxydzonyl coumarins 11-14

3-Alcoxycarbonyl coumarinsl1-14 were synthesized according to the procedure
described in the literature.

The required salicylaldehyde (5 mmol), dialkyl nmedte ortert-butyl methyl malonate

(5 mmol), piperidine (50 pL, 5 mol %) and acetiada@0 pL, 5 mol %) were dissolved

in benzene (30 mL). The mixture was heated undiuxrevith a water-separatory
Dean-Stark system until the reaction was complEt€}. Then, it was cooled to room
temperature and quenched withQH(10 mL), extracted with EtOAc (225 mL). The
organic layers were washed with 1 M HCI (15 mL)}usaied agueous NaHG@15

mL) and brine (15 mL), dried over MgQ@nd concentrated under reduced pressure.
Purification by flash chromatography on silica gklting with hexane:EtOAc mixtures
afforded 3-alcoxycarbonyl coumarins.

Methyl 2-oxo0-2H-chromene-3-carboxylate (11a)

0 White solid, 85% vyield!H NMR (300 MHz, CDCls) & 8.54 (s,
@(\/i‘\we 1H), 7.66-7.59 (m, 2H), 7.33 (d,= 7.6 Hz, 2H), 3.93 (s, 3HJC
NMR (75.5 MHz, CDCls) & 163.6 (C), 156.6 (C), 156.1 (C),
0" "o 149.1 (CH), 134.4 (CH), 129.5 (CH), 124.8 (CH), BL1C),
11a 117.8 (C), 116.7 (CH), 52.8 (GH Data consistent with the
literature>*

Ethyl 2-oxo-2H-chromene-3-carboxylate (12a)

0 White solid, 82% yieldH NMR (300 MHz, CDCls) & 8.48 (s,
N “ogt 1H), 7.63-7.57 (m, 2H), 7.32-7.26 (m, 2H), 4.37 {¢~ 7.1 Hz,
2H), 1.37 (t,J = 7.1 Hz, 3H)**C NMR (75.5 MHz, CDCLk) &
1; 0 162.9 (C), 156.6 (C), 155.0 (C), 148.4 (CH), 134CH), 129.4
(CH), 124.7 (CH), 118.1 (C), 117.7 (C), 116.6 (CH).8 (CH),

14.1 (CH). Data consistent with the literatute.

Isopropyl 2-oxo-2H-chromene-3-carboxylate (13a)

0 White solid, 77% yield!H NMR (300 MHz, CDCls) § 8.42 (s,
N~ “opy 1H), 7.62-7.55 (m, 2H), 7.31-7.28 (m, 2H), 5.26&(m, 1H),
1.35 (s, 3H), 1.33 (s, 3HJC NMR (75.5 MHz, CDCl;) & 162.3
1<3?a O (C), 156.6 (C), 156.0 (C), 147.9 (CH), 134.1 (CH29.4 (CH),
124.7 (CH), 118.7 (C), 117.8 (C), 116.7 (CH), 690H), 21.7

(2CHp).
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tert-Butyl 2-oxo-2H-chromene-3-carboxylate (14a)

White solid, 88% vyield*H NMR (300 MHz, CDCls) & 8.38 (s,
1H), 7.64-7.57 (m, 2H), 7.34-7.28 (m, 2H), 1.60 98j); “°C

i

t
OBU NMR (75.5 MHz, CDCly) 5 161.9 (C), 156.8 (C), 155.0 (C),
0”0 147.4 (CH), 133.9 (CH), 129.3 (CH), 124.6 (CH), BLYC),
14a 117.9 (C), 116.6 (CH), 82.8 (C), 28.1 (3gHData consistent

with the literature?
tert-Butyl 8-methyl-2-oxo-2H-chromene-3-carboxylate (14b)

White solid, 86% yield’H NMR (300 MHz, CDCls) 6 8.34 (s,
N “otgy 1H), 7.45-7.41 (m, 2H), 7.19 (§ = 7.6 Hz, 2H), 2.43 (s, 3H),
1.59 (s, 9H):**C NMR (75.5 MHz, CDCL) & 162.0 (C), 156.9
(C), 153.3 (C), 147.6 (CH), 136.2 (CH), 127.0 (CH26.2 (C),

14b 124.2 (CH), 119.2 (C), 117.6 (C), 82.6 (C), 28.CK®), 15.3
(CHs). Data consistent with the literatute.

O 0
Me

3.

tert-Butyl 8-(tert-butyl)-2-oxo-2H-chromene-3-carboxylate (14c)

0 White solid, 83% vyield*H NMR (300 MHz, CDCls) & 8.39 (s,
N~ o, IH) 7.60(dd) =78, 1.6 Hz, 1H), 7.43 (dd,= 7.7, 1.6 Hz, 1H),
7.23 (t,J = 7.7 Hz, 1H), 1.60 (s, 9H), 1.49 (s, 9HJC NMR
o "0 (75.5 MHz, CDCkL) & 162.2 (C), 156.4 (C), 153.8 (C), 148.6
14c (CH), 138.0 (C), 131.5 (CH), 127.7 (CH), 124.2 (C#}8.7 (C),

118.4 (C), 82.6 (C), 34.9 (C), 29.7 (3gH28.1 (3CH). Data
consistent with the literature.

Bu

tert-Butyl 5-methoxy-2-oxo-2H-chromene-3-carboxylate (14d)

OMe 0 White solid, 76% yieldmp 182-183 °C;'H NMR (300 MHz,
o, CDCls) 8 8.74 (dJ=0.7 Hz, 1H), 7.51 (1) = 8.4 Hz, 1H), 6.88
(dt, J = 8.4, 0.7 Hz, 1H), 6.71 (dd,= 8.4, 0.7 Hz, 1H), 3.95 (s,
3H), 1.59 (s, 9H)*C NMR (75.5 MHz, CDCl) & 162.2 (C),
157.2 (C), 157.0 (C), 156.0 (C), 142.9 (CH), 13@C#H), 117.2
(C), 108.9 (C), 108.8 (CH), 105.1 (CH), 82.4 ((§,55(CH), 28.1 (3CH).

ot

O O
14d

tert-Butyl 6-methoxy-2-oxo-2H-chromene-3-carboxylate (14e)

White solid, 80% vyieldH NMR (300 MHz, CDCls) &
otgy 834 (s, 1H), 7.28-7.25 (m, 1H), 7.19 (dds 9.1, 2.9 Hz,
1H), 6.98 (d,J = 2.8 Hz, 1H), 3.85 (s, 3H), 1.59 (s, 9FC
0O NMR (75.5 MHz, CDCl3) 6 162.0 (C), 157.1 (C), 156.1
(©), 149.6 (C), 147.3 (CH), 122.2 (CH), 119.8 (CH)8.2
(C), 117.8 (CH), 110.5 (CH), 82.8 (C), 55.9 (§//H28.1 (3CH). Data consistent with
the literature’*

MeO

i

14e
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tert-Butyl 7-methoxy-2-oxo-2H-chromene-3-carboxylate (14f)
0O White solid, 82% yield!'H NMR (300 MHz, CDCls) §
/©f\rj\0®u 8.37 (s, 1H), 7.47 (d] = 8.7 Hz, 1H), 6.87 (ddl1 = 8.7, 2.4
Hz, 1H), 6.79 (dJ = 2.4 Hz, 1H), 3.89 (s, 3H), 1.58 (s,
MeO o "0 9H); °C NMR (75.5 MHz, CDCL) & 164.8 (C), 162.2 (C),
14f 157.3 (C), 157.2 (C), 148.0 (CH), 130.3 (CH), 11633,

113.4 (CH), 111.6 (C), 100.2 (CH), 82.3 (C), 552¢), 28.1 (3CH). Data consistent
with the literature?

tert-Butyl 8-methoxy-2-oxo-2H-chromene-3-carboxylate (149)
o) White solid, 84% vyield*H NMR (300 MHz, CDCls) & 8.40 (s,
N oy IH) 7.30 (ddJ=9.1, 2.4 Hz, 1H), 7.21 (d,= 0.5 Hz, 1H), 7.18
(d, J = 1.7 Hz, 1H), 4.00 (s, 3H), 1.64 (s, 9HIC NMR (75.5
I o "0 MHz, CDCl3) & 161.8 (C), 156.2 (C), 147.6 (CH), 146.9 (C),

© 149 144.7 (C), 124.5 (CH), 120.4 (CH), 119.7 (C), 1163, 115.4
(CH), 82.7 (C), 56.2 (Ch), 28.0 (3CH). Data consistent with the literatuf®.

tert-Butyl 6-bromo-2-oxo-2H-chromene-3-carboxylate (14h)
o) White solid, 84% yield*H NMR (300 MHz, CDCls) & 8.29
Br N oy (S 1H), 7.75-7.67 (m, 2H), 7.23 (@F 8.7 Hz, 1H), 1.60 (s,
9H); *C NMR (75.5 MHz, CDCl) § 161.5 (C), 156.1 (C),
o0 153.8 (C), 145.9 (CH), 136.5 (CH), 131.4 (CH), B(C),
14h

119.4 (C), 118.4 (CH), 117.2 (C), 83.2 (C), 28.TKB).
Data consistent with the literatute.

tert-Butyl 6,8-di-tert-butyl-2-oxo-2H-chromene-3-carboxylate (14i)

o) White solid, 78% vyield;mp 129-130 °C;'H NMR (300
‘Bu N “ogy MHz, CDCl3) & 8.39 (s, 1H), 7.65 (d] = 2.3 Hz, 1H), 7.38
(d,J = 2.3 Hz, 1H), 1.60 (s, 9H), 1.50 (s, 9H), 1.3594);
e o 70 13C NMR (75.5 MHz, CDCl;) 6 162.3 (C), 156.8 (C), 151.9
U 14

(C), 149.1 (CH), 146.9 (C), 137.3 (C), 129.3 (CHI23.8
(CH), 118.3 (C), 117.9 (C), 82.4 (C), 35.1 (C),B(C), 31.3 (3CH), 29.7 (3CH), 28.1
(3CHy).

tert-Butyl 6-chloro-8-methyl-2-oxo-2H-chromene-3-carboylate (14))

0O White solid, 79% vyield;mp 121-122 °C;'H NMR (300
Cl N o, MHz, CDCls) 8 8.27 (s, 1H), 7.42-7.39 (m, 2H), 2.42 (s, 3H),
1.59 (s, 9H);**C NMR (75.5 MHz, CDCl;) & 161.6 (C),
o 0 156.3 (C), 151.8 (C), 146.4 (CH), 134.7 (CH), 129C3,

Me 14 128.3 (C), 125.8 (CH), 120.3 (C), 118.5 (C), 831, (28.0
(3CHs), 15.3 (CH).
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5.2.2. Synthesis and characterization of ligands [3tL22
5.2.2.1. Synthesis of chiral amino alcohols 15

The syntheses of the required chiral amino alcobblsere achieved using a procedure
similar to that described in the literatdfe.

SOCh (1.2 mL, 16.5 mmol) was added dropwise to a sohutf the required amino
acid (7.5 mmol) in methanol (6 mL).The mixture wesated at reflux temperature for
1.5 h and then the solvent and volatiles were redawnder reduced pressure. The
resulting solid was added in two portions to a dd 2olution of the required Grignard
reagent (45 mmol) in diethyl ether at 0 °C undérogien. The cooling bath was then
removed and the solution was stirred at rt for $Hhen, it was carefully poured into ice
and acidified with 6 M aqueous HCI (15 mL). The tare was filtered and the solid
washed with diethyl ether and dissolved in 2 M raatilic NaOH (60 mL) and
concentrated. The resulting solid was partitionetth \CH,Cl, (40 mL) and water (40
mL). The organic layer was washed with watex1@ mL), dried over MgS®and
concentrated under reduced pressure to give desingtb alcoholl5.

(S)-2-Amino-1,1,2-triphenylethan-1-ol (15a)

ph Ph  White solid, 65% vyield*H NMR (300 MHz, CDCls) § 7.78 (m, 2H),
Y—EPh 7.44-7.39 (m, 2H), 7.31-7.26 (m, 1H), 7.15-7.11 {#H), 7.08-7.02 (m,
HzN 1530'* 3H), 5.02 (s, 1H), 1.71 (br s, N4 **C NMR (75.5 MHz, CDCl) &
146.5 (C), 143.9 (C), 140.0 (C), 128.6 (2CH), 12@6H), 127.4 (2CH),
127.3 (2CH), 127.2 (CH), 127.0 (CH), 126.5 (2CH)6 2 (CH), 126.0 (2CH), 79.5 (C),
61.8 (CH). Data consistent with the literattfe.

(S)-2-Amino-1,1-bis(4-chlorophenyl)-2-phenylethan-140(15d)

Ph  4CICeH,  White solid, 78% yield*H NMR (300 MHz, CDCls) § 7.70-7.67
4-CICeHs  (m, 2H), 7.42-7.39 (M, 2H), 7.19-7.13 (M, 5H), 7(844H), 4.95
N O (s, 1H), 1.63 (br s, NB); °C NMR (75.5 MHz, CDCl) & 144.7
(C), 142.1 (C), 139.4 (C), 133.2 (C), 132.3 (C)8I2(2CH),
128.5 (2CH), 127.9 (2CH), 127.7 (2CH), 127.6 (3CE}7.5 (2CH), 78.9 (C), 61.6

(CH).
(S)-2-Amino-1,1-di(naphthalene-2-yl)-2-phenylethan-Iol (15€e)

Ph 2-Naphthyl Brown solid, 50% vyield:mp 144-145 °C;[a]p®® —4.9 € 1.0,
2-Naphthyl CHCl); *H NMR (300 MHz, CDCl5)  8.29 (s, 1H), 7.95 (dd, J

HN  OH = 7.0, 2.3 Hz, 1H), 7.88-7.83 (m, 3H), 7.67-7.6Q @Hl), 7.57-
15e 7.48 (m, 3H), 7.36-7.30 (m, 3H), 7.22 (dds 7.5, 2.1 Hz, 2H),

7.12-7.04 (m, 3H), 5.30 (s, 1H), 5.07 (br s, OH)41(br s, NH); *C NMR (75.5
MHz, CDCl3) § 143.9 (C), 141.2 (C), 139.9 (C), 133.1 (C), 13} 132.4 (C), 132.0
(C), 128.6 (2CH), 128.4 (CH), 128.3 (CH), 128.2 {CH7.5 (2CH), 127.3 (CH), 127.2
(CH), 126.8 (CH), 126.2 (CH), 126.1 (CH), 125.6 (CiR5.5 (CH), 125.5 (CH), 125.1
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(CH), 124.6 (CH), 124.5 (CH), 79.9 (C), 61.4 (CHRMS (ESI) m/z 390.1855 (M +
H), CogH24NO requires 390.1858.

(S)-2-Amino-3-methyl-1,1-diphenylbutan-1-ol (15f)

o White solid, 42% vyieldH NMR (300 MHz, CDCls) & 7.71-7.66 (m,
pp 2H), 7.59-7.56 (m, 2H), 7.41-7.32 (m, 4H), 7.2847(f, 2H), 3.92 (d)
H,N OH = 2.2 Hz, 1H), 1.83 (m, 1H), 1.00 (d,= 7.1 Hz, 3H), 0.96 (d) = 6.8
15f Hz, 3H); *C NMR (75.5 MHz, CDCls) § 148.0 (C), 144.9 (C), 128.4
(2CH), 128.0 (2CH), 126.6 (CH), 126.2 (CH), 122&H), 125.5 (2CH), 79.6 (C), 60.1
(CH), 27.8 (CH), 23.0 (Ch), 16.1 (CH). Data consistent with the literatut¥.

(S)-2-Amino-3-(naphthalen-1-yl)-1,1-diphenylpropan-1el (159)

0 Brown solid, 57% yield"H NMR (300 MHz, CDCl5) 5 7.89-7.86
(m, 1H), 7.77-7.74 (m, 3H), 7.69-7.66 (m, 2H), 7&35 (m,
Q Ph,  10H), 7.23-7.18 (m, 1H), 4.33 (ddi= 10.8, 2.5 Hz, 1H), 3.13 (dd,
,J=14.0, 2.4 Hz, 1H), 2.89 (dd;= 14.1, 10.8 Hz, 1H), 1.35 (br s,
sz“ OH " 2H): C NMR (75.5 MHz, CDCL) § 146.9 (C), 144.3 (C), 135.7
59 (C), 134.1 (C), 132.2 (C), 128.8 (CH), 128.5 (2CE8.3 (2CH),
127.3 (CH), 126.80 (CH), 126.75 (CH), 125.9 (2CH35.7 (CH), 125.5 (2CH), 125.4
(CH), 123.9 (CH), 78.7 (C), 56.8 (CH), 33.7 (¢HData consistent with the

literature®®

(S)-2-Amino-3-(naphthalen-2-yl)-1,1-diphenylpropan-lel (15h)

O Brown solid, 62% vyield'H NMR (300 MHz, CDCl3) § 7.85-7.80 (m,

O 3H), 7.71-7.65 (m, 5H), 7.52-7.46 (m, 2H), 7.4127 (8n, 5H), 7.27-

7.19 (m, 2H), 4.31 (dd] = 10.7, 2.7 Hz, 1H), 2.83 (ddJ,= 13.9, 2.4

Ph Hz, 1H), 2.66 (ddJ = 13.9, 10.8 Hz, 1H), 1.30 (br s, 2HfC NMR
HN Oﬁh (75.5 MHz, CDCk) 6 146.9 (C), 144.4 (C), 137.1 (C), 133.5 (C), 132.2
15h (C), 128.5 (2CH), 128.4 (CH), 128.3 (2CH), 127.6H}, 127.6 (CH),

127.4 (CH), 127.3 (CH), 126.8 (CH), 126.6 (CH), 22¢CH), 125.8 (2CH), 125.5
(CH), 125.4 (2CH), 78.5 (C), 57.9 (CH), 37.0 (§HData consistent with the

literature?®

5.2.2.2. Synthesis of bis(hydroxyamide) ligandsL13-L22

The syntheses of bis(hydroxyamide) ligands weregeael using a modification of the
procedure described in the literatd?@.

A solution of isophthaloyl dichloride (203 mg, In@mol) in THF (1 mL) was added

dropwise to a solution of amino alcoHd (2.0 mmol) and triethylamine (0.35 mL, 2.5
mmol) in THF (18 mL) at O °C under nitrogen. Th#re reaction mixture was stirred at
rt until the reaction was complete (TLC). The reacimixture was filtered and most of
the solvent evaporated under reduced pressurdication by flash chromatography on
silica gel eluting with hexane: EtOAc mixtures affed compoundk13-L22.
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N! N3-Bis((S)-2-hydroxy-1,2,2-triphenylethyl)isophthalamide (L13)

White solid, 95% yieldmp 256-258 °Cja]p*°-313.4 ¢ 1,

o) o THF); *H NMR (300 MHz, DMSO-dg) & 8.75 (d,J = 8.9
Ph, NH v _pn HZ 2H), 8.00 (s, 1H), 7.72 (dd,= 7.7, 1.5 Hz, 2H), 7.60

j; (d, J = 7.4 Hz, 4H), 7.53-7.47 (m, 1H), 7.31 Jt= 7.5 Hz,

PEZEOH Ho PN 4H), 7.25-7.20 (m, 6H), 7.13-7.01 (m, 16H), 6.24 ZHl),

5 ™M 6.10(d,J =89 Hz, 2H)XC NMR (75.5 MHz, DMSO-ds)
§ 165.3 (2C), 146.7 (2C), 144.8 (2C), 139.3 (2C)4.13
(2C), 129.8 (2CH), 129.2 (4CH), 128.5 (CH), 128CH), 127.4 (4CH), 126.9 (4CH),
126.8 (2CH), 126.5 (2CH), 126.1 (CH), 126.0 (4CH5.8 (4CH), 79.7 (2C), 59.7

(2CH); HRMS (ESI) m/z 709.3059 (M + H), ¢gH41N-O4 requires 709.3066.

L1

N? N°-Bis((S)-2-hydroxy-1,2,2-triphenylethyl)pyridine-2,6-dicarboxamide (L14)

= White solid, 93% vyieldH NMR (500 MHz, CDCls) &

SN | 0 8.91 (d,J = 9.0 Hz, 2H), 8.13 (d] = 7.7 Hz, 2H), 7.88 (]

Ph. N b pn = 7-7Hz, 1H), 7.74 (ddI= 8.4, 1.1 Hz, 4H), 7.39 (3= 7.8
%i j; Hz, 4H), 7.30 (ddJ = 10.6, 4.2 Hz, 2H), 7.25-7.08 (m,
P*;h OH HO P:h 17H), 6.94-6.93 (m, 4H), 6.10 (d,= 9.0 Hz, 2H), 3.24 (s,
4

L1 2H). Data consistent with the literatuf8.

N! N*-Bis((S)-2-hydroxy-1,2,2-triphenylethyl)terephthalamide (L15)

o) o) White solid, 90% yield;mp 274-276 °C:[a]p?° —

Ph, Ph  203.4 €0.55, DMSO)H NMR (300 MHz, DMSO-

Ph /N HN—§<Ph de) 5 8.65 (d,J = 8.4 Hz, 2H), 7.60 (s, 4H), 7.54 (@,
Ph™ oH 15 HO' Ph = 7.7 Hz, 2H), 7.28-7.01 (m, 30H), 6.15 (s, 2H),

6.03(d, J = 8.6 Hz, 2H);:**C NMR (75.5 MHz,
DMSO-dg) & 165.2 (2C), 146.7 (2C), 144.7 (4C), 133.0 (2C)9.22(4CH), 128.0
(4CH), 127.4 (4CH), 127.1 (4CH), 126.9 (4CH), 1262CH), 126.5 (2CH), 126.0
(4CH), 126.0 (2CH), 125.8 (4CH), 79.8 (2C), 73.8KD; HRMS (ESI) m/z 709.3055
(M + H), CugH4a1NoOy requires 709.3066.

N N3-Bis((S)-2-hydroxy-1-phenylethyl)isophthalamide (L16)

White solid, 72% vyield!H NMR (500 MHz, DMSO-ds) &
0 0 8.87 (d,J = 8.1 Hz, 2H), 8.40 (1) = 1.6 Hz, 1H), 8.05 (dd]
oy = 7-8, 1.7 Hz, 2H), 7.59 (0 = 7.7 Hz, 1H), 7.42-7.40 (m,
[ j’ 4H), 7.33 (ddJ) = 10.4, 4.8 Hz, 4H), 7.25-7.22 (m, 2H), 5.11
OH HO (td,J = 8.1, 5.5 Hz, 2H), 4.96 (§,= 5.8 Hz, 2H), 3.75 (ddd,
L16 J=11.0, 8.2, 6.0 Hz, 2H), 3.68 (dt,= 11.1, 5.6 Hz, 2H);
13C NMR (125 MHz, DMSO-dg)  165.9 (2C), 141.3 (2C),
134.9 (2C), 130.0 (2CH), 128.1 (4CH), 127.0 (4CH)6.8 (3CH), 126.7 (CH), 64.5
(2CH,), 56.1 (2CH);HRMS (ESI) m/z 405.1809 (M + H), @H2sN»O, requires
405.1814.

Ph,, _NH HN
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N* N3-Bis((1R,25)-1-hydroxy-1-phenylpropan-2-yl)isophthalamide (L17

White solid, 56% yieldH NMR (500 MHz, CDCl3) § 8.07
0 0 (s, 1H), 7.78-7.76 (m, 2H), 7.38-7.26 (m, 10H),16(bs,
2H), 5.05 (s, 2H), 4.45 (bs, 2H), 3.90 (bs, 2H)41(bs,
[ I 2H), 1.09 (dJ = 6.7 Hz, 6H);*C NMR (125 MHz, CDCls)
ph oK Ho  “pp O 166.9 (2C), 140.8 (2C), 134.5 (2C), 129.9 (2CH)8.8
L17 (CH), 128.3 (4CH), 127.6 (2CH), 126.1 (4CH), 126CH),

75.7 (2CH), 51.6 (2CH), 13.7 (2GH Data consistent with the literatuf¥.

Me,, _NH HN. _Me

N* N3-Bis((S)-2,2-bis(4-chlorophenyl)-2-hydroxy-1-phenylethyl$ophthalamide
(L18)

White solid, 90% vyield;mp 178-181 °C;
[a]p?® —258.2 ¢ 1, MeOH); *H NMR (300
MHz, DMSO-ds) & 8.75 (d,J = 9.0 Hz, 2H),

Ph., 8.00 (s, 1H), 7.75 (dd] = 7.7, 1.2 Hz, 2H),
4- CICGH47[OH Hoj;“ CICgH, 7-60 (d,J = 8.6 Hz, 4H), 7.52 (1) = 7.7 Hz,
4-CICeH, e aCiCH, IH). 7.39 (dJ = 8.6 Hz, 4H), 7.20 (dd) =
21.4, 8.7 Hz, 8H), 7.10 (s, 10H), 6.45 (s, 2H),
6.07 (d,J = 9 Hz, 2H):**C NMR (75.5 MHz, DMSO-ds)  165.3 (2C), 145.2 (2C),
143.5 (2C), 138.8 (2C), 134.5 (2C), 131.7 (2C),.032C), 129.9 (2CH), 128.6 (CH),
128.1 (4CH), 128.0 (4CH), 127.8 (4CH), 127.5 (4CH}7.1 (4CH), 126.8 (2CH),
126.2 (CH), 79.3 (2C), 59.4 (2CHMHRMS (ESI) m/z 845.1500 (M + H),
C48H37C|4N204 requires 845.1507.

0 0

N N3-Bis((S)-2-hydroxy-2,2-di(naphthalen-2-yl)-1-phenylethyl)sophthalamide

L19

(9 White solid, 67% yieldmp 210-212 °Cja]p®
—265.5 ¢ 1, MeOH); '"H NMR (300 MHz,
DMSO-dg) & 8.86 (d,J = 8.8 Hz, 2H), 8.20 (s,
Ph,,, NH HN._.Ph 2H), 8.05 (s, 1H), 7.87-7.65 (m, 18H), 7.56 (dd,
Naphthyl H Hoj;Naphthyl J=8.8, 1.6 Hz, 2H), 7.47-7.35 (m, 9H), 7.17-
Naphthyl Naphtnyl  7-14 (M, 4H), 7.03-7.01 (m, 6H), 6.56 (s, 2H),
6.44 (d,J = 8.9 Hz, 2H)*C NMR (75.5 MHz,
DMSO-ds) 5 165.4 (2C), 144.1 (2C), 142.3 (2C), 139.4 (2C}.132C), 132.6 (2C),
132.4 (2C), 131.8 (2C), 131.4 (2C), 130.8 (2CH)9.T2(CH), 129.2 (4CH), 128.5
(CH), 128.1 (2CH), 128.0 (2CH), 127.5 (2CH), 12{&CH), 127.2 (2CH), 127.0
(4CH), 126.5 (2CH), 126.2 (2CH), 126.0 (2CH), 12%2CH), 125.8 (2CH), 124.8
(2CH), 124.6 (2CH), 124.5 (2CH), 124.2 (2CH), 8(C), 59.5 (2CH)HRMS (ESI)
m/z 909.3687 (M + H), gH49N>O,4 requires 909.3692.

O O

L19
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N N3-Bis((S)-1-hydroxy-3-methyl-1,1-diphenylbutan-2-yl)isophtralamide (L20)

White solid, 74% yield*H NMR (300 MHz, DMSO-ds) &
7.99 (s, 1H), 7.90 (d] = 9.7 Hz, 2H), 7.70 (dd1 = 7.7, 1.6
/I f\ Hz, 2H), 7.57-7.46 (m, 9H), 7.31 @{,= 7.7 Hz, 4H), 7.22-
7.13 (m, 6H), 7.10-7.05 (m, 2H), 5.89 (s, 2H), 5(dd,J =
Ph£OH Ph 9.9 2 Hz, 2H), 1.87-1.78 (m, 2H), 0.98 (&= 6.7 Hz, 6H),

0.76 (d,J = 6.9 Hz, 6H). Data consistent with the
literature®®’

Ph
L20

N N3-Bis((S)-1-hydroxy-3-(naphthalene-1-yl)-1,1-diphenylpropan2-
yhisophthalamide (L21)

White solid, 81% vyield;mp 181-183
OYQYO °C; [a]p® —98.1 ¢ 1.0, MeOH);H
NMR (300 MHz, DMSO-dg) & 8.16 (d,
1-Naphthyl <~ :C\1-Naphthyl J = 9.6 Hz, 2H), 7.85 (dJ = 8.2 Hz,
PhPh OH PEh 2H), 7.75 (d,J = 7.4 Hz, 4H), 7.69 (dd,

J=7.0, 2.4 Hz, 2H), 7.60-7.57 (m, 4H),
7.50-7.27 (m, 16H), 7.23-7.16 (m, 8H),
7.09 (t,J = 7.2 Hz, 2H), 6.33 (s, 2H), 5.33 {t= 8.3 Hz, 2H), 3.21-3.12 (m, 4HyC
NMR (75.5 MHz, DMSO-ds) & 165.6 (2C), 146.7 (2C), 145.8 (2C), 135.1 (2C}.63
(2C), 133.3 (2C), 131.9 (2C), 129.1 (2CH), 128.€K2, 128.3 (4CH), 127.9 (CH),
127.7 (4CH), 127.3 (2CH), 126.7 (3CH), 126.4 (2CHD5.7 (CH), 125.7 (4CH), 125.6
(3CH), 125.6 (4CH), 125.3 (2CH), 125.1 (2CH), 12@&H), 80.4 (2C), 57.0 (2CH),
32.6 (2CH); HRMS (ESI) m/z 837.3678 (M + H), 6H49NO,4 requires 837.3687.

N N3-Bis((S)-1-hydroxy-3-(naphthalene-2-yl)-1,1-diphenylpropan2-
ylhisophthalamide (L22)

White solid, 85% yield;mp 179-181

o) o °C; [a]p?® =108.5 ¢ 1.0, MeOH); H

NMR (300 MHz, CDCl3) § 7.78-7.63
2- Naphthyl/ rZ-Naphthyl (m, 11H), 7.55-7.23 (m, 20H), 7.07-7.05
Ph (m, 6H), 6.51 (s, 1H), 5.52-5.42 (m,

Ph Ph 4H), 5.18 (tJ = 7.6 Hz, 1H), 4.58 (br s,

1H), 3.03-2.86 (m, 4H)**C NMR (75.5
MHz, CDCl3) & 168.1 (2C), 145.8 (2C), 144.9 (2C), 136.3 (2C)4.13(2C), 133.3
(2C), 132.0 (2C), 128.6 (4CH), 128.5 (CH), 128.2K, 127.8 (2CH), 127.7 (2CH),
127.6 (2CH), 127.6 (2CH), 127.4 (2CH), 127.1 (2CH26.7 (2CH), 125.9 (2CH),
125.4 (2CH), 125.3 (4CH), 125.2 (4CH), 123.9 (CH(.8 (2C), 58.1 (2CH), 36.2
(2CHy); HRMS (ESI) m/z 837.3670 (M + H), GHaoN2O4 requires 837.3687.
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5.2.3. Enantioselective conjugate addition of termial alkynes to 3-alcoxycarbonyl
coumarins

5.2.3.1. General procedure for the enantiosel ective alkynylation reaction

A 1.5 M solution of EfZn in toluene (0.17 mL, 0.25 mmol) was added drgewb a
solution of ligand.21 (11.3 mg, 0.025 mmol) and alky2g0.94 mmol) in dry toluene
(0.48 mL) at room temperature under nitrogen. Tirdure was stirred at 70 °C for 1.5
h, during this time a white precipitate was formatter cooling to room temperature, a
solution of coumariri4 (0.125 mmol) andN-methylpiperidine (6.3uL, 0.05 mmol) in
toluene (1.0 mL) was added via syringe and thetieolwas stirred until the reaction
was complete (1-4 h, TLC). During this time the qypéate slowly dissolved. The
reaction mixture was quenched with 20% aqueous@\H1.0 mL), extracted with
CH.CI, (2x15 mL), washed with brine (15 mL), dried over MgS&hd concentrated
under reduced pressure. Purification by flash clatography on silica gel eluting with
hexane:EtOAc mixtures afforded compoul

5.2.3.2. General procedure for the synthesis of the racemic products

A 1.5 M solution of EZn in toluene (0.17 mL, 0.25 mmol) was added drepwb a
solution of (x)-BINOL (1, 7.2 mg, 0.025 mmol) and alky2e(0.94 mmol) in toluene
(0.48 mL) at room temperature under nitrogen amdntiixture was stirred for 1.5 h at
70 °C. Then, compouni¥4 (0.125 mmol) in toluene (1.0 mL) was added viarsyei
The solution was stirred at 70 °C until the reactiwas complete (TLC). Racemic
productsl9were obtained after the described work up

5.2.3.3. Characterization of products 19
See Table 7 (Page 47) for yields.

tert-Butyl (3R,4R)-2-0x0-4-(phenylethynyl)chromane-3-carboxylate (1£a)

Ph Enantiomeric excess (72%) was determined by cHi#BLC
|| (Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major
(I?\ enantiomer,t= 10.5 min, minor enantiomerzt 10.8 min.
OBU Gi:[a]o® -38.1 € 1.01, CHCA, 72%e8: *H NMR (300 MHz,
(O CDCl3) 6 7.57 (dt,d = 7.2, 1.2 Hz, 1H), 7.35-7.30 (m, 4H), 7.21
19aa (td, J = 7.2, 1.2 Hz, 1H), 7.12 (dd,= 8.1, 1.2 Hz, 1H), 4.61 (d,

= 9.1 Hz, 1H), 3.80 (dJ = 9.1 Hz, 1H), 1.42 (s, 9H}*C NMR (75.5 MHz, CDCl) &
165.1 (C), 163.9 (C), 150.5 (C), 131.7 (2CH), 12@%1), 128.7 (CH), 128.3 (2CH),
127.8 (CH), 125.1 (CH), 122.1 (C), 121.4 (C), 11(C8), 86.1 (C), 84.3 (C), 83.6 (C),
53.2 (CH), 31.9 (CH), 27.7 (3GH MS (EI) m/z (%): 248 (M-CQ'Bu, 32); HRMS:
248.0831, ¢H1,0, requires 248.0837.
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tert-Butyl (3R,4R)-8-methyl-2-o0x0-4-(phenylethynyl)chromane-3-carboyate
(19ba)

Ph Enantiomeric excess (91%) was determined by cHitBLC
|| (Chiralpak IC), hexan#rOH 95:05, 1 mL/min, major enantiomer

(I?\ t, = 10.0 min, minor enantiomer=s 9.1 min.

Y #

OBY Oil: ]2 -47.3 € 0.43, CHCY, 91%e8: 'H NMR (300 MHz,
O CDCl3) 6 7.43-7.40 (m, 2H), 7.38-7.35 (m, 1H), 7.25-7.22, (m

Me 19ba 3H), 7.19 (dJ = 7.3 Hz, 1H), 7.10 (d] = 7.3 Hz, 1H), 4.56 (d]

= 8.6 Hz, 1H), 3.80 (d] = 8.6 Hz, 1H), 2.34 (s, 3H), 1.42 (s, 9H);
13C NMR (75.5 MHz, CDCls) § 165.2 (C), 164.0 (C), 148.8 (C), 131.7 (2CH), 031.
(CH), 128.6 (CH), 128.3 (2CH), 126.5 (C), 125.3 ({C#H24.6 (CH), 122.2 (C), 121.2
(C), 85.9 (C), 84.5 (C), 83.4 (C), 53.2 (CH), 32aH),27.7 (3CH), 15.7 (CH);
HRMS (ESI) m/z 380.1860 (M + NH), C,3H26NO,4 requires 380.1862.

tert-Butyl  (3R,4R)-8-(tert-butyl)-2-oxo-4-(phenylethynyl)chromane-3-carboxylée
(19ca)

Ph Enantiomeric excess (95%) was determined by cHitBLC
|| (Chiralcel OD-H), hexandrOH 99:01, 1 mL/min, major

(”3\ enantiomer,t= 6.7 min, minor enantiomer 9.8 min.

o #

OBY Gl [6]52°-65.7 € 0.65, CHCY, 95%e8): *H NMR (300 MHz,
(O] CDCls3) & 7.43-7.39 (m, 3H), 7.33-7.29 (m, 4H), 7.13J& 7.7

tgy 19ca Hz, 1H), 4.58 (dJ = 8.3 Hz, 1H), 3.80 (d) = 8.3 Hz, 1H), 1.44

(s, 9H), 1.41 (s, 9H):*C NMR (75.5 MHz, CDCly) § 165.1 (C),
163.6 (C), 149.2 (C), 138.4 (C), 131.8 (2CH), 12&81), 128.3 (2CH), 127.0 (CH),
125.9 (CH), 124.6 (CH), 122.3 (C), 122.2 (C), 869, 84.8 (C), 83.5 (C), 53.0 (CH),
34.9 (C), 32.1 (CH), 30.0 (3GH 27.7 (3CH); HRMS (ESI) m/z 403.1905 (M),
CoeH2704 requires 403.1915.

tert-Butyl (3R,4R)-5-methoxy-2-0x0-4-(phenylethynyl)chromane-3-carbylate
(19da)

Ph Enantiomeric excess (76%) was determined by cHitBLC
|| (Chiralpak AD-H), hexant?rOH 95:05, 1 mL/min, major
OMe O enantiomer,t= 15.7 min, minor enantiomer= 10.9 min.

Oil; [a]p2+19.4 € 0.73, CHC4, 76%e8; 'H NMR (300 MHz,
oo CDCl3) § 7.33-7.29 (m, 2H), 7.23-7.19 (m, 4H), 6.72 (d¢ 8.3,

19da 0.7 Hz, 1H), 6.67 (ddJ = 8.2, 0.7 Hz, 1H), 4.82 (d,= 2.1 Hz,

1H), 3.97 (dJ = 2.1 Hz, 1H), 3.87 (s, 3H), 1.44 (s, 9% NMR (75.5 MHz, CDCl)

5 164.5 (C), 163.6 (C), 156.6 (C), 151.8 (C), 13@EH), 129.7 (CH), 128.4 (CH),

128.1 (2CH), 122.3 (C), 110.1 (C), 109.5 (CH), D0gCH), 85.1 (C), 83.9 (C), 83.6

(C), 56.1 (CH), 53.3 (CH), 27.4 (3CH}, 26.3 (CH):HRMS (ESI) m/z 396.1805 (M +

NH4), C23H26NO5 requires 396.1811.
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tert-Butyl (3R,4R)-6-methoxy-2-0x0-4-(phenylethynyl)chromane-3-carbylate
(19ea)

Ph Enantiomeric excess (75%) was determined by chidlC
| | (Chiralpak IC), hexan&rOH 95:05, 1 mL/min, major
enantiomer,t= 24.8 min, minor enantiomert 26.1 min.

MeO “\\”\O’B
Y Oil:[0]p® -6.7 € 0.53, CHC}, 75% ed: *H NMR (300
o~ ~o MHz, CDCl3) & 7.43-7.30 (m, 6H), 7.09 (dd,= 2.9, 0.9
19ea Hz, 1H), 6.68 (d,J = 2.9 Hz, 1H), 4.57 (d] = 9.4 Hz, 1H),

3.78 (s, 3H), 3.76 (] = 9.4 Hz, 1H), 1.44 (s, 9H}3C NMR (75.5 MHz, CDCl) &
165.2 (C), 164.0 (C), 156.7 (C), 144.3 (C), 1312CH), 128.7 (CH), 128.3 (2CH),
125.4 (C), 122.4 (C), 117.8 (CH), 114.5 (CH), 11(C81), 86.2 (C), 84.2 (C), 83.3 (C),
55.7 (CH), 53.1 (CH), 32.1 (CH), 27.7 (3GH HRMS (ESI) m/z 396.1807 (M +
NH4), C23H26NO5 requires 396.1811.

tert-Butyl (3R,4R)-7-methoxy-2-0x0-4-(phenylethynyl)chromane-3-carbxylate
(19fa)

Ph Enantiomeric excess (85%) was determined by chiral
|| HPLC (Chiralpak IC), hexan®OH 90:10, 1 mL/min,
(”)\ major enantiomer, £ 14.8 min, minor enantiomer$ 16.4
“Sotgy  mMin.
MeO O Oil:[e]p*° -35.6 € 0.39, CHC}, 85%ed; 'H NMR (300
19fa MHz, CDCl3) § 7.45-7.39 (m, 3H), 7.32-7.29 (m, 3H), 6.75

(dd,J = 8.7, 2.4 Hz, 1H), 6.66 (d, = 2.4 Hz, 1H), 4.54 (d) = 8.9 Hz, 1H), 3.81 (s,
3H), 3.78 (dJ = 8.9 Hz, 1H), 1.43 (s, 9H}*C NMR (75.5 MHz, CDCl) & 165.2 (C),
163.9 (C), 160.6 (C), 151.3 (C), 131.7 (2CH), 12&@H), 128.4 (CH), 128.3
(2CH),122.2 (C), 113.2 (C), 111.0 (CH), 102.6 (C8H,8 (C), 84.7 (C), 83.5 (C), 55.6
(CH3), 53.5 (CH), 31.4 (CH), 27.7 (3GH HRMS (ESI) m/z 433.1618 (M + 55),
Ca6H2506 requires 433.1646.

tert-Butyl (3R,4R)-8-methoxy-2-0x0-4-(phenylethynyl)chromane-3-carbylate
(19ga)

Ph Enantiomeric excess (84%) was determined by cHitBLC
|| (Chiralpak AD-H), hexant?rOH 95:05, 1 mL/min, major
o enantiomert= 18.3 min, minor enantiomers 15.8 min.

~ o .
! 0il:[a]p2 -55.5 € 0.60, CHC}, 84%ed: 'H NMR (300 MHz,

o 0 CDCls3) & 7.43-7.40 (m, 2H), 7.33-7.29 (m, 3H), 7.15-7.13 (m
OMe 2H), 6.94 (dd,]) = 5.5, 4.3 Hz, 1H), 4.59 (d,= 9.1 Hz, 1H), 3.90
1992 (s, 3H), 3.78 (dJ = 9.1 Hz, 1H), 1.42 (s, 9H}*C NMR (75.5
MHz, CDCl3) & 165.1 (C), 163.2 (C), 147.7 (C), 139.8 (C), 13(RCH), 128.6 (CH),
128.3 (2CH), 125.0 (CH), 122.6 (C), 122.2 (C), 11€H), 112.3 (CH), 86.0 (C), 84.3

130



Experimental Section

(C), 83.5 (C), 56.2 (Ch), 53.0 (CH), 32.1 (CH), 27.7 (BGHHRMS (ESI)m/z
396.1802 (M + NH), Co3H26NOs requires 396.1811.

tert-Butyl (3R,4R)-6-bromo-2-oxo0-4-(phenylethynyl)chromane-3-carboxiate
(19ha)

Ph Enantiomeric excess (80%) was determined by chiRILC
| | (Chiralpak AS-H), hexandrOH 95:05, 1 mL/min, major
ﬁ\ enantiomer,t= 11.5 min, minor enantiomer= 8.6 min.

Br
OBu

Oil;[a]p*® —25.1€ 0.63, CHC}, 80% ed; 'H NMR (300
0”70 MHz, CDCl3) & 7.69 (d,J = 2.0 Hz, 1H), 7.48-7.42 (m, 3H),
19ha 7.35-7.31 (m, 3H), 7.00 (d, = 8.6 Hz, 1H), 4.59 (d) = 9.1
Hz, 1H), 3.78 (dJ = 9.1 Hz, 1H), 1.44 (s, 9H}C NMR (75.5 MHz, CDCL) 5 164.7
(C), 163.1 (C), 149.5 (C), 132.5 (CH), 131.8 (2CH30.7 (CH), 128.9 (CH), 128.4
(2CH), 123.6 (C), 121.8 (C), 118.8 (CH), 117.7 (85,7 (C), 83.9 (C), 83.4 (C), 52.8
(CH), 31.7 (CH), 27.7 (3CH; HRMS (ESI) m/z 444.0832 (M + NH), CosH2sBrNO,
requires 444.0810.

tert-Butyl (3R,4R)-6,8-di-tert-butyl-2-oxo-4-(phenylethynyl)chromane-3-
carboxylate (19ia)
Ph Enantiomeric excess (89%) was determined by chiRdlC
|| (Chiralpak IC), hexan#&rOH 99:01, 0.5 mL/min, major
5 ﬁ\ enantiomer,t= 8.1 min, minor enantiomers 6.8 min.
u RN
OBY White solid;mp 97-99 °C;[a]p*°—29.0 € 0.87, CHC4, 89%
o~ 0 ed; 'H NMR (300 MHz, CDCls) & 7.43-7.40 (m, 3H),
'8y 19ia 7.36-7.35 (m, 1H), 7.32-7.30 (m, 3H), 4.55 Jd+ 8.1 Hz,

1H), 3.79 (d,J = 8.1 Hz, 1H), 1.45 (s, 9H), 1.40 (s, 9H),
1.34 (s, 9H):¥*C NMR (75.5 MHz, CDCl) § 165.2 (C), 163.8 (C), 147.2 (C), 146.9
(C), 137. 6 (C), 131.7 (2CH), 128.5 (CH), 128.3KBC123.9 (CH), 122.6 (CH), 122.4
(C), 121.3 (C), 85.8 (C), 85.1 (C), 83.4 (C), 58H), 35.1 (C), 34.7 (C), 32.5 (CH),
31.4 (3CH),30.1 (3CH), 27.7 (3CH); MS (EI) m/z (%): 360 (M-CQBu, 44), 345
(70), 304 (24), 303 (100); HRMS: 360.208%¢3s0; requires 360.20809.

tert-Butyl (3R,4R)-6-chloro-8-methyl-2-oxo-4-(phenylethynyl)chromanes-
carboxylate (19ja)

Ph Enantiomeric excess (93%) was determined by chiRILC
|| (Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major

ﬁ\ enantiomer,t= 10.2 min, minor enantiomers 12.9 min.
CI oY #
OBY Gil:[a]p® ~17.4 € 0.56, CHCS, 93% ed: *H NMR (300
0~ "0 MHz, CDCls3) § 7.44-7.40 (m, 2H), 7.36-7.30 (m, 4H), 7.18
Me 19ja (dd,J = 1.8, 0.7 Hz, 1H), 4.54 (d,= 8.8 Hz, 1H), 3.77 (d)

= 8.8 Hz, 1H), 2.31 (s, 3H), 1.41 (s, 9HJC NMR (75.5 MHz, CDCl;) & 164.8 (C),
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163.3 (C), 147.3 (C), 131.8 (2CH), 130.7 (CH), 82&), 128.8 (CH), 128.4 (C), 128.3
(2CH), 125.1 (CH), 122.8 (C), 121.9 (C), 86.5 (83,7 (C), 83.7 (C), 52.8 (CH), 32.0
(CH),27.7 (3CH), 15.6 (CH); HRMS (ESI) m/z 397.1200 (M+H), GsH»,ClO;4
requires 397.1207.

tert-Butyl (3R,4R)-4-((4-methoxyphenyl)ethynyl)-8-methyl-2-oxochromae-3-
carboxylate (19fb)

OMe Enantiomeric excess (81%) was determined by cH{BLC
(Chiralpak AD-H), hexant?rOH 95:05, 1 mL/min, major
enantiomer,t= 17.4 min, minor enantiomert 13.9 min.

Oil;[a]p*° -63.4 € 1.01, CHC}, 81%ed; 'H NMR (300 MHz,
CDCl3) § 7.37-7.33 (m, 3H), 7.20-7.16 (m, 1H), 7.08)t 7.5
Hz, 1H), 6.85-6.80 (m, 2H), 4.54 (@= 8.5 Hz, 1H), 3.80 (s, 3H),
3.78 (d,J = 8.5 Hz, 1H), 2.33 (s, 3H), 1.38 (s, 9HJC NMR
(75.5 MHz, CDCk) § 165.2 (C), 164.1 (C), 159.8 (C), 148.8 (C),
133.2 (2CH), 130.9 (CH), 126.4 (C), 125.3 (CH), B4CH),
125.3 (CH), 124.5 (CH), 121.4 (C), 114.3 (C), 11@&H), 85.8 (C), 83.3 (C), 83.1
(C), 55.2 (CH), 53.3 (CH), 32.2 (CH),27.7 (3GH 15.6 (CH); HRMS (ESI) m/z
410.1976 (M + NH), C4H2sNOs requires 410.1967.

Me 19fb

tert-Butyl (3R,4R)-4-(3-fluorophenyl)ethynyl)-8-methyl-2-oxochromane3-
carboxylate (19fg)

Enantiomeric excess (87%) was determined by cHitBLC
(Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major
enantiomer,t= 9.8 min, minor enantiomers 8.8 min.

Oil; [#]p*®-37.6 € 0.53, CHC}, 87%ed; *H NMR (300 MHz,
CDCl3) § 7.35-7.32 (m, 1H), 7.21-7.17 (m, 2H), 7.12-6.98 (m
4H), 4.56 (dJ = 8.2 Hz, 1H), 3.80 (d) = 8.2 Hz, 1H), 2.34 (s,
3H), 1.38 (s, 9H)*C NMR (75.5 MHz, CDCL) & 165.0 (C),
163.8 (C), 162.2 (d)c.r = 246.4 Hz, C), 148.8 (C), 131.1 (CH),
129.9 (dJc.= 8.6 Hz, CH), 127.7 (dlc.r = 3.2 Hz, CH), 126.6 (C), 125.3 (CH), 124.6
(CH), 124.0 (dJc.= 9.5 Hz, C), 120.8 (C), 118.6 (@.r = 23.0 Hz, CH), 116.0 (dc.r

= 21.2 Hz, CH), 85.6 (C), 84.7 (dcr = 3.6 Hz, C), 83.6 (C), 53.0 (CH), 32.1
(CH),27.7 (3CH), 15.7 (CH); HRMS (ESI) m/z 398.1775 (M + NH), CoaH2sFNO;
requires 398.1768.
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tert-Butyl (3R,4R)-6-chloro-4-((3-fluorophenyl)ethynyl)-8-methyl-2-oxochromane-
3-carboxylate (19jg)

Enantiomeric excess (92%) was determined by chiRILC
(Chiralpak AD-H), hexan&rOH 99:01, 1 mL/min, major
enantiomer,t= 10.3 min, minor enantiomert 13.4 min.

Oil; [e]p®® -30.1 € 0.55, CHC4, 92% ed; 'H NMR (300
MHz, CDCl3) § 7.33-7.31 (m, 1H), 7.30-7.24 (m, 1H), 7.21-
7.18 (m, 2H), 7.11 (ddd] = 9.3, 2.4, 1.4 Hz, 1H), 7.08-7.00
(m, 1H), 4.53 (d,J = 8.6 Hz, 1H), 3.78 (dJ = 8.6 Hz, 1H),
2.31 (s, 3H), 1.41 (s, 9H}’C NMR (75.5 MHz, CDCl) &
164.7 (C), 163.2 (C), 162.3 (& = 247.0 Hz, C), 147.3 (C), 130.9 (CH), 130.0X4,
= 8.6 Hz, CH), 129.7 (C), 128.5 (C), 127.7 3@+ = 3.1 Hz, CH), 125.1 (CH), 123.7
(d, Je.r = 9.5 Hz, C), 122.4 (C), 118.6 (@.+= 23.0 Hz, CH), 116.2 (dlc.r= 21.0 Hz,
CH), 85.2 (dJc.r = 3.4 Hz, C), 84.7 (C), 83.8 (C), 52.7 (CH), 3(CH), 27.7 (3CH),
15.6 (CH); HRMS (ESI) m/z 415.1120 (M+H), GH21CIFO, requires 415.1112.

tert-Butyl (3R,4R)-6-chloro-4-((4-fluorophenyl)ethynyl)-8-methyl-2-ocochromane-
3-carboxylate (19jc)

Enantiomeric excess (92%) was determined by chHRILC
(Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major
enantiomer,t= 10.9 min, minor enantiomert 14.0 min.

Oil;[a]p* -20.3 € 0.50, CHC4, 92% ed; *H NMR (300
MHz, CDCl3) § 7.42-7.37 (m, 2H), 7.33 (d,= 2.5 Hz, 1H),
7.19 (d,J = 2.5 Hz, 1H), 7.03-6.97 (m, 2H), 4.52 (= 8.5
Hz, 1H), 3.77 (dJ = 8.5 Hz, 1H), 2.31 (s, 3H), 1.40 (s, 9H);
3C NMR (75.5 MHz, CDCl;) & 164.8 (C), 163.3 (C), 162.8
(d, Jo.r = 263.2 Hz, C), 147.3 (C), 133.8 (&.= 8.6 Hz,
2CH), 130.8 (CH), 129.6 (C), 128.5 (C), 126.0 (25.1 (CH), 122.7 (C), 118.0 (d.

r = 3.8 Hz, C), 115.7 (dlc.r = 22.1 Hz, 2CH), 85.4 (C), 83.8 (C), 83.5 (C),%ECH),
31.9 (CH), 27.7 (3CH), 15.6 (CH); HRMS (ESI) m/z 415.1125 (M+H), GsH2.CIFO,
requires 415.1112.

Me 19jc

tert-Butyl (3R,4R)-2-0x0-4-(4-phenylbut-1-yn-1-yl)chromane-3-carboxjate (19af)

CH,CH,Ph  Enantiomeric excess (66%) was determined by cHHBLC
|| (Chiralpak OD-H), hexandrOH 95:05, 1 mL/min, major

(Ii enantiomer,t= 14.8 min, minor enantiomers 9.3 min.

o t

OBY 6il: [a]p2°~15.3 € 0.45, CHCY, 66%ed: *H NMR (300 MHz,
Oe CDCly) § 7.31-7.25 (m, 5H), 7.19-7.06 (m, 4H), 4.31 Jc& 8.6
19af Hz, 1H), 3.65 (d,) = 8.6 Hz, 1H), 2.80 (i) = 7.4 Hz, 2H), 2.50

(td,J = 7.4, 2.5 Hz, 2H), 1.38 (s, 9HJ\C NMR (75.5 MHz, CDCls) § 165.1 (C), 164.0
(C), 150.4 (C), 140.3 (C), 129.3 (CH), 128.4 (2CH{}7.8 (CH), 126.3 (CH), 124.9
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(CH), 124.4 (2CH), 121.9 (C), 116.8 (CH), 85.9 (83,4 (C), 83.4 (C), 53.4 (CH), 34.9
(CH,), 31.4 (CH),27.7 (3CH, 20.9 (CH); HRMS (ESI) m/z 377.1761 (M+H),
CosH2504 requires 377.1753.

5.2.3.4. Determination of the absolute stereochemistry of compound 19aa
tert-Butyl (3R,4S)-2-o0x0-4-phenethylchromane-3-carboxylate (20)

Ph A solution of 19aa (18.0 mg, 0.052 mmol) in EtOAc (0.4 mL)
o was stirred under hydrogen atmosphere in the pceseh 5%
QL t Pd/C (4 mg) for 1 h. Then, the reaction mixture Vitered
- OBu through a short pad of silica gel eluting with Et©Ahe solvent
0~ "o was removed under reduced pressure to give comp2i(tis.3
20 mg, 99%). Enantiomeric excess (72%) was determimedhiral
HPLC (Chiralpak IC), hexan®rOH 95:05, 1 mL/min, major enantiomer$) = 11.2
min, minor enantiomey {R) = 12.0 min.

Oil; [@]p?® -21.1 € 0.62, CHC}, 72%ee; 'H NMR (300 MHz, CDCl3) & 7.33-7.26

(m, 3H), 7.21-7.08 (m, 6H), 3.74 (d,= 2.3 Hz, 1H), 3.34 (dddl = 8.8, 6.8, 2.3 Hz,
1H), 2.73-2.58 (m, 2H), 2.05-1.79 (m, 2H), 1.179); **C NMR (75.5 MHz, CDCly)

8 166.1 (C), 164.9 (C), 151.0 (C), 140.5 (C), 128#), 128.8 (CH), 128.6 (2CH),
128.3 (2CH), 126.2 (CH), 124.5 (CH), 124.2 (C), DI{CH), 83.5 (C), 53.0 (CH), 40.0
(CH), 35.7 (CH), 32.8 (CH), 27.4 (3CH); HRMS (ESI) m/z 353.1783 (M+H),

Ca2H250,4 requires 353.1753.

(S)-4-Phenethylchroman-2-one (21)

ph A solution 0f20 (13.2 mg, 0.038 mmol) argtoluenesulfonic acid (7
mg, 0.038 mmol) in toluene (4.5 mL) was heated0e?@® for 3 h under
nitrogen. The mixture was then allowed to cool dowm room
temperature, diluted with EtOAc (5 mL) and washetthWwrine (2 mL).

o X The organic layer was dried over anhydrous Mg&ad concentrated
under reduced pressure. Purification by flash clatography eluting
with hexane-EtOAc (95:05) gavE2l (8.6 mg, 90%).Enantiomeric
excess (72%) was determined by chiral HPLC (ChadalaD-H), hexanéPrOH 95:05,

1 mL/min, major enantiomey ¢S = 10.4 min, minor enantiomer(R) = 11.5 min.

21

Oil; [a]p?® —24.6 € 0.53, CHCY, 72%e8, Lit.*[a]p?° +57 (CHCh, 94%ee for the R-
enantiomer):*H NMR (300 MHz, CDCls) § 7.31-7.25 (m, 3H), 7.22-7.06 (m, 6H),
3.07-2.99 (m, 1H), 2.84 (f, = 4.9 Hz, 2H), 2.73-2.64 (m, 2H), 1.98-1.88 (m,)2HC
NMR (75.5 MHz, CDCls) & 168.2 (C), 151.3 (C), 140.8 (C), 128.5 (2CH), #2&H),
128.3 (2CH),127.8 (CH), 126.4 (C), 126.2 (CH), #24CH), 117.2 (CH), 36.0 (CH2),
34.7 (CH), 34.5 (CH), 32.7 (Ch; HRMS (ESI) m/z 253.1233 (M+H), GH170,
requires 253.1229.
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5.2.3.5. Synthetic transformations from compound 19aa

tert-Butyl (3R,4S)-2-0x0-4-(€)-styryl)chromane-3-carboxylate (22)

Ph A solution of19aa(18.7 mg, 0.054 mmol) in benzene (1 mL) was
\ O stirred in the presence of Lindlar’s catalyst (4 mgder hydrogen
“‘\”\ofBu atmosphere for 1 h. Then, the reaction mixture \iksred
N through a pad of Celite® eluting with EtOAc. Thdvemt was

removed under reduced pressure to ¢z (18.9 mg, 99%).

22 Enantiomeric excess (72%) was determined by cHiBLC
(Chiralpak AD-H), hexanéPrOH 95:05, 1 mL/min, major enantiomer=t 7.8 min,
minor enantiomer = 12.1 min.

Oil; [a]p* -158.8 € 0.43, CHC}, 72%ed; *H NMR (300 MHz, CDCl3) & 7.36-7.28
(m, 6H), 7.15 (ddd) =15.9, 7.9, 1.1 Hz, 3H), 6.85 (d,= 11.4 Hz, 1H), 5.53 (dd] =
11.4, 10.2 Hz, 1H), 4.71 (= 10.1 Hz, 1H), 3.49 (d] = 10.1 Hz, 1H), 1.27 (s, 9H);
3C NMR (75.5 MHz, CDCl) & 165.7 (C), 164.7 (C), 151.0 (C), 135.8 (C), 134.1
(CH), 129.1 (CH), 128.6 (2CH), 128.3 (2CH), 127GH), 127.6 (CH), 127.4 (CH),
125.0 (CH), 123.5 (C), 117.0 (CH), 82.9 (C), 53@H}, 37.5 (CH), 27.5 (3CH);
HRMS (ESI) m/z 351.1631 (M+H), @H230,4 requires 351.1596.

(R)-4-(Phenylethynyl)chroman-2-one (23)

Ph A solution of19aa (51 mg, 0.146 mmol) anp-toluenesulfonic acid
| | (28 mg, 0.146 mmol) in toluene (15 mL) was heate80e°C for 3 h.

The mixture was then allowed to cool down to ro@mperature,
diluted with EtOAc (20 mL) and washed with brineheTcombined
organic layers were dried over anhydrous MgSQAfter
concentration, the residue was purified by flaslmoctatography
eluting with hexane-EtOAc (95:05) to affo2B (29.1 mg, 80%).
Enantiomeric excess (72%) was determined by chiPdlC (Chiralpak AD-H), hexane-
'PrOH 95:05, 1 mL/min, major enantiomer=t 10.5 min, minor enantiomer ¢+ 12.0
min.

o O
23

Oil; [@]p®® -22.2 € 0.85, CHC}, 72%ee; *H NMR (300 MHz, CDCl3) & 7.61-7.58
(m, 1H), 7.47-7.44 (m, 2H), 7.34-7.30 (m, 3H), 7(&1,J =7.5, 1.3 Hz, 1H), 7.11 (dd,
=8.1, 1.3 Hz, 1H), 4.31 (dd,= 10.5, 5.2 Hz, 1H), 3.14 (dd,= 15.9, 5.2 Hz, 1H), 2.96
(dd,J = 15.9, 10.5 Hz, 1H)}**C NMR (75.5 MHz, CDCl) § 166.8 (C), 131.8 (2CH),
130.2 (C), 129.3 (CH), 128.6 (CH), 128.5 (C), 12@8H), 127.4 (CH), 124.9 (CH),
122.7 (C), 117.2 (CH), 85.7 (C), 85.4 (C), 35.6 {;H28.1 (CH);HRMS (ESI) m/z
249.0935 (M+H), GH140, requires 249.0916.
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(R)-2-(5-Hydroxy-1-phenylpent-1-yn-3-yl)phenol (24)

Ph Lithium aluminium hydride (1 mg, 0.026 mmol) wasdad to a

| | solution 0f23 (17 mg, 0.069 mmol) in tetrahydrofuran (1.5 mL) at
0 °C, and the solution was stirred for 30 min. Té&ction mixture

oH Wwas quenched with 20 % aqueous /AH(1.0 mL), extracted with
CHCl, (2x15 mL), washed with brine (15 mL), dried over MgSO
and concentrated under reduced pressure. Purmiicdily flash
chromatography on silica gel eluting with hexan®A&t (98:02) to

afford compound®4 (15.8 mg, 91%). Enantiomeric excess (72%) was deted by

chiral HPLC (Chiralpak AD-H), hexan®rOH 85:15, 1 mL/min, major enantiomert

7.0 min, minor enantiomer+ 8.0 min.

OH
24

Oil; [a]p?°+10.1 € 0.64, CHC}, 72%ea; *H NMR (300 MHz, CDCls) § 7.50 (ddJ =
7.6, 1.7 Hz, 1H), 7.46-7.42 (m, 2H), 7.33-7.28 @H), 7.17 (ddd,) = 8.0, 7.4, 1.7 Hz,
1H), 6.96 (td,J = 7.5, 1.2 Hz, 1H), 6.87 (dd,= 8.0, 1.2 Hz, 1H), 4.38 (§,= 7.5 Hz,
1H), 3.88 (dt,J = 10.8, 5.3 Hz, 1H), 3.69-3.61 (m, 1H), 2.28-2(88 1H), 2.06-2.01
(m, 1H); °C NMR (75.5 MHz, CDCl) & 153.5 (C), 131.7 (2CH), 129.0 (CH), 128.4
(CH), 128.3 (2CH), 128.1 (CH), 126.9 (C), 123.1,(C21.2 (CH), 116.6 (CH), 90.6
(C), 87.8 (C), 60.4 (CB), 39.3 (CH), 28.8 (CH);HRMS (ESI) m/z 253.1234 (M+H),
C17H1702 requires 253.1229.

(R)-4-(Phenylethynyl)chromane (25)

Ph  Diethyl azodicarboxylate (DEAD, 8 pL, 0.052 mmolasvadded to a
|| solution of compoun@4 (11.9 mg, 0.047 mmol) and PP{15 mg, 0.057
mmol) in THF (0.5 mL) at 0 °C under nitroge. After 30 min, the
reaction mixture was concentrated under reduceskpre. Purification by
o flash chromatography on silica gel eluting with &es:EtOAc (99:01)
25 gave compound25 (9 mg, 82%). Enantiomeric excess (72%) was
determined by chiral HPLC (Chiralcel OD-H), hexdReOH 95:05, 1
mL/min, major enantiomef £ 5.4 min, minor enantiomer 5.9 min.

Oil; [a]p?® -13.0 € 0.23, CHC}, 72%ed; 'H NMR (300 MHz, CDCls) § 7.43-7.40
(m, 3H), 7.35-7.33 (m, 1H), 7.30-7.28 (m, 2H), 7(®6ldd,J = 8.1, 7.3, 1.7, 0.6 Hz,
1H), 6.92 (tdJ = 7.5, 1.3 Hz, 1H), 6.83 (dd,= 8.2, 1.3 Hz, 1H), 4.42 (ddd,= 11.0,
7.2, 3.2 Hz, 1H), 4.27-4.20 (m, 1H), 4.07 Jt= 6.3 Hz, 1H), 2.32-2.20 (m, 2H}’C
NMR (75.5 MHz, CDCls) & 153.8 (C), 131.6 (2CH), 129.8 (CH), 128.4 (CH)8®22
(2CH), 127.9 (CH), 123.3 (C), 121.8 (C), 120.5 (CH}7.0 (CH), 91.2 (C), 82.1 (C),
64.6 (CH), 29.0 (CH), 28.0 (CH);HRMS (ESI) m/z 235.1127 (M+H), GH1s0
requires 235.1123.
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(3aS,8aR)-8a-Benzyl-2,3,3a,8a-tetrahydrofuro[2,3-b]benzofuan (26)

_Ph To a solution o224 (20 mg, 0.079 mmol) in THF (0.6 mL) was added

O\io AuCl3 (2.4 mg, 7.9 pmol) at 0 °C under nitrogen atmosplaed the
@I) mixture was stired for 12 h. The mixture was disec

H chormatographed on silica gel eluting with hexat®4A¢ (98:2) to

26 give compound6 (18.2 mg, 91%). Enantiomeric excess (72%) was
determined by chiral HPLC (Chiralpak IC), hexaRe®H 95:05, 1 mL/min, major
enantiomer,t= 5.4 min, minor enantiomer% 5.8 min.

Qil; [a]p*® -60.5 € 0.55, CHC}, 72%e8:; *H NMR (300 MHz, CDCls) & 7.36-7.24
(m, 5H), 7.14 (dddd) = 8.1, 7.6, 1.4, 0.7 Hz 1H), 7.09 (b= 7.4 Hz, 1H), 6.87 (td] =
7.4, 1.0 Hz, 1H), 6.81 (dd,= 8.0, 0.4 Hz, 1H), 4.03-3.98 (m, 1H), 3.70-3.68 @H),
3.40 (d,J = 13.8 Hz, 1H), 3.16 (d] = 13.8 Hz, 1H), 1.89-1.80 (m, 2H)Y NMR (400
MHz, acetoneds) 6 7.37 (ddJ = 6.8, 1.6 Hz, 1H), 7.30-7.07 (m, 5H), 6.82 ({d; 7.6,
0.8 Hz, 1H), 6.71 (dJ = 8.4 Hz, 1H), 3.93 (ddd), = 8.4, 9.2, 1.2 Hz, 1H), 3.74 (A=
8.0 Hz, 1H), 3.50 (m, 1H), 3.29 (d= 14.0 Hz, 1H), 3.19 (d= 14.0 Hz, 1H), 1.88 (m,
2H); 13C NMR (75.5 MHz, CDCl) & 159.0 (C), 135.4 (C), 130.5 (2CH), 128.6 (CH),
128.3 (C), 128.1 (2CH), 126.7 (CH), 124.7 (CH), 12(C), 120.8 (CH), 109.1 (CH),
67.9 (CH), 48.2 (CH), 43.1 (Ch), 34.2 (CH); HRMS (ESI) m/z 253.1241 (M+H),
C17H1702 requires 253.1229.
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5.3. Enantioselective conjugate alkynylation of 1;#lifluoro-1-
(phenylsulfonyl)ketones

5.3.1. Synthesis and characterization of thewo,f-unsaturated 1,1-difluoro-1-
(phenylsulfonyl)ketones 27

1,1-Difluoro-1-(phenylsulfonyl)ketones were syntiseaccording to a modification of
the procedure described by Hu et‘al.

A 1.0 M solution of LHMDS in THF (2.4 mL, 2.4 mmolyas added dropwise to a
solution the correspondingp-unsaturated ester (2.0 mmol) and PhSB®H (192 mg,
1.0 mmol) in 5:1 THF/HMPA (6 mL) at82 °C (CQ/diethyl ether bath). The solution
was vigorously stirred for 30 min, and quenchethet temperature by the addition of
concd HCI (1 mL). After reaching room temperaturevas extracted with EtOAc (2
10 mL), dried over MgS©and concentrated under reduced pressure. Puoficaly
flash chromatography on silica gel eluting with &ee:EtOAc mixtures afforded the
corresponding enone&y.

(E)-1,1-Difluoro-4-phenyl-1-(phenylsulfonyl)but-3-en2-one (27a)

o) Pale yellow solid, 66% yieldnp 94-95 °C:'H NMR (300
O/VKCFZSOZ% MHz, CDCl3) § 8.05-8.00 (m, 2H), 7.97 (d = 15.8 Hz,
1H), 7.82 (ttJ = 7.5, 1.3 Hz, 1H), 7.71-7.63 (m, 4H), 7.54-
27a 7.40 (m, 3H), 7.26 (dt) = 15.8, 1.3 Hz, 1H)3C NMR
(75.5 MHz, CDCE) § 182.0 (tJcr = 22.7 Hz, C), 149.4 (CH), 136.0 (CH), 133.4 (2C),
132.3 (CH), 130.9 (2CH), 129.5 (2CH), 129.5 (2CH29.2 (2CH), 115.3 (Jcr = 302

Hz, CR), 118.3 (CH);'*F NMR (282 MHz, CDCly) § —-111.1 (s, 2F)HRMS (ESI)
m/z 322.0476 (M), GsH12F0sS requires 322.0475.

(E)-1,1-Difluoro-1-(phenylsulfonyl)-4-(o-tolyl)but-3-en-2-one (27b)

0 White solid, 61% yieldmp 78-80 °C;'H NMR (300 MHz,
N"“cF,s0,ph  CPCls) 8 8.29 (d.J = 15.7 Hz, 1H), 8.05-7.99 (m, 2H), 7.81
(tt, J = 7.5, 1.3 Hz, 1H), 7.75-7.62 (m, 3H), 7.42-7.33 (
Me  27b 1H), 7.27 (d,J = 9.5 Hz, 2H), 7.25-7.15 (m, 1H), 2.49 (s,

3H): 13C NMR (75.5 MHz, CDCl) § 182.0 (t,Jcr = 22.7 Hz, C), 146.8 (CH), 139.8
(C), 136.0 (CH), 132.4 (C), 132.3 (C), 132.1 (CH#31.2 (CH), 130.9 (2CH), 129.5
(2CH), 127.1 (CH), 126.6 (CH), 119.1 (CH), 115.4)¢r = 302.0 Hz, C), 19.8 (Cft
9F NMR (282 MHz, CDCly) 3 -111.0 (s, 2F)HRMS (ESI) m/z 336.0732 (M),
C17/H14F03S requires 336.0632.

138



Experimental Section

(E)-1,1-Difluoro-1-(phenylsulfonyl)-4-(-tolyl)but-3-en-2-one (27c¢)

o White solid, 58% yieldmp 97-99 °C:*H NMR (300
/@/\)I\CF so.ph MHz, CDClI3) 6 8.15-8.07 (m, 2H), 8.03 (d,= 15.8 Hz,
o2 1H), 7.89 (tt,J = 7.5, 1.3 Hz, 1H), 7.80-7.69 (m, 2H),
Me 27¢ 7.64 (d,J = 8.2 Hz, 2H), 7.30 (ddd,= 15.9, 5.4, 1.5 Hz,

3H), 2.49 (s, 3H)*C NMR (75.5 MHz, CDCl) § 182.9 (t,Jcr = 23.3 Hz, C), 149.5
(CH), 143.4 (C), 136.0 (CH), 132.5 (C), 130.9 (2C#30.8 (C), 129.9 (2CH), 129.6
(2CH), 129.5 (2CH), 117.3 (CH), 115.4 J&r = 299.2 Hz, C), 21.7 (C#t *°F NMR
(282 MHz, CDCk) & -110.9 (s, 2F)HRMS (ESI) m/z 337.0638 (M), GH14F,0sS
requires 336.0632.

(E)-1,1-Difluoro-4-(4-methoxyphenyl)-1-(phenylsulfony)but-3-en-2-one (27d)

0 Yellow solid, 50% yieldmp 81-83 °C:*H NMR (300

/@/\)k%sozph MHz, CDCls) § 8.07-7.99 (m, 2H), 7.94 (d,= 15.7
Hz, 1H), 7.84-7.77 (m, 1H), 7.73-7.58 (m, 4H), 7.15

MeO 27d 7.09 (m, 1H), 7.00-6.92 (m, 2H), 3.88 (s, 3H}C
NMR (75.5 MHz, CDCls) § 182.1 (t,Jcr = 22.7 Hz, C), 163.2 (C), 149.3 (CH), 135.9
(CH), 132.5 (C), 131.7 (2CH), 130.9 (2CH), 129.8KD, 126.3 (C), 115.8 (CH), 115.2

(t, Jor = 302.0 Hz, C), 114.7 (2CH), 55.5 (@HF NMR (282 MHz, CDCly) &
-111.0 (s, 2F)HRMS (ESI) m/z 353.0582 (M), GH14F04S requires 352.0581.

(E)-4-(2-Bromophenyl)-1,1-difluoro-1-(phenylsulfonylput-3-en-2-one (27¢)

O White solid, 52% vyield;mp 160-162 °C;*H NMR (300
(:(\)J\CFZSOZPh MHz, CDCls) § 8.38-8.33 (d,J = 15.9 Hz, 2H), 8.04-8.01
(m, 2H), 7.86-7.77 (m, 3H), 7.70-7.64 (m, 3H), ZZA30
o 27e (m, 2H), 7.26-7.19 (dtJ = 16.5, 1.2 Hz, 1H)}*C NMR

(75.5 MHz, CDCE) 5 181.8 (t,Jcr = 23.4 Hz, C), 147.3
(CH), 136.1 (CH), 133.8 (CH), 133.3 (C), 133.0 (CH32.3 (C), 130.9 (2CH), 129.6
(2CH), 128.4 (CH), 127.9 (CH), 127.1 (C), 120.7 {CHL5.3 (tJc F = 299.4 Hz, CB);
1F NMR (282 MHz, CDCls) 5 -111.1(s, 2F)HRMS (ESI) m/z 401.9564 / 399.9579
(M) 97.3 / 100, GH1:BrF,05S requires 401.9580 / 399.9580.

(E) -4-(3-Bromophenyl)-1,1-difluoro-1-(phenylsulfony)but-3-en-2-one (27f)

o) White solid, 55% vyield:mp 140-142 °C;'H NMR (300
N~"“cF,s0,pn MH2z, CDCl3) § 8.05-8.02 (dd)) = 8.2, 0.9 Hz, 2H), 7.90-
7.80 (m, 3H), 7.70-7.58 (m, 4H), 7.36-7.34 Jt= 7.9 Hz,
1H), 7.27-7.20 (dt) = 15.8, 1.3 Hz, 1H)**C NMR (75.5
MHz, CDCl3) & 182.0 (t,Jcr = 22.7 Hz, C), 147.4 (CH),
136.1 (CH), 135.4 (C), 135.0 (CH), 132.3 (C), 13(C8{), 130.9 (2CH), 130.7 (CH),
129.6 (2CH), 128.1 (CH), 123.3 (C), 119.6 (CH), P1&, Jcr = 302.0 Hz, C)*F
NMR (282 MHz, CDCls) & -111.1 (s, 2F)HRMS (ESI) m/z 401.9567 / 399.9577
(M) 97.3 /100, GgH11BrF,03S requires 401.9580 / 399.9580.

Br 27f
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(E) -4-(4-Bromophenyl)-1,1-difluoro-1-(phenylsulfonyjbut-3-en-2-one (279)

o White solid, 55% yieldmp 123-158 °C*H NMR (300
WCBSOZ% MHz, CDCl3) § 8.05-7.99 (m, 2H), 7.89 (d] = 15.8
Hz, 1H), 7.83 (itJ = 7.5, 1.3 Hz, 1H), 7.71-7.66 (m,
Br 279 2H), 7.66-7.60 (m, 1H), 7.60-7.53 (m, 3H), 7.2867.2

(m, 1H); *C NMR (75.5 MHz, CDCl;) § 182.0 (t,Jc r = 23.3 Hz, C), 147.8 (C), 141.0
(C), 136.1 (CH), 132.5 (2CH), 132.3 (CH), 130.9 KBC130.7 (2CH), 129.6 (2CH),
127.0 (C), 118.9 (CH), 115.3 @cr = 302.5 Hz, C)*F NMR (282 MHz, CDCl) &
-111.1(s, 2F)HRMS (ESI) m/z 401.9564 / 399.9578 (M) 97.3 / 100,681:BrF,0sS
requires 401.9580 / 399.9580.

(E)-1,1-Difluoro-4-(naphthalen-2-yl)-1-(phenylsulfony)but-3-en-2-one (27h)

0o Yellow solid, 60% yield:mp 129-131 °C:*H NMR
NN, 50,Ph (300 MHz, CDCk) & 8.13 (d,J = 16.3 Hz, 2H), 8.08-
OO 8.02 (m, 2H), 7.95-7.74 (m, 5H), 7.72-7.63 (m, 2H),
27h 7.63-7.52 (m, 2H), 7.35 (dd,= 15.7, 1.3 Hz, 1H)**C

NMR (75.5 MHz, CDCls) § 182.0 (tJc.r = 22.7 Hz, C), 149.4 (CH), 136.0 (CH), 135.2
(C), 133.1 (C), 132.9 (CH), 132.5 (C), 131.0 (CH30.9 (2CH), 129.5 (2CH), 129.0
(CH), 129.0 (CH), 128.4 (CH), 127.9 (CH), 127.1 (CHI23.6 (CH), 115.4 (tlcr =
302.0 Hz, C), 119.4 (CH)}**F NMR (282 MHz, CDCly) § -110.9 (s, 2F)HRMS
(ESI)m/z 372.0630 (M), GoH14F-05S requires 372.0632.

(E)-4-Cyclohexyl-1,1-difluoro-1-(phenylsulfonyl)but-3en-2-one (27i)

0 Oil; 63% yield;'H NMR (300 MHz, CDCls) 6 7.99 (ddJ =
N\~"“cF,s0,ph 8.2, 0.9 Hz, 2H), 7.81 (tf] = 7.5, 1.3 Hz, 1H), 7.71-7.60 (m,
27i 2H), 7.28 (ddJ = 15.7, 6.8 Hz, 1H), 6.61 (dd,= 15.7, 1.4

Hz, 1H), 2.35-2.21 (m, 1H), 1.88-1.75 (m, 4H), 1(8dd,J =
27.3, 18.0, 11.2 Hz, 6H}*C NMR (75.5 MHz, CDCl) § 182.3 (t,Jc.r = 22.9 Hz, C),
160.8 (CH), 136.0 (CH), 130.9 (2CH), 129.5 (2CH)PF (CH), 115.4 (t)cr = 300.8
Hz, C), 119.4 (CH), 41.3 (C), 31.2 (29H25.7 (CH), 25.5 (2CH); *F NMR (282
MHz, CDCl3) § —110.9 (s, 2F)HRMS (ESI) m/z 328.0952 (M), GsH1sF-03S requires
328.0945.

5.3.2. Enantioselective conjugate addition of termal alkynes to 1,1-difluoro-1-
(phenylsulfonyl)ketones

5.3.2.1. General procedure for the enantiosel ective alkynylation reaction.

[Cu(CH;CN)4]BF4 (5.7 mg, 0.018 mmol) andr}-L31 (20.72 mg, 0.018 mmol) were
introduced in a round bottom flask which was purgeith nitrogen. Toluene (0.5 mL)
was added via syringe and the mixture was stiroed 5 h at room temperature. Then,
a solution of enon®7 (0.090 mmol) in toluene (1.0 mL) was added folldwey
triethylamine (12.5.L, 0.090). The solution was stirred for 10 min@m temperature.
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The alkyne2 (0.675 mmol) was then added and the solution wiaed at room
temperature under nitrogen until the reaction wamspdete (TLC). The reaction mixture
was quenched with 20% aqueous /8H(1.0 mL) extracted with C}Cl, (2 x 15 mL),
washed with brine (15 mL), dried over MgHS@nd concentrated under reduced
pressure. Purification by flash chromatography ditas gel eluting with hexane:
CH.Cl; mixtures afforded compouris.

5.3.2.2. General procedure for the synthesis of the racemic products

A 1.5 M solution of EZn in toluene (0.17 mL, 0.25 mmol) was added drepwb a
solution of alkyne2 (0.94 mmol) and%)-BINOL (L1, 7.2 mg, 0.025 mmol) in toluene
(0.48 mL)at room temperature under nitrogen andrthxure was stirred for 1.5 h at 70
°C. Then,B-substituted3-trifluoromethyl enone7 (0.125 mmol) in toluene (1.0 mL)
was added via syringe. The solution was stirretDC until the reaction was complete
(TLC). The reaction mixture was quenched with 20agueous NECI (1.0 mL),
extracted with CHCI; (2x 15 mL), washed with brine (15 mL), dried owgSO, and
concentrated under reduced pressure. Purificatgdfabh chromatography on silica gel
eluting with hexane:EtOAc mixtures afforded racegic

5.3.2.3. Characterization of products28
See Table 9 (Page 57) for yields.

(R)-(-)-1,1-Difluoro-4,6-diphenyl-1-(phenylsulfonyl)hex-5yn-2-one (28aa).

Enantiomeric excess (98%) was determined by chiral
HPLC (Chiralpak AD-H), hexand&rOH 95:05, 1
O . . . . .
mL/min, major enantiomer,t= 16.3 min, minor
= CF2S02Ph  enantiomert= 15.6 min.
O 28aa Oil; [a]p®® 3.6 € 0.73, CHC}, 98% ed; 'H NMR

(300 MHz, CDCk) & 7.93-7.80 (m, 2H), 7.82-7.71 (m,
1H), 7.61-7.52 (m, 2H), 7.52-7.42 (m, 4H), 7.4247 (8, 2H), 7.35-7.27 (m, 4H), 4.48
(dd, J = 8.0, 6.1 Hz, 1H), 3.63 (dd,= 18.9, 8.0 Hz, 1H), 3.43 (dd,= 18.9, 6.0 Hz,
1H); 3C NMR (75.5 MHz, CDCl) & 191.7 (t,Jcr = 23.9 Hz, C), 139.6 (C), 136.1
(CH), 131.8 (C), 131.7 (2CH), 130.9 (2CH), 129.8), 128.8 (2CH), 128.2 (2CH),
128.2 (CH), 127.6 (2CH), 127.5 (CH), 123.0 (C), 514, Jc - = 300.5 Hz, C), 89.0 (C),
83.8 (C), 47.8 (Ch), 32.5 (CH):**F NMR (282 MHz, CDCls) 6 -111.8 (s, 1F);-111.7
(s, 1F);HRMS (ESI) m/z 425.1023 (M+H), G4H14F05S requires 425.1017.
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(9)-1,1-Difluoro-6-phenyl-1-(phenylsulfonyl)-4-(o-toyl)hex-5-yn-2-one (28ba).

Enantiomeric excess (99%) was determined by chiral

O HPLC (Chiralpak IC), hexand2rOH 95:05, 1 mL/min,
Me o] major enantiomer, t= 8.3 min, minor enantiomer £
_ CF,S0,Ph 7.3 min.
O 28ba Oil: [a]o® +13.8 € 0.77, CHC}, 99% ed: 'H NMR

(300 MHz, CDCk) & 7.94-7.82 (m, 2H), 7.81-7.74 (m,
1H), 7.63-7.52 (m, 3H), 7.45-7.39 (m, 2H), 7.3477(fn, 6H), 4.66 (dd) = 8.8, 5.2 Hz,
1H), 3.61 (ddJ = 18.9, 8.8 Hz, 1H), 3.37 (dd,= 18.9, 5.2 Hz, 1H), 2.45 (s, 3H)C
NMR (75.5 MHz, CDCls) & 191.9 (t,Jcr = 24.0 Hz, C), 137.6 (C), 136.1 (CH), 135.2
(C), 131.8 (C), 131.7 (2CH), 130.9 (2CH), 130.9 JCH29.5 (2CH), 128.2 (2CH),
128.1 (CH), 127.6 (CH), 127.5 (CH), 126.7 (CH), 126C), 114.6 (tJcr = 300.5 Hz,
C), 89.2 (C), 83.3 (C), 46.4 (GH 29.2 (CH), 19.3 (CH; F NMR (282 MHz,
CDCl3) & -111.7 (s, F),-111.6 (s, F);HRMS (ESI) m/z 461.0997 (M+Na),
CosH20FNaGsS requires 461.0993.

(R)-1,1-Difluoro-6-phenyl-1-(phenylsulfonyl)-4-(p-tolyl)hex-5-yn-2-one (28ca).

Me Enantiomeric excess (97%) was determined by chiral
HPLC (Chiralpak IC), hexand2rOH 95:05, 1 mL/min,
O major enantiomer, t= 9.9 min, minor enantiomer £
Q 8.5 min.
Z CFaSOPh oy [0]o® -2.7 € 0.56, CHC4, 97% ed: 'H NMR
O 28ca (300 MHz, CDCl) 6 7.88-7.82 (m, 2H), 7.81-7.73 (m,

1H), 7.59-7.52 (m, 2H), 7.47-7.40 (m, 2H), 7.3947.3
(m, 2H), 7.32-7.26 (m, 3H), 7.18 (d,= 7.8 Hz, 2H), 4.44 (dd] = 7.9, 6.1 Hz, 1H),
3.60 (dd,J = 18.9, 8.0 Hz, 1H), 3.40 (dd,= 18.9, 6.1 Hz, 1H), 2.36 (s, 3H)C NMR
(75.5 MHz, CDCk) & 191.7 (t,Jcr = 23.6 Hz, C), 137.2 (C), 136.2 (C), 136.1 (CH),
131.8 (C), 131.7 (2CH), 130.9 (2CH), 129.9 (C), 52BCH), 128.2 (2CH), 128.1
(CH), 127.5 (2CH), 123.1 (C), 114.5 @& = 300.7 Hz, C), 89.2 (C), 83.6 (C), 47.8
(CH,), 36.2 (CH), 21.1 (CH; *°F NMR (282 MHz, CDCls) § -111.7 (s, F)-111.6 (s,
F); HRMS (ESI) m/z 461.0989 (M+Na), &H20F.NaO;S requires 461.0993.

(R)-1,1-Difluoro-4-(4-methoxyphenyl)-6-phenyl-1-(pheglsulfonyl)hex-5-yn-2-one
(28da).

OMe Enantiomeric excess (96%) was determined by chiral
HPLC, Chiralpak IC, hexandrOH 95:05, 1 mL/min,
O major enantiomer, £ 14.3 min, minor enantiomer=
Q 13.2 min.
Z CRaSOFN ) [0]o2® -3.5 € 0.53, CHC}, 96% e9: 'H NMR
O 28da (300 MHz, CDCk) & 7.92-7.82 (m, 2H), 7.80-7.73
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(m, 1H), 7.60-7.52 (m, 2H), 7.48-7.37 (m, 4H), ZB27 (m, 3H), 6.94-6.87 (m, 2H),
4.43 (ddJ = 7.7, 6.3 Hz, 1H), 3.82 (s, 3H), 3.59 (dds 18.8, 7.9 Hz, 1H), 3.40 (dd,
=18.9, 6.2 Hz, 1H)}*C NMR (75.5 MHz, CDCl5) § 191.8 (t,Jc r = 24.0 Hz, C), 158.9
(C), 136.1 (CH), 131.7 (2CH), 131.8 (C), 131.7 (€30.9 (2CH), 129.5 (2CH), 128.7
(2CH), 128.2 (2CH), 128.1 (CH), 123.0 (C), 118,9¢t= = 300.0 Hz, C), 114.2 (2CH),
89.3 (C), 83.6 (C), 55.0 (Gf{ 48.0 (CH), 31.8 (CH);*°F NMR (282 MHz, CDCls) 5
-111.7 (s, F)~111.6 (s, F)HRMS (ESI)m/z 455.1129 (M+H), GH2:F.04S requires
454.1123.

(9)-4-(2-Bromophenyl)-1,1-difluoro-6-phenyl-1-(phenysulfonyl)hex-5-yn-2-one
(28ea).

Enantiomeric excess (99%) was determined by chiral
O HPLC (Chiralpak AD-H), hexand&rOH 95:05, 1
Br o) mL/min, major enantiomer,t= 11.3 min, minor

= CF,SO,Ph enantiomer;t= 10.5 min.

O Oil; [a]p?® +12.5 € 0.96, CHC}, 99% ed; *H NMR
28ea (300 MHz, CDCk) § 7.94-7.91 (m, 2H), 7.84-7.75 (m,
2H), 7.60-7.53 (m, 3H), 7.49-7.46 (m, 2H), 7.4167(f, 1H), 7.32-7.30 (m, 3H), 7.23-
7.14 (m, 1H), 4.48 (dd] = 8.0, 6.1 Hz, 1H), 3.63 (dd,= 18.9, 8.0 Hz, 1H), 3.43 (dd,
=18.9, 6.0 Hz, 1H)!*C NMR (75.5 MHz, CDCl) 6 191.4 (t,Jcr = 24.0 Hz, C), 138.4
(2C), 136.1 (CH), 133.1 (CH), 131.8 (2CH), 130.€KD, 129.8 (CH), 129.5 (2CH),
129.2 (CH), 128.3 (CH), 128.3 (2CH), 128.0 (CH)31IR(C), 122.8 (C), 114.5 (cr=
299.3 Hz, C), 87.8 (C), 84.4 (C), 46.1 (§H32.6 (CH);"°F NMR (282 MHz, CDCly)
§ -111.7 (s, F)~111.6 (s, F)HRMS (ESI) m/z 522.0376/520.0392 (M+Npi 97.3 /
100, G4H1/BrF,03S requires 522.0373 / 520.0394.

(R)-4-(3-Bromophenyl)-1,1-difluoro-6-phenyl-1-(phenyulfonyl)hex-5-yn-2-one
(28fa).

Br Enantiomeric excess (97%) was determined by chiral
O HPLC (Chiralpak IC), hexand®rOH 95:05, 1
0 mL/min, major enantiomer,t= 9.6 min, minor
y CF,SO,Ph €nantiomert= 8.7 min.
O 28fa Oil; [0]o®° -3.1 € 0.47, CHC}, 97% ed; 'H NMR

(300 MHz, CDCL) & 7.88-7.83 (m, 2H), 7.83- 7.75
(m, 1H), 7.66-7.54 (m, 3H), 7.48-7.40 (m, 4H), ZR28 (m, 3H), 7.24 (d] = 6.5 Hz,
1H), 4.45 (dd) = 7.7, 6.3 Hz, 1H), 3.62 (dd,= 19.1, 7.8 Hz, 1H), 3.41 (dd,= 19.0,
6.2 Hz, 1H);**C NMR (125.8 MHz, CDCk) & 191.5 (t,Jcr = 23.9 Hz, C), 141.9 (C),
136.2 (CH), 131.8 (2CH), 131.7 (C), 130.8 (CH), Z3(2CH), 130.7 (CH), 129.6
(2CH), 129.4 (2CH), 128.4 (CH), 128.3 (CH), 126CHj), 122.7 (C), 122.2 (C), 114.5
(t, Jo.r = 300.7 Hz, C), 88.1 (C), 84.3 (C), 47.6 (§+82.2 (CH);**F NMR (282 MHz,
CDCl3) & -111.8 (s, F),-111.7 (s, F);HRMS (ESI) m/z 522.0375 / 520.0393
(M+NH,) 97.3 /100, G4H17BrF,0sS requires 522.0373 / 520.0394.
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(R)-4-(4-Bromophenyl)-1,1-difluoro-6-phenyl-1-(phenysulfonyl)hex-5-yn-2-one
(28ga).

Br Enantiomeric excess (97%) was determined by chiral
HPLC (Chiralpak IC), hexandrOH 95:05, 1
O mL/min, major enantiomer,t= 9.2 min, minor
O

enantiomer,t= 8.6 min.

= CF,SOPh
Z 27720 0il; [0]p?° -3.8 € 0.87, CHCY, 97%e8; *H NMR

O 28ga (300 MHz, CDCk) 6 7.86-7.80 (m, 2H), 7.79-7.74

(m, 1H), 7.61-7.54 (m, 2H), 7.53-7.48 (m, 2H), %.46
7.40 (m, 2H), 7.39-7.34 (m, 2H), 7.32-7.28 (m, 3#H%4 (t,J = 7.0 Hz, 1H), 3.60 (dd}
=19.0, 7.5 Hz, 1H), 3.42 (dd,= 19.0, 6.5 Hz, 1H), 3.60 (dd;= 19.0, 7.5 Hz, 1H)}*C
NMR (75.5 MHz, CDCl3) 6 191.5 (t,Jcr = 24.0 Hz, C), 146.2 (C), 144.2 (C), 131.9
(2CH), 131.7 (2CH), 130.9 (2CH), 129.5 (2CH), 129XCH), 128.3 (CH), 128.3
(2CH), 129.0 (CH), 122.7 (C), 121.5 (C), 154.6J8F = 299.2 Hz, C), 88.3 (C), 84.1
(C), 47.5 (CH), 32.1 (CH);**F NMR (282 MHz, CDCls) § -111.7 (s, F)-111.6 (s,
F); HRMS (ESI) m/z 522.0374/520.0393 (M+NM 97.3 / 100, @H21BrF:NOsS
requires 522.0373 / 520.0394.

(R)-1,1-Difluoro-4-(naphthalen-2-yl)-6-phenyl-1-(phewlsulfonyl)hex-5-yn-2-one
(28ha).

Enantiomeric excess (95%) was determined by chiral
HPLC (Chiralpak IC), hexandrOH 95:05, 1 mL/min,
major enantiomer, = 11.7 min, minor enantiomer
10.9 min.

CF,SOPh  Oil; [a]p?® -10.7 € 0.56, CHC}, 95% ed; *H NMR
(300 MHz, CDCk) 6 7.93-7.89 (m, 2H), 7.88-7.82 (m,
2H), 7.78-7.67 (m, 3H), 7.61 (dd,= 8.5, 1.9 Hz, 1H),

7.55-7.38 (m, 6H), 7.36- 7.27 (m, 3H), 4.65)& 7.0 Hz, 1H), 3.70 (dd] = 19.0, 7.6

Hz, 1H), 3.55 (ddJ = 19.0, 6.4 Hz, 1H)**C NMR (75.5 MHz, CDCls) & 191.7 (tJcr

= 23.8 Hz, C), 136.9 (C), 136.1 (CH), 133.4 (C)213(C), 131.8 (2CH), 131.7 (C),

130.9 (2CH), 129.5 (2CH), 128.7 (CH), 128.3 (2CH}8.2 (CH), 127.9 (CH), 127.7

(CH), 126.6 (CH), 126.4 (C), 126.1 (CH), 125.6 (CHP3.0 (CH), 115.1 (tJor =

299.4 Hz, C), 88.9 (C), 84.0 (C), 46.6 (§H32.7 (CH);**F NMR (282 MHz, CDCl)

§ —111.92 (s, F)-111.90 (s, F)HRMS (ESI) m/z 497.0993 (M+H), GaHaoFon03S

requires 497.0993.
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(R)-1,1-Difluoro-6-(4-methoxyphenyl)-4-phenyl-1-(pheglsulfonyl)hex-5-yn-2-one
(28ab).

Enantiomeric excess (98%) was determined by
o chiral HPLC (Chiralpak AD-H), hexan&rOH
95:05, 1 mL/min, major enantiomey + 24.6
= CF,SO,Ph  min, minor enantiomer £ 25.9 min.
Voo O 28ab Oil; [e]p*® -20.9 € 0.93, CHC}, 98% ed); *H

NMR (300 MHz, CDCl3) 6 7.89-7.82 (m, 2H),
7.81-7.72 (m, 1H), 7.60-7.51 (m, 2H), 7.51-7.45 @), 7.37 (dttJ = 5.5, 3.8, 1.9 Hz,
4H), 7.33-7.27 (m, 1H), 6.87-6.78 (m, 2H), 4.46,(@ 7.9, 6.1 Hz, 1H), 3.80 (s, 3H),
3.60 (dt,J = 10.4, 5.2 Hz, 1H), 3.41 (dd,= 18.8, 6.1 Hz, 1H)}**C NMR (75.5 MHz,
CDCl3) 6 191.8 (t,Jcr = 23.4 Hz, C), 159.5 (C), 139.8 (C), 136.1 (CH331 (2CH),
131.8 (C), 130.9 (2CH), 129.5 (2CH), 128.8 (2CH)7 5 (2CH), 127.5 (CH), 114.5 (t,
Jcr=300.3 Hz, C), 115.1 (C), 113.8 (2CH), 87.5 (&3.6 (C), 55.3 (CH), 47.9 (CH),
32.6 (CH);*F NMR (282 MHz, CDCls) & -111.8 (s, F)-111.6 (s, F)HRMS (ESI)
m/z 455.1128 (M+H), GsH21F,04S requires 454.1123.

(R)-1,1-Difluoro-6-(4-fluorophenyl)-4-phenyl-1-(phenysulfonyl)hex-5-yn-2-one
(28ac).

Enantiomeric excess (97%) was determined by
O chiral HPLC (Chiralpak IC), hexan&rOH 95:05, 1
* mL/min, major enantiomer, t= 8.8 min, minor
Z CF,SO,Ph enantiomert= 8.4 min.
O o8ac Oil; [a]o?°-4.7 € 0.72, CHC}, 97%e8; 'H NMR
F

(300 MHz, CDCL) & 7.89-7.82 (m, 2H), 7.82-7.74
(m, 1H), 7.62-7.53 (m, 2H), 7.51-7.27 (m, 7H), 7693 (m, 2H), 4.47 (dd] = 8.1, 5.9
Hz, 1H), 3.62 (dd) = 18.9, 8.1 Hz, 1H), 3.41 (dd,= 18.9, 6.0 Hz, 1H)**C NMR
(75.5 MHz, CDCk) 6 191.6 (t,Jcr = 24.1 Hz, C), 162.4 (dlc .= 249.1 Hz, C), 139.5
(C), 136.1 (CH), 133.6 (dlc= 8.4 Hz, 2CH), 131.8 (C), 130.9 (2CH), 129.5 (2CH)
128.9 (2CH), 127.6 (2CH), 127.5 (CH), 119.1 J¢,= 3.4 Hz, 2CH), 115.6 (tlcr =
299.3 Hz, C), 115.5 (dl = 22.0 Hz, C), 88.6 (C), 82.7 (C), 47.8 (§H32.5 (CH);**F
NMR (282 MHz, CDCls) 8 -111.7 (s, F)~111.6 (s, F)~111.5 (s, F)HRMS (ESI)
m/z 461.1232 /460.1196 (M+NF) 26 / 100, G4H,:FsNOsS requires 461.1228
/1460.1194 .
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(R)-6-(4-Chlorophenyl)-1,1-difluoro-4-phenyl-1-(phenysulfonyl)hex-5-yn-2-one
(28ad).

Enantiomeric excess (97%) was determined by
O chiral HPLC (Chiralpak AD-H), hexan&rOH
Q 95:05, 1 mL/min, major enantiomer= 22.1 min,
= CF,SO,Ph  minor enantiomer, = 21.2 min.
N O 28ad Qil; [0]p?°-9.0 € 0.71, CHC4, 97%ed; 'H NMR

(300 MHz, CDCk) § 7.79-7.73 (m, 2H), 7.72-7.65
(m, 1H), 7.53-7.44 (m, 2H), 7.37 (k= 3.2, 2.1 Hz, 2H), 7.33-7.14 (m, 7H), 4.38 (dd,
J=8.1, 6.0 Hz, 1H), 3.53 (dd,= 18.9, 8.1 Hz, 1H), 3.32 (dd,= 18.9, 6.0 Hz, 1H);
13C NMR (75.5 MHz, CDCl) & 191.6 (t,Jcr = 23.9 Hz, C), 139.4 (2C), 136.1 (CH),
134.2 (C), 133.0 (2CH), 131.8 (C), 130.9 (2CH), .52€2CH), 128.9 (2CH), 128.6
(2CH), 127.6 (2CH), 121.5 (CH), 114.5 §&+ = 300.6 Hz, C), 90.0 (C), 82.7 (C), 47.7
(CHp), 32.6 (CH)°F NMR (282 MHz, CDCly) § -111.6 (s, F)=111.5 (s, F)HRMS
(ESI) m/z 478.0873 / 476.0892 (M+Nf) 32/ 100, G4H»:CIF2NOsS requires 478.0869
/ 476.0899.

(R)-1,1-Difluoro-4-phenyl-1-(phenylsulfonyl)-6-(thiophen-3-yl)hex-5-yn-2-one
(28ae).

Enantiomeric excess (98%) was determined by chiral
HPLC (Chiralpak IC), hexandrOH 95:05, 1 mL/min,

o major enantiomer; = 11.8 min, minor enantiomer %
y Z CF,SO0.Ph  10.5 min.
S / 28ae Oil; [a]p*°-3.3 (€ 0.56, CHC}, 97%ed); *H NMR (300

MHz, CDCl3) 6 7.88-7.81 (m, 2H), 7.81-7.73 (m, 1H),
7.62-7.52 (m, 2H), 7.50-7.34 (m, 5H), 7.31 (@t 9.8, 4.3 Hz, 1H), 7.24 (dd,= 5.0,
3.0 Hz, 1H), 7.11 (dd] = 5.0, 1.2 Hz, 1H), 4.46 (dd,= 8.0, 6.1 Hz, 1H), 3.62 (dd,=
18.9, 8.0 Hz, 1H), 3.41 (dd,= 18.9, 6.0 Hz, 1H)**C NMR (75.5 MHz, CDCl) &
191.7 (tJcr= 23.1 Hz, C), 139.5 (C), 136.1 (CH), 131.8 (G390 (2CH), 130.0 (CH),
129.5 (2CH), 128.8 (2CH), 128.7 (CH), 127.6 (2CH}7.5 (CH), 125.2 (CH), 122 (C),
114.5 (t,Jcr = 299.4 Hz, C), 88.5 (C), 78.9 (C), 47.8 (§+82.6 (CH);"*F NMR (282
MHz, CDCl3) & -111.7 (s, F),-111.6 (s, F);HRMS (ESI) m/z 431.0579 (M+H),
CooH170:S requires 431.0582.

(R)-6-Cyclopropyl-1,1-difluoro-4-phenyl-1-(phenylsulbnyl)hex-5-yn-2-one (28aj).

Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AD-H), hexand?rOH 95:05, 1
o) mL/min, major enantiomer,t= 13.9 min, minor

= CF,S0,Ph enantiomer,;t= 12.9 min

28ai Qil; [a]p*°-1.7 € 0.91, CHC}, 97%e8d: *H NMR (300
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MHz, CDCls3) & 7.88-7.83 (m, 2H), 7.83-7.75 (m, 1H), 7.64-7.57, @Hl), 7.43-7.26
(m, 4H), 4.20 (ddd) = 7.9, 6.2, 1.8 Hz, 1H), 3.45 (ddt= 18.7, 7.9, 1.0 Hz, 1H), 3.34-
3.22 (m, 1H), 1.64-1.11 (m, 1H), 0.77-0.70 (m, 20)70-0.62 (m, 2H)**C NMR
(75.5 MHz, CDCk) & 191.7 (t,Jcr = 23.9 Hz, C), 140.2 (C), 136.1 (CH), 131.9 (C),
130.9 (2CH), 129.5 (2CH), 128.7 (2CH), 127.5 (2C#27.3 (CH), 114.5 (tJcr =
300.8 Hz, C), 87.1 (C), 74.7 (C), 48.1 (§8B2.1 (CH), 8.1 (Ch), 8.1 (CH), 0.5 (CH);
F NMR (282 MHz, CDCls) § -111.5 (s, 2F)HRMS (ESI) m/z 389.0998 (M+H),
Co1H10F03S requires 389.1023.

(R)-1,1-Difluoro-6-(4-methoxyphenyl)-1-(phenylsulfony)-4-(p-tolyl)hex-5-yn-2-one
(28ch).

Me Enantiomeric excess (97%) was determined by
chiral HPLC (Chiralpak IC), hexan&rOH
O 95:05, 1 mL/min, major enantiomey + 13.9
O

min, minor enantiomef £ 12.9 min.

P CF,SO,Ph
Z 2700l [a]p2-4.2 € 1.13, CHCY, 97% ed; *H

O 28ch NMR (300 MHz, CDCls) & 7.87-7.81 (m, 2H),
MeO 7.77 (ddtJ = 8.8, 7.1, 1.3 Hz, 1H), 7.61-7.49 (m,
2H), 7.43-7.32 (m, 4H), 7.18 (d,= 7.8 Hz, 2H), 6.91-6.71 (m, 2H), 4.42 (dds 7.9,
6.1 Hz, 1H), 3.80 (s, 3H), 3.59 (dd= 18.5, 8.4 Hz, 1H), 3.38 (dd,= 18.9, 6.1 Hz,
1H), 2.36 (s, 3H)**C NMR (75.5 MHz, CDCl;) § 191.2 (t,Jcr = 23.9 Hz, C), 159.4
(C), 137.1 (C), 136.9 (C), 136.1 (CH), 133.1 (2CH31.8 (C), 130.9 (2CH), 129.5
(2CH), 129.5 (2CH), 127.5 (2CH), 114.5 ¢ = 300.4 Hz, C), 115.2 (C), 113.8
(2CH), 87.7 (C), 83.4 (C), 55.2 (GH 47.9 (CH), 32.2 (CH), 21.1(CH; *F NMR
(282 MHz, CDCk) 6 -111.9 (s, F)i111.7 (s, F)HRMS (ESI) m/z 469.1207 (M+H),
CoeH22F04S requires 469.1285.

(R)-1,1-Difluoro-6-(4-fluorophenyl)-1-(phenylsulfonyl)-4-(p-tolyl)hex-5-yn-2-one
(28cc).

Me Enantiomeric excess (94%) was determined by
chiral HPLC (Chiralpak IC), hexan&OH
O 95:05, 1 mL/min, major enantiomers 9.4 min,
0o minor enantiomer; t= 8.5 min.
Z

CF280Ph o, [0]p2° 5.3 € 0.77, CHCY, 94% eq;

O NMR (300 MHz, CDCls) § 7.82-7.75 (m, 2H),

F 28cc 7.75-7.67 (m, 1H), 7.53-7.45 (m, 2H), 7.39-7.25
(m, 4H), 7.11 (d,) = 7.8 Hz, 2H), 6.96-6.86 (m, 2H), 4.35 (dd= 8.1, 6.0 Hz, 1H),
3.53 (dd,J = 18.9, 8.2 Hz, 1H), 3.32 (dd,= 18.9, 6.0 Hz, 1H), 2.29 (s, 3HJC NMR
(75.5 MHz, CDCk) § 191.7 (t,Jc e = 24.2 Hz, C), 162.4 (dic .= 249.2 Hz, C), 139.7
(C), 137.3 (C), 136.5 (CH), 136.1 (2CH), 133.6J¢l= 8.3 Hz, 2CH), 131.7 (C), 130.9
(2CH), 129.5 (2CH), 127.5 (2CH), 119.1 (i,~= 3.8 Hz, 2CH), 115.6 (tlcr = 299.3
Hz, C), 115.5 (dJ = 22.1 Hz, C), 88.9 (C), 82.5 (C), 47.8 (§H32.1 (CH), 21.1
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(CHs); F NMR (282 MHz, CDCls) & -111.8 (s, F)~111.7 (s, F)-111.6 (s, F);
HRMS (ESI) m/z 475.1384 | 474.1345 (M+Nf) 27 / 100, GsH23FsNOsS requires
475.1384 | 474.1351.

Attempt of alkynylation of compound 27i (enol 271")

OH Compound27i was subjected to the general procedure of
NG CF,SO,Ph conjugate al.kynylation with phenylacetylene. Aftisrdqys
and the habitual work up a compound that was itledtas
271 the enol form of compoun@7i was obtained after column

chromatography eluting with hexane:EtOAc.

Oil; *H NMR (300 MHz, CDCls) § 8.07-8.00 (m, 2H), 7.78-7.71 (m, 1H), 7.66-7.56
(m, 2H), 6.36 (dJ = 5.9 Hz, 1H), 5.85 (d] = 5.9 Hz, 1H), 4.29 (s, 1H), 1.77-1.55 (m,
3H), 1.55-1.30 (m, 7H)*C NMR (75.5 MHz, CDCl) & 142.5 (CH), 135.2 (CH),
134.4 (C), 130.8 (2CH), 129.0 (2CH), 122.3 (CH)7 T1(t, Jc r = 298.9 Hz, C), 108.1
(t, Jor = 26.6 Hz, C), 93.6 (C), 37.9 (GHB35.7 (CH), 24.9 (CH), 23.0 (CH), 22.7
(CHy); *F NMR (282 MHz, CDCls) § —109.7 (s, 2F)IR v 3485, 1449, 1334, 1147 €ém
1 HRMS (ESI) m/z 327.0860 [M-H], GeH1sF-0sS requires 327.0861.

5.3.2.4. Determination of the absolute stereochemistry of compound 28aa
(R)-(-)-Methyl 3,5-diphenylpent-4-ynoate (29)

A solution of28aa (18 mg, 0.042 mmol, 9168 in THF (0.5
Ph O mL) and MeOH (0.7 mL) was stirred at 0 °C for 3Tten,
= oMe Wwater 1.0 mL) was added and the mixture extractidd @GH,Cl,
Ph 29 (2 x 10 mL), washed with brine (15 mL), dried olgSQO, and
concentrated under reduced pressure. Purificatipnflésh
chromatography to afford compou@® (10.3 mg, 93%). Enantiomeric excess (91%)
was determined by chiral HPLC (Chiralpak AD-H), her'PrOH 99:01, 1 mL/min,
major enantiomer, £ 9.8 min, minor enantiomert 9.4 min.

Oil; [a]p*®-7.5 € 0.75, CHC4, 91%e8d); *H NMR (300 MHz, CDCls) § 7.47-7.41 (m,
4H), 7.38-7.33 (m, 2H), 7.31-7.27 (m, 4H), 4.39,(@¢ 8.2, 7.1 Hz, 1H), 3.70 (s, 3H),
2.93 (dd,J = 15.3, 8.2 Hz, 1H), 2.81 (dd,= 15.3, 6.9 Hz, 1H)}*C NMR (75.5 MHz,
CDCl3) § 171.3 (C), 140.4 (C), 131.7 (2CH), 128.7 (2CH)8.22(2CH), 128.0 (CH),
127.4 (2CH), 127.3 (CH), 123.2 (C), 89.7 (C), 883, 51.8 (CH), 43.2 (CH), 34.7
(CH); HRMS (ESI) m/z 264.1148 (M), GgH160, requires 264.1150.
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(R)-(-)-Methyl 3,5-diphenylpentanoate (30)

Ph O A solution of29 (10 mg, 0.038 mmol) in EtOAc (0.4 mL) was
/\)\)J\ stirred under hydrogen atmosphere in the preseh&&ooPd/C

Ph OMe (3 mg) for 1 h. Then, the reaction mixture waseféd through

30 silica gel eluting with EtOAc and the solvent wasmoved
under reduced pressure. Purification by flash clatography gave compourgD (9.0
mg, 89%). Enantiomeric excess (91%) was determiyechiral HPLC (Chiralpak AD-
H), hexanéPrOH 99:01, 1 mL/min, major enantiomert8.3 min, minor enantiomer t
= 8.8 min.

Oil; [a]p*° -12.8 € 0.50, CHC}, 91%ed; *H NMR (300 MHz, CDCls) § 7.36-7.27
(m, 2H), 7.26-7.22 (m, 4H), 7.21-7.14 (m, 2H), Z7L08 (m, 2H), 3.57 (s, 3H), 3.19-
3.09 (m, 1H), 2.70-2.56 (m, 2H), 2.45Jt 8.0 Hz, 2H), 2.07-1.86 (m, 2H)IC NMR
(75.5 MHz, CDChk) § 172.7 (C), 143.5 (C), 141.9 (C), 128.5 (2CH), B2@CH),
128.3 (2CH), 127.5 (2CH), 126.6 (CH), 125.8 (CH),5(CH), 41.8 (CH), 41.7 (Cb),
37.7 (CH), 33.5 (CH); HRMS (ESI) m/z 269.1465 (M), GsHo0O- requires 268.1463.

(R)-(-)-3,5-Diphenylpentan-1-ol (31)

Ph Lithium aluminum hydride (1.0 mg, 0.026 mmol) waklad to a
Ph OH solution 0f30 (9.0 mg, 0.034 mmol) in THF (0.5 mL) at 0 °C, and
31 the solution was stirred for 20 min. The reactioixtare was

quenched with 20 % aqueous M (1.0 mL), extracted with
CH.CI; (2 x 15 mL), washed with brine (15 mL), dried owgSQ, and concentrated
under reduced pressure. Purification by flash clatography to afford compouriil
(7.6 mg, 95%). Enantiomeric excess (91%) was detexinby chiral HPLC (Chiralcel
OD-H), hexanéPrOH 90:10, 0.5 mL/min, major enantiomer=t 16.1 min, minor
enantiomer.£ 21.2 min{ Lit/*¥ Chiralcel OD-H, hexan&rOH 90:10, 0.5 mL/minRk-
enantiomert= 14.9 min ,S-enantiomert= 18.2 min}.

Oil; [0]p?°-1.3 € 0.40, CHC}, 91%e8), Lit®* [¢]p?° +1.35¢ 0.77, CHC}, 87%ea for
the R-enantiomer;*H NMR (300 MHz, CDCls) § 7.36-7.28 (m, 2H), 7.26-7.09 (m,
8H), 3.57-3.41 (m, 2H), 2.79-2.69 (m, 1H), 2.46](§ 8.0 Hz, 2H), 2.03-1.82 (M, 4H),
1.15 (br s, 1H)*C NMR (75.5 MHz, CDCl;) & 144.6 (C), 142.3 (C), 128.6 (2CH),
128.3 (2CH), 128.3 (2CH), 127.7 (2CH), 126.3 (CH}5.7 (CH), 61.1 (Ch), 42.0
(CH), 39.7 (CH), 38.6 (CH), 33.7 (CH); HRMS (ESI) m/z 240.1516 (M+H),
Ci7/H20 requires 240.1514.
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5.3.2.5. Synthetic transformations
(R)-1,1-Difluoro-4,6-diphenylhex-5-yn-2-one (32)

Ph O Magnesium powder (3 mg, 0.118 mmol) was added to a
solution of compoun@8aa(25.0 mg, 0.059 mmol) in THF (0.7
mL) at O °C under nitrogen atmosphere. Then, TMSOIuL,
0.236 mmol) was added and the mixture stirred & @or 30
min. The reaction mixture was quenched with 2 d@ip3.01 M HF, diluted with water

(1 mL), extracted with CkCl, (10 mL), washed with brine (5 mL), dried over MgSO
and concentrated under reduced pressure. Puniicdty flash chromatography gave
compound32 (13.7 mg, 83%). Enantiomeric excess (98%) was netexd by chiral
HPLC (Chiralpak AD-H), hexan®rOH 95:05, 1 mL/min, major enantiomer=t 7.0
min, minor enantiomey & 6.5 min.

= CF,H
Ph 32

Qil; [0]p*°-5.0 € 1.00, CHC}, 98%e8; *H NMR (300 MHz, CDCls) § 7.48-7.39 (m,
4H), 7.37-7.34 (m, 2H), 7.31-7.29 (m, 4H), 5.70J¢= 53.9 Hz, 1H), 4.46 (dd] =
8.2, 1.1 Hz, 1H), 3.35 (ddf,= 17.8, 8.2, 1.1 Hz, 1H), 3.14 (ddt= 17.8, 6.1, 0.9 Hz,
1H); *C NMR (75.5 MHz, CDCl) & 191.1 (t,Jcr = 26.2 Hz, C), 140.4 (C), 132.1
(2CH), 129.3 (2CH), 128.7 (2CH), 128.6 (C), 1279, (127.9 (2CH), 123.4 (C), 110.1
(t, Jo.r = 252.9 Hz, C), 89.7 (C), 84.1 (C), 45.3 (§}83.0 (CH);**F NMR (282 MHz,
CDCl3) & -127.9 (s, 2F)HRMS (ESI) m/z 285.1079 (M+H), GH1sF0 requires
285.1085.

(R)-1,1,1-Trifluoro-4,6-diphenylhex-5-yn-2-one (33)

Ph O Magnesium powder (3 mg, 0.118 mmol) was addedstalion

of compound®8aa(25.0 mg, 0.059 mmol) in THF (0.7 mL) at O
Z CFs °C under nitrogen atmosphere. Then, TMSCI (30 u236
Ph 33 mmol) was added and the mixture stirred at 0 °Gfbmin. The

solvent and volatiles were removed under reducedspire. The residue was dissolved
in acetonitrile (0.2 mL) under nitrogen and Selectf (12.0 mg, 0.033 mmol) was
added. After 5h, the reaction mixture was dilutethviEtOAc (10 mL), washed with
brine (5 mL), dried over MgSf)and concentrated under reduced pressure. Ptiofica
by chromatography gave compouB88 (10.7 mg, 60%). Enantiomeric excess (97%)
was determined by chiral HPLC (Chiralpak AD-H), her'PrOH 95:05, 1 mL/min,
major enantiomer, £ 4.6 min, minor enantiomerz 4.3 min.

Oil; [0]p?°~1.0 € 0.27, CHC}, 97%e8; *H NMR (300 MHz, CDCls) § 7.50-7.44 (m,
2H), 7.44-7.39 (m, 2H), 7.39-7.34 (m, 2H), 7.3477(fh, 4H), 4.49 (dd) = 8.2, 6.0 Hz,
1H), 3.39 (ddd,J = 18.1, 8.3, 0.5 Hz, 1H), 3.19 (dd#i= 18.2, 6.0, 0.3 Hz 1H)-*C
NMR (75.5 MHz, CDCls) & 188.5 (qJc.r = 35.9 Hz, C), 139.5 (C), 131.7 (2CH), 128.9
(2CH), 128.2 (3CH), 127.6 (CH), 127.4 (2CH), 12838), 115.3 (qJcr = 291.9 Hz,
C), 88.6 (C), 84.0 (C), 45.1 (GH 32.6 (CH);**F NMR (282 MHz, CDCl3) & -79.9 (s,
2F); HRMS (ESI) m/z 303.0998 (M+H), GsH14F5 requires 303.0991.
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(R)-(-)-N-Benzyl-3,5-diphenylpent-4-ynamide (34)

Ph O A solution of benzylamine (37 pL, 0.336 mmol) in FKD.4
/\)L A~ mL) was added to a solution @Baa (20 mg, 0.048 mmol,
Ph Z |I:l| Ph 98%e¢6 in THF (0.6 mL) at 0 °C. After 2 h, water (1.0 jmL
34 was added ant the mixture extracted with,CH (10 mL),

washed with brine (15 mL), dried over Mg$SGand
concentrated under reduced pressure. Purificatipnfldsh chromatography gave
compound34 (11.7 mg, 73%). Enantiomeric excess (97%) was detexd by chiral
HPLC (Chiralcel OD-H), hexan®rOH 85:15, 1 mL/min, major enantiomer=t 17.9
min, minor enantiomes &£ 23.5 min.

Oil; [a]p*® —25.0 € 1.00, CHC}, 97%ed; 'H NMR (300 MHz, CDCls) § 7.49-7.45
(m, 2H), 7.37-7.26 (m, 8H), 7.22-7.15 (m, 5H), 5(80s, 1H), 4.53-4.44 (m, 2H), 4.38
(dd,J = 14.8, 5.6 Hz, 1H), 2.80-2.66 (m, 2H¥C NMR (75.5 MHz, CDCL) & 169.9
(C), 140.5 (C), 137.8 (C), 131.7 (2CH), 128.8 (2CH)8.6 (2CH), 128.2 (2CH), 128.1
(CH), 127.7 (2CH), 127.4 (3CH), 127.2 (CH), 1233),(90.0 (C), 84.1 (C), 46.0 (GH
43.7 (CH), 35.3 (CH); HRMS (ESI) m/z 341.1701 (M+H), @H.)NO requires
340.1696.
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5.4. Enantioselective conjugate alkynylation of a,p-unsaturated
trifluoromethyl ketones

5.4.1. Synthesis and characterization af,p-unsaturated trifluoromethyl ketones 35

a,p-Unsaturated trifluoromethyl ketones were synthes$iaccording to the procedure
described by Shreeve et®al.

Trifluoromethyltrimethylsilane (0.34 mL, 2.31 mmoNas added to a solution of the
required a,p-unsaturated methyl ester (1.85 mmol) in pentanemll) at room
temperature under nitrogen atmosphere. A 1 M swiutdf tetrabutylammonium
fluoride (TBAF) in THF (5uL, 0.046 mmol) was added at 0 °C and the reactiotune
was allowed to warm to room temperature and stifoedl8 h. Then, the solvent was
removed under reduced pressure. The residue wsaid in THF (1 mL) and treated
with 4 M aqueous HCI (1 mL). After 10 h, the reaotimixture was diluted with diethyl
ether (20 mL), washed with brine (10 mL), dried oMgSQ,, and concentrated under
reduced pressure. Purification by flash chromagggyaon silica gel eluting with
hexane:EtOAc (99:01) gave the corresponding en8hes

(E)-1,1,1-Trifluoro-4-phenylbut-3-en-2-one (35a)

0 Yellow oil; 90% yield;"H NMR (300 MHz, CDCl3) § 7.98 (d,J =
N~"“cp, 16.0Hz, 1H), 7.68-7.70 (m, 2H), 7.51-7.42 (m, 3HP3 (dd,] =
16.0, 0.8 Hz, 1H)**C NMR (75 MHz, CDCl3) § 179.5 (q,Jc.r =

35a 35.1 Hz, C), 146.9 (CH),139.3 (C),131.8 (CH), 13(00#1),126.5

(CH), 126.3 (CH),116.7 (CH),116.4 (dc.r = 290.9 Hz, CB, 18.9 (CH); °F NMR
(282 MHz, CDCh) 5 -78.3 (s, 3F). Data consistent with the literattire.

(E)-1,1,1-Trifluoro-4-(o-tolyl)but-3-en-2-one (35b)

Yellow oil, 85% yield;"H NMR (400 MHz, CDCl3) 6 8.31 (d,J =
15.8 Hz, 1H), 7.70-7.68 (m, 1H),7.39 (di, = 3.9, 1.4 Hz,
1H),7.29-7.25 (m, 1H), 6.96 (dd, = 15.8, 0.8 Hz, 1H),2.50 (s,
Me 35,  3H); *C NMR (100 MHz, CDCls) § 179.5 (q.Jc.r = 35.1 Hz, C),
146.9 (CH),139.3 (C),131.8 (CH), 130.9 (CH),126CH], 126.3
(CH),116.7 (CH),116.4 (qJcr = 290.9 Hz, CF), 18.9 (CH); F NMR (376 MHz,
CDCl3) § -78.3 (s, 3F). Data consistent with the literatife.

CF;

§1

(E)-1,1,1-Trifluoro-4-(m-tolyl)but-3-en-2-one (35c)

0 Yellow oil, 60% yield;*H NMR (300 MHz, CDCls) 5 7.88 (d,J =
N\ Nep, 160 Hz, 1H), 7.39-7.37 (m, 2H),7.31-7.26 (m, 2t9%H(dd,J =
16.0, 0.8 Hz, 1H), 2.50 (s, 3HY*C NMR (75 MHz, CDCls) §

35¢ 180.0 (q,Jc.F = 35.3 Hz, C), 150.4 (CH), 139.0 (C), 133.2 (CH),

Me 129.8 (CH), 129.1 (CH), 126.5 (CH), 116.4 (g, = 290.8 Hz,
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CRs), 116.3 (CH), 21.2 (CH); *F NMR (282 MHz, CDCls) § -78.1 (s, 3F). Data
consistent with the literaturé!

(E)-1,1,1-Trifluoro-4-(p-tolyl)but-3-en-2-one (35d)

0 Yellow oil, 89% yield*H NMR (300 MHz, CDCI3)57.95 (d,
/©/\)LCF3 J=15.9 Hz, 1H), 7.54 (d] = 8.1 Hz, 2H), 7.26 (d] = 8.0
Hz, 2H), 6.97 (ddJ = 15.9, 0.7 Hz, 1H), 2.41 (s, 3H)yC

Me 35d NMR (75 MHz, CDCI2)5180.0 (q,Jc.r = 35.3 Hz, C), 150.2
(CH), 143.4 (C), 130.7 (C), 130.0 (2CH), 129.3 (ICHL6.5 (q.Jc.r = 291.0 Hz, CB),

115.6 (CH), 21.7 (CH); **F NMR (282 MHz, CDCl3)8-78.2(s, 3F). Data consistent
with the literaturé?

(E)-1,1,1-Trifluoro-4-(2-methoxyphenyl)but-3-en-2-ong35¢)

0 Yellow oil, 63% yield:"H NMR (300 MHz, CDCl3) & 8.29 (d,J =
WCFS 16.0 Hz, 1H), 7.60 (dd] = 7.7, 1.7 Hz, 1H), 7.46 (ddd,= 8.5,
7.4, 1.7 Hz, 1H), 7.14 (dd,= 16.1, 0.9 Hz, 1H), 7.01 (td,= 7.5,
OMe 0.7 Hz, 1H), 6.96 (d] = 8.4 Hz, 1H), 3.93 (s, 3H}*C NMR (75.5

35e MHz, CDCl3) & 180.5 (q,Jc.= 34.6 Hz, C), 159.6 (C), 145.8
(CH), 133.7 (CH), 130.3 (CH), 122.4 (C), 120.9 (CHL7.1 (CH), 116.5 (QJc.=

290.9 Hz, CE), 111.4 (CH), 55.6 (CH; °F NMR (282 MHz, CDCls) 5 ~78.0 (s, 3F).
Data consistent with the literature.

(E)-1,1,1-Trifluoro-4-(4-methoxyphenyl)but-3-en-2-ong35f)

o Yellow oil, 73% yield;*H NMR (300 MHz, CDCls) § 7.94
/©/\)‘\CF (d, J = 15.8 Hz, 1H), 7.63-7.60 (m, 2H), 6.97-6.94 (iH)2

* 6.89 (ddJ=15.8, 0.8 Hz, 1H), 3.88 (s, 3HYC NMR (75.5
MeO 35f MHz, CDCl3) & 179.9 (q,Jcr = 35.3 Hz, C), 163.2 (C),
149.9 (CH), 131.4 (2CH), 126.2 (C), 116.4Jg= 290.9 Hz, CF), 114.8 (2CH), 114.1

(CH), 55.5 (CH); *F NMR (282 MHz, CDCl;) § -78.0 (s, 3F). Data consistent with
the literature®®

(E)-4-(2-Bromophenyl)-1,1,1-trifluorobut-3-en-2-one 859g)
0 Yellow oil, 54% yield;"H NMR (300 MHz, CDCl3) § 8.37 (d,J =
@(x)kca 16.0 Hz, 1H), 7.72 (dd] = 7.6, 1.9 Hz, 1H), 7.67 (dd,= 7.7, 1.6
Hz, 1H), 7.39-7.30 (m, 2H),6.99-6.94 (m, 2HC NMR (75
Br MHz, CDCl3) & 179.8 (q,Jcr = 35.7 Hz, C), 148.3 (CH), 136.7
35i (C), 133.9 (CH), 133.0 (CH), 128.1 (CH), 128.0 (CH)9.1 (CH),

116.3 (q,Jc.r = 290.9 Hz, CE); F NMR (282 MHz, CDCls) & -78.0 (s, 3F). Data
consistent with the literatur&®
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(E)-4-(3-Bromophenyl)-1,1,1-trifluorobut-3-en-2-one 85h)

0 Yellow oil, 63% yield;'H NMR (300 MHz, CDCl3) 6 7.87 (d,J =
Q/VK% 16.0 Hz, 1H), 7.78 (s, 1H), 7.61 (@= 8.0 Hz, 1H), 7.55 (d] =

7.8 Hz, 1H), 7.33 (t)o.== 7.9 Hz, 1H), 7.00 (dd] = 16.0, 0.8 Hz,

1H); **C NMR (75.5 MHz, CDCl;) & 179.8 (qJc.= 35.9 Hz, C),

Br 35) 148.2 (CH), 135.3 (C), 135.0 (CH), 131.6 (CH), T3(CH), 127.8

(CH), 123.3 (C), 117.9 (CH), 116.2 (G:.== 290.6 Hz, CB; *F NMR (282 MHz,
CDCl3) § -78.1 (s, 3F). Data consistent with the literatfe.

(E)-4-(4-Bromophenyl)-1,1,1-trifluorobut-3-en-2-one 85i)

o) Yellow oil, 75% yield;*"H NMR (300 MHz, CDCls) & 7.89
N Ngp, (dJ=16.0 Hz, 1H), 7.65-7.55 (m, 2H), 7.55-7.45 (rh))2
7.00 (ddJ = 16.0, 0.8 Hz, 1H)**C NMR (75.5 MHz, CDCls)
Br 35k § 179.9 (qJc-r = 35.3 Hz, C), 148.6 (CH), 132.6 (2CH), 132.2
(C), 130.4 (2CH), 127.0 (C), 117.1 (CH), 116.3 Jg+= 290.7 Hz, CE); °F NMR
(282 MHz, CDCh) 5 -78.1 (s, 3F). Data consistent with the literattire.

)

(E)-1,1,1-Trifluoro-4-(naphthalen-2-yl)but-3-en-2-one(35))

o} Yellow solid, mp 63-65 °C, 70% yield*H NMR (300 MHz,
\“gp, CDCly) 8 8.13 (d.J = 15.9 Hz, 1H), 8.06 (s, 1H), 7.92-7.85
OO (m, 3H), 7.73 (dd,) = 8.7, 1.8 Hz, 1H), 7.62-7.53 (m, 2H),
6sl 7.12 (dd,J = 15.9, 0.8 Hz, 1H)*C NMR (75.5 MHz,
CDCl3) § 180.0 (g,Jer = 35.2 Hz, C), 150.2 (CH), 135.1 (C), 133.1 (C32F (CH),
130.8 (C), 129.1 (CH), 129.0 (CH), 128.4 (CH), B2{CH), 127.1 (CH), 123.3 (CH),
116.6 (CH), 116.4 (qJc.r= 290.8 Hz, CE); °F NMR (282 MHz, CDCls) § -78.0 (s,
3F). Data consistent with the literatdfé.

(E)-1,1,1-Trifluoro-4-(thiophen-2-yl)but-3-en-2-one 85k)

0 Yellow solid, 50% yield*H NMR (500 MHz, CDCls) 5 7.84 (d,J
So N\ Angp, =165 Hz, 1H), 7.34 (d) = 5.0 Hz, 1H), 7.25 (d) = 3.7 Hz, 1H),
\ | * 6.92 (dd,J = 5.0, 3.7 Hz, 1H), 6.55 (d] = 15.6 Hz, 1H). Data

consistent with the literatur&?
Synthesis of E)-1,1,1-trifluoro-6-phenylhex-3-en-2-one (35I)
(E)-5-Phenylpent-2-en-1-ol

DIBAL-H (4.2 mL, 4.20 mmol, 1 M in toluene) was athto
OH  a solution of methylE)-5-phenylpent-2-enoate (400 mg, 2.10

mmol) in THF (5 mL) at-78 °C under nitrogen atmosphere.
After 4 h, saturated agueous Roche’s salt solyBamL) and ethyl acetate (6 mL) were
added and the mixture stirred for 1 h. The orgdeyer was separated and dried over
anhydrous MgS@and evaporated under reduced pressure. The resmiiurified by

2
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column chromatography to giv&)5-phenylpent-2-en-1-ol (320 mg, 94%H NMR
(300 MHz, CDCl) & 7.32-7.27 (m, 2H), 7.22-7.18 (m, 3H), 5.78-5.63 2H), 4.09 (d,

J =5.0 Hz, 2H), 2.75-2.68 (m, 2H), 2.43-2.37 (m,)2H46 (br s, 1H). Data consistent
with the literaturé?

(E)-5-Phenylpent-2-enal

MnO, (2.97 g, 34.2 mmol) was added to a stirred sahutib(E)-
W 5-phenylpent-2-en-1-ol (300 mg, 1.86 mmol) in dxbinethane

(16 mL) at room temperature under nitrogen atmosphifter 72

h, dichloromethane was evaporated and the resuttinge was
purified by column chromatography to give){5-phenylpent-2-enal as a liquid (278
mg, 93%)."H NMR (300 MHz, CDCls) § 9.50 (d,J = 7.8 Hz, 1H), 7.34-7.29 (m, 2H),

7.24-7.18 (m, 3H), 6.87 (df,= 15.6, 6.6 Hz, 1H), 6.14 (ddt= 15.7, 7.9, 1.5 Hz, 1H),
2.87-2.82 (m, 2H), 2.71-2.63 (m, 2H). Data consisteth the literaturé*

(E)-1,1,1-Trifluoro-6-phenylhex-3-en-2-ol

OH A 1 M solution of TBAF in THF (0.16 mL, 0.156 mmaMNas
X CF, added to a solution oEj-5-phenylpent-2-enal (250 mg, 1.56
mmol) and TMSCE (0.3 mL, 2.06 mmol) in pentane (1 mL)
at 0 °C under nitrogen atmosphere. The mixturestieed at
room temperature for 24 h and pentane was evapbuaiger reduced pressure. THF (1
mL) and 4 M aqueous HCI (1 mL) were added, andntiddure was stirred for 24 h.
Then, the organic layer was separated, dried onbBydrous MgS® and evaporated
under reduced pressure. Purification by column mlatography gave Hj-1,1,1-
trifluoro-6-phenylhex-3-en-2-ol (340 mg, 94%H NMR (300 MHz, CDCls) & 7.34-
7.18 (m, 5H), 6.07-5.98 (m, 1H), 5.55 (db= 15.5, 6.8 Hz, 1H), 4.44-4.34 (m, 1H),
2.78-2.73 (m, 2H), 2.49-2.42 (m, 2H), 2.24 J& 5.6 Hz, 1H). Data consistent with the

literature*®

(E)-1,1,1-Trifluoro-6-phenylhex-3-en-2-one (35I)

0 Dess-Martin periodinane (720 mg, 1.70 mmol) waseddad
X one portion to a solution oEjf-1,1,1-trifluoro-6-phenylhex-3-
CFs  en-2-of (300 mg, 1.30 mmol) in dichloromethane (26) at

room temperature under nitrogen atmosphere. Aften,4he

resulting suspension was poured into 3 mL of a rhitture of saturated aqueous
NaS,0; solution and saturated aqueous NaHQOlution. The organic layer was
washed with water, dried over Mgg@nd evaporated. The residue was purified by
column chromatography to gi\dsl (200 mg, 67%).

351

Oil; *H NMR (300 MHz, CDCl3) § 7.33-7.11 (m, 6H), 6.36 (dd,= 15.8, 1.1 Hz, 1H),
2.81-2.76 (m, 2H), 2.64-2.56 (m, 2HJC NMR (75.5 MHz, CDCl;) § 179.7 (qJc.r =
35.3 Hz, C), 155.2 (CH), 139.9 (C), 128.6 (2CH)8R2(2CH), 126.5 (CH), 121.9
(CH), 116.4 (qJc.= 290.8 Hz, CE), 34.8 (CH), 33.8 (CH); F NMR (282 MHz,
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CDCl3) 6 -78.0 (s, 3FHRMS (ESI) m/z 228.0754 (M+H), @&H11F30 requires
228.0762.

5.4.2. Enantioselective conjugate addition of termal alkynes to 1,1,1-
trifluoromethyl-3-en-2-ones

5.4.2.1. General procedure for the enantioselective alkynylation reaction

[Cu(CHCN)4BF4 (1.1 mg, 0.0034 mmol) andR)-L31 (4.1 mg, 0.0034 mmol) were
added to a dried round bottom flask which was padinggh nitrogen. Toluene (0.2 mL)
was added via syringe and the mixture was stiroed.f5 h at room temperature under
nitrogen atmosphere. Then, a solution ogff-unsaturated trifluoromethyl ketor&b
(0.144 mmol) in toluene (1.0 mL)was added via gyeinfollowed of triethylamine (2
puL, 0.0144 mmol). The solution was stirred for 1éhmat room temperature. Then,
alkyne 2 (0.188 mmol) was added via syringe and the solutias stirred at room
temperature until the reaction was complete (TO®) reaction mixture was quenched
with 20% aqueous NI (1.0 mL), extracted with C¥l, (2 x 15 mL), washed with
brine (15 mL), dried over MgSCand concentrated under reduced pressure. Pupficat
by flash chromatography on silica gel eluting whlexane:ethyl acetate mixtures
afforded compoun@3.

5.4.2.2. General procedure for the synthesis of the racemic products

Racemic compound83 were prepared by following the general procedusengi
racemic ligand (x)-31.

5.4.2.3. Characterization of products 33
See Table 12 (Page 66) for yields.
(9)-1,1,1-Trifluoro-6-phenyl-4-(o-tolyl)hex-5-yn-2-one (33ba)

Enantiomeric excess (98%) was determined by chi#aLC

(Chiralcel OD-H), hexan#rOH 99:01, 1 mL/min, major
Me 0 enantiomer,t= 12.2 min, minor enantiomers 10.5 min.
= CF,

Ph 33ba Oil; [0]p?°+3.9 € 1.08, CHC}, 98%ed; *H NMR (300 MHz,

CDCls) § 7.54-7.51 (m, 1H), 7.38-7.34 (m, 2H), 7.26-7.15 (m
6H), 4.63 (ddJ = 9.2, 5.1 Hz, 1H), 3.33 (ddd,= 18.0, 9.2, 0.5 Hz, 1H), 3.09 (ddi=
18.0, 5.1 Hz, 1H), 2.40 (s, 3HYC NMR (75.5 MHz, CDCly) & 188.7 (q,Jc.r = 36.1
Hz, C), 137.5 (C), 135.0 (C), 131.7 (2CH), 130.84{C128.2 (2CH), 128.2 (CH), 127.6
(CH), 127.3 (CH), 126.7 (CH), 122.9 (C), 115.4Jg= 291.8 Hz, C), 88.7 (C), 83.5
(C), 43.6 (CH), 29.3 (CH),19.2 (CH; °F NMR (282 MHz, CDCls) 5 -79.8 (s,
3F)HRMS (ESI) m/z 317.1140 (M+H), GoH16F:O requires 317.1153.
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(R)-1,1,1-Trifluoro-6-phenyl-4-(m-tolyl)hex-5-yn-2-one (33ca)

Me Enantiomeric excess (96%) was determined by ciiaLC
(Chiralcel OD-H), hexan&rOH 99:01, 1 mL/min, major
o enantiomert= 6.5 min, minor enantiomers 5.5 min.
P son s 0il: [0]o®+0.5 € 1.00, CHCH, 96%e8: *H NMR (300 MHz,

CDCl3) 8 7.42-7.36 (m, 2H), 7.32-7.23 (m, 6H), 7.10-7.07, (m
1H), 4.42 (dd,) = 8.4, 5.9 Hz, 1H), 3.35 (ddd,= 18.1, 8.4, 0.5 Hz, 1H), 3.13 (di#i=
18.1, 5.9 Hz, 1H), 2.39 (s, 3H)*C NMR (75.5 MHz, CDCl) & 188.6 (q,Jc.r= 36.0
Hz, C), 139.4 (C), 138.7 (C), 131.7 (2CH), 128.8JC128.4 (CH), 128.2 (2CH), 128.1
(CH), 124.4 (CH), 122.9 (C), 115.3 (@;.r = 292.2 Hz, CF), 88.7 (C), 83.8 (C), 45.1
(CH,), 32.5 (CH),21.4 (CH; *F NMR (282 MHz, CDCl;) & -79.9 (s, 3F)HRMS
(ESI) m/z 317.1149 (M+H), GH1¢Fs0 requires 317.1153.

(R)-1,1,1-Trifluoro-6-phenyl-4-(p-tolyl)hex-5-yn-2-one (33da)

Me Enantiomeric excess (95%) was determined by ciiaLC
(Chiralcel OD-H), hexan&®rOH 99:01, 1 mL/min, major

enantiomer,t= 6.1 min, minor enantiomer 5.6 min.
(0]

Oil; [0]o*°-0.5 € 1.05, CHC}, 95%ed; 'H NMR (300 MHz,
CDCls) & 7.43-7.40 (m, 2H), 7.36-7.29 (m, 5H), 7.19-7.17, (m
2H), 4.45 (ddJ = 8.1, 6.1 Hz, 1H), 3.37 (ddd,= 18.2, 8.2, 0.5
Hz, 1H), 3.17 (ddJ = 18.2, 6.1 Hz, 1H), 2.35 (s, 3HJC NMR (75.5 MHz, CDCl) &
188.6 (g,Jc.r = 36.1 Hz, C), 137.4 (C), 136.5 (C), 131.7 (2CH9.6 (2CH), 128.2
(2CH), 128.2 (CH), 127.2 (2CH), 122.9 (C), 115.3Jg= 291.1 Hz, CB), 88.8 (C),
83.8 (C), 45.1 (Ch), 32.2 (CH),21.0 (CH); **F NMR (282 MHz, CDCls) § -79.9 (s,
3F)HRMS (ESI) m/z 317.1142 (M+H), GH16F30 requires 317.1153.

= CF3
Ph 33da

(R)-1,1,1-Trifluoro-4-(4-methoxyphenyl)-6-phenylhex-5yn-2-one (33fa)

OMe Enantiomeric excess (94%) was determined by chitalL.C
(Chiralcel OD-H), hexan#rOH 95:05, 1 mL/min, major

enantiomer,t= 12.6 min, minor enantiomers 12.0 min.
O

P cr, Ol [#]p?° -5.6 €1.02, CHC}, 94%ed; *H NMR (300 MHz,

e CDCl3) & 7.43-7.38 (m, 3H), 7.37-7.35 (m, 1H), 7.31-7.29 (m
33fa 3H), 6.92-6.87 (m, 2H), 4.44 (dd,= 7.9, 6.4 Hz, 1H), 3.81 (s,

3H), 3.36 (ddd,) = 18.1, 8.0, 0.6 Hz, 1H), 3.16 (dd#i= 18.1, 6.3, 0.4 Hz, 1H)*C
NMR (75.5 MHz, CDCls) § 188.6 (qJc.= 35.9 Hz, C), 159.0 (C), 131.7 (2CH), 131.5
(C), 128.5 (2CH), 128.2 (2CH), 128.2 (CH), 122.9,(C15.3 (qJc.= 291.8 Hz, CB),
114.3 (2CH), 88.9 (C), 83.8 (C), 55.3 (§H45.3 (CH), 31.9 (CH);"°F NMR (282
MHz, CDCls) & -79.9 (s, 3F);HRMS (ESI) m/z 333.1097 (M+H), GHieFsO,
requires 333.1102.
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(9)-4-(2-Bromophenyl)-1,1,1-trifluoro-6-phenylhex-5-y-2-one (33ga)

Enantiomeric excess (98%) was determined by chitalL.C
(Chiralcel OD-H), hexan#rOH 99:01, 1 mL/min, major

Br Q enantiomer,t= 7.5 min, minor enantiomerz 7.1 min.
Z CFhs 20 1
Ph Oil; [a]p™" -8.4 (€ 0.89, CHCY, 98%ee; "H NMR (300 MHz,
33ga CDCl3) & 7.80 (dd,J = 7.8, 1.7 Hz, 1H), 7.46-7.42 (m, 2H), 7.38

(td, J = 7.6, 1.3 Hz, 1H), 7.33-7.30 (m, 3H), 7.19 {dd; 7.8, 1.7 Hz, 1H), 4.91 (§ =
6.9 Hz, 1H), 3.25 (dJ = 7.0 Hz, 2H):**C NMR (75.5 MHz, CDCl;) & 188.2 (q.Jc..=
36.1 Hz, C), 138.3 (C), 133.2 (CH), 131.7 (2CH)9.B(CH), 129.3 (CH), 128.4
(CH),128.3 (2CH), 128.1 (CH), 123.0 (C), 122.6 (T)5.4 (9.Jc.r = 291.9 Hz, CB),
87.4 (C), 84.8 (C), 43.3 (G 32.8 (CH);**F NMR (282 MHz, CDCls) & -79.7 (s,
3F); HRMS (ESI) m/z 381.0095/383.0074 (M+H) 100/97.3,48:3BrFs;O requires
381.0102/383.0081.

(R)-4-(3-Bromophenyl)-1,1,1-trifluoro-6-phenylhex-5-yn-2-one (33ha)

Br Enantiomeric excess (93%) was determined by chiteaLC
(Chiralcel OD-H), hexan®rOH 95:05, 1 mL/min, major
O enantiomer,t= 7.2 min, minor enantiomers 5.4 min.
o CFs 0l [a]52°+3.9 € 0.61, CHCY, 93%e8; *H NMR (300 MHz,
33ha CDCl3) § 7.62 (t,J = 1.9 Hz, 1H), 7.45-7.37 (m, 4H), 7.33-7.30

(m, 3H), 7.24 (tJ = 7.8 Hz, 1H), 4.46 (dd] = 8.1, 6.0 Hz, 1H),
3.38 (dddJ = 18.3, 8.1, 0.5 Hz, 1H), 3.17 (d#i= 18.3, 6.0 Hz, 1H)**C NMR (75.5
MHz, CDCl3) & 188.2 (q,Jcr = 36.1 Hz, C), 141.7 (C), 131.7 (2CH), 130.9 (CH),
130.6 (CH), 130.5 (CH), 128.5 (CH), 128.3 (2CH)p12(CH), 122.9 (C), 122.5 (C),
115.3 (q,Jc.r = 291.6 Hz, CE), 87.7 (C), 84.5 (C), 44.9 (GY 32.2 (CH):*F NMR
(282 MHz, CDCkL) & -79.8 (s, 3F); HRMS (ESI) m/z 381.0097/383.0076
(M+H)100/97.3, GgH13BrF;0 requires 381.0102/383.0081.

(R)-4-(4-Bromophenyl)-1,1,1-trifluoro-6-phenylhex-5-y-2-one (33ia)

Br Enantiomeric excess (90%) was determined afterdggiration
of the triple bond (see section 5.4.2.4.)

o) Oil; [a]p® -1.8 (€1.04, CHC}, 90%ed; *H NMR (300 MHz,
CDCl3) & 7.53-7.48 (m, 2H), 7.43-7.40 (m, 2H), 7.36-7.3Q (m
5H), 4.45 (ddJ = 7.5, 6.6 Hz, 1H), 3.38 (ddd,= 18.3, 7.8, 0.5

33ia Hz, 1H), 3.17 (ddd) = 18.3, 6.0, 0.3 Hz, 1H}’C NMR (75.5
MHz, CDCls) & 188.3 (q,Jc.r = 36.1 Hz, C), 138.5 (C), 132.0 (2CH), 131.6 (2CH)
129.2 (2CH), 128.4 (CH), 128.3 (2CH), 122.5 (C)1.B2(C), 115.2 (qJc.r = 291.7 Hz,
CFs), 114.3 (2CH), 87.9 (C), 84.3 (C), 44.8 (§H32.1 (CH);'*F NMR (282 MHz,
CDCl3) & -79.8 (s, 3F);HRMS (ESI) m/z 381.0097/383.0076 (M+H)100/97.3,
C1gH13BrF0 requires 381.0102/383.0081.

= CFs
Ph
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(R)-1,1,1-Trifluoro-4-(naphthalene-2-yl)-6-phenylhexs-yn-2-one (33ja)

Enantiomeric excess (94%) was determined by chi@aLC
(Chiralcel OD-H), hexan#rOH 99:01, 1 mL/min, major
O enantiomert= 14.7 min, minor enantiomers 10.7 min.
O

Oil; [#]p?°-11.6 € 0.99, CHC}, 94%ed; *H NMR (300 MHz,

o Z 7 P cpely) 5 7.93-7.84 (m, 4H), 7.59-7.44 (m, 5H), 7.35-7.3Q (M

33ja 3H), 4.67 (dd,J = 8.1, 6.1 Hz, 1H), 3.48 (dd,= 18.2, 8.2, 1H),
3.30 (dd,J = 18.2, 6.1 Hz, 1H)**C NMR (75.5 MHz, CDCls) 6 188.5 (q,Jc.r = 36.0
Hz, C), 136.8 (C), 133.4 (C), 132.8 (C), 131.7 (3CHR8.9 (CH), 128.3 (CH), 128.3
(2CH), 127.9 (CH), 127.7 (CH), 126.5 (CH), 126.3H)C126.2 (CH), 125.2 (CH),
122.8 (C), 115.4 (qcr = 291.9 Hz, CE), 88.6 (C), 84.2 (C), 44.9 (GH 32.8 (CH);
F NMR (282 MHz, CDCls) & -79.8 (s, 3F)HRMS (ESI) m/z 353.1149 (M+H),
CaoH16F30 requires 353.1153.

(9)-1,1,1-Trifluoro-6-phenyl-4-(thiophen-2-yl)hex-5-yn-2-one (33ka)

- Enantiomeric excess (94%) was determined by chit@aLC
S\ o) (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min, major

enantiomer,t= 5.0 min, minor enantiomers 4.6 min.
Z CF3

Ph 33ka Oil; [@]p?®-4.4 € 0.86, CHC}, 94%ed; 'H NMR (300 MHz,
CDCl3) § 7.44-7.41 (m, 1H), 7.32-7.30 (m, 3H), 7.24 (dc 5.1, 1.2 Hz, 1H), 7.09-
7.07 (m, 1H),6.96 (dd] = 5.1, 3.5 Hz, 1H), 4.79 (§,= 7.0 Hz, 1H), 3.45 (ddd}, = 18.4,
7.6, 0.5 Hz, 1H), 3.27 (ddd,= 18.4, 6.4, 0.4 Hz, 1H}*C NMR (75.5 MHz, CDCL) &
188.2 (q,Jc.r = 36.1 Hz, C), 142.6 (C), 131.7 (2CH), 128.4 (CH}B.3 (2CH), 126.9
(CH),128.4 (CH), 125.3 (CH), 124.8 (CH), 122.5 (C&}5.3 (qJc.r = 291.7 Hz, CB),
87.9 (C), 83.6 (C), 45.3 (Gl 27.8 (CH);'®F NMR (282 MHz, CDCls) & -79.8 (s,
3F); HRMS (ESI) m/z 309.0560 (M+H), GH1,F0S requires 309.0561.

(R)-6-(3,5-Dimethoxyphenyl)-1,1,1-trifluoro-4-phenyllex-5-yn-2-one (33ak)

Ph O Enantiomeric excess (96%) was _determined by chiral
HPLC (Chiralcel OD-H), hexan®OH 95:05, 1

g CF
MeO = ® mL/min, major enantiomer,t= 10.6 min, minor
enantiomer,t= 8.5 min.
33ak
OMe Oil; [a]p?® -0.6 € 0.95, CHC}, 96% ed; *H NMR

(300 MHz, CDCk) & 7.48-7.28 (m, 5H), 6.58 (d,= 2.3 Hz, 2H), 6.44 (1) = 2.3 Hz,
1H), 4.48 (ddJ = 8.1, 6.1 Hz, 1H), 3.78 (s, 6H), 3.39 (ddds 18.2, 8.1, 0.5 Hz, 1H),
3.19 (ddd,J = 18.2, 6.1, 0.5 Hz, 1H}*C NMR (75.5 MHz, CDCl)  188.5 (qJcr =
36.1 Hz, C), 160.5 (2C), 139.4 (C), 128.9 (2CH)7.T2(CH), 127.4 (2CH), 124.1 (C),
115.3 (q,Jc.r = 291.9 Hz, CB), 109.5 (2CH), 101.7 (CH), 88.2 (C), 83.9 (C), &5.
(2CHs), 45.0 (CH), 32.6 (CH)!F NMR (282 MHz, CDCly) 5 -79.9 (s, 3F)HRMS
(ESI) m/z 363.1198 (M+H), GoH1sFs05 requires 363.1208.
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(R)-1,1,1-Trifluoro-6-(4-methoxyphenyl)-4-phenylhex-5yn-2-one (33ab)

Ph O Enantiomeric excess (94%) was determined by chiral
HPLC (Chiralcel OD-H), hexan®OH 95:05, 1
mL/min, major enantiomer,t= 8.5 min, minor
enantiomert= 6.8 min.

4 CF3
MeO 33ab

Oil; [a]p*®-5.9 € 0.95, CHC}, 94%e8d); 'H NMR (300 MHz, CDCls) & 7.38-7.35 (m,
2H), 7.30-7.16 (m, 5H), 6.75-6.72 (m, 2H), 4.38,(d¢ 8.1, 6.2 Hz, 1H), 3.71 (s, 3H),
3.28 (dd,J = 18.1, 8.2 Hz, 1H), 3.08 (dd,= 18.1, 6.0 Hz, 1H)}*C NMR (75.5 MHz,
CDCl3) & 188.6 (q.Jc.r = 36.0 Hz, C), 159.6 (C), 139.7 (C), 133.1 (2C18.9 (2CH),
127.6 (CH), 127.4 (2CH), 115.3 (@ = 291.9 Hz, CP), 114.9 (C), 113.9 (2CH), 87.1
(C), 83.8 (C), 55.3 (Ch), 45.2 (CH), 32.7 (CH);**F NMR (282 MHz, CDCls)  -79.9
(s, 3F);HRMS (ESI) m/z 333.1097 (M+H), @H16F30, requires 333.1102.

(R)-1,1,1-Trifluoro-6-(3-fluorophenyl)-4-phenylhex-5yn-2-one (33ag)

Ph O Enantiomeric excess (95%) was determined by chiral
HPLC (Chiralcel OD-H), hexan®&rOH 99:01, 1 mL/min,
major enantiomer; & 12.8 min, minor enantiomer 8.5

Z CF3

Oil; [a]p*®-4.7 € 0.93, CHC}, 95%e8d); *H NMR (300 MHz, CDCls) & 7.46-7.18 (m,
7H), 7.11 (ddd) = 9.4, 2.5, 1.4 Hz, 1H), 7.02 (tddi= 8.3, 2.6, 1.3 Hz, 1H), 4.48 (dd,
= 8.2, 6.0 Hz, 1H), 3.39 (dd,= 18.2, 8.3 Hz, 1H), 3.19 (dd,= 18.2, 6.0 Hz, 1H)}*C
NMR (75.5 MHz, CDCls) 8 188.4 (qJc.r = 36.1 Hz, C), 162.3 (dic.r = 246.4 Hz, C),
139.2 (C), 129.8 (dJcr = 8.7 Hz, CH), 129.0 (2CH), 127.8 (CH), 127.6 J&.= 3.0
Hz, CH), 127.4 (2CH), 124.6 (de.r = 9.5 Hz, C), 118.5 (dlc. = 22.8 Hz, CH), 115.6
(d, Je.e = 21.2 Hz, CH), 115.3 (dc.r = 291.9 Hz, CE), 89.6 (C), 82.8 (dlc.r = 3.4 Hz,
C), 44.9 (CH), 32.6 (CH);**F NMR (282 MHz, CDCls) & =79.9 (s, 3F), 113.5 (s, 1F);
HRMS (ESI) m/z 321.0895 (M+H), GsH13F4O requires 321.0903.

(R)-1,1,1-Trifluoro-6-(4-fluorophenyl)-4-phenylhex-5yn-2-one (33ac)

Ph O Enantiomeric excess (95%) was determined by chiral
P CF, HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min,
= major enantiomer; &£ 10.5 min, minor enantiomer 7.6
. 33ac min.

Oil; [0]p*°~1.4 € 0.87, CHC}, 95%e8; *H NMR (300 MHz, CDCls) § 7.47-7.28 (m,
7H), 7.03-6.96 (m, 2H), 4.48 (dd= 8.2, 6.0 Hz, 1H), 3.38 (dd,= 18.2, 8.3 Hz, 1H),
3.18 (dd,J = 18.2, 5.9 Hz, 1H)**C NMR (75.5 MHz, CDCls) & 188.5 (qJc.r = 36.1
Hz, C), 162.5 (dJc.r = 249.4 Hz, C), 139.4 (C), 133.5 (@.r = 8.4 Hz, 2CH), 129.0
(2CH), 127.7 (CH), 127.4 (2CH), 118.9 (@, = 3.6 Hz, C), 115.5 (dlc.r = 22.1 Hz,
2CH), 115.3 (qJc.r = 291.9 Hz, CF), 88.3 (C), 82.9 (C), 45.0 (G 32.6 (CH);*F
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NMR (282 MHz, CDCls) & -79.9 (s, 3F), 111.5 (s, 1F{RMS (ESI) m/z 321.0895
(M+H), C1gH13F40 requires 321.0903.

(R)-6-(4-Chlorophenyl)-1,1,1-trifluoro-4-phenylhex-5yn-2-one (33ad)

Ph O Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralcel OD-H), hexan®OH 99:01, 1
mL/min, major enantiomert= 10.9 min, minor
enantiomert= 8.2 min.

= CF3

Cl 33ad

Oil; [0]p?°-2.8 € 1.04, CHC}, 92%e8; *H NMR (300 MHz, CDCls) § 7.47-7.26 (m,
9H), 4.48 (dd,) = 8.3, 6.0 Hz, 1H), 3.38 (ddd,= 18.2, 8.3, 0.5 Hz, 1H), 3.18 (dii=
18.2, 6.0 Hz, 1H)**C NMR (75.5 MHz, CDCl;) 6 188.5 (q.Jc.r = 36.1 Hz, C), 139.2
(C), 134.3 (C), 132.9 (2CH), 129.0 (2CH), 128.6 KBC127.7 (CH), 127.3 (2CH),
121.3 (C), 115.3 (qlc.r = 291.8 Hz, CF), 89.6 (C), 82.9 (C), 45.0 (G} 32.6 (CH)*°F
NMR (282 MHz, CDCls) & -79.9 (s, 3F);HRMS (ESI) m/z 337.0599 (M+H),
C18H13CIF30 requires 337.0605.

(R)-1,1,1-Trifluoro-4-phenyl-6-(thiophen-3-yl)hex-5-yn-2-one (33ae)

Ph O Enantiomeric excess (94%) was determined by chHRILC
P CF, (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min, major
g / Z enantiomer,t= 12.3 min, minor enantiomerzt 10.3 min.
S 33ae Oil; [0]o®® 4.4 € 0.86, CHC}, 94% ed; 'H NMR (300

MHz, CDCl3) & 7.32-7.19 (m, 10H), 7.23-7.17 (m, 1H), 4.47 (dd; 8.1, 6.1 Hz, 1H),
3.38 (ddd,J = 18.2, 8.2, 0.5 Hz, 1H), 3.18 (dii= 18.2, 6.1 Hz, 1H)**C NMR (75.5
MHz, CDCls3) & 188.5 (g,Jcr = 36.2 Hz, C), 139.4 (C), 129.9 (CH), 128.9 (2CH),
128.7 (CH), 127.7 (CH), 127.4 (2CH), 125.2 (CH)1B(C), 115.3 (qJc.r = 291.9 Hz,
CFs), 88.2 (C), 79.1 (C), 45.0 (GH 32.6 (CH);**F NMR (282 MHz, CDCls) 5 -79.9

(s, 3F)HRMS (ESI)m/z 309.0558 (M+H), @H12F30S requires 309.0561.

(R)-1,1,1-Trifluoro-4,8-diphenyloct-5-yn-2-one (33af)

Ph O Enantiomeric excess (78%) was determined by chiral
A/\)kCF HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min,
= ’ major enantiomer; t= 10.8 min, minor enantiomer + 8.6
Ph 33af -
min.

Oil;[a]p*°-1.6 € 0.57, CHC}, 78%ed; 'H NMR (300 MHz, CDCls) § 7.47-7.24 (m,
7H), 4.23-4.17 (m, 1H), 3.19 (dd= 18.0, 8.2 Hz, 1H), 3.02 (dd,= 18.2, 5.8 Hz, 1H),
2.81 (t,J = 7.4 Hz, 2H), 2.50 (td] = 7.4, 2.1 Hz, 2H)**C NMR (75.5 MHz, CDCly) &
188.6 (q,Jcr = 35.8 Hz, C), 140.6 (C), 140.0 (C), 128.8 (2CH)8.5 (2CH), 128.3
(2CH), 127.4 (CH), 127.3 (2CH), 126.3 (CH), 1153).c = 291.7 Hz, CF), 83.5 (C),
80.1 (C), 45.3 (Ch), 35.0 (CH), 32.0 (CH),20.8 (Ch); *°F NMR (282 MHz, CDCl,)
6 =79.9 (s, 3F)HRMS (ESI) m/z 331.1303 (M+H), GH1sF30 requires 331.1310.
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(9)-1,1,1-Trifluoro-6-(3-fluorophenyl)-4-(o-tolyl)hex-5-yn-2-one (33bg)

Enantiomeric excess (98%) was determined by chiRILC
O (Chiralcel OD-H), hexan&®rOH 99:01, 1 mL/min, major
Me o enantiomert= 14.5 min, minor enantiomegr 11.7 min.

= CFs 0il; [a]o®® -8.2 ¢ 0.96, CHC4, 98% ed: H NMR (300

O 33bg MHz, CDCl3) 5 7.84-7.81 (m, 1H), 7.58-7.45 (m, 5H), 7.38
(ddd,J = 9.4, 2.5, 1.4 Hz, 1H), 7.33-7.26 (m, 1H), 4.6,

F = 9.1, 5.1 Hz, 1H), 3.66 (ddd,= 18.1, 9.1, 0.4 Hz, 1H), 3.43

(dd,J = 18.1, 5.1 Hz, 1H), 2.73 (s, 3HJC NMR (75.5 MHz, CDCl) 5 188.6 (qJc.r

= 36.1 Hz, C), 162.3 (d] = 246.4 Hz, C), 137.2 (C), 135.0 (C), 131.0 (CH)9.8 (d,
Jor = 8.7 Hz, CH), 127.7 (CH), 127.5 (&.~= 3.1 Hz, CH), 127.2 (CH), 126.8 (CH),
124.7 (dJcr = 9.5 Hz, C), 118.5 (dlc.r = 22.8 Hz, CH), 115.6 (dc.r = 21.2 Hz, CH),
115.4 (g,Jo-r = 291.8 Hz, CE), 89.8 (C), 82.3 (dJc.r = 3.3 Hz, C), 43.4 (Ch), 29.2
(CH), 19.2 (CH); *°F NMR (282 MHz, CDCly) § -79.8 (s, 3F), 113.5 (s, 1M{RMS
(ESI) m/z 335.1050 (M+H), GsH1sF4O requires 335.1059.

(9-1,1,1-Trifluoro-8-phenyl-4-(o-tolyl)oct-5-yn-2-ore (33bf)

Enantiomeric excess (90%) was determined after

" o hydrogenation of triple bond (see section 5.4.2.4.)
e

P cr, Oil; [a]p™ -2.3 (€ 0.81, CHC}, 90% ed); *H NMR (300

MHz, CDCls) § 7.41-7.17 (m, 9H), 4.41 (ddi,= 9.3, 4.6,
2.2 Hz, 1H), 3.20 (ddd] = 18.1, 9.3, 0.5 Hz, 1H), 3.00 (dd,
J=18.0, 5.0 Hz, 1H), 2.83 (§,= 7.4 Hz, 2H), 2.51 (td] = 7.3, 2.1 Hz, 2H), 2.38 (s,
3H); °C NMR (75.5 MHz, CDCl;) & 188.8 (qJc.r = 36.0 Hz, C), 140.6 (C), 138.1 (C),
134.8 (C), 130.7 (CH), 128.5 (2CH), 128.3 (2CH)7#2(CH), 127.1 (CH), 126.6 (CH),
126.2 (CH), 115.4 (qlcr = 291.9 Hz, CB), 82.9 (C), 80.3 (C), 43.8 (GM 35.0 (CH),
28.5 (CH),20.8 (Ch), 19.1 (CH); F NMR (282 MHz, CDCl;) & -79.8 (s, 3F);
HRMS (ESI) m/z 345.1457 (M+H), GiH20Fs0 requires 345.1466.

Ph 33bf

(9)-4-(2-Bromophenyl)-1,1,1-trifluoro-6-(4-methoxypheayl)hex-5-yn-2-one (33gb)

Enantiomeric excess (98%) was _determined by chiral
HPLC (Chiralcel OD-H), hexan®OH 95:05, 1
Br O . . . . .
mL/min, major enantiomer,t= 8.2 min, minor
= CF3 enantiomer;t= 7.2 min.
MO O 33gb Oil; [e]o® -13.6 € 1.07, CHC}, 98% ed; *H NMR

(300 MHz, CDCk) & 7.80 (dd,J = 7.8, 1.7 Hz, 1H),
7.58 (ddJ = 7.9, 1.3 Hz, 1H), 7.40-7.34 (m, 3H), 7.21-7.4§ (H), 6.87-6.81 (m, 2H),
4.89 (t,J = 6.9 Hz, 1H), 3.81 (s, 3H), 3.23 (@~ 6.8 Hz, 2H);*C NMR (75.5 MHz,
CDCl3) 6 188.3 (qJc.r = 36.1 Hz, C), 159.7 (C), 138.5 (C), 133.2 (CH331 (2CH),
129.7 (CH), 129.3 (CH), 128.1 (CH), 123.0 (C), ¥y, Jo.r = 292.0 Hz, CB), 114.7
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(C), 113.9 (2CH), 86.0 (C), 84.6 (C), 55.3 (§H3.4 (CH), 32.8 (CH);"*F NMR (282
MHz, CDCl3) 6 -79.7 (s, 3F)HRMS (ESI)m /z 411.0205/413.0184 (M+H)100/97.3,
C19H15BrFs0; requires 411.0208/413.0187.

(S)-4-(2-Bromophenyl)-1,1,1-trifluoro-6-(3-fluorophenyl)hex-5-yn-2-one (33g9g)

Enantiomeric excess (98%) was determined by cHRILC
5 o (Chiralcel OD-H), hexan&rOH 99:01, 1 mL/min, major
r enantiomer,t= 11.3 min, minor enantiomert 10.1 min.

= CFs 20 1
O Oil; [a]p~ +0.3 € 0.98, CHC}, 98% ee; "H NMR (300

MHz, CDCls) 6 7.76 (dd,J = 7.8, 1.7 Hz, 1H), 7.59 (dd,=
3399 8.0, 1.3 Hz, 1H), 7.38 (td, = 7.6, 1.3 Hz, 1H), 7.29-7.24 (m,

1H), 7.22-7.17 (m, 2H), 7.12 (ddd,= 9.4, 2.5, 1.3 Hz, 1H),
7.04-7.00 (m, 1H), 4.90 (8 = 6.9 Hz, 1H), 3.25 (dJ = 7.0 Hz, 2H)**C NMR (75.5
MHz, CDCl5) 6 188.1 (qJcr = 36.1 Hz, C), 162.3 (dic.r = 246.7 Hz, C), 138.0 (C),
133.3 (CH), 129.9 (dJcr = 8.6 Hz, CH), 129.5 (CH), 129.4 (CH), 127.6 Jd,= 3.1
Hz, CH), 124.4 (dJc.r = 9.7 Hz, C), 123.0 (C), 118.5 (¢ = 22.7 Hz, CH), 115.8 (d,
Jor = 21.2 Hz, CH), 115.3 (dlc.r = 291.8 Hz, CE), 88.5 (C), 83.5 (C), 43.1 (G
32.7 (CH): °F NMR (282 MHz, CDCly) 5 -79.7 (s, 3F), 113.4 (s, 1FHRMS
(ES)m/z  399.0002/400.9981  (M+H)  100/97.3, :481,BrF,0  requires
399.0008/400.9987.

F

5.4.2.4. Synthetic transformations
(R)-4-(4-Bromophenyl)-1,1,1-trifluoro-6-phenylhexan-2one (33ia’)

Br A solution of33ia (15 mg, 0.039 mmol) in EtOAc (0.4 mL) was
stirred under hydrogen atmosphere in the preseis®d°d/C (3
mgq) for 1 h. Then, the reaction mixture was filtethrough a
short pad of silica gel eluting with EtOAc and thalvent was
Ph cF, removed under reduced pressure. Purification byshfla

chromatography gave compound@3ia’ (14.4 mg, 96%).
Enantiomeric excess (90%) was determined by chiRALC (Chiralcel OD-H), hexane-
'PrOH 99:01, 1 mL/min, major enantiomer=t 10.4 min, minor enantiomer ¢+ 17.3
min.

Oil; [a]p*+4.8 € 0.50, CHC4, 90%e8d); *H NMR (300 MHz, CDCls) & 7.49-7.44 (m,
2H), 7.30-7.18 (m, 4H), 7.11-7.06 (m, 3H), 3.2473(fn, 1H), 3.01 (dJ = 7.0 Hz, 2H),
2.48-2.42 (m, 2H), 2.07-1.90 (m, 2HJC NMR (75.5 MHz, CDCls) 6 189.7 (qJc.r =
35.1 Hz, C), 141.5 (C), 141.0 (C), 131.9 (2CH), .B2@CH), 128.5 (2CH), 128.3
(2CH), 126.1 (CH), 120.8 (C), 115.4 @@+ = 292.5 Hz, CF), 43.3 (CH), 38.9 (CH),
37.4 (CH), 33.3 (CH); F NMR (282 MHz, CDCls) § -80.0 (s, 3F)HRMS (ESI)
m/z 385.0410 (M+H), GH17BrFs;0 requires 385.0415.

163



Experimental Section

(R)-1,1,1-Trifluoro-8-phenyl-4-(o-tolyl)octan-2-one 83bj’)

A solution 0f33bj (10 mg, 0.029 mmol) in EtOAc (0.4 mL)

was stirred under hydrogen atmosphere in the pceseh

5% Pd/C for 1 h. Then, the reaction mixture waterfdd
Ph CF3 through silica gel eluting with EtOAc and the salvevas
removed under reduced pressure. Purification shftZhromatography gave compound
33bj" (9.9 mg, 98%). Enantiomeric excess (90%) was detexinby chiral HPLC
(Chiralcel OD-H), hexan#rOH 99:01, 1 mL/min, major enantiomer= 9.5 min,
minor enantiomer, & 8.2 min.

Me O

Oil;[a]p*°-1.6 € 0.58, CHC}, 90%ed); 'H NMR (300 MHz, CDCl3) & 7.28-7.10 (m,
9H), 3.59-3.49 (m, 1H), 3.00 (,= 6.8 Hz, 2H), 2.54 (td] = 8.0, 2.7 Hz, 2H), 2.37 (s,
3H), 1.70-1.53 (m, 4H), 1.33-1.14 (m, 2HJC NMR (75.5 MHz, CDCly) & 190.4 (q,
Je.r = 35.3 Hz, C), 142.4 (C), 141.5 (C), 136.1 (C)0.B3(CH), 128.31 (2CH), 128.26
(2CH), 126.42 (CH), 126.37 (CH), 125.7 (CH), 126CH), 115.4 (qJc.r = 292.5 Hz,
CR), 43.2 (CH), 36.1 (CH), 35.7 (CH), 34.2 (CH),31.4 (Ch), 26.7 (CH), 19.8
(CHs); *F NMR (282 MHz, CDCls) & —-80.0 (s, 3F);HRMS (ESI) m/z 349.1769
(M+H), Cy1H24F30 requires 349.1779.

(4R)-1,1,1-Trifluoro-2-methyl-4,6-diphenylhex-5-yn-2-¢ (37)

Ph OH A commercial 3 M solution of MeMgCl in THF (28, 0.069
_ CF, mmol) was diluted with diethyl ether (0.1 mL) armbted to 0 °C
Ph Z Me under nitrogen. A solution of compour8Baa (14 mg, 0.046
37 mmol) in dry diethyl ether (0.2 mL) was added dragmvvia
syringe and the reaction mixture was allowed t@ma@om temperature. After 2 h, the
reaction was quenched with a solution of citriadad mL). The mixture was extracted
with diethyl ether (3 x 15 mL) and the organic layes dried over MgS© Removal of
the solvent under reduced pressure followed byhflelsromatography eluting with
hexane:EtOAc (99:01) gav&7 (10.0 mg, 68%) as a ca. 2:1 mixture of two
diastereomeric alcohols. Enantiomeric excess (9%%9 determined by chiral HPLC
(Chiralpak AD-H), hexan&rOH 99:01, 1 mL/min,major diastereomer major
enantiomert= 19.5 min, minor enantiomer + 21.5 min.minor diastereomermajor
enantiomert= 45.2 min, minor enantiomer= 26.8 min.

Major (1S,4R)-diastereomer:*H NMR (300 MHz, CDCls) § 7.47-7.43 (m, 5H), 7.34-
7.29 (m, 5H), 4.12 (dd] = 10.8, 4.5 Hz, 1H), 3.20 (s, OH), 2.37 (dd; 14.4, 10.8 Hz,
1H), 2.13 (ddJ = 14.4, 4.5 Hz, 1H), 1.55 (s, 3HYC NMR (75.5 MHz, CDCl) &
141.0 (C), 131.6 (2CH), 129.0 (2CH), 128.5 (CH)8X2(2CH), 127.3 (2CH), 127.2
(CH), 122.4 (C), 90.3 (C), 85.5 (C), 73.9 g, = 28.3 Hz, C), 42.9 (Cy), 33.0 (CH),
20.2 (CH); °F NMR (282 MHz, CDCls) 6 -84.2 (s, 3F).

Minor (1R,4R)-diastereomer (representative peaks taken from the diastereomeric
mixture)*H NMR (300 MHz, CDCls) § 7.43-7.29 (m, 10H), 4.20 (§,= 7.4 Hz, 1H),
3.20 (s, OH), 2.21 (dd), = 7.8, 0.9 Hz, 2H), 1.55 (s, 3JC NMR (75.5 MHz, CDCl)
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§ 141.6 (C), 131.5 (2CH), 128.9 (2CH), 128.4 (CH)7% (CH), 127.3 (2CH), 122.6
(C), 90.6 (C), 85.3 (C), 74.0 (dc.r = 28.3 Hz, C), 44.0 (Ch, 33.2 (CH), 20.1
(CHs);:**F NMR (282 MHz, CDCl3) § -82.1 (s, 3F).

(25,4R)-5-((2)-Benzylidene)-2-methyl-4-phenyl-2-(trifluoromethy)tetrahydrofuran
(38)

Ph AgOTf (10.0 mg, 0.038 mmol) was added to a solutmnthe
X0 diastereomeric mixture &7 (26 mg, 0.076 mmol) in THF (0.5 mL) at

g ® rt under nitrogen atmosphere and the mixtures wWe®d overnight.

Ph" CFa Then, removal of the solvent under reduced predsilosved by flash

38 chromatography eluting with hexane:EtOAc (99:019wéd to obtain

furan 38 as a ca. 3:1 mixture of two diastereomeric (17.4 ##f0). Enantiomeric
excess (92%) was determined by chiral HPLC (Chata@D-H), hexanePrOH 99:01,
1 mL/min, major diastereomer major enantiomer t 10.3 min, minor enantiomer=
8.6 min.

The major diastereomer 88 could be obtained pure from the diastereomerictumix
after a single crystallization from hexane.

Major (2 S,4R)-diastereomer:fu]p?° +2.5 € 0.57, CHC4, 92% ed; *H NMR (300
MHz, CDCl3) § 7.49-7.46 (m, 2H), 7.41-7.24 (m, 7H), 7.14-7.08 (H), 4.83 (dJ =
2.1 Hz, 1H), 4.25 (ddd] = 11.4, 9.1, 2.1 Hz, 1H), 2.52-2.35 (m, 2H), 1(643H);*C
NMR (75.5 MHz, CDCls) & 158.9 (C), 139.6 (C), 135.7 (C), 128.9 (2CH), I28.
(2CH), 128.2 (2CH), 127.63 (2CH), 127.59 (CH), B8&CH), 125.4 (qJc.r = 281.9
Hz, CR), 101.2 (CH), 84.2 (qJc.r = 30.6 Hz, C), 48.0 (CH, 39.9 (CH), 20.5 (CH;
% NMR (282 MHz, CDCls) § -82.3 (s, 3F)HRMS (ESI) m/z 319.1305 (M+ H),
Ci19H18F30 requires 319.1310.

Minor diastereomer (representative peaks taken from the diastereomneisiture)H
NMR (300 MHz, CDClg) 6 7.52-7.47 (m, 2H), 7.39-7.25 (m, 7H), 7.15-7.09 {H),
4.92 (d,J=1.9 Hz, 1H), 4.35 () = 9.9 Hz, 1H), 2.89 (dd] = 13.8, 9.2 Hz, 1H), 2.40-
2.36 (m, 1H), 1.70 (dJ = 0.9 Hz, 3H);**C NMR (75.5 MHz, CDCly) & 159.4 (C),
141.2 (C), 135.8 (C), 128.4 (2CH), 127.7 (2CH), 42(2CH),125.5 (CH), 101.3 (CH),
84.8 (q,Jc.r = 29.9 Hz, C), 48.9 (C}), 41.6 (CH), 21.5 (Ch); **F NMR (282 MHz,
CDCl3) 6 —-81.8 (s, 3F).
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5.5. Enantioselective conjugate addition of 1,3-dnes to 1,1,1-
trifluoromethyl-3-en-2-ones

5.5.1. Synthesis and characterization of 1,3-diyn&9

1,3-Diynes39 were synthesized according to the procedure destiibthe literaturé?

4-Bromo-2-methylbut-3-yn-2-ol

HO Br, (3.9 mL, 0.077 mol) was added dropwise via syritma stirred

%Br solution of KOH (30.1 g, 0.536 mol) in,@ (200 mL) at 0 °C. After
Me Me 15 min, 2-methyl-3-butyn-2-ol (10 mL, 0.103 mol) svaadded
dropwise via an addition funnel. After 1 h, the mpe was warmed to rt and extracted
with ELO (3 x 50 mL). The organic phase was dried with KgSfiltered,
concentrated, and purified by column chromatographgilica gel to afford 4-bromo-2-
methyl-3-but-3-yn-2-ol in 75% yieldH NMR (300 MHz, CDCls) & 2.51 (br s, 1H),
1.49 (s, 6H). Data consistent with literat(te.

Representative procedure: 2-Methyl-6-phenylhexa-3;8iyn-2-ol

CuCl (23.3 mg, 0.24 mmol) was added to a solutio8086 BuNH/H,O (30 mL). The
blue color was quenched by the addition of a spabfilHbNOH-HCI. Phenylacetylene
(2a, 1.29 mL,11.76 mmol) was added and the reactiaxture was cooled to 0 °C,
becoming a yellow cloudy solution. A solution ofblemo-2-methyl-3-but-3-yn-2-ol
(2.0 g, 12.35 mmol) in ED (5 mL) was added. Then, a spatula of,{@H)-HCI| was
added to the reaction mixture. After 5 min, the tomig was warmed to rt and extracted
with Et,O (2 x 25 mL). The organic layer was dried with NSfiltered, concentrated,
and purified by column chromatography on silica tpehfford 2-methyl-6-phenylhexa-
3,5-diyn-2-ol (1.93 g, 89%).

2-Methyl-6-phenylhexa-3,5-diyn-2-ol

HO _ //\ 89% yield;'H NMR (300 MHz, CDCls) & 7.50-7.47 (m,
— <\ /> 2H), 7.37-7.32 (m, 3H), 2.12 (br s, 1H), 1.59 (&l).6Data

Me/\Me
consistent with the literaturg®

6-(3-Fluorophenyl)-2-methylhexa-3,5-diyn-2-ol

HO —\  71% vyield;'H NMR (300 MHz, CDCls) & 7.28-7.26 (m,

=\ /) 2H), 7.18-7.14 (m, 1H), 7.10-7.03 (m, 1H), 1.58 §sl).
Data consistent with the literature.

Me/\Me
F
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6-(4-Fluorophenyl)-2-methylhexa-3,5-diyn-2-ol

oo = 80% yield:'H NMR (300 MHz, CDCls) & 7.49-7.44 (m,
N — — N\ / F 2H), 7.04-6.98 (m, 2H), 2.06 (br s, 1H), 1.58 (bl).6

Me Me Data consistent with the literatut¥.

6-(2-Methoxyphenyl)-2-methylhexa-3, 5-diyn-2-ol

HO — 83% yield:'H NMR (300 MHz, CDCls)  7.43 (dd,J = 7.6,
Q 1.7 Hz, 1H), 7.32 (ddd] = 8.3, 7.6, 1.7 Hz, 1H), 6.92-6.85
(m, 2H), 3.87 (s, 3H), 2.14 (br s, 1H), 1.57 (s,)6Bata
consistent with the literature®

/\
Me Me
MeO

6-(4-Methoxyphenyl)-2-methylhexa-3, 5-diyn-2-ol

HO — 78% vyield;'H NMR (300 MHz, CDCls) § 7.43-7.38
N — — QOMG (m, 2H), 6.84-6.79 (m, 2H), 3.79 (s, 3H), 2.60 ¢br
Me Me 1H), 1.57 (s, 6H). Data consistent with the

literature®’

2-Methyl-6-(thiophen-3-yl)hexa-3,5-diyn-2-ol

HO /S 80% yield;'H NMR (300 MHz, CDCls) § 7.56 (dd,J = 3.0,
— — \_s 1.2Hz, 1H), 7.27 (dd] = 5.0, 3.0 Hz, 1H), 7.13 (dd,= 5.0,
1.2 Hz, 1H), 2.01 (br s, 1H), 1.57 (s, 6H). Datasistent

Me Me

with the literaturé?’
2-Methyl-8-phenylocta-3,5-diyn-2-ol

HO 84% yield;"H NMR (300 MHz, CDCls) § 7.35-7.29 (m,

X—==—==—CH,CHPh 2H), 7.27-7.20 (m, 3H), 2.86 @,= 7.5 Hz, 2H), 2.59 {(t,
Me Me J =75 Hz, 2H), 2.22 (br s, 1H), 1.54 (s, 6H). Data
consistent with the literaturé.

11-Chloro-2-methylundeca-3,5-diyn-2-ol

HO 85% yield:*H NMR (300 MHz, CDCl3) § 3.56 (t,J = 6.5

N—=—=—(CH,).Cl Hz, 2H), 2.34 (tJ = 6.9 Hz, 2H), 1.93-1.85 (m, 2H), 1.75-
Me  Me 1.65 (m, 2H), 1.53 (s, 6H).

2-Methyl-6-(triisopropylsilyl)hexa-3,5-diyn-2-ol

HQ 61% yield;*H NMR (300 MHz, CDCls) & 1.95 (br s, 1H),
N———="TIPS 154 (s, 6H), 1.08 (s, 21H). Data consistent witte t
Me Me literature’®
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Synthesis of 1,3-diynes 39

A solution of the required diynol (7.71 mmol) inldene (10 mL) was added to a
mixture of K;COs (1.07 g, 7.71 mmol) and 18-crown-6 (0.61 g, 2.3thoat) in toluene
(13 mL) under nitrogen atmosphere at room tempegatlihe reaction mixture was
heated at reflux until the reaction was determittede complete by TLC (1-2 h).Then,
the reaction was cooled to room temperature, extawith EtOAc (2x 50 mL), dried
over MgSQ and concentrated. The crude oil was purified byiwol chromatography
on silica gel to give the terminal 1,3-diyn@3 The 1,3-diynes were passed through a
short plug of alumina and then stored in(Esolution (200 mL) in the freezer. Prior to
use they were concentrated via rotary evaporation.

Buta-1,3-diyn-1-ylbenzene (39a)

__ __ ., 'MNMR (300 MHz CDCIy) & 7.54-7.49 (m, 2H), 7.40-7.28
<:> - (m, 3H), 2.46 (s, 1H). Data consistent with therture”>
39a

1-(Buta-1,3-diyn-1-yl)-2-methoxybenzene (39b)

'H NMR (300 MHz, CDCls) 6 7.45 (dd,J = 7.6, 1.7 Hz, 1H),
= — H 733 (dddJ = 8.4, 7.5, 1.7 Hz, 1H), 6.89 (td,= 7.5, 1.0 Hz,
1H), 6.87 (d,J = 8.4 Hz, 1H), 3.87 (s, 3H), 2.52 (s, 1H). Data

OMe 39b . ) . 8
consistent with the literaturé®

1-(Buta-1,3-diyn-1-yl)-4-methoxybenzene (39c)

MeO < > E—— 'H NMR (300 MHz, CDCls) § 7.47-7.42 (m, 2H), 6.85-
- 6.81 (m, 2H), 3.81 (s, 3H), 2.45 (s, 1H). Data ¢stesit
39¢ with the literaturé®

1-(Buta-1,3-diyn-1-yl)-3-fluorobenzene (39d)

— 'H NMR (300 MHz, CDCls) & 7.32-7.29 (m, 2H), 7.23-
- 7.16(m, 1H), 7.13-7.06 (m, 1H), 2.51 (s, 1H).
39d

F

1-(Buta-1,3-diyn-1-yl)-4-fluorobenzene (39e)

- C _ 'H NMR (300 MHz, CDCls) & 7.53-7.46 (m, 2H), 7.06-

- 6.98 (m, 2H), 2.47 (s, 1H).
39%e

3-(Buta-1,3-diyn-1-yl)thiophene (39f)

= 'H NMR (300 MHz, CDCls) 6 7.60 (dd,J = 3.0, 1.2 Hz, 1H),
s« 7.27 (dd, J = 5.0, 3.0 Hz, 1H), 7.15 (dd= 5.0, 1.2 Hz, 1H),
39t 2.46 (s, 1H).
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Hexa-3,5-diyn-1-ylbenzene (399)

= =— H H NMR (300 MHz, CDClg) & 7.33-7.19 (m, 5H), 2.85 (t,
39 J=7.5Hz, 2H), 2.55 (d, J = 7.5 Hz, 2H), 1.97J(t 1.2
Hz, 1H).Data consistent with the literatdre.

9-Chloronona-1,3-diyne (39h)

Cl(H,C)y—=—=—H 'H NMR (300 MHz, CDCls) § 3.54 (t,J = 6.4 Hz, 2H), 2.31
39h (td, J = 7.0, 1.2 Hz, 2H), 1.97 (8 = 1.2 Hz, 1H), 1.93-1.84
(m, 2H), 1.77-1.64 (m, 2H).

Buta-1,3-diyn-1-yltriisopropylsilane (39i)

TIPS———=——H *H NMR (300 MHz, CDCl3) 5 2.07 (s, 1H), 1.09 (s, 21H).
39i

5.5.2. Enantioselective conjugate addition of 1,3ithes to 1,1,1-trifluoromethyl-3-
en-2-ones

5.5.2.1. General procedure for the enantiosel ective conjugate diynylation reaction

[Cu(CH;CN)4]BF4 (1.1 mg, 0.0034 mmol) andR)-L31 (4.1 mg, 0.0034 mmol) were
added to a dried round bottom flask which was padingigh nitrogen. Toluene (0.2 mL)
was added via syringe and the mixture was stiroed.f5 h at room temperature under
nitrogen atmosphere. Then, a solution ogf-unsaturated trifluoromethyl ketorigb
(0.244 mmol) in toluene (1.0 mL)was added via gyeinfollowed of triethylamine (2
puL, 0.0144 mmol). The solution was stirred for 1thrat room temperature. Then a
solution of 1,3-diyne89 (0.188 mmol) in toluene (1.0 mL) was added viargye and
the solution was stirred at room temperature dinélreaction was complete (TLC). The
reaction mixture was quenched with 20% aqueous@\H1.0 mL), extracted with
CH.CI, (2 x 15 mL), washed with brine (15 mL), dried owgSQ, and concentrated
under reduced pressure. Purification by flash clatography on silica gel eluting with
hexane:ethyl acetate mixtures afforded compattnd

5.5.2.2. General procedure for the synthesis of the racemic products

Racemic compound40 were prepared by following the general procedusengu
racemic ligand%)-L31.

5.5.2.3. Characterization of products 40

See Table 14 (Page 72) for yields.
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(R)-1,1,1-Trifluoro-4,8-diphenylocta-5,7-diyn-2-one 40aa)

Ph O Enantiomeric excess (93%) was determined by chiral
P CF HPLC (Chiralpak AS-H), hexan®rOH 95:05, 1 mL/min,
_ = ’ major enantiomer; £ 4.96 min, minor enantiomer# 4.61
Ph ~ 40aa min.

Oil;[#]p*°-29.3 € 1.05, CHC}, 93%ed; *H NMR (300 MHz, CDCl3) § 7.51-7.48 (m,

2H), 7.42-7.29 (m, 8H), 4.41 (dd= 7.9, 6.2 Hz, 1H), 3.37 (ddd,= 18.7, 7.9, 0.5 Hz,
1H), 3.19 (ddd, = 18.7, 6.2, 0.5 Hz, 1H}’C NMR (75.5 MHz, CDCL) & 188.1 (q,

Jer = 36.2 Hz, C), 138.3 (C), 132.6 (2CH), 129.2 (CH}9.1 (2CH), 128.4 (2CH),
127.9 (CH), 127.4 (2CH), 121.5 (C), 115.3 Jgr = 291.8 Hz, CB), 82.2 (C), 77.3 (C),
73.5 (C), 68.4 (C), 44.4 (G 32.6 (CH);**F NMR (282 MHz, CDCls) & -79.7 (s,

3F)HRMS (ESI) m/z 327.0982 (M+H), CyoH14F30 requires 327.0997.

(9)-1,1,1-Trifluoro-8-phenyl-4-(o-tolyl)octa-5,7-diyn-2-one (40ba)

Enantiomeric excess (94%) was determined by chiral
HPLC (Chiralcel OD-H), hexan®rOH 95:05, 1 mL/min,

Me O major enantiomer, & 16.0 min, minor enantiomers 11.8
= CF; min.
= . 20 1
Ph 40ba Oil; [a]p™" =35.2 € 1.02, CHCY, 94%eg; "H NMR (300

MHz, CDCl3) & 7.49-7.45 (m, 3H), 7.36-7.31 (m, 3H), 7.25-7.19 8H), 4.59 (dd, =
8.7, 5.4 Hz, 1H), 3.37 (ddd,= 18.7, 8.7, 0.5 Hz, 1H), 3.16 (ddds= 18.7, 5.4, 0.5 Hz,
1H), 2.42 (s, 3H}’C NMR (75.5 MHz, CDCl) & 188.7 (q,Jc.r = 36.2 Hz, C), 136.8
(C), 135.5 (C), 133.0 (2CH), 131.5 (CH), 129.6 (Ct8.8 (2CH), 128.3 (CH), 127.5
(CH), 127.3 (CH), 121.9 (C), 115.7 (@s-r = 291.6 Hz, Cf), 82.8 (C), 77.9 (C), 74.0
(C), 68.3 (C), 43.4 (Ch), 29.4 (CH), 19.7 (CH); **F NMR (282 MHz, CDCl3) § -79.6
(s, 3F)HRMS (ESI)m/z 341.1160 (M+H), C,1H16F30 requires 341.1153.

(9)-1,1,1-Trifluoro-8-phenyl-4-(m-tolyl)octa-5,7-diyn-2-one (40ca)

Enantiomeric excess (93%) was determined by chiral

Me )
HPLC (Chiralpak AS-H), hexan®OH 99:01, 1 mL/min,
0 major enantiomer, t= 5.1 min, minor enantiomer £ 4.6
min.
4 CF3
Z 40ca Oil; [a]p*° -18.9 € 1.00, CHC4, 93%ed; ‘H NMR (300

Ph MHz, CDCls) & 7.50-7.47 (m, 2H), 7.36-7.31 (m, 3H),

7.23-7.11 (m, 4H), 4.37 (dd,= 8.0, 6.0 Hz, 1H), 3.36 (ddd,= 18.7, 8.1, 0.5 Hz, 1H),
3.17 (ddd,J = 18.7, 6.1, 0.5 Hz, 1H), 2.38 (s, 3H% NMR (75.5 MHz, CDCl) §
188.1 (q,Jc.r = 36.4 Hz, C), 138.9 (C), 138.2 (C), 132.6 (2CH}9.2 (CH), 128.9
(CH), 128.7 (CH), 128.4 (2CH), 128.0 (CH), 124.44)C121.5 (C), 115.3 (qlc.r =
291.9 Hz, CE), 82.3 (C), 77.2 (C), 73.6 (C), 68.3 (C), 44.4 (5+B2.5 (CH), 21.4
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(CHs); *F NMR (282 MHz, CDCls) 6 -79.7 (s, 3F)HRMS (ESI) m/z 341.1164 (M+
H)*, Co1H16F20 requires 341.1153.

(R)-1,1,1-Trifluoro-8-phenyl-4-(p-tolyl)octa-5,7-diyn-2-one (40da)

Me Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 99:01, 1 mL/min,
major enantiomer, t= 5.4 min, minor enantiomef + 4.9
O .
min.

= CFy
P Z ° 0il; [a]o®®-25.8 € 0.84, CHC4, 92%ed: *H NMR (300

e 40da MHz, CDCl3) & 7.50-7.47 (m, 2H), 7.36-7.26 (m, 5H),
7.19-7.16 (m, 2H), 4.37 (dd,= 7.7, 6.4 Hz, 1H), 3.35 (ddd,= 18.7, 7.7, 0.5 Hz, 1H),
3.17 (ddd,J = 18.7, 6.4, 0.5 Hz, 1H), 2.35 (s, 3HJC NMR (75.5 MHz, CDCL) &
188.1 (q,Jcr = 36.2 Hz, C), 137.7 (C), 135.3 (C), 132.6 (2CH}9.7 (2CH), 129.2
(CH), 128.4 (2CH), 127.2 (2CH), 121.5 (C), 115.3Xgr = 291.8 Hz, CE), 82.5 (C),
77.2 (C), 73.6 (C), 68.3 (C), 44.4 (©H32.2 (CH), 21.0 (Ck); *F NMR (282 MHz,
CDCl3) & -79.7 (s, 3FHRMS (ESI) m/z 341.1150 (M+HJ, CyHi6F:O requires
341.1153.

(9)-1,1,1-Trifluoro-4-(2-methoxyphenyl)-8-phenyloctas, 7-diyn-2-one (40ea)

Enantiomeric excess (94%) was determined by chiral
HPLC (Chiralpak AS-H), hexan&OH 95:05, 1 mL/min,

MeO 0 major enantiomer; t= 4.8 min, minor enantiomer £ 4.6
= CF3 min.
é 40ea . 20 1
Ph Oil; [a]p™" —23.5 € 1.01, CHCY4, 94%eqg; "H NMR (300

MHz, CDCl3) § 7.58 (dd,J = 7.6, 1.7 Hz, 1H), 7.51-7.48 (m, 2H), 7.36-7.87, ¢H),
7.01 (td, J = 7.5, 1.1 Hz, 1H), 6.89 (dds 8.3, 0.9 Hz, 1H), 4.75 (dd,= 7.8, 5.7 Hz,
1H), 3.85 (s, 3H), 3.21 (dd,= 6.6, 2.5 Hz,2H)**C NMR (75.5 MHz, CDCL) & 188.5
(q, Je.r = 35.6 Hz, C), 156.9 (C), 132.6 (2CH), 129.1 (CH29.1 (CH), 128.7 (CH),
128.4 (2CH), 126.1 (C), 121.7 (C), 121.0 (CH), 116, Jc.r = 291.9 Hz, CB), 110.6
(CH), 82.4 (C), 76.6 (C), 73.8 (C), 68.1 (C), 5%QHs), 42.6 (CH), 27.4 (CH);*°F
NMR (282 MHz, CDCls) 8§ -79.7 (s, 3F);HRMS (ESI) m/z 357.1107 (M+H),
Co1H16F302 requires 357.1102.

(R)-1,1,1-Trifluoro-4-(4-methoxyphenyl)-8-phenyloctab, 7-diyn-2-one (40fa)

OMe Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 99:01, 1 mL/min,
major enantiomer; t= 9.6 min, minor enantiomer £ 8.3
O min.

CF
P Z * 0il; [a]p®®-31.6 € 0.70, CHC}, 92%ed; 'H NMR (300
= 40fa

Ph MHz, CDCl3) § 7.48 (dd,J = 7.9, 1.7 Hz, 2H), 7.36-7.26
(m, 5H), 6.92-6.87 (m, 2H), 4.38-4.31 (m, 1H), 3.80
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3H), 3.33 (dddJ = 18.6, 7.6, 0.5 Hz, 1H), 3.20-3.12 (m, 14 NMR (75.5 MHz,

CDCl3) 6 188.2 (qJc.r = 36.4 Hz, C), 159.2 (C), 132.5 (2CH), 130.3 (99.2 (CH),
128.5 (2CH), 128.4 (2CH), 121.5 (C), 115.2 Jg+ = 297.6 Hz, CE), 114.4 (2CH),
82.5 (C), 77.2 (C), 73.5 (C), 68.2 (C), 55.3 {;H14.5 (CH), 31.8 (CH);**F NMR

(282 MHz, CDCk) & =79.8 (s, 3F)HRMS (ESI) m/z 357.1112 (M+H), CoiH16F:0

requires 357.1102.

(9)-4-(2-Bromophenyl)-1,1,1-trifluoro-8-phenylocta-57-diyn-2-one (40ga)

Enantiomeric excess (94%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®rOH 99:01, 1 mL/min,

Br 0 major enantiomer, t= 5.2 min, minor enantiomer £ 4.8
Z CF3;  min.
é 409a . 20 1
Ph Oil; [a]p™" —95.3 € 0.55, CHC}, 94%ed; "H NMR (300

MHz, CDCl3) § 7.71 (ddJ = 7.8, 1.7 Hz, 1H), 7.58 (dd,= 7.9, 1.2 Hz, 1H), 7.52-7.48
(m, 2H), 7.39-7.32 (m, 4H), 7.22-7.16 (m, 1H), 4(88,J = 7.8, 5.8 Hz, 1H), 3.25 (m,
1H), 3.23 (s, 1H)**C NMR (75.5 MHz, CDCL) & 188.2 (q,Jc.r = 36.4 Hz, C), 137.7
(C), 133.7 (CH), 133.0 (2CH), 130.0 (CH), 129.9 (CH29.7 (CH), 128.8 (2CH), 128.6
(CH), 123.3 (C), 121.8 (C), 115.7 @.r = 291.7 Hz, CF), 81.4 (C), 77.8 (C), 73.9 (C),
69.5 (C), 43.2 (Ch), 33.1 (CH);**F NMR (282 MHz, CDCls) § =79.5 (s, 3F)HRMS
(ESI) m/z 405.0096/407.0075 (M+H) 100.0/98.8, GH13BrF:O requires
405.0102/407.0081.

(R)-4-(4-Bromophenyl)-1,1,1-trifluoro-8-phenylocta-57-diyn-2-one (40ia)

Br Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®rOH 99:01, 1 mL/min,
major enantiomer, t= 7.5 min, minor enantiomer £ 6.9

Q min.

_ Z soia CFs Oil:[e]p*° -19.9 € 0.78, CHC}, 92%ed; 'H NMR (300
Ph MHz, CDCls) § 7.51-7.47 (m, 4H), 7.37-7.27 (m, 5H), 4.37
(t, J = 7.0 Hz, 1H), 3.35 (ddd] = 18.8, 7.5, 0.4 Hz, 1H), 3.16 (ddii= 18.8, 6.5, 0.4
Hz, 1H);*C NMR (75.5 MHz, CDCl) & 187.8 (qJc.r = 36.6 Hz, C), 137.3 (C), 132.6
(2CH), 132.2 (2CH), 129.3 (CH), 129.1 (2CH), 12§2€H), 121.9 (C), 121.3 (C),
115.2 (q.Jc.r = 291.6 Hz, CB), 81.4 (C), 77.6 (C), 73.3 (C), 68.8 (C), 44.2 (5132.1
(CH); F NMR (282 MHz, CDCly) & -79.7 (s, 3F); HRMS (ESI) m/z
405.0099/407.0078 (M+F1)1.00.0/98.8, GoH13BrFsO requires 405.0102/407.0081.
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(R)-1,1,1-Trifluoro-4-(naphthalene-2-yl)-8-phenylocta5, 7-diyn-2-one (40ja)

Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®rOH 99:01, 1 mL/min,
major enantiomer; t= 8.3 min, minor enantiomef £ 7.3
min.

[0]p?°-38.8 € 1.00, CHCY, 92%e8); 'H NMR (300 MHz,
CDCls) § 7.88-7.83 (m, 4H), 7.54-7.48 (m, 5H), 7.37-7.29
(m, 3H), 4.59 (dd, = 7.8, 6.2 Hz, 1H), 3.45 (dd,= 18.4,
7.8 Hz, 1H), 3.29 (dd] = 18.4, 6.2 Hz, 1H)**C NMR (75.5 MHz, CDCl) & 188.1 (q,
Jor = 36.4 Hz, C), 135.5 (C), 133.4 (C), 132.8 (C)2.83(2CH), 129.3 (CH), 129.1
(CH), 128.4 (2CH), 127.9 (CH), 127.7 (CH), 126.6H)C126.4 (CH), 126.3 (CH),
125.0 (CH), 121.5 (C), 115.3 (dc.r = 291.9 Hz, Ch), 82.1 (C), 77.4 (C), 73.5 (C),
68.7 (C), 44.3 (Ch), 32.7 (CH);**F NMR (282 MHz, CDCls) & —=79.7 (s, 3F)HRMS
(ESI) m/z 377.1158 (M+H), Co4H16F30 requires 377.1153.

Ph 40ja

(9)-1,1,1-Trifluoro-4-phenethyl-8-phenylocta-5,7-diyr2-one (40la)

Ph Enantiomeric excess (84%) was determined by chiral
o HPLC (Chiralpak AS-H), hexarl®rOH 99:01, 1 mL/min,
major enantiomer, t= 5.1 min, minor enantiomef + 4.8
Z CFs min.
Z
Ph 40la Oil; [a]p*® -44.5 € 0.44, CHC}, 84%ed; 'H NMR (300

MHz, CDCls) & 7.52-7.49 (m, 2H), 7.37-7.29 (m, 5H), 7.24-7.21, @hl), 3.15-3.02
(m, 2H), 2.95-2.73 (m, 3H), 1.91-1.83 (m, 2C NMR (75.5 MHz, CDCl;) & 188.6
(0, Je-r = 36.1 Hz, C), 140.6 (C), 132.6 (2CH), 129.2 (CH8.6 (2CH), 128.5 (2CH),
128.4 (2CH), 126.3 (CH), 121.6 (C), 115.3Jg¢ = 292.0 Hz, CF), 83.5 (C), 77.2 (C),
73.6 (C), 67.7 (C), 41.4 (Gi 35.8 (CH), 33.3 (CH), 26.5 (Ch); **F NMR (282
MHz, CDCl3) § =79.8 (s, 3F)HRMS (ESI)m/z 355.1329 (M+H), Co;H1gF:0 requires
355.1310.

(R)-1,1,1-Trifluoro-8-(3-fluorophenyl)-4-phenylocta-57-diyn-2-one (40ab)

Ph O Enantiomeric excess (90%) was determined by chiral
HPLC (Chiralpak AS-H), hexan@®OH 99:01, 1
mL/min, major enantiomer,t= 5.9 min, minor
enantiomert= 5.3 min.

4 CF3

F Z
40ab . 20 1
Oil; [0]p*°-15.7 € 0.60, CHC4, 90%ed; *H NMR
(300 MHz, CDCk) & 7.42-7.26 (m, 7H), 7.19-7.15 (m, 1H), 7.10-7.06 (rHl), 4.41
(dd,J = 7.9, 6.1 Hz, 1H), 3.37 (ddd,= 18.7, 8.0, 0.5 Hz, 1H), 3.18 (dii= 18.7, 6.1
Hz, 1H);*C NMR (75.5 MHz, CDCls)  188.0 (g.Jc.r = 36.3 Hz, C), 162.2 (dic.r =
247.3 Hz, C), 138.1 (C), 130.1 (@.+= 8.5 Hz, CH), 129.1 (2CH), 128.5 (.= 3.2
Hz, CH), 128.0 (CH), 127.4 (2CH), 123.4 (&, = 9.5 Hz, C), 119.3 (dlc.r = 22.9 Hz,
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CH), 116.8 (dJc.r = 21.3 Hz, CH), 115.3 (dlc-+= 291.7 Hz, CR), 82.9 (C), 77.5 (C),
75.8 (q,Jcr = 3.4 Hz, C), 68.1 (C), 44.4 (GH 32.6 (CH)'F NMR (282 MHz,
CDCls3) 6 =79.7 (s, 3F)-112.8 (s, 1F)HRMS (ESI)m/z 345.0910 (M+H), CooH13F40
requires 345.0903.

(R)-1,1,1-Trifluoro-8-(4-fluorophenyl)-4-phenylocta-57-diyn-2-one (40ac)

Ph O Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®&OH 99:01, 1
= CF3 : : : : :
_ mL/min, major enantiomer,t= 8.9 min, minor
~ enantiomert= 6.5 min.
40ac . 20 1
F Oil; [e]p" -14.5 € 0.67, CHCY, 92%ee; "H NMR

(300 MHz, CDCk) & 7.49-7.45 (m, 2H), 7.41-7.29 (m, 5H), 7.04-6.98 @hl), 4.40
(dd,J = 8.0, 6.1 Hz, 1H), 3.36 (dd,= 18.7, 8.0 Hz, 1H), 3.18 (dd,= 18.7, 6.1 Hz,
1H); **C NMR (75.5 MHz, CDCl;) & 188.0 (g,Jcr = 36.4 Hz, C), 163.0 (dlc.c =
251.6 Hz, C), 138.2 (C), 134.6 (@.r = 8.5 Hz, 2CH), 129.1 (2CH), 128.0 (CH), 127.4
(2CH), 117.6 (dJc.= 3.7 Hz, C), 115.9 (dlc.r = 22.3 Hz, 2CH), 115.3 (gc.r = 291.8
Hz, CR), 82.2 (C), 76.2 (C), 73.3 (C), 68.3 (C), 44.4 (5;182.6 (CH):*F NMR (282
MHz, CDCl3) 6 -79.8 (s, 3F)~109.0 (s, 1F)HRMS (ESI) m/z 345.0913 (M+H),
CooH13F40 requires 345.0903.

(R)-1,1,1-Trifluoro-8-(2-methoxyphenyl)-4-phenylocta5, 7-diyn-2-one (40ad)

Ph O Enantiomeric excess (92%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 95:05, 1
mL/min, major enantiomer ,t= 6.6 min, minor
enantiomert= 6.3 min.

Z CF3
=

OMe

40ad _ 20 L
Oil; [a]o®® -17.0 € 0.91, CHC}, 92% ed: ‘H NMR

(300 MHz, CDCk) & 7.46-7.29 (m, 7H), 6.90 (td,= 7.5, 1.0 Hz, 1H), 6.87 (d,= 8.4
Hz, 1H), 4.41 (dd, J = 7.7, 6.3 Hz, 1H), 3.88 (4),33.41-3.32 (m, 1H), 3.23-3.14 (m,
1H); °C NMR (75.5 MHz, CDCl) & 188.0 (qJc.r = 36.3 Hz, C), 161.5 (C), 138.4 (C),
134.5 (CH), 130.7 (CH), 129.0 (2CH), 127.9 (CH)7¥2(2CH), 120.5 (CH), 115.3 (q,
Jer = 291.8 Hz, CB), 110.7 (CH), 110.6 (CH), 82.7 (C), 77.3 (C), 783, 68.7 (C),
55.8 (CH), 44.4 (CH), 32.6 (CH);*F NMR (282 MHz, CDCl;) & -79.7 (s, 3F);
HRMS (ESI) m/z 357.1109 (M+H), C1H16F:0, requires 357.1102.

(R)-1,1,1-Trifluoro-8-(4-methoxyphenyl)-4-phenylocta5, 7-diyn-2-one (40ae)

Ph O Enantiomeric excess (91%) was determined by
chiral HPLC (Chiralcel OD-H), hexanB+OH
= CF3 . . . .
_ 80.20, 1 mL/min, major enantiomers 11.7 min,
7 minor enantiomer, = 8.0 min.
40ae
MeO Oil; [a]p® -32.7 € 0.75, CHC4, 91% ed; 'H

NMR (300 MHz, CDCls) § 7.44-7.30 (m, 7H), 6.86-6.81 (m, 2H), 4.40 (dd; 7.9, 6.2
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Hz, 1H), 3.81 (s, 3H), 3.36 (ddd= 18.6, 7.9, 0.5 Hz, 1H), 3.18 (ddH= 18.6, 6.2, 0.5
Hz, 1H);**C NMR (75.5 MHz, CDCl) & 188.1 (gJc.r = 36.7 Hz, C), 160.4 (C), 138.5
(C), 134.2 (2CH), 129.0 (2CH), 127.9 (CH), 127.€¥D, 115.3 (qJc.r = 291.6 Hz,
CFs), 114.1 (2CH), 113.4(C), 81.6 (C), 77.5 (C), 783, 68.7 (C), 55.3 (C}, 44.5
(CH,), 32.6 (CH);**F NMR (282 MHz, CDCls) & -79.8 (s, 3F)HRMS (ESI) m/z
357.1115 (M+HJ, Cx1H16F30, requires 357.1102.

(R)-1,1,1-Trifluoro-4-phenyl-8-(thiophen-3-yl)octa-57-diyn-2-one (40af)

Ph O Enantiomeric excess (94%) was _determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 99:01, 1
= CF3 : ) : : ;
_ mL/min, major enantiomer ;t= 8.4 min, minor
g = enantiomert= 7.1 min.
’ 40af

S Oil; [a]o® -26.6 € 0.86, CHCY, 94% ed; 'H NMR

(300 MHz, CDClk) & 7.56 (dd,J = 3.0, 1.2 Hz, 1H), 7.41-7.25 (m, 5H), 7.26 (dd;
5.0, 3.0 Hz, 1H), 7.13 (dd, J = 5.0, 1.2 Hz, 1H%04(dd,J = 7.9, 1.6 Hz, 1H), 3.36
(ddd,J = 18.6, 7.9, 0.5 Hz, 1H), 3.18 (dd#l= 18.7, 6.1, 0.5 Hz, 1H}°C NMR (75.5
MHz, CDCl3) & 188.0 (q.Jc..= 36.3 Hz, C), 138.3 (C), 131.4 (CH), 130.2 (CH91
(2CH), 127.9 (CH), 127.4 (2CH), 125.6 (CH), 120@®),(115.3 (q,Jc.r= 289.5 Hz,
CR), 82.0 (C), 73.2 (C), 72.5 (C), 68.4 (C), 44.4 (5HB2.6 (CH);'F NMR (282
MHz, CDCl3) & -79.8 (s, 3F);HRMS (ESI) m/z 333.0569 (M+HJ, CigH1Fs0S
requires 333.0561.

(R)-1,1,1-Trifluoro-4,10-diphenyldeca-5,7-diyn-2-on€¢40ag)

Ph O Enantiomeric excess (93%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 99:01, 1
mL/min, major enantiomer,t= 6.4 min, minor
enantiomert= 5.7 min.

Cj; CF;
=

Ph 40ag
Oil; [a]p? -14.2 € 0.90, CHC}, 93%ed; 'H NMR (300 MHz, CDCls) § 7.37-7.19
(m, 10H), 4.31 (ddJ = 7.6, 6.5 Hz, 1H), 3.31 (ddd,= 18.6, 7.9, 0.5 Hz, 1H), 3.13
(ddd,J = 18.6, 6.2, 0.4 Hz, 1H), 2.85 (= 7.5 Hz, 2H), 2.57 () = 7.5 Hz, 2H);**C
NMR (75.5 MHz, CDCls) & 188.1 (q,Jcr = 36.3 Hz, C), 140.0 (C), 138.5 (C), 129.0
(2CH), 128.5 (2CH), 128.3 (2CH), 127.8 (CH), 12{28H), 126.5 (CH), 115.2 (dc.r
= 291.6 Hz, CR), 79.3 (C), 75.6 (C), 68.7 (C), 65.3 (C), 44.5 (I;}84.5 (CH), 32.3
(CH), 21.4 (CH); *F NMR (282 MHz, CDCl3) & -79.8 (s, 3F)HRMS (ESI) m/z
355.1317 (M+ H), CyoH18F0 requires 355.1310.
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(9)-1,1,1-Trifluoro-10-phenyl-4-(o-tolyl)deca-5, 7-diyn-2-one (40bg)

Enantiomeric excess (95%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 99:01, 1

Me o mL/min, major enantiomer,t= 5.4 min, minor
= CF; enantiomer,;t= 5.1 min.
Z
Ph 40bg Oil; [e]p®® -6.1 € 1.15, CHC4, 95% ed; 'H NMR

(300 MHz, CDCk) & 7.43-7.41 (m, 1H), 7.33-7.17 (m, 8H), 4.49 (dd; 8.7, 5.4 Hz,
1H), 3.30 (dd,) = 18.5, 8.7 Hz, 1H), 3.09 (dd,= 18.5, 5.4 Hz, 1H), 2.84 (1,= 7.5 Hz,
2H), 2.55 (t,J = 7.5 Hz, 2H), 2.38 (s, 3H}°C NMR (75.5 MHz, CDCly) 5 188.3 (q,
Jor = 36.5 Hz, C), 140.0 (C), 136.6 (C), 135.0 (C),D3(CH), 128.5 (2CH), 128.3
(2CH), 127.8 (CH), 127.1 (CH), 126.8 (CH), 126.53H)C115.3 (q,Jc.r = 291.9 Hz,
CFs), 79.0 (C), 75.8 (C), 68.1 (C), 65.4 (C), 43.0 (+84.5 (CH), 28.7 (CH), 21.4
(CH,), 19.2 (CH); *F NMR (282 MHz, CDCl3) § =79.7 (s, 3F)HRMS (ESI) m/z
369.1470 (M+H), Co3H,0F:0 requires 369.1466.

(R)-12-Chloro-1,1,1-trifluoro-4-phenyldodeca-5,7-diyr2-one (40ah)

Enantiomeric excess (93%) was determined by

Ph i
chiral HPLC (Chiralpak AS-H), hexarerOH
= CFs 99:01, 1 mL/min, major enantiomer=t 7.5 min,
= minor enantiomer, = 6.6 min.
Cl 40ah

Oil; [#]p?® -11.7 € 0.89, CHC}, 93%ed; 'H NMR (300 MHz, CDCl3) & 7.38-7.26
(m, 5H), 4.30 (ddJ = 7.5, 6.5 Hz, 1H), 3.55 (§,= 6.4 Hz, 2H), 3.30 (ddd,= 18.6, 7.9,
0.5 Hz, 1H), 3.12 (ddd] = 18.6, 6.9, 0.5 Hz, 1H), 2.33 (= 6.9, 1.0 Hz, 1H), 1.94-
1.84 (m, 2H), 1.74-1.64 (m, 2H)*C NMR (75.5 MHz, CDCl) & 188.1 (qJc.r = 36.2
Hz, C), 138.5 (C), 129.0 (2CH), 127.8 (CH), 1272€HK), 115.2 (qJc.r = 291.8 Hz,
CR), 79.2 (C), 75.5 (C), 68.6 (C), 65.3 (C), 44.5 @;H4.3 (CH), 32.2 (CH), 31.4
(CH,), 25.3 (CH), 18.5 (CH); **F NMR (282 MHz, CDCly) § -79.8 (s, 3F)HRMS
(ESI) m/z 341.0930/343.0899 (M+H) 100.0/31.7, GH:CIF:0 requires
341.0920/343.0891.

(R)-1,1,1-Trifluoro-4-phenyl-8-(triisopropylsilyl)oct a-5,7-diyn-2-one (40ai)

Ph O Enantiomeric excess (85%) was determined by chiral
P CF HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min,
_ = ’ major enantiomer, = 8.6 min, minor enantiomer £ 6.1
7z . .
TIPS 40ai min.

Oil; [a]p? -14.5 € 0.77, CHC}, 85%ed; 'H NMR (300 MHz, CDCls) § 7.37-7.29
(m, 5H), 4.33 (tJ = 6.0 Hz, 1H), 3.34 (ddd] = 18.8, 7.5, 0.5 Hz, 1H), 3.16 (ddHi=
18.8, 6.5, 0.5 Hz, 1H), 1.08 (s, 21HJC NMR (75.5 MHz, CDCL) & 188.0 (q,Jc.c =
36.3 Hz, C), 138.2 (C), 129.0 (2CH), 127.9 (CH)7 #2(2CH), 115.2 (qJc.r = 291.9
Hz, CR), 89.1 (C), 83.3 (C), 76.3 (C), 69.0 (C), 44.3 (5HB2.2 (CH), 18.5 (6Ch),
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11.2 (3CH);**F NMR (282 MHz, CDCls) § -79.8 (s, 3F)HRMS (ESI)m/z 407.2024
(M+ H)*, CoaH3gF30Si requires 407.2018.

5.4.2.4. Synthetic transformations
(R)-1,1,1-Trifluoro-4,8-diphenyloctan-2-one (41)

A solution of compoundtOaa (10 mg, 0.031 mmol, 93%
Ph O . .
/\/\)\)}\ ee in EtOAc (0.4 mL) was stirred under hydrogen
Ph CF3 atmosphere in the presence of 10% Pd/C (3 mg)donid
41 at room temperature. Then, the reaction mixture was
filtered through a short pad of silica gel, whichsmvashed with EtOAc, and the solvent
was removed under reduced pressure. Purificatidrably chromatography on silica gel
eluting with hexane:EtOAc (99:01) gave compoutd(9.2 mg, 89%). Enantiomeric
excess (92%) was determined by chiral HPLC (ChatalzD-H), hexanePrOH 99:01,
1mL/min, major enantiomef £ 10.8 min, minor enantiomers 7.6 min.

Oil; [a]p*®-2.3 € 0.78, CHC4, 92%e8d); 'H NMR (300 MHz, CDCls) § 7.33-7.21 (m,
5H), 7.20-7.09 (m, 5H), 3.26-3.16 (m, 1H), 3.022(en, 2H), 2.56-2.50 (m, 2H), 1.70-
1.48 (m, 4H), 1.28-1.17 (m, 2H)*C NMR (75.5 MHz, CDCl) 6 190.2 (qJc.r = 35.1
Hz, C), 143.0 (C), 142.4 (C), 128.7 (2CH), 128.8KD, 128.3 (2CH), 127.3 (2CH),
126.8 (CH), 125.7 (CH), 115.4 (d¢.r = 292.2 Hz, CE), 43.5 (CH), 39.7 (CH), 35.9
(CHy), 35.6 (CH), 31.2 (CH), 26.8 (CH); **F NMR (282 MHz, CDCl3) 5 —80.0 (s,
3F); HRMS (ESI) m/z 335.1631 (M+ H), CooH2F30 requires 335.1623.

(R)-1,1,1-Trifluoro-4-phenylocta-5,7-diyn-2-one (42)

Ph O AcOH (4 pL, 0.096 mmol) and 1M TBAF in THF (68L,
P CF, 0.068 mmol) were added to a solution 4fai (35.4 mg,

= 7 " 0.087 mmol) in THF (1 mL) at O °C under nitrogen
H atmosphere. After 4 h, the reaction was quench#d kigO

(1 mL). The aqueous layer was extracted with die¢tlyer (3 x 15 mL). The organic
layer was washed with saturated aqueous Nad#21@ dried over MgS£ Removal of
the solvent under reduced pressure followed byhflelsromatography eluting with
hexane:EtOAc (99:01) gavd2 (15 mg, 70%). Enantiomeric excess (85%) was
determined by GLC (Supelcp-dex-225, Toum= 100 °C (5 min) to 150 °C at 5
°C/min), major enantiomer £ 20.2 min, minor enantiomegr 19.9 min.

Qil; [e]o?® -6.0 € 0.80, CHC}, 85%):'H NMR (CDCl3, 300 MHz) § 7.38-7.30 (m,
5H), 4.31 (tJ = 7.0 Hz, 1H), 3.33 (ddl = 18.7, 7.9 Hz, 1H), 3.15 (dd= 18.7, 6.2 Hz,
1H), 2.10 (dJ = 1.1 Hz, 1H)*C NMR (CDCl3, 75.5 MHz)$ 187.9 (q,J = 36.1 Hz,
C), 137.9 (C), 129.1 (2CH), 128.0 (CH), 127.3 (2CH)5.2 (g,J = 291.6 Hz, CB),

76.1 (C), 68.0 (C), 67.6 (C), 67.1 (CH), 44.2 (§;+82.1 (CH);**F NMR (CDCl3, 282
MHz) § -79.8 (s, 3F);HRMS (ESI) m/z 250.0601 (M+ H), CiHoF:O requires
250.0605.
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(4R)-1,1,1-Trifluoro-2-methyl-4,8-diphenylocta-5,7-diyn-2-ol (43)

A commercial 3 M solution of MeMgClI in THF (7L,

Ph OH . . .
0.230 mmol) was diluted with diethyl ether (0.3 nmand
= MeCT3 cooled to 0 °C under nitrogen. A solution of commabu
o Z 43 40aa (50 mg, 0.153 mmol) in dry diethyl ether (0.5 mL)

was added dropwise via syringe and the reactiortumgx
was allowed to reach room temperature. After 2hh, reaction was quenched with a
solution of citric acid (1 mL). The aqueous layexsaextracted with diethyl ether (3 x
15 mL) and the organic layer was dried over MgSRemoval of the solvent under
reduced pressure followed by flash chromatograjimyng with hexane:EtOAc (99:01)
gave 43 (40.8 mg, 78%) as a ca. 4.5:1 mixture of two @isimeric alcohols.
Enantiomeric excess (91%) was determined by chiPdIC (Chiralpak AY-H), hexane-
IPrOH 99:01, 1 mL/minmajor diastereomermajor enantiomer, t= 23.2 min, minor
enantiomer,t= 16.1 min.

Major (1S,4R)-diastereomer:*H NMR (300 MHz, CDCls) § 7.50-7.45 (m, 2H), 7.39-
7.31 (m, 8H), 4.04 (dd] = 9.8, 4.9 Hz, 1H), 2.53 (s, OH), 2.38 (dd; 14.5, 9.8 Hz,
1H), 2.10 (ddJ = 14.5, 4.9 Hz, 1H), 1.46 (s, 3H)*C NMR (75.5 MHz, CDCL) 5
140.2 (C), 132.5 (2CH), 129.2 (CH), 129.1 (2CH)8X2(2CH), 127.6 (CH), 127.4
(2CH), 121.5 (C), 84.1 (C), 77.2 (C), 73.7 g.,r = 28.5 Hz, C), 73.5 (C), 69.1 (C),
42.6 (CH), 33.3 (CH), 20.3 (CH; **F NMR (282 MHz, CDCls) § -84.0 (s, 3F).

Minor (1R,4R)-diastereomer (representative peaks taken from the diastereomeric
mixture): '"H NMR (300 MHz, CDCl3) § 4.13 (dd,J = 9.8, 4.3 Hz, 1H), 2.54 (s, 1H),
2.23-2-17 (m, 2H), 1.58 (s, 3H'F NMR (282 MHz, CDCls) & -83.1 (s, 3F).

(25,4R,Z)-2-Methyl-4-phenyl-5-(3-phenylpro-2-yn-1-ylidene)2-
(trifluoromethyl)tetrahydrofuran (44)

AgOTf (10.0 mg, 0.038 mmol) was added to a solutminthe
diastereomeric mixture @f3 (26 mg, 0.076 mmol) in THF (0.5 mL) at
rt under nitrogen atmosphere and the mixtures weagd overnight.
Then, removal of the solvent under reduced predsilmved by flash
chromatography eluting with hexane:EtOAc (99:019wakd to obtain
furan 44 as the major product (15.6 mg, 60%).Enantiomexicess
(92%) was determined by chiral HPLC (Chiralcel OR-Hexane-
'PrOH 99:01, 1 mL/min, major enantiomer=t 13.3 min, minor enantiomer + 27.4
min. The cyclization product resulting from the mirdiastereomer 043 could not be
obtained pure in sufficient amount.

Oil; [a]p*®-5.9 € 1.00, CHC}, 92%e8d); 'H NMR (300 MHz, CDCls) & 7.43-7.25 (m,
10H), 4.30 (dJ = 2.2 Hz, 1H), 4.18 (dddl = 11.5, 9.3, 2.2 Hz, 1H), 2.50 (d#i= 12.9,
11.5 Hz, 1H), 2.40 (dd) = 12.9, 9.3 Hz, 1H), 1.63 (s, 3H)*C NMR (75.5 MHz,
CDCl3) 6 168.5 (C), 138.5 (C), 131.3 (2CH), 129.0 (2CH)8.52(2CH), 128.1 (2CH),
127.8 (CH), 127.5 (CH), 125.2 (3 = 254.4 Hz, CP), 124.1 (C), 93.1 (C), 84.8 (C),
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84.2 (C), 81.0 (CH), 47.3 (CH), 40.0 (©H20.3 (CH); *F NMR (282 MHz, CDCls)
5 -82.2 (s, 3F)HRMS (ESI) m/z 343.1300 (M+H), C,1H1gF30 requires 343.1310.
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5.6. Enantioselective conjugate alkynylation of-trifluoromethyl a,f-
enones

5.6.1. Synthesis and characterization ¢-trifluoromethyl a,-enones 45
5.6.1.1 Synthesis of aryl substituted g-trifluoromethyl a,-enones 45a-g

Aryl substituted p-trifluoromethyl o,-enones were synthesized according to the
procedure described in the literat8e.

Pyrrolidine (0.6 mL, 7 mmol), trifluoroacetaldehyd¢hyl hemiacetal (1.29 mL, 10
mmol) and acetophenone (10 mmol) were dissolvemliurene (10 mL). The mixture
was heated at reflux temperature until completidihQ). Then, the solvent was
removed under reduced pressure and the resultirtumaichromatographed on silica
gel eluting with hexane-EtOAc to afford the desieztbned5.

(E)-4,4,4-Trifluoro-1-phenylbut-2-en-1-one (45a)

0 Oil, 79% yield;*H NMR (300 MHz, CDCl3) & 7.98 (dd,J = 7.2, 1.5
F,h)J\/ACF3 Hz, 2H), 7.65 (tJ = 7.4 Hz, 1H), 7.58- 7.49 (m, 3H), 6.82 (dys
15.5, 6.7 Hz, 1H)**C NMR (75.5 MHz, CDCls) & 188.0 (C), 136.1
(C), 134.1 (CH), 131.0 (g)e.r = 5.6 Hz, CH), 130.2 (glcr = 35.0
Hz, CH), 129.0 (CH), 128.8 (CH), 122.5 (i, = 268.5 Hz,CB).

(E)-4,4,4-Trifluoro-1-p-tolylbut-2-en-1-one (45b)

45a

0 75% vyield;mp 56-59 °C*H NMR (300 MHz, CDCl3) & 7.88
A~cp, (d,J=83Hz, 2H), 7.54 (dg] = 15.6, 2.0 Hz, 1H), 7.33 (4,
= 8.1 Hz, 2H), 6.81 (dq] = 15.5, 6.7 Hz, 1H), 2.45 (s, 3H);
Me 45b 3¢ NMR (75.5 MHz, CDCl;) 5 187.5 (C), 145.3 (C), 133.7

(C), 131.1 (gJc.r = 5.5 Hz, CH), 129.9 (glc.r = 34.8 Hz,
CH), 129.7 (CH), 129.0 (CH), 122.6 (&.r = 268.5 Hz,CF), 21.6 (CH); *F NMR
(282 MHz, CDCl) 5 -65.57 (s, CB).

(E)-4,4,4-Trifluoro-1-(4-methoxyphenyl)but-2-en-1-ong45c)

0 45% yield: mp 36-39 °C:*H NMR (300 MHz, CDCls) &
/@)K/ACFB 7.97 (d,d = 9.0 Hz, 2H), 7.53 (dg] = 15.5, 2.0 Hz, 1H),
6.98 (d,J = 9.0 Hz, 2H), 6.79 (dg] = 15.5, 2.0 Hz, 1H),

MeO a5c 3.89 (s, 3H):°C NMR (75.5 MHz, CDCL) & 186.1 (C),

164.4 (C), 131.4 (CH), 131.0 (d.r = 5.5 Hz, CH), 129.5
(0, Jo.r = 34.8 Hz, CH), 129.2 (C), 122.7 (&.r = 268.5 Hz,CF), 114.2 (CH), 55.6
(CHs); **F NMR (282 MHz, CDCls) 3 —65.51 (s, C§).
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(E)-1-(4-Chlorophenyl)-4,4,4-trifluorobut-2-en-1-one(45d)

0 80% yield;mp 37-41 °C;*H NMR (300 MHz, CDCl3) 8 7.92
A~cp, (d,3 =287 Hz, 2H), 7.50 (dJ = 8.7 Hz, 2H), 7.49 (dq) =
15.2, 2.0 Hz, 1H), 6.83 (dd,= 15.6, 6.6 Hz, 1H)**C NMR
45d (75.5 MHz, CDCk) 8 186.7 (C), 140.8 (C), 134.4 (C), 130.7
(9, Je-r = 35.3 Hz, CH), 130.5 (glc.r = 5.5 Hz, CH), 130.2 (CH), 129.4 (CH), 122.4 (q,
Jo.r = 268.5 Hz,CR); *F NMR (282 MHz, CDCls) 5 —65.66 (s, C§.

(E)-4,4,4-Trifluoro-1-(4-nitrophenyl)but-2-en-1-one @5e)

0 81% yield;mp 66-70 °C*H NMR (300 MHz, CDCl3)3 8.37
A~cp, (d,3=9.0 Hz, 2H), 8.14 (d) = 9.0 Hz, 2H), 7.52 (dd] =
5

Cl

15.5, 2.0 Hz, 1H), 6.88 (dd,= 15.5, 6.5 Hz, 1H}*C NMR
45¢ (75.5 MHz, CDCk)3 186.7 (C), 150.8 (C), 140.5 (C), 131.9

(9, Jo.r = 35.5 Hz, CH), 130.1 (glc.r = 5.5 Hz, CH), 129.8
(CH), 124.2 (CH), 122.2 (glc.r = 268.8 Hz, CE); *°F NMR (282 MHz, CDCls) & —
65.79 (s, CB).

(E)-4,4,4-Trifluoro-1-(naphthalen-2-yl)but-2-en-1-one(45f)

o) Oil, 61% vyield;'H NMR (300 MHz, CDCls) & 8.47 (s, 1H),
“)%CFS 8.05 (dd,J = 8.7, 1.8 Hz, 1H), 8.01 (d,= 8.1 Hz, 1H), 7.95
OO (d, J = 8.7 Hz, 1H), 7.91 (d) = 8.1 Hz, 1H), 7.71 (dq] =

45 15.5, 2.1 Hz, 1H), 7.66 (td,= 7.9, 1.4 Hz, 1H), 7.60 (td,=
7.4, 1.3 Hz, 1H), 6.89 (dq, = 15.6, 6.6 Hz, 1H)}*C NMR
(75.5 MHz, CDCk) & 187.7 (C), 136.0 (C), 133.6 (C), 132.4 (C), 131(08), 131.00

(@, Jo-r = 5.5 Hz, CH), 130.2 (glc-r = 34.8 Hz, CH), 129.7 (CH), 129.2 (CH), 129.1
(CH), 127.9 (CH), 127.2 (CH), 123.9 (CH), 122.6 Jg = 268.5 Hz, CB).

(E)-4,4,4-Trifluoro-1-(thiophen-2-yl)but-2-en-1-one 45gq)

O 73% yield;mp 50-52 °C;'H NMR (300 MHz, CDCls) & 7.84 (dd,
<SJ)J\/AC% J=13.9, 1.2 Hz, 1H), 7.79 (dd,= 5.0, 1.1 Hz, 1H), 7.40 (dq,=
\ ! 15.5, 2.1 Hz, 1H), 7.22 (dd,= 5.1, 3.9 Hz, 1H), 6.87 (dd,= 15.5,

45g 6.7 Hz, 1H):**C NMR (75.5 MHz, CDCl;) 3 179.6 (C), 143.7 (C),
136.1 (CH), 133.6 (CH), 130.8 (dz-r = 5.8 Hz, CH), 129.8 (gl

F = 35.3 Hz, CH), 128.7 (CH), 122.5 (@.r = 268.8 Hz, CB); 'F NMR (282 MHz,
CDCl3) 3 -65.57 (s, C§.

O,N
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5.6.1.2. Synthesis of aliphatic substituted g-trifluoromethyl a,-enones 45h-i

Aliphatic substitutedp-trifluoromethyl a,3-enones were synthesis according to the
procedure described in the literatdfe.

Ethyl 4,4,4-trifluoro-3-hydroxybutanoate

O OH NaBH,; (0.83g, 22.0 mmol) was added portionwise to atsmiuof
ethyl 4,4,4-trifluoro-3-oxobutanoate (3.2 mL, 2Inmol) in diethyl
ether (20 mL) at rt under nitrogen atmosphere. rA8tl, the reaction

was quenched with 20% aqueous /8Hand extracted with Ci€l,, the organic layers

were dried over MgSgfiltered, and concentrated in vacuo to give eth¥l4-trifluoro-

3-hydroxybutanoate (3.1 g, 75%).

EtO

4,4,4-Trifluoro-3-hidroxy- N-methoxy-N-methylbutanamide

O OH A 2 M solution of AIMg in heptane (13.4 mL, 26.7 mmol) was
Me\NJK/kCF3 added dropwise to a suspension MyD-dimethylhydroxylamine
OMe hydrochloride (2.6 g, 26.7 mmol) in GEl, (12 mL) at —10 °C
under nitrogen atmosphere. The resulting yellowutsmh was
stired at rt for 1 h and cooled to -10 °C. A dolut of 4,4,4-trifluoro-3-
hydroxybutanoate (2.5 g, 13.4 mmol) in & (2.5 mL) was slowly added, and the
reaction mixture stirred overnight at rt. Then, neleed with saturated aqueous JXIH
After extraction with CHCI,, the organic layers were combined, washed wiid,H
dried over MgSQ filtered, and concentrated under reduced preskurgive 4,4,4-
trifluoro-3-hidroxy-N-methoxyN-methylbutanamide (2.2 g, 82%).

White solid;*H NMR (300 MHz, CDCls) § 4.48-4.42 (m, 1H), 4.30 (d = 4.2 Hz,
1H), 3.72 (s, 3H), 3.22 (s, 3H), 2.82 @= 6.1 Hz, 2H). Data consistent with the
literature®”

1,1,1-Trifluoro-2-hydroxyoctan-4-one

O OH A 2.5 M solution ofn-BuLi in hexane (6 mL, 15 mmol) was added
dropwise to a solution of 4,4,4-trifluoro-3-hidroXtmethoxyN-
methylbutanamide (1 g, 5 mmol) in THF (10 mL) ai8-°C under
nitrogen atmosphere. The reaction mixture wasestifor 4 h at —78 °C. Then,
guenched with saturated aqueous8Hat 0 °C. After extraction with EtOAc, the
organic layers were combined, washed with bringgddover MgSQ, filtered, and
concentrated under reduced pressure. Purificagoflabh chromatography gave 1,1,1-
trifluoro-2-hydroxyoctan-4-one (0.90 g, 92%).

Bu CF,4

Oil; *H NMR (300 MHz, CDCls) § 4.52-4.45 (m, 1H), 3.60 (d,= 4.6 Hz, 1H), 2.87-
2.69 (M, 2H), 2.51-2.46 (m, 2H), 1.63-1.53 (m, 2HB8-1.23 (m, 2H), 0.91 (§,= 7.3
Hz, 2H).
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6,6,6-Trifluoro-5-hydroxy-1-phenylhex-1-yn-3-one

O OH A 2.5 M solution ofn-BuLi in hexane (4.2 mL, 10.5 mmol) was
/K/kCFS added to a solution of alkyr#a (1.26 mL, 11.5 mmol) in THF (5
Ph Z mL) at —78 °C under nitrogen atmosphere. Afterisgirat 0 °C
for 30 min, the reaction mixture was cooled to °¥8and a

solution of 4,4,4-trifluoro-3-hidroxyN-methoxyN-methylbutanamide (0.71 g, 3.51

mmol) in THF (7 mL) was added. After stirring aisthemperature for 4 h, saturated
aqueous NECI| was added at 0 °C. After extraction with EtOAlee organic layers

were combined, washed with brine, dried over MgSiiered, and concentrated under
reduced pressure. Purification by flash chromatagyayave 6,6,6-trifluoro-5-hydroxy-

1-phenylhex-1-yn-3-one (0.76 g, 89%).

White solid; *H NMR (300 MHz, CDCls) & 7.61-7.58 (m, 2H), 7.53-7.47 (m, 1H),
7.44-7.38 (m, 2H), 4.67-4.59 (m, 1H), 3.18-3.04 @#); *C NMR (75.5 MHz,
CDCl3) § 183.5 (C), 133.3 (2CH), 131.3 (CH), 128.8 (2CH)4 1 (q,Jc.r = 281.1 Hz,
CFy), 119.2 (C), 93.4 (C), 87.3 (C), 66.5 (g,r = 32.5 Hz, CH), 45.0 (CHt *°F NMR
(282 MHz, CDCL) § -79.9 (s, 3F).

6,6,6-Trifluoro-5-hydroxy-1-phenylhexan-3-one

O OH A solution of 6,6,6-trifluoro-5-hydroxy-1-phenylheixyn-3-

one(0.76 mg, 3.13 mmol) in EtOAc (20 mL) was strtender

hydrogen atmosphere in the presence of Pd/C (168@d min.

Then, the reaction mixture was filtered throughcailgel eluting with EtOAc. The
solvent was removed under reduced pressure to @j@eb-trifluoro-5-hydroxy-1-
phenylhexan-3-one (0.75 mg, 99%).

Ph CF3

Oil; *H NMR (300 MHz, CDCl3) & 7.33-7.27 (m, 2H), 7.24-7.17 (m, 3H), 4.54-4.43
(m, 1H), 3.33 (br s, 1H), 2.96-2.68 (M, 6/C NMR (75.5 MHz, CDCl3) § 207.6 (C),
140.2 (C), 128.6 (2CH), 128.2 (2CH), 126.4 (CH), 766, Jo.r = 32.3 Hz, CH), 45.1
(CHy), 42.0 (CH), 29.4 (CH); *°F NMR (282 MHz, CDCls) 5 -80.0 (s, 3F).

Dehydration of the hydroxyketones. Synthesis of emes 45h-i

EtN (0.63 mL, 4.6 mmol) was added to a solution ef tbrresponding hydroxyketone
(4.6 mmol) in CHCI, (9.2 mL) was under nitrogen atmosphere. The reactixture
was stirred at rt for 30 min, cooled to —78 °C amekyl chloride (0.45 mL, 5.75 mmol)
was slowly added. After stirring at —78 °C for 3thrand rt for 3 h, BN (0.96 mL, 6.9
mmol) was added, and the mixture was stirred ogetnirhen, water and pentane were
added. The organic layer was separated, washedovitte, dried over MgSg) filtered,
and concentrated under reduced pressure to givaetieed enonéb.
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(E)-1,1,1-Trifluorooct-2-en-4-one (45h)

0 Oil, 73% vyield;*H NMR (300 MHz, CDCl3) & 6.72 (dq,J =
\/\)J\/AC% 15.9, 1.6 Hz, 1H), 6.59 (dd,= 15.9, 6.1 Hz, 1H), 2.65-2.60 (M,
2H), 1.68-1.58 (m, 2H), 1.39-1.32 (m, 2H), 0.93)(& 7.3 Hz,

45h 1H).

(E)-6,6,6-Trifluoro-1-phenylhex-4-en-3-one (45i)

0 Oil, 73% yield;*H NMR (300 MHz, CDCls) § 7.33-7.27 (m,
Phwca 2H), 7.24-7.17 (m, 3H), 6.70 (dg~= 16.0, 1.5 Hz, 1H), 6.58 (dq,
J = 16.0, 6.0 Hz, 1H), 2.97 (s, 4H}’C NMR (75.5 MHz,
CDCl3) § 197.1 (C), 140.2 (CH), 134.0 (d,= 5.6 Hz, CH),
128.9 (C), 128.6 (2CH), 128.3 (2CH), 126.4 (CH)222(q,Jc.= 270.5 Hz, CE), 43.4
(CHy), 29.4 (CH); *°F NMR (282 MHz, CDCls) § —66.8 (s, 3F).

45i

5.6.2. Enantioselective conjugate addition of termal alkynes top-trifluoromethyl
a,B-enones

5.6.2.1. General procedure for the enantiosel ective alkynylation reaction

[Cu(CH;CN)4]BF4 (5.7 mg, 0.018 mmol) and?9 (12.4 mg, 0.018 mmol) were placed
in a dry round bottom flask which was purged wiittitagen. THF (0.2 mL) was added
and the mixture was stirred for 1.5 h at room terajpee. Then, a solution di-
trifluoromethyl-a,f-enone45 (0.090 mmol) in dry THF (1.0 mL) was added via sge,
followed of triethylamine (12.5 pL, 0.090 mmol). 8solution was placed in a bath at
40 °C. After 10 min, the alkyn2 (0.675mmol) was added and the solution was stirred
at 40 °C under nitrogen until the reaction was cletep(TLC). The reaction mixture
was quenched with 20% aqueous 48H(1.0 mL), extracted with C¥l, (2 x 15 mL),
washed with brine (15 mL), dried over MgS@nd concentrated under reduced
pressure. Purification by flash chromatography iboasgel eluting with hexane:diethyl
ether mixtures afforded compound.

5.6.2.2. General procedure for the synthesis of the racemic products

A 1.5 M solution of EfZn in toluene (0.17 mL, 0.25 mmol) was added drgewb a
solution of alkyne2 (0.94 mmol) and%)-BINOL (L1, 7.2 mg, 0.025 mmol) in toluene
(0.48 mL) at room temperature under nitrogen amdntiixture was stirred for 1.5 h at
70 °C. Thenp-substitutedp-trifluoromethyl enone#l5 (0.125 mmol) in toluene (1.0
mL) was added via syringe. The solution was stimed0 °C until the reaction was
complete (TLC). The reaction mixture was quencheith ®0% aqueous NiTI (1.0
mL), extracted with CbLCl, (2x 15 mL), washed with brine (15 mL), dried okgSO,
and concentrated under reduced pressure. Purifichyi flash chromatography on silica
gel eluting with hexane:EtOAc mixtures affordedenawic 46.
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5.6.2.3. Characterization of products 46

See Table 16 (Page 80) for yields.

(S)-(=)-3-(Trifluoromethyl)-1,5-diphenylpent-4-yn-1-one @6aa)

CF3 O Enantiomeric excess (85%) was determined by chiral
_ HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1 mL/min,
= O major enantiomer, = 8.1 min, minor enantiomer £ 10.1
O 46aa min

Oil; [a]p?® —34.7 € 0.81, CHC}, 85%ed; 'H NMR (300 MHz, CDCls) & 8.03-7.99
(m, 2H), 7.62 (ddd) = 6.6, 1.3 Hz, 2H), 7.40-7.37 (m, 2H), 7.31-7.24 BH), 4.29-
4.16 (m, 1H), 3.60 (dd] = 17.3, 8.9 Hz, 1H), 3.42 (dd= 17.3, 4.2 Hz, 1H)**C NMR
(75.5 MHz, CDCk) & 194.5 (C), 136.1 (C), 133.8 (CH), 131.9 (2CH), .B2@CH),
128.6 (CH), 128.2 (2CH), 128.2 (2CH), 125.3Jgr = 263.0 Hz, CF), 122.0 (C), 84.3
(C), 81.4 (qJc.r = 6.5 Hz, C), 38.3 (Ch), 33.7 (q.Jc.r = 41.2 Hz, CH)!*F NMR (282
MHz, CDCl3) & -71.6 (s, 3F);HRMS (ESI) m/z 303.0893 (M+ H), CigH14F:0O
requires 303.0991.

(9)-(-)-3-(Trifluoromethyl)-5-phenyl-1- p-tolylpent-4-yn-1-one (46ba)

CF; O Enantiomeric excess (80%) was determined by chiral
P HPLC (Chiralpak AD-H), hexan#®rOH 99:01, 1
Z O mL/min, major enantiomer,t= 8.1 min, minor
O Me  enantiomer,t 9.1 min.
46ba

Oil; [a]p*°-28.5 € 0.89, CHC}, 80%ed: *H NMR
(300 MHz, CDCk) & 7.92-7.88 (m, 2H), 7.40-7.36 (m, 2H), 7.31-7.26 GH), 4.26-
4.19 (m, 1H), 3.56 (dd] = 17.2, 8.9 Hz, 1H), 3.39 (dd = 17.2, 4.2 Hz, 1H), 2.43 (s,
3H); °C NMR (75.5 MHz, CDCl)5194.1 (C), 144.7 (C), 133.6 (C), 131.9 (2CH),
129.5 (2CH), 128.6 (CH), 128.2 (2CH), 127.2 (2CH)5.4 (q,Jc.r = 279.3 Hz, CB),
122.0 (C), 84.7 (C), 84.2 (C), 38.1 (@H33.7 (q.Jcr = 31.7 Hz, CH), 21.7 (Ci; *°F
NMR (282 MHz, CDCls) 8-71.6 (s, 3F);HRMS (ES)m/z 317.1148 (M+ H),
CioH16F30requires 317.1141.

(S)-(=)-3-(Trifluoromethyl)-1-(4-methoxyphenyl)-5-phenylpent-4-yn-1-one (46ca)

CF3 O Enantiomeric excess (80%) was determined by chiral
_ HPLC (Chiralpak IC), hexan®rOH 99:01, 1
7 O mL/min, major enantiomer,t= 9.0 min, minor
OMe

O enantiomer£ 8.0 min.
46ca

Oil; [a]p?°-40.9 € 0.91, CHCY4, 80%ed;*H NMR (300 MHz, CDCl5)57.88 (dt,J = 9,

3 Hz, 2H), 7.29-7.26 (m, 2H), 7.19-7.16 (m, 3HB%6.84 (dtJ = 9, 3 Hz, 2H), 4.16-
4.09 (m, 1H), 3.70 (s, 3H), 3.43 (ddi= 18, 9 Hz, 1H), 3.25 (dd,J, = 18, 3 Hz, 1H);
13C NMR (75.5 MHz, CDCls) § 193.0 (C), 164.0 (C), 131.9 (2CH), 130.6 (2CHQ.22

185



Experimental Section

(C), 128.6 (CH), 128.2 (2CH), 125.4 . = 279.4 Hz, CR), 122.1 (C), 114.0 (2CH),
84.3 (C), 82.0 (gJcr = 3.8 Hz, C), 55.5 (Cf), 37.9 (CH), 33.8 (9,JcFr = 31.6 Hz,
CH);**F NMR (282 MHz, CDCl5)5-71.6 (s, 3F)HRMS (ESI)m/z 333.1088 (M+ H),
C19H16F302requires 333.1097.

(S)-(-)-1-(4-Chlorophenyl)-3-(trifluoromethyl)-5-phenylpent-4-yn-1-one (46da)

CF3 O Enantiomeric excess (80%) was determined by chiral
HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1
O mL/min, major enantiomer t= 7.5 min, minor

Cl

O 46da enantiomer & 10.9 min.

Oil; [a]p*°-32.7 € 0.81, CHC}, 80%e8; *H NMR (300 MHz, CDCls) § 7.95 (dt,J =
9.0, 3.0 Hz, 2H), 7.48 (dfl = 9.0, 2.4 Hz, 2H), 7.40-7.36 (m, 2H), 7.31-7.84, BH),
4.27-4.14 (m, 1H), 3.55 (dd,= 17.3, 8.9 Hz, 1H), 3.38 (dd,= 17.3, 4.2 Hz, 1H)!*C
NMR (75.5 MHz, CDCl;) & 193.4 (C), 140.4 (C), 134.4 (C), 131.9 (2CH), 829.
(2CH), 129.2 (2CH), 128.7 (CH), 128.2 (CH),125.4 Jgr = 279.3 Hz, CE), 121.9
(C), 84.5 (C), 81.6 (qc.r = 3.9 Hz, C), 38.3 (Ch), 33.7 (q,Jc.r = 31.5 Hz, CH)*F
NMR (282 MHz, CDCls) § -71.7 (s, 3F)HRMS (ESI) m/z 337.0592/339.0564 (M+
H)* 100/32.0, GgH13F;0Cl requires 337.0607/339.0578.

Z

(S)- (=)-3-(Trifluoromethyl)-1-(4-nitrophenyl)-5-phenylpent-4-yn-1-one (46ea)

CF3; O Enantiomeric excess (70%) was determined by chiral
P HPLC (Chiralcel OD-H), hexan®OH 95:05, 1
7 mL/min, major enantiomer 4 20.1 min, minor
O NO, enantiomert= 31.2 min.
46ea

Oil; [a]p*°-25.2 € 0.60, CHC}, 70%ed; *H NMR (300 MHz, CDCls) & 8.35 (dt,J =
9.0, 3.0 Hz, 2H), 8.16 (df = 9.0, 3.0 Hz, 2H), 7.40-7.25 (m, 5H), 4.27-4.1% (LH),
3.63 (dd,J = 17.5, 8.9 Hz, 1H), 3.47 (dd,= 17.5, 4.2 Hz, 1H)!*C NMR (75.5 MHz,
CDCls) 6 193.2 (C), 150.7 (C), 140.4 (C), 131.9 (2CH), B2@CH), 128.9 (CH),
128.3 (2CH),125.1 (qJc.r = 281.3 Hz, CF), 124.1 (2CH), 121.7 (C), 84.8 (C), 81.1
(C), 38.9 (CH), 33.7 (q.Jc.r = 31.9 Hz, CH)X*F NMR (282 MHz, CDCls) 5 -71.6 (s,
3F); HRMS (ESI) m/z 348.0851 (M+ H), CigH14FsNOsrequires 348.0848.

(9)-(-)-3-(Trifluoromethyl)-1-(naphthalene-3-yl)-5-phenylpent-4-yn-1-one (46fa)

CF3; O Enantiomeric excess (84%) was determined by chiral
_ HPLC (Chiralcel OD-H), hexan®OH 99:01, 1
7 O mL/min, major enantiomer,t= 16.3 min, minor
O enantiomer £ 19.1 min.
46fa

QOil; [0]p*° -118.6 € 1.30, CHC4, 84%ed; 'H NMR (300 MHz, CDCls) & 8.50 (s,
1H), 8.05 (dd,) = 8.6, 1.8 Hz, 1H), 7.98 (d,= 7.9 Hz, 1H), 7.90 (dd] = 10.2, 8.6 Hz,
2H), 7.65-7.54 (m, 2H), 7.38-7.35 (m, 2H), 7.2807 (¢, 3H), 4.35-4.22 (m, 1H), 3.73
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(dd, J = 17.2, 8.9 Hz, 1H), 3.54 (dd, = 17.2, 4.1 Hz, 1H)*C NMR (75.5 MHz,
CDCl3) & 194.4 (CH), 135.9 (C), 133.5 (C), 132.4 (C),1312€H), 130.12 (CH),
129.64 (CH), 128.9 (CH), 128.7 (CH), 128.6 (CH)822(2CH), 127.8 (CH), 127.0
(CH), 125.4 (qJcr = 279.4 Hz, CB), 123.7 (CH), 122.0 (C), 84.4 (C), 81.9 (g,r =
3.5 Hz, C), 38.3 (Ch), 33.8 (,Jc.r = 31.8 Hz, CH)**F NMR (282 MHz, CDCl) &
~71.5 (s, 3F)HRMS (ESI) m/z 353.1148 (M+ H), CyoH16FsOrequires 353.1148.

(S)-(=)-3-(Trifluoromethyl)-5-phenyl-1-(thiophen-2-yl)pent-4-yn-1-one (46ga)

CF3 O Enantiomeric excess (90%) was determined by chiPdlC
_ S. (Chiralcel OD-H), hexan#rOH 99:01, 1 mL/min, major
= \ / enantiomer,t= 10.5 min, minor enantiomegrt15.2 min.

46ga Oil; [a]p?*® -6.1 € 1.09, CHC}, 90% ed; *H NMR (300

MHz, CDCl3) & 7.77 (ddJ = 3.8, 1.1 Hz, 1H), 7.68 (dd,= 5, 1.1 Hz, 1H), 7.36-7.33
(m, 2H), 7.28-7.22 (m, 3H), 7.14 (ddi= 5, 3.8 Hz, 1H), 4.23-4.10 (m, 1H), 3.47 (dd,
= 16.6, 8.9 Hz, 1H), 3.32 (dd, = 16.6, 4.5 Hz, 1H)}*C NMR (75.5 MHz, CDCl) &
187.4 (C), 143.2 (C), 134.7 (CH), 132.7 (CH), 13(2€H), 128.7 (CH), 128.3 (CH),
128.2 (2CH), 125.2 (dlc.r = 278.7 Hz, CK), 121.9 (C), 84.7 (C), 81.5 (C), 38.7 (gH
33.8 (g,Jc.r = 31.7 Hz, CH)*F NMR (282 MHz, CDCls) § -71.7 (s, 3F)HRMS
(ESI) m/z 309.0550 (M+ H), Ci¢H15F:0Srequires 309.0555.

(S)-(+)-5-(Trifluoromethyl)-1,7-diphenylhept-6-yn-3-one (46ha)

CF; O Enantiomeric excess (79%) was determined by chiral
P HPLC (Chiralcel AD-H), hexan&rOH 99:01, 1
= mL/min, major enantiomer,t= 6.6 min, minor
O 46ha enantiomert= 9.6 min.

QOil; [a]p*°+6.1 € 0.8, CHC}, 79%e8; *H NMR (300 MHz, CDCls) § 7.42-7.36 (m,
2H), 7.35-7.22 (m, 5H), 7.24-7.14 (m, 2H), 3.99 (ihi), 3.01-2.78 (m, 6H)'*C NMR
(75.5 MHz, CDCk) & 204.3 (C), 140.4 (C), 131.9 (CH), 128.7 (CH), B2&CH), 128.3
(CH), 126.3 (CH), 125.1 (glc..= 277.1 Hz, CF), 121.9 (C), 84.4 (C), 81.5 (dc.r =
3.6 Hz, C), 44.7 (CH), 42.1 (CH), 33.4 (q,Jc.== 31.7 Hz, CH), 29.5 (CH: *F NMR
(282 MHz, CDCk) & -71.8 (s, 3F)HRMS (ESI) m/z 331.1306(M + HY) CooH14F:0
requires 331.1304.

(S)-(+)-5-(Trifluoromethyl)-7-(4-methoxyphenyl)-1-phenylhept-6-yn-3-one(46hb)

CF; O Enantiomeric excess (82%) was determined by
P chiral HPLC (Chiralcel AD-H), hexan®rOH
Z O 99:01, 1 mL/min, major enantiomer + 11.3
O min, minor enantiomesf £ 17.4 min.
MeO 46hb

Oil; [a]p®® +3.0 € 0.5, CHC}, 82% ed; *H
NMR (300 MHz, CDCls) § 7.33 (d,J = 9.0 Hz, 2H), 7.31-7.12 (m, 6H), 6.82 (d5 9.0
Hz, 2H), 3.98 (m, 1H), 3.81 (s, 3H), 3.00-2.78 @Hl); *C NMR (75.5 MHz, CDCl)
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§ 204.4 (C), 159.9 (C), 140.5 (C), 140.5 (CH), 13@4), 128.6 (CH), 128.3 (CH),
126.3 (CH), 125.2 (qle.= 278.3 Hz, CB), 114.0 (C), 113.9 (CH), 84.3 (C), 80.1 g,
= 1.6 Hz, C), 55.3 (C}), 44.8 (CH), 42.1 (CH), 33.4 (q,Jc.-= 31.5 Hz, CH), 29.5
(CH,): F NMR (282 MHz, CDCly) § =71.9 (s, 3F)HRMS (ESI) m/z 361.1415(M +
H)* C,1H20F30, requires 361.1410.

(S)-(=)-3-(Trifluoromethyl)-5-(4-methoxyphenyl)-1-phenylpent-4-yn-1-one (46ab)

CF3 O Enantiomeric excess (83%) was determined by chiral
HPLC (Chiralpak AD-H), hexandrOH 99:01, 1
mL/min, major enantiomer,t= 15.9 min, minor

nantiomer,£ 14.4 min.
MeO O 46ab ehantiometr

Oil; [e]p?°-20.3 €0.93, CHC}, 83%ee;:'H NMR (300 MHz, CDCls) 8.02-7.99 (m,
2H), 7.64-7.59 (m, 1H), 7.53-7.47 (m, 2H), 7.31, (dt 9, 3 Hz, 2H), 6.79 (dt]= 9, 3
Hz, 2H), 4.27- 4.14 (m, 1H), 3.79 (s, 3H), 3.58,(d¢ 17.2, 8.9 Hz, 1H), 3.41 (dd,=
17.2, 4.2 Hz, 1H}?C NMR (75.5 MHz, CDCl3)8194.7 (C), 159.8 (C), 136.1 (C), 133.7
(CH), 133.3 (2CH), 128.8 (2CH), 128.2 (2CH), 1254 Jc..= 279.1 Hz, CP), 114.1
(C), 113.8 (2CH), 84.2 (C), 80.4 (d.r = 3.5 Hz, C), 55.3 (Ch), 38.3 (CH), 33.7 (q,
Je.i= 31.7 Hz, CH)'°*F NMR (282 MHz, CDCl3)8-71.7 (s, 3F):HRMS (ESI)m/z
3331088(M + H) CioH16F302 requires 333.1097.

=

(9)-(-)-3-(Trifluoromethyl)-5-(4-fluorophenyl)-1-phenylpent-4-yn-1-one (46ac)

CF; O Enantiomeric excess (80%) was determined by chiral
P HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1
Z O mL/min, major enantiomert= 8.8 min, minor

O enantiomert 10.8 min.
F 46ac

Oil; [e]p?°-15.7 € 1.15, CHC}, 80%ed; *H NMR (300 MHz, CDCl3) § 8.02-7.99 (m,
2H), 7.65-7.60 (m, 1H), 7.53-7.48 (m, 2H), 7.3947 (&, 2H), 7.00-6.93 (m, 2H),4.24-
4.17 (m, 1H), 3.59 (dd] = 17.3, 9 Hz, 1H), 3.42 (dd,= 17.3, 4.1 Hz, 1H)}*C NMR
(75.5 MHz, CDCk) & 194.5 (C), 162.7 (dJ= 249.9 Hz, C), 136.0 (C), 133.9 (CH),
133.8 (d,J = 8.5 Hz, 2CH), 128.8 (2CH), 128.2 (2CH), 125.3Jg 279.2 Hz, CB),
118.1 (d,J = 3.5 Hz, C), 115.5 (dlc.r = 22.1 Hz, 2CH), 83.3 (C), 81.6 (@.= 5.1 Hz,
C), 38.2 (CH), 33.6 (q,Jc.r = 31.6 Hz, CH)*F NMR (282 MHz, CDCls) & -71.6 (s,
3F), -110.7 (s, 1F);HRMS (ESI) m/z 321.0892 (M+ H), CigH13F4Orequires
321.0897.
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(S)-(=)-5-(4-Chlorophenyl)-3-(trifluoromethyl)-1-phenylpent-4-yn-1-one (46ad)

CF3; O Enantiomeric excess (77%) was determined by chiral
HPLC (Chiralcel OD-H), hexan®OH 99:01, 1
mL/min, major enantiomer,t= 10.5 min, minor

O enantiomer,& 11.5 min.
Cl 46ad

Oil; [0]p?°-20.4 €0.90, CHC}, 77%ed; *H NMR (300 MHz, CDCls) § 8.02-7.99 (m,
2H), 7.62 (ddd) = 6.6, 3.9, 1.3 Hz, 1H), 7.54-7.48 (m, 2H), 7.3327(m, 4H), 4.26-
4.15 (m, 1H), 3.59 (dd] = 17.3, 9 Hz, 1H), 3.42 (dd,= 17.3, 4.1 Hz, 1H)**C NMR
(75.5 MHz, CDCk) 5 194.4 (C), 136.0 (C), 134.7 (C), 133.8 (CH), 132CH), 128.8
(2CH), 128.6 (2CH), 128.2 (2CH), 125.3 (g,r = 279.4 Hz, CB), 120.5 (C), 83.2 (C),
80.9 (C), 38.2 (Ch), 33.7 (g,Jc.r = 31.7 Hz, CH);™*F NMR (282 MHz, CDCls) &
~71.5 (s, 3F);HRMS (ESI) m/z 337.0594 / 339.0553 (M + H)100 / 28.9
C16H15CIF50 requires 337.0607 / 339.0578.

Z

(S)-(=)-3-(Trifluoromethyl)-5-(2-methoxyphenyl)-1-(thiophen-2-yl)pent-4-yn-1-one
(46gm)

CF; O Enantiomeric excess (98%) was determined by chiPdlC
OMe P S. (Chiralcel OD-H), hexan#rOH 95:05, 1 mL/min, major
Z | / enantiomer,t= 10.7 min, minor enantiomert13.2 min.
46gm Oil; [a]p?®-7.8 € 0.90, CHC}, 98% e®: 'H NMR (300

MHz, CDCl3)  7.80 (dd,J = 3.9, 1.1 Hz, 1H), 7.70 (dd,= 5.0, 1.1 Hz, 1H), 7.34-7.24
(m, 2H), 7.17 (dd) = 4.9, 3.8 Hz, 1H), 6.91-6.77 (m, 2H), 4.29-4.21, (iH), 3.78 (s,
3H), 3.52 (dd,J = 16.6, 8.5 Hz, 1H), 3.36 (dd,= 16.6, 4.8 Hz, 1H)**C NMR (75.5
MHz, CDCl3) § 187.5 (C), 160.4 (C), 143.4 (C), 134.5 (CH), 1838H), 132.6 (CH),
130.1 (CH), 128.3 (CH), 125.2 (dc= 279.5 Hz, CR), 120.3 (CH), 111.3 (C),
110.8(CH), 85.5 (C), 81.1 (C), 55.7 (@H38.9 (CH), 34.1 (q,Jc.~= 31.8 Hz, CH);}F
NMR (282 MHz, CDCls) & -71.6 (s, 3F);HRMS (ESI) m/z 338.0590(M + H}
C17/H14F30,S requires 338.0588.

(S)-(=)-3-(Trifluoromethyl)-5-(3,5-dimethoxyphenyl)-1-(thiophen-2-yl)pent-4-yn-
1-one (46gk)

CF3 O Enantiomeric excess (86%) was determined by chiral
S. HPLC (Chiralpak AD-H), hexand®rOH 95:05, 1
MeO #/  mL/min, major enantiomer,t= 11.2 min, minor
enantiomer £ 12.5 min.
46gk
OMe QOil; [a]o?°-7.0 € 0.93, CHC}, 86%ed; 'H NMR

(300 MHz, CDCl) & 7.80 (ddJ = 3.8, 1.1 Hz, 1H), 7.71 (dd,= 4.9, 1.1 Hz, 1H),7.17
(dd,J = 4.9, 3.8 Hz, 1H), 6.51 (d, = 2.3 Hz, 2H), 6.42 (t) = 2.3 Hz, 1H), 4.22-4.15
(m, 1H), 3.75 (s, 6H), 3.49 (dd,= 16.6, 8.9 Hz, 1H), 3.35 (dd,= 16.6, 4.5 Hz, 1H):
3C NMR (75.5 MHz, CDCls) & 187.4 (C), 160.4 (2C), 143.2 (C), 134.7 (CH), T32.

189



Experimental Section

(CH), 130.7 (CH), 125.2 (gc-= 279.3 Hz, CE), 123.2 (C), 109.6 (2CH), 102.3 (CH),
84.7 (C), 80.0 (gJc= 3.4 Hz, C), 55.4 (2C¥), 38.7 (CH), 33.8 (q,c-rJ= 31.8 Hz,
CH); *F NMR (282 MHz, CDCls) § =71.6 (s, 3F)HRMS (ESI) m/z 368.0690(M +
H)* C1gH1sF305S requires 368.0694.

(S)-(=)-3-(Trifluoromethyl)-5-(4-methoxyphenyl)-1-(thiophen-2-yl)pent-4-yn-1-one
(46gb)

CF3 O Enantiomeric excess (93%) was determined by chiral
_ S. HPLC (Chiralpak AY-H), hexandrOH 99:01, 1
Z | mL/min, major enantiomer, t= 25.3 min, minor
MO 46gb enantiomer,t 16.8 min.

Qil; [a]p*°-7.3 (€ 0.98, CHC}, 93%ed); 'H NMR (300 MHz, CDCls) § 7.79 (dd,J =
3.8, 1.1 Hz, 1H), 7.72-7.70 (m, 1H), 7.32-7.28 @hl), 7.17 (ddJ = 5, 3.8 Hz, 1H),
6.81-6.77 (m, 2H), 4.23-4.11 (m, 1H), 3.79 (s, 338 (dd,J = 16.6, 8.9 Hz, 1H), 3.33
(dd,J = 16.6, 4.5 Hz, 1H)**C NMR (75.5 MHz, CDCl;) § 187.5 (C), 159.8 (C), 143.3
(C), 134.7 (CH), 133.3 (2CH), 132.6 (CH), 128.3 {CH25.2 (qJc..= 279.3 Hz, CB),
114.0 (C), 113.8 (2CH), 84.6 (C), 80.0 (.= 3.3 Hz, C), 55.3 (C#), 38.8 (CH),
33.8 (q,Jc.= 31.7 Hz, CH);**F NMR (282 MHz, CDCls;) § -71.8 (s, 3F)HRMS
(ESI) m/z 338.0592(M + H) C17H14F30,S requires 338.0588.

(S5)-(=)-3-(Trifluoromethyl)-5-(3-fluorophenyl)-1-(thiophe n-2-yl)pent-4-yn-1-one
(4699)

CF3 O Enantiomeric excess (99%) was determined by chiral
y S. HPLC (Chiralcel OD-H), hexan®rOH 99:01, 1
F = | mL/min, major enantiomer,t= 13.7 min, minor

enantiomer,t 10.9 min.
4699

Qil; [a]p*°-8.3 (€ 0.87, CHC}, 99%ed); 'H NMR (300 MHz, CDCls) § 7.79 (dd,J =
2.7, 1.3 Hz, 1H), 7.74 (ddd,= 9.7, 4.9, 1.1 Hz, 1H), 7.28-7.14 (m, 3H), 7.0885(m,
2H),4.25-4.13 (m, 1H), 3.50 (dd,= 16.7, 9.0 Hz, 1H), 3.36 (dd,= 16.7, 4.4 Hz, 1H);
13C NMR (75.5 MHz, CDCl) & 187.2 (C), 162.2 (dJc.== 246.7 Hz, C), 143.1 (C),
134.8 (CH), 132.7 (CH), 129.8 (dc..= 8.6 Hz, CH), 128.4 (CH), 127.8 (&.r = 3.1
Hz, CH), 125.1 (qJc.== 279.4 Hz, CB), 123.7 (dJcr = 9.4 Hz, C), 118.7 (dlc.=
23.0 Hz, CH), 116.1 (d] = 21.2 Hz, CH),83.4 (glc+= 3.4 Hz, C), 82.5 (dJc.r = 3.5
Hz, C), 38.6 (CH), 33.8 (q.Jc.r = 31.9 Hz, CH)}*F NMR (282 MHz, CDCl;) § -71.6
(s, 3F),-113.4 (s, 1IF)HRMS (ESI) m/z 327.0457 (M + H) CieH11F4OS requires
327.0461.
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(S5)-(-)-3-(Trifluoromethyl)-5-(4-fluorophenyl)-1-(thiophe n-2-yl)pent-4-yn-1-one
(46gc)

CF; O Enantiomeric excess (90%) was determined by chiral

S. HPLC (Chiralcel OD-H), hexan®OH 99:01, 1

| mL/min, major enantiomer,t= 12.6 min, minor
enantiomer £ 14.9 min.

=

F 46gc

Oil; [a]p*°-6.4 € 1.03, CHC}, 90%ed; 'H NMR (300 MHz, CDCls) § 7.79 (dd,J =
3.9, 1.1 Hz, 1H), 7.72 (dd,= 5, 1.1 Hz, 1H), 7.38-7-32 (m, 2H), 7.18 (dds 5, 3.9
Hz, 1H), 7.00-6.93 (m, 2H), 4.23-4.08 (m, 1H), 3(d8,J = 16.7, 9 Hz, 1H), 3.35 (dd,
J=16.7, 4.4 Hz, 1H)**C NMR (75.5 MHz, CDCl) & 187.3 (C), 162.7 (dlc.+= 250
Hz, C), 143.2 (C), 134.8 (CH), 133.8 (/= 8.5 Hz, 2CH), 132.7 (CH), 128.3 (CH),
125.0 (g,Jc..= 279.5 Hz, CE), 118.0 (C), 115.5 (d)Jc.= 22.1 Hz, 2CH), 83.6 (C),
81.2 (q,Jc.= 3.6 Hz, C), 38.7 (Ch), 33.8 (q,Jc.r = 31.9 Hz, CH):**F NMR (282
MHz, CDCl3) & -71.6 (s, 3F)~110.7 (s, 1F)HRMS (ESI) m/z 327.0455 (M + H)
C16H11F4OS requires 327.0461.

(S)-(-)-5-(4-Chlorophenyl)-3-(trifluoromethyl)-1-(thiophen-2-yl)pent-4-yn-1-one
(46gd)

CF3 O Enantiomeric excess (84%)_ was determined by chiral
/ S. HPLC (Chiralpak IC), hexan®rOH 99:01, 1 mL/min,
Z \ // major enantiomer, £ 6.5 min, minor enantiomert7.0

min.
cl 46gd

Qil; [a]p*°-6.9 € 1.06, CHC}, 84%e8d ;'H NMR (300 MHz, CDCls3) § 7.79 (dd,J =
3.9, 1.0 Hz, 1H), 7.22 (dd,= 4.9, 1.0 Hz, 1H), 7.31-7.23 (m, 4H), 7.18 (dd; 4.9, 3.9
Hz, 1H), 4.21-4.14 (m, 1H), 3.49 (ddi= 16.7, 9.0 Hz, 1H), 3.35 (dd,= 16.7, 4.4 Hz,
1H); **C NMR (75.5 MHz, CDCly) & 187.3 (C), 143.1 (C), 134.8 (C), 134.8 (CH),
133.1 (2CH), 132.6 (CH), 128.6 (2CH), 128.4 (CH}51 (q,Jc.= 279.6 Hz, CB),
120.4 (C), 83.6 (C), 82.5 (C), 38.6 (§H33.9 (q.Jc.r = 31.9 Hz, CH)*F NMR (282
MHz, CDCls) § =71.5 (s, 3F)HRMS (ESI) m/z 343.0158 / 345.0128 (M + H)L0O /
36.7 GeH11CIF;0S requires 343.0171 / 345.0142.

(S)-(=)-3-(Trifluoromethyl)-1-(thiophen-2-yl)-5-(thiophen-3-yl)pent-4-yn-1-one
(46ge)

CF3 O Enantiomeric excess (88%) was determined by chifdlC
P S_ (Chiralcel OD-H), hexantrOH 99:01, 1 mL/min, major
J ] 7 W enantiomer = 11.1 min, minor enantiomgrt15.5 min.
S 46ge Oil: [0]p® -5.4 € 0.86, CHC}, 88% ed; 'H NMR (300

MHz, CDCl3) & 7.79 (ddJ = 3.9, 1.1 Hz, 1H), 7.71 (dd,= 4.9, 1.1 Hz, 1H),7.40 (dd,
= 3.0, 1.2 Hz, 1H),7.22 (dd,= 5.0, 3.0 Hz, 1H), 7.17 (dd,= 5.0, 3.9 Hz, 1H), 7.04
(dd,J = 5.0, 1.2 Hz, 1H), 4.22-4.11 (m, 1H), 3.49 (dg; 16.7, 8.9 Hz, 1H), 3.34 (dd,
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= 16.7, 4.4 Hz, 1H)!*C NMR (75.5 MHz, CDCls) & 187.3 (C), 143.2 (C), 134.7 (CH),
132.6 (CH), 129.9 (CH), 129.7 (CH),128.3 (CH), B&CH), 125.1 (gJc-~= 279.5 Hz,
CFRs), 120.9 (C), 81.1 (gJc~= 3.5 Hz, C), 79.9 (C), 38.7 (GH 33.8 (q,Jc-F= 31.7 Hz,
CH):; % NMR (282 MHz, CDCls) & -71.6 (s, 3F)HRMS (ESI) m/z 314.0043 (M +
H)* C14HoF:0S requires 314.0047.

(S)-(+)-7-phenyl-1-(thiophen-2-yl)-3-(trifluoromethyl)hept-4-yn-1-one (464gf)

CF; O Enantiomeric excess (92%) was determined by chiral
s HPLC (Chiralcel AD-H), hexan#rOH 99:01, 1
Z | » mU/min, major enantiomer,t= 9.7 min, minor
46gf enantiomer £ 10.8 min.

Oil; [a]p?°+1.2 € 0.73, CHC}, 92%ed; *H NMR (300 MHz, CDCls) § 7.71 (td,J =
4.7, 1.2 Hz, 2H), 7.26-7.12 (m, 6H), 4.05 (m, 18181 (dd,J = 16.6, 9.0 Hz, 1H), 3.19
(dd,J = 16.6, 4.5 Hz, 1H), 2.74 (8,= 7.2 Hz, 2H), 2.42 (td) = 7.5, 2.4 Hz, 2H)*C
NMR (75.5 MHz, CDCls) § 187.6 (C), 143.4 (C), 140.3 (C), 134.5 (CH), 13H5),
128.5 (2CH), 128.3 (3CH), 126.2 (CH), 125.5 Jgs= 277.5 Hz, CF), 84.6 (C), 73.3
(C), 38.9 (CH), 34.6 (CH), 33.3 (q,Jc.== 30.8 Hz, CH), 20.8 (CH; *°F NMR (282
MHz, CDCls) & -72.1 (s, 3F);HRMS (ESI) m/z 337.0854(M + H) CigH16Fs0S
requires 337.0868.

5.6.2.4. Determination of the absolute stereochemistry of compound 46aa
(E,S)-3-(Trifluoromethyl)-1,5-diphenylpent-4-en-1-ol (4)

CF3 OH Lithium aluminium hydride (12.1 mg, 0.320 mmol) wadded to
Ph/\)\/é\Ph a solution of46aa (16.1 mg, 0.053 mmol, 80%8 in dry THF
47 (1.5 mL) at room temperature, and the solution stsed
overnight at 75 °C. The reaction mixture was quedachith 20 %
aqueous NECI (1.0 mL), extracted with C4€l, (2x 15 mL), washed with brine (15
mL), dried over MgS@and concentrated under reduced pressure. Punfichy flash
chromatography on silica gel eluting with hexan®A&t (98:02) afforded compourty
(16.2 mg, 99%) as a mixture of diastereomers.

(E,S)-3-(Trifluoromethyl)-1,5-diphenylpent-4-en-1-one 48)

CF3 O To a 25 mL round-bottom flask equipped with a magnstirring
Ph/\/'\)J\Ph bar was added PCC (137mg, 0.64 mmol), 4A MS (30 silica
48 gel (300 mg) and C¥€l, (10 mL). The mixture was cooled to 0 °C
and the mixture of alcohok7(16.2 mg, 0.05 mmol) in Ci&l, (1
mL) was added dropwise. The reaction was warmetbupom temperature and was
stirred for 3 h. The mixture was filtered throughad of silica gel eluting with Ci€l,.
The solvent was removed under reduced pressure.rd@hdual crude product was
purified by flash column chromatography elutinghwitexane:ED (99:01) to afford the
ketone48 (10.5 mg, 66%). Enantiomeric excess (78%) was oetexd by chiral HPLC
(Chiralpak AD-H), hexanéPrOH 99:01, 1 mL/min, major enantiomer=t 9.6 min,
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minor enantiomer, = 10.8 min. (li#* Chiralpak AD-H, hexan&rOH 99.6:0.4, flow =
0.7 mL/min,R-enantiomert= 19.3 min,Senantiomer,t= 16.3 min).

Oil; [a]o?® +4.9 € 0.57, CCJ, 78%e8({lit #*70]p* —16.5 (0.95, CG) 40%esd for theR-
isomer];'"H NMR (300 MHz, CDCls) & 7.98-7.95 (m, 2H), 7.62-7.57 (m, 1H),7.51-
7.46 (m, 2H), 7.37-7.24 (m, 5H), 6.70 (b= 15.9 Hz, 1H), 6.04 (ddl = 15.9, 8.6 Hz,
1H), 3.93-3.83 (m, 1H), 3.40-3.38 (m, 2HJC NMR (75.5 MHz, CDCls) § 195.4 (C),
136.4 (C), 136.3 (CH), 136.1 (C), 133.6 (CH), 12@8H),128.5 (2CH), 128.1 (CH),
128.1 (2CH), 126.9 (qglc.= 274.7 Hz, CB), 121.5 (qJc.= 2.4 Hz, CH), 42.6 (qlc.=
27.7 Hz, CH), 37.4 (s,Cht °F NMR (282 MHz, CDCly) & -71.2 (s, 3F);HRMS
(ESI) m/z 305.1158 (M + H) CygH16Fs0 requires 305.1153.

5.6.2.5. Synthetic transformations

(Z,9)-(-)-1,5-Diphenyl-3-(trifluoromethyl)pent-4-en-1-one 49)

CF3 O A solution of46aa(10.6 mg, 0.035 mmol, 80%8 in benzene (0.5
mL) was stirred in the presence of Lindlar's cagal{2.5 mg) under

| O hydrogen atmosphere (balloon) for 1 h. Then, trectren mixture
O was filtered through a pad of Celite® eluting wiEHtOAc. The
solvent was removed under reduced pressure to 48v€.4 mg,

49 88%). Enantiomeric excess (80%) was determinedHmalcHPLC

(Chiralpak AD-H), hexanéPrOH 99:01, 1 mL/min, major enantiomer=t 7.7 min,
minor enantiomer, & 7.3 min.

Qil; [a]o?°~70.2 € 0.45, CHC}, 80%e8); 'H NMR (300 MHz, CDCl3) § 7.79 (dd,J =
3.9, 1.1 Hz, 1H), 7.71 (dd,= 4.9, 1.1 Hz, 1H),7.40 (dd,= 3.0, 1.2 Hz, 1H),7.22 (dd,
= 5.0, 3.0 Hz, 1H), 7.17 (dd,= 5.0, 3.9 Hz, 1H), 7.04 (dd,= 5.0, 1.2 Hz, 1H), 4.22-
4.11 (m, 1H), 3.49 (ddl = 16.7, 8.9 Hz, 1H), 3.34 (dd= 16.7, 4.4 Hz, 1H}*C NMR
(75.5 MHz, CDCk) & 195.5 (C), 136.3 (C), 135.9 (C), 135.7 (CH), 13@C#H), 128.7
(2CH), 128.4 (2CH),128.3 (2CH), 128.1 (2CH), 127CH), 125.1 (q,J= 279.5 Hz,
CFs), 123.8 (qJ= 2.3 Hz, CH), 38.3 (gJ= 27.4 Hz, CH), 38.0 (gl= 1.8 Hz, CH);*F
NMR (282 MHz, CDCls) 8 -71.0 (s, 3F);HRMS (ESI) m/z 305.1159 (M + H)
Ci1gH16F30 requires 305.1153.

(R)-(-)-3-lodo-2,6-diphenyl-4-(trifluoromethyl)-4H-pyran (50).

Ph. _O. _Ph A solution of b (30.1 mg, 0.119 mmol) in Gi&l, (2 mL) was added
U to a mixture o#46aa (18 mg, 0.060 mmol 85%e and NaHCQ (10
| : mg, 0.119 mmol) under nitrogen atmosphere. The tisoluwas
CF3 stirred overnight at 40 °C (reflux). The reactiorxtaie was quenched
50 with saturated aqueous 8Os (1.0 mL), extracted with Ci€l,
(2x15 mL), washed with brine (15 mL), dried over MgSé&nhd concentrated under
reduced pressure. Purification by flash chromagggyaon silica gel eluting with
hexane:BEO (98:02) gave compoungD (19.9 mg, 77%). Enantiomeric excess (84%)
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was determined by chiral HPLC (Chiralpak AD-H), her'PrOH 99:01, 1 mL/min,
major enantiomer, £ 6.5 min, minor enantiomer$ 4.7 min.

Oil; [a]p*®-7.0 € 0.45, CHC}, 84%e8d); *H NMR (300 MHz, CDCls) & 7.69-7.58 (m,
4H), 7.54-7.42 (m, 3H),7.42-7.34 (m, 3H), 5.290¢; 5.8 Hz, 1H), 4.16-4.02 (m, 1H);
13C NMR (75.5 MHz, CDCl) & 155.1 (C), 153.1 (C), 135.9 (C), 132.3 (C), 129.9
(CH), 129.7 (2CH), 129.6 (CH), 128.7 (C), 128.5 kBC128.2 (2CH), 125.4 (qlc.=
223.7 Hz, CBR), 125.0 (2CH), 90.4 (glc.~= 1.8Hz, CH), 49.5 (Jc.= 22.7 Hz, CH);
F NMR (282 MHz, CDCls) § —=74.4 (s, 3F)HRMS (ESI) m/z 428.9961 (M + H)
CigH13R3I0 requires 428.9958.

2,6-Diphenyl-4-(trifluoromethyl)-4H-pyran (51)

Ph.__0O._Ph A solution 0f50 (14.3 mg, 0.031 mmol), B8nH (10 pL, 0.037 mmol)

U and AIBN (1.0 mg, 0.0062 mmol) in dry benzene (1)roantained in

a quartz tube was deoxygenated by bubbling nitrdger> min. The

solution was then irradiated with a UV lamp undérogen for 4 h.

51 The solvent was removed under reduced pressurettendesidue
chromatographed on silica gel to give compo&hd3.7 mg, 40%).

CF;

Oil; *H NMR (300 MHz, CDCl3) § 7.76-7.62 (m, 4H), 7.46-7.41 (m, 6H), 5.44 J&
4.0 Hz, 2H), 3.93-3.88 (m, 1H).
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5.7. Enantioselective conjugate alkynylation off-aryl p-trifluoromethyl
enones

5.7.1. Synthesis and characterization ¢f-aryl p-trifluoromethyl enones 52
B-Aryl p-trifluoromethyl enones were prepared accordinthéoliterature procedur?.

A solution of ArCOCEF (5 mmol) in DMF (1.6 mL) was added to a solutionE#N
(7.5 mmol) and RCOCHP'PhCI™ (7.5 mmol) in THF (20 mL) at 0 °C. The mixture
was stirred 15 minutes at rt and heated at 80 YQfb. The reaction mixture was
guenched with 20% aqueous MH (3 mL), extracted with ethyl acetate, washechwit
brine, dried over MgS9and concentrated under reduced pressure. Theueesids
purified by column chromatography on silica gegjtee compound$2.

(E)-4,4,4-Trifluoro-1,3-diphenylbut-2-en-1-one (52a)

Oil, 94% vyield;"H NMR (CDCl 3, 300 MHz) & 7.85-7.81 (m, 2H),
7.58-7.49 (m, 1H),7.42-7.37 (m, 2H), 7.29-7.26 (&M); °C

NMR (CDCl3, 75 MHz) § 192.0 (C), 138.9 (glcr = 30.7 Hz, C),
136.0 (C), 135.5 (C), 133.9 (CH), 130.8 (I3,= 5.2 Hz, CH),
129.4 (CH), 129.0 (2CH), 128.9 (2CH), 128.7 (2CH®8.3
(2CH), 122.8 (qJc.r = 274.8 Hz, CE); **F NMR (CDCl3, 188 MHz) & —66.7 (s, 3F).
Data consistent with the literatur€.

(E)-4,4,4-Trifluoro-1-phenyl-3-(p-tolyl)but-2-en-1-one (52b)

Oil, 89% vyield;"H NMR (CDCl 3, 300 MHz)§ 7.88-7.84 (m, 2H),
7.56-7.51 (m, 1H), 7.44-7.38 (m, 2H), 7.28-7.26 {H), 7.20 (d,
J = 8.1 Hz, 2H), 7.10-7.07 (m, 2H), 2.28(s, 3HJC NMR
(CDCls, 75 MHz) § 192.1 (C), 139.4 (C), 138.9 (d.r = 30.7 Hz,
C), 136.1 (C), 133.8 (CH), 130.4 (dc.r = 5.1 Hz, CH), 129.1
(2CH), 128.9 (4CH), 128.6 (2CH), 122.9 (g,r = 274.8 Hz, CB),
21.1 (CH); *F NMR (CDCl3, 282 MHz) § —66.7 (s, 3F). Data
consistent with the literaturé?

(E)-4,4,4-Trifluoro-3-(4-methoxyphenyl)-1-phenylbut-2en-1-one (52c)

OMe 0il, 60% yield:'H NMR (CDCl 3, 300 MHz)$ 7.84-7.82 (m, 2H),
7.51 (t,J = 7.4 Hz, 1H), 7.39 (t) = 7.8, 2H), 7.23-7.21 (m, 3H),
6.79-6.76 (m, 2H), 3.72(s, 3H}*C NMR (CDCls, 75 MHz) &
192.4 (C), 165.4 (C), 138.4 (ds.r = 30.6 Hz, C), 136.0 (C), 133.8
(CH), 130.5 (2CH), 130.1 (glcr = 5.0 Hz, CH), 128.9 (2CH),
128.6 (2CH), 123.0 (qJcr = 274.9 Hz, CB, 114.4 (C), 113.8
(2CH), 55.0 (CH); **F NMR (CDCl3, 282 MHz) 8 —66.1 (s, 3F).
Data consistent with the literature.
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(E)-4,4,4-Trifluoro-3-(4-fluorophenyl)-1-phenylbut-2-en-1-one (52d)

80% vyield;'"H NMR (CDCl3, 300 MHz) & 7.87-7.83 (m, 2H),
7.58-7.53 (m, 1H), 7.45-7.40 (m, 2H), 7.34-7.27 @Hl), 7.00-
6.93 (m, 2H);**C NMR (CDCl3, 75 MHz) § 191.7 (C), 163.2 (d,
Je.r = 249.8 Hz, C), 137.8 (dcr = 31.0 Hz, C), 135.9 (C), 134.0
(CH), 131.2 (gJc.r = 5.0 Hz, CH), 131.1 ( dlcr = 8.6 Hz, 2CH),
128.8 (2CH), 128.7 (2CH), 126.7 (@.r = 3.6 Hz, C), 122.7 (q,
Jo.r = 274.5 Hz, CE), 115.5 (dJc.r = 21.9 Hz, 2CH)*F NMR
(CDCl3, 282 MHz)5 —67.0 (s, 3F), —111.6 (s, 1F). Data consistert thié literature™®

(E)-3-(3-Bromophenyl)-4,4,4-trifluoro-1-phenylbut-2-en-1-one (52e)

Qil, 93% yield;'"H NMR (CDCl3, 300 MHz) & 7.84-7.82 (m,
2H), 7.57-7.53 (m, 1H), 7.46-7.41 (m, 4H), 7.3657(@n, 1H),
7.22 (d,J = 7.8 Hz, 1H), 7.13 () = 7.9 Hz, 1H);**C NMR
(CDCls, 75 MHz) § 191.2 (C), 137.5 (gJc.r = 31.2 Hz, C),
135.9 (C), 134.0 (CH), 132.6 (C), 132.4 (CH), 13(C8), 131.5
(0, Je.r = 5.0 Hz, CH), 129.8 (CH), 128.7 (4CH), 127.8 (CH)
122.5 (q,Jc.r = 274.9 Hz, CB), 122.3 (C);**F NMR (CDCl3, 282 MHz) 5 —66.3 (s,
3F). Data consistent with the literatdfé.

(E)-3-(4-Bromophenyl)-4,4,4-trifluoro-1-phenylbut-2-en-1-one (52f)

Oil, 96% yield;"H NMR (CDCl 3, 300 MHz)§ 7.85-7.83 (m, 2H),
7.58-7.55 (m, 1H), 7.45-7.41 (m, 4H), 7.34 (dds 2.7, 1.3 Hz,
1H), 7.16 (d,J = 8.4 Hz, 2H):**C NMR (CDCls, 75 MHz) §
191.4 (C), 137.9 (qJcr = 31.1 Hz, C), 135.9 (C), 134.1 (CH),
131.6 (2CH), 131.2 (glc.r = 5.1 Hz, CH), 130.6 (2CH), 129.6 (C),
128.82 (2CH), 128.80 (2CH), 124.0 (C), 122.5Xg; = 274.8 Hz,
CR); F NMR (CDCl;, 282 MHz) 5 —-66.4 (s, 3F). Data
consistent with the literaturé?®

(2)-4,4,4-Trifluoro-1-phenyl-3-(thiophen-2-yl)but-2-en-1-one (529)

= Oil, 63% yield;'H NMR (CDCl 3, 300 MHz) 5 7.89-7.85 (m, 2H),

S\ o 7.58-7.52 (m, 1H), 7.45-7.39 (m, 2H), 7.30 (dd; 5.1, 1.2, 1H),
oo\ 7.18-7.16 (m, 1H), 7.13 (d,= 1.4 Hz, 1H), 6.91 (dd] = 5.1, 3.7
3 Hz, 1H); **C NMR (CDCls, 75 MHz) 81 92.7 (C), 135.6 (C),
529 134.1 (CH), 131.3 (C), 130.8 (CH), 130.5 {&,r = 5.0 Hz, CH),

129.0 (2CH), 128.9 (CH), 128.8 (2CH), 127.2 (CHI2% (q,Jc.r = 275.3 Hz, CB);
F NMR (CDCl3, 282 MHz) 8 —66.8 (s, 3F). Data consistent with the literatafe
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(E)-4,4,4-Trifluoro-3-phenyl-1-(p-tolyl)but-2-en-1-one (52h)

Oil, 99% vyield;'H NMR (CDCl 3, 300 MHz)§ 7.74-7.71 (m,
2H), 7.26-7.25 (m, 6H), 7.19 (dd= 8.5, 0.6 Hz, 2H), 2.36(s,
3H); *C NMR (CDCl;, 75 MHz) § 191.6 (C), 145.0 (C),
138.4 (q,Jcr = 30.7 Hz, C), 133.6 (C), 131.1 (dr = 5.1
ve Hz, CH), 130.9 (C), 129.5 (2CH), 129.4 (CH), 12€2CH),
129.0(2CH), 128.3 (2CH), 122.9 (dc.r = 274.7 Hz, CB),
21.7 (CH); F NMR (CDCls, 282 MHz) § —66.7 (s, 3F). Data consistent with the

literature!*®

(E)-4,4,4-Trifluoro-1-(4-methoxyphenyl)-3-phenylbut-2en-1-one (52i)

Oil, 75% yield;*H NMR (CDCl 3, 300 MHz) § 7.79-7.76
(m, 2H), 7.24-7.21 (m, 6H), 6.84-6.81 (m, 2H), 3.@&
3H); **C NMR (CDCl3, 75 MHz) § 190.5 (C), 164.1 (C),
137.8 (q,Jc.r = 30.6 Hz, C), 131.3 (2CH), 131.2 (@ =
oMe 5-1 Hz, CH), 130.9 (C), 129.2 (CH), 128.9 (2CH)8®
(2CH), 122.9 (qJc.r = 274.7 Hz, CE), 113.9 (2CH), 55.4
(CHs); F NMR (CDCl;, 282 MHz) § —66.6 (s, 3F). Data consistent with the

literature!*®

(E)-1-(4-Chlorophenyl)-4,4,4-trifluoro-3-phenylbut-2-en-1-one (52))

Oil, 85% yield;"H NMR (CDCl3, 300 MHz)$ 7.72-7.70 (m,

2H), 7.32-7.30 (m, 2H), 7.25-7.21 (m, 5H), 7.190q; 1.4 Hz,

1H); *C NMR (CDCl3s, 75 MHz) & 190.9 (C), 140.3 (C),

139.2 (q.Jc.r = 30.9 Hz, C), 134.3 (C), 130.6 (C), 130.3Jg,
o F=5.0Hz, CH), 130.2 (2CH), 129.5 (CH), 129.0 (9CH28.9

(2CH), 128.4(2CH), 122.7 (dc.r = 274.9 Hz, CB; **F NMR
(CDCl3, 282 MHz)$ —66.7 (s, 3F). Data consistent with the literafdte

(E)-4,4,4-Trifluoro-1-(naphthalene-2-yl)-3-phenylbut2-en-1-one (52k)

Yellow solid, 90% vield"H NMR (CDCl 3, 300 MHz)§ 8.35
(d, J = 0.9 Hz, 1H), 7.95-7.80 (m, 4H), 7.63-7.52 (m,)2H
7.42 (9, = 1.4 Hz, 1H), 7.34-7.31 (m, 2H), 7.25-7.22 (m,
3H); °C NMR (CDCl3, 75 MHz) § 191.8 (C), 138.8 (qlc.=
30.6 Hz, C), 135.8 (C), 133.4 (C), 132.3 (C), 13(CH),
131.0 (g,Jc.r = 5.2 Hz, CH), 130.9 (C), 129.6 (CH), 129.3 (C#}8.99 (CH), 128.95
(2CH), 128.7 (CH), 128.3 (2CH), 127.8 (CH), 1270Hj, 123.7 (CH), 122.9 (dlc.r =
274.7 Hz, CB); *%F NMR (CDCl3, 282 MHz) & —66.6 (s, 3F). Data consistent with the

literature!*®
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(E)-4,4,4-Trifluoro-1-(naphthalene-2-yl)-3-p-tolyl)but-2-en-1-one (52I)

Yellow solid, 86% yield*H NMR (CDCl 3, 300 MHz)$ 8.36
(s, 1H), 7.96-7.82 (m, 4H), 7.64-7.53 (m, 2H), 7383 (m,
1H), 7.20 (d,J = 8.1 Hz, 2H), 7.06-7.03 (m, 2H), 2.24(s, 3H);
3C NMR (CDCl3, 75 MHz) § 192.0 (C), 139.5 (C), 135.9
(C), 133.5 (C), 132.3 (C), 131.5 (CH), 130.3Jg}r = 5.1 Hz,
CH), 129.7 (CH), 129.2 (2CH), 129.0 (CH), 128.8 KBC
128.7 (CH), 127.8 (CH), 127.0 (CH), 122.7 (g,r = 276.2
Hz, CR), 21.2 (CH); *F NMR (CDCls3, 282 MHz)5 —66.6 (s, 3F).

(E)-4,4,4-Trifluoro-3-(4-methoxyphenyl)-1-(naphthalere-2-yl)but-2-en-1-one
(52m)

OMe Yellow solid, 72% vyield*H NMR (CDCI 3, 300 MHz)$ 8.35
(s, 1H), 7.95-7.81 (m, 4H), 7.64-7.52 (m, 2H), 7(§3) = 1.4
Hz, 1H), 7.28-7.23 (m, 2H), 6.77-6.72 (m, 2H), 3sIBH);
3C NMR (CDCl3, 75 MHz) § 192.4 (C), 160.3 (C), 135.9
(C), 133.5 (C), 132.3 (C), 131.5 (CH), 130.4 (2CH30.3 (q,
Jer = 5.0 Hz, CH), 129.7 (CH), 129.0 (CH), 128.7 (CH),
127.8 (CH), 127.0 (CH), 123.8 (CH), 123.04 (C), 03&3(q,
Jo.r = 276.2 Hz, CF), 113.9 (2CH), 55.1 (C¥); **F NMR (CDCl3, 282 MHz) 5 —66.5
(s, 3F).

5.7.2. Enantioselective conjugate addition of termal alkynes to p-substituted -
trifluoromethyl enones

5.7.2.1. General procedure for the enantioselective alkynylation reaction

A 1.5 M solution of EZn in toluene (0.17 mL, 0.25 mmol) was added drepwb a
solution of R)-BINOL (L32, 15.5 mg, 0.025 mmol) and alkyr# (0.94 mmol) in
toluene (0.48 mL) at room temperature under nitnogdée mixture was stirred at 70 °C
for 1.5 h and cooled to room temperature. A sofutbp-aryl B-trifluoromethyl enone
52(0.125 mmol) in toluene (1.0 mL) was added viargyei Then, the solution was
stirred at 37 °C until the reaction was completeQ) The reaction mixture was
quenched with 20% aqueous MH (1.0 mL), extracted with C}Cl, (2x 15 mL),
washed with brine (15 mL), dried over MgS@nd concentrated under reduced
pressure. Purification by flash chromatography iboasgel eluting with hexane:EtOAc
mixtures afforded compourB.

5.7.2.2. General procedurefor the synthesis of the racemic products

A 1.5 M solution of EfZn in toluene (0.17 mL, 0.25 mmol) was added drgewb a

solution of alkyne2 (0.94 mmol) and%)-BINOL (L1, 7.2 mg, 0.025 mmol) in toluene
(0.48 mL)at room temperature under nitrogen andribxture was stirred for 1.5 h at 70
°C. Then,B-aryl B-trifluoromethyl enone$2(0.125 mmol) in toluene (1.0 mL) was
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added via syringe. The solution was stirred at CQuftil the reaction was complete
(TLC). Racemic products3 were obtained after the described work up
5.7.2.3. Characterization of products 53
See Table 19 (Page 87) for yields.

1,3,5-Triphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53aa)

Ph Enantiomeric excess (77%) was determined by chifi?LC
|| (Chiralpak AS-H), hexan#®rOH99:01, 1 mL/min, major enantiomer t
Ph O = 7.4 min, minor enantiomerz 8.4 min.
FoC paa | OIl; [a]o? +44.8 €1.03, CHCY, 77% ed; 'H NMR (300 MHz,

CDCl3) & 7.96-7.89 (m, 3H), 7.68-7.65 (m, 1H), 7.61-7.56 (iHl),
7.50-7.43 (m, 5H), 7.35-7.24 (m, 5H), 4.07 (s, 2HE NMR (75.5 MHz, CDCl) &
192.7 (C), 136.7 (C), 136.6 (C), 133.5 (CH), 13(2€H), 131.6 (CH), 131.2 (CH),
129.8 (CH), 128.9 (CH), 128.7 (2CH), 128.2 (2CH)81L (2CH), 126.6 (CH), 125.2 (q,
Jo.r = 283.8 Hz, CB), 122.6 (CH), 121.8 (C), 87.7 (C), 83.7 (C), 402Jcr = 27.7
Hz, C), 42.1 (CH); F NMR (282 MHz, CDCls) & -74.0 (s, 3F)HRMS (ESI) m/z
379.1306 (M+ H), C4H15F30 requires 379.1310.

1,5-Diphenyl-3--tolyl)-3-(trifluoromethyl)pent-4-yn-1-one (53ba)

Ph Enantiomeric excess (78%) was determined by ctiiRLC
Me || (Chiralpak AS-H), hexand#rOH 99:01, 1 mL/min, major
O enantiomer,t= 7.4 min, minor enantiomers 8.3 min.
FoC aea | Ol [a]o® +3L.1 € 1.02, CHCh, 78% ed; *H NMR (300

MHz, CDCls3) 6 7.98-7.95 (m, 2H), 7.64-7.55 (m, 3H), 7.49-
7.43 (m, 4H), 7.33-7.28 (m, 3H), 7.21 (dbs 8.6, 0.6 Hz, 2H), 4.07 (), = 16.9 Hz,
2H), 2.37 (s, 3H)*C NMR (75.5 MHz, CDCl) & 193.1 (C), 138.2 (C), 136.9 (C),
133.3 (CH), 131.9 (2CH), 131.2 (C), 129.1 (2CH)8B2(4CH), 128.2 (2CH), 128.1
(2CH), 127.2 (CH), 125.5 (gc.r = 283.7 Hz, CF), 122.2 (C), 121.8 (C), 87.1 (C), 84.7
(C), 49.0 (gJc.r = 27.4 Hz, C), 41.9 (CH), 21.0 (CH); **F NMR (282 MHz, CDCl) &
~74.2 (s, 3F)HRMS (ESI)m/z 393.1467 (M+ H), CosH2oFsO requires 393.1466.

3-(4-Methoxyphenyl)-1,5-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53ca)

Ph Enantiomeric excess (75%) was determined by chiRILC
MeO || (Chiralpak AS-H), hexandrOH 95:05, 1 mL/min, major
O enantiomert= 8.1 min, minor enantiomers 9.5 min.
FsC PR 0il; [a]52° +20.3 € 1.11, CHC4, 75% ed; 'H NMR (300

MHz, CDCl3) & 7.97-7.93 (m, 2H),7.65 (d, = 8.6 Hz, 2H),
7.59-7.54 (m, 1H), 7.48-7.40 (m, 4H), 7.33-7.29 8H), 6.93-6.90 (m, 2H), 4.03-3.98
(m, 2H), 3.81 (s, 3H)**C NMR (75.5 MHz, CDCl) § 193.3 (C), 159.5 (C), 137.0 (C),
133.3 (CH), 131.9 (2CH), 129.1 (2CH), 128.7 (CH)85 (2CH), 128.2 (2CH), 128.1
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(2CH), 126.1 (C), 125.6 (glc.r = 283.7 Hz, Ck), 122.1 (C), 113.7 (2CH), 87.2 (C),
84.7 (C), 55.2 (CH), 48.8 (q,Jc.r = 27.5 Hz, C), 41.9 (CHt F NMR (282 MHz,
CDCl3) & -74.5 (s, 3F)HRMS (ESI) m/z 409.1413 (M+ HY, CosHaoFs0, requires
409.1415.

3-(4-Fluorophenyl)-1,5-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53da)

Ph Enantiomeric excess (70%) was determined by chiaLC
F || (Chiralpak AS-H), hexandrOH 99:01, 1 mL/min, major
O enantiomert= 8.3 min, minor enantiomert 10.0 min.
E PR Qil; [0]52°+41.1 €1.00, CHC}, 70%e8; *H NMR (300 MHz,

CDCl3) § 7.96-7.93 (m, 2H), 7.72 (dd, = 8.6, 5.2 Hz, 2H),
7.61-7.56 (m, 1H), 7.49-7.42 (m, 4H), 7.35-7.28 @Hi), 7.11-7.05 (m, 2H), 4.06 (s,
2H); *C NMR (75.5 MHz, CDCls) § 193.0 (C), 162.7 (d)c.r = 247.8 Hz, C), 136.8
(C), 133.5 (CH), 131.9 (2CH), 130.0 (& = 3.4 Hz, C), 129.8 (dJcr = 8.7 Hz,
2CH), 128.8 (CH), 128.7 (2CH), 128.2 (2CH), 128CH), 125.4 (qJc.r = 282.8 Hz,
CFs), 121.9 (C), 115.3 (dlc.r = 21.7 Hz, 2CH), 87.5 (C), 84.2 (C), 48.9 Jgr = 27.7
Hz, C), 42.1 (CH);F NMR (282 MHz, CDCly) 8- 74.4 (s, 3F)-114.4 (s, 1F);
HRMS (ESI) m/z 397.1220 (M+ H), Co4H17F40 requires 397.1216.

3-(4-Bromophenyl)-1,5-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53fa)

Ph Enantiomeric excess (67%) was determined by chiRLC
Br || (Chiralpak AS-H), hexan#rOH 99:01, 1 mL/min, major
O enantiomer,t= 8.3 min, minor enantiomers 9.4 min.
FiC e Ph Ol [a]52°+25.0 €1.00, CHCY, 67%e8: 'H NMR (300 MHz,

CDCls) 8 7.96-7.93 (m, 2H), 7.63-7.42 (m, 9H), 7.35-7.3Q (m
3H), 4.07 (s, 2H)*C NMR (75.5 MHz, CDCl) & 192.8 (C), 136.6 (C), 133.54 (CH),
133.46 (C), 131.9 (2CH), 131.5 (2CH), 129.6 (2C1)8.9 (CH), 128.7 (2CH), 128.2
(2CH), 128.0 (2CH), 125.2 (dlc.r = 283.7 Hz, Ch), 122.8 (C), 121.8 (C), 87.5 (C),
83.9 (C), 49.1 (qJc.r = 27.6 Hz, C), 42.0 (CH: *°F NMR (282 MHz, CDCls) § -74.2
(s, 3F);HRMS (ESI) m/z 457.0411 (M+ H), C,4H17BrF0 requires 457.0415.

1,5-Diphenyl-3-(thiophen-2-yl)-3-(trifluoromethyl)pent-4-yn-1-one (53ga)

Ph Enantiomeric excess (53%) was determined by chH&LC
s || (Chiralpak AS-H), hexand&®rOH 99:01, 1 mL/min, major
// o enantiomer,t= 10.3 min, minor enantiomers 11.7 min.
"iC caga P 0il; [a]o® +16.9 €1.10, CHC}, 53% ed; *H NMR (300 MHz,

CDCly) § 7.96-7.93 (m, 2H), 7.60-7.54 (m, 1H), 7.48-7.41, 4H),
7.34-7.27 (m, 5H), 7.01 (dd,= 5.1, 3.7 Hz, 1H), 3.95 (dd,= 37.4, 16.2 Hz, 2H)}C
NMR (75.5 MHz, CDCl3) § 193.0 (C), 138.4 (C), 137.0 (C), 133.4 (CH), 13RGH),
128.9 (CH), 128.6 (2CH), 128.19 (2CH), 128.15 (2Ct97.4 (CH), 127.0 (CH), 126.2
(CH), 124.9 (qJc.r = 283.6 Hz, CR), 121.7 (C), 86.7 (C), 83.9 (dc.= 1.8 Hz, C),
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46.8 (g,Jcr = 29.3 Hz, C), 43.5 (CH *°F NMR (282 MHz, CDCls) § -75.1 (s, 3F);
HRMS (ESI) m/z 385.0870 (M+ H), C,,H16F30S requires 385.0874.

3,5-Diphenyl-1-(p-tolyl)-3-(trifluoromethyl)pent-4-yn-1-one (53ha)

Ph Enantiomeric excess (62%) was determined by chRILC
|| (Chiralpak AS-H), hexan#&rOH 99:01, 1 mL/min, major
Ph o enantiomert= 9.0 min, minor enantiomer+ 12.8 min.
F3C Oil; [0]o®® +18.9 € 1.04, CHCH, 62% ed: 'H NMR (300
53ha Me MHz, CDCl3) § 7.86-7.83 (m, 2H), 7.75-7.73 (m, 2H), 7.46-

7.24 (m, 10H), 4.06 (gl = 16.9 Hz, 2H), 2.41 (s, 3H)*C NMR (75.5 MHz, CDCl) &
192.7 (C), 144.2 (C), 134.5 (C), 134.3 (C), 1312€H), 129.3 (2CH), 128.7 (CH),
128.3 (2CH), 128.19 (2CH), 128.16 (2CH), 127.9 (3CH5.5 (q,Jc.r = 283.5 Hz,
CR), 122.2 (C), 87.2 (C), 84.5 (C), 49.4 (g,r = 27.5 Hz, C), 41.9 (Chl, 21.6 (CH);
F NMR (282 MHz, CDCl3) & -74.1 (s, 3F)HRMS (ESI) m/z 393.1476 (M+ H),
CasH20F30 requires 393.1466.

1-(4-Methoxyphenyl)-3,5-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53ia)

Ph Enantiomeric excess (78%) was determined by chiRilC
|| (Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major
Ph Q enantiomer,t= 14.0 min, minor enantiomer+ 17.1 min.
FsC Oil; [0]p?® +5.2 €0.87, CHC}, 78% ed); *H NMR (300
53ia OMe MHz, CDCl3) 6 7.95-7.92 (m, 2H), 7.76-7.72 (m, 2H), 7.47-

7.28 (m, 8H),6.94-6.91 (m, 2H), 4.04 (= 16.7 Hz, 2H), 3.85 (s, 3H)’C NMR (75.5
MHz, CDCls) & 191.5 (C), 163.6 (C), 134.3 (C), 131.9 (2CH), B3{CH), 130.4
(2CH), 130.0 (C), 128.6 (CH), 128.3 (2CH), 128.ZHy}, 128.15 (2CH), 127.9 (2CH),
127.4 (CH), 125.5 (qlc.r = 283.6 Hz, CE), 122.2 (C), 113.7 (2CH), 87.2 (C), 84.7 (C),
55.5 (CH), 49.4 (q,Jc.r = 27.4 Hz, C), 41.6 (CH *°F NMR (282 MHz, CDCls) &
~74.0 (s, 3F)HRMS (ESI) m/z 409.1413 (M+ H), CosH20F50; requires 409.1415.

1-(4-Chlorophenyl)-3,5-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53ja)

Ph Enantiomeric excess (59%) was determined by chiRLC
|| (Chiralpak AS-H), hexan#rOH 99:01, 1 mL/min, major
Ph Q enantiomer,;t= 9.1 min, minor enantiomer+ 14.4 min.
FsC Oil; [a]p®® +16.4 € 1.01, CHC}, 59% ed; *H NMR (300
53ja Cl' MHz, CDCl3) & 7.90-7.85 (m, 2H), 7.73 (dd,= 7.3, 1.0 Hz,

2H), 7.45-7.28 (m, 10H), 4.04 (d,= 16.8 Hz, 2H):*C NMR (75.5 MHz, CDCl) &
192.0 (C), 139.9 (C), 135.2 (C), 134.0 (C), 1312@H), 129.5 (2CH), 128.9 (2CH),
128.8 (CH), 128.5 (CH), 128.4 (2CH), 128.2 (2CH)7B (2CH), 125.4 (qlc.r = 283.8
Hz, CR), 121.9 (C), 87.5 (C), 84.3 (C), 49.4 (@ = 27.6 Hz, C), 42.0 (CH*°F
NMR (282 MHz, CDCls) & -74.0 (s, 3F);HRMS (ESI) m/z 413.0915 (M+ Hj,
Co4H17CIF30 requires 413.0920.
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1-(Naphthalene-2-yl)-3,5-diphenyl-3-(trifluoromethy)pent-4-yn-1-one (53ka)

Ph Enantiomeric excess (83%) was determined by chifil.C
|| (Chiralpak AS-H), hexan#rOH 99:01, 1 mL/min, major

Ph o enantiomer,t= 13.1 min, minor enantiomers 17.9 min.

F3C OO Oil; [e]p® +9.7 € 1.02, CHC4, 83% ed; 'H NMR (300

53ka MHz, CDCl3) § 8.45 (s, 1H), 7.96-7.92 (m, 2H), 7.84 (0=
8.8 Hz, 2H), 7.75 (dd] = 7.5, 0.8 Hz, 2H), 7.61-7.50 (m, 2H), 7.41-7.88 6H), 7.28-
7.20 (m, 3H), 4.20 (q) = 16.8 Hz, 2H);**C NMR (75.5 MHz, CDCl) § 193.0 (C),
135.6 (C), 134.3 (C), 132.4 (C), 131.9 (2CH), 12@81), 128.66 (CH), 128.65 (CH),
128.5 (CH), 128.42 (CH), 128.39 (2CH), 128.2 (2CH)7.9 (2CH), 127.8 (CH), 126.9
(CH), 124.7 (qJ)c.r = 286.4 Hz, CE), 122.1 (C), 87.4 (C), 84.6 (C), 49.5 (g, = 27.4
Hz, C), 42.2 (CH); F NMR (282 MHz, CDCls) & -73.9 (s, 3F)HRMS (ESI) m/z
429.1462 (M+ H), CygH20F:0 requires 429.1466.

5-(4-Methoxyphenyl)-1,3-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53ab)

Enantiomeric excess (80%) was determined by chH#LC
(Chiralpak AD-H), hexan&rOH 95:05, 1 mL/min, major
enantiomert= 15.8 min, minor enantiomers 13.9 min.

OMe

Qil; [0]o®° +21.8 € 1.08, CHC4, 80% ed: H NMR (300 MHz,
| &  cDCly)57.96-7.93 (m, 2H). 7.75 (dd.= 7.5, 0.9 Hz, 2H), 7.59-7.54
Ph (m, 1H), 7.48-7.35 (m, 6H), 6.85-6.81 (m, 2H), 4(§7J = 16.8 Hz,
FsC' o | 2H), 3.81 (s, 3H)XC NMR (75.5 MHz, CDCl) 5 193.2 (C), 159.9
(C), 137.0 (C), 134.4 (C), 133.4 (2CH), 133.3 (CE8.6 (2CH),
128.3 (2CH), 128.1 (2CH), 127.9 (2CH), 125.5 Jgr = 283.7 Hz, CE), 114.2 (C),
113.8 (2CH), 87.3 (C), 83.1 (C), 55.3 (§H49.4 (q.Jc. = 27.5 Hz, C), 42.1 (C#}; *°F
NMR (282 MHz, CDCly) & -74.1 (s, 3F):HRMS (ES)m/z 409.1419 (M+ Hj,
CosH2oF30, requires 409.1415.

5-(3-Fluorophenyl)-1,3-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53ag)

F Enantiomeric excess (74%) was determined by chifLC
(Chiralpak AS-H), hexand2rOH 99:01, 1 mL/min, major enantiomer
t, = 7.5 min, minor enantiomer 9.2 min.

! 0 Oil; [a]p®® +38.8 € 1.09, CHC}, 74% ed; 'H NMR (300 MHz,
fo b, CDCls) 8 7.96-7.93 (m, 2H), 7.74-7.71 (m, 2H), 7.61-7.56 (th),

% s3ag  7.49-7.38 (m, 5H), 7.29-7.24 (m, 2H), 7.15-7.11 (th)), 7.08-7.02

(m, 1H), 4.09 (ddJ = 40.2, 17.0 Hz, 2H)*C NMR (75.5 MHz,

CDCl3) 8 192.9 (C), 162.2 (d)c.r = 246.6 Hz, C), 136.8 (C), 134.0 (C), 133.4 (CH),
129.8 (d,Jc.r = 8.6 Hz, CH), 128.7 (2CH), 128.5 (CH), 128.4 (CH28.0 (2CH),
127.8 (CH), 127.8 (2CH), 125.4 (#.r = 283.7 Hz, CF), 123.9 (dJc.r = 9.5 Hz, C),
118.8 (d,Jc.r = 23.0 Hz, CH), 116.1 (dic.r = 21.2 Hz, CH), 86.0 (dlc.r = 3.5 Hz, C),
85.6 (d,Jc.r = 2.3 Hz, C), 49.4 (qlc.r = 27.4 Hz, C), 41.9 (Ch: *F NMR (282 MHz,
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CDClg) & -74.0 (s, 3F),-113.4 (s, 1F):HRMS (EShm/z 397.1216 (M+ H),
CosH17F,0O requires 397.1216.

5-(4-Fluorophenyl)-1,3-diphenyl-3-(trifluoromethyl)pent-4-yn-1-one (53ac)

F Enantiomeric excess (_80%) was determined by chifLC
(Chiralpak AS-H), hexan&rOH 99:01, 1 mL/min, major enantiomer
t; = 8.4 min, minor enantiomer$ 9.7 min.

I Oil; [a]p® +46.9 € 0.91, CHC}, 80% ed; ‘H NMR (300 MHz,

0O CDCl3) & 7.96-7.93 (m, 2H), 7.74-7.71 (m, 2H), 7.60-7.55 (iHl),
o pn  7.49-7.38 (m, 7H), 7.03-6.97 (m, 2H), 4.08 (dd= 36.6, 17.0 Hz,

53ac 2H); **C NMR (75.5 MHz, CDCls) § 193.0 (C), 162.8 (dlc.r = 250.0

Hz, C), 136.9 (C), 134.1 (C), 133.9 (.- = 8.5 Hz, 2CH), 133.4 (CH), 128.7 (2CH),
128.4 (CH), 128.4 (2CH), 128.1 (2CH), 127.8 (2CH)5.5 (q,Jc.r = 283.5 Hz, CB),
118.2 (d,Jc.F = 3.4 Hz, C), 115.5 (dlc.r = 22.1 Hz, 2CH), 86.2 (C), 84.3 (C), 49.4 (q,
Jo.r = 27.5 Hz, C), 42.0 (Ch* °F NMR (282 MHz, CDCls) § -74.1 (s, 3F)-110.7 (s,
1F); HRMS (ESI) m/z 397.1216 (M+ H), C4H17F40 requires 397.1216.

Ph

5-(4-Methoxyphenyl)-1-(naphthalene-2-yl)-3-phenyl-gtrifluoromethyl)pent-4-yn-
1-one (53kb)

OMe Enantiomeric excess (84%) was determined by chRILC
(Chiralpak AS-H), hexan#®rOH 95:05, 1 mL/min, major
O enantiomer,t= 11.9 min, minor enantiomerst 17.2 min.

I Oil; [a]p®® -11.6 € 1.02, CHC}, 84% ed; 'H NMR (300
0 MHz, CDCl3) & 8.47 (s, 1H), 7.98-7.94 (m, 2H), 7.86 (d=
8.5 Hz, 2H), 7.77 (dJ = 7.1 Hz, 2H), 7.63-7.55 (m, 2H),
OO 7.42-7.30 (m, 5H), 6.78-6.75 (m, 2H), 4.20 {o= 16.6 Hz,
53kb 2H), 3.79 (s, 3H)**C NMR (75.5 MHz, CDCly) § 193.2 (C),
159.9 (C), 135.6 (C), 134.5 (C), 134.4 (C), 1328H), 132.4 (C), 129.9 (CH), 129.6
(CH), 128.6 (CH), 128.5 (CH), 128.4 (2CH), 128.@CKY, 127.8 (CH), 126.9 (CH),
125.5 (g.Jc.r = 283.5 Hz, CF), 123.8 (CH), 114.2 (C), 113.8 (2CH), 87.4 (C),18&),
55.3 (CH), 49.5 (q,Jc.r = 27.2 Hz, C), 42.2 (CH *°F NMR (282 MHz, CDCls) §
—74.0 (s, 3F)HRMS (ESI) m/z 459.1564 (M+ H), CooH2.F30, requires 459.1572.

Ph
FsC

5-(4-Fluorophenyl)-1-(naphthalene-2-yl)-3-phenyl-Jirifluoromethyl)pent-4-yn-1-
one (53kc)

Enantiomeric excess (90%) was determined by chHRILC

F
(Chiralpak AS-H), hexan#rOH 99:01, 1 mL/min, major
O enantiomer,;t= 12.5 min, minor enantiomers 16.9 min.

Oil; [a]p®® +26.3 €1.01, CHC}, 90% ed; 'H NMR (300
o 0 MHz, CDCl3) & 8.48 (s, 1H), 7.99-7.95 (m, 2H), 7.87 (d=

fc OO 8.7 Hz, 2H), 7.76 (dJ = 7.3 Hz, 2H), 7.65-7.54 (m, 2H),
3
53kc
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7.44-7.36 (m, 5H), 6.99-6.93 (m, 2H), 4.22 (d& 35.9, 16.8 Hz, 2H)-*C NMR (75.5
MHz, CDCl3) & 193.1 (C), 162.7 (dJc.r = 249.9 Hz, C), 135.6 (C), 134.2 (C), 134.2
(C), 133.8 (dJc.r = 8.5 Hz, 2CH), 132.4 (C), 129.8 (CH), 129.6 (CHI28.7 (CH),
128.6 (CH), 128.5 (CH), 128.4 (2CH), 127.9 (2CH)7B (CH), 126.9 (CH), 125.5 (q,
Jo.r = 283.5 Hz, CP), 123.7 (CH), 118.1 (dlc.r = 3.5 Hz, C), 115.5 (dlcr = 22.1 Hz,
2CH), 86.4 (C), 84.4 (C), 49.5 (@.r = 27.6 Hz, C), 42.1 (CH}, *F NMR (282 MHz,
CDCls) & -73.9 (s, 3F),-110.7 (s, 1F);HRMS (ESI) m/z 447.1372 (M+ H),
CagH19F40 requires 447.1362.

5-(4-Fluorophenyl)-1-(naphthalene-2-yl)-34¢-tolyl)-3-(trifluoromethyl)pent-4-yn-
1-one (53lc)

Enantiomeric excess (88%) was determined by chiral
HPLC (Chiralpak AS-H), hexarl®OH 99:01, 1
mL/min, major enantiomer, t= 11.0 min, minor
enantiomert= 13.7 min.

Oil; [e]o?®+30.1 € 1.09, CHC}, 88%ed; 'H NMR
(300 MHz, CDCk) & 8.47 (s, 1H), 7.99-7.94 (m, 2H),
7.87 (d,J = 8.6 Hz, 2H), 7.64-7.58 (m, 4H), 7.39-7.34
(m, 2H), 7.20 (dy) = 8.0 Hz, 2H), 6.98-6.90 (m, 2H),
4.19 (q,J = 16.7 Hz, 2H), 2.35 (s, 3H}’C NMR (75.5 MHz, CDCl) & 193.2 (C),
162.7 (d,Jc.r = 249.8 Hz, C), 138.3 (C), 135.6 (C), 134.3 (338 (d,Jcr = 8.5 Hz,
2CH), 132.4 (C), 131.2 (C), 129.8 (CH), 129.6 (CH)9.2 (2CH), 128.7 (CH), 128.5
(CH), 127.8 (2CH), 126.9 (CH), 125.5 (.- = 283.6 Hz, CE), 123.7 (CH), 118.2 (d,
Jer = 3.7 Hz, C), 115.4 (dlcr = 22.1 Hz, 2CH), 86.2 (C), 84.5 (C), 49.2 Jg+ = 27.6
Hz, C), 42.1 (CH), 21.0 (CH); *°F NMR (282 MHz, CDCls) & -74.1 (s, 3F)-110.8
(s, 1F);HRMS (ESI) m/z 461.1524 (M+ H), CogH21F40 requires 461.1529.

5-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1-(naphthalee-2-yl)-3-
(trifluoromethyl)pent-4-yn-1-one (53mc)

Enantiomeric excess (83%) was determined by chiral
HPLC (Chiralpak AS-H), hexan®OH 95:05, 1
mL/min, major enantiomer, t= 10.6 min, minor
enantiomer,t= 12.6 min.

Oil; [a]p?° +6.7 € 0.91, CHC}, 83%ed; 'H NMR
(300 MHz, CDCL) & 8.47 (s, 1H), 7.98-7.94 (m,
2H), 7.87 (d,J = 8.7 Hz, 2H), 7.67-7.53 (m, 4H),
7.37-7.33 (m, 2H), 6.97-6.90 (m, 4H), 4.16 (d&;
39.8, 23.2 Hz, 2H), 3.80 (s, 3HYC NMR (75.5 MHz, CDCls) § 193.3 (C), 162.7 (d,
Jor = 249.8 Hz, C), 159.6 (C), 135.6 (C), 134.3 (G338 (d,Jc.r = 8.4 Hz, 2CH),
132.4 (C), 129.9 (CH), 129.6 (CH), 129.1 (2CH), 72€CH), 128.5 (CH), 127.8 (CH),
126.9 (CH), 126.0 (C), 125.5 (@.r = 283.6 Hz, CF), 123.7 (CH), 118.2 (dlc.c = 3.6
Hz, C), 115.4 (d,Jcr = 22.1 Hz, 2CH), 113.8 (2CH), 86.3 (C), 84.6 (Gh.2

204



Experimental Section

(CHs),48.9 (q,Jc.r = 27.7 Hz, C), 42.0 (CH: *°F NMR (282 MHz, CDCls) § —=74.3 (s,
3F), -110.8 (s, 1F);HRMS (ESI) m/z 477.1469 (M+ H), CyH,:F40;, requires
477.1478.

1,3-Diphenyl-5-(thiophen-3-yl)-3-(trifluoromethyl)pent-4-yn-1-one (53ae)

/ S Enantiomeric excess (82%) was determined by chifLC
% (Chiralpak AS-H), hexan#®rOH99:01, 1 mL/min, major enantiomer t
| | =11.7 min, minor enantiomerz 14.7 min.

phel §  Oil: [0]o® +37.5 € 1.02, CHC}, 82% ed: H NMR (300 MHz,
F4C Ph  CDClI3) 6 7.96-7.92 (m, 2H), 7.72 (dd,= 7.4, 0.9 Hz, 2H), 7.60-7.55

53ae (m, 1H), 7.48-7.36 (m, 6H), 67.26-7.23 (m, 1H),9(6d,J = 5.0, 1.2
Hz, 1H), 4.07 (g = 16.9 Hz, 2H);*C NMR (75.5 MHz, CDCls) § 193.1 (C), 136.9
(C), 134.2 (C), 133.4 (CH), 130.0 (CH), 129.7 (CH)8.7 (2CH), 128.40 (CH), 128.37
(2CH), 128.1 (2CH), 127.9 (2CH), 125.5 (i3,r = 283.6 Hz, CB), 125.2 (CH), 121.1
(C), 84.1 (C), 82.5 (C), 49.4 (de.r = 28.2 Hz, C), 42.0 (CH *F NMR (282 MHz,
CDCl3) & -74.0 (s, 3F);HRMS (ESI) m/z 385.0881 (M+ H), CosH16Fs0S requires
385.0874.

1-(Naphthalene-2-yl)-3-phenyl-5-(thiophen-3-yl)-3fifluoromethyl)pent-4-yn-1-
one (53ke)

S Enantiomeric excess (86%) was determined by cHRILC
(Chiralpak AS-H), hexan#rOH 99:01, 1 mL/min, major
enantiomer,t= 17.8 min, minor enantiomers 24.8 min.

Oil; [a]p®® +17.1 € 1.08, CHC4, 86% ed; 'H NMR (300
MHz, CDCls) & 8.47 (s, 1H), 7.96 (dd] = 8.7, 1.7 Hz, 2H),
7.87 (d,J = 8.6 Hz, 2H), 7.75 (d) = 7.3 Hz, 2H), 7.66-7.53
(m, 2H), 7.43-7.33 (m, 4H), 7.21 (dd= 5.0, 3.0, 1H), 7.06
(dd,J = 5.0, 1.2 Hz, 1H), 4.21 (d,= 16.8 Hz, 2H);*C NMR (75.5 MHz, CDCl) &
193.1 (C), 135.6 (C), 134.3 (C), 132.4 (C), 1300H}, 129.8 (CH), 129.64 (CH),
129.59 (CH), 128.7 (CH), 128.5 (CH), 128.43 (CH)8B9 (2CH), 127.9 (2CH), 127.8
(CH), 126.9 (CH), 125.5 (qlcr = 283.9 Hz, CF), 125.2 (CH), 123.7 (CH), 121.1 (C),
84.2 (C), 82.6 (C), 49.6 (Glc.r = 27.8 Hz, C), 42.1 (CHt *F NMR (282 MHz,
CDCl3) & -74.0 (s, 3FHRMS (ESI) m/z 435.1021 (M+ H), CyeH1gF0S requires
435.1030.

53ke

5.7.2.4. Synthetic transformations

General procedure for the iodocyclization reactidnsolution of § (0.180 mmol) in
CH.ClI; (2 mL) was added to a mixture 88 (0.090 mmol) and NaHC430.180 mmol)
under nitrogen atmosphere. The solution was heatelD °C overnight. The reaction
mixture was quenched with saturated aqueouy$a (1.0 mL), extracted with C}l,
(2x15 mL), washed with brine (15 mL), dried over MgSé&nhd concentrated under
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reduced pressure. Purification by flash chromagggyaon silica gel eluting with
hexane:E{O (98:02) gave compouridt.

3-lodo-2,4,6-triphenyl-4-(trifluoromethyl-4H-pyran (54aa)

Ph.__O._Ph Oil, 70% yield; [¢]p*>~13.6 € 0.86, CHC}); *H NMR (300 MHz,
U CDCls) § 7.67-7.57 (m, 6H), 7.48-7.36 (m, 9H), 5.44 (s, 1¥@) NMR
| (75.5 MHz, CDCk) 5 153.8 (C), 149.6 (C), 142.5 (C), 137.0 (C), 132.1
(C), 129.7 (2CH), 129.6 (CH), 129.5 (CH), 128.5 kBC128.4 (2CH),
S4aa 128.3 (q,Jc.r = 2.2 Hz, 2CH), 128.1 (2CH), 127.7 (CH), 126.1Jgr
= 280.4 Hz, CE), 125.0 (2CH), 95.6 (CH), 71.7 (C), 55.5 (,r = 27.0 Hz, C)’F
NMR (282 MHz, CDCls) 8 —69.0 (s, 3F);HRMS (ESI) m/z 505.0267 (M+ H),
Co4H17F310 requires 505.0254.

F.C~ Ph

3-lodo-2,6-diphenyl-4-(p-tolyl)-4-(trifluoromethyl) -4H-pyran (54ba)

Enantiomeric excess (78%) was determined by chH&ILC
(Chiralpak AD-H), hexan&rOH 99:01, 1 mL/min, major
enantiomert= 7.3 min, minor enantiomer$ 6.8 min.

Oil, 87% vield;[a]p>°—25.5 €1.00, CHC}, 78%e8); *H NMR (300
54ba  Me \MHz, CDCls) § 7.66-7.60 (m, 4H), 7.49-7.45 (m, 5H), 7.38-7.35

(m, 3H), 7.26-7.23 (m, 2H), 5.43 (s, 1H), 2.39(d):3"*C NMR (75.5 MHz, CDCl) &
153.7 (C), 149.4 (C), 139.7 (C), 137.6 (C), 13T}, (132.1 (C), 129.7 (2CH), 129.6
(CH), 129.5 (CH), 129.1 (2CH), 128.5 (2CH), 128 Jcr = 2.2 Hz, 2CH), 128.1
(2CH), 126.1 (qJc.r = 282.7 Hz, CB), 125.0 (2CH), 96.7 (CH), 72.1 (C), 55.2 {a.r

= 26.9 Hz, C), 21.2 (CH; *F NMR (282 MHz, CDCls) § -69.1 (s, 3FHRMS (ESI)
m/z 519.0416 (M+ H), CosH19F310 requires 519.0427.

2-(4-Fluorophenyl)-3-iodo-4,6-diphenyl-4-(trifluoromethyl)-4H-pyran (54ac)

Enantiomeric excess (84%) was determined by chiaLC
(Chiralpak AD-H), hexan&rOH 99:01, 1 mL/min, major
enantiomer,t= 6.2 min, minor enantiomers 4.7 min.

Oil, 63% vyield;[a]p*°—37.8 €0.55, CHC}, 84%ee; 'H NMR
(300 MHz, CDCk) & 7.66-7.54 (m, 6H), 7.46-7.35 (m, 6H),
7.18-7.12 (m, 2H), 5.42 (s, 1H)*C NMR (75.5 MHz, CDCly)

8 163.2 (dJc.r = 250.1 Hz, C), 152.9 (C), 149.6 (C), 142.4 (33.D (d,Jc.r = 3.6 Hz,
C), 131.9 (dJc.r = 8.5 Hz, 2CH), 129.6 (CH), 128.5 (2CH), 128.4 KDC128.3 (qJc.r

= 2.2 Hz, 2CH), 127.8 (CH), 126.1 (@:.r = 286.2 Hz, CE), 125.0 (2CH), 115.3 (dl..

r = 21.9 Hz, 2CH), 95.6 (CH), 72.1 (C), 55.5 a.r = 27.4 Hz, C);*F NMR (282
MHz, CDCl3) & -69.0 (s, 3F);110.8 (s, 1F)HRMS (ESI) m/z 523.0173 (M+ H),
Ca4H16F410 requires 523.0182.
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2-(4-Methoxyphenyl)-4,6-diphenyl-4-(trifluoromethyl)-4H-pyran (55)

MeO QOil, 90% vyield; [a]p*® —13.0 €1.09, CHC}); *H NMR (300
o. pn MHz, CDCl3) § 7.81-7.72 (m, 4H), 7.61-7.58 (m, 2H), 7.46-
] 7.32 (m, 6H), 7.00-6.70 (m, 2H), 5.76 @= 2.4 Hz, 1H),
5.64 (d,J = 2.4 Hz, 1H), 3.87 (s, 3H}*C NMR (75.5 MHz,
F3055Ph CDCl3) 6 160.5 (C), 150.6 (C), 150.4 (C), 141.6 (C), 133.5
(C), 131.3 (C), 129.3 (CH), 128.6 (2CH), 128.5 (9CHR7.6
(CH), 127.2 (qJc.r = 1.8 Hz, 2CH), 126.5 (2CH), 126.2 (@;.r = 283.7 Hz, CB),
125.1 (2CH), 113.9 (2CH), 95.4 (CH), 93.7 (CH),58CH:), 48.2 (9.Jcr = 27.7 Hz,
C); F NMR (282 MHz, CDCls) § =73.2 (s, 3F)HRMS (ESI) m/z 409.1385 (M+
H)+, C25H20F302 requires 409.1415.
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6. CONCLUSIONS

1. Several new enantioselective conjugate alkyimylateactions ofa,B-unsaturated
carbonyl compounds have been developed using mshc@pper catalyst.

2. The enantioselective conjugate addition of teahialkynes to 2-arylidene-1,3-
diketonesl has been carried out by using diethylzinc and alga&t amount of R)-
VANOL (L9), providing the alkynylated productd3 with good yields and with
enantiomeric excesses up to 93%. The use of etfimoe as co-solvent was crucial for
high enantioselectivity. A wide range of aromatidaheteroaromatic substituents on
the B-carbon of the enone were tolerated. The reactam lze applied to different
aromatic and heteroaromatic alkynes, although atiphalkynes (4-phenyl-1-butyne)
reacted with low yield and enantioselectivity. Soafighe alkynylation products could
be enantiomerically enriched up to 9%#by crystallization. This is the first example
of enantioselective conjugate alkynylation reactionediated by zinc with
substoichiometric amounts of chiral inducer.

The configuration of the stereogenic center indlkgnylation products was determined
to beR, by chemical correlation. The potential synthetpplicability of the resulting
products was shown by diverse transformation.

3. We have reported a novel catalytic system ths¢suG-symmetrical bis-
hydroxyamides derived from isophtalic acid andldrginc, which has been applied in
the conjugate addition of terminal alkynes to Iajcarbonylcoumarins. The scope of
the reaction has been studied with thirteen 3-glkasbonyl coumarins and five
alkynes.Trans4-alkynyl-substituted 3-(alkoxycarbonyl)dihydrocarms were obtained
with good yields and enantiomeric excesses betvé€eand 94% depending on the
substitution of both the alkyne and the coumariaestBresults were obtained with 6-
chloro-8-methyl-34ert-butoxycarbonyl)coumarin and with 3-fluorophenylnda 4-
fluorophenyl-acetylene.

The absolute stereochemistry of the resulting prtedihas been determined by
combining X-ray analysis and chemical correlation.

The potential synthetic applicability of the resudt products was shown by diverse
transformations.

4. We have described a highly enantioselective espptalyzed conjugate alkynylation
of 1,1-difluoro-1-(phenylsulfonyl)-3-en-2-ones. Theaction was carried out in the
presence of the [Cu(GEN),]BF,-MeOBIPHEP [L31) complex. The reaction worked
well for a wide range oB-aryl- and3-heteroaryl- substituted enones, as well as with
phenylacetylene derivatives, 3-thienylacetylene eyalopropylacetylene, giving rise to
high yields and excellent enantiomeric excessesn®2 to 99%).

The configuration of the stereogenic center inréhaction products was determined by
chemical correlation.
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This is also the first example on the use of 1flitdio-1-(phenylsulfonyl)-3-en-2-ones
as substrates in an enantioselective reaction. &/e shown that these compounds can
be considered as ester and amide surrogates fomastyic catalysis. Furthermore, the
resulting products can be transformed infealkynylated difluoromethyl and
trifluoromethyl ketones.

5. The [Cu(CHCN)4BF4;-MeOBIPHEP [31) complex allowed the highly

enantioselective conjugate addition of terminalya#s to 1,1,1-trifluoromethyl-3-en-2-
ones in the presence of a catalytic load as low2.&smol %. The use of reduced
amounts of alkyne (1.3 equiv) and base (0.1 equa} essential to avoid double
alkynylation. The scope of the reaction was studigth eleven enones and eight
alkynes. Excellent enantioselectivities (90-98% were obtained with trifluoromethyl

enones bearing aromatic or heteroaromatic substgumn the3-carbon, while enones

bearing an alkyl group at this position were untigac Aromatic and heteroaromatic
substituted alkynes reacted with good results, eviiliphatic alkynes (4-phenyl-1-
butyne) reacted with lower yield.

The configuration of the stereogenic center indlkgnylation products was determined
to beR. These compounds have been shown to be synthretiargors for chiral furans
bearing a quaternary trifluoromethylated stereogeanter.

6. Terminal diynes react with 1,1,1-triflurometi8den-2-ones under similar conditions
as alkynes to give internal diynes with a propaogsiereogenic center with good yields
and excellent enantiomeric excesses (84-95%). BnorMmaring aromatic,
heteroaromatic and also aliphatic substituents vgex@d substrates for this reaction.
The diyne scope was also broad allowing acetylesigsstituted with aromatic,
heteroaromatic, aliphatic and even TIPS groups. &lkably, this is the first example of
enantioselective conjugate diynylation of enonesl, the first time that terminal diynes
are used in an enantioselective reaction withowjuireng premetalation with
stoichiometric amounts of a dialkylzinc reagent.

The absolute configuration of diynylation produgias determined aR by X-ray
crystallographic analysis of produtiai.

7. We have developed the first enantioselectivgugate addition of terminal alkynes
to B-trifluoromethyl a,p-enones using a Cu(l)-taniaphos complex as cataly& scope
of the reaction was studied with nine enones and alkynes to give ketones having a
trifluoromethylated propargylic stereogenic centep to the carbonyl group with good
yields and enantiomeric excesses (70-99%). Beslitsewere obtained with enones
having a 3-thienyl group attached to the carbomglug. Enones having an aliphatic
group attached to the carbonyl group were poorictree. The reaction worked with
aromatic, heteroaromatic and aliphatic alkynes.t Besults were obtained with 3-
fluoro- and 4-fluoro-phenylacetylene.

The configuration of the stereogenic center inalgnylated products was determined
by chemical correlation. The alkynylation produbimve been shown to be building
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blocks for the synthesis of chiral trifluoromethi@d heterocycles such as 4-
trifluoromethyl-4H-pyrans upon iodocyclization.

8. We have described the first catalytic enantexgele conjugate addition of terminal
alkynes top-aryl pB-trifluoromethyl a,p-unsaturated enones, to give ketones bearing a
guaternary trifluoromethylated propargylic steredgecenter. Copper(l) catalysis was
not effective in this case. Therefore, the react@s carried out by using #n in the
presence of a catalytic amount of ari®)-8,3’-bis(pentafluorophenyl)BINOLLEB2).
The scope of the reaction is limited3drifluoromethyl enones bearing an aromatic or
heteroaromatic group at tifieposition, as well as to terminal alkynes subsidiutvith
aromatic and heteroaromatic groups. The correspgnpiioducts were obtained with
good vyields and variable enantiomeric excesses9(80), although they can be
enantiomerically enriched up to 998éby crystallization. The absolute stereochemistry
of the alkynylation products could not be deterrdineecause of the difficulties in
obtaining suitable crystals for X-ray analysis fremantiomerically pure compounds.
The alkynylation products could be transformed imkdrifluoromethyl-4-pyrans
bearing a quaternary stereocenter upon iodocyidizat
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Enantioselective Zinc-Mediated Conjugate Addition of Terminal Alkynes to
Enones

Gonzalo Bla

The conjugate addition of carbanionic species to electro-
philic double bonds, that is, unsaturated carbonyl com-
pounds. is one of the most attractive methods for construct-
ing a new C-C bond. Among the dillerent kinds ol carbon
nucleophiles, terminal alkynes are of interest to create func-
tionalized internal alkynes! The alkynyl groups can be
readily transformed into other functional groups, thus, in-
creasing the value of these compounds as versatile building
blocks.”) An interesting outcome results from the reaction
with unsaturated carbonyl and related compounds bearing
B-substituents, in which a new sterecgenic centre is formed.
The asymmetric alkynylation of enones has been carried out
by using preformed 1.1-Bi-22" naphthol (BINOL)-derived
alkynylhoronates A and alkynylalanes in the presence of Ni
catalysts. On the other hand, the direct asymmetric conju-
gate alkynylarion of elecrrophilic alkenes wirth terminal al-
kynes has been scarcely studied and remains a challenging
problem.

A first cxample was reported by Carrcira by using S-alky-
lidene Meldrum’s acids (2 2-dimerhyl-1.3-dioxanz-4 6-dione)
as clectrophiles and a PINAP-copper complex (PINAP=
1-(2-(diphenylphosphino)naphthalen- 1-yl)phthalazine ) as
catalyst."! Shibasaki also used copper catalysis for the asym-
metric alkynylation of o f-unsaturated thioamides'® A di-
phosphine-rhodium complex was used by I'illion and Zorzit-
to for the conjugate addition of silylacetylenes to >-benzyli-
dene Meldrum’s acids,”! while Hayashi and Nishimura de-
scribed  the rhodium-catalyzed alkynylation of simple
and nitroalkenes silylacetylenes.F!
Recently. the same group reported the asymmetric catalytic
addition of silvlacetylenes to af3-enones in the presence of a
biphosphine-cobalt{l) complex, generated in situ by the re-
duction of a cobalt(11) salt with Znl Finally, a few cxam-
ples of conjugate alkynylaticns mediated by zinc have been
reported, which required equivalent or higher amounts ol
chiral material in all cases. Thus, Walker and Cui carried out

cnones, enals, with
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the conjugate alkynylation of 5-benzylidene Meldrum’s acid
derivatives with alkynyl Grignard reagents in the presence
of a superstoichiometric amount of a cinchonidine-Me,Zn
complex.' Carreira reported the diastersoselective alkyny-
lation of chiral oxazepanedione acceptors with zine alkyny-
lides. generated by treating terminal alkynes with Zn(OT(),
and an amine base," and Tomioka reported the asymmetric
reaction of nitroolefins with arylalkynes mediated by dime-
thylzine and 1.5 equivalents of a chiral amino aleohol ™
Herein, we describe the first zinc-meadiated conjugate alky-
nylation of enones by employing catalytic amounts of a
chiral inducer, which is promoted by diethylzinc. Previously,
our group has described the dialkylzinc-mediated addition
of terminzal zlkynes 1o aldehydes™ and imines™ in the pres-
ence of catalytic amounts of hydroxyamides and BINOL-
type ligands. respectively.

In our study we used arylidenedikctones 1 as clectrophiles
(Scheme 1). because these compounds are readily available
by Knocvenagel condensation of 1.3-dikctones and alde-
hydes and show high electrophilicity. For the oprimization of
the conditions, we studied the reaction between cnonc 1a

il
o Q L -
Al A ) R! R!
R R - solvent - “R2
<\ -
1 R? 2 R? 5

(Rl X' =X2=H (R)-L4X1=H
(RrL2 X' =H, X2 =Br (Ry L& X! =Br
(RFL3 X'=DBr X" =H
(R)-L6 X' = 3,5-/CF3);CgH3, X2 =H
(RIFLT X' = 2,4,6-PraCeHa, X* =
(R1-L8 X! = S-pheranthienyl, X2 = H

PhPh PhPh

A OO
' = 4 == "
\/=/_§n [JH)_\;> >=< HO -::’H>_< )

1 >_‘
N/ (RrL10

W)

Scheme 1. Conjugate alkynylation of enones and binaphthol ligands used.

(R)-L9
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Enantioselective Synthesis of 4-Substituted Dihydrocoumarins
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Abstract: A new ecnantiosclective catalyst for the
conjugate addition of terminal alkynes has been de-
veloped. Terminal alkynes react with 3-alkoxycar-
bonylcoumarins in the presence of diethylzinc and
bis(hydroxyamide) ligands to give chiral non-race-
mic dihydrocoumarins substituted with an alkynyl
group on the C-4 position with good yields and
enantiomeric excesses up to 95%.

Keywords: alkynylation; asymmetric catalysis; N,O
ligands: nucleophilic addition: oxygen heterocycles

The 3.4-dihydrocoumarin ring system constitutes the
core of many natural products’! and biologically
active compounds. Over the past decades. numerous
dihydrocoumarin derivatives and related compounds
have been discovered or obtained synthetically, which
exhibited cstmgcn—likc,'z' protein transacctylasc,m re-
ductase inllihilory."ﬂ protein kinase,™ zmlihcrpclic,lﬁl
cytotoxic,” antioxidant and antiproliferative® or
blocking of ATP-sensitive potassium channels activi-
ties.”! among others. Natural dihydrocoumarins are
also of great interest as flavouring agents in the food
industry"®  Furthermore, dihydrocoumarins have
been used as building blocks for the synthesis of other
hioactive cnmpmmds,[”l For these reasons, the devel-
opment of new synthetic procedures tor the construc-
tion or modification of this scaffold has attracted con-
siderable attention among chemists. The conjugate
addition of carbon nucleophiles to coumarins is one
of most straightforward methods [or the synthesis of
3.4-dihydrocoumarins bearing a substituted stercogen-
ic center at the 4-position of the heterocyele.

The enantioselective conjugate addition of arylbor-
onic acids to coumarins employing chiral Rh com-

Adv. Symth. Caial. 2013, 355, 1071 - 1076
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plexes has been reported by Hayashi®™ and Car-
reira.l?l The Cu-catalyzed conjugate addition of di-
alkylzinc reagents to 3-acyl- and 3-nitrocoumarins
using phosphoramidite ligands has been described by
Woodward™! and Feringa.™ respectively. This latter
author has reported recently the asymmetric addition
of Grignard reagents catalyzed by copper.'® Finally,
Feng has developed a catalytic asymmetric conjugate
allylation of 3-acylcoumarins with tetraallyltin via
a dual activation strategy using N, N-dioxide-Yb(OTf),
and (CuOTT), C;Hg.""! However, an asymmetric con-
jugate alkynylation of coumarins has never been
achieved, to the best of our knowledge.

The asymmetric conjugate alkynylation of unsatu-
rated ketones has been carried out by using BINOL-
derived chiral alkynylboronates™ or alkynylalanes in
the presence of a nickel catalyst.'” Hayashi and Nish-
itmura have described the conjugate alkynylation of
enones with silvlacetylenes catalyzed by either rhodi-
um® or cobalt complexes.! Recently, our group has
also developed an asymmetric conjugate alkynylation
ol enones mediated by ELZn and VANOL.” On the
other hand the conjugate alkynylation of unsaturated
esters has been only possible with double-activated
substrates such as S-alkylidene-Meldrum acid deriva-
tives. Thus, Carreira® and Fillion® have reported
separately the conjugate addition of terminal alkynes
to these substrates catalyzed by copper or rhodium.
respectively, whilst Cui and Walker have used alkyn-
vl-Grignard reagents in the presence of a chiral
amino alcohol for this purposc.pj] Herein, we describe
the asymmetric alkynylation of 3-alkoxyecarbonylcou-
marins using a new Zn-bis(hydroxyamide) catalyst. To
the best of our knowledge, this is the [irst reported
example of the alkynylation of coumarins, but also
the first example of a zinc-mediated alkynylation of
unsaturated esters that requires substoichiometric
amounts of chiral inducer.
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Highly Enantioselective Copper(l)-Catalyzed Conjugate Addition
of Terminal Alkynes to 1,1-Difluoro-1-(phenylsulfonyl)-3-en-2-
ones: New Ester/Amide Surrogates in Asymmetric Catalysis

Amparo Sanz-Marco, Andrea Garcia-Ortiz, Gonzzlo Blay,* Isabel Fernédndez, and

José R. Pedro*™

Abstract: A highly enantioselective copper-catalyzed con-
juyate alkynylation of monoactivated enones, namely 1,1-
difluoro-1-(phenylsulfanyl)-3-en-2-ones, is described. The
reaction products are obtained with good yields and ex-
cellent enantioselectivities (from 92 to 99% ee). The f-al-
kynylated difluoro(phenylsulfonyl) ketones can be convert-
ed into the correspending f-alkynylated difluoro- and tri-
fluoromethyl ketcnes, esters and amides. This is the first
example on the use of 1,1-difluoro-1-(phenylsulfonyl)-3-
en-2-ones as substrates in an enantioselective reaction,
which have been shown to be new ester/amide surro-
gates.

e

The interest in the chemistry of alkynes has experienced a pro-
gressive growth in the last years." The asymmetric conjugate
addition of terminal alkynes to electrophilic double bonds con-
jugated with electron-withdrawing functional groups, especial-
ly in PB-substituted «,f-unsaturated carbonyl and related com-
pounds, is a highly efficient method to obtain internal alkynes
bearing a stereogenic center at the propargylic position. The
resulting products are very versatile chiral building blocks in
view of the potential modification of the triple bond and/or
the carbonyl-related functional group. Enantioselective proce-
dures for the alkynylation of enones and related compounds
have been carried cut by using preformed alkynyl organome-
tallic rezagents and different catalysts or chiral auxiliaries,®!
which unavoidably yield significant amounts of metallic waste.
A more convenient approach from the enviranmental and
atom economic point of view would be the generation of the
reactive alkynyl-metal species from terminal alkynes and a cata-
lytic amount of a chiral metal complex Since the first report
by Cameira
with derivatives of Meldrum’s acid, several successful examples

on copper-catalyzed reactions of terminal alkynes

[al A Sanz-Marco, A. Garcla-Ortiz, Prof. Dr. G. Blay, I. Ferndndez,
Prof. Dr. J. R. Pedro
Department de Quirnica Organica-Facultat de Quimica
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htip7/dx.doi.org/10.1002/chemn.201303920.
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have been reported by using Cu,” Rh,"™ Co,”’ Ru (one example
with 82% ee),¥ and Pd (two examples with 39 and 389 ee)”
catalysts. Despite these advances, there are still some limita-
tions regarding the enantioselectivity and the substrate or
zlkyne scope. In particular, the possibility to chemically manip-
ulate the electron-withdrawing group that activates the
double bond would be very convenient. Moreover, in the case
of the less toxic and less expensive copper metal, the reaction
is further hampered by the low nucleophilicity of the inter-
mediate copper-alkynylides In fact, alkynyl substituents have
been used as dummy ligands in mixed organocuprates, per-
mitting the selective transfer of alkyl or alkenyl groups in the
course of conjugate addition reactions." This limitation for

the copper-catalyzed conjugate alkynylation has been over-

come by the use of doubly activated alkenes, namely Meldrum
zcid derivatives (Scheme 1a)® or by the use of unsaturated

Carreira!l
Q i 2
Cu R o
C ™
e N P-igand N
s— ><M b=y —ded R CXME (a)
R! a Me Na-(+)-aszorbate { Me
o ) bip1asic systam R a
double actvation o
Kumagai, Shibasakil®
simultaneous activaton
g : Cu' (soft LA.) R‘\i
| - P,P-igand |
v\)\ + R—=——H = (b)
R Nhiez hard Bronsted 2// NMe.
base R
this work:
:'c')"”og': Cu Ry O
! Qo
| 7 2 P,P-ligand
H.Wi;hj+ Ri—=—p _F.Fligand_ l;/\)LCFZQDZPh ©)
: base 27
...FF R

strong activation
potential chelation
modfiable. removable

Scheme 1. Stretegies for the enantioselective copper-catalyzed conjugate
addition of terminal alkynes.

thioamides that are especially designed to simultaneously acti-
vate the alkyne and the double bond through soft Lewis acid/
hard Bransted base cooperative catalysis (Scheme 1b).*!

An important requirement of the alkene activating groups is
the possibility of further synthetic transformation. In particular,
their conversion into ester or amide moieties is especially inter-
esting, because simple unsaturated esters and amides have

@ 2014 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim
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The first enantioselective conjugate alkynylation of f-trifluoromethyl
a.f-enones using terminal alkynes and a taniaphos—Cull) complex as
catalyst is described. Ketones bearing a triflucromethylated propargylic
chiral centre in the f-position were obtained with good yields and high
enantiomeric excesses (up to 99%).

In recent years the stereoselective introduction of perfluoroalkyl
substituents® inte organic malecules has attracted ereat attention
in the field of medidnal, agricultural and material chemistry, mainly
due to the significant changes in the physical, chemical, and
biological properties that the introduction of flucrine atoms causes
in the parent molecules? In this context, molecules containing
chiral centres bearing a trifluoromethyl substituent® have attracted
special interest due to the increasing occurrence of this motif in
biologically active compounds,” but also in chiral reagents® or in
materials for optoelectronic devices.® This kind of chiral centre has
been constructed by following two general approaches: (i) the direct
trifluoromethylation of prochiral carbons and (ii) the functionaliza-
tion of trifluoromethylated prochiral carbons. Although straight-
forward, there are few enantioselective examples using the first
approach” and the second one has been more often preferred for
the construction of chiral centres bearing a trifluoromethyl group in
an enantioselective fashion.™® On the other hand, chiral trifluoro-
methylated propargylic carbons are present in a number of bicactive
compounds such as the HIV reverse transcriptase inhibitor efavirenz
and its analogucs.” Recently some cnantioselective procedures for
the synthesis of trifluoromethylated propargylic carbons having
heternatoms by trifluoromethylation of ynones,' and alkynylation
of ketones' or imines' have been reported in the literature.
However, a catalytic procedure for the enantioselective synthesis of
trifluoromethylated propargylic carbons without heteroatoms has
not been reported yet, to the best of owr knowledge. By following

vepartament de Quimica Urganica, Facultat de Quimica, Universitat de valéncia,
¢/ Dr. Moliner 50, 46100-Burjassot, Spain. E-mail: jose.r. pedro@uv.es,
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T Electronic supplementary informarion (ISI) available: Experimental procedures
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Scheme 1 Conjugate alkynylation of p-trifluoromethyl enones.

strategy (if) we envisioned thar this kind of chiral centre may he
created by asymmetric conjugate alkynylation of prifluoromethyl
o, f-unsaturated carbonyl compounds, Le enones (Scheme 1)

The enantioselective conjugate allkynylation of o,f-unsaturated
carbonyl compounds has been carried out by using pre-formed
metal alkynylides,” or, more conveniently, by direct allkynylation
with terminal alkynes using Cu** Rh,” Co,"® Zn,"” Ru (one example
with 82% ee)'® and Fd (two examples with 39% and 38% ee)™
catalysts. However, none of these procedures has been applied with
fluorinated substrates.

In this communication we describe the first example of enantio-
selective alkynylation of p-rifluoromethyl ,Funsaturated ketones with
terminal alkynes, using copper{ihcomplexes as catalysts. Although
convenient from the economic and environmental point of view, the
use of copper catalysis in conjugate alkynylation is hampered by the low
nuclecphilicity of the intermediate copper allynylides. In fact, the
copper(1) catalyzed conjugated alkynylation of «,p unsaturated carbonyl
compounds has been only possible with highly activated substrates,
ie Meldrum's acid derivatives™ with two carboryl groups on the
double bond wcarbon, or by the use of unsaturated thioamides
specially designed to simultancously activate the allyne and the double
bond via a soft Lewis acid/hard Bronsted base cooperative catalysis,"
Despite these limitations, we believed that the presence of the strong
clectron-withdrawing trifluoromethyl group should increase the electro-
philicity of the double bond by lowering the LUMO energy level, thus
allowing the reaction to take place.

In the onset of our investigation we studied the addition of
phenylacetylene {1a, R' = Ph) to enone 2a (R* = Ph) in the
presence of [Cu[CH3CN)4]BF,, a variety of ferrocene-based
phosphane ligands (Fig. 1} and triethylamine in toluene at 60 °C
(Table 1, entries 1-5).% The best result was obtained with ligand L4

Chem. Commun., 2014, 50, 22/5-22/8 | 2275
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Introduction Preparation

B-Trifluoromethyl enones are important synthetic pre-
cursors of molecules containing chiral centers with a triflu-
oromethyl substituent, a structural motif which is present
in biologically active compounds, chiral reagents and in
materials for optoelectronic devices.! The presence of the
strong electron-withdrawing B-trifluoromethyl group in-

B-Trifluoromethyl-o, B-unsaturated ketones can be pre-
pared by different methods.2 Among them, one of the most
general applications is the aldol reaction of trifluoroacetal-
dehyde ethyl hemiacetal with a ketone followed by dehy-
dratation.

L . Ot o OH O

creases the electrophilicity of the double bond expediting /R . )L pymolidine, ACOH M PTSA o

the conjugate nucleophilic additions. FaC” TOH R PhMe FC R FGC/\)J\R
1 2 3 4

Scheme 1 Synthesis of B-Trifluoromethyl-a,B-unsaturated ketones

Table 1 Use of B-Trifluoromethyl-a,B-unsaturated Ketones

(A) Arylation L1

The enantioselective conjugate arylation of p-trifluoromethyl-o,p-
unsaturated ketones was carried out by treatment with arylboronic
acids 5 under catalysis with the Rh(I)-BINAP (L1) complex. The
products 6 were obtained in high yields and enantioselectivities

(6 mol%)

o
[RN(CgH2)2]BF 4
FgC/\\\)LH' + REB{OH]E (5 mol%) Rz’\)l\

B 5  PhMeH,0, reflux
R'=Ph, OEt, NMey

00 PPh,
Rt PPh,
e

CF; O

with a variety of arylboronic acids.® R2 - allyl, Ar 3-96%, 9-94% 8 L1

(B) Friedel-Crafts Alkylation FaC,,

Pedro and co-workers reported the first example of enantioselective L2-Zr{Ot-Bu), R
Friedel-Crafts alkylation of indoles 7 with B-trifluoromethyl-ot,B- /\)OL Hzm omol%) ™R, o
unsaturated ketones, using a chiral Zr(IV)-BINOL (L2) complex as ¢ = ntt P~ CHaCl, 1t ‘s N

catalyst. Functionalized indoles 8 bearing a stereogenic tertiary cen- a , H 8

ter attached to a trifluoromethyl group were afforded with good Ri-Ar 30-07%, 64-07% ee

yields and high enantiomeric excesses.** A similar reaction was de-
scribed later by Feng and co-workers using an yttrium(Ill) com-
plex.®®

R? = H, Me, OMe, Br

906

OH
o
Br
L2
(C) Epoxidation
The asymmetric epoxidation of a.f-unsaturated carbonyl com- o L3{Sc(OTh)s] o o § ;N) .
. . - % \ N
pounds using a chiral Sc(Illl)-N,N'-dioxide (L3) complex was /\)J\ + HO2 (5 moi%) /Q)L o=t ;;/\ED:” 0
achieved by Feng and co-workers. The authors describe several ex- FoC R THF.35°C  FaC R Jew H’"\a
amples with p-trifluoromethyl-a,p-unsaturated ketones giving the 9 10 e '

corresponding epoxides 10 in excellent yields and enantioselectivi-
ties under mild conditions.®

4
R=Ar

91-99%, 97-99% ee

Ar = 2,64PrCeHz
L3
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