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The objective of this PhD Thesis has been the introduction of two novel
pronucleophiles (Figure A) for catalytic reactions under Brgnsted base (BB) catalysis: 4-
substituted pyrrolidin-2,3-diones (A) and o-nitroanilides (B).
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Figure A. Novel pronucleophiles developed in this Thesis: 4-Substituted pyrrolidin-2,3-diones A,
and b) Schiff bases of glycine o-nitroanilide B.

4-Substituted pyrrolidin-2,3-diones (A, Figure A) exhibit two important features
which render them efficient substrates for BB catalysis. Firstly, they are enolized to a
large extent, what facilitates deprotonation by soft bases and subsequent reaction with an
electrophile under catalytic conditions (a, Scheme A.). And, secondly, the rigidity of their
cyclic structure, provides an efficient platform for stereocontrol during the C-C bond
forming step.

Given the precedents from this laboratory for the synthesis of amino acid N-
carboxyanhydrides (NCAs) 3 containing a quaternary stereocenter starting from
disubstituted B-lactams 1 (b, Scheme A), it has been proven that the same methodology
can be applied to pyrrolidin-2,3-diones 2 (c, Scheme A). These N-carboxyanhydrides
constitute very attractive intermediates as the structure offers simultaneously both, N-
protection and carbonyl activation. Subsequent ring-opening of 4 by a nucleophile affords
p*2-amino acid derivatives with different functionalities at the newly created stereocenter.
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Scheme A. a) Enolization of 4-substituted pyrrolidin-2,3-diones and their reaction with an electrophile
under BB catalysis. b) Previous work from the group with disubstituted pB-lactams 1. ¢) Our approach for
the synthesis of B%?-amino acid derivatives with 4,4-disubstituted pyrrolidin-2,3-diones 2.

These heterocycles had never been used in asymmetric catalysis in spite of their
biological and pharmaceutical interest, but in this thesis they have been employed in
different organocatalytic and metal-catalyzed asymmetric allylic alkylation reactions with
high efficiency and stereoselectivity, in the presence of bifunctional chiral Brgnsted base
catalysts (BB*) or palladium chiral phosphine (Pd°/P*) catalytic systems with generation
of a tetrasubstituted stereocenter (Scheme B). More specifically, the use of pyrrolidin-2,3-
diones as Michael donors in BB-catalyzed conjugate additions to a-oxy enones and vinyl
ketones and Pd-catalyzed asymmetric a-allyation has been explored and it has been
observed that the reactions proceed well in terms of reactivity and enantioselectivity, and
as it has been mentioned, their transformation into NCAs followed by ring opening,
provides p?%-amino acid derivatives. This protocol represents a new catalytic approach to
p*2-amino acids, that allows for the first time their direct coupling with nucleophiles.
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Scheme B. Our approach to acces ?-amino acid derivatives through asymmetric catalytic processes,
followed by ring expansion (NCA) and subsequent ring opening by a nucleophile.

Given the good results in the asymmetric allylic alkylation with cyclic a-
substituted ketoamides, we then focused our interest on the allylation of the more
challenging acyclic a-ketoamides to generate tetrasubstituted stereocenters. The Pd-
catalyzed AAA worked efficiently with acyclic ketoamides, but the enantioselectivity
values were not as high as with pyrrolidin-2,3-diones (Scheme C).
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Scheme C. Pd-Catalyzed AAA of acyclic a-ketoamides.

With the previously mentioned strategy, B’-amino acid derivatives can be
obtained, including highly functionalized amides, whose direct catalytic access is
challenging. Other strategy to afford a-functionalized amides is the introduction of
activating groups into the structure that enhance the acidity of the a-carbon. Therefore,
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based on the literature precedents that make use of intramolecular hydrogen bonds that
lower the pK; (higher acidity) of the a-carbon, we designed Schiff bases of glycine o-
nitroanilide (B, Figure A) as efficient reagents for bifunctional Brgnsted base promoted
stereoselective aldol reactions.

In this design, we expected that the presence of the o-nitroanilide framework,
which provides an efficient hydrogen-bonding platform, would result in higher acidity of
the o-carbon and, efficient stereoselectivity control. Furthermore, after simple
modifications, the o-nitroanilide moiety should be easily displaced by different
nucleophiles thus providing and efficient entry to peptide derivatives and other interesting
building blocks (Scheme D).
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Scheme D. BB-Catalyzed aldol reaction of o-nitroanilides and subsequent transformation into a-amino -
hydroxy acids.

With the newly designed o-nitroanilide, their aldol reaction in which two
contiguous tertiary stereocenters are generated has been studied. The optimal conditions
were found using the new ureidopeptide type catalyst as depicted in Scheme E, and after
reductive work-up, the adducts were isolated as their corresponding syn aminoalcohols in
good yields and excellent stereoselectivity.
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Scheme E. syn-Selective BB-catalyzed aldol reaction of ketimines of glycine nitroanilides.
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In addition, the equivalent aldimines have also been explored in the aldol reaction
and in contrast to ketimines, a squaramide-based organocatalyst afforded the reaction
anti- adducts with the highest diastereo- and enantioselectivity (Scheme F).

0
O OH
N o 1) BB* (20 mol%) J\l/\
No, T NeLH S DCM, —10°C, 72 h N R
NO, " HN__H

+ H R
2)NaBH,CN, AcOH
MeOH, RT, 2 h
R: Alkyl
FiC CF
8 8 FsC CF

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

3

3 Fs 6. o } 71-84% yield

; /@\ ji{ Bu 90:10 dr, 94-96% ee
' F5C N N)ﬁ

} H H N

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme F. anti-Selective BB-catalyzed aldol reaction of aldimines of glycine nitroanilides.

Finally, under the supervision of Prof. Gilles Gichard in the European Institute of
Chemistry and Biology (IECB) at Bordeaux-Pessac campus in the Peptidomimetic
Chemistry Group, synthesis of different chain-length valine-based oligoureas and their
evaluation as H-bonding chiral organocatalysts in the well-known Michael addition of
diethyl malonate to nitrostyrene has been performed (Scheme G). It has been observed
that the hexamer containing valine residues promotes the reaction with highest
enantioselectivity, comparing to shorter chain oligoureas. However, this result does not
improve the ones previously obtained in the group with the oligourea bearing the valine-
alanine-leucine sequence.
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Scheme G. Conjugate addition of diethyl malonate to nitrostyrene promoted by valine-based oligoureas.
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Resumen

El objetivo de la presente Tesis Doctoral ha sido introducir dos nuevos
pronucleofilos (Figura A) para reacciones cataliticas promovidas por bases de Brgnsted
(BB): Las pirrolidin-2,3-dionas 4-sustituidas A y o-nitroanilidas de tipo B, basados en su
alta reactividad, debido a distintos factores, tal y como se muestra a continuacion.

3 H.,
o R ! (0] acidez incrementada
Yy
' + |
o ! Ns . H N

P R s B R
) oo
R Ar
Enlace de H
Intramolecular
A ; B

Figura A. Nuevos pronucleéfilos desarrollados en esta Tesis: Pirrolidin-2,3-dionas 4-sustituidas
(A), y o-nitroanilidas (B).

Las pirrolidin-2,3-dionas 4-sustituidas (A, Figura) tienen distintas caracteristicas
que las hacen eficientes para catalisis por BB. Por un lado, estan enolizadas, lo que
facilita su desprotonacion por bases débiles y la reaccion posterior con un electrofilo en
condiciones cataliticas (a, Esquema A). Ademas, debido a la rigidez de su estructura
ciclica, el estereocontrol durante la formacion del enlace C-C esté favorecido.

Basandonos en los precedents de nuestro grupo de investigacion sobre la sintesis
de N-carboxyanhidridos de tipo 3 con un centro stereogénico tetrasustituido, a partir de -
lactamas disustituidas 1 (b, Esquema A), se ha aplicado la misma metodologia a las
pirrolidin-2,3-dionas 2 (c, Esquema A). Estos N-carboxyanhidridos constituyen
intermedios de gran interés, debido a que su estructura ofrece simultdneamente proteccion
de la amina y activacion del carbonilo. La posterior apertura del ciclo por un nucledfilo,
genera derivados de p*?-aminoacidos con distintas funcionalidades en el estereocentro
creado.



Resumen
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Esquema A. a) Enolizacion de las pirrolidin-2,3-dionas 4-sustituidas y su reaccion con electrofilos
bajo catélisis por BB. b) Trabajo previo del grupo con p-lactamas disustituidas 1. ¢) Nuestra aproximacién a
derivados de p*2-aminodcidos partiendo de pirrolidin-2,3-dionas 4,4-disustituidas 2.

En la presente Tesis Doctoral, se ha demostrado que las pirrolidin-2,3-dionas, que
no se habian empleado previamente en catalisis asimétrica a pesar del interés bioldgico y
farmacéutico que presentan, pueden ser utilizadas en distintas reacciones de adicion
conjugada organocataliticas y en la alquilacion alilica asimétrica, promovida por catalisis
metalica con buen rendimiento y estereoselectividad (Scheme A). Dichas reacciones han
sido catalizadas por bases bifuncionales de Brgnsted quirales (BB*) y por el sistema
catalitico de complejos de paladio y fosfina quiral (Pd°/P*), con generacién de un
estereocentro tetrasustituido. Mas especificamente, se han estudiado las pirrolidin-2,3-
dionas como dadores de Michael en la adicion organocatalitica y enantioselectiva a a-0Xy
enonas Y a vinil cetonas promovida por bases de Brgnsted bifuncionales y la alquilacion
alilica asimétrica catalizada por paladio (Pd-AAA). Los aductos obtenidos por medio de
las reacciones mencionadas, ademés de ser estructuras de interés bioldgico, son también
precursores de p*?-aminoécidos (Esquema B). Més especificamente, su transformacion a
NCAs por expansion de anillo, seguido de apertura del mismo por distintos nucledfilos,
da lugar a derivados de Bz'z-aminoécidos. Esta metodologia supone una nueva estrategia
catalitica para acceder a p**-aminoécidos.
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Esquema B. Nuestra estrategia para accede a derivados de p?-aminoécidos por preocesos asimétricos
cataiticos, seguido de expansion de anillo (NCA) y posterior apertura del ciclo por un nucledfilo.

Debido a los buenos resultados obtenidos en la AAA con cetoamidas ciclicas o-
sustituidas, se propuso estudiar la misma reaccion con las cetoamidas aciclicas o-
sustituidas, para generar estereocentros tetrasustituidos en sistemas menos rigidos. La
reaccién transcurrié eficientemente con las cetoamidas aciclicas, pero los niveles de
enantioselectividad no fueron tan altos como con las cetoamidas ciclicas (Esquema C).
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Esquema C. Alquilacion alilica asimétrica de a-cetoamidas aciclicas promovida por Pd.

Tal y como se ha mencionado anteriormente, otra estrategia para acceder a amidas
a-funcionalizadas, es la incorporacion de grupos activantes en la estructura, de manera
que aumente la acidez del carbono en alfa. Asi, basandonos en los precedentes de la
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bibliografia que hacen uso de enlaces de hidrogeno intramoleculares para aumentar la
acidez (bajando el valor de pK,), se disefiaron bases de Schiff de la glicina (B, Figura A)
como pronucleofilos en la reaccion alddlica promovida por bases bifuncionales de
Bransted.

En este disefio, se predijo que la presencia de la unidad o-nitroanilida, la cual
contribuye a un sistema eficiente de enlaces de hidrogeno, daria lugar a una mayor acidez
del carbono en alfa y a un mayor estereocontrol, actuando como un auxiliar. Ademas, tras
simples transformaciones, la unidad o-nitroanilida, deberia desprenderse por medio de
distintos nucleofilos, dando lugar a derivados de péptidos y estructuras de interés sintético
(Esquema D).

O O OH
K It o o
BB* 1 e
N _ BB N R . HOMW

NO, H N _R NO, H N _R
2 Qr RCHO 2 ﬁ/ NH,

Ar Ar

Esquema D. Reaccion aldélica de o-nitroanilidas promovida por BB y posterior transformacion a a-amino
B-hidroxiacidos.

Asi, se ha estudiado la reaccion aldélica de las o-nitroanilidas en la que se generan
dos estereocentros terciarios adyacentes. Las condiciones Optimas de reaccion con las
cetiminas se consiguieron con el ureidopéptido mostrado en el Esquema E, siendo
mayoritario el diastereoisomero sin. Tras la reaccion alddlica, se aislaron los aductos de
reaccion en forma de amino alcoholes, tras aminacion reductora con buen rendimiento y
estereoselectividad.
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........................................

Esquema E. Reaccién alddlica sin-selectiva de cetiminas de la glicina promovida por BB.
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En paralelo, también se ha estudiado la reaccion alddlica de las aldiminas
equivalentes, y al contrario que con las cetiminas, el catalizador bifuncional de tipo
escuaramida mostrado en el Esquema F, dio lugar mayoritariamente a aductos anti con
altos niveles de diastero- y enantioselectividad.
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Esquema F. Reaccion alddlica anti-selectiva de aldiminas de la glicina promovida por BB.

Por ultimo, bajo supervision del Prof. Gilles Guichard en el Instituto Europeo de
Quimica y Biologia (IECB) en el Departamento de Quimica Peptidomimética del campus
de Burdeos-Pessac, se ha llevado a cabo la sintesis de oligoureas formadas de distintos
numero de residuos de valina y se han evaluado como organocatalizadores quirales de
enlace de hidrégeno en la conocida adicion conjugada de dietil malonato al nitroestireno
(Esquema G). En este estudio, se ha observado que la oligourea de seis unidades de valina
promueve la reaccion con mayor rendimiento y estereoselectividad. Sin embargo, esta
oligourea no llega a los niveles de enantioselectividad obtenidos por el grupo con el
hexamero formado por unidades de valina-alanina-leucina.

cat. 0.1-0.5 mol%
©/\/N02 6 0 Et3N 10 mol% M
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Esquema G. Adicidn conjugada de dietil malonato a nitroestireno promovida por la oligourea derivada de
la valina.
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Abbreviations and acronyms

Standard abbreviations and acronyms have been used as recommended in
“Guidelines for authors” (J. Org. Chem., January 2017). Additionally, the following
abbreviations and acronyms have been employed:

Alk Alkyl

B Base

BA Bransted Acid

BB Brgnsted Base

BHT 2,6-Di-tert-butyl-4-methylphenol

Cat. Catalyst

Conv. Conversion

CSA Camphorsulphonic acid

DIAD Diisopropyl azodicarboxylate

DIPEA Diisopropylethylamine

DMBA Dimethoxybenzyl

DMP Dimethoxypropane

DSC N, N’-Disuccinimidyl dicarbonate

E Electrophile

EDC HCI N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride

ee Enantiomeric excess

EWG Electron withdrawing group

HATU 0O-(7-Azabenzotriazol-1-yl)-N,N,N,N-
tetramethyluroniumhexafluorophosphate

HOBT 1-Hydroxybenzotriazole

IBCF Isobutyl chloroformate

KHMDS Potassium bis(trimethylsilyl)amide

LG Leaving group

LIHMDS Lithium bis(trimethylsilyl)amide

MS Molecular sieves

NaHMDS Sodium bis(trimethylsilyl)amide

Napht Naphtyl

ND Not determined

NMM N-methyl morpholine

n.r. No reaction

0- ortho-

ORTEP Oak ridge thermal ellipsoid plot

p- para-



Abbreviations and Acronyms

PMP p-methoxyphenyl

PTC Phase transfer catalysis

Rac Racemic

RAMP (R)-1-amino-2-methoxymethylpyrrolidine
Ref. Reference

SAMP (S)-1-amino-2-methoxymethylpyrrolidine

2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate

Tol Toluene

Val Valine

TBTU
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Introduction

1. Introduction

1.1. a-Functionalized carbonyl compounds

1.1.1. Relevance of a-functionalized carbonyl compounds.

Many biologically active compounds contain a stereogenic center attached to a
carbonyl unit (Figure 1),' a feature that makes enantiopure molecules bearing this
structure of great interest. Historically, the best way to obtain biologically active
enantiomerically pure compounds has been to isolate them from natural sources.
However, due to the limitation of natural sources, great efforts have been made in
synthesis, in order to develop new and more efficient protocols to obtain enantiomerically
enriched compounds.

R H 4
77/“ B
5 -
~—N
/—OH
HO O
Dehydroepiandrosterone Penicilin Lankacidin C
(Steroid hormone) (Antibiotic) (Antibiotic)

Figure 1. Biologically active compounds containing a-functionalized carbony! units.

Two main strategies can be considered for the introduction of a stereogenic center
at the a-position of a carbonyl compound (Scheme 1). The first consists on the
employment of a carbonyl compound as an electrophile (a, Scheme 1). In this context,
one possibility involves the nucleophilic a-substitution on a carbonyl compound bearing a
leaving group at the alpha position (al, Scheme 1). A second approach involves the
addition of a nucleophile to a C= X double bond (X: O, N) placed at the a-position of the
carbonyl group in a 1,2-dicarbonyl or equivalent compound (a2, Scheme 1) .

Another approach is the use of carbonyl compounds as nucleophiles (b, Scheme
1). In this case, the reaction occurs between an electrophile and an enolate anion or
equivalent, generated from an enolizable carbonyl compound. In this context, two

! Dehydroepiandrosterone: a) D. Freilich, S. Ferris, M. Wallace, L. Leach, A. Kallen, J. Frincke, C. Ahlem,
M. Hacker, D. Nelson, J. Hebert, Am. J. Trop. Med. Hyg. 2000, 63, 280-283. Penicilin: b) A. Fleming, Br.
J. Exp. Pathol. 1929, 10, 226-236. Lankacidin c¢) C: K. Ootsu, T. Matsumoto, S. Harada, T. Kishi, Cancer
Chemoteraphy Reports 1975, 59, 919-928.
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possibilities exist. Indirect methods in which preformation of the enolate (or silyl enol
ether) is carried out, or direct methods in which the enolate (or equivalent) is generated in
situ. This methodology is very versatile among others due to different aspects. First, there
are many options to generate enolates or their equivalents (enolate, silyl enol ether, metal
enolate or enamine). Secondly, enolates and equivalents are highly nucleophilic, enabling
the reaction with many electrophiles.

a) Carbonyl containing compounds as electrophiles

al) o 0
HH)J\/LG Nu-H #NU + LGH
R R
a2) o o)
1'2% NU-H % NU
I
X X.
H

X:O,N

b) Carbonyl compounds as nucleophiles

SiR' -M

-+ - (@) 1

(0] NR, (e} NR E o)

k)\ a)\ S a)\ - HHK}E\H
R R R R R

Enolate Silyl enol ether Metal enolate  Enamine

Scheme 1. Main approaches for the stereoselective formation of a stereogenic center at the a-position of
carbonyl compounds.

The most general means of generating carbon nucleophiles involves removal of a
proton from a carbon by a Brensted base, to provide enolates or equivalents (b, Scheme
1). A quantitative measure of the acidity of these carbonyl substrates in solution is given
by the dissociation constant (K,), which is usually expressed as pK,. This factor
influences the aptitude of a compound to generate the corresponding enolate and accept
electrophiles. A classification of carbonyl compounds regarding their carbon acidity
would include 1,3-dicarbonyl compounds (pK, in DMSO =~ 13-16) and aldehydes (pKj in
DMSO = 17), as more easily enolizable compounds, in contrast to ketones (pK, in DMSO
~ 27), esters (pK, in DMSO = 30) and amides (pK, in DMSO ~ 35), which are less acidic
as it is shown in Scheme 2. In this context, unactivated carbonyl compounds display
higher pK, values, thus they are more challenging substrates for deprotonation and their
a-functionalization is more difficult. As a consequence, amides and esters have been the
most challenging substrates in this strategy.
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a-Carbon
nucleophilic
position
(o) (0]
)H/ Bransted Base * E
X —'E X
R R

o O 0
I,
R=Me pK,=133
R=OEt pK,=16.4

<

0 (0] O
)I\ Eto)l\ MezNJ\

PKa=17 | PK,=265 pK,=295 pK,=35

More acidic

Scheme 2. pk, values of the a-carbons in carbonyl compounds in DMSO.?

In all the above options (Scheme 1) at least one new stereocenter is created.
Therefore, the control of its configuration is of great relevance, and for this purpose
asymmetric synthesis offers the optimal tools. In this context, the use of carbonyl
compounds as nucleophiles has been the most developed strategy involving the use of
chiral auxiliaries, metal catalysts and organocatalysts. The main contributions are
summarized below.

1.1.2. Strategies for the enantioselective a-functionalization of carbonyl
compounds

Asymmetric synthesis,® that is formation of new bonds in a diastereo- and
enantiocontrolled manner, is a good tool for the obtention of enantiopure products. Here,
achiral substrates are employed in the reaction, while the asymmetric induction comes
from a chiral ligand,* a chiral auxiliary® or a chiral catalyst.® The two formers require the

2 Based on the Bordwell pKa table (See: http://www.chem.wisc.edu/areas/reich/pkatable/index.htm).

® For more information about asymmetric synthesis, see: a) Gawley, R. E.; Aube, J. Principles of
Asymmetric Synthesis 2nd Edition, 2012, Pergamon Press, Oxford. b) Asymmetric Synthesis II: More
Methods and Applications, Eds. Christmann, M.; Brése, S., 2012, Wiley-VHC, Weinheim, Germany. c)
Christmann, M.; Brése, S. Asymmetric Synthesis: The Essentials, 2007, Wiley-VCH, New York.

* For more information about chiral ligands, see: a) Privileged chiral ligands and catalyst, Ed. Zhou, Q.-L.
2011, Wiley-VCH, Weinheim. For the use of (—)-sparteine as chiral ligand in asymmetric synthesis, see: b)
Schiitz, T. Synlett 2003, 6, 901-902.

> For more information about chiral auxiliaries, see: a) G. Roos, Key Chiral Auxiliary Applications, 2014,
Academic Press, New York; b) S. G. Davies, A. M. Fletcher, J. E. Thomson, Chem. Commun. 2013, 49,
8586-8598; c) F. Glorious, Y. Gnass, Syntesis, 2006, 12, 1899-1930; d) G. Roos, Compendium of Chiral
Auxiliary Applications, 2002, Academic Press, New York; e) S. Jones, J. Chem. Soc. Perkin Trans. 2002, 1,
1-21.

® For general references on asymmetric catalysis, see: a) K. Mikami, M. Lautens, New Frontiers in
Asymmetric Catalysis, 2007, Wiley-VCH, Weinhelm; b) B. M. Trost, Proc. Natl. Acad. Sci. USA, 2004,
101, 5348-5355.
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use of stoichiometric amounts of chiral compounds, whereas substoichiometric quantities
of catalysts are employed in asymmetric catalysis. Chiral auxiliaries were initially
developed for the a-functionalization of carbonyl compounds. This methodology is based
on the formation of a covalent bond between a substrate and the chiral auxiliary, which
controls the stereoselectivity of the process, and it is removed and recovered after the
reaction (Figure 2).

Since Enders reported in 1976 SAMP and RAMP auxiliaries’ for the asymmetric
a-alkylation of ketones, these chiral auxiliaries have proven to be very useful for the a-
functionalization of aldehydes and ketones. Further examples made use of substrates in
the carboxylic acid oxidation state, and, after the asymmetric reaction afforded the
corresponding carboxylic acid derivative, aldehyde or ketone, depending on the scission
conditions. In this context, following Evans’s contribution with chiral oxazolidinones as
auxiliaries for the asymmetric formation of a stereogenic center at the a-position of acyl
systems,® other chiral auxiliaries were reported® including Oppolzer’® and Myers"
auxiliaries (Figure 2).

Chiral
auxliary Diastereoselective
(Aux*) reaction Cleavage .
R-X — > R-X-Aux* > R-E-Aux* — > R-E + Aux*

?\\OMe N/[K/RZ %& /U\/R Ph\l/\ )J\/R2
R{)Lw ,, 0 OH Me

SAMP Oxazolidinone Camphorsultam Pseudoephedrine
Enders, 1976 Evans, 1981 Oppolzer, 1984 Myers, 1994

Figure 2. Some representative chiral auxiliaries.

However, the use of substoichiometric quantities of a chiral enantiopure catalyst,
known as asymmetric catalysis, which avoids the additional steps of attachement and

" For the first example, see: a) D. Enders, H. Eichenauer, Angew. Chem. 1976, 88, 579-581. For a review,
see: b) A. Job, C. F. Janeck, W. Bettray, R. Peters, D. Enders, Tetrahedron, 2002, 58, 2253-2329.

® For the first example, see: D. A. Evans, J. Bartroli, T. L Shih, J. Am. Chem. Soc. 1981, 103, 2127-2129.

® For further information on the subject see: a) M. M. Heravi, V. Zadsirjan, Tetrahedron: Asymmetry 2014,
25, 1061-1090; b) L. M. Geary, P. G. Hultin, Tetrahedron: Asymmetry 2009, 20, 131-173; c) C. Palomo,
M. Oiarbide, J. M. Garcia, Chem. Soc. Rev. 2004, 33, 65-75; d) P. Arya, H. Qin, Tetrahedron 2000, 56,
917-947.

1% For the first example, see: W. Oppolzer, C. Chapuis, G. Bernardielli, Helv. Chim. Acta 1984, 67, 1397-
1401.

1 For the first example, see: A. G. Myers, B. H. Yang, H. Chen, J. L. Gleason, J. Am. Chem. Soc. 1994,
116, 9361-9362.
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dettachmement of the chiral source, remains more attractive due to step economy. As a
result, this strategy has experienced a great development during the last decades.

The field of asymmetric catalysis has been classified into three categories:
biocatalyisis, organocatalysis and metal catalysis. Biocatalysis'? was the first pioneering
methodology developed in this field and it makes use of enzymes to catalyze reactions.
However, due to the the high specificity between the substrate and the biocatalyst, the
strategy turns limited for obtaining enantiopure compounds. In contrast, metal catalysis*?
and organocatalysis (which uses small organic molecules to catalyze organic
transformations)™* have emerged as attractive synthetic alternatives.

Both strategies, metal based catalysis and organocatalysis, have been deeply
investigated and applied to the direct a-functionalization of carbonyl compounds. The
main results and characteristics of these methodologies are described below.

1.1.2.1.  Metal catalysis

In the field of asymmetric catalysis, metal-catalysis has played a significant role in
allowing synthetic access to biologically interesting molecules.™® Regarding direct
methods for enolate generation, introduction of new bifunctional Lewis acid/Brgnsted
base metal catalysts by Shibasaki'® and Trost,*’ represented a considerable progress in the
field (Figure 3)."® Thus, these catalysts can simultaneously bind and activate the

12 For general reviews on enzymatic catalysis, see: a) X. Garrrabou, D. S. Macdonald, B. I. M. Wicky, D.
Hilbert Angew. Chem. Int. Ed. 2018, 57, 5288-5291; b) G. De Gonzalo, I. Lavandera, V. Gotor, Catalytic
Methods in Asymmetric Synthesis. Advanced material, techniques, and applications, 2011, 391-527, Ed. M.
Gruttadauria, F. Giacalone, John Wiley & Sons; ¢) N. Zagrebelny, Russ. Chem. Rev. 2005, 74, 285-296; d)
M. T. Reetz, B. Brunner, F. Schnerider, C. M. Schulz, M. M. Clouthier, M. Kayser, Angew. Chem. Int. Ed.
2004, 43, 4075-4078.

3 For general reviews on organometallic catalysis, see: a) S. H. A. M. Leenders, R. Gramage-Doria, B. de
Bruin, J. N. H. Reek, Chem. Soc. Rev. 2015, 44, 433-448; b) D. Steinborn, Fundamentals of
Organometallic Catalysis, 2011, Wiley-VCH, Germany; ¢) D. Astruc, Organometallic Chemistry and
Catalysis, 2007, Springer-Verlag Berlin Heidelberg

14°a2) Comprehensive Enantioselective Organocatalysis: Catalysts, Reactions, and Applications, Ed. Dalko,
P. I. 2013. Wiley-VCH; b) Enantioselective Organocatalysis, Ed. Dalko, P. I. 2007. Wiley-VCH; c)
Asymmetric Organocatysis: From Biomimetic Concepts to Applications in Asymmetric Synthesis, Ed.
Berkessel, A.; Groger, H. 2005. Wiley-VCH.

152) M. Beller, C. Bolm, Transition Metals for Organic Synthesis: Building Blocks and Fine Chemicals,
2nd ed., Vol. 1-2; Wiley-VCH: Weinheim, 2004; b) G.-Q. Lin, Y.-M. Li, A. C. S. Chan, Principles and
Applications of Asymmetric Synthesis; JohnWiley & Sons: New York, 2001; c) E. N. Jacobsen, A. Pfaltz,
H. Yamamoto, Comprehensive Asymmetric Catalysis, Vol. I-111; Springer:Berlin, 1999.

1y, M. A. Yamada, N. Yoshikawa, H. Sasai, M. Shibasaki, Angew. Chem. Int. Ed. Engl. 1997, 36, 1871-
1872.

Y"B. M. Trost, H. Ito, J. Am. Chem. Soc. 2000, 122, 12003-12004.

'8 For the concept of bifunctional metal complexes see: a) J. Ito, H. Nishiyama, Bifunctional Molecular
Catalysis. Topics in organometallic Chemistry, Ed. Springer, Berlin 2011, vol. 37; b) M. Shibasaki, M.
Kanai, S. Matsunaga, Acc. Chem. Res. 2009, 42, 1117-1127; c) T. lkariya, K. Murata, R. Noyori, Org.
Biomol. Chem. 2006, 4, 393-406.
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pronucleophile and the electrophile, improving the efficiency and the stereoselectivity of
the reaction, compared with conventional (monofunctional) catalysts.*

Lewis Acid
Electrophile activation

Lewis Acid
Bronsted Base Electrophile activation
Nucleophile deprotonation
Bronsted Base
Nucleophile deprotonation o Ph
O

c2
Shibasaki, 1997 Trost, 2000

Figure 3. Most representative bifunctional metal catalysts.

However, as each carbonyl containing compound has a different reactivity, a deeper
insight on their most significant reactions is described below.

a) More reactive carbonyl compounds

In this section, 1,3-dicarbonyl compounds (active methylenes; pK, = 13-16) and
aldehydes (pK; = 17), which are carbonyl compounds with lower pK, values, have been
considered.

Starting with the first ones, the two carbonyl groups can chelate the metal center
to form a stable six-membered structure, thus facilitating their functionalization. Hence,
1,3-dicarbonyl compounds have been widely investigated as nucleophiles in Mannich,
aldol, Michael and allylic alkylation reaction as described below.

Since the pioneering work of Jargensen and co-workers involving the first direct
asymmetric Mannich reaction of substituted and unmodified malonates and B-ketoesters
with N-tosyl-a-imino esters,? other contributions have been reported.?*

However, the use of 1,3-dicarbonyl compounds in aldol reactions has been limited
due to the retroaldol reaction that can occur under proton-transfer conditions.? In spite of

9 M. Shibasaki, M. Kanai, S. Matsunaga, Acc. Chem. Res. 2009, 42, 1117-1127.

% M. Marigo, A. Kjaersgaard, K. Juhl, N. Gathergood, K. A. Jgrgensen, Chem. Eur. J. 2003, 9, 2359-2367.
L A. Cérdova, Acc. Chem. Res. 2004, 37, 102-112.

22y, Yamashita, T. Yasukawa, W-J. Yoo, T. Kitanosono, S. Kobayashi, Chem. Soc. Rev. 2018, 47, 4388-
4480.
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that, some examples of aldol reactions of dicarbonyl compounds promoted by metal
catalysis have been reported by Sodeoka’s group, and Matsunaga/Shibasaki.?®

Conjugate additions of 1,3-dicarbonyl compounds have been widely explored in
the presence of various well-defined metal catalyst systems.?* In this context, many
contributions in the conjugate addition of cyclic and acyclic B-ketoesters, 3-diketones, 3-
ketoacids and 2-fluoro or bromomalonates to various nitroalkenes and enones affording
excellent yields and enantioselectivities have been reported. A representative example
described by Shibasaki and co-workers® in the conjugate addition of cyclic B-ketoesters
to methyl vinyl ketone and acrylates, afforded reaction adducts with high
enantioselectivity promoted by their bifunctional catalyst (Scheme 3). As postulated by
the authors, the ketoester is activated by the basic unit (R-ONa) through generation of the
corresponding sodium enolate, and the enone is activated by the Lewis acid, La(lll).

NaOONa

O
Q C i
O O 0 R*
R1

c3 (5-10 mol%
R! OR® +

iz 3
R? CH,Cly, —50 °C or RT r2COR
R' R2: Alkvl 12-20 h 080/ i
5 y R*: Me, OMe, OEt 60-98% yield
R”: Me, Et, Bn 62-91% ee
[l '
Na_ * o/ !
5,,9”\9.,“\0;05 ;
Gita” )
Na k)* S E

Scheme 3. Michael addition of B-ketoesters to vinyl ketone and acrylates promoted by a bifunctional metal
catalyst. Shibasaki, 1996.

1,3-Dicarbonyl compounds have also shown to be very efficient substrates for
enantioselective palladium-catalyzed asymmetric allylic alkylations (Pd-AAA). The main
contributions in this field will be mentioned in the following chapter.

% 3) S. Mouri, Z. H. Chen, S. Matsunaga and M. Shibasaki, Chem. Commun., 2009, 5138; b) N.
Umebayashi, Y. Hamashima, D. Hashizume and M. Sodeoka, Angew. Chem., Int. Ed., 2008, 47, 4196; c) I.
Fukuchi, Y. Hamashima, M. Sodeoka, Adv. Synth. Catal., 2007, 349, 5009.

% K. Zheng, X. Liu, X. Feng, Chem. Rev. 2018, 118, 7586-7656.

% H. Sasai, E. Emori, T. Arai, M. Shibasaki, Tetrahedron Lett. 1996, 37, 55615564
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In contrast to the vast number of examples involving the metal catalyzed o-
functionalization of 1,3-dicarbonyl compounds, aldehyde o-functionalization has been
more challenging due to additional problems associated with aldol and self-aldol reaction,
polyaldolization, dehydration of the product enabling Michael-type additions,
Tishchenko-type processes and oligomerization.?® As a result, these substrates have been
little explored in this strategy.

Following these representative examples, other contributions to the a-
functionalization of 1,3-dicarbonyl compounds promoted by chiral metal catalysis have
been published.?’

b) Less reactive carbonyl compounds

Going back to the a-carbon acidity classification, less acidic compounds include
ketones (pK, in DMSO =~ 26.5), and carbonyl compounds in the carboxylic acid oxidation
state such as esters (pK, in DMSO =~ 29.5) and amides (pK, in DMSO ~ 35). As
mentioned before, the low acidity of the a-carbon in these substrates complicates efficient
protocols for their a-functionalization using metal catalysts, compared to the more
reactive 1,3-dicarbonyl compounds.

In this context, ketones do not inherently experiment the self-condensation due to
their lower electrophilicity and their a-functionalization via metal-catalysis has been
investigated in Mannich, aldol and Michael reactions as well as in Pd-catalyzed
asymmetric allylic alkylations. Some representative examples are depicted in Scheme 4.

In 1999, Shibasaki’s group used a bifunctional heterobimetallic catalyst for the
first report of a direct catalytic asymmetric Mannich reaction between aromatic ketones
and aminoethyl ethers (a, Scheme 4) with high catalyst loading (30 mol %) obtaining the
adducts in good yield but low enantioselectivities.”® In this context, an improvement in
the o-functionalization of ketones came with hydroxyketones.?® These substrates provide
excellent stereoselectivity compared to simple ketones due to the possibility of acting as
bidentate ligands. This feature can enhance the reactivity and stereoselectivity of the
reaction, compared to simple ketones. Many contributions by Shibasaki*® and Trost,

% B_ Alcaide, P. Almendros, Angew. Chem. Int. Ed. 2003, 42, 858-859.

%" For reviews on some representative metal-catalyzed reactions including a-functionalization reactions,
see: a) see ref: 22; b) N. Kumagai, M. Kanai, H. Sasai, ACS Catal., 2016, 6, 4699-4709; c) S. Matsunaga,
M. Shibasaki, Chem. Commun., 2014, 50, 1044-1057; d) A. M. R. Smith. K. K. Hii, Chem. Rev. 2011, 111,
1637-1656; €) H. Yamamoto, K. Futatsugi, Angew. Chem. Int. Ed., 2005, 44, 1924-1942.

85, Yamasaki, T. lida, M. Shibasaki, Tetrahedron Lett. 1999, 40, 307-310.

2% C. Palomo, M. Oiarbide, J. M. Garcia, Chem. Soc. Rev. 2012, 41, 4150-4164.

% N. Yoshikawa, N. Kumagai, S. Matsunaga, G. Moll, T. Ohshima, T. Suzuki, M. Shibasaki, J. Am. Chem.
Soc. 2001, 123, 2466-2467.
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among others, have been described involving these substrates and affording the
corresponding adducts with high enantioselectivity.? For instance, Trost and co-workers*!
employed their dinuclear zinc catalyst C2 to promote aldol reactions of a-hydroxyketones
with aliphatic linear and branched aldehydes, with excellent yields and stereocontrol (b,
Scheme 4). Another contribution that is worth mentioning was reported by Shibasaki and
co-workers®* with the bifunctional catalyst C5 that proved to be excellent for the
conjugate addition of hydroxyketones to enones (c, Scheme 4).

soMiiee

C

O/A\O
O‘ Li’ OO ca La(OTf); nH,0
o R (30 mol%) o
a) AF)H + MeO” “NEt, La(OTf); nH,0 (30 mol%) Ar)J\l/\NEtg OO S 6 OO
R MS 3A, Tol R :Al:
]
R: Alkyl 50°C, 18h 65-76% yield OO OLi/O OO
31-44% ee
Shibasaki, 1999
b) o (0] OH c2
. Et
Ar JJ\ C2 (5 mol%) Ar R Ph__Oy.._ O _Ph
oy N R OH Ph] znZn. [Ph
MS 4A, THF NG N
Ar: Ph, Furan R: Alkyl -35°C, 24 h
65-97% vield
syn:anti = 5:1 -> 20:1
86-98% ee (syn) CH;
Trost, 2001
OMe O 2
o) e . 0 (x=0.01 — 10 mol%) ~ PMeQ R° O
. RZ’\)J\RS* EtyZn (4x mol%) % R3
OH MS 3A, THF R OH
Acyclic —20°C, 3-24 h yield: up to 99%
R': H, CHg and up to >99% ee

up to >98/2 dr

cyclic enones
Shibasaki, 2003

Scheme 4. Some representative examples of a-functionalization of ketones via metal catalysis.

% a) B. M. Trost, H. Ito, E. R. Silcoff, J. Am. Chem. Soc. 2001, 123, 3367-3368. For Mannich reactions of
a-hydroxyketones promoted by the same catalyst, see: b) B. M. Trost, L. M. Terrell, J. Am. Chem. Soc.

2003, 125, 338-339.
%2 Mannich reaction: a) S. Matsunaga, N. Kumagai, S. Harada, M. Shibasaki, J. Am. Chem. Soc. 2003, 125,

4712-4713. Aldol reaction: b) N. Kumagai, S. Matsunaga, T. Kinoshita, S. Harada, S. Okada, S. Sakamoto,
K. Yamaguchi, M. Shibasaki, J. Am. Chem. Soc. 2003, 125, 2169-2178. Michael addition: c) S. Harada, N.
Kumagai, T. Kinoshita, S. Matsunaga, M. Shibasaki, J. Am. Chem. Soc. 2003, 125, 2582-2590.
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Following these representative examples, other contributions to the metal-
catalyzed a-functionalization of ketones have been reported.®

Regarding esters and amides, the standard procedure for their a-functionalization
involves irreversible generation of metal enolates using stoichiometric amounts of strong
bases such as lithium diisopropylamide (LDA), potassium hexamethyldisilazide
(KHMDS) (a, Scheme 5), or alternatively isolable silyl enolates generated from
stoichiometric amounts of silicon reagents and bases (b, Scheme 5),** in both cases in the
presence of a chiral catalyst (ML*, ina or LA* in b).

a) Strong base OMLn*

ML* (cat) R E
——— A
(stoichiometric)
M: alkaline metal
Simple esters Ln*: chiral ligand
and amides
(0] b) Silicon reagent o
R\)J\x and base OSiRZ, LA* RW)J\X
(stoichiometric) R, -~ X E E
X: OR', NR',
a-Functionalized esters
and amides
c) 1) Activation by structural modification T
2) Catalyst*
E
(catalytic)

Scheme 5. Standard procedures for the a-functionalization of amides and esters: a) and b) stoichiometric
approaches, and c) catalytic procedure for activated amides or esters.

An example of this approach, which involves stoichiometric enolate formation and
subsequent catalytic a-allylation of unactivated amides in the presence of a chiral
palladium catalyst with a ferrocene ligand, was reported by Hou in 2008, as depicted in
Scheme 6.3

%) B. M. Trost, J. S. Tracy, T. Saget, Chem. Sci., 2018, 9, 2975-2980; b) B. M. Trost, M. J. Bartlett, Acc.
Chem. Res., 2015, 48, 688-701.

% For general examples of C-C bond formation using amides and esters, see: a) Y.-J. Yiang, G.-P. Zhang,
J.-Q. Huang, D. Chen, C.-H. Ding, X.-L. Hou, Org. Lett. 2017, 19, 5932-5935; b) Y. Yamamoto, H.
Suzuki, Y. Yasuda, A. lida, K. Tomioka, Tetrahedron Lett. 2008, 49, 4582; ¢) K. Zhang, Q. Peng, X.-L.
Hou, Y.-D. Wu, Angew. Chem. Int. Ed. 2008, 47, 1741-1744; d) D.A. Oare, M. A. Henderson, M. A.
Sanner, C. H. Heathcock, J. Org. Chem. 1990, 55, 132-157; e) H. Fujieda, M. Kanai, T. Kambara, A. lida,
K. Tomioka, J. Am. Chem. Soc. 1997, 119, 2060-2061.
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OR RRREEREES oo ;
R: (R)-1,1"-bi-2-naphthol o 5 Y 5
o (S,Spnos, S)-L (2 mol%) R 5 N\Pr |
RH)L , . K [PA(C5HsCl)z] (1 mol%) JOSN Pd_>i
NR?, /\/OAC - - R R4 H ':lEt/ 7
R2 LiCl (1 equiv.) P .

LiIHMDS (1 equiv.) ; !

R': Alk, Ph, OR, NR, THF, RT ! 0 i
R2 H, Me 75-99% yield ! '

R3: Ph, Me 73-91% ee

R* H, Me | HO ‘O !

Scheme 6. Pd-Catalyzed asymmetric allylic alkylation of unactivated amides with stoichoimetric enolate
formation. Hou, 2008.

However, the catalytic variants are limited to some modified and activated amides
or esters® (c, Scheme 5). The main contributions of this approach are summarized below.

Heterocyclic donors

The use of activated heterocyles is a very useful tool to access a-functionalized
substrates in the carboxylic acid oxidation state. For this purpose, some specific examples
have been reported.

The heterocyclic systems developed for this purpose (Figure 4) posses interesting
characteristics,®® such as their easy deprotonation under soft enolization conditions
(aromaticity is generated after enolate formation in some cases). Additionally, the
stereoselectivity control is easier due to the rigidity of the cyclic structure. Moreover,
most of them are substituted at the a-position and after reaction with an electrophile, a
tetrasubstituted stereocenter is formed. Finally, these cycles (1a,1b and 1c) can be opened
under appropriate conditions after the enantioselective reaction to afford o- hydroxy, o-
mercapto and a- or B-amino acid derivatives with a tetrasubstituted stereocenter.

% 2) N. Kumagai, M. Shibasaki, Synthesis, 2019, 51, 185-193; b) N. Kumagai, M. Shibasaki, Chem. Eur. J.
2016, 22, 15192-15200; c) H. Suzuki, I. Sato, Y. Yamashita, S. Kobayashi, J. Am. Chem. Soc. 2015, 137,
4336-4339.

% A. Mielgo, C. Palomo, Beilstein J. Org. Chem. 2016, 12, 918-936.
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1. Heterocycles that provide aromatic enolates

1a) 0

o 1

T)=N

R

X =0 Oxazol-5(4H)-one
a-Hydroxy carboxylic

1b) o]

NJ}/W
x
R
X =0 Oxazol-4(5H)-ones
X =8 Thiazol-4(5H)-ones
a-Hydroxy/mercapto

1c) o)

X =0 Isoxazol-5(4H)-ones
X =NR Pyrazol-5(4H)-ones

acid surrogates B-Hydroxy/amino acid surrogates

carboxylic acid surrogates

1d) .

i

X =0 Benzofuran-2(3H)-ones
X = NR Oxindoles

2. Activated heterocycles that do not provide aromatic enolates

2a) o 2b)
R' S
N
)'\)i NPMP
Rs” N0
R

Barbituric acid
surrogate

Thiolactams
Access to amides

Figure 4. Some representative activated heterocycles employed in asymmetric metal catalysis, for their a-
functionalization.

In this context, oxazol-5-(4H)-ones (1a, Figure 4) have been widely explored®’ in
asymmetric transformations involving their o-functionalizalization. However, upon
enolization the reaction can occur either at the a- or y-position, thus regioselectivity
problems can arise.®® In this case, the reaction adducts are precursors of o-hydroxy
carboxylic acids. In contrast, oxazol-4-(5H)-ones* (1b (X=0), Figure 4) and their
sulphur®® analogues (1b (X=S), Figure 4) (developed in our research group), which upon
reaction provide o-hydroxy or a-mercapto derivatives, only exhibit one nucleophilic
position at the a-carbon to the carbonyl. Both structures provide access to a-substituted

¥7a) N. M. Hewlett, C. D. Hupp, J. J. Tepe, Synthesis 2009, 17, 2825-2839; b) J. S. Fisk, R. A. Mosey, J. J.
Tepe, Chem. Soc. Rev. 2007, 36, 1432-1440.

% J. Aleman, A. Minelli, S. Cabrera, E. Reyes, K. A. Jargensen, Chem. Eur. J. 2008, 14, 10958-10966.

¥ a) B. M. Trost, K. Hirano, Angew. Chem. Int. Ed. 2012, 51, 6480-6483: b) D. Zhao, L. Wang, D. Yang,
Y. Zhang, R. Wang, Angew. Chem. Int. Ed. 2012, 51, 7523-7527; ¢) B. M. Trost, K. Dogra, M. J. Franzini,
J. Am. Chem. Soc. 2004, 126, 1944-1945.

“ T -C. Wang, Z.-Y. Han, P.-S. Wang, H.-C. Lin, S.-W. Luo, L.-Z. Gong, Org. Lett. 2018, 20, 4740-4744.
For oxazol-4-(5H)-ones and thiazol-4-(5H)-ones, see: b) W. Chen, J. F. Hartwig, J. Am. Chem. Soc. 2014,
136, 377-382;
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carboxylic acid surrogates. Similarly, isoxazol-5(4H)-ones** (1c (X=0), Figure 4) and
their analogues pyrazol-5(4H)-ones* (1c (X=NR), Figure 4) can be employed to access
B-hydroxy/amino acid surrogates. In addition, other interesting nucleophiles with low pK,
values are benzofuran-2(3H)-ones* (1d (X=0), Figure 4) and oxindoles (1d (X=NR),
Figure 4),* which also generate aromatic enolates.

Barbituric acid derivatives (2a, Figure 4)* and thiolactams*® (2b, Figure 4) are
very attractive reactants for asymmetric catalysis in the synthesis of a wide variety of
bioactive compounds and big efforts have been made to expand their scope. Other cycles
employed in asymmetric metal catalysis, though mainly for their y-functionalization or as
electrophiles, are y-butenolides,*” B-unsaturated y-butyrolactams®® and y-substituted
deconjugated butenolides.*

Acyclic donors

Similarly, acyclic activated structures have also been employed in asymmetric
metal catalysis to access a-functionalized carboxylic acid derivatives (Figure 5). These
include 2-acylimidazoles (a, Figure 5), which are known to be excellent ester surrogates
due to the enhanced reactivity and stereoselectivity compared to simple esters or amides,
on account of the privileged modes of coordination with metal complexes, thus
facilitating soft enolization.” In addition they can be easily transformed into ketones or
carboxylic acid derivatives.

A key step in the biosynthesis of polyketides and fatty acids is the in situ
generation of the nucleophile through decarboxylation followed by a C-C bond forming
reaction. This has served as inspiration to chemists, and malonic acid half thioesters
(MAHT) and oxoesters (MAHO) have emerged as ester enolate analogues for catalytic

*L T, Hellmuth, W. Frey, R. Peters, Angew. Chem. Int. Ed. 2015, 54, 2788-2791.

27 Wang, Z. Yang, D. Chen, X. Liu, L. Lin, X. Feng, Angew. Chem. Int. Ed. 2011, 50, 4928-4932.

Y. Jie, Y.-L. Ding, S.-S. Niu, J.-T. Ma, Y. Chen, J. Org. Chem. 2018, 83, 1913-1923.

* ) Z.-Y. Cao, J. Zhou, Org. Chem. Front. 2015, 2, 849-858; b) K. Shen, X. Liu, L. Lin, X. Feng, Chem.
Sci. 2012, 3, 327-334.

% C. Segovia, A. Lebréne, V. Levacher, S. Oudeyer, J.-F. Briére, Catalysis, 2019, 131.

6 D. Sureshkumar, Y. Kawato, M. lwata, N. Kumagai, M. Shibasaki, Org. Lett. 2012, 14, 3108-3111.

L. Yan, X. Wu, H. Liu, L. Xie, Z. Jiang, Mini-Reviews Med. Chem. 2013, 13, 845-853.

%8 a) X. Jusseau, L. Chabaud, C. Guillou, Tetrahedron 2014, 70, 2595-2615; b) C. Schneider, F. Abels, Org.
Biomol. Chem. 2014, 12, 3531-3543; c) G. Casiraghi, L. Battistini, C. Curti, G. Rassu, F. Zanardi, Chem.
Rev. 2011, 111, 3076-3154; d) S. E. Denmark, J. R. Heemstra, G. L. Beutner, Angew. Chem. Int. Ed. 2005,
44, 4682-4698.

“. Zhou, L. Lin, J. Ji, M. Xie, X. Liu, X. Feng, Org. Lett. 2011, 13, 3056-3059.

% For a review, see: J. Lauberteaux, D. Pichon, O. Baslé, M. Mauduit, R. Marcia de Figuereido, J.-M.
Campagne ChemCatChem, 2019, 11, 5705-5722.
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asymmetric reactions (b, Figure 5).°* Furthermore, the thioester unit can be transformed
into the corresponding ester under methanolic conditions.>?

/R0 b o o . o 9 s o
\ at
LN R R 2 1 R’ — Me
R: SR, OR; R'": Alk, Ar . . - .
: ‘R P ’ N-Propionylthiazolidinethione®3
R: Al A7, R': Al Ar MAHTIMAHOS! piony
Acylimidazole
d) e) f) X g) O o0
. N 1
N 0" N
(allyoN 7 N =\ R R
Me OH N/
. X: .
Thioalkylamides® R: H, Alk 0,8 R: Alk
N-Acyl pyrrole®® R: MeS, N3, CF3, Alk N-Acyl oxazolinone®”

7-Azaindolyn(thio)amide5®

) k)
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Figure 5. Some representative acyclic activated structures employed in asymmetric metal catalysis, for
their a-functionalization.

Thioesters contain a more acidic a-carbon than their equivalent esters and
therefore, their a-functionalization is facilitated. On this basis, Evans> described in 2003
the aldol reaction of N-propionylthiazolidinethione (c, Figure 5) and Shibasaki and
Kumagai reported thioalkylamides (d, Figure 5) for their direct enantioselective aldol
reaction.>® It is noteworthy that all the mentioned structures can be transformed into
different carboxylic acid derivatives.

Because the lone pair on the nitrogen atom is delocalized in heterocyclic aromatic
systems, the properties of the adjacent carbonyl groups are similar to those of a phenyl

> For reviews, see: a) S. Nakamura, M. Sano, A. Toda, D. Nakane, H. Masuda Chem. Eur. J. 2015, 21,
3929-3932; b) S. Nakamura, Org. Biomol. Chem. 2014, 12, 394-405; c) Z.-L. Wang, Adv. Synth. Catal.
2013, 355, 2745-2755; d) L. Bernardi, M. Fochi, M. Comer Franchini, A. Ricci, Org. Biomol. Chem. 2012,
10, 2911-2922; ¢) C.-H. Tan, Y. Pan Synthesis 2011, 13, 2044-2053.

2], Wang, J. Chen, C. W. Kee, C.-H. Tan, Angew. Chem. Int. Ed. 2012, 51, 2382-2386.

*D. A. Evans, C. W. Downey, J. L Hubbs, J. Am. Chem. Soc. 2003, 125, 8706-8707.

* M. lwata, R. Yazaki, I. H. Chen, D. Sureshkumar, N. Kumagai, M. Shibasaki, J. Am. Chem. Soc. 2011,
133, 5554-5560.
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ketone regarding the enhanced acidity of the a-carbon. In this context, N-acyl pyrrole,>
7-azaindolyn(thio)amide derivatives,®® N-acyl oxazolidindiones,”” N-acyl indoles® and
unsaturated N-acyl pyrazoles® (e, f, g, h and i, Figure 5) are considered activated amide
structures and have been successfully employed for a-functionalization reactions.

Other strategies for amide activation involve the introduction of electron
withdrawing groups either at the amide nitrogen,” providing imide type substrates (j,
Figure 5), or at the a-carbon of the amide (k, Figure 5). Examples of the latter are glycine
iminoesters or iminoamides which are activated through introduction of the imine moiety
at the a-carbon, thus increasing its acidity.®* Even though most examples of asymmetric
catalysis involving these substrates have been performed by phase transfer catalysis
(PTC), metal-catalyzed approaches have also been reported with excellent yield and
stereocontrol, and after imine hydrolysis, the corresponding p-substituted-a-amino
derivatives can be obtained.

In summary, different reactions for the a-functionalization of carbonyl compounds
promoted by metal catalysis have been reported. However, there are still limitations due
to the problems associated with aldehyde functionalization, the inherent low reactivity of
ketones (hydroxyketones are required for optimal reactivity and stereocontrol), esters and
amides (introduction of activating groups is required for their catalytic functionalization).

% For Mannich reaction, see: a) S. Harada, S. Handa, S. Matsunaga, M. Shibasaki, Angew. Chem. Int. Ed.
2005, 44, 4365-4368. For Aldol reaction, see: b) B. M. Trost, D. J. Michaelis, M. I. Truica, Org. Lett. 2013,
15, 4516-4519; c) B. M. Trost, W. M. Seganish, C. K. Chung, D. Amans, Chem. Eur. J. 2012, 18, 2948-
2960.

% A recent contribution involving 7-azaindolynthioamides: a) R. Pluta, Z. Li, N. Kumagai, M. Shibasaki,
DOI: 10.1021/acs.orglett.9b04120. For aldol reactions, see: b) K. Weidner, N. Kumagai, M. Shibasaki,
Angew. Chem. Int. Ed. 2014, 53, 6150-6154; c) K. Weidner, Z. Sun, N. Kumagai, M. Shibasaki, Angew.
Chem. Int. Ed. 2015, 54, 6236-6240; d) H. Noda, F. Amemiya, K. Weidner, N. Kumagai, M. Shibasaki,
Chem. Sci. 2017, 8, 3260-3269; e) A. Matsuzawa, H. Noda, N. Kumagai, M. Shibasaki, J. Org. Chem.
2017, 82, 8304-8308; f) Z. Liu, T. Takeuchi, R. Pluta, F. Arteaga, N. Kumagai, M. Shibasaki, Org. Lett.
2017, 19, 710-713. For Mannich reactions, see: g) Z. Sun, K. Weidner, N. Kumagai, M. Shibasaki Chem.
Eur. J. 2015, 21, 17574-17577; h) L. Brewitz, F. Arteaga, L. Yin, K. Akigiri, N. Kumagai, M. Shibasaki, J.
Am. Chem. Soc. 2015, 137, 15929-15939.

> For a-allylation, see: B. M. Trost, D. K. Michaelis, J. Charpentier, J. Xu, Angew. Chem. Int. Ed. 2012, 51,
204-208.

%8 For a-allylation, see: E. J. Alexy, T. J. Fulton, H. Zhang, B. M. Stolz, Chem. Sci. 2019, 10, 5996-6000.

*° For a-amination, see: a) S. Lin, Z. Lin, J. Org. Chem. 2019, 84, 12399-12407; b) X. Fu, H.-Y. Bai, G.-D.
Zhu, Y. Huang, S.-Y. Zhang, Org. Lett. 2018, 20, 3469-3472.

% For g-allylation, see: P. Starkov, J. T. Moore, D. C. Duquette, B. M. Stolz, 1. Marek, J. Am. Chem. Soc.
2017, 139, 9615-9620.

® For aldol reactions, see: a) N. Yoshikawa, M. Shibasaki, Tetrahedron 2002, 58, 8289. b) B. M. Trost, F.
Miege J. Am. Chem. Soc. 2014, 136, 3016-3019. For Mannich reaction, see: ¢) E. Hernando, R. Gomez
Arrayas, J. C. Carretero Chem. Commun. 2012, 48, 9622-9624. For Michael reaction, see: d) X.-F. Bai, L.
Li, Z. Xu, Z.-J. Zheng, C.-G. Xia, Y.-M. Cui, L.-W. Xu Chem. Eur. J. 2016, 22, 10399-10404. For o-
allylation, see: e) X. Huo, J. Fu, X. He, J. Chen, F. Xie, W. Zhang, Chem. Comm. 2018, 54, 599-602; f) X.
Huo, J. Zhang, J. Fu, R. He, W. Zhang, J. Am. Chem. Soc. 2018, 140, 2080-2084; g) X. Huo, R. He, J. Fu, J.
Zhang, G. Yang, W. Zhang, J. Am. Chem. Soc. 2017, 139, 9819-9822.
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1.1.2.2.  Organocatalysis

With the growth of organocatalysis at the beginning of this millennium, two metal
free main pathways for the activation of enolizable carbonyl substrates were developed
which have been classified as covalent and non-covalent catalysis.®?

Covalent catalysis comprises catalysts which are bound to the substrates
covalently in a reversible manner to generate a reactive intermediate that participate in
organic reactions. In contrast, non-covalent catalysis relies on weak attractive interactions
between the catalyst and the substrate to promote the reaction through reactive
intermediates. The main strategies for covalent and non covalent catalysis are
summarized below.

1.1.2.2.1. Covalent catalysis

In this strategy, the strong interaction between the catalyst and the substrate allows
an effective and well-defined influence of the former in the stereochemistry and reaction
rate. Among catalysts working through this model, primary and secondary amines (also
called aminocatalysts) stand out. In addition, N-heterocyclic carbenes®® and chiral
isothioureas® have emerged as very useful catalysts to promote asymmetric reactions.
Other covalent organocatalytic systems are tertiary amines,®® pyridines,®®
trialquilphosphines and trialquilamines,®” and chiral oxyranes®® but their characteristics
will not be discussed in this thesis.

62 Classification proposed by Langebek in 1994. For more information, see: a) A. Berkessel, H. Groger,
Asymmetric Organocatalysis. From Biomimetic Concepts to Applications in Asymmetric Synthesis (Chapter
2), 2005, Wiley-VHC; b) J. L. Vicario, D. Badia, L. Carrillo, E. Reyes, Organocatalytic Enantioselective
Conjugate Addition Reactions. A Powerful Tool for the Stereocontrolled Synthesis of Complex Molecules,
2010, RSC. For a classification based on the acid/base character of the catalysts, see: c) J. Seayad, B. List,
Org. Biomol Chem. 2005, 3, 719-724.

83 3) X. Bugaut, F. Glorius, Chem. Soc. Rev. 2012, 41, 3511-3522; b) D. Enders, O. Niemeier, A. Henseler,
Chem.Rev. 2007, 107, 5606-5655; c¢) N. Marion, S. Diez-Gonzalez, S. P. Nolan, Angew. Chem. Int. Ed.
2007, 46, 2988-3000.

% For the pioneering work with chiral isothioureas, see: a) J. Merad, J.-M. Pong, O. Chuzel, C. Bressy, Eur.
J. Org. Chem. 2016, 5589-5610; b) V. B. Birman, X. Li, Org. Lett. 2006, 8, 1351-1354;

6% 3) E. L. Myers, O. llla, M. A. Shaws, S. L. Riches, V. K. Aggarwal, Chem. Rev. 2007, 107, 5841-5883; b)
M. J. Gaunt, C. C. C. Johanson, Chem. Rev. 2007, 107, 5596-5605; c) S. France, D. J. Guerin, S. J. Miller,
T. Lectka, Chem. Rev. 2003, 103, 2985-3012.

% 3) V. Declerck, J. Martinez, F. Lamaty, Chem. Rev. 2009, 109, 1-48: b) P. R. Krishna, R. Sachwani, P. S.
Reddy, Synlett, 2008, 2897-2912; c) G. Masson, C. Housseman, J. Zhu, Angew. Chem. Int. Ed. 2007, 46,
4614-4628; d) Y.-L. Shi, Eur. J. Org. Chem. 2007, 2905-2916; €) D. Basavaiah, K. V. Rao, R. J. Reddy,
Chem. Soc. Rev. 2007, 36, 1581-1588.

%7 3) V. Declerck, J. Martinez, F. Lamaty, Chem. Rev. 2009, 109, 1-48: b) P. R. Krishna, R. Sachwani, P. S.
Reddy, Synlett, 2008, 2897-2912; c) G. Masson, C. Housseman, J. Zhu, Angew. Chem. Int. Ed. 2007, 46,
4614-4628; d) Y.-L. Shi, M. Shi, Eur. J. Org. Chem. 2007, 2905-2916; e) D. Basavaiah, K. V. Rao, R. J.
Reddy, Chem. Soc. Rev. 2007, 36, 1581-1588.
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With respect to aminocatalysis, different activation strategies have been reported.
On the one hand, enamine activation, works through HOMO orbital activation,®® while
SOMO activation™ makes use of radicals through a radical cation intermediate formation,
and both strategies are useful for the synthesis of a-functionalized compounds. The
HOMO-activation concept was extended to the use of a,p-unsaturated aldehydes and
ketones, which after condensation with a chiral amine, generate a dienamine species
capable of undergoing stercoselective a or y-functionalization of the starting carbonyl
compound.” Trienamines, which are formed upon the condensation of organocatalysts
with dienals or dienones, react at B,e-positions leading to functionalized cyclohexenes."
In addition, iminium ion activation” of o,B-unsaturated compounds through LUMO
orbital activation, provides B-functionalized compounds.

Regarding a-functionalization of carbonyl compounds, List, Lerner and Barbas
pioneered enamine catalysis for aldol reactions in 2000 followed by many other
contributions as it is shown in Scheme 7. Here, the enamine intermediate generated from
a primary or secondary amine and an enolizable aldehyde or ketone, posses and increased
nucleophilicity compared with the starting carbonyl compound, thus enabling different
reactions. The adducts obtained in the reaction (bonded to the catalyst) are hydrolized in
situ, leading to the desired a-substituted adduct and recovering the starting chiral amine
catalyst, which can re-enter the catalytic cycle.”

74
i,

%8 a) M. Frohn, Y.Shi, Synthesis, 2000, 1979-2000; b) S. E. Denmark, Z. Wu, Synlett, 1999, 847-859.

% For reviews on aminocatalysis see: a) B. M. Paz, H. Jiang, K. A. Jgrgensen, Chem. Eur. J. 2015, 21,
1846-1853; b) M. Nielsen, D. Worgull, T. Zweifel, B. Gschwend, S. Bertelsen, K. A. Jgrgensen, Chem.
Commun. 2011, 47, 632—649; c) A. Dondoni, A. Massi, Angew. Chem. Int. Ed. 2008, 47, 4638-4660. d) P.
Melchiorre, M. Marigo, A. Carlone, G. Bartoli, Angew. Chem. Int. Ed. 2008, 47, 6138-6171. e) S.
Mukherjee, J. W. Yang, S. Hoffman, B. List, Chem. Rev. 2007, 107, 5471-5569.

0 3) P. Melchiorre, Angew. Chem. Int. Ed. 2009, 48, 1360-1363: b) H.-Y. Young, J.-B. Hung, D. W. C.
MacMillan, J. Am. Chem. Soc. 2007, 129, 7004-7005; c) T. D. Beeson, A. Mastracchio, J.-B. Hong, K.
Ashton, D. W. C. MacMillan, Science, 2007, 322, 77-80.

™ For the first example of dienamine catalysis, see: S. Bertelsen, M. Marigo, S. Brandes, P. Diner, K. A.
Jargensen, J. Am. Chem. Soc. 2006, 128, 12973-12980.

"2 For the first example of trienamine catalysis, see: Z.-J. Jia, H. Jiang, J.-L. Li, B. Gschwend, Q.-Z. Li, X.
Yin, J. Grouleff, Y. C. Chen, K. A. Jgrgensen, J. Am. Chem. Soc. 2011, 133, 5053-5061.

™ For general reviews of iminium ion catalysis, see: a) J. B. Brazier, N. C. O. Tomkinson, Top. Curr.
Chem. 2010, 291, 281-347; b) G. Bartoli, P. Melchiorre, Synlett, 2008, 12, 1759-1772; c¢) P. M. Pihko, I.
Majander, A. Erkkila, Chem. Rev. 2007, 107, 5416- 5470; d) G. Lelais, D. W. C. MacMillan, Aldrichimica
Acta, 2006, 39, 79-87.

™ B. List, R. A. Lerner, C. F. Barbas 111, J. Am. Chem. Soc. 2000, 122, 2395-2396.

"8 1. Ojima, Catalytic Asymmetric Synthesis, Ed. John Wiley & Sons, New York, 2010.
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Scheme 7. Representative examples of a-functionalization of aldehydes and ketones via enamine catalysis.

As earlier mentioned, enamine catalysis has enabled many protocols for the direct
a-functionalization of aldehydes and ketones, but until recently, alkylation reactions using
this methodology were lacking, due to the preferential alkylation of the amine catalyst
with the alkyl electrophiles. Hence, these challenges were overcome by SOMO catalysis,
where aldehyde and ketone a-alkylation has been carried out with excellent
stereoselectivity. "

Many contributions have been made in the field of asymmetric a-functionalization
of carbonyl compounds promoted by aminocatalysis. However, the procedures are limited
to aldehydes and ketones, and the use of sterically hindered ketones still remains a
challenge. In addition, unsymmetrical ketones have been barely used due to the bad
regiocontrol and low diastereomeric ratios. Moreover, in cross aldol reactions
chemoselectivity is still hard to control.

1.1.2.2.2. Non-covalent catalysis

Enolizable carbonyl compounds can also be activated in a non-covalent manner by
cooperative, weak attractive interactions between the catalyst and the substrate. Although
the catalyst-substrate interactions are generally weaker and less directional than with
covalent catalysis, non-covalent interactions operate in concert to ensure a high level of
transition state organization. This way, efficient activation and a high degree of

"8 Science of Synthesis: Asymmetric Organocatalysis 1 Lewis Base and Acid Catalysis, Ed. B. List 2012.
Thieme.
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enantioselectivity is obtained. The strategies included in this type of catalysis involve
hydrogen bonding,”’ Bransted acid,’® ion-pairing,”® and Bransted base catalysis.*

Hydrogen bonding and Brensted acid (BA) activation of carbonyl compounds
have attracted much attention. The first one is based on the activation of carbonyl
compounds by hydrogen bonds, whereas Brgnsted acids activate carbonyl compounds
through protonation (enol). However, although in some cases there is no clear borderline
between H-bonding catalysis and BA catalysis, in general Brgnsted acid catalysis is
considered an extreme case of H-bonding wherein the shared hydrogen is completely
transferred to the substrate. Hydrogen bonding catalysts include (thio)ureas and
squaramides among others, and this strategy has resulted efficient for electrophilic
activation, but their main contributions in the a-functionalization of carbonyl compounds
have been carried out in combination with other catalytic systems forming a bifunctional
catalyst as it will be exaplained later in more detail.

Since the first introduction of phosphoric acids as asymmetric BA catalysts
independently by Akiyama®™ and Terada® in 2004, enantioselective Bransted acid
catalysis has attracted much attention for asymmetric synthesis. Numerous variations of
mostly BINOL-derived phosphoric acids have been developed.®® List and co-workers
reported in 2015 the first enatioselective conjugate addition of a-branched cyclic ketones

" For general reviews on hydrogen-bonding catalysis: a) Y. Nishikawa Tetrahedron Lett. 2018, 59, 216—
223; b) A. Doyle, E. N. Jacobsen Chem. Rev. 2007, 107, 5713-5743; ¢) P. R. Schreiner Chem. Soc. Rev.
2003, 32, 289-296; d) M. S. Taylor, E. N. Jacobsen Angew. Chem. Int. Ed. 2006, 45, 1520-1543.

"8 For general reviews on Bransted acid catalysis: a) C. Min, D. Seidel, Chem. Soc. Rev. 2017, 46, 5889-
5902; b) D. Parmar, E. Sugiono, S. Raja, M. Rueping, Chem. Rev. 2014, 114, 9047-9153; ¢) T. Akiyama, J.
Itoh, K. Fuchibe Adv. Synth. Catal. 2006, 348, 999-1010; d) T. Akiyama, J. Itoh, K. Yokota, K. Fuchibe
Angew. Chem. Int. Ed. 2004, 43, 1566-1568.

™ For a general review on lon-Pairing catalysis that includes anion binding, phase transfer, cation binding
and chiral anion directed catalysis, see: a) K. Brak, E. N. Jacobsen, Angew. Chem. Int. Ed. 2013, 52, 534-
561; For a general review on anion-binding catalysis, see: b) M. D. Visco, J. Attard, Y. Guan, A. E. Matson,
Tetr. Lett. 2017, 58, 2623-2628.

8 For general reviews on Bransted base catalysis: a) B. Teng, W. C. Lim, C. H. Tan Synlett, 2017, 28,
1272-1277; b) Comprehensive Enantioselective Organocatalysis: Catalysts, Reactions, and Applications;
(Ed.: P. I. Dalko), Wiley-VCH, Weinheim, Vol. 1-3, 2013; ¢) Asymmetric Organocatalysis 1, Brgnsted
Base and Acid Catalysis, and Additional Topics (Ed: K. Maruoka), Thieme, Stuttgart, 2012; d) Asymmetric
Organocatalysis 2, Bregnsted Base and Acid Catalysis, and Additional Topics (Ed.: B. List), Thieme,
Stuttgart, 2012; e) A. Ting, J. M. Gross, N, T. McDougal, S. E. Schaus, Top. Curr. Chem. 2010, 291, 145-
200; f) 1. Ojima, Catalytic Asymmetric Synthesis, Ed. John Wiley and Sons, New York, 2010; g) C. Palomo,
M. Oiarbide, R. Lopez, Chem. Soc. Rev. 2009, 38, 632.

87 Akiyama, J. Itoh, K. Yokota, K. Fuchibe, Angew. Chem. Int. Ed. 2004, 126, 5356-5357.

8 D. Uraguchi, M. Terada, J. Am. Chem. Soc. 2004, 126, 5356-5357.

8 a) T. Akiyama and K. Mori, Chem. Rev. 2015, 115, 9277-9306; b) M. Rueping, D. Parmar and E.
Sugiono, Asymmetric Brgnsted Acid Catalysis, Wiley-VCH Verlag GmbH & Co.KGaA, 2015, pp. 5-86.

c) M. Rueping, A. Kuenkel and I. Atodiresei, Chem. Soc. Rev. 2011, 40, 4539-4549; d) M. Terada,
Synthesis 2010, 1929-1982; e) T. Akiyama, Chem. Rev. 2007, 107, 5744-5758.40; f) H. Yamamoto and K.
Futatsugi, Angew. Chem., Int. Ed. 2005, 44, 1924-1942.39.
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to enones via a concerted acid-base mechanism with C6 (Scheme 8).2* The authors
suggest that the chiral phosphoric acid could activate the enol nucleophile through the
Brensted base (P=0) moiety and the electrophile through the BA (P-OH) site. However,
there is a limitation in the methodology that involves the need of a bulky R* group in the
ketone to obtain high enantioselectivities.

2
e
MeCy, 80-100 °C
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Scheme 8. Conjugate addition of branched cyclic ketones to enones promoted by a chiral Bragnsted acid.
List, 2015.

The fact that ion-pairing interactions are less directional than covalent or
hydrogen-bonding interactions, underlies the challenge in designing stereoselective
catalysts that operate efficiently with this methodology. However, several powerful
approaches have been developed for asymmetric catalysis of transformations that involve
charged intermediates. Among them, phase-transfer catalysis®™ has been widely explored
in asymmetric catalysis. Here, an enolate-ion, formed in situ is paired with an enantiopure
quaternary ammonium cation. Partitioning to the organic phase is thus facilitated,
allowing the enolate to selectively react with an organic soluble electrophile. PTC has
promoted a wide number of stereoselective transformations. The most representative
phase transfer catalysts are quaternary ammonium salts derived from cinchones® and
binaftilamines (a, Figure 6).%

8 1. Felker, G. Pupo, B. List, Angew. Chem. Int. Ed. 2015, 54, 1960-1964.

% For general reviews on phase transfer catalysis: a) J. Tan, N. Yasuda, Org. Process Res. Dev. 2015, 19,
1731-1746; b) S. Shirakawa, S, K. Maruoka, Angew. Chem. Int. Ed. 2013, 52, 4312-4348; c) O. Takashi,
K. Maruoka, Angew. Chem. Int. Ed. 2007, 23, 4222-4266; d) K. Maruoka, O. Takashi, Chem. Rev. 2003,
103, 3013-3028.

8 U.-H. Dolling, P. Davis, E. J. J. Grabowski, J. Am. Chem. Soc. 1984, 106, 446-447.

¥ K. Maruoka, T. Ooi, T. Kano, Chem. Commun. 2007, 1487-1495,
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Figure 6. a) Most representative chiral ammonium phase transfer catalysts. b) Glycine imino esters and
a-substituted a-amino acids.

More specifically, the most studied substrates in PTC include compounds bearing
active methylene groups. Thus, B-ketoesters®®® and ketones® a-functionalization has been
successfully performed by PTC. However, reactions involving glycine imino esters (b,
Figure 6) stand out. Moreover, due to their easy transformation into a-substituted a-amino
acids,® transformations involving these substrates (activated ester structure) are of great
interest and PTC has proven to be an outstanding tool for that purpose as it will be
explained in more detail in chapter 3.

Another approach for the a-functionalization of carbonyl compounds is Brgnsted
Base catalysis which is outlined in the following section.

1.2. Direct enantioselective a-functionalization of carbonyl
compounds promoted by chiral Brgnsted Bases

A Brgnsted base (BB) is defined as a molecular entity capable of accepting a
hydron (or proton) from an acid or the corresponding chemical species.”® This proton
transfer is often considered from the organic synthesis point of view, key for activation of
one of the reaction components that precedes the new bond formation. Enolizable
carbonyl compounds with relatively small pK, value (10-17 pK, range in DMSO)? are the

8 a) M. B. Andrus, E. J. Hicken, J. C. Stephens, Org. Lett. 2004, 6, 2289-2292. b) A. E. Nibbs, A.-L. Baize,
R. M. Herter, K. A. Scheidt, Org. Lett. 2009, 11, 4010-4013.

% Enantioselective Amino Acid Synthesis by Chiral PTC, see: a) S. Shirakawa, K. Maruoka, Angew. Chem.
Int. Ed. 2013, 52, 4312.4348; b) K. Maruoka, Chem. Rec. 2010, 10, 254-259; c) K. Maruoka, Chem. Rec.
2010, 10, 254-259; d) T. Hashimoto, K. Maruoka, Chem Rev. 2007, 107, 5656-5682; €) T. Ooi, K.
Maruoka, Angew. Chem. Int. Ed. 2007, 46, 4222-4266; f) M. J. O’Donnell, Acc. Chem. Res. 2004, 37, 506-
517; g) K. Maruoka, T. Ooi, Chem. Rev. 2003, 103, 3013-3028.

% For reviews on organocatalytic reactions promoted by chiral Bransted bases, see ref 80.
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most exploited substrates in soft enolization.”* In this strategy, a relatively weak chiral
amine is usually employed to reversively and catalytically deprotonate a relatively acidic
substrate.

A simplified catalytic cycle involving carbonyl compounds is shown in Figure 7.
Deprotonation of the carbonyl compound by the basic catalyst initiates the catalytic cycle
forming a chiral ion pair. The enolate reacts with the electrophile in an enantioselective
manner to afford a Nu-E adduct as reaction product and the free basic catalyst is released
for a new catalytic cycle.

(0]
R“JJ\/H R?
R2
-+
BB* RHK*(E *BB—H

O

NN
R H

R2

Figure 7. Catalytic cycle promoted by a chiral Brgnsted base (BB*).

In the design of chiral BB catalysts, different nitrogen containing functionalities
have been employed. Among them, tertiary amines, guanidines,®* amidines and
imidazoles™ are the most prominent (Figure 8). Cinchona alkaloids constitute a very
popular source of enantiopure BB, but their use in asymmetric catalysis has been limited
to relatively acidic compounds with small pK, values, like 1,3-dicarbonyl compounds (-
cyanoesters, malonitriles, nitroalkanes) in Mannich-type and 1,4-conjugate additions.
Simple ketones, aldehydes, esters and other carboxylic acid derivatives remain elusive
subtrates in BB catalysis.

°% For pioneering examples of soft enolization, see: a) M. W. Rathke, P. J. Cowan, J. Org. Chem. 1985,
50,2622-2624; b) M. W. Rathke, M. Nowak, J. Org. Chem. 1985, 50, 2624-2626; c) R. E. Tirpak, R. S.
Olsen, M. W. Rathke, J. Org. Chem. 1985, 50, 4877-4879.

% Guanidines are considered superbases, due to the stability of their conjugate acids. For reviews on
guanidines in asymmetric synthesis, see: a) D. Leow, C.-H. Tan, Chem. Asian J. 2009, 4, 488-507; b) T.
Ishikawa, T. Kumamoto, Synthesis 2006, 737—752; ¢) T. Ishikawa, T. Isobe, Chem. Eur. J. 2002, 8, 553—
557; d) D. Mailhol, M. M. Coquerel, J. Rodriguez, Adv. Synth. Catal. 2012, 354, 3523-3532.

% For a review on imidazole catalysts in asymmetric synthesis, see: Z. Zhang, F. Xie, J. Jia, W. Zhang,
J.Am. Chem. Soc. 2010, 132, 15939-15941 and references therein.
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Figure 8. Monofunctional chiral BB catalysts.

As it has been mentioned before, in this kind of processes, chirality transfer from
the chiral catalyst to the product occurs during the key C,-E bond forming reaction. This
step implies information transfer throughout a non-covalent substrate-catalyst ion-pairing
complex, and due to the intrinsic nondirectional nature of these electrostatic interactions
in ion-pairing complexes, prediction of the stereoinduction exerted from the catalyst is
difficult to make. In order to form bonds in the correct orientation, dual activation is
considered the best tool. In this case, both the nucleophile and electrophile are activated
simultaneously by two catalytic units, improving the reaction efficiency and/or
chemoselectivity.

The close proximity of both catalytic units, could facilitate asymmetric induction
the same way enzymes do. In this context, the most successful strategies consist of a
chiral amine (BB) and an efficient H-bond donor group, such as urea, thiourea,
(thio)squaramide or sulphonamide (Scheme 9). These modifications have given rise to
more active and selective bifunctional BB catalysts.**

0 S X X 0. 0
e~ JL R Be L R BB*._ S’
D NN BRN T N-R N R
H H H H b oOH H
Urea Thiourea X0, S Sulfonamide

(thio)squaramide

BB* = chiral Bronsted base

Scheme 9. General structure of chiral bifunctional BB catalysts.

% a) S. Nagy, G. Dargo, P. Kisszéleky, Z. Fehrér, A. Simon, J. Barabas, T. Holtzl, B. Métravolgyi, L.
Karpati, L. Drahos, P. Huszthy, J. Kupai, New. J. Chem. 2019, 43, 5948-5959; b) Y. Nishikawa,
Tetrahedron Lett. 2018, 59, 216-223.
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The most representative bifunctional Brgnsted base catalysts are shown below
(Figure 9).

Takemoto, 2003 Connon and Soés 2005 Dixon 2005

cF, ﬁj
CFs
QS )
S
J Q FsC NJLN“‘ D
FsC N~ N H H |
H H _N

Figure 9. Representative bifunctional Bransted Bases.

In 2003, Takemoto et al.*® developed the first highly enantioselective bifunctional
Bransted base C7, which consisted of a 1,2-diaminocyclohexane derived thiourea which
worked efficiently in the Michael addition of malonates to nitroalkenes. According to the
authors proposal, the nucleophile would be activated by the amino group, whereas the
thiourea moiety would activate the electrophile (a, Figure 10). This way, the approach of
both components occurs in a stereoselective manner.*® However, later Pépai and co-
workers proposed and alternative substrate-catalyst combination for the same
transformation (b, Figure 10).%

% T, Okino, Y. Hoashi, Y. Takemoto, J. Am. Chem. Soc. 2003, 125, 12672-12673.

% T_Okino, Y. Hoashi, T. Furakawa, X. Xu, Y. Takemoto, J. Am. Chem. Soc. 2005, 127, 119-125.

% papai proposed that the nucleophile coordinates to the NH-bonds of the thiourea moiety and the
nitrostyrene is activated by the protonated tertiary amine, based on DFT studies: a) A. Hamza, G. Schubert,
T. So6s, I. Papai J. Am. Chem. Soc. 2006, 128, 13151-13160. Later Zhong reported a modified proposal
based on DFT studies, stating that the proton in ortho position of the aromatic ring in a similar thiourea type
catalyst also participates in the activation of the nucleophile in the conjugate addition of a cyclic ketoester
to nitrosyrenes, see Figure 12, B2. Further evidence of the participation of this proton was provided by
Schreiner and co-workers, based on IR, NMR, ESI and DFT studies: b) K. M. Lippert, K. Hof, D. Gerbig,
D. Ley, H. Hausmann, S. Guenther, P. R. Schreiner, Eur. J. Org. Chem. 2012, 5919-5927.
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Figure 10. Two proposals for the catalyst-substrate interactions in the conjugate addition of malonates to
nitrostyrene promoted by thiourea C7.

After this pioneering work, many other chiral tertiary amine derived thioureas
were developed and efficiently used in enantioselective catalytic reactions. Connon,
Dixon and Sods independent work®® reported simultaneously bifunctional (thio)urea-
tertiary amine catalysts C8-C9 (Figure 9) to promote Michael reactions efficiently.

Rawal and co-workers®® introduced in 2008 the squaramide containing structure
C10 (Figure 9) bearing a squaramide group as efficient H-bond donor unit in asymmetric
catalysis. The first reaction employing this type of catalysts was the conjugate addition of
2,4-pentanediones to B-nitrostyrene with excellent results at even low catalyst loading
(0.1 mol%). Since then, other groups have employed squaramide type Brgnsted base
catalysts in many other transformations,’® with special success in tandem and domino
reactions,*™ including the thiosquaramide-derived variant.*%

Both (thio)urea and squaramide functions are structurally rigid. Nevertheless,
unlike (thio)ureas, squaramides contain two (N-H) and two carbonyl (C=0) units
showing one more acceptor than thioureas (Figure 11). Besides, the distance between
both hydrogen units attached to the nitrogen atom is larger in the case of squaramides
(2.71 A vs 2.13 A).*® Both units are able to delocalize the nitrogen lone pair through the
carbon heteroatom double bond, but squaramides can delocate the lone pair through the

% a) S. H. McCoey, S. J. Connon Angew. Chem. Int. Ed. 2005, 44, 6367-6370. b) J. Ye, D. J. Dixon, P. S.
Hynes Chem. Commun. 2005, 4481-4483. ¢) B. Vakulya, S. Varga, A. Csampai, T. So6s Org. Lett. 2005, 7,
1967-1969.

% 3. P. Malerich, K. Hagihara, V. H. Rawal, J. Am. Chem. Soc. 2008, 130, 14416-14417.

199 For reviews on squaramide-based catalysts see: a) B.-L. Zhao, J.-H. Li, S.-M. Du, Chem. Rec. 2017, 17,
994-1018; b) X. Han, H.-B. Zhou, C. Dong, Chem. Rec. 2016, 16, 897-906; c) J. Aleman, H. Jiang, K. A.
Jorgensen, Chem. Eur. J. 2011, 17, 6890-6899.

191 For a review on squaramide-catalyzed domino and tandem reactions see: P. Chauhan, S. Mahajan, U.
Kaya, D. Hack, D. Enders, Adv. Synth. Catal. 2015, 357, 254-281.

192 \. Rombola, V.-H. Rawal, Org. Lett. 2018, 20, 514-517.

1% T, Okino, Y. Hoashi, T. Fukurawa, X. N. Xu, Y. Takemoto, J. Am. Chem. Soc. 2005, 127, 119-125
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partially aromatic cyclobutenedione, thus increasing the acidity of N-H unit, compared to
the thiourea analogs.’® Consequently, squaramides can form stronger hydrogen bonds,
which may explain their higher reactivity, even at lower catalyst loadings.

a) Squaramides b) Thioureas
) @) S
Me\NJ\N,Me
Me~ -Me I I
NN H<>H
|
H=—"H 213A
271A
&) ©
o) 0 0 0O s S
jz/(\ Me\ﬁ)\N,Me Me\N)%(NJa/Me
® R- R | | ! !
H H H H

Figure 11. Comparison between squaramides and thioureas.

In 2013, our research group introduced a new variant of bifunctional BB catalyst
containing a ureidopeptide unit as H bond donor site'® which bears three tunable parts for
stereoinduction. In this first work, catalyst C11 (Figure 9) was employed in the Michael
reaction of 5H-thiazol-4-ones with nitroolefins with high diastereo- and enantioselectivity
and it proved to be more effective than Takemoto’s thiourea in the reaction. These
catalysts are easily tunable in the carbamate group, the amino acid rest and in the chiral
BB site for improving the efficiency, and they have been employed in our research group
in different reactions providing the reaction adducts with excellent diastereo- and
enantioselectivities.'*

In general, when bifunctional BB catalysts are employed, three possible and
different mechanistic proposals (including the previously mentioned proposals of
Takemoto and Papai/Zhong) can be considered, as depicted in Figure 12.1%

104°2) S. Tomas, R. Prohens, M. Vega, M. C. Rotger, P. M. Dey4, A. Costa, J. Org. Chem. 1996, 61, 9394
9401. b) T. Okino, Y. Hoashi, T. Fukurawa, X. N. Xu, Y. Takemoto, J. Am. Chem. Soc. 2005, 127, 119-
125.

1% 3) S. Diosdado, J. Etxabe, J. Izquierdo, A. Landa, A. Mielgo, |. Olaizola, R. Lépez, C. Palomo, Angew.
Chem. Int. Ed. 2013, 52, 11846-11851.

196 For further utility of these catalysts, see: a) I. Bastida, M. San Segundo, R. Lépez, C. Palomo Chem. Eur.
J. 2017, 23, 13332-13336; b) H. Echave, R. Lopez, C. Palomo Angew. Chem Int. Ed. 2016, 55, 3364-3368;
c) S. Diosdado, R. Lopez, C. Palomo, Chem. Eur. J. 2014, 20, 6526-6531.

97 For Model A, see a) ref. 96; For Model B1, see: b) see ref. 97a; For Model B2, see: ¢) B. Tan, Y. Lu, X.
Zeng, P. J. Chua, G. Zhong Org. Lett. 2010, 12, 2682-2695 (based on DFT studies). For Model C (based on
DFT and NMR studies), see: d) J.-L. Zhu, Y. Zhang, C. Liu, A.-M. Zheng, W. Wang, J. Org. Chem. 2012,
77,9813-9825.
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Figure 12. Three alternative substrate-catalyst combinations in reactions promoted by bifunctional BBs.

The development of new types of bifunctional BBs has enabled different
transformations at the a-position of carbonyl compounds. The main contributions are
explained below.

a) More reactive carbonyl compounds

The a-functionalization of carbonyl compounds promoted by BBs has been
mainly focused on 1,3-dicarbonyl compounds, while no examples of aldehydes have been
reported to the best of our knowledge.

In this context, mono thiomalonates (MTMs) have been explored as efficient
substrates for catalytic asymmetric Michael'® and Mannich*® reactions in BB catalysis.
Other 1,3-dicarbonyl compounds (malonates, p-diketones, PB-ketoesters) have been
subjected to the conjugate addition to nitroolefins'*® and enones,*** promoted by

108 3) A. Kolarovic, A. Kaslin, H. Wennemers, Org. Lett. 2014, 16, 4236-4239; b) Y. Arakawa, S. P. Fritz,
H. Wennemers, J. Org. Chem.2014, 79, 3937-3945; ¢) O. D. Eng, S. P. Fritz, A. Késling, H. Wennemers,
Org. Lett. 2014, 16, 5454-5457.

1%3) 0. D. Engl, S. P. Fritz, H. Wennemers, Angew. Chem. Int. Ed. 2015, 54, 8193-8197; b) A. Bahlinger,
S. P. Fritz, H. Wennemers, Angew. Chem. Int. Ed. 2014, 53, 8779-8783.

119.3) H.Y Bae, S. Some, J. S. Oh, Y. S. Lee, C. E. Song, Chem. Commun. 2011, 47, 9621-9623; b) J. Luo,
L.-W. Xu, R.AS. Hay, Y. Lu, Org. Lett. 2009, 11, 437-440; c¢) Z.-H. Zhang, X.-Q. Dong, D. Chen, C.-J.
Wang, Chem. Eur. J. 2008, 14, 8780-8783; d) S. H. McCooey, S. J. Connon, Angew. Chem. Int. Ed. 2005,
44, 6367-6370; €) J. Ye, D. J. Dixon, P. S. Hynes, Chem. Commun. 2005, 4481-4483.

11 3. Wang, H. Li,L. Zu,W. Jiang, H. Xie, W. Duan, W. Wang, J. Am. Chem. Soc. 2006, 128, 12652-12653.
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bifunctional BBs, as well as to Mannich reactions,'** a-aminations’® and aldol-
lactonizations''* with excellent stereoselectivity.

b) Less reactive carbonyl compounds

As previously mentioned, the a-functionalization of less reactive carbonyl
compounds (ketones, esters and amides) promoted by BBs is challenging due to the low
acidity of the a-carbon, and activation of the nucleophile is required for their use in BB
catalysis.

In this context, few protocols for the a-functionalization of ketones via BB have
been published'*® and, as mentioned, they all include activating groups at the a-position.
Wang and co-workers''® reported the first asymmetric conjugate addition of a-aryl
cyclopentanones to nitroolefins promoted by the bifunctional organocatalyst C12 which
bear multiple H-bond donors (Scheme 10). In this case, the aromatic substituent at the a-
position of the starting ketone enhances the acidity of that carbon. Following this work,
Zhao and co-workers'!” performed the first enantioselective Mannich reaction of ketones
bearing electron withdrawing groups at the a-position with excellent diastereo- and
enantioselectivity using bifunctional BBs.

o 0 S Ph
C13 (10 mol% LA N Ph
Ar R/\/No2 (10 mol%) “ NO, H ”
§ / N

4A MS, DCM “H
RT, 12-20 h R 2N SO,

50-95% vyield
_00Q0,
80-99% ee c12
F3C CF

Scheme 10. Michael addition of a-aryl cyclopentanones to nitroolefins promoted by C12.
Wang, 2010.

122) A. L. Tillman, J. Ye, D. J. Dixon, Chem. Commun. 2006, 1191-1193. b) J. Song, Y. Wang, L. Deng, J.
Am. Chem. Soc. 2006, 128, 6048-6049.

13 3) H. Konishi, T. Y. Lam, J. P. Lamerich, V. H. Rawal, Org. Lett. 2010, 12, 2028-2031; b) S. Saaby, M.
Bella, K.A. Jgrgensen, J. Am. Chem. Soc. 2004, 126, 8120-8121.

145 Meninno, T. Fuoco, C. Tedesco, A. Lattanzi, Org. Lett. 2014, 16, 4746-4749.

115 R, Cano, A. Zakarian, G. P. McGlacken, Angew. Chem. Int. Ed. 2017, 56, 9278-9290.

16 X .-Q. Dong, H.-L.Teng, M.-C. Tong, H. Huang, H.-Y. Tao, C.-J. Wang, Chem. Commun. 2010, 46,
6840-6842.

Q. Guo, J C.-G. Zhao, Org. Lett. 2013, 5, 508-511.
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In addition, dienolate (or equivalent dienamine) intermediates are considered
particular ketones and their use as nucleophiles'® involves the control of the a- vs Y-
competitive reaction pathways (Scheme 11).

0]
)?\/\/ 1 Z i
= R
)\/\/R / E
o) B o y-Addition
)J\/\/R nucleophilic carbons many examples
X: OH, OSiR3, O'M*,NR, O'R';NH* o
xR
E
a-Addition
challenging

Scheme 11. Competitive pathways in the functionalization of dienolate intermediates.

The resulting adducts are of great synthetic versatility. While y-addition products
have been obtained by enamine (dienamine/trienamine)™'® and metal catalysis,**® the
alternative o-reaction is less favoured due to the disruption of the w-conjugation at some
point of the reaction. In this context, Brgnsted base catalyzed o-functionalization of
vinylogous enolates remains little explored, and the few examples described provide the
adducts with moderate enantioselectivities or are restricted to specific substrates. Hence,
our research group has reported the catalytic asymmetric a-selective conjugate addition of
vinylogous ketone enolates'®** (Scheme 12a), alkynyl ketones**™® (Scheme 12b), cyclic
and acyclic a-substituted ketones™*'® (Scheme 12c) and tetralones** (Scheme 12d) with
excellent stereoselectivity. In addition, conjugate addition of a-hydroxy ketones (h,
Figure 14)'?% (activated ketones, masked ester donors) to nitroalkenes under bifunctional
BB catalysis, afforded reaction adducts with excellent stereoselectivity and their

118 For reviews on vinylogous addition reactions, see: a) C. Schneider, F. Abels, Org. Biomol. Chem. 2014,
12, 3531-3543; b) G. Casiraghi, L. Battistini, C. Curti, G. Rassu, F. Zanardi, Chem. Rev. 2011, 111, 3076-
3154. ¢) S. E. Denmark, J. R. Heemstra, G. L. Beuter, Angew. Chem. Int. Ed. 2005, 44, 4682—-4698.

19 For reviews, see: a) V. Marcos, J. Alemén, Chem. Soc. Rev. 2016, 45, 6812-6832; b) 1. D. Jurberg, .
Chatterjee, R. Tannerta, P. Melchiorre, Chem. Commun. 2013, 49, 4869-4883.

120 For reviews, see: a) X. Jusseau, L. Chabaud, C. Guillou, Tetrahedron 2014, 70, 2595-2615. b) Q. Zhang,
X. Liu, X. Feng, Curr. Org. Synth. 2013, 10, 764-785.

121 2) 1. Iriarte, O. Olaizola, S. Vera, I. Gamboa, M. Oiarbide, C. Palomo, Angew. Chem. Int. Ed. 2017, 56,
8860-8864; b) T. Campano, I. Iriarte, O. Olaizola, J. Etxabe, A. Mielgo, I. Ganboa, J. M. Odriozola, J. M.
Garcia, M. Oiarbide, C. Palomo, Chem. Eur. J. 2019, 25, 4390-4397; c) |. Urruzuno, O. Mugica, G.
Zanella, S. Vera, E. GOmez-Bengoa, M. Oiarbide, C. Palomo, Chem. Eur. J. 2019, 25, 9701-9709; d) I.
Urruzuno, O. Mugica, M. Oiarbide, C. Palomo, Angew. Chem. Int. Ed. 2017, 56, 2059-2063.

122 3) 1. Olaizola, T. E. Campano, |. Iriarte, S. Vera, A. Mielgo, J. M. Garcia, J. M. Odriozola, M. Oiarbide,
C. Palomo, Chem. Eur. J. 2018, 24, 3893-3901. Another example involving o-hydroxyketones as
nucleophiles in organocatalysis: b) P. Wang, H.-F. Li, J.-Z. Zhao, Z.-H. Du, C.-S. Da, Org. Lett. 2017, 19,
2634-2637.
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elaboration provided the corresponding enantioenriched a-branched carboxylic acids and
aldehydes.

a) \Q/\ o R?
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5 90-98% ee
! o ¢
HO™ "Ar O Ar
N0, C14 Ar: 3,5-(CF3)CgH3 (10 mol%) NO
2
DCM, RT =
Ph _n
Ph
Oy ° 68-96% yield
R j\:[ . 4:1-19:1 dr
‘N N 84-98% ee
H H
o}
Zph
so Ph MeO S0
2 Ar: 3,5-(CF3)CgH3 (10 mol%)
SO,Ph
SOzPh DCM, 0 °C
66-85% yield
80-99% ee
d) /&/\ R o
R1
c17 Ar: 3.5-CFg)CeH 0
X NO; 10 mol% _
DCM, 0 °C
61-88% vyield
R':H, Bn, HC=CCH, R2: Ak, Ar 1:1->20:1 dr

90-99% ee
Me,C=CHCH, NCCH,

Scheme 12. Some examples from our research group of a-selectivity in the conjugate addition of ketones.

With respect to carboxylic acid derivatives, as well as for metal-catalysis, more
reactive heterocyclic and acyclic donors have been developed for BB-catalyzed reactions
in order to access through posterior transformation, a-functionalized esters and amides.

Heterocyclic donors

As mentioned before in the metal catalysis section, different heterocycles whose
pK, is lower due to the formation of aromatic enolates and whose hydrolysis gives rise to
a- or B-amino acid derivatives have been also applied in organocatalysis. Oxazol-5-(4H)-
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ones'?® (or azlactones), their analogues thiazol-5-(4H)-ones*** (1a, Figure 13) and oxazol-

4-(5H)-ones*® and their thiazolone'® and imidazolone'® analogues (1b, Figure 13) have
been also explored in the field. As mentioned, thiazolones were developed in our research
group and employed in different reactions.*?’ Likewise, the conjugate addition of related
hydantoins (1c, Figure 13) to nitroolefins and vinyl ketones has been reported in our
group.®

124

Regarding substrates which do not generate aromatic enolates, but which bear
more acidic o-carbons, rhodanines,**® piperazin-2,3,6-triones™® and barbituric acid
derivatives™ (2a, 2b and 2c, Figure 13) have also been reported in different
organocatalytic reactions with excellent stereoselectivity.

123 3) A.-N. Alba, R- Rios, Chem.-Asian J. 2011, 6, 720-734; b) R. A. Mosey, J. S. Fisk, J. J. Tepe,
Tetrahedron: Asymmetry 2008, 19, 2755-2762.

124 For the first organocatalytic asymmetric reaction with these substrates, see: a) D. Uraguchi, K.
Koshimoto, T. Ooi, Chem. Commun. 2010, 46, 300-302. Other organocatalytic reactions: b) X. Liu, L.
Deng, H. Song, H. Jia, R. Wang, Org. Lett. 2011, 13, 1494-1497; c) X. Liu, H. Song, Q. Chen, W. Li, W.
Yin, M. Kai, R. Wang, Eur. J. Org. Chem. 2012, 6647-6655; d) D. Uraguchi, K. Yamada, T. Ooi, Angew.
Chem. Int. Ed. 2015, 54, 9954-9957

125 Applications in organocatalysis: a) A. Morita, T. Misaki, T. Sugimura Tetrahedron. Lett. 2015, 56, 264-
267; b) T. Wang, Z. Yu, D.-L. Hoon, K.-W. Huang, Y. Lan, Y. Lu Chem. Sci. 2015, 6, 4912-4922; c) S.
Duan. S. Li, N.-N. Du, C.-H. Tan, Z. Jiang J. Org. Chem. 2015, 80, 7770-7778; d) Q. Liu, B. Qiao, K. F.
Chin, C.-H. Tan, Z. Jiang Adv. Synth. Catal. 2014, 356, 3777-3783; €¢) A. Morita, T. Misaki, T. Sugimura
Chem. Lett. 2014, 43, 1826-1828; f) M. Xu, B. Qiao, S. Duan, H. Liu, Z. Jiang Tetrahedron 2014, 70, 8696-
8702; g) B. Qiao, Y. An, Q. Liu, W. Yang, H. Liu, J. Shen, L. Yan, Z. Jiang Org. Lett. 2013, 15, 2358-
2361; h) N. Lu, H. Wang Int. J. Quantum Chem 2013, 113, 2267-2276; i) Z. Han, W. Yang, C.-H. Tan Adv.
Synth. Catal. 2013, 355, 1505-1511; j) N. Jin, T. Misaki, T. Sugimura Chem. Lett. 2013, 42, 894-896; k) H.
Huang, K. Zhu, W. Wu, Z. Jin, J. Ye Chem. Commun. 2012, 48, 461-463; I) T. Misaki, N. Jin, K. Kawano,
T. Sugimura Chem. Lett. 2012, 1675-1677; m) T. Misaki, N. Jin, K. Kawano, T. Sugimura J. Am. Chem.
Soc. 2011, 133, 5695-5697; n) T. Misaki, G. Takimoto, T. Sugimura J. Am. Chem. Soc. 2010, 132, 6286-
6287.

1263, Etxabe, J. Izquierdo, A. Landa, M. Oiarbide, C. Palomo, Angew. Chem. Int. Ed. 2015, 54, 6883-6886.
27T, Wang, Z. Yu, D. L. Hoon, K.-W. Huang, Y. Lan, Y. Lu, Chem. Sci. 2015, 6, 4912-4922.

128 3) J. 1zquierdo, N. Demurget, A. Landa, T. Brinck, J. M. Mercero, P. Dinér, M. Oiarbide, C. Palomo,
Chem. Eur. J. 2019, 25, 12431-12438; b) J. Izquierdo, J. Etxabe, E. Dufiabeitia, A. Landa, M. Oiarbide, C.
Palomo, Chem. Eur. J. 2018, 24, 7217-7227.

29 H, Xu, T.-C. Kang, F. Sha, X.-Y. Wu, Org. Biomol. Chem. 2018, 16, 5780-5787.

130 2) R. W. Foster, E. N. Lenz, N. S. Simpkins, D. Stead, Chem. Eur. J. 2017, 23, 8810-8813; b) A.
Cabanillas, C. D. Davies, L. Male, N. S. Simpkins, Chem. Sci. 2015, 6, 1350-1354.

131 2) see Ref 45; b) S. Del Pozo, S. Vera, M. Oiarbide, C. Palomo, J. Am. Chem. Soc. 2017, 139, 15308-
15311
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1. Heterocycles that provide aromatic enolates
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2. Heterocycles that do not provide aromatic enolates
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Figure 13. Some representative activated heterocycles employed in BB catalysis for their asymmetric a-
functionalization.

Acyclic donors

As mentioned in section 1.1.2.1., malonic acid half esters and thioesters (MAHQOs
and MAHTS) have been successfully employed as more reactive ester surrogates not only
in metal catalysis, but also in organocatalysis (a, Figure 14).>* Howe