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Spanish Summary

Entre las diversas biomoléculas presentes en la naturaleza cabe destacar las enzimas,
macromoléculas capaces de catalizar de manera eficiente procesos bioquimicos en
sistemas vivos. A su vez, también se encuentran moléculas mas pequefas, como
aminoacidos y alcaloides, que pueden emplearse como organocatalizadores en

diferentes reacciones quimicas.

La organocatdlisis, junto con las enzimas y los complejos metalicos, esta emergiendo
como una de las herramientas mas Utiles en sintesis de compuestos Opticamente
activos. En los ultimos afios se ha prestado mucha atencién al desarrollo de ésta en su
forma asimétrica con importantes avances en quimica organica. El empleo de
pequefias moléculas naturales presenta importantes ventajas como su bajo coste,
disponibilidad a partir de fuentes naturales, estabilidad frente a condiciones
atmosféricas y respeto al medio ambiente. Esta tesis se ha dividido en cuatro capitulos
recogiendo el primero, de forma introductoria, las diferentes formas en que las

reacciones son activadas de manera enantioselectiva.

En nuestro grupo de investigacion se han disefiado los ligandos hibridos de tipo
ferrocenil pirrolidinas NH-D-EhuPhos-1 y NMe-L-EhuPhos-2. Estos se han empleado
en reacciones de cicloadicion (3+2) entre iminoésteres y nitroalquenos para dar lugar a
los cicloaductos NO,-X-OMe-5aa y NO,-N,-OMe-5aa con elevados excesos
enantioméricos. Estos productos poseen un gran interés en los campos de la quimica
y biologia ya que pueden complementar a los aminoacidos naturales. Es por ello, que
se esta empleando un gran esfuerzo en conocer la relacion configuracion/reactividad
de estas moléculas y sus derivados al emplearlos como organocatalizadores en

diferentes procesos quimicos.

O,N,  Ph ON,  Ph
. -
— AN ‘
NO Ph™ >\~ ~CO,Me ' H '‘CO,Me
phe X-NO2 1612 (3 mol%) H Fe “pph
4a Cu(ACN)4PFg Noz-XL-OOMe-Saa
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+ 92% ee (>99%)
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85% NMe-L-EhuPhos-2
97% ee (>99%)
Figura 1. Sintesis de las prolinas densamente sustituidas NO,-X -OMe-5aa y NO,-N -OMe-5aa

establecido en el grupo de investigaciéon (también conocidas como organocatalizadores de
primera generacion).
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El segundo capitulo inicia los estudios de la presente tesis doctoral y comienza
describiendo el empleo de aminas quirales como organocatalizadores en reacciones
de formacién de enlace carbono-carbono. Por ello, se decidié evaluar los catalizadores
de segunda generacion 10aa en reacciones de activacion via enamina como la
reaccion alddlica y de Michael. Estas moléculas fueron obtenidas con altos
rendimientos mediante la hidrogenacion catalitica de los precursores 5aa empleando

Ni/Ra como catalizador (Figura 2A).

Iniciamente se evalué la reaccion alddlica empleando los catalizadores
NH,-X -OMe-10aa y NH,-N,-OMe-10aa, observandose resultados similares a los de
sus predecesores NO,-X.-OMe-5aa y NO,-N-OMe-5aa. Ademas, nuestros
catalizadores de segunda generacion fueron capaces de catalizar la reaccién Michael
entre cetonas ciclicas como ciclohexanona 11a y nitroalquenos arématicos 4. Esta
reaccién proporcioné los productos Michael con elevados rendimientos y excesos
enantioméricos al contrario que lo observado con los catalizadores de primera

generacion (Figura 2B).

O,N, Ph H,N, Ph
: Ho :
Ph H COzMe 90% Ph H COzMe
A) NO,-X -OMe-5aa NH»-X -OMe-10aa
O5N Ph HoN Ph
~ H2 ~
Ph ” COMe -0, Ph N CO,Me
NO,-N, -OMe-5aa NH,-N, -OMe-10aa
B)
O OH
NO,-X, -OMe-5aa/NH,-X; -OMe-10
0,-X -OMe-5aa/NH,-X, -OMe-10aa Ar 523 0 10aa
0,
o) . TFA (aditivo) hasta 92% ee
L
H Ar e} Ar
NO,-X,-OMe-5aa/NH,-X, -OMe-10aa
Ma 12@Z=0) T 7 NO2 5aa, 60% ee (Ar = Ph)

4 (Z=CHNO,) PNBA (aditivo) 10aa, hasta 92% ee

Figura 2. A) Sintesis de los catalizadores de segunda generacion NH,-N_-OMe-10aa y
NH,-N_-OMe-10aa. B) Reactividad e induccion de los catalizadores NO,-X -OMe-5aa y
NH,-X -OMe-10aa en la reaccién alddlica y de Michael con ciclohexanona 11a como nucledfilo.
Al igual que ocurria en la reaccién alddlica, los resultados obtenidos en la reaccion de
Michael han puesto de manifiesto que la induccion quiral depende de la configuracion

del catalizador. Asi, mientras el catalizador endo-, NH,-N_ -OMe-10aa, proporcioné los
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productos con la misma configuracion que aquellos obtenidos bajo la influencia de los
catalizadores tipo L-Prolina, el catalizador exo-, NH,-X -OMe-10aa, produjo el
enantiomero opuesto. Tras estos resultados se evalud un aceptor dielectrofilico, con la
presencia simultanea de un grupo cetonico y alqueno electrodeficiente, para obtener
una sintesis enantiodivergente dependiento del catalizador empleado. Sin embargo,
los resultados obtenidos no fueron los deseados. Adicionalmente mediante métodos
experimentales y computacionales se explico tanto la reactividad de estas moléculas
como el origen de la diferente inducciébn enantiomérica dependiendo del tipo de

catalizador empleado.

El tercer capitulo se centra en la sintesis y analisis de las propiedades
organocataliticas de la tercera generacion de organocatalizadores o dimeros basados
en prolinas densamente sustituidas. Para la obtencion de estos dimeros se
sintetizaron previamente los precursores acidos 4-nitropirrolidin-2-carboxilicos y
4-aminopirrolidin-2-carboxilatos mediante hidrolisis de los grupos éster y la
hidrogenacion catalitica del grupo nitro de los sustratos correspondientes,
respectivamente. Una vez sintetizados los precursores necesarios se llevo a cabo el
acoplamiento empleando PyBOP o HATU en funcion de sustrato acido utilizado
(pirrolidina no N-metilada vs. N-metilada). Estas transformaciones proporcionaron una
larga familia de y-dipeptidos basados en unidades de prolina no naturales densamente
funcionalizadas (Figura 3A). Posteriormente, estos catalizadores fueron analizados en
las mismas reacciones de activacion via enamina, alddlica y Michael, descritas en el
capitulo previo. Se observé que la induccién enantiomérica dependia de las dos
unidades de pirrolidinas constituyentes de los catalizadores, actuando ambas como

centros cataliticos independientes.

A) 13 dimeros sintetizados
O,N
OZ/NZ_gih HZ/NZ_gih 1) Metilacion (opcional) 2 Ph . Ph
* % + % % * %
* " N
P X" COH Ph™ ”CO,Me 2)H,o0 hidrélisis CO:Me
R R' 3) Acoplamiento NR
B) Ph 0o
=y—— OzN O Ph Reactividad HOJ(
alddlicay |  ~— NR inesperada ol VI
; N HN —> |desconocida
de Michael PR" R en literatura O/\):O
COZMe ’:
Ph Ph
24aaa

Figura 3. Péptidos diméricos basados en unidades de pirrolidina densamente funcionalizadas.
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Por otro lado, la relacién estructura/reactividad de estos catalizadores oligoméricos
también fue estudiada mediante andlisis cinético en la reaccion alddlica entre
ciclohexanona y un aldehido aromatico fluorado activo en resonancia magnética
nuclear de **F. Cabe mencionar, que al llevar a cabo la reaccion Michael entre
ciclohexanona y nitroestireno catalizada por los dimeros con acido benzoico como
aditivo, se observé la  formacibn de la especie carboxilato de
7a-hidroxi-2-oxo-3-feniloctahidro-1H-indoilo 24aaa. Esta pudo ser aislada vy
caracterizada como producto secundario dando lugar asi, a una nueva reactividad no
descrita previamente en la literatura (Figura 3B). La aparicion de esta nueva entidad

dio lugar al desarrollo del siguiente capitulo.

En el cuarto capitulo se estudid la versatilidad de los diferentes organocatalizadores
NO,-X.-OMe-5aa y NO,-N -OMe-5aa, NH,-X, -OMe-10aa y NH,-N -OMe-10aa y los
dimeros en este proceso de formacion del compuesto 24aaa (Figura 4). Los resultados
mostraron que el monémero NO,-X, -OMe-5aa proporcionaba el producto deseado de
forma exclusiva (>99:1 con respecto al producto de adicion Michael) y con un elevado
exceso enantiomérico. A su vez, los dimeros NO,-X X.-OMe-25a vy
NO,-XpX -OMe-25a dieron lugar con total enantiocontrol (ee >99% ee) el producto

correspondiente de ciclacion, con relaciones altas con respecto al producto Michael.

Mondémero
o
dimero

(+)-pancracina 57

O,N_  Ph ON_ Ph -
Ph— X\~ ~COsMe Ph™ N
H 2 H OPh NMe

Figura 4. Reaccion multicomponente de ciclacion entre cetonas ciclicas de seis miembros,
nitroalqguenos aromaticos y acidos carboxilicos catalizada por los catalizadores de primera y
tercera generacion, y sintesis hacia el alcaloide (+)-pancracina 57.

También se llev6 a cabo una posterior reaccion de derivatizacibn como la

hidrogenacién catalitica sobre el sustrato 24aaa proporcionando un rapido acceso a
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cis- ariloctahidroindoles aromaticos. Por lo tanto, empleando los reactivos de partida
adecuados se pudo acceder a una nueva y reducida ruta sintética formal
organocatalitica para la formacién del alcaloide (+)-pancracina 57. Ademas, se
muestran los nimerosos esfuerzos experimentales realizados para poder determinar

el posible mecanismo de reaccion.

Para concluir, el quinto capitulo aborda el trabajo que se realizé durante la estancia
doctoral de cinco meses de duracién en el grupo dirigido por el Profesor H. Hiemstra,
Synthetic Organic Chemistry group, de la Universidad de Amsterdam. El trabajo
consisti6 en la sintesis organocatalitica enantioselectiva del compuesto
1,2,3,4-tetrahidroisoquinolina (THIQ)-1-sustituido 109a (Figura 5). A pesar de la
existencia de una gran variedad de métodos sintéticos para la construccion de estas
estructuras, dependientes de la presencia de compuestos metdlicos, la version

organocatalitica a partir de la reaccion de Pictet-Spengler no esta tan expandida.

La reaccion original de Pictet-Spengler implica la ciclacibn entre compuestos
B-ariletilaminicos (como triptamina) con aldehidos o cetonas. También se conoce la
existencia de la enzima norcoclaurina sintasa, también identificada como
Pictet-Spenglerasa, que produce Ila condensacibn entre dopamina Yy
4-hidroxifenilacetaldehido produciendo la 1,2,3,4-THIQ-1-sustituida correspondiente.
Como consecuencia, se visualiz6 un método sintético organocatalitico con
feniletilaminas como nucleofilos, las cuales son menos electrofilicas que la triptamina.
Trabajos previos del grupo demostraron la eficacia de la reaccién organocatalitica de
Pictet-Spengler empleando (R)-TRIP como organocatalizador entre feniletilaminas

protegidas con aldehidos aromaticos y alifaticos.

El nuevo trabajo desarrollado presenta un nuevo sustrato feniletilaminico 10la
convenientemente protegido. Este fue preparado para su empleo en la reaccién
Pictet-Spengler organocatalitica con arilacetaldehidos. Tras un intenso trabajo de
optimizacion de las condiciones de la reaccion se obtuvo el producto 109a con alto
exceso enantiomético. Mas tarde, se pudo completar la sintesis total hacia el
compuesto hidrocloruro de (R)-trimetoquinol LXIII enantiopuro. Por ultimo, se pudo
confirmar la versatilidad del método a través del cual se lograron sintetizar otros 9

alcaloides tetrahidroisoquinolinicos 1-sustituidos de relevancia farmacoldgica.
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(R-TRIP
HOm (S) BINOL :@ij
RO NHPG ArcH,cHO  grig HOmH HCl
(R"=MOM) . OMe
101a 72%, 92% ee AT T @[
PG = Nps (R)-109a o One Hldrocloruro de
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>99% ee después de cristalizacion

Figura 5. Reaccion de Pictet-Spengler entre la feniletilamina protegida 10la y el
arilacetaldehido correspondiente catalizada por (R)-TRIP y sintesis total del alcaloide
hidrocloruro de (R)-trimetoquinol LXIII en su forma enantiopura.
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Chapter 1. Introduction

Abstract

The science of catalysis has been dominated for decades by organometallic chemistry
and biocatalysis. However, due to the deeper understanding of organic molecules’
reactivity, currently this is being put into practice in order to promote catalysis. As a
consequence, the organocatalysis field was born. This chapter briefly introduces the
origins of the organocatalysis and modes of classification.






Introduction

Note

The field of organocatalysis has rocketed when comparing the number of publications
that are published every year. Out of a sudden, a plethora of works appeared in the
scientific community and leader authors, overwhelmed by these works, made
enormous efforts in order to organize, describe and decode such an impressive mode
of action. A great number of small molecules are able to perform organocatalysis, and
each of them, depending on the reaction, are able to create interaction on numerous
manners. Amines, aminoacids, oligopeptides, alkaloids, carbohydrates,
imidazolidinones, metallocenes, biaryl derivatives, sulfoxides... these are an intuitive
manner to classify them according to the chiral inductor classes within their structures.
Additionally, every now and then, novel species appear in the field which need to be

characterized.

This is the reason why almost every year different reviews and books are written in
order to gather together the new discoveries, putting great effort on the mode of
activation. Due to all these reasons, the present introduction section is brief, presenting
as fast as possible the importance of organocatalysis, and then followed by some

milestones that need to be mentioned.

Selected books:

- Berkessel, A.; Groger, H. Asymmetric Organocatalysis: from Biomimetic
Concepts to Applications in Asymmetric Synthesis, 2005, Wiley-VCH.

- Kocovsky, P.; Malkov, A. V. Organocatalysis in Organic Synthesis, 2006,
Elsevier.

- Edited Dalko, P. |. Enantioselective Organocatalysis: Reactions and
Experimental Procedures, 2007, Wiley-VCH.

- Reetz, M. T.; List, B.; Jaroch, S.; Weinmann, H. Ernst Schering Foundation
Symposium Proceedings: Organocatalysis, 2008, Springer.

- List, B. Topics in Current Chemistry: Asymmetric Organocatalysis, 2009,
Springer.
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Introduction

1.1. Introduction

Nature is chiral. Chirality refers to the differing behaviour of two entities which are not
superimposable mirror images. At molecule scale, each entity receives the name of
enantiomer. For instance, the R- and S- enantiomers (R and S refer to Latin words
rectus and sinister meaning right and left, respectively) of asparagine | produces sweet
or bitter taste when consumed and those of a-terpene alcohol 1l gives the smell of lilac

or cold pipe, respectively (Figure 1).

Asparagine Terpene alcohol
H02C NH2 H2N\[]/Y002H é é
NH, O O NH, N /T\
OH OH
R-1 S-1 R-II S-i
Sweet Bitter Lillac smell Cold pipe smell

R-lIl
Sleep inducing

Thalidomide

0O )
N o O ‘N
NH HN
o O O O

S-
Teratogenic

Figure 1. Biological effect of different enantiomers.

The property of chirality was independently recognized in 1874 by J. Van't Hoff' and J.
Le Bel’. They proposed that a molecule bearing a carbon atom with four different
groups namely asymmetric carbon and having then a tetrahedral structure, two
arrangements can be made around this center, which turns out the molecules to be

mirror images of one another.

The active ingredients of a great amount of medicines are formed by chiral molecules
and the proper interaction of these with the chiral center of biomolecules is essential for
life. Well-known example is the case of Thalidomide 1l (Figure 1). This drug was
marketed due to its sleeping inducing® effect and as a treatment of vomiting in early
pregnancy in the late 50s. It was also advertised as a “completely safe” for everyone.
Nevertheless, the thalidomide molecule is a racemic glutamic analog consisting in both

S- and R- forms with the additional capacity to interconvert chirality under physiological
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conditions.* While the R- isomer generated the desired effect, the S- isomer produced
teratogenic effects on the fetus of pregnant patients. Due to this tragedy and since that
moment on, deeper care has been put on the stereochemistry of molecules and a
strong push has been given to the chiral or asymmetric synthesis which focuses on the

synthesis of compounds favouring the formation of one specific isomer.

1.2. Methods for the acquisition of enantiopure compounds

Also known as stereoselective synthesis, asymmetric synthesis is the synthetic process
in which onto achiral substrates one or more elements of chirality are formed producing
stereomeric products in unequal amounts. Other methods for the obtention of
enantiomerically pure forms comprise the resolution of racemates where crystallization,
kinetic and chromatographic resolution are frequently used techniques. On the other
hand, the employment of the Chiral Pool allows enantiomerically pure forms by
modification of already available chiral natural starting material as aminoacids, sugars

or alkaloids (Scheme 1).

By employing achiral compounds and reagents in asymmetric processes in absence of
any chirality inducing agent, the products are obtained in a 50:50 ratio of enantiomers.
In order to unbalance this ratio one of the two following methods are required: the use

of chiral auxiliaries that transfer the chiral information or the use of asymmetric catalytic

processes.
ENANTIOPURE COMPOU.
Racemate Resolution Chiral Pool Asymmetric Synthesis
J ! |
A Crystallizaton ' | Amino acids | ' .
' ' ' Amino acids . z .
Kinetic resolution : ! Sugars ! Acs:yr;nrlnetrlc A C,T,'ra,l
' Chromatographic resolution ' ! Alkaloids ! 3 El’ys's RIS
I I I
Metal . ! !
Catalysis Biocatalysis Organocatalysis

Scheme 1. Strategies to obtain enantioopure substrates.
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1.2.1. Chiral auxiliaries

These are chiral small molecules that are temporarily and covalently attached to the
substrates and transfer chiral information during the synthetic process. After the
reaction, the removal of the entity allows enantioenriched final products. Desiderable
properties of these units are that they should be cheap and readily available,
chemically inert and easily attached and removed. Good examples are Evan’s
oxazolidinone 1V, Oppolzer’s chiral sultam V or Myers’ pseudoephedrine VI which are
employed in diverse reactions such as the aldol (IV and V), Diels-Alder (V) and

alkylation (V and VI) reactions, among others (Figure 2).

)OJ\
o~ NH NH :
pZ Ph N/
//S\\ \‘/\H
Bn o O OH
[\ \" Vi

Figure 2. Representative chiral auxiliaries.

As said, this method adds two extra steps in the process: attachment to the initial
substrate and cleavage of the chiral auxiliary from the final product. Since
stoichiometric amounts of it are needed, more desirable methods are of choice for

asymmetric synthesis.

1.2.2. Asymmetric catalysis

As a consequence, asymmetric catalysis has emerged as The Method to achieve
enantioinduced reactions. It consists of the use of a chiral catalyst which acts as a
template for the stereoselective synthesis, providing predominantly the desired
enantiomeric product (Figure 3). As Nicolau reported in Classics in Total Synthesis® in
the middle 90s “In a catalytic asymmetric reaction, a small amount of an
enantiomerically pure catalysts, either an enzyme or a synthetic, soluble transition
metal complex, is used to produce large quantities of an optically active compound

from a precursor that may chiral or achiral”.

catalyst*

(substoichiometric amount)
A + B P*

Figure 3. General scheme for asymmetric catalyzed reaction.
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Nevertheless nowadays, three main streams can be considered within asymmetric
catalysis: biocatalysis, organometallic catalysis and organocatalysis. Biocatalysis uses
protein enzymes (or few catalytic RNA molecules) in order to get the mentioned goal.
These macromolecules fold producing tridimensional structures. They contain both
binding and active sites, where the substrates are binded (the “lock and key” model®
and more refined “induced fit’ model” have been suggested) and properly oriented.
Then, the catalyst’s site, which is able to decrease the chemical activation energy,
allows the reaction process to occur. Although this methodology provides high
enantioselectivities and regioselectivities under mild conditions or even in water
solvent, the enzyme instability at extreme temperatures or pH values and its high

specific reactivity makes this methodology only useful for selected reactions.

On the other side, both organometallic catalysis and organocatalysis rely in the same
principle in which a substoichiometric amount of chiral catalyst is able to induce
chirality in the reaction process by producing interactions with the substrates. Due to
the reversibility of the interaction, once the process has occurred, the product splits
from the complex releasing the catalyst and allowing it to participate in a new catalytic

cycle.

Organometallic catalysis makes use of the reactivity of molecular compounds with
metallic centers containing at least one (even temporary) metal-carbon bond. These
catalysts are widely employed in homogeneous catalysis. In general, the mechanistic
pathway involves first the replacement of ligands by the substrates. Then, due to the
close proximity of the reagents the chiral information flows from the chiral environment
around the metallic centre and the C-C bond forming step takes place in an
enantioselective manner. Release of the product recovers the catalyst which can be
introduced in another cycle. This chemistry has been the tool of choice for the last
decades® and awarded Professors W. S. Knowles, R. Noyori and K. B. Sharpless the
Nobel Prize of Chemistry in 2001° for the chirally catalyzed hydrogenation (Knowles,
Noyori) and oxidation (Sharpless) reactions. Knowles and co-workers at Monsanto
developed the first industrial asymmetric synthesis of the rare aminoacid L-DOPA IX via
olefin hydrogenation reaction of VII, which is proven to be a successful drug against
Parkinson disease (Scheme 2A). In this case a cationic rhodium complex was
employed containing (R,R)-DIPAMP X as chiral ligand." Noyori, on the other hand,
proposed a similar hydrogenation method, this time involving the reduction of ketones

to provide optically active secondary alcohols such as XIV."" Ruthenium-BINAP Xil
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complexes are usually employed as source of enantioinduction in this kind of reactions
(Scheme 2B).

A)
MeO CO,H

MeO ~COH [[Rh((R,R)-DiPAMP)COD]*BF
AcO NHAC 100%, 95% ee AcO
Vil
Vil
.
OMe j H
/—\ ,Ph
P P, HO
Ph CoD Xi
MeO HO

(R,R)-DIPAMP X L-DOPA IX

.

CO,H

Z
I ;
N

RUCL,[(R)-BINAP XiI)] (5 mol%)
B) )Oj\/ﬁ\ H, (100 atm) /(V)i)(l)\
OMe MeOH, 36 h, 100 °C OMe
X1 96%, >99% ee XIvV X

PPh,

i PPh,

Scheme 2. A) The Monsanto synthesis of L-DOPA IX aminoacid using catalytic asymmetric
hydrogenation developed by Knowles. B) Catalytic asymmetric hydrogentation of ketones
developed by Noyori.

Sharpless on the contrary, promoted the oxidation reaction of the allylic alcohol XVI to
prepare enantioselectively the epoxyalcohol XVII by employing a titanium complex and
diethyl tartrate Xv (Scheme 3)."? In this reaction, the stereochemistry is determined by
the chiral environment created by the titatinum/chiral tartrate diester complex. These
epoxyalcohols can be later functionalized as diols, aminoalcohols or ethers, becoming

a common methodology found in the synthesis of valuable products.

XV, Ti(O'Pr), O OH

1
W Puoon, BeN S 29 O)WO
N N z W
OH OH1J on o

4 mol. sieves, -20 °C
XVI 77%, 95% ee XVII

(+)-DET XV

Scheme 3. Sharpless asymmetric epoxidation reaction.

This field has been greatly explored and developed and it is employed in a vast array of
reactions as reductions, oxidations, insertion in o bonds or activations of 1 bonds.
Nevertheless, the high cost of some toxic complexes, the high demanding reaction
conditions and the easy contamination of the final products make this methodology

difficult to apply to the synthesis of commercially available drugs.
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Due to the necessity to remove highly contaminating additives from the chemical
processes and in order to get a closer mimicry to Nature, which rarely uses metals in
the biocatalytical processes, the field of organocatalysis is becoming the target field to
be exploited due to its favourable reaction conditions. The following section focuses

more deeply into this field.

1.3.  Asymmetric organocatalysis

The third main stream is organocatalysis'® which uses substoichiometric quantities of
small organic molecules to induce chirality in chemical processes. Main advantages
and characteristics of this field is the absence of any metal element in the catalyst
providing in general lower toxic compounds. Other attributes are their stability towards
oxygen or moisture and straightforward synthesis, as a vast majority of organocatalysts
are derived from the chiral pool and can be obtained in large quantities. Thus, Nicolau’s
definition became outdated when List in 2007 claimed organocatalysis at the same

level as catalysis with transition metal complexes and biocatalysis.™

Although organocatalysis has been recognized lately, the use of small organic
molecules in order to accelerate or catalyze reactions has already been known for
years giving as an example the Knoevenagel condensation'® which uses piperidine
XVIII in catalytic quantities to accelerate the condensation between diethyl malonate
XIX and benzaldehyde XX (Scheme 4). The reaction mechanism is believed to go
through the iminium intermediate XXI formed upon condensation with XX. This way, the
electrophilicity of the electrophile XX is increased and nucleophilic attack and later

detachment provides the condensation product XXIlI recovering piperidine XVIil.
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ph/\/COZMe O MeO,C.__CO,Me

CO,Me N XIX
XXIII H
XVl
MeO,C. _CO,M
() () meoio._coue
N
Ph)H/COZMe H,
CO,Me
XXII

) i
+
\ ),\Jl\ _<CO2Me H)J\Ph
Ph"™ “H CO,Me XX
XXI

Scheme 4. Knoevenagel condensation catalyzed by piperidine XVIII.

Nevertheless, it was not until 1904 when Marckwald carried out the decarboxylation
reaction of malonate derivative XXV in the presence of brucine XXIV allowing the
product XXVl with 10% of enantiomeric excess (Scheme 5)."° As brucine was
appointed as the enantioselectivity inductor, this reaction is considered the very first

organocatalytic reaction.

MeO
CO5H -
2 XXIV COzH '
N /\f MeO
heat, 10% ee e
XXV XXVI

Scheme 5. First organocatalytic reaction performed by Marckwald.

Other isolated organocatalyzed reactions occurred years later. For instance, the
addition of hydrogen cyanide to benzaldehydes in the presence of quinine XXVII or
quinidine XXVIII with low ee’s was carried out by Bredig and Fiske in 1912 (Scheme
6A)." Then, the addition of methanol to phenylmethyl ketene XXXI employing
O-benzoylquinine XXX, as described by Pracejus™ in 1960, provided higher
enantiomeric excesses. This latter transformation has been highlighted as the first
organocatalytic asymmetric reaction (Scheme 6B). This reaction is also considered as

the starting point of organocatalysis based on cinchona alkaloid units.'
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OMe /?j OMe
N P N

X7 o HO™
NI _— XXVII XXVIHI
A) i XXVII or XXVIII OH
+  HON _—
Ph” H <10% ee Ph/'\CN
XX OMe XXIX
/K, OMe
B M SO + MeOH Ph/kﬂ/
toluene, -111 °C @)
XXXI 99%, 74% ee XXXII

Scheme 6. Other organocatalytic reactions performed by A) Bredig and Fiske, and B) Pracejus.

However, it was in 1971 when two independent industrial research groups at
Hoffmann-La Roche® and Schering? described the intramolecular aldol reaction
catalyzed by L-Proline XXXIll to provide the bicyclic ketol XXXV, also known as the
Hajos-Parrish-Eder-Wiechert-Sauer reaction (Scheme 7A). This reaction was based on
the Stork enamine reaction® as substoichiometric amount of the secondary amine
pyrrolidine XXXVII could provide a reversible formation of a nucleophilic enamine
XXXVII (Scheme 7B).

0 o o
XXX (3 mol%) &
A J /> H
) DMF, rt o N CO;
0O 99%, 93% ee OH
XXXIV XXV XXX
_%O
0 PTSA CNj 0
L) (catatytic amounts) 1) XXXIX
B) + N > —_ >
H 2) H* o
XXXVI XXXVII XXXV XL

Scheme 7. A) Intramolecular aldol reaction catalyzed by L-Proline XXXIlII inspired in the B) Stork
enamine reaction.

From that date, some other works were published but no less important as the
alkylation of enolates using cinchona alkaloids based ammonium salts®®, Julia’s
epoxidation aidded by polyaminoacids®* or Denmark’s phosphoramide-catalyzed aldol
reaction”>. However, it was not until the year 2000 that the field experienced an
explosive growth. That year, two groups published simultaneously landmarks for the

enamine and iminium activated based organocatalysis. While the group of Barbas Il
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introduced the intermolecular variant of the aldol reaction?® between unmodified
ketones as XLI and aldehydes (Scheme 8A), MacMillan introduced for the first time the
term “organocatalysis” by displaying the enantioselective organocatalyzed Diels-Alder

reaction (Scheme 8B) promoted by imidazolidinone salt XLIV?’.

o o XXX (30 mol%) O OH &
A) )J\ + )j\ )J\/'\ H COH

H R DMSO, rt R
XLI XL 62 -97% XL XXX
R = aromatic, R = aromatic, 60 - 77% ee
alkyl R = isopropyl, 96% ee
R' o) .
o XLIV (20 mol%) C‘\\CHO r%%
B) +
N
R1\)I\H //_\\_x MeOH/H,0, rt g ol NHel
XLV XLVI 72-90% XLVII XLIV
1 83:17 - 97:3 dr
R'=H, Me 83 -90% ee

Scheme 8. A) Intermolecular aldol reaction catalyzed by L-Proline XXXIIl and B) Diels-Alder
reaction catalyzed by imidazolidinone salt XLIV, respectively.

1.3.1. Types of organocatalysis

Organocatalysts can be classified according to different criteria such as their structure,
interactions their perform, mechanistic pathway in which they are involved and/or even
regarding the reactions that are capable to activate. The most common approach to
classify these molecules is, according to their structure: they can be distinguished as
Lewis acids or bases, or Brgnsted acids or bases. Nevertheless, they are mainly
categorized due to the mechanistic pathways they generate, via covalent or

non-covalent interactions.

1.3.1.1. Acid/base classification

List started this task by reporting four manners in which most of the organocatalysts
could be defined. This way, the catalysts could be accordingly catalogued to the two
complementary definitions of acids and bases: using the Lewis definition for their
electron donor-acceptor nature®, or Bransted definition involving the ability to donate
of accept a proton®®. The simplified catalytic cycles associated with this classification

are depicted in Scheme 9.
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Lewis Base Catalysis Lewis Acid Catalysis

7N 7T

B: B HP" A-H AP*H

P-H P:
Brgnsted Base Catalysis Bransted Acid Catalysis

Scheme 9. Organocatalysts classified according to their basicity/acidity reactivity.

Catalytic cycles that are under the influence of Lewis base (B:) organocatalysts usually
commence by a nucleophilic attack to one of the substrates (S). The corresponding
intermediate B'S reacts to give the product (P) and also recovers the catalysts.
Catalytic cycles under the influence of Lewis acid (A) organocatalysts start in a similar
manner via an electrophilic addition to the substrate to give rise to intermediates A'S*
(Scheme 9). Examples of Lewis bases are those derived from amines, phosphines or
N-heterocyclic carbenes. Phase-transfer catalysts, Denmark’s phosphoramides® or

chiral N-oxides®' are considered as Lewis acid catalysts.

On the other side, Brgnsted bases and acids involve cycles proceeding via protonation
or deprotonation.* While Brensted bases activate the pro-nucleophilic substrate via the
removal of a proton transforming it into more reactive specie (B"HS"), Brgnsted acids
are able to activate the substrate by donating or providing H bonding interactions.
Typical models of Brgnsted bases are guanidines® or chiral amines® that by
deprotonation activate the pro-nucleophiles, and examples of Brgnsted acids, as
phosphoric acids*®, N-trifyl phosphamides®® or chiral carboxylic acids®, are those which

interact via hydrogen bonding with the substrates.
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1.3.1.2. Covalent/non-covalent classification

A different type of classification is based on the kind of interactions that occur between
the organocatalyst and the substrates. These interactions can be weak and
non-covalent such as hydrogen bonds®® or ionic pairs®. The alternative interaction is
stronger and involves formation and cleavage of covalent bonds (Figure 4). This
classification was proposed by Langenbeck in 1949%° but is still applicable to the

current organocatalytic reactions.

ORGANOCATALYSTS

non-covalent
organocatalysts

covalent
organocatalysts

aminocatalysts
(thio)ureas, phophoric acids, alcohols = % *
phosphoramides, guanidines O @ O
H—cat* N N N
_H—cat
X
JJ\ R1J\ R1 R1J\’
R1 R2 R2 | R2
H-bonded complexes R? BT
. - Radical-iminium
Enamine  Iminium .
cation

tertiary amines,

cat* : -
cat*_ T cat* phosphines peroxides,

A cat* oxone...
N R cat*] _cat*

X% cat*~a

EWG\)\R1 X=N,P 0-0

Tertiary amine (R = H), chiral ammonium ions . &
Chiral dioxiranes
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Baylis-H_iIIman intermediates

N-heterocyclic carbenes tertiary amines, DMAP
peptides, crown-ethers, ) y Ar dt*arlvatlves... o
oligonucleotides XN cat'e (I:a/tcat* +)J\
cat'\ g cat*. \__ OH N+ XN OR!
reagent \X - |
7 1
Inclusi | R’ R &
nclusion complexes ;
P Breslow intermediate Ylides N—acylarl?onlum
salts

Figure 4. Organocatalysts classified according to non-covalent/covalent terms.

Non-covalent organocatalysis refers to the catalysis including the acid-base ion pairing
or catalyst-substrate complexation. The first one can be accomplished by the formation
of a hydrogen bond array provided by, for instance, Brgnsted acids as phosphoric
acids, thioureas or guanidines. Additionally, ion pairing can be formed in enantiomerical

manner by chiral quaternary ammonium ions.

Covalent activation, on the contrary, involves to the activation of a substrate via
covalent bond formation. It directly implies reversible procedures of attaching to create
the active substrate, followed by the chemical reaction per se, and lastly, detaching to

allow the product and release the catalyst. Since this type of interaction is in strong
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nature, covalent organocatalysis usually requires higher catalytic loading in order to aid
full conversions and to ease the catalytic cycle to completion. Aminocatalysts belong to
this group. These chiral amines are able to form enamine*', iminium** or
iminium-radical®® intermediates depending on the substrate they are activating. In
addition, other tertiary amines (acting as Lewis bases) activate substrates by forming
the corresponding ylides as well as trialkylphosphines and trialkylamines for, for
instance, the Morita-Baylis-Hillman reaction. N-heterocyclic carbenes also lay in this
group and are known for providing Breslow intermediates.** Lastly, chiral oxiranes find

their place in organocatalysis for being able to catalyze oxidation reactions.*
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Chapter 2. Densely Substituted 4-Amino

Pyrrolidines. Design and Organocatalysis
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Abstract

Exo- and endo- densely substituted 4-aminoprolinate esters can easily be synthesized via
(3+2) cycloaddition between nitroalkenes and azomethine ylides followed by catalytic
hydrogenation. Encouraged by the efficiency of L-Proline based organocatalysts in
several C-C bond transformations, these new entities were analyzed in the aldol and
Michael reaction. It has been found out that the enantiomeric outcome depends on the
configuration of each substituent in the catalysts. While endo- catalysts provide the same
enantioinduction that L-Proline, exo- catalysts provide the opposite enantiomer, belonging

both catalysts to the same L-aminocid series.

Part of this chapter has been published as: Ruiz-Olalla, A.; Retamosa, M. G.; Cossio, F. P. J. Org.
Chem. 2015, 80, 5588-5599.

Article also selected by the ACS Catalysis Journal: Ooi, T. Virtual Issue Posts on Organocatalysis:
Design, Applications, and Diversity. ACS Catal. 2015, 5, 6980-6988.
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2.1. Introduction. Organocatalysts in enamine-activated type reactions

Primary and secondary amines can react in a reversible manner with enolizable ketones
and aldehydes affording nucleophilic enamines. If chiral amines are employed as
organocatalysts, the nucleophilic attack can occur in an enantioselective manner. This
introduction will focus on two well-described organocatalytic processes such as the aldol
and the Michael reactions. Both are typically activated by means of chiral

pyrrolidine-based secondary amines to produce enantioenriched products.
2.1.1. Intermolecular aldol reaction

The aldol reaction was discovered by Kane in 1838" and Wurtz in 18722 It involves the
condensation between an enolizable carbonyl compound and a second carbonyl
compound, usually an aldehyde. Ketones can also be used as electrophiles but due to
their lower electrophilicity, activated ketones are employed instead, for instance
phenylglyoxylates.® There are different methods according to the nucleophilic attack to the
electrophile in this reaction (Scheme 1). If | is treated with a base, then the enolate is the
nucleophilic species. When an addition reaction occurs between this enolizable ketone
and a primary or secondary amine, then the enamine is the nucleophilic species. Finally,
enols can act as nucleophiles. Nevertheless, if the reaction conditions are not well
designed, side reactions can easily occur yielding self and cross aldol products IV and V,

or aldol condensation product VI.

0]
(0] X R3JJ\R4 (0] Ol—k3
1l
R1 » R1 AN > R1 7% R4
R? R2 R?
1 intermediate 1
p N N O OH, o R
2
. R SR R1MR4
encilaie enamine enol R2 R2
M N(R")> OH v \'
1
R1J\ RH\ R1J\ 7 F
R2 R2 R2 RN\/\RZ
B R2
+ nucleophilicity

other plausible products

Scheme 1. Aldol reaction between carbonyl compounds.
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This B-hydroxycarbonyl moiety IV is largely found in nature and drugs. As a consequence,
this transformation has gathered considerable attention among the synthetic community.
One of the most outstanding reactions for aldol C-C bond formation is the Mukaiyama
“indirect” aldol reaction (Scheme 2A). However, it implies the preactivation of the carbonyl
group as nucleophilic silyl enol ether and additionally, the reaction is assisted with metallic
Lewis acids.® Additionally, the set up of this method brings intrinsically toxic wastes
derived from the stoichiometric needs of silylating agent and base. Thus, the
organocatalyzed reaction (Scheme 2B), in which the reaction occurs “directly” providing

atom economy, seems a better approach.

OSiMe; o
. _
A R1J\ R3JJ\R4
R2
- . O OH.,
indirect aldol reaction
> R1 e R4
R2
1@ 0
. ]
B) R -
R2

direct aldol reaction

Scheme 2. Indirect and direct aldol reactions.

Aldolases® are a subgroup of lyase enzymes that catalyze in vivo the addition of a ketone
donor to an aldehyde in enantioselective manner. Around 30 different aldolases have
been identified, which can be classified according to the mechanism they perform. Type |
aldolases, which are mainly found in higher plants and animals, activate the donor by
creating a temporary Schiff base helped by the Lysine 229 residue followed by enamine
formation which adds stereoselectively to the aldehyde (Scheme 3A). On the other hand,
type Il aldolases, located in fungi and bacteria, possess a Zn®* cofactor in the active site,
which interacts with the donor ketone as a Lewis acid creating a metallic enolate (Scheme
3B).

A) Type | aldolase B) Type Il aldolase

Scheme 3. Aldol reaction catalyzed by aldolases A) types | and B) type Il
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As shown in Scheme 7A of the previous chapter, in 1971 the L-Proline organocatalyzed
intramolecular direct aldol reaction of triketone XXXIV was reported by Hajos and Parrish,
and Eder, Wiechert and Sauer. Years later in 1997, Shibashaki showed that bifunctional
metal complex VII, thus mimicking type |l aldolases®, could also perform the reaction. This
catalyst provided the aldol addition products in moderate yields and enantioselectivities
with either aromatic of aliphatic ketones and aldehydes (Scheme 4A).” This work was
soon followed by the other studies of Barbas Il in which the intermolecular variant of the
aldol reaction catalyzed by L-Proline XI, simulating type | aldolases® was reported
(Scheme 4B).

N o 0 VI (20 mol%) O OH O O
+ _ > -
)J\R1 H)J\R2 THF, -20 °C R' R? Lli—OZ :O~|l_i
Vil XIX 28‘90% X IOIII\I\Lé/IIIIO

44-94% ee QO N OQ

Li

R = aromatic, R = aromatic, O
alkyl alkyl
Q Vil Q
o 0 X1 (30 mol%) O OH &
B + D ———
y L M NN N TCoaH

H R DMSO, rt

X X 62-97% XIV X
R = aromatic, R = aromatic, 60-77% ee
alkyl R = isopropyl, 96% ee

Scheme 4. Intermolecular aldol reaction catalyzed by A) bifunctional metal complex by Shibasaki
and B) L-Proline performed by the group of Barbas lll.

The accepted reaction mechanism for type | aldolases involves activation of the donor
substrate XV via Lysine 229 residue (Scheme 5A) forming first the imine XVI which yields
enamine XVII after tautomerization. This latter intermediate has a higher HOMO energy
(comparing to XV). This enamine attacks now the proper face of the aldehyde electrophile
XVIII, and lastly, the enzyme-bounded imine XIX is hydrolyzed providing the addition
product XX and recovering the aldolase. Similarly, an enamine mechanism is considered
for the L-Proline catalyzed aldol reaction (Scheme 5B). L-Proline activates the donor XXiI,
which in first instance is transformed into the iminium intermediate XXII. This generates a
decrease on the electron density on the jpso- carbon (LUMO decrease), activating it
towards a possible electrophilic attack. Tautomerization towards the enamine XXIil,
generates an increase in electron density in the a- carbon (HOMO rising), which is now a
suitable nucleophile, able to attack the electrophilic aldehyde XXIV. Lastly, the imine
intermediate XXV is hydrolyzed recovering the organocatalyst and releasing the aldol
product XXVI.
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Scheme 5.Enamine mechanism of A) type | aldolase and B) L-Proline.

There are three modes of organocatalytic activation for the aldol reaction: activation of the
donor, activation of the acceptor or bifunctional activation (Scheme 6). Donor activation
involves the modification of the pronucleophilic ketone into a more powerful donor. In the
presence of acid, a ketone is able to provide an enol intermediate which can react with the
activated carbonyl electrophile through a Brgnsted acid mechanism. Carbonyl groups in
the presence of primary or secondary amines react to provide enamines, which becomes
the nucleophilic counterpart. Lastly, an enolate species can be formed by a-deprotonation

by a Bronsted base.

A) R3:- R? R4 _
H N~ |
Ol/‘E+ N)/‘E+ RON-R® Ol/*E+
RIS R1J\ RC RN
R2 R2 R2
B) R3.X R C)
“H. LA -, +,H’X
3% - &% - O -
J]\,/'\ Nu Jj\/\ Nu J]\,/'\ Nu—""Y
R "R? R" "R? R "R?

Scheme 6. Activation modes and reactive intermediates in organocatalyzed aldol reaction: A)
donor activation, B) acceptor activation, C) bifunctional activation.

Acceptor activation can also occur by hydrogen bonding or Brgnsted acid effect (Scheme
6B), which is, in the end, the same effect induced by Lewis acids activation. Lastly, the
simultaneous activation of both counterparts by the same catalyst leads to the named
bifunctional activation, which can shuffle between the activation modes previously
described (Scheme 6C).
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Intermolecular ketone-aldehyde aldol reaction

The possible products that can arise in an aldol reaction employing enolizable compounds
are gathered in Scheme 1. In the case of using a ketone as nucleophile and aiming a
single aldol product, a highly chemoselective and enantioselective catalyst is desirable. In
2000, Barbas Il and List reported that L-Proline could provide the aldol products with
(R)- absolute configuration between acetone XIl and aromatic and saturated aldehydes
with high enantioselectivity (Scheme 4B).° In this work, they recognized the carboxylic
group as a cocatalyst acting as a Brgnsted acid, and thus, L-Proline acting as a
“‘minimalistic-aldolase”. The enantioinduction was explained making use of the
Zimmerman-Traxler type transition state (Scheme 7)."° Although this is the most accepted

transition state, other authors have proposed different transition structures."’

L\ Q‘COZH Q}:o

(e
H %<

N~ "CO - %\R1 - /\é\/ZRH - R1JJ\_S/,!,\R3

\/\R1 R2 R% i R2

R3)<

(Z) or s-cis (E) or s-trans

o=

R

-aldol
e H anti-aldo

Scheme 7. Zimmerman-Traxler transition state model for the aldol reaction catalyzed by L-Proline.

If L-Proline is used as catalyst, the predominant intermediate is the (E)-enamine (or
s-trans) due to the steric interactions the (Z)-enamine (or s-cis) suffers. Since the re face
of the enamine reacts preferentially with the re face of the aldehyde, anti-stereochemistry

is expected to occur thus providing the (2S,1’R)-enantiomer.

Large efforts have been made in order to advance the utility of the enamine-activated
aldol reaction providing more efficient variants of L-Proline.” Other aminoacids owing
primary amino groups' were found out to catalyze the reaction, as well as primary and
secondary amines', imidazolidinones'® or even cinchona alkaloid-derived amines’® (other
examples such as peptides will be shown in chapter 3). In pyrrolidine-based aldol
reactions the enantioselectivities are usually high but depend on multiple factors. For
instance, among different nucleophiles, cyclohexanone usually provides the highest
enantioinductions. As far as the electrophile is concerned, aromatic aldehydes usually
give better results. However, the obtained enantiocontrol depends on a delicate balance

of all these aspects.

Focusing in L-Proline scaffold, main derivatizations deal with changes at the C-2 position

with different groups, which can also promote hydrogen bonding interactions as carboxylic
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acid does. For instance, prolinamides are easily synthesized from L-Proline and the
internal amide bond can act as a proper hydrogen bonding moiety. Different
derivatizations consist of the introduction of bulky substituents in order to act as shielding
groups. Scheme 8 shows a concise selection of organocatalysts that can be found in the
literature for the aldol reaction between cyclohexanone XXVII and p-nitrobenzaldehyde
XXVIIIl. More examples can be found in the excellent review published by Trost and Brindle
in 2010."

L-Proline XI can catalyze nicely the aldol reaction between cyclohexanone XXVII, usually
used as solvent, and p-nitrobenzaldehyde XXVIII providing with total enantiocontrol the
desired diastereoisomer.'® Many other catalysts have also been tested as 4-disubstituted
proline XXX1II"®, prolinamine XXXIV?° or binaphthyl catalyst XXXV*' gave also good results.
However, other designs as secondary-tertiary amine XXX*, sulphonamide XXXI* or
prolinamide derived from B-aminoalcohol XXXII** provided lower enantio- or
diastereocontrol. As primary amines can also promote the enamine condensation, some

groups decided to test catalysts as the cinchona derivative XXXVI>, cyclohexyl catalyst

XXXVII % or stilbene catalyst XXXVII1?” providing also high performance.
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Scheme 8. Reported pyrrolidine derivatives providing the enantioselective aldol addition between
cyclohexanone XXVII and p-nitrobenzadehyde XXVIII.

An interesting work presented by Jgrgensen in 2002 reported the direct catalytic aldol
reaction between aldehydes and diethyl ketomalonate as the activated carbonyl
compound (Scheme 9).22 The first catalyst screening of different chiral amines in the
reaction between propanal XXXIX and diethylketomalonate XL revealed L-Proline XI as the
most promising organocatalyst which provided the product in 90% of enantiomeric excess.
Surprisingly, primary amine phenylethylamine XLIIl and the protected L-Proline methyl
ester XLII catalyzed the reaction towards XLI but with no control in the enantioselectivity of
the process.
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Scheme 9. Representative results of the catalyst screening in the aldol reaction between propanal
XXXIX and diethyl ketomalonate XL.

Due to these precedents, previous work of our group focused on the structure-reactivity
relationship study of unnatural densely substituted 4-nitroprolinate ester derivatives
NO,-N_-OMe-5aa and NO,-X.-OMe-5aa with endo- and exo- configuration, respectively,
in the aldol reaction depicted in Scheme 10. Catalyst NO,-N_-OMe-5aa, bearing the
methyl ester and the nitro moiety in relative cis configuration, promoted the reaction
between cyclohexanone and aromatic aldehydes providing the (2S,1°’R)-XLVI product. On
the contrary, NO,-X -OMe-5aa, with the named groups in relative frans configuration,
provided the opposite chiral induction to that obtained under L-Proline catalyst and its
derivatives with good enantiomeric excesses.” In a subsequent study, unexpected
organocatalytic properties were described, as remote effects derived from the
conformational preference of the pyrrolidinic ring explaining. These studies could explain
the opposite sense of the induction in the studied aldol reaction, which is absent in any

kind of L-Proline derived catalyst described to date.*

O,N.  Ph O,N  Ph

H o) H ;
é)\ AT NON_-OMe-5aa . HJ\Ar NO,-X,-OMe-5aa Ar
n < n = n

: 45-84% 40-81% ,
(28,1 R)-XLVI 80:20-99-1 dr XLIV XLV 80:20-99:1 dr (2R,1 S)-XLVI
-10 to -90% ee n=1-3 15-94% ee

Scheme 10. Ketone-aldehyde aldol process catalyzed by densely substituted 4-nitroprolinates
XLVI.

Higher enantiocontrol was observed when cyclohexanone XLIV (n = 2) was employed as
nucleophile as the use of cyclopentanone XLIV (n = 1) and cycloheptanone XLIV (n = 3)

gave in both cases poorer results. Moreover, the structure-activity relationship was deeply

38



Densely Substituted 4-Amino Pyrrolidines. Design and Organocatalysis

studied as well as the reaction mechanism and kinetic constants which were analyzed

through "F NMR and kinetic isotope effect experiments.

2.1.2. Intermolecular Michael reaction

The Michael addition is a powerful method that generates new C-C bonds by means of
the nucleophile addition to the B position of a,B-unsaturated carbonyl compound (Scheme
11). A nucleophile approaches to the electrophilic site of XLVII, the B carbon. The
protonation of intermediate enolate XLVIII-XLIX gives carbonyl compound LI, which is

thermodynamically more stable than L.

R? R2
R, N o} R, OH
Nu RS Nu R®
R? XLVIII L

RWO H* H*
B e

XLVII R? R?
R'. < _0O R', A__0O
Nu RS Nu RS
XLIX LI

Scheme 11. Nucleophilic conjugate addition.

The first conjugate reaction was described by Komnenos at the end of the 19" century
reporting the addition of diethyl sodium malonate LIl to diethyl ethylidene malonate LIl
(Scheme 12A).3" Nevertheless, it was not until the work of Michael few years later, in
which the addition of diethylmalonate LV to ethyl cinnamate LVI was described (Scheme

12B), that this type of reaction started to be broadly used.*
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Scheme 12. First examples of conjugate additions described by Komnenos and Michael in 1883
and 1887, respectively.

Since then, wide variations of this reaction have been pursued. Not only malonates are
used as nucleophiles, also other T-stabilized carbanions as B-keto-** or B-cyano® esters,
nitroalkanes®* or even organometallic compounds® be also used. According to the

|37

acceptors, electronwithdrawing groups as the carbonyl®, nitro®, nitrile®® or sulphones*

conjugated to (at least) one double bond are usually employed.

The conjugate addition reaction between ketones and nitroalkenes is a useful and
versatile reaction since it permits the synthesis of nitroalkanes, that in turn can be further
converted into a large extend of other functional groups as amines, ketones, carboxylic
acids or nitrile oxides.*" In this case, primary and secondary amines can be employed to
temporarily activate these ketones. Due to the success of L-Proline as organocatalyst, its
pyrrolidinic framework has been largely used in organocatalytic studies on conjugate
additions. Thus, it has been postulated that the stereocontrol in the reactions which are
catalyzed by pyrrolidine-based organocatalysts can occur by two opposite bias (Scheme
13). It depends whether the stereodirecting element interacts with the electrophile or not
by means of hydrogen donor motifs (usually at the a-position of the pyrrolidine ring) or
bulky groups. Type A catalysts include nonacidic groups which preorganize the enamine
moiety and block one prochiral face. This model has been postulated in some conjugate
additions*?, generally with aldehydes as nucleophiles. Characteristic catalysts are those
developed by Jgrgensen and Hayashi, such as the diarylprolinol ether LVII, or the

imidazolidinone LIX created by McMillan*® (Scheme 14).
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Scheme 13. Modes of stereochemical induction with enamine catalysis.

Type B catalysts posses an inherent H bond donor that orientates the approach of the
electrophile. A synclinal transition state, generated by the formed electrostatic interaction
between the partial positive nitrogen in the enamine and the negatively charged oxygen
beared by the EWG of the electrophile, has been described by Seebach and Golinski
(Scheme 13).* For instance, L-proline Xl or other amino acids belong to this group, in the

same manner as tetrazole LX or sulfonamide LXI (Scheme 14).%°
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Scheme 14. Model catalysts for the Michael reaction.
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It is known that aldehydes provide better results than ketones as the former condense
much faster with secondary amines. This is also supported by the fact that when ketones
are used with secondary amines, the formed enamines are sterically congested. In
addition, regioselectivity issues can be encountered when unsymmetrical ketones are
used. Symmetric ketones as cyclohexanone do not pose these problems as both

regioisomers LXVI and LXVII are regiochemically equivalent (Scheme 15).
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Scheme 15. Reactivity and regioselectivity of ketones vs. aldehydes.

Taking the model Michael reaction between cyclohexanone XXVII and nitrostyrene LXVIII,
a small selection of different organocatalyst will be shown in the following schemes. The
group of Enders modified the reaction conditions proposed by List, and found that
L-Proline Xl could provide a better outcome in the model reaction by just modifying the
reaction conditions*® (Scheme 16 and Scheme 17 TS | for the proposed transition state).
Other authors designed different pyrrolidines with proton donating groups at the alpha
position. For instance, Ley et al. reported the pyrrolidine-tetrazole catalyst LX which
improved solubility in the reaction medium but did not increase the enantioselectivity.*’
Tang’s group envisaged that thiourea*® functional group in LXX would interact additionally
with the electrophilic nitroalkene LXVIII, by hydrogen bond interactions (see Scheme 17
TS 1l) giving higher enantiomeric inductions. Other characteristic examples are diamine

I’°. The first performed well in the model

LXXI*® and pyrrolidine-sulphonamide LXXI
reaction but gave poorer results when using other ketones rather than cyclohexanone
(see Scheme 17 TS Ill) and the second provided high enantiomeric excesses even with

tetrahydro-4H-(thio)pyranone.
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Scheme 16. Reported pyrrolidine derivatives providing enantioselective Michael addition between
cyclohexanone XXVII and aromatic nitroalkenes LXVIII.

Catalysts XI, LXX and LXXI induced the stereocontrol by means of the hydrogen bonding
with the donating group (neutral or amine salts). While some catalysts were intended to
activate the nitroalkene by one point (TS | in Scheme 17), others activated it through a

bidentated model, as depicted in transition states TS Il and TS Ill.

Other catalysts have been reported that include functional groups lacking H-donors.
Kotsuki’s bifunctional catalyst LXXIIl °" provided the (2S,1’R)-Michael adducts LXIX with
high enantioinduction by means of si face shielding due to steric and/or electronic
repulsions but again by promoting the enamine in s-cis orientation which is the
responsible to promote the re-re attack. (Scheme 17 TS IV shows the proposed transition
state). The ionic liquid LXXIV developed by Luo and Cheng, promoted the same

enantioinduction.®®> Although the a group orientates the electrophilic attack by steric
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hindrance (see Scheme 17 TS V), the formed enamine adopted a s-cis conformation and,
therefore, the attacking re enamine face provided again the (2S,1’R)- configuration in the
Michael product. Barbas’ secondary-tertiary amine LXXV®®, Sun’s triamine LXXVI** or
Peng’s homodiphenylprolinol methyl ether LXXVII® catalysts provided the
(2S,1’R)-Michael adducts LXIX with high enantioinduction by means of si face shielding
due to steric and/or electronic repulsions. Also in this case, the promoted enamine
adopted the s-cis orientation, which is the responsible for promoting the re-re attack
(Scheme 17 TS VI for LXXVI catalyst). A last representative example is Zhong’s
pyrrolidine-phosphine oxide derivative LXXVIIl, which promoted the electrophilic
orientation through the formation of a hydrogen bond due to the participation of a

molecule of water (see Scheme 17 TS VII).%®
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Scheme 17. Proposed transition states by the authors for the described organocatalysts in
Scheme 16.

In the reported transition states (TS I, Il and Ill) enantiocontrol occurs through face
shielding, and the enamine adopts the s-frans rotamer orientation, whereas the proposed
transition states for catalysts bearing bulky groups (TS IV, V and VI), assume that the
enamine adopt a s-cis conformation. In addition, while in the former transition state the
nitroalkene is oriented in a manner that the si face is attacked, in the latter transition state,

the orientation of the electrophile is reversed, allowing the re face to be attacked. The final
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outcome is that both types of organocatalysts generate the same (2S,1'R)-

stereochemistry in the corresponding Michael adducts.

On the other hand, the discovery that primary amines can also act as organocatalysts via
enamine activation has solved some inconvenients, as its condensation with ketones is
more feasible, and the enamine intermediate generates a preferential geometry control

due to the higher difference between the s-cis and s-trans conformers (Scheme 18).

Increased
steric hindrance

Reduced
steric hindrance

N H, N E H\%\ 1
R1J\(H H A R1 . R

2
R2 R2 R

Scheme 18. Secondary vs. primary amine catalysts in ketone activation via enamine intermediate.

Several examples of organocatalysts bearing primary amines as the key scaffold have
been found in literature. Some representative examples are illustrated in Scheme 19.
Cdrdova reported the first example in this field when showed that simple chiral primary
amines as (S)-alanine amide LXXIX derived from acyclic aminoacids could furnish cyclic
nitroketones in high yield and enantioselectivities in the presence of water or Brgnsted
acids as co-catalysts.>” However, acyclic ketones provided good regioselectivity but low
enantiocontrol. However, it was found that the obtained product was released with the
(2R,1’S) absolute configuration, according to the proposed transition state in which the si
face of the enamine approached the si face of the nitro olefin (Scheme 20, TS I).
Moreover, these authors suggested that the primary amide was a key feature of the
catalyst due to the fact that its NH group could interact via hydrogen bonding with the nitro
moiety of the nitroalkene. Following this pattern, other catalysts have been designed as
diamide LXXX®® and bispidine-derived catalyst LXXXI*®.
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LXXiX Cordova LXXX Feng LXXXI Feng, Hu
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95:5-97:3 de 90:10-94:6 de 78:22 - 98:2 de
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82% (Ar = Ph) 91% (Ar = Ph)
80:20 de 88:12 de
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LXXXIii Connon

Scheme 19. Enantioselective Michael reactions of ketones with nitrostyrene catalyzed by primary
amines.

Feng and Hu’s bispidine-derived catalysts LXXXI in combination with TBBP turned out to
be an excellent catalyst for the model Michael addition not only with cyclohexanone XXVII
but also with acyclic ketones (90 to 99% ee). In this case, the mechanism was
investigated by theoretical calculations. The proposed transition state is shown in Scheme
20, TS Il. It revealed the enamine formation at the primary amine while the secondary
amine participated in hydrogen bonding with TPPB thus activating and approaching the
electrophile. The nucleophilic attack occurred from the re face of the enamine to give the
(2S,1'R)-LXIX enantiomer.

Several groups® found in the thiourea moiety an effective fitting mode in order to
approach and activate the nitroalkene via double hydrogen bonding from the NH to the
nitro moiety. Tsogoeva®' reported the catalyst LXXXII for the addition of acetone or acyclic
ketones with higher enantiocontrol when compared to pyrrolidine-based organocatalysts.
Tsogoeva’'s group was able to determine an enamine intermediate through ESI-MS
experiments. As a consequence, they proposed the transition state TS Ill (in Scheme 20)
in which the nucleophilic attack occurred from the re face of the active enamine towards

the nitroalkene activated by the thiourea moiety.
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Scheme 20. Proposed transition states by the authors for the described organocatalysts in
Scheme 19.
Cinchona alkaloids, which are another pillar type of organocatalysis®?, have also found its
place in the organocatalytic conjugate addition. For instance, primary amine cinchona
alkaloid derivative LXXXIIl described by the group of Connon was also employed for the
reaction of acyclic and cyclic ketones as well as aldehydes to nitrostyrenes in the
presence of benzoic acid.®® They obtained a successful catalyst for the syn-selective
addition reaction of a broad scope of enolizable carbonyl compounds and straight-chain
and aldehydes. The proposed transition structure postulated that the quinuclidine’s tertiary
amine is protonated activating the nitroalkene via hydrogen bonding (TS IV in Scheme
20).

2.2. Objectives

Despite the large variety of organocatalysts based on proline scaffolds, all of them are
based on simple derivatives of the natural amino acid. We intended to study the behaviour
of densely substituted unnatural proline derivatives possessing one primary amino group
and different stereochemistry at the C4 Position of the pyrrolidine ring. The points that are
pursued in the present chapter are first, the synthesis of the named catalysts
NH>-X -CO,Me-10 and NH,-N,-CO,Me-10 and, second, the subsequent enamine type
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catalysis performed by these novel compounds in aldol and Michael reactions. Also, in
order to get experimental insight into the reaction mechanism of the studied enamine
based reactions, catalysts with modifications in the core structure will be designed and
further organocatalytic reactions will be pursued. To conclude, further experiments will be
carried out to validate the performed computational studies and follow up chemistry with a

double electrophilic acceptor will be tested.

2.3. Synthesis of densely substituted 3,5-diphenyl-4-amino proline parent

compounds

Previous studies of our group showed that ligands based on hybrid ferrocenyl pyrrolidine
units NH-D-EhuPhos-1 and NMe-L-EhuPhos-2 (Figure 1), when assisted by copper salts
successfully promote (3+2) cycloaddition reactions between imines 3 and m-deficient
alkenes 4 to give densely substituted unnatural proline esters NO,-X.-CO,R'-5 and

NO,-N,-CO,R'-5 in high yields and enantioselectivities.*

Ph Ph
OzN/,' OZN//,
"'COzMe COQMe
N W N
H PPh
Fe PPh, Fe 2
= AUNo, =
exo , R NMe-L-EhuPhos-2 ~_y "%
O,N R NH-D-EhuPhos-1 4 e-L-Ehurhos-2 o N ‘\\RZ
R3 COR! ) 3 1
L 2 N R CO5R
N RSN COLR'! N+
3

NO,-X -CO,R'-5 NO,-N,-CO,R"-5

Figure 1. Hybrid ferrocenyl-pyrrolidine ligands NH-D-EhuPhos-1 and NMe-L-EhuPhos-2. The exo
and endo diastereoselectivities and the L- configuration of the proline derivatives are highlighted.
Depending on the ligand used two different diastereoisomers of the pyrrolidine, exo-L,
NO,-X,-CO,R'-5, or endo-L, NO,-N,-CO,R'-5, cycloadducts can be obtained,
respectively. This outcome is determined by the interaction pattern between the Cu (I)
centre and the used ligand. NMe-L-EhuPhos-2 acts as a monodentate ligand whereas
NH-D-EhuPhos-1 behaves as a bidentate one, providing the NO,-N.-CO,R'-5 and
NO,-X.-CO,R'-5 pyrrolidines, respectively.?

Thus, this methodology was employed in order to obtain the nitro- derivatives, which are

suitable precursors for the synthesis of the desired amino-pyrrolidines NH»-X -CO,Me-10
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and NH2-N_ -CO,Me-10. The synthesis of these ligands was carried out as described in
Scheme 21. Enantiopure ferrocenyl carbaldehyde 6 was synthesized according to the

procedure described by Kagan et al.®*

Ph

/\/NOZ OzN/,,
Ph 4a CO,Me MeO:/[O H

CHO  sarcosine methyl esterHCI 7 N \_/)\

Me
%Pth Fe "PPh, H™ N+ “[Fe]
C Et3N, MgSO4 @ Me
6 toluene, reflux, 56% NMe-L-EhuPhos-2 I
glycine methyl esterHCI 8a
Et3N, MgSO4, DCM, rt Ph
92% O:N,, -
_/coue e Ay =
= 4a, LiBr N O----Li-—-p
Fe PPh; Fe PPh; f:;Ph
Et3N, THF, 66% =
<= 3 ° NH-D-EhuPhos-1 "

Scheme 21. Synthesis of ligands NMe-L-EhuPhos-2 and NH-D-EhuPhos-1.

NMe-L-EhuPhos-2 was the result of the multicomponent reaction between 6, sarcosine
methyl ester hydrochloride 7 and trans-p-nitrostyrene 4a. The frans orientation of the
ferrocenyl and methylcarboxylate groups arises from the presence of the methyl group
attached to the nitrogen atom avoiding steric repulsions between the carboxylic oxygen
and the methyl group and additionally stabilized by a hydrogen bond (shown as I in
Scheme 21). On the contrary, the synthesis of NH-D-EhuPhos-1 required a stepwise
procedure where imine 9 was first isolated before performing a (3+2) cycloaddition with
trans-pB-nitrostyrene 4a in the presence of LiBr. The cis disposition of the substituents at
the 2" and the 5™ position of NH-D-EhuPhos-1 is due to the most stable geometry Il of
the lithiated azomethine ylide due to the coordination array resulting among the lithium

cation with the phosphine atom and one carboxylic oxygen.?

By using this diastereodivergent method, pyrrolidines NO,-X-OMe-5aa and
NO,-N -OMe-5aa were obtained by employing NH-D-EhuPhos-1 and NMe-L-EhuPhos-2
as ligands, respectively, (Scheme 22).?° These pyrrolidines (1 generation catalysts) were
obtained in high diastereomeric ratios and yields. The obtained enantiomeric excesses,
97% ee for NO,-X -OMe-5aa and 92% ee for NO,-N -OMe-5aa, were increased to >99%
ee in both cases by a simple recrystallization of the products. Later, a catalytic

hydrogenation was performed in a hydrogenator flow reactor at 65 °C with Raney-Ni as
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catalyst in methanol to produce amines (2" generation catalysts) NH,-X -OMe-10aa and
NH2-N_-OMe-10aa in 90% and 70% vyield, respectively.

2" generation

O2N, Ph HaN, Ph
H H

NO,-X -OMe-5aa NH,-X,-OMe-10aa

P SN CoMe F pn N0z 85%, 95:5 exo:endo
97% ee (>99% ee
3a 4a after recrystallization)

Ph N CO,Me 70% Ph N CO,Me
H H

NO,-N -OMe-5aa NH,-N,-OMe-10aa

81%, 90:10 exo:endo
92% ee (>99% ee
after recrystallization)

Scheme 22. Synthesis of organocatalysts NO»-X, /N -OMe-5aa and NH.-X; /N -OMe-10aa.
Reagents and conditions: a) Cu(CH3CN),PF; (3 mol%), EtsN (5 mol%), THF; b) NH-D-EhuPhos-1
(3 mol %), -20 °C; c) NMe-L-EhuPhos-2 (3 mol%), -60 °C; d) H, (20 bar), Ra-Ni, MeOH, 65 °C,
TmL/min.

24. Scope as organocatalysts in addition reactions based on enamine

intermediates

2.41. Aldol reaction between cyclohexanone and pentafluorobenzaldehyde

The second generation of organocatalysts, NH,-X_-OMe-10aa and NH,-N,_-OMe-10aa,
was tested and compared with the previously described organocatalysts®,
NO,-X -OMe-5aa and NO,-N, -OMe-5aa, in the aldol reaction between cyclohexanone 11a

and pentafluorobenzaldehyde 12a (Table 1).

Table 1. Aldol reaction between cyclohexanone 11a and 2,3,4,5,6-pentafluorobenzaldehyde 12a
catalyzed by cycloadducts 5aa and 10aa.’

F
F catalyst (5-30 mol%)
H
+
£ E additive (30 mol%)
neat, rt, 16 h
F
11a 12a (2R,1'S)-13aa
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entry catalyst mol %  additive  anti:syn®  vyield®(%) ee%(%)
1% NO,-X,-OMe-5aa 30 TFA 95:5 73 89
2% NO,-X,-OMe-5aa 5 TFA 95:5 81 89
3% NO,-N.-OMe-5aa 30 TFA 96:4 83 -81
4 NH,-X -OMe-10aa 30 none 95:5 75 66
5 NH>-N, -OMe-10aa 30 none 95:5 60 -10
6 NH,-X.-OMe-10aa 30 PhCO,H 92:8 61 45
7 NH,-N.-OMe-10aa 30 PhCO,H  77:23 65 -12
8 NH,-X.-OMe-10aa 30 TFA 85:15 63 80
9 NH,-N.-OMe-10aa 30 TFA 81:19 62 -70
10 NH-X -OMe-10aa 10 TFA 91:9 67 82
11 NH-X -OMe-10aa 5 TFA 90:10 68 82
12°  NHx-X.-OMe-10aa 5 TFA 92:8 65 88

®Reactions were monitored by TLC and stirred for 1 to 16 hours at room temperature until
consumption of the starting material. bAnti:syn ratios were measured by F NMR of crude reaction
mixtures. °Yields refer to isolated pure aldol adducts. “Enantiomeric excesses measured by HPLC
correspond to the major anti-diastereomers 13aa. “Performed at 0 °C for 48 h.

Entries 1-3 show the results obtained in previous studies employing 4-nitroprolines
NO,-X -OMe-5aa and NO,-N -OMe-5aa as organocatalysts, with different catalytic loading
(from 30 to 5 mol% for the case of NO,-X -OMe-1aa). They provided the anti aldol
products in good yields and high anti:syn ratio and enantiomeric excesses. Then, we
studied the influence of the 2" generation organocatalyst NH,-X.-OMe-10aa and
NH>-N_ -OMe-10aa in the same reaction (entries 4 and 5). It was observed that the same
enantioinduction as under NO,-X,-OMe-5aa and NO,-N,-OMe-5aa was achieved. One
enantiomer (anti-proline-like aldol or (2S,1'R)-13aa) or the opposite (proline-like aldol or
(2S,1R)-, not shown in Table 1) were obtained depending on the catalyst used
NH,-X -OMe-10aa and NH,-N -OMe-10aa, respectively. Nevertheless, these values were
far from those obtained with the 1% generation catalysts, obtaining almost a racemic
mixture for the NH,-N -OMe-10aa case (entry 5). Then, the additive influence was tested
and, meanwhile a detrimental effect was observed for the case of benzoic acid mainly for
the exo- catalyst (entries 6 and 7), the employment of TFA (therefore, under same
reaction conditions as the original example) increased the enantiomeric excesses (entries
8 and 9). As the catalyst loading and temperature were reduced, not only the
diastereomeric ratio slightly improved but also the enantiomeric excesses slowly

increased to finally equalize the results with the 1% generation catalysts (entries 12 vs. 1).
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From these studies, we concluded that second generation catalysts NH,-X_-OMe-10aa,
into a slightly better extent, and NH.-N_-OMe-10aa behave similarly to their first
generation analogues in the aldol reaction between cyclohexanone 11a and
2,3,4,5,6-pentafluorobenzaldehyde 12a. Therefore, no new catalytic properties were

observed on passing from the nitro to the amino series in this aldol reaction.

2.4.2. Conjugate reaction with cyclohexanone as nucleophile

24.2A1. Nitroalkenes and 1,2-bis(phenylsulfonyl)ethene as electrophiles

Firstly, the performance of the nitro derivatives NO,-X_ -OMe-5aa and NO,-N -OMe-5aa
was studied in the model reaction of cyclohexanone 11a with frans-B-nitrostyrene 4a
(Table 2). Catalyst NO,-X, -OMe-5aa in the presence of benzoic acid or alone did not
produce any trace of the Michael product (entries 1 and 2). In addition, low conversion
and moderate diastereo- and enantio- induction was observed when TFA was used as
additive (entry 3 and 4).

Table 2. Reaction conditions screening for the conjugate addition between cyclohexanone 11a and
trans-B-nitrostyrene 4a catalyzed by cycloadducts 5aa and 10aa.

Q catalyst (30 mol%) Q Ph
+ Ph/\/ NO; NO;
additive (30 mol%)
neat, rt
11a 4a (2R,1'S)-14aa
. conv.?  time , vield® ee’
entry catalyst additive syn:anti

(%) (h) (%) (%)
1 NO,-X -OMe-5aa - 0 72 nd nd nd
2 NOx-X.-OMe-5aa PhCO.H 0 168 nd nd nd
3  NOz-X_-OMe-5aa TFA 50 144 66:33 nd 60
4  NO,-N_-OMe-5aa TFA 20 24 nd nd nd
5 NH,-X -OMe-10aa - >99 48 93:7 65 77
6 NH3-N_-OMe-10aa - >99 16 94:4 72 -44
7  NH;-X.-OMe-10aa TsOH-H,O 21 168 nd nd 66°
8 NH>-X_-OMe-10aa 4-nitrophenol >99 64 98:2 61 78
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9 NH,-X.-OMe-10aa butyric acid >99 96 88:12 63 86
10 NH,-X.-OMe-10aa salicylic acid >99 16 94:6 70 90
11 NH;-X_-OMe-10aa AcOH >99 40 90:10 60 84
12 NH,-X -OMe-10aa TFA >99 24 93:7 75 91
13 NH,-N.-OMe-10aa TFA >99 72 95:5 65 -78
14"  NHx-X -OMe-10aa TFA >99 36 87:13 85 91
15% NH,-X.-OMe-10aa TFA 44 96 nd nd nd
16 NH,-X -OMe-10aa PhCO,H >99 36 99:1 65 88
17 NH,-N.-OMe-10aa PhCO,H >99 24 90:10 58 -64
18 NH,-X -OMe-10aa PNBA" >99 16 93:7 81 92
19 NH2-N.-OMe-10aa PNBA >99 16 89:11 79 -42
20" NHx-X.-OMe-10aa PNBA >99 36 95:5 70 87
219 NH,-X.-OMe-10aa PNBA >99 60 86:14 83 89

Conversions to Michael adducts were measured by 'H NMR of crude reaction mixtures. "Syn:anti
ratio was measured by 'H NMR of crude reaction mixtures. °Yields refer to isolated pure Michael
adducts. “Enantiomeric excesses were measured by HPLC correspond to the major syn-
diastereomers 14aa. °Enantiomeric excess measured by HPLC correspond to the major syn-
diastereomers 14aa of the crude reaction mixture. 20 mol % catalyst. °Reaction performed at 0 °C.
"PNBA: 4-nitrobenzoic acid.

In contrast, second generation catalysts NH>-X, -OMe-10aa and NH»-N -OMe-10aa were
found to be more efficient in this process. Thus, formation of Michael adduct 14aa was
observed in almost quantitative conversions in most cases. In addition, different syn:anti
relationships or enantiomeric excesses were obtained depending on the additive used. It
is noteworthy that, as it happened in the aldol reaction, catalyst NH,-X_-OMe-10aa
provided the “anti-proline-like Michael adduct” (2R,1’S)-enantiomer whereas
NH>-N_ -OMe-10aa induced the “proline-like Michael product” (2S,1’'R)-enantiomer (entries
5 to 21). Proper choice of the acidic additive proved to be crucial for both organocatalysts
(entries 5,6 vs. 7 to 21). The organocatalyst NH,-X -OMe-10aa provided a better result
when carboxylic acids were employed. Benzoic acid (entry 16) provided higher syn:anti
relationship, whereas salicylic acid, trifluoroacetic acid and 4-nitrobenzoic acid gave
higher enantiomeric excesses (entries 10, 12 and 18, respectively). The use of butyric
acid did not improve the enantiocontrol (entry 9). Other additives such as
4-toluenesulfonic acid (entry 7), 4-nitrophenol (entry 8) or acetic acid (entry 11) were
found to be inefficient or did not improve the enantiocontrol of the process. Also, lower
catalytic load and temperature were tested but did not improve the values of enantio- or

diastereoselectivities obtained under 30 mol% catalytic load at room temperature (entry
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12 vs. 14 and 15, and entry 18 vs. 20 and 21). On the other hand, NH,-N_-OMe-10aa
provided the corresponding product (2S,1’R)-14aa in lower enantiomeric excess no matter
which additive was used (entries 13, 17 and 19). In this process, TFA provided the
Michael adduct with the highest enantiomeric excess albeit lower enantiocontrol (entry 13)

to the desired enantiomer.

From the data gathered in Table 2, the best reaction conditions were established.
Therefore, 4-nitrobenzoic acid and NH2>-X -OMe-10aa catalyst in 30% ratio provided the
desired Michael product 14aa in 81% yield, 93:7 syn:anti diastereomeric ratio and 92% of
enantiomeric excess. These conditions were chosen in order to evaluate the catalytic
activity in the presence of other ketones 11a-d, and different nitroalkenes 4a-k (Scheme

23). These results are gathered in Table 3 and Table 4.

0]

RAR + ™\ NO, NHzX_-OMe-10aa (30 moi%) R1M\H\/N02
\ 2 '

R PNBA (30 mol%) N R?

11a-d 4a-m neat, rt, 16 h (2R,1'S)-14aa-da

11a: R, R?=-(CH,),- 4a: R%=Ph

11b: R, R?=-(CH,)3- 4b: R®=4-MeCgH,

11¢c: R, R?=-(CH,)s- 4c: R%=4-MeOCgH,4

11d: R'=CHj, R?>=H 4d: R3=4-CF;CgH,4
4e: R3=4-NO,CgH,4

14aa: R', R?=-(CH,)s-, R®=Ph

14ab: R, R?=-(CH,),-, R3=4-MeCgH,4
14ac: R', R?=-(CH,),-, R®*=4-MeOCgH,4
14ad: R, R?=-(CH,)4-, R%=4-CF3CgH,
14ae: R', R?=-(CH,),s-, R3=4-NO,CgH,4

4f: R3=3-BrCgH,
4g: R3=3-MeOCgH,4
4h:; R3=2-FCgH,

4i: R3=2-MeOCgH,4
4j: R3=2-furyl

4k: R3=2-naphthyl

14af: R, R?=-(CH,),-, R®=3-BrCgH,4
14ag: R', R?=-(CH,),-, R3=3-MeOCgH,4
14ah: R, R?=-(CH,),-, R3=2-FC¢H,
14ai: R, R?=-(CH,),-, R3=2-MeOCgH,4
14aj: R', R?=-(CH,)4-, R3=2-furyl

14ak: R", R?=-(CH,),-, R®=2-naphthyl

4l: R3='Bu 14ba: R', R?=-(CH,);-, R®=Ph
4m: ph/\(Noz 14ca: R, R?=-(CH,)s-, R®=Ph
14da: R'=CHj3, R>=H, R3=Ph

Scheme 23. Michael reaction between ketones 11a-d and nitrostyrenes 4a-m catalyzed by
NH,-X, -OMe-10aa.

The catalyst behaved in a similar manner in the reaction between cyclohexanone 11a and
diverse nitrostyrenes 4 assisted by NH,-X -OMe-10aa cycloadduct and PNBA as additive,
providing the desired addition products with high diastereoselectivity and enantiomeric
excesses. According to our results, both the position and the nature of the substituents in
the aromatic ring did not provoke significant variations in the enantiocontrol. Nevertheless,
the nature of the substituent at the aromatic ring influenced the diastereomeric ratio as

less electrophilic 4-Me-nitrostyrene 4b gave the highest diastereocontrol (entry 2 vs. 4, 6
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and 8). While not significant differences were found in the nature of the substituent at the
meta- position (entries 9 and 10), substituent at ortho-position had great weight in both the
diastereo- or enantiocontrol (entries 11 vs. 13). This reaction was also tested with success
with nitroalkenes bearing the 2-thienyl heterocycle group 4j and bulky 2-naphthyl group 4k
providing high enantiomeric excesses and good diastereomeric ratios, albeit the yields
were moderate (entries 14 and 15). The use of TFA, which in the model reaction provided
comparable results as with PNBA (Table 2, entries 12 vs. 18) did not improve the

observed diastereo- and enantiocontrol (Table 3, entries 3, 5, 7 and 12).

Table 3. 11a+4a-k — 14aa-ak reaction scope catalyzed by NH,-X,-OMe-10aa cycloadduct.?

entry Ar product syn:ant®  yield®(%) ee®(%)
(2R,1’S)-14
1 Ph 14aa 93:7 81 92
2 4-MeCgH, 14ab 93:7 58 87
3° 4-MeCgH, 14ab 92:8 60 76
4 4-MeOC¢H4 14ac 89:11 75 88
5° 4-MeOC¢H,4 14ac 84:16 70 69
6 4-CF3CgH4 14ad 73:27 90 88
7° 4-CF3CgH4 14ad 69:31 53 76
8 4-NO,CgH4 14ae 78:22 89 86
9 3-BrCe¢H,4 14af 95:5 93 88
10 3-MeOCgH, 14ag 99:1 72 88
11 2-FC¢H4 14ah 84:16 90 92
12° 2-FCe¢H4 14ah 83:17 80 85
13 2-MeOCgH,4 14ai 97:3 83 74
14 2-furyl 14aj 90:10 59 84
15 2-naphthyl 14ak 77:23 23 82

®Reactions were monitored by TLC or 'H NMR and stirred at room temperature until
consumption of the starting material. bSyn:anti ratios were measured by 'H NMR or
HPLC of crude reaction mixtures. °Yields refer to isolated pure Michael adducts.
Enantiomeric excesses were measured by HPLC correspond to the major syn-
diastereomers 14. °TFA was used instead of PNBA. The reaction time fluctuated
between 3 and 6 days.

When other cyclic ketones where used as nucleophiles such as cyclopentanone 11b or

cycloheptanone 11c a severe decrease in both the diastereo- and enantiocontrol ratio was
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observed (Table 4, entries 1 and 3). However, these values were improved in both cases
by the addition of TFA instead of 4-nitrobenzoic acid (entries 2 and 4). In the case of
acetone 11d, the enantiomeric ratio was lowered albeit the yield was acceptable (entry 5).
Aliphatic nitroalkenes such as (E)-1-tert-butyl-2-nitropropene 4] and
1-phenyl-2-nitropropene 4m were also tested but the former provided complex reaction

mixtures difficult to analyze and the later did not react under these reaction conditions.

Table 4. 11b-d+4a—> 14ba-da reaction scope catalyzed by NH,-X -OMe-10aa cycloadduct.’

1 2 product o _ g
entry R, R syn:anti®  vyield®(%) ee®(%)
(2R,1’S)-14
1 -(CH2)s- 14ba 47:53 88 64
2° -(CH,);- 14ba 50:50 75 72
3 -(CH2)s- 14ca 78:22 20 71
4° -(CHy)s- 14ca 937 84 80
5" CHs, H 14da - 79 -41

®Reactions were monitored by TLC or 'H NMR and stirred at room temperature

until consumption of the starting material. bSyn:anti ratios were measured by

'"H NMR or HPLC of crude reaction mixtures. °Yields refer to isolated pure

Michael adducts. “Enantiomeric excesses were measured by HPLC correspond

to the major syn-diastereomers 14. °TFA was used instead of PNBA. The

reaction was carried out in the presence of 16 eq of acetone 11d and

NH>-Xp-OMe-10aa as catalyst to give (R)-14da.
Other Michael acceptors were tested such as N-substituted maleimides, aromatic
chalcones and phenyl 2-phenylvinyl sulfone but they did not provide addition reaction of
any kind. Among these electrophiles, only 1,2-bis(phenylsulfonyl)ethene® 15 provided the
Michael reaction in low enantiocontrol in the presence of TFA or benzoic acid (Table 5,
entries 2 and 3). It was surprising to find that in this case the standard reaction conditions

with PNBA as additive did not allow the reaction to occur (entry 1).

Table 5. Screening of acidic additives in the reaction between cyclohexanone 11a and
vinyldisulfone 15 catalyzed by NH,-X,-OMe-10aa cycloadduct.®

Q SO,Ph  NH,-X;-OMe-10aa (30 mol%) Q
+ :< SO,Ph
SO2Ph  additive (30 mol%) SO,Ph
neat, rt
11a 15 16
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entry additive time (h)  ee®(%)

1° PNBA 72 -

2 TFA 16 26
3 PhCO,H 16 24
4¢ PhCO,H 16 28

“Reactions stirred at room temperature were monitored
by TLC or 'H NMR. °Enantiomeric excesses were
measured by HPLC correspond to the major isomer 16
of crude reaction mixtures °No consumption was
observed. dCHCI3 was employed as solvent.

2422, Detection via NMR experiments of enamine-iminium intermediate

species

In order to get a better understanding of the reaction mechanism, first of all, the active
amine group (primary or secondary) had to be identified. Taking into account the reported
pK, values for the protonated pyrrolidine and benzylamine in acetonitrile® (19.58 and
16.76, respectively) and water® (11.27 and 9.30, respectively) it can be estimated that the
ratio 10H":10'H" is approximately 99:1.

PKa
- . +
acetonitrile water H,oN Ph HsN Ph
e+ - ** *
<N> 19.58 11.27 Ph™ ~N~ "COMe Ph~ S\~ ~CO,Me
H Ha H
H,N~ >Ph 16.76 9.3 10H* 99:1 10'H*

Figure 2. pK, values for pyrrolidine and benzylamine in different solvents and 10H":10°’H" ratio
estimation of the protonated 4-amino pyrrolidine specie in the reaction mixture in the presence of
acidic additives.

In order to verify this hypothesis, experimental studies were performed in order to capture
by NMR experiments intermediates of the reaction. As a control experiment, the behaviour
of NO,-X.-OMe-5aa was analyzed by "H NMR. When a mixture of NO,-X.-OMe-5aa
(1 eq) and cyclohexanone 11a (8 eq) was stirred for two hours at 70 °C, the proton NMR
spectrum of this reaction mixture (Figure 3B) showed the formation of enamine 5-INT2 in
the presence of unreacted NO,-X -OMe-5aa. Figure 4 shows the corresponding COSY

experiment, in which the distinction of free NO.-X -OMe-5aa and the enamine 5-INT2 is
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readily appreciated. Thus, in 5-INT2 the vinyl proton correlates with other protons of the

cyclohexene ring (highlighted in a circle).
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Figure 3. A) 'H NMR spectrum of catalyst NO,-X,-OMe-5aa. B) 'H NMR spectrum of the reaction
mixture between NO,-X, -OMe-5aa (1 eq) and cyclohexanone 11a as solvent after stirring at 70 °C
for 2 hours.
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Figure 4. COSY experiment related to 'H NMR in Figure 3B. The correlation between the vinylic
proton of 5-INT2 and the rest of the cyclohexene moiety is highlighted by a circle.

In a similar manner, NH,-X -OMe-10aa (1 eq), cyclohexanone 11a (8 eq) and PNBA

(1 eq) were stirred for five minutes at room temperature and the NMR spectrum (Figure 5)
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of this reaction mixture revealed the imine 10-INT1 together with protonated
NH,-X,-OMe-10aaH".The mixture components were confirmed by COSY analysis (Figure
6). In this case, 10-INT1 does not show correlation with any aliphatic proton of the

cyclohexyl group of 11a.
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Figure 5. A) "H NMR spectrum of catalyst NH,-X -OMe-10aa. B) 'H NMR spectrum of the reaction
mixture between NH,-X_ -OMe-10aa (1 eq), cyclohexanone 11a (8 eq) and PNBA (1 eq).
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Figure 6. COSY of the reaction mixture between NH,-X -OMe-10aa (1 eq), cyclohexanone 11a
(8 eq) and PNBA (1 eq).
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Therefore, the reported values of pK,, the above described experimental results and the
accepted mechanisms® for enamine activated organocatalysis which possess primary
amino groups®®, permitted us to suggest a reaction mechanism for the Michael reaction
catalyzed by amine cycloadducts 10aa (Scheme 24): Our unnatural densely substituted
amine NH,-X -OMe-10aa protonates to 10H+ which then condensates with ketone 11
providing the imine intermediate INT1, which in turn tautomerizes at least partially to INTZ2.
This latter intermediate produces a nucleophilic addition to the Michael acceptor 4 to give
the iminium-nitronate intermediate INT3 via a carbon-carbon bond formation transition
structure (TScc). This step determines the stereochemical outcome of the process (vide
infra). Progression towards completion of the catalytic cycle can be hindered by the
competing Henry-Mannich addition reaction” to form the (2+2) cyclobutane intermediate
INT3’. This dead-end intermediate has been identified in Michael reactions with aldehydes
as nucleophiles. Finally, the hydrolysis of INT3 releases the addition adduct 14 and

recovers the catalyst in the protonated active form 10H+.

H
10 N*
H
.
HN HN
'QNOZ — L
Ve * % ~
) o INT3 " INT3
H
10 N+
TSee \
HN" H
X NO, /§ H*
4 “._ .7 INT2

Scheme 24. Proposed reaction mechanism between ketones 11 and nitroalkenes 4 in presence of
NH>-X, -OMe-10aa or NH,-N -OMe-10aa catalysts.
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2.4.23. Computational study of the proposed reaction mechanism

Due to the protonated nature of the catalyst NH,-X -OMe-10aa in the reaction medium, it
was then expected that not only the ketone was activated by the primary amine (Lewis
base) at the 4™ position by means of HOMO activation via enamine. The electrophilic
trans-p-nitrostyrene 4a could be also activated by means of a LUMO activation induced by
the possibly formed hydrogen bond between the protonated secondary amine (Brgnsted
acid) and the nitro scaffold. Scheme 25 illustrates the plausible activation modes of the
reactants and the corresponding origins of stereocontrol. Thus, the stereocontrol of this
reaction could stem from the absolute configuration of the employed catalyst, and,

additionally, the relative position, exo- or endo- of the primary amine at the 4™ position.

/H H\
10 N+ +N 10
N M A O
(i H o\ﬁ,,o Ossﬁ,O_H(t%\
a HY ?
\\§_/, \g M\ !
4 4
R R
l (2R,1:S)—TSCCX l (25,1'R)-TS¢X
(2R1'S)-TScN (2S,1'R)-TSN
O R O R
NO M i o
)% 2 , 581‘R 2
(2R,1'S)-14 (2S,1'R)-14

Scheme 25. Bifunctional simultaneous activation of ketone 11 and nitroalkene 4 in the presence of
exo- or endo- 4-amino-pyrrolidines 10 and subsequent enantioinduction.

In order to investigate the origins of the enantiocontrol, computational calculations were
performed by means of density functional theory (DFT), Monte Carlo conformational
searches molecular dynamics (MD) simulations. Conformational search calculations
revealed structural rigidity in the pyrrolidine ring. The enamine moiety and the phenyl
group at C3 are placed in equatorial positions and the methoxycarbonyl group exhibits an
isoclinals arrangement, in both endo-INT2 and exo-INT2 fully optimized structures (Figure
7A). The main difference resided in the disposition of the phenyl at the C5 carbon atom.
While it takes isoclinal position in endo-INT2, it has an equatorial conformation in
exo-INT2 structure. Additionally, comparison of the molecular dynamics studies on these
intermediates showed the distribution of the defined dihedral angles Q = C8-C7-N6-C4
and @ = C7-N6-C4-C5, and for the case of the exo-INT2, it is localized in a narrower area

of the conformational space (Figure 7B, right) showing less flexibility than endo-INT2.
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Figure 7. A) Fully optimized (OPLS-2005 force field) structures of endo-INT2 (left) and exo-INT2
(right). The ball-and-stick structures correspond to the minimum energy conformations after Monte
Carlo conformational searches and the stick representations correspond to the ten structures of
lower energy (ca. 4 kcal/mol). Q and ¢ dihedral angles are defined as Q = C8-C7-N6-C4 and
¢ = C7-N6-C4-C5. Descriptors ax, eq and jso denote axial, equatorial and isoclinal positions,
respectively. B) Molecular dynamics simulations (OPLS-2005 force field, 1000 ps) showing the
distribution of Q and ¢ dihedral angles of endo-INT2 (left) and exo-INT2 (right) along the production
time.

Once the conformational rigidity of the catalysts were assessed the mechanism of the C-C
bong formation step was explored at DFT level. Initially, all the possible transition states
were considered occurring through the enamine at the primary amine for the reaction with
NH2-X_ -OMe-10aa and NH,-N_-OMe-10aa catalysts. Figure 8 and Figure 9 show fully
optimized geometries and relative Gibbs energies at 298K for each catalyst, respectively.
As illustrated in Scheme 25 for enamine formation through the primary amine, LUMO
activation of the electrophile was identified to occur due to the formation of a hydrogen
bond between the pyrrolidinium ion and the nitro moiety of the nitroalkene. Moreover, the
same pyrrolidinium cation also interacted through a second hydrogen bond with the
methoxycarbonyl group, thus conferring more rigidity to the transitions structures. This
hydrogen bonding array affects the disposition of the enamine moiety, which cannot adopt
the ideal equatorial position respect to the ring placing it in axial or isoclinal conformations
for the exo- and endo- catalysts, respectively. All these ftransition states provide

nucleophilic attack angles 8 between 106-109° close to the preferred Biirgi-Dunitz angle.”
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The least energetic transition structures associated with the catalyst NH»-X -OMe-10aa
towards the formation of the syn- Michael adducts (2R,1’S) and (2S,1’R)-14aa are shown
in Figure 8 left and right, respectively. Both saddle points provide almost antiperiplanar
orientation (related to the dihedral w angle) which ensures the nucleophilic attack between
the enamine moiety and the phenyl group of frans-g-nitrostyrene 4a, with values rounding
170°. However, due to the steric hindrance that is present in the (S,1'R)-TS..X between
the cyclohexyl group and the phenyl group in isoclinal position at C3 provokes the
transition structure (S,1’R)-TS.cX to lie 2.3 kcal/mol above (R,1’'S)-TS..X, thus favoring the

formation of the (2R,1’S)-14aa enantiomer.

#=106.0 .
w=-172.6 (r
4

(R.1'S)-TS.. X (S.1'R)-TS X
(0.0} (| AAG soe=+2.3 keal/mol)

Figure 8. Fully optimized geometries and single-point Gibbs energies at 298K
(M06-2X/6-31+G**//B3LYP/6-31G*+TCGE level of theory) of transition structures (R,1’S)-TS X
and (S,17R)-TS..X corresponding to the C-C bond forming step associated with the Michael
reaction between cyclohexanone 11a and frans-B-nitrostyrene 4a in the presence of
organocatalysts NH.-X -OMe-10aa. Dihedral angles w are defined as w = Ca-Cb-Cc-Cd and
distances and angles are given in A and deg., respectively. For (R,1’S)-TS..X’ transition structure,
formation of enamines associated with the NH-pyrrolidine scaffold has been assumed. AAG’,q5
values correspond to the relative free energies with respect to (R,1’S)-TS.cX.

On the other hand, the analysis of the least energetic transition structures related to
NH>-N_-OMe-10aa (Figure 9A left and right, respectively) leading to the syn- Michael
adducts showed some similarities to the saddle points examined before. For instance,
Birgi-Dunitz angle 0 values fall in the same range and the general hydrogen bonding
array previously described is also observed. Nevertheless, the distances of the hydrogen
bonds formed between the methoxycarbonyl group and the pyrrolidium cation are longer
compared to the previous catalyst, with distances of ca. 2.60 A in both cases, related to

hydrogen bonds with moderate strength.”?> On the contrary, the enamine moiety is forced
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to take an isoclinal conformation with respect the pyrrolidine ring in both possibilities. As a
consequence, transition state which would lead to the (2R,1’S) Michael product (Figure 9)
suffers from a steric congestion between the cyclohexyl moiety and the phenyl group of
nitrostyrene, generating the dihedral w angle to adopt ca. 120°. This fact increases the
relative Gibbs energy 2.3 kcal/mol with respect the transition state (S,1'R)-TS¢:N allowing
(2S,17°R)-14aa as the preferential product. However, NH,-N_ -OMe-10aa provides lower
enantiomeric excesses (Table 2, entries 13, 17 and 19) than NH,-X_-OMe-10aa, and it
could be explained due to a larger flexibility of the cyclohexyl moiety (depicted by the
Q angle in Figure 7, left) reducing the probability to encounter the analyzed (S,1'R)-TS..N
conformation and, as a result, decreasing measured the energetic barrier of 2.3 kcal/mol.
In the same manner as calculated before, the ketone condensation with the secondary
amine 10'H" of the NH,-N_-OMe-10aa catalyst provided the most stable (R,1’S)-TScX’
saddle point. This case provided an energetic value of 5.6 kcal/mol higher than the
previously analyzed transition states corroborating thus, the catalytic cycle to occur only

through the protonated 10H" specie for both catalysts.

6=108.2 6=107.6 .
w=+124.0  o=+171.0 . (r
-

(R1'S)-TS N (5.1'R)-TS N
(AAGipgg=+2.3 keal/mol) (0.0}

Figure 9. Fully optimized geometries and single-point Gibbs energies at 298K
(M06-2X/6-31+G**//B3LYP/6-31G*+TCGE level of theory) of transition structures (R,1’S)-TS..N
and (S,7’R)-TS..N corresponding to the C-C bond forming step associated with the Michael
reaction between cyclohexanone 11a and frans-B-nitrostyrene 4a in the presence of
organocatalysts NH.-X -OMe-10aa. Dihedral angles w are defined as w = Ca-Cb-Cc-Cd and
distances and angles are given in A and deg., respectively. For (S,1'R)-TS.N’ transition structure,
formation of enamines associated with the NH-pyrrolidine scaffold has been assumed. AAG’ygg
values correspond to the relative free energies with respect to (S,1'R)-TS.X.
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2.5. Reactivity of densely 3,5-disubstituted-4-amino and 4-amido prolines

2.5.1. Synthesis of organocatalytic derivatives

In order to confirm the reaction model previously calculated, modified pyrrolidines were
synthesized in which the primary or secondary amino groups were derivatized. To cancel
the possible catalytic activity of the secondary amino group of the pyrrolidinic ring, several
attempts based on borohydride reductive amination or N-methylation with methyl iodide
were tested, but these experiments were not reproducible. Moreover, these attempts
provided the desired tertiary amine with low conversions, not good enough for synthetic
purposes. Reductive amination with formaldehyde in the presence of formic acid became
an efficient reaction that provided the desired product NO,-X,-OMe-5¢ in good yield.”
Then, NO,-X -OMe-5¢c was hydrogenated in the presence of Raney nickel catalyst to
provide NH,-X, -OMe-10c.

ON  Ph H,CO/HCO,H ©2N  Ph H, (20 bar), Ra/Ni HoN - Ph
PhVA_NiCOZMe 100°C, 2h Ph’A_NiCOzMe [0.01M] MeOH Ph’A_Nicozme
H 78% Me 65 °C, 1 mL/min Me
0,
NO,-X,;-OMe-5aa NO,-X, -OMe-5¢ 4% NH,-X,-OMe-10c

Scheme 26. Synthesis of primary-tertiary amine NH,-X_ -OMe-10c.

In addition, a modification at the primary amine moiety was performed. In this case, it was
envisioned that a derivatization towards an amide scaffold could also disrupt its reactivity.
Therefore, benzamide derivative 17 was prepared by N-acylation with benzoyl chloride in

moderate yield (Scheme 27).

Ph
Hfz_{h PhCOCI, K,CO;  )—NH Ph
© A5
Ph=\"~COMe DCM, tt, 16 h Ph="\\~~CO,Me
H 43% H
NH2-X|_-OMe-10aa 17

Scheme 27. Preparation of compound 17.

Additionally, to study the steric influence of the groups at the C3 and C5 position of the
pyrrolidine ring, it was decided to replace the phenyl groups with bulkier groups. Attempts
to promote (3+2) cycloaddition with imines or nitroalkenes obtained from
3,5-di-fert-butylbenzaldehyde turned out to be sterically too hindered providing low

diastereoselectivity and enantioselectivity. Nevertheless, tert-butyl analogues 10al and

65



Chapter 2

10la of the amino-pyrrolidines were successfully synthesized (Scheme 28). They were
achieved employing NH-D-EhuPhos-1 and NMe-L-EhuPhos-2 catalysts under reaction
conditions similar to those used for the chemical synthesis of their phenyl congeners
(Table 6).

R2
~_R
RSN >Co,Me OZN)\/ 3
3a: R'=Ph, * 4a: R%=H, R%=Ph
31: R'='Bu 41: R?=H, R3='Bu
| 4m: R?>=Me, R®=Ph
a,b a,c
O,NR? RS o,N R
R”Z—;S‘COZMe R1'ZN_>‘cozlvle
H H
NO,-X -OMe-5al: R'=Ph, R?=H, R®='Bu NO,-N,-OMe-5al: R'=Ph, R®*='Bu
NO,-X,-OMe-5am: R'=Ph, R=Me, R3®=Ph NO,-N,-OMe-5la: R'='Bu, R3>=Ph

NO,-X,-OMe-5la: R'='Bu, R?>=H, R3=Ph

) )

H.NR® RS H,N, R
R1 II:I_S\COQMG R‘1 I@‘COQMG
H H

NH,-X -OMe-10al: R'=Ph, R?=H, R3='Bu (90%)  NH,-N,-OMe-10al: R'=Ph, R3>='Bu (82%)
NH,-X.-OMe-10am: R'=Ph, R>=Me, R3=Ph (84%) NH,-N,-OMe-10la: R'='Bu, R3=Ph (87%)
NH,-X_ -OMe-10la: R'='Bu, R?=H, R3=Ph (79%)

Scheme 28. Synthesis of organocatalysts NH,-X -OMe and NH,-N, -OMe—10al and la.

Reagents and conditions: a) Cu(CH;CN)4PF¢ (3 mol%), EtsN (5 mol%), THF; b) NH-D-EhuPhos-1
(3 mol%), -20 °C; c) NMe-L-EhuPhos-2 (3 mol%), -60 °C; d) H, (20 bar), Ra-Ni, MeOH, 65 °C,
1mL/min. (Reaction for NO,-X -OMe-5am was carried out at room temperature).

All exo cycloadducts obtained under NH-D-EhuPhos-1 catalytic ligand were obtained in
good yields and excellent enantiomeric excesses from 94 to >99% (Table 6, entries 1 to
3). Although the ligand NMe-L-EhuPhos-2 provided high diastereomeric ratios to get the
endo adducts (entries 4 and 5), NO,-N,-OMe-5la was obtained with moderate ee (entry 5)
and was purified by semipreparative chiral HPLC column. Other additional purifications
involved the recrystallization of NO,-X -OMe-5am to get an enantiopure catalyst.

Cycloadducts NO,-X, -OMe-5al and NO,-N,-OMe-5al were taken to the next step without
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further purifications. Catalytic hydrogenation with Raney nickel under standard conditions

gave all the amine products straightforwardly in high yields (Scheme 28).

Table 6. Synthesis of exo- and endo- prolines esters 5al and la catalyzed by NH-D-EhuPhos-1
and NMe-L-EhuPhos-2 (Scheme 28).?

entry product endo:exo®  vyield® (%) ee’ (%)
1 NO,-X,-OMe-5al 13:87 72 (83) 98

2 NO,-X. -OMe-5am 26:74 66 94(99)
3% NO,-X-OMe-5la 1:99 90 >99
4 NO,-N_ -OMe-5al 99:1 84 95

5 NO,-N,-OMe-5la 82:18 68 (91) 77(99)

®Reactions were monitored by TLC or 'H NMR and stirred until consumption of
the starting material. ®Endo:exo ratios were measured by 'H NMR or HPLC of
crude reaction mixtures. “Yields refer to isolated major pure cycloadducts. Yields
in parentheses refer to isolated mixtures of cycloadducts. YEnantiomeric
excesses were measured by HPLC correspond to the major enantiomers.
Enantiomeric excesses in parentheses were obtained after recrystallization.

25.2. Scope of the conjugate addition between cyclohexanone and

trans-B-nitrostyrene

All these newly synthesized pyrrolidines were tested as catalyst in the Michael reaction
between cyclohexanone 11a and nitrostyrene 4a with 30 mol% of catalyst load in the
presence of PNBA (Table 7).

Table 7. Conjugate addition reaction between cyclohexanone 11a and nitrostyrene 4a catalyzed by
the modified organocatalysts.

Q modified catalysts (30 mol%) QO Fh
e N0 NO,
PNBA (30 mol%)
neat, rt, 16 h
11a 4a (2R,1'S)-14aa
entry catalyst time (d) conv® (%) symant®  vyield® (%) ee® (%)
1 NH,-X.-OMe-10aa 16 h >99 93.7 81 92
2 NH>-N -OMe-10aa 16 h >99 89:11 79 42
3 NH>-X -OMe-10al 16 h >99 93.7 77 94
4 NH,-X -OMe-10am 16 h 85 89:11 69 73
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5°  NH2-X.-OMe-10am 16 h 35 75:25 28 48
6 NH2-X. -OMe-10la 2 <1 - - -
7' NH2-N.-OMe-10al 16 h >99 52:48 61 -16
8 NH,-N_ -OMe-10la 6 87 44:56 45 -11
9 NH2-X.-OMe-10c 4 <1 - - -
10 17 4 <1 - - -

2Conversions were monitored by 'H NMR. "Syn:anti ratio was measured by 'H NMR or HPLC of
crude reaction mixtures. °Yields refer to isolated pure Michael adducts. YEnantiomeric excesses
were measured by HPLC correspond to the major syn-diastereomers 14aa. °TFA was employed as
additive. ‘Catalyst employed with 95% ee.

The best result was obtained with NH»-X -OMe-10al catalyst (Table 7, entry 3) providing
the Michael adduct with the same diastereocontrol and slightly higher enantiocontrol than
the product obtained under NH.-X -OMe-10aa catalyst (entry 1). It stated that the
substitution pattern at C3 of the exo- cycloadducts would be of relevance to promote the
preferential formation of (2R,1’S) enantiomer. Substitution at the C5 position of the exo-
catalyst disrupted totally the catalytic activity (entry 6), and the catalyst
NH>-X -OMe-10am with a methyl group at C4 reduced the activity of the catalyst, but did
not influence into a large extent the stereocontrol (entries 4 and 5). On the other hand,
substitution of the phenyl groups with fert-butyl groups on the endo- catalysts decreased
the catalytic activity of NH,-N -OMe-10la and the stereocontrol was affected in both cases
(entries 7 and 8). Finally, derivatives NH,-X,-OMe-10c and 17 were unable to perform the
catalytic process (entries 9 and 10), implying that both amino groups need to be present
simultaneously. All these results are in good agreement with the substituent effects

predicted by the previously described DFT-based computational model.

2.6. Follow up chemistry: Chemoselective aldol/conjugate addition

To conclude this study, we aimed to find some applications of these reactions in synthetic
chemistry. A chemoselective aldol/conjugate addition onto a double electrophile was
envisioned. For that purpose, (E)-4-(2-nitrovinyl)benzaldehyde 12b play a crucial role in
this sequential reaction, as it includes an aldol and a Michael acceptor. This substrate was
smoothly achieved by lithiation/formylation” of 18 with DMF, followed by a nitration’ step

to give 12b in good yield.
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o H
Br O H
1. "BuLi, THF, -78 °C AgNO,, TEMPO
2. DMF, -78°C, 70% DCE, 70°C
X . molecular sieves 4A, 65% X
18 19 12b NO,

Scheme 29. Synthesis of (E)-4-(2-nitrovinyl)benzaldehyde 12b.

Firstly, the aldol reaction between cyclohexanone 11a and 12b was carried out (Table 8)
with L-Proline-20, NO,-X -OMe-5aa and NO,-Xp-OMe-5aa organocatalysts. While
aminoacid L-Proline 20 gave the (2S,17’R)-13ab aldol product with moderate
enantiocontrol (entry 1), it provided similar anti:syn relationship as NO,-X -OMe-5aa and
NO,-Xp-OMe-5aa catalysts did. Nevertheless, higher enantiomeric excesses were
achieved when employing the first generation catalysts NO,-Xp-OMe-5aa and
NO,-X -OMe-5aa at lower temperature (entries 2 and 4). This high chemoselectivity was
expected from our previous results, since we found out that organocatalysts
NO,-Xp-OMe-5aa and NO,-N -OMe-5aa are efficient aldol catalysts, but do not promote

Michael additions on substituted nitrostyrenes (vide supra).

Table 8. Catalytic aldol reaction of cyclohexanone 11a and (E)-4-(2-nitrovinyl)benzaldehyde 12b.?

O OH
catalyst (20 mol%) B

, H
= NO, :eFQ,(?tO mol%) NO,
11a 12b (2R,1'S)-13ab
entry catalyst anti:syn®  yield®(%)  ee®(%)
1 Pro.-OH-20 83:17 75 -64
2 NO,-Xp-OMe-5aa 78:22 73 -86
3 NO,-X,-OMe-5aa 80:20 60 84
4°  NO,-X.-OMe-5aa 88:12 70 86

®Reactions were monitored by TLC until consumption of the starting
material. bAnti:syn were measured by 'H NMR of crude reaction mixtures.
“Yields refer to isolated pure aldol adducts. YEnantiomeric excesses
measured by HPLC correspond to the major anti-diastereomers 13ab.
°Performed at 0 °C for 48 hours.

Next, we proceeded with the Michael addition with the second generation catalyst

NH2-X_ -OMe-10aa. According to our previous results with this organocatalyst, we
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expected to obtain diastereoisomers anti-21 and anti-22 (Scheme 30) from aldol adducts
(2R,1'S)-13ab and (2S,1’R)-13ab, respectively.

(2R,1'S)-13ab "5 ~__ (2S,1'R)-13ab

diastereoisomers

Scheme 30. Expected Michael addition adducts anti-21 and anti-22 under NH,-X_-OMe-10aa
organocatalyst.

Surprisingly, when NH,-X_ -OMe-10aa catalyzed the Michael reactions of (2R,1’S)-13ab
and (2S,1°’R)-13ab with cyclohexanone 11a, it did not provide the expected diastereomeric
couple anti-21 and anti-22 depicted in Scheme 30. Instead, adducts 21 were obtained as
anti:syn diastereomeric mixtures. Thus, when the reaction was carried out on
(2R,1’S)-13ab adduct 21 was obtained in 82:18 anti:syn ratio (Scheme 31). Similarly, aldol
adduct (2S,1’R)-13ab yielded the enantiomeric forms of 21 adducts in a diastereomeric

anti:syn ration of 67:33 (Scheme 32).

O OH 11a

m NH-X-OMe-10aa (30 mol%)
Z>No.,, PNBA (30 mol%), rt, 65% )

2 82:18 (anti:syn)

(2R,1'S)-13ab

Scheme 31. Synthesis of compounds 21 from (2R,1’S)-13ab.
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OH

=

(2S,1'R)-13ab

Scheme 32. Synthesis of compounds 21 from (2S,1°'R)-13ab.

11a

NH,-X_-OMe-10aa (30 mol%) )

0., PNBA (30 mol%), rt, 55%
67:33 (anti:syn)

ent-anti-21
O OH

ent-syn-21

(.

These diastereoisomers in Scheme 32 were isolated for discussion purposes and their

'"H NMR spectra are included in Figure 10. The upper A spectrum shows the '"H NMR of

the aldol (2S,1’R)-13ab in which the proton geminal to the hydroxyl group is cis with

respect to the cyclohexyl chain, thus providing a doublet signal around 4.80 ppm. Below in

the B spectrum, the compound ent-anti-21 shows a doublet at 4.80 ppm in the same

manner as its parental (2S,1’R)-13ab. Lastly at the C spectrum, provides a singlet signal

downfield at 4.40 ppm for the proton which is anti with respect to the cyclohexyl chain

corresponding to the

compound ent-syn-21.

A) o o

anti

MO,

T
5.0

T T
4.5 4.0
f1 (ppm)

T T T
2.5 2.0 1.5 1

Figure 10. 'H NMR details and comparison of A) aldol product (2S,1'R)-13ab, and further Michael
addition onto it forming diastereoisomers B) ent-anti-21 and C) ent-syn-21.
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Crystallizations efforts were made and an X-ray analysis of syn-21 confirmed the
proposed structure (Figure 11). It clearly could be seen that both proton atoms of the aldol
site are facing the same side of the molecule confirming thus, that some epimerization

occurred during the reaction time.

Figure 11. ORTEP drawing of syn-21.

The origin of syn- adducts was envisioned as an epimerization reaction at the a-centre of
the aldol ketone scaffold which could occur through an enamine intermediate formed by
condensation with the catalyst (Scheme 33). This fact was further confirmed due to a
partial epimerization of anti-21 to syn-21 when isolated anti-21 was stirred for 24 hours at

room temperature under the standard reaction conditions.

O OH *Cat-N  OH O OH

éﬁR ~— ij/\R — < R

Scheme 33. Origins of syn-23 compound.

The stereocontrol in the Michael addition step also needed to be explained as each
reaction (Scheme 31) provided opposite enantiomers [(2R,1’S) and (2S,1°R)] of the
Michael scaffold regardless of the employed catalyst. It was then concluded that the
preformed aldol site could act as a quiral auxiliary in the following process. To validate this
hypothesis the Michael addition reaction was carried out in the presence of racemic
proline (Scheme 34). It could be observed the formation of both diasterecisomers anti-
and syn-21, this time even with a larger diastereomeric ratio probably due to a less steric

hindrance from the aldol site towards the Michael electrophilic site.
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7 O OH

O OH 11a

m\ rac-Pro-OH-20 (30 mol%)
%
7d, rt, 65% A
Z>No ;

2 87:13 (anti:syn)

(2R,1'S)-13ab

syn-21
-

Scheme 34. Michael addition between cyclohexanone 11a and (2R,1'S)-13ab catalyzed by
racemic proline 20.

2.7. Conclusions

From the experimental and computational studies which have been exposed along this
chapter, the following conclusions can be drawn. Some of them are summarised in a

graphical form in Scheme 35):

- (3+2) cycloadditions employing NH-D-EhuPhos-1 and NMe-L-EhuPhos-2 ligands
assisted by copper salts and followed by a hydrogenation step constitutes a robust
method to provide 4-aminopyrrolidine methyl ester carboxylates.

- These 4-aminopyrrolidine methyl ester carboxylates are efficient organocatalysts
for enamine activated reactions such as aldol and Michael addition with
cyclohexanone as nucleophile.

- As occurred with the previous studies with 4-nitropyrrolidine methyl ester
carboxylates, exo- cycloadducts of the L series, lead to the opposite
stereochemistry obtained under L-proline conditions.

- Endo- analogues of the L series lead to the same stereochemistry obtained under
L-proline conditions. Nevertheless, these catalysts are less efficient in terms of
stereocontrol and reactivity.

- Both amine units are simultaneously needed as whichever substitution at any
center destroys the catalytic activity.

- Bulkier groups at C3 position of the exo- cycloadduct can improve the catalytic

outcome in the conjugate addition with respect its aromatic analogue.
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- DFT-based computational models are in agreement with the experimental results.
These in addition to a hydrogen bond net involving a pyrrolidinium cation providing
quite rigid transition structures.

- It is possible to promote sequential aldol and Michael reactions in compounds
bearing two different electrophiles. By employing organocatalysts belonging to
different series it is possible to obtain enantiodivergent aldol products.
Nevertheless, the following Michael addition depends on the preformed aldol as it

behaves as a quiral auxiliary.

R3=H v/ ,
v/ R%=H 5
5
X R°£H HN,RS R2 H,N \\Rz Ve
IS L. .
s R N CO,Me R N CO,Me
X R4 R4=H \/
RY*H X

Scheme 35. Design of exo- and endo- 4-aminopyrrolidine organocatalysts for the Michael
addition with cyclohexanone as nucleophile.

2.8. Experimental section

General Remarks. Unless otherwise stated, reagents and substrates were purchased from
commercial suppliers. Cyclohexanone 11a was freshly distilled on thermally activated 4 A
molecular sieves before use. Ligands NH-D-EhuPhos-1 and NMe-L-EhuPhos-2 were prepared

following our previously described procedure.

TLC was performed on silica gel 60 F254, using aluminum plates and visualized with UV lamps or
potassium permanganate stain. Flash chromatography was carried out on columns of silica gel 60
(230-400 mesh).

Hydrogenation reactions were performed with a flow reactor equipped with a Raney-Nickel

cartridge. Hydrogen gas was generated electrochemically.

Optical rotations were measured using a polarimeter with a thermally jacketed 5 cm cell at

approximately 20 °C, and concentrations (c) are given in g/100 mL.

FT-IR spectra were recorded with a spectrophotometer equipped with a single-reflection ATR

module; wavenumbers are given in cm™".
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HRMS analyses were carried out using the electron impact (El) mode at 70 eV or by Q-TOF using

electrospray ionization (ESI) mode.

'H NMR spectra were recorded at 400 or 500 MHz for '"H NMR and 75 or 100 MHz for "°C NMR,
using CDCI; as the solvent and TMS as an internal standard (0.00 ppm). The data are reported as
s = singlet, d = doublet, t = triplet, m = multiplet or unresolved, bs = broad signal, coupling
constant(s) in Hz, integration. *C NMR spectra were recorded with 'H- decoupling at 100 MHz and

referenced to CDCl; at 77.16 ppm.

Enantioselectivities were measured by HPLC using chiral stationary phases. In these experiments
the racemic mixtures were analyzed in order to establish the enantiomeric parameters for each

enantiomer.

General procedure for the synthesis of imines 3

Glycine methyl ester hydrochloride 8a (3.0 mmol, 376.6 mg), triethylamine (3.0 mmol, 420 pL) and
MgSO, were dissolved in 5 mL of dry DCM. The suspension was stirred for one hour at room
temperature and then, 2.3 mmol of the corresponding aldehyde 12 were added. This mixture was
then allowed to stir for 16 hours. Later, the reaction mixture was filtered, washed three times with
H,O, dried on Na,SO, and dried over reduced pressure. The resulting products were employed

without further purification.

Bh AN N COM Methyl (E)-2-(benzylideneamino)acetate (3a). Yield: 446 mg, 84%, colorless
e
2 oil. "H NMR (500 MHz, CDCl3) & 8.29 (s, 1H, CH), 7.80 — 7.75 (m, 2H, ArH),
7.47 —7.38 (m, 3H, ArH), 4.42 (s, 2H, CHy), 3.78 (s, 3H, OMe).

Methyl (E)-2-((2,2-dimethylpropylidene)amino)acetate (3l). Yield: 339 mg,
72%, yellowish oil. '"H NMR (500 MHz, CDCl;) & 7.59 — 7.53 (m, 1H, CH),
4.17 (s, 2H, CHy), 3.74 (s, 3H, OMe), 1.11 (s, 9H, (CHa)3).

NS
8y "N~ >CO,Me

Synthesis of nitroalkene 4l

Pivalaldehyde 121 (5.5 mmol, 600 L), nitromethane (22.0 mmol, 1.20 ml), sodium acetate (5.5
mmol, 427 mg) and methylamine hydrochloride (5.5 mmol, 371 mg) were dissolved in 30 mL of
methanol. The resulting mixture was stirred for 16 hours at room temperature. Then, the reaction

mixture was concentrated to half volume, and washed with brine and dried onto Na,SO, and
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concentrated under reduced pressure. The residue was purified by flash chromatography on silica

gel (EtOAc/Hex 1/10) to yield the corresponding nitroalkene 4l.

N0z (E)-3,3-Dimethyl-1-nitrobutene (41).”° Yield: 178 mg, 25%, yellow oil. '"H NMR
u

(400 MHz, CDCly) 8 7.27 (d, J = 13.9 Hz, 1H, CH), 6.90 (d, J = 13.5 Hz, 1H, CH),
1.16 (s, 9H, (CHs)s).

General Procedure for the Synthesis of exo-Cycloadducts 5

A solution of NH-D-EhuPhos-1 (0.015 mmol, 9.27 mg) and Cu(CH3;CN),PFs (0.014 mmol, 5.2 mg)
in 1.0 mL of dry THF was stirred at -20 °C for 15 min. Then, a solution of imine 3 (0.45 mmol) in 1.0
mL of solvent, triethylamine (0.023 mmol, 3.2 ul) and the corresponding nitroalkene 4 (0.50 mmol)
in 1.0 mL of solvent were successively added. The course of the reaction was monitored by TLC
and, once the starting material was consumed, the mixture was filtered through a celite pad and the
filtrate was concentrated under reduced pressure. The residue was purified by flash
chromatography on silica gel (EtOAc/Hex) to yield the corresponding exo-cycloadducts 5. The
enantiomeric excess was determined by comparison of the HPLC chromatogram recorded for the

racemic mixture with that corresponding to the enantiomerically enriched cycloadduct.

Nomenclature: Carbon atoms in densely substituted pyrrolidine rings are numbered as in

pyrrolidine, the nitrogen atom numbered 1, and proceeding towards the ester group.”’

O5N Ph Methyl (2S,3S,4R, 5S)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylate
53 (NOz-XL-OMe-Saa).78 The expected product was obtained from imine 3a
5
Ph™ >N~ TCO;Me  and nitroalkene 4a. Yield: 125 mg, 85%, white solid. 97% ee after column
H

chromatography and >99% ee after recrystallization in AcOEt/Hexane
mixture. Analytical and spectroscopic data were in good agreement with those reported in the
literature. "H NMR (500 MHz, CDCl3) & 7.58 — 7.55 (m, 2H, ArH), 7.47 — 7.18 (m, 8H, ArH), 5.22 (t,
J =8.1,1H, C*H), 4.77 (d, J = 8.2, 1H, C°H), 4.51 (d, J = 9.1, 1H, C?H), 4.39 (t, J =8.5, 1H, C°H),
3.29 (s, 3H, OMe), 2.75 (sa, 1H, NH). HPLC (Chiralcel IB, hexane/PrOH = 80/20, flow rate 1.0
mL/min, A = 254 nm), {g (major) = 6.92 min, tz (minor) = 12.49; ee = 97%.

O,N By Methyl (2S,3S,4R, 5S)-(3-tert-butyl)-4-nitro-5-phenylpyrrolidine-2-
//’[—i carboxylate (NO,-X -OMe-5al). The expected product was obtained from
Ph N~ CO;Me imine 3a and nitroalkene 4l. Yield: 99 mg, 72% (83% yield was obtained as

H 87:13 diastereomeric ratio exo:endo), white syrup. [a]p™ = +11.4 (¢ 1.28,

CHCls), 98% ee. FTIR (neat, cm™") 1735, 1549, 1200, 1174, 730, 699. 'H NMR (400 MHz, CDCl;) &
7.47 (d, J = 7.0 Hz, 2H, ArH), 7.41 — 7.32 (m, 3H, ArH), 5.07 (t, J = 8.2 Hz, 1H, C*H), 4.67 (d,
J=7.9Hz, 1H, C°H), 4.23 (d, J = 7.9 Hz, 1H, C?H), 3.77 (s, 3H, CO,Me), 3.11 (t, J = 8.2 Hz, 1H,

76



Densely Substituted 4-Amino Pyrrolidines. Design and Organocatalysis

C®H), 2.42 (bs, 1H, NH), 0.98 (s, 9H, (CHs;)s). °C NMR (101 MHz, CDCl3) 5 173.8, 138.8, 128.9,
128.6, 126.7, 92.7, 68.1, 61.7, 59.6, 52.0, 32.8, 27.8. HRMS (ESI) for C4sH:2N>O,: calculated
[M + H]": 307.1658. Found [M + H]": 307.1676. HPLC (Chiralcel IB, hexane/'PrOH = 80/20, flow
rate 1.0 mL/min, A =210 nm), tg (major) = 18.76 min, fg (minor) = 44.74 min; ee = 98%.

_ " \‘\J“ - - IR ANV B
Time |Area % Height % Area Time |Area % Height |% Area
1 /19.857 |26881869 |31.23 28.68 18.762 59598375 |98.97 98.82
2 [23.575 20878555 |24.09 22.27 2 |44.474 714680 1.03 1.18
3 [27.295 21481940 |23.06 22.92
4 |47.203 |24497140 [21.62 26.13
O,N Ph Methyl (2S,3S,4R, 5S)-5-(tert-butyl)-4-nitro-3-phenylpyrrolidine-2-

tBu’[,:l—g‘Cone

H

carboxylate (NOz—XL—OMe—SIa).30 The expected product was obtained from
imine 31 and nitroalkene 4a. Yield: 124 mg, 90%, white solid. 99% ee after

column chromatography. Analytical and spectroscopic data were in good

agreement with those reported in the literature. '"H NMR (500 MHz, CDCl3) & 7.33 — 7.15 (m, 5H,

ArH), 4.96 (dd, J = 7.8,
3.63 (d, J = 7.5, 1H,

6.5, 1H, C*H), 4.42 (d, J = 8.6, 1H, C?H), 4.06 (dd, J = 8.4, 6.5, 1H, C°H),
C°H), 3.25 (s, 3H), 2.45 (sa, 1H), 1.06 (s, 9H). HPLC (Chiralcel IB,

hexane/PrOH = 80/20, flow rate 1.0 mL/min, A = 254 nm), tzr (major) = 8.67 min; ee = 99%.

xxxxx

% e S Trrastsres Tme o % 68 7boabo &by oo " iios " ion oo oo
Time |Area % Height % Area Time |Area % Height % Area
1 [8.97 86937.52 |50.80 48.12 867 2749355 1100 100.00
2 (9.62 93724.50 |49.20 51.88

77



Chapter 2

o.NMe ph Methyl (2S,3S,4R, 5S)-4-methyl-4-nitro-3,5-diphenylpyrrolidine-2-
ﬁ carboxylate (NO»-X -OMe-5am). The expected product was obtained from
Ph™ N\~ ~CO,Me imine 3a and nitroalkene 2m. Yield: 101 mg, 66 %, white solid. m, = 114 —
H 115 °C. [a]p® = +84.2 (c 1.00, CHCI3), 94% ee. FTIR (neat, cm™) 3339,

1742, 1536, 1381. "H NMR (400 MHz, CDCl3) & 7.61 — 7.18 (m, 10H, ArH), 5.04 (s, 1H, C°H), 4.67
(d, J = 8.2 Hz, 1H, C®H), 4.47 (d, J = 8.2 Hz, 1H, C°H), 3.44 (s, 3H, CO,Me), 2.84 (bs, 1H, NH),
0.88 (s, 3H. CHs). ®C NMR (400 MHz, CDCl3) 5 171.3, 136.7, 136.5, 129.7, 128.5 (two signals),
128.3, 127.8, 127.8, 98.3, 69.8, 63.0, 56.0, 51.8, 20.8. HRMS (ESI) for C49HxN,O,: calculated
[M + HJ": 341.1501. Found [M + HJ": 341.1503. HPLC (Chiralcel IA, hexane/PrOH = 85/15, flow

rate 1.0 mL/min, A = 254 nm), tz (minor) = 10.9 min, tz (major) = 13.4 min; ee = 94%.

General Procedure for the Synthesis of endo-Cycloadducts 5

A solution of NMe-L-EhuPhos-2 (9.48 mg, 0.015 mmol) and Cu(CH3;CN)4PF¢ (5.2 mg, 0.014 mmol)
in 1.0 mL of dry THF was stirred at -60 °C for 15 min. Then, a solution of imine 3 (0.45 mmol) in 1.0
mL of solvent, triethylamine (3.2 ul, 0.023 mmol) and the corresponding nitroalkenes 4 (0.50 mmol)
in 1.0 mL of solvent were successively added. The reaction was monitorized by TLC and, once the
starting material was consumed, the mixture was filtered through a celite pad and the filtrate was
concentrated under reduced pressure. The residue was purified by flash chromatography on silica
gel (ethyl acetate:hexanes 1:2) to yield the corresponding endo-cycloadducts 5. The enantiomeric
excess was determined by comparison of the HPLC chromatogram recorded for the racemic

mixture with that corresponding to the enantiomerically enriched cycloadduct.

O-N Ph Methyl (2S,3R,4S,5S)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylate
2 > . .
/Z—;\ (NO,-N.-OMe-5aa).”® The expected product was obtained from imine 3a

Ph N CO,Me and nitroalkene 4a. Yield: 119 mg, 81%, white solid. 92% ee after column

H chromatography and >99% ee after recrystallization in AcOEt/Hexane
recrystallization mixture. Analytical and spectroscopic data were in good agreement with those
reported in the literature. 'H NMR (500 MHz, CDCl3) 6 7.46 — 7.27 (m, 10H, ArH), 5.28 (dd, J = 6.4,
3.5, 1H, C*H), 4.91 (d, J = 6.4, 1H, C°H), 4.22 (dd, J = 7.2, 3.4, 1H, C°H), 4.15 (d, J = 7.3, 1H,
C°H), 3.81 (s, 3H, OMe), 2.90 (sa, 1H, NH). HPLC (Chiralcel IB, hexane/PrOH = 85/15, flow rate
1.0 mL/min, A = 254 nm), tz (major) = 14.84 min, fg (minor) = 21.02; ee = 92%.

O,N 1By Methyl (2S,3R,4S,5S)-(3-tert-butyl)-4-nitro-5-phenylpyrrolidine-2-
carboxylate (NO,-N -OMe-5al). The expected product was obtained from

Ph N CO,Me imine 3a and nitroalkene 4l. Yield: 116 mg, 84%, orange solid. m, = 113°C.
H [a]p®® = +14.4 (¢ 0.50, CHCI3), 95% ee. FTIR (neat, cm™) 1728, 1545, 1197,

1198, 733, 694. 'H NMR (400 MHz, CDCl3) & 7.32 (m, 5H, ArH), 5.12 (m, 1H, C*H), 4.45 (dd,
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J=11.6, 6.1 Hz, 1H, C°H), 3.85 (s, 3H, CO,Me), 3.27 (t, J = 10.8 Hz, 1H, C°H), 2.97 (d, J = 5.3 Hz,
1H, C°H), 1.05 (s, 9H, (CHs)s). °C NMR (101 MHz, CDCl;) 5 172.6, 134.3, 128.4, 128.2, 126.0,
93.2,67.9, 61.9, 61.1, 52.5, 32.4, 27.4; HRMS (ES]I) for C1gH,,N,04: calculated [M + H]": 307.1658.
Found [M + HJ]": 307.1673. HPLC (Chiralcel IB, hexane/PrOH = 90/10, flow rate 0.5 mL/min,
A =210 nm), tg (minor) = 29.05 min, tg (major) = 30.53 min; ee = 95%.

ALY

Time |Area % Height % Area Time |Area % Height |% Area
1 [29.241 |44538767 |49.51 47.35 1 [29.055 |3188195 |4.24 2.58
2 |30.889 49520180 |50.49 52.65 2 |30.533 |120212188|95.76 97.42
O,N Ph Methyl (2S,3R,4S,5S)-(5-tert-butyl)-4-nitro-3-phenylpyrrolidine-2-

307.1673. HPLC (Chiralcel IA, hexane/PrOH = 99/1, flow rate 1.0 mL/min, A =

H

tBU’Z:>‘COZMe

carboxylate (NO.,-N_ -OMe-5la). The expected product was obtained from
imine 3l and nitroalkene 4a. Yield: 94 mg, 68%, 77% ee (91% yield was
obtained as an 82:18 diastereomeric ratio exo:endo), orange syrup.
[a]p®°= -113.6 (c 1.08, CHCI3), >99% ee after semipreparative HPLC purification (Chiralcel IA,
hexane/PrOH = 99:1, flow rate 3 mL/min, A = 210 nm). FTIR (neat, cm™) 1740, 1543, 908, 729,
698. "H NMR (400 MHz, CDCls) 8 7.39 (t, J = 7.4 Hz, 2H, ArH), 7.33 (d, J = 7.1 Hz, 1H, ArH), 7.22
(d, J = 7.4 Hz, 2H, ArH), 4.98 (d, J = 4.2 Hz, 1H, C*H), 4.04 (d, J = 5.7 Hz, 1H, C°H), 3.97 (d,
J=5.7 Hz, 1H, C*H), 3.82 (s, 3H, CO,Me), 3.23 (s, 1H, C°H), 3.11 (s, 1H, NH), 1.08 (s, 9H,
(CHs3)s). *C NMR (101 MHz, CDCl5) & 171.8, 139.5, 129.0, 127.7, 127.1, 92.6, 74.8, 67.4, 56.7,
52.3, 32.5, 26.7. HRMS (ESI) for CisH2N,O4: calculated [M + H]™: 307.1658. Found [M + H]":

tr (major) = 21.57 min; ee = >99%.

210 nm),
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Time |Area % Area Time Are“; ”%Aréa
1 120.767 144909323 52.67 1 21.573 32679290 |100.00
2 24.943 40349833 47.33

General Procedure for the methylation of NO,-X,-OMe-5aa’®

Pyrrolidine NO,-X -OMe-5aa (500 mg, 1.53 mmol) was dissolved in 10 mL of 88% aqueous formic
acid. 10 mL of 35% aqueous formaldehyde were added and the reaction mixture was heated at
100°C for two hours. After cooling to room temperature, the acidic solution was basified with
saturated K,COj; solution from which a precipitated appeared. Then, this solution was diluted with
H,O and extracted with CH,Cl, The combined organic layers were dried over Na,SQ,, filtered and
concentrated under reduced pressure. The crude mixture was filtered through a plug of silica

eluting with ethyl acetate affording the pure product.

O,N Ph Methyl (2S,3S,4R, 5S)-1-methyl-4-nitro-3,5-diphenylpyrrolidine-2-

/'[—g\ carboxylate (NO,-X_ -OMe-5¢). Yield: 406 mg, 78 %, dark yellow solid.

Ph™ >N~ TCO2Me m, =63 — 64 °C. [a]s™ = +31.9 (c 0.75, CHCls). FTIR (neat, cm™) 3061,
Me

3030, 2951, 1739, 1702, 1551, 1448, 1365, 1203, 1175, 751, 696. 'H NMR
(400 MHz, CDCl3) & 7.51 (d, J = 7.3 Hz, 2H, ArH), 7.45 — 7.21 (m, 8H, ArH), 5.00 (m, 1H, C*H),
4.24 (dd, J = 9.3, 5.9 Hz, 1H, C°H), 3.97 (d, J = 8.0 Hz, 1H, C°H), 3.92 (d, J = 9.3 Hz, 1H, C*H),
3.27 (s, 3H, CO,Me), 2.33 (s, 3H, NCHj3). ">C NMR (400 MHz, CDCl3) 5 169.7, 137.8, 137.2, 129.1,
129.0, 128.6, 128.4, 128.0, 127.6, 97.1, 75.1, 71.8, 51.4, 51.1, 39.3. HRMS (ESI) for C1oH20N,0y:
calculated [M + H]": 341.1501. Found [M + HJ*: 341.1501.

General Procedure for the Synthesis of Amino Derivatives 10

A solution of the corresponding 4-nitro cycloadducts 5 (1 mmol) in 100 mL of methanol was
pumped at 1 mL/min through the H-Cube® Hydrogenation Reactor using a Raney/Nickel CatCart®
as catalyst. The pressure of the system was set to 20 bars and the temperature to 65°C. After all
the reaction mixture had passed through the reactor, the solvent was reduced to dryness. The
crude mixture was filtered through a plug of silica eluting with ethyl acetate affording the pure

product.
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HN Ph Methyl! (2S,3R,4R,5S)-4-amino-3,5-diphenylpyrrolidine-2-carboxylate

y (NH>-X -OMe-10aa). The expected product was obtained from
phfqg‘cone NO,-X -OMe-5aa. Yield: 266 mg, 90%, white solid. m, = 75 — 77 °C.
H [a]p?®= +100.1 (c 0.50, CHCI3). FTIR (neat, cm™) 1731, 1173, 1107, 696.

"H NMR (500 MHz, CDCl3) & 7.70 - 7.64 (m, 2H, ArH), 7.42 (dd, J = 10.3, 4.7 Hz, 2H, ArH), 7.38 —
7.30 (m, 3H, ArH), 7.28 — 7.24 (m, 3H, ArH), 4.29 (d, J = 9.8 Hz, 1H, C°H), 3.93 (d, J = 8.9 Hz, 1H,
C?H), 3.66 (dd, J = 10.3, 9.0 Hz, 1H, C°H), 3.49 (t, J = 10.1 Hz, 1H, C*H), 3.24 (s, 3H, CO,Me),
1.65 (bs, 2H, NH,). *C NMR (126 MHz, CDCl,) 5 174.3, 140.8, 137.5, 128.7, 128.4, 128.2, 127.9,
127.3, 127.3, 70.3, 63.8, 62.9, 57.1, 51.3. HRMS (ESI) for CigHxN,0,: calculated [M + HJ':
297.1603. Found [M + HJ": 297.1604.

Methyl (2S,3R,4R, 5S)-4-amino-3-(tert-butyl)-5-phenylpyrrolidine-2-
HZN’, 'Bu carboxylate (NH,-X_ -OMe-10al). The expected product was obtained from
’[;icozlvl o NOzX.-OMe-5al. Yield: 248 mg, 90%, white syrup. [a]p®® = +62.7 (c 1.85,
H CHCI3). FTIR (neat, cm™) 2948, 1729, 1196, 1175, 701. "H NMR (400 MHz,
CDCl;) 8 7.58 (d, J = 7.3 Hz, 2H, ArH), 7.37 (t, J = 7.3 Hz, 2H, ArH), 7.31 (d, J = 7.1 Hz, 1H, ArH),
4.05 (d, J = 7.9 Hz, 1H, C°H), 3.76 (s, 3H, CO,Me), 3.71 (d, J = 8.1 Hz, 1H, C?H), 3.43 (t,
J=8.4Hz, 1H, C*H), 2.10 (t, J = 8.3 Hz, 1H, C°H), 1.49, (bs, 2H, NH,), 1.05 (s, 9H, (CHs)s). °C
NMR (101 MHz, CDCl;) 5 175.6, 142.0, 128.5, 127.6, 127.4, 71.5, 61.4, 61.1, 60.5, 51.6, 32.2,
28.6. HRMS (ESI) for C16H24N,0O,: calculated [M + H]": 277.1916. Found [M + HJ*: 277.1921.

Ph

H,N, Ph Methyl (2S,3R,4R, 5S)-4-amino-5-(tert-butyl)-3-phenylpyrrolidine-2-
/'[—g\ carboxylate (NH,-X -OMe-10la). The expected product was obtained from
'Bu” N~ TCOMe  NO,-X,-OMe-5la. Yield: 218 mg, 79%, yellow oil. [a]p?® = +81.7 (c 0.52,
CHCI5). FTIR (neat, cm™) 2950, 1734, 1204, 700. '"H NMR (400 MHz,
CDCl3) 6 7.31 (d, J = 6.7 Hz, 2H), 7.25 (d, J = 7.2 Hz, 3H), 4.20 (d, J = 9.4 Hz, 1H), 3.43 (1,
J=7.8Hz, 1H), 3.30 (t, J= 8.5 Hz, 1H), 3.23 (s, 3H, CO,Me), 2.72 (d, J = 8.1 Hz, 1H), 1.14 (s, 9H).
3C NMR (101 MHz, CDCl3) & 173.5, 139.6, 128.3, 128.3, 127.0, 74.7, 63.1, 59.2, 58.9, 51.2, 33.1,
27.3. HRMS (ESI) for C1gH24N205: calculated [M + H]": 277.1916. Found [M + H]": 277.1923.

H

H.NMe ph Methyl! (2S,3S,4R,5S)-4-amino-4-methyl-3,5-diphenylpyrrolidine-2-

2N,

(Z—S‘ carboxylate (NH,-X_ -OMe-10am). The expected product was obtained from

Ph™ >\~ TCO2Me NO:-X-OMe-5am. Yield: 260 mg, 84%, white solid. m, = 102 — 103 °C.
H [a]p®® = +61.7 (c 0.40, CHCI;). FTIR (neat, cm™) 3347, 1735, 1205, 728,

702. "H NMR (400 MHz, CHCl3) 8 7.53 (d, J = 7.3 Hz, 2H, ArH), 7.37 (d, J = 7.5 Hz, 2H, ArH), 7.29
(m, 6H, ArH), 4.41 (d, J = 10.2 Hz, 1H, C?H), 4.11 (s, 1H, C°H), 3.51 (d, J = 10.3 Hz, 1H, C°H), 3.45
(s, 3H, CO,Me), 1.51, (bs, 2H, NH,), 0.62 (s, 3H, CHs). °C NMR (101 MHz, CDCl;) 5 173.8, 138.6,
137.3, 129.7, 128.0, 127.8, 127.4, 127.2, 126.9, 72.9, 62.3, 61.7, 61.3, 51.4, 22.3. HRMS (ESI) for
C1oH22N,0,: calculated [M + H]*: 311.1760. Found [M + H]*: 311.1770.
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HoN Ph Methyl (2S,3R,4R,5S)-4-amino-1-methyl-3,5-diphenylpyrrolidine-2-

,FS‘ carboxylate (NH»-X -OMe-10c). The expected product was obtained from

Ph™ >N~ "CO2Me  NO,-X.-OMe-10c. Yield: 242 mg, 78 %, bright yellow solid. m, = 108 —

Me 110 °C. [a]p®® = +93.5 (c 0.51, CHCL3). FTIR (neat, cm™) 3389, 3027, 2950,

2796, 1741, 1453, 1435, 1197, 1177, 1056, 746, 696. 'H NMR (400 MHz, CDCl3) 5 7.57 (d, J = 7.5

Hz, 2H, ArH), 7.40 (t, J = 7.5 Hz, 2H, ArH), 7.37 — 7.19 (m, 6H, ArH), 3.72 (d, J = 10.4 Hz, 1H,

C°H), 3.52 (t, J = 8.4 Hz, 1H, C°H), 3.40 — 3.32 (m, 1H, C*H), 3.21 (s, 3H, CO,Me), 3.18 (d, J = 8.3

Hz, 1H, C*H), 2.25 (s, 3H, NMe), 1.35 (bs, 2H, NH,). "°C NMR (101 MHz, CDCl3) & 171.9, 140.3,

139.5, 128.7, 128.6, 128.3, 127.9, 127.9, 127.1, 78.9, 72.1, 66.0, 55.4, 51.1, 39.9. HRMS (ESI) for
C19H2N,0,: calculated [M + H]": 311.1760. Found [M + H]": 311.1773.

Methyl! (2S,3S,4S,5S)-4-amino-3,5-diphenylpyrrolidine-2-carboxylate
(NH>-N_ -OMe-10aa). The expected product was obtained from
Ph N CO,Me NO,-N.-OMe-5aa. Yield: 207 mg, 70%, yellow syrup. [a]p> = +24.2 (c 0.60,
H CHCI,). FTIR (neat, cm™) 3382, 1727, 1219, 700. 'H NMR (500 MHz,
CDCly) 8 7.51 (d, J = 7.3 Hz, 2H, ArH), 7.44 — 7.31 (m, 8H, ArH), 4.63 (d, J = 6.1 Hz, 1H, C°H),
412 (d, J = 7.8 Hz, 1H, C°H), 3.74 (s, 3H, CO,Me), 3.64 (t, J = 6.2 Hz, 1H, C°H), 3.24 (t,
J=6.2 Hz, 1H, C*H), 1.70 (bs, 2H, NH,). >*C NMR (126 MHz, CDCl;)  174.3, 140.2, 139.8, 128.6,
128.2, 127.6, 127.5, 127.2, 126.9, 654, 64.9, 62.9, 57.0, 52.0. HRMS (ESI) for C4gH2oN,O:
calculated [M + H]": 297.1603. Found [M + H]": 297.1610.

H.N.  Ph

HoN By Methyl (2S,3S,4S,5S)-4-amino-3-(tert-butyl)-5-phenyipyrrolidine-2-
\ carboxylate (NH,-N -OMe-10al). The expected product was obtained from
Ph="\\~ ~COMe NH>-Ni-OMe-5al. Yield: 226 mg, 82%, orange syrup. [a]p?° = +37.4 (c 0.34,
H CHCI5) (95% ee). FTIR (neat, cm™) 2952, 1735, 1199, 1170, 755, 701.

'H NMR (400 MHz, CDCl;) & 7.35 (s, 5H, ArH), 4.19 (d, J = 3.5 Hz, 1H, C°H), 3.78 (s, 3H, CO,Me),
3.73 (d, J = 6.2 Hz, 1H, C?H), 3.30 (d, J = 3.3 Hz 1H, C*H), 2.05 (d, J = 5.6 Hz, 1H, C*H), 1.02 (s,
9H, (CHas)s). *C NMR (101 MHz, CDCl5) 8 175.1, 138.5, 128.2, 127.0 (two signals ArC), 67.2, 62.5,
60.4, 57.5, 52.1, 32.3, 27.8. HRMS (ESI) for C;gH2N,0,: calculated [M + H]": 277.1916. Found

[M + H]": 277.1926.

H,N Ph Methyl (2S,3S,4S,5S)-4-amino-5-(tert-butyl)-3-phenylipyrrolidine-2-
carboxylate (NH,-N_ -OMe-10la). The expected product was obtained from

'Bu™ >~ “CO;Me NH,-N,-OMe-5la. Yield: 240 mg, 87%, yellow syrup. [a]o® = +51.3 (¢ 0.87,
H CHCIs). FTIR (neat, cm™) 3342, 2951, 1735, 1217, 757, 701. "H NMR (500

MHz, CDCl;) & 7.38 — 7.16 (m, 5H, ArH), 3.90 (d, J = 4.9 Hz, 1H, C?H), 3.73 (s, 3H, CO,Me), 3.46
(s, 1H, NH), 3.44 — 3.40 (m, 1H, C*H), 3.20 — 3.19 (m, 1H, C*H), 2.90 (d, J = 4.4 Hz, 1H, C°H), 2.26
(bs, 2H, NH,), 1.11 (s, 9H, (CHs)3)). *C NMR (126 MHz, CDCls) & 175.1, 142.1, 128.6, 127.3,
126.8, 70.4, 65.0, 62.2, 60.3, 52.3, 32.6, 28.3. HRMS (ESI) for CsH4N,0,: calculated [M + H]":

277.1916. Found [M + H]": 277.1923.
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General Procedure for the Synthesis of amide derivative 17

Amine NH2>-X -OMe-10aa (0.67 mmol, 200 mg) and K,CO3; (0.80 mmol, 111 mg) were added to 2.5
mL of DCM. Benzoyl chloride (0.67 mmol, 78 pL) was added to the reaction mixture and it was
stirred until consumption of the starting materials, monitored by TLC. Then, the reaction mixture
was washed with H,O three times, brine and dried onto Na,SO,4. The solvent was evaporated

under reduced pressure to afford 17.

Ph Methyl (2S,3R,4R,5S)-4-benzamido-3,5-diphenylpyrrolidine-2-carboxylate
y—NH  Ph (17). Yield: 115 mg, 43%, white solid. m, = 258 — 260 °C. [a]o? = -54.9
o ,(1 (c0.49, DMF). FTIR (neat, cm™) 1734, 1654, 1383, 1174, 1153, 726.
Ph N™ "CO2Me 1y NMR (500 MHz, DMSO-ds) & 7.50 (s, 2H), 7.43 — 7.06 (m, 13H), 4.67

(d, J = 8.5 Hz, 1H), 3.81 (dd, J = 11.8, 8.5 Hz, 1H), 3.70 (dd, J = 11.7, 9.0 Hz, 1H), 3.26 (s, 1H,
signal under water peak), 3.04 (s, 3H), 1.48 (bs, 1H). °C NMR (126 MHz, DMSO-ds, 70°C) &
171.1, 169.4, 141.2, 136.1, 134.9, 128.9, 128.2, 127.8, 127.4, 127.3, 126.9, 126.8, 126.2, 126.1,
70.1, 64.9, 61.7, 52.3, 50.6. HRMS (ESI) for C,sH»4N,Os: calculated [M + H]": 401.1865. Found
[M + H]": 401.1869.

Synthesis of 12b

To a solution of compound 18 (2.0 g, 10.9 mmol) in dry THF (30 mL) at -78 °C "BuLi (2.5 M in
hexane, 5.2 mL, 13.1 mmol) was added dropwise. Once the mixture was stirred at -78 °C for 30
minutes, anhydrous DMF (1.7 mL, 21.8 mmol) was added dropwise. Then, the mixture was stirred
at -78 °C for another 30 min. H,O (2 mL) was added to quench the reaction and the reaction
mixture was allowed to reach room temperature. Additional H,O (100 mL) was added and the
mixture was extracted with DCM three times and the organic phases were dried with anhydrous
Na,SO,. After removal of the solvent, the residue was purified by silica gel chromatography
(hexane/EtOAc, 95:5) to give 19.

O. _H 4-Vinylbenzaldehyde (19).* Yield: 1.01 g, 70%, pale yellow oil. Analytical and
spectroscopic data were in good agreement with those reported in the literature. "H NMR
(500 MHz, CDCl3) 6 9.99 (s, 1H, CHO), 7.85 (d, J = 8.1 Hz, 1H, ArH), 7.56 (d, J = 8 Hz,
1H, ArH), 6.78 (dd, J = 17.5, 10.9 Hz, 1H, ArCH), 5.91 (d, J = 17.6 Hz, 1H, CH,;s, 5.44 (d,
X J=10.9 Hz, 1H, CHyans).

AgNO; (23.4 mmol, 3.6 g), TEMPO (3.12 mmol, 487 mg) and oven-dried molecular sieves 4 A
(2.34 g) were mixed in a flask. Then, olefin 19 (7.8 mmol, 1.012 g), previously dissolved in 32 mL of
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1,2-dichloroethane, was added. The reaction mixture was placed in a preheated oil bath at 70 °C
and stirred vigorously for 12 hours. Then the mixture was cooled to room temperature and filtered
through a plug of celite and diluted with ethyl acetate. After removal of the solvents, the residue

was purified by silica gel chromatography (hexane/EtOAc 80/20) to afford 12b.

O~ _H (E)-4-(2-Nitrovinyl)benzaldehyde (12b). Yield: 898 mg, 65%, yellow solid. m, =113 —

114 °C. FTIR (neat, cm™) 3112, 2837, 1639, 1538, 966, 810, 730. "H NMR (500 MHz,

CDCl;) 8 10.07 (s, 1H, CHO), 8.03 (d, J = 13.7 Hz, 1H, CHNO,), 7.97 (d, J = 8.1 Hz,

2H, ArH), 7.72 (d, J = 8 Hz, 2H, ArH), 7.64 (d, J = 13.7 Hz, 1H, CHAr). "*C NMR (126

XN MHz, CDCl3) & 191.2, 139.1, 138.5, 137.4, 135.7, 130.5, 129.7, 77.4, 77.2, 76.9.
NO, HRMS (ESI)for CsHgNOs: calculated [M + H]*: 178.0504. Found [M + H]": 178.0504.

General Procedure for the Synthesis of Aldol Adducts 13 under Different Conditions

The corresponding aldehyde 12 (0.25 mmol) was dissolved in neat ketone 11a (1.5 mL, 15.3 mmol,
61.2 equiv). The resulting mixture was cooled to 0 °C and the organocatalyst (0.0125-0.075 mmol,
0.05-0.3 equiv) was added, followed by the selected acid (75.0 ymol, 0.3 equiv). The resulting
mixture was stirred at room temperature or at 0 °C, then warmed to room temperature, diluted with
ethyl acetate, washed with 0.1 M (pH 7) phosphate buffer solution, dried onto sodium sulfate,
filtered and concentrated under reduced pressure. The afforded crude product was purified by flash

chromatography over silica gel using ethyl acetate:hexane system as eluent.

(R)-2-((S)-Hydroxy(perfluorophenyl)methyl)cyclohexan-1-one (13aa).81 Yield:
O OH

47.8 mg, 65%, white solid. Analytical and spectroscopic data were in good
CeFs agreement with that reported in the literature. '"H NMR (500 MHz, CDCl3) & 5.39

—5.30 (m, 1H, CHOH), 3.92 (d, J = 3.3 Hz, 1H, CH), 3.09 — 2.99 (m, 1H, CH,),
2.60 — 2.48 (m, 1H, CHy), 2.43 (td, J = 12.9, 6.3 Hz, 1H, CH,), 2.22 — 2.11 (m, 1H, CH,), 1.95 —
1.85 (m, 1H, CH,), 1.76 — 1.61 (m, 3H, CH,), 1.41 — 1.26 (m, 1H, CH,). "°F NMR (376 MHz,
cyclohexanone) 6 -143.00 (dd, J = 22.3, 7.1 Hz, 2Fo), -157.75 (t, J = 21.0 Hz, 1Fp), -164.31 (id,
J=22.1, 7.4 Hz, 2Fm). HPLC (Daicel Chiralpak IA, hexane/PrOH = 90/10, flow rate 1.0 mL/min,
A =210 nm), tz (minor) = 13.21 min, tg (major) = 15.70 min; ee = 88%.
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% Height

% Area

,/'/ AN \ S
Time |Area % Height (% Area
1 [12.908 [18723559 |52.08 50.59
2 |15.497 |18289342 |47.92 49.41

Time |Area
1 [13.211 |1046507 |6.47 5.96
2 |15.700 16517888 |93.53 94.04

(R)-2-[(S)-Hydroxy(4-((E)-2-nitrovinyl) phenyl)methyl]cyclohexan-1-
one (13ab). Yield: 48 mg, 70%, yellow solid- m, = 137 - 138 °C.
[a]b® = -12.8 (¢ 0.60, CHCIl;), 86% ee. FTIR (neat, cm™) 3498,
2944, 2858, 1678, 1337, 827. "H NMR (500 MHz, CDCl3) 5 8.00 (d,
J =13.7 Hz, 1H, CHNO,), 7.58 (d, J = 13.6 Hz, 1H, CHAr), 7.54 (d, J = 8.4 Hz, 2H, ArH), 7.42 (d,
J=7.9 Hz, 2H, ArH), 4.83 (dd, J = 8.6, 3.1 Hz, 1H, CHOH), 4.02 (d, J = 2.8 Hz, 1H, OH), 2.60 (m,
1H, COCHCOH), 2.49 (m, 1H, CH,), 2.36 (m, 1H, CH,), 2.15 — 2.07 (m, 1H, CH,), 1.82 (d,
J=13.1 Hz, 1H, CH,), 1.68 (m, 1H, CH,), 1.62 — 1.56 (m, 2H, CH,), 1.36 (m, 1H, CH,). °C NMR
(101 MHz, CDCl;) 6 215.0, 145.5, 138.6, 137.0, 129.1, 129.0, 128.0, 74.3, 57.2, 42.6, 30.7, 27.6,
24.7. HRMS (ESI) for CysH;7NO,Na: calculated [M + Na]™: 298.1055. Found [M + NaJ": 298.1056.
HPLC (Chiralcel AD-H, hexane/PrOH = 80/20, flow A = 210 nm),
fr (major) = 26.43 min, {g (minor) = 29.17 min; ee = 86%.

NO,

rate 1.0 mL/min,

Time |Area  |% Height % Area Area _ |% Height |% Area

1 |25.334 48931472 |52.22 49.63 1 |26.431 |63800170 |91.82 92.75
2 |27.640 49657775 |47.78 50.37 2 |29.174 4990765 |8.18 7.25

(S)-2-[(R)-Hydroxy(4-((E)-2-nitrovinyl)phenyl)methyl]cyclohexan-1-
one (ent-13ab). Yield: 51 mg, 75%, yellow solid. [a]p”> = 8.00
(c 0.90, CHCI;), -64% ee. '"H NMR (500 MHz, CDCl;) 5 8.00 (d,
J=13.6 Hz, 1H, CHNO,), 7.58 (d, J = 13.6 Hz, 1H, CHAr), 7.54 (d,
J=7.9Hz, 2H, ArH), 7.42 (d, J = 7.9 Hz, 2H, ArH), 4.83 (dd, J = 8.1, 2.9 Hz, 1H, CHOH), 4.02 (d,

NO,
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J=3.0 Hz, 1H, OH), 2.61 (m, 1H, COCHCOH), 2.49 (m, 1H, CH,), 2.36 (td, J = 13.4, 6.2 Hz, 1H,
CH,), 2.11 (m, 1H, CH,), 1.82 (d, J = 12.7 Hz, 1H, CH,), 1.74 — 1.49 (m, 3H, CH,), 1.37 (m, 1H,
CH,). HPLC (Chiralcel AD-H, hexane/PrOH = 80/20, flow rate 1.0 mL/min, A = 210 nm),
fr (minor) = 26.51 min, {g (major) = 28.82 min; ee = -64%.

Time |Area % Height [% Area Time |Area % Height |% Area

1 |25.334 (48931472 |52.22 49.63 1 126.507 17231256 [17.68 17.66
2 |27.640 (49657775 |47.78 50.37 2 [28.819 133715832 [82.32 82.34

General Procedure for the Synthesis of Michael Adducts 14

A reaction mixture of amine catalyst 10 (0.03 mmol), acid (0.03 mmol), ketone 11 (0.8 mmol) and
nitroalkene 4 (0.1 mmol) was stirred at room temperature. The progress of the reaction was
monitored by TLC (1/3 of EtOAc/Hex). After consumption of the nitroalkene, unreacted ketone was
evaporated under reduced pressure. The afforded crude product was purified by flash

chromatography over silica gel using ethyl acetate:hexane system as eluent.

(R)-2-((S)-2-Nitro-1-phenylethyl)cyclohexanone (14aa).** Yield: 19 mg, 77%,
NO, white solid. Analytical and spectroscopic data were in good agreement with

those reported in the literature. 'H NMR (500 MHz, CDCl3) 6 7.37 — 7.30 (m,

3H, ArH), 7.17 (d, J = 7.1 Hz, 2H, ArH), 494 (dd, J = 12.4, 4.4 Hz, 1H,
CHNO,), 4.69 — 4.57 (m, 1H, CHNO,), 3.81 — 3.68 (m, 1H, CHAr), 2.76 — 2.62 (m, 1H, CH), 2.48
(d, J=13.3 Hz, 1H, CH,), 2.40 (dd, J = 12.4, 6.2 Hz, 1H, CH,), 2.07 (m, 1H, CH,), 1.85 — 1.58 (m,
4H, CH,), 1.24 (m, 1H, CH,). HPLC (Daicel Chiralpak AS-H, hexane/PrOH = 90/10, flow rate
1.0 mL/min, A = 210 nm), tz (major) = 22.24 min, tg (minor) = 33.90 min; ee = 94%.

O Ph
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Time |Area % Height (% Area Time [|Area % Height |% Area
1 121.839 |40695306 |52.43 50.10 1 122.244 15611841 |96.58 96.48
2 [33.471 |40532099 47.57 49.90 2 |33.905 |569851 3.42 3.52
Me (R)-2-((S)-2-Nitro-1-(p-tolyl)ethyl)cyclohexanone (14ab).83 Yield: 15.1 mg,
58%, white solid. Analytical and spectroscopic data were in good agreement
with those reported in the literature. '"H NMR (500 MHz, CDCl3) & 7.12 (d,
0]
NO J=6.8 Hz, 2H, ArH), 7.04 (d, J = 7.8 Hz, 2H, ArH), 4.91 (dd, J = 12.3, 4.4 Hz,
2

1H, CHNOy), 4.61 (dd, J = 12.1, 10.0 Hz, 1H, CHNOy,), 3.72 (td, J = 9.7, 4.3
Hz, 1H, CHAr), 2.65 (m, 1H, CH), 2.46 (m, 1H, CH,), 2.39 (m, 1H, CH,), 2.33
(s, 3H, Me), 2.13 — 2.03 (m, 1H, CH,), 1.80 — 1.49 (m, 4H, CH,), 1.23 (m, 1H, CH,). HPLC (Daicel
Chiralpak AD-H, hexane/PrOH = 95/5, flow rate 0.5 mL/min, A = 210 nm), tz (major) = 37.30 min,

fr (minor) = 47.11 min; ee = 87%.

AN |

Time |Area

" [% Height

% Area

% Height

Time |Area % Area
1 [37.304 [136674075(94.02 93.52
2 |47.109 (9463967 |5.98 6.48

(R)-2-((S)-2-Nitro-1-(4-(trifluoromethyl)phenyl)ethyl) cyclohexanone (14ac).®*

Yield: 28.3 mg, 90%, white solid. Analytical and spectroscopic data were in

good agreement with those reported in the literature. 'H NMR (500 MHz,

1 140.079 |105636239|37.20 36.67
2 |46.828 38234130 |13.90 13.27
3 149.504 (32721997 |12.51 11.36
4 [51.718 |111495941/36.38 38.70
CF;
@)

CDCl3) & 7.61 (d, J = 7.8 Hz, 2H, ArH), 7.34 (d, J = 7.7 Hz, 2H, ArH), 4.99
(dd, J = 12.8, 4.4 Hz, 1H, CHNO,), 4.69 (dd, J = 12.7, 10.1 Hz, 1H, CHNO,),
3.89 (m, 1H, CHAr), 2.83 — 2.66 (m, 1H, CH), 2.51 (d, J = 12.8 Hz, 1H, CH,),
2.47 —2.37 (m, 1H, CH,), 2.18 — 2.06 (m, 1H, CH,), 1.90 — 1.52 (m, 4H, CH,), 1.27 (d, J = 11.1 Hz,

NO,
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1H, CH,). HPLC (Daicel Chiralpak AD-H, hexane/'PrOH = 95/5, flow rate 0.5 mL/min, A = 210 nm),

tr (major) = 28.99 min, fg (minor) = 50.56 min; ee = 88%.

Area

"% Height

% Area

% Height

% Area

Time |Area

1 129.314 |21727359 |43.68 39.49 1 28988 175946728 195.72 93.94

2 [33.277 6558133 [11.42 11.92 2 50562 4902881 |4.28 6.06

3 [36.179 5932904 |10.78 10.78 : : :

4 |52.000 [20803541 |34.13 37.81

OMe (R)-2-((S)-1-(4-Methoxyphenyl)-2-nitroethyl)cyclohexanone (14ad).82 Yield:
20.8 mg, 75%, white solid. Analytical and spectroscopic data were in good
agreement with those reported in the literature. '"H NMR (500 MHz, CDCl;) &
0O

7.08 (d, J = 8.5 Hz, 2H, ArH), 6.85 (d, J = 8.5 Hz, 2H, ArH), 4.90 (dd, J = 12.3,
4.5 Hz, 1H, CHNO,), 4.58 (dd, J = 12.1, 10.2 Hz, 1H, CHNO,), 3.78 (s, 3H,
OMe), 3.71 (m, 1H, CHAr), 2.73 — 2.61 (m, 1H, CH), 2.47 (d, J = 12.8 Hz, 1H,
CH,), 2.38 (td, J = 12.5, 5.6 Hz, 1H, CH,), 2.07 (d, J = 2.6 Hz, 1H, CH,), 1.89 — 1.51 (m, 4H, CH,),
1.23 (dd, J = 22.8, 10.7 Hz, 1H, CH,). HPLC (Daicel Chiralpak AD-H, hexane/PrOH = 80/20, flow
rate 0.5 mL/min, A = 210 nm), tz (major) = 28.41 min, tg (minor) = 32.49 min; ee = 88%.

NO,

% Height

% Area

88

Time |Area Time |Area % Height |% Area
1 125.208 64994971 |38.56 38.48 28.406 [143074864/93.46 94.14
2 |27.790 (20491354 |12.18 12.13 32.492 (8900039 |6.54 5.86
3 129.555 |61422712 |37.09 36.37
4 |31.104 |21987842 [12.16 13.02
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(R)-2-((S)-2-Nitro-1-(4-nitrophenyl)ethyl)cyclohexanone (14ae).* Yield: 26.0

mg, 89%, white solid. Analytical and spectroscopic data were in good

agreement with those reported in the literature. 'H NMR (500 MHz, CDCl3) &

0 8.20 (d, J = 8.7 Hz, 2H, ArH), 7.39 (d, J = 8.6 Hz, 2H, ArH), 4.99 (dd,

NO. J=13.0, 4.4 Hz, 1H, CHNO,), 4.70 (dd, J = 12.9, 10.1 Hz, 1H, CHNO,), 3.93

(dd, J = 9.3, 5.3 Hz, 1H, CHAr), 2.70 (d, J = 13.2 Hz, 1H, CH), 2.50 (d,

J=13.2 Hz, 1H, CHy;), 2.45 — 2.37 (m, 1H, CH,), 2.10 (m, 1H, CH,), 1.83 (d, J = 12.0 Hz, 1H, CH,),

175 - 160 (m, 3H, CHy;), 127 (m, 1H, CH;). HPLC Chiralpak AD-H,

hexane/'PrOH = 80/20, flow rate 1.0 mL/min, A = 254 nm), tz (major) = 18.91 min, tz (minor) =
36.08 min; ee = 86%.

NO,

(Daicel

% Height

% Area

Time |Area Time |Area % Height |% Area
1 [16.671 |77607269 44.97 35.15 18.912 33957647 |95.05 92.85
2 |23.360 64820755 |30.58 29.36 36.076 2614035 [4.95 7.15
3 |31.051 |78351233 [24.45 35.49
Br (R)-2-((S)-1-(3-Bromophenyl)-2-nitroethyl)cyclohexanone (14af).86 Yield:
30.2 mg, 93%, white solid. Analytical and spectroscopic data were in good
O agreement with those reported in the literature. 'H NMR (500 MHz, CDCls3) &

NO2 741 (d, J=7.2 Hz, 1H, ArH), 7.33 (s, 1H, ArH), 7.20 (t, J = 7.8 Hz, 1H, ArH),

7.12 (d, J = 7.5 Hz, 1H, ArH), 4.93 (dd, J = 12.8, 4.3 Hz, 1H, CHNO,), 4.69 —
4.53 (m, 1H, CHNO,), 3.74 (td, J = 9.9, 4.4 Hz, 1H, CHAr), 2.71 — 2.60 (m, 1H, CH), 2.48 (m, 1H,
CHy), 2.39 (m, 1H, CHy), 2.08 (m, 1H, CH,), 1.81 — 1.58 (m, 4H, CH,), 1.26 (m, 1H, CH,). HPLC
(Daicel Chiralpak AS-H, hexane/'PrOH = 80/20, flow rate 1.0 mL/min, A = 210 nm), fr (major) =
16.86 min, tg (minor) = 32.05 min; ee = 88%.
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Time |Area % Height (% Area Ti A % Heiaht % A
1 17.828 (42299734 47.77  36.06 16,865 154174586 o580 19396
2 [23.910 [15618984 |14.17 13.32 32'047 3482505 4 1'1 6(54
3 [26.199 [16545240 |12.88 14.11 : : :
4 [32.948 42827951 |25.18 36.51
(R)-2-((S)-1-(3-Methoxyphenyl)-2-nitroethyl)cyclohexanone (14ag).86 Yield:
OMe 20.0 mg, 72%, white solid. Analytical and spectroscopic data were in good
agreement with those reported in the literature. 'H NMR (500 MHz, CDCl3) &
Q NO 7.15 (m, 1H, ArH), 6.79 — 6.70 (m, 3H, ArH), 4.91 (d, J = 12.4 Hz, 1H,
2

CHNO,), 4.63 (d, J = 10.1 Hz, 1H, CHNO,), 3.79 (s, 3H, OMe), 3.72 (m, 1H,
CHAr), 2.66 (m, 1H, CH), 2.46 (m, 1H, CH,), 2.38 (m, 1H, CH,), 2.06 (m, 1H,

CH,), 1.72 - 1.61 (m, 4H, CH,), 1.26 (m, 1H, CH,). HPLC (Daicel Chiralpak AS-H, hexane/PrOH =
80/20, flow rate 1.0 mL/min, A = 210 nm), {g (major) = 21.42 min, {g (minor) = 37.79 min; ee = 88%.

Time

Area

% Height (% Area

% Height

Time |Area % Area
1 |20.986 |88730287 |43.81 37.44 21.416 |4010338 |95.69 93.98
2 |27.827 (25312094 |12.91 10.68 37.795 |2570459 |4.31 6.02
3 128.855 |31961423 |13.31 13.49
4 |36.246 90998114 |29.97 38.40
(R)-2-((S)-1-(2-Fluorophenyl)-2-nitroethyl)cyclohexanone (14ah).87 Yield:
23.8 mg, 90%, white solid. Analytical and spectroscopic data were in good
o ll\:lO agreement with those reported in the literature. 'H NMR (500 MHz, CDCl3)
2

7.32 —7.21 (m, 1H, ArH), 7.20 — 7.16 (m, 1H, ArH), 7.14 — 7.03 (m, 2H,
ArH), 4.92 (dd, J = 12.6, 4.3 Hz, 1H, CHNO,), 4.73 (d, J = 12.5, 10.2 Hz,

1H, CHNO,), 4.02 (m, 1H, CHAr), 2.87 — 2.82 (m, 1H, CH), 2.52 — 2.35 (m, 2H, CH,), 2.12 — 2.05
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(m, 1H, CHy), 1.80 — 1.55 (m, 4H, CH,), 1.32 — 1.20 (m, 1H, CH,). HPLC (Daicel Chiralcel OD-H,
hexane/'PrOH = 95/5, flow rate 1.0 mL/min, A = 210 nm), t (major) = 22.07 min, tz (minor) = 24.62

min; ee = 92%.

TN

% Height

% Area

Time |Area % Height |% Area
22.070 |17094779 |95.67 96.01
24.624 709553  |4.33 3.99

(R)-2-((S)-1-(2-Methoxyphenyl)-2-nitroethyl)cyclohexanone
23.0 mg, 83%, white solid. Analytical and spectroscopic data were in good

Time |Area
1 |20.813 |15684976 |36.56 32.24
2 |23.440 |15123744 |34.96 31.09
3 |25.418 |17836871 [28.48 36.67
0]

(14ai).¥  Yield:

OMe agreement with those reported in the literature. 'H NMR (500 MHz, CDCl5)

NO,

7.24 (dd, 1H, J = 1.6, 8.0 Hz, ArH), 7.09 (dd, 1H, J= 1.6, 7.6 Hz, ArH), 7.86 —

6.91 (m, 2H, ArH), 4.82 — 4.85 (m, 2H, CHNO,), 3.96 (td, 1H, J = 4.0, 9.2 Hz,
CHAr), 3.85 (s, 3H, OMe), 2.94 — 3.02 (m, 1H, CH), 2.36 — 2.50 (m, 2H, CH,), 2.04 — 2.08 (m, 1H,
CHy), 1.76 — 1.80 (m, 1H, CHy), 1.55 — 1.69 (m, 3H, CH,), 1.19 — 1.26 (m, 1H, CH,). HPLC (Daicel
Chiralpak AS-H, hexane/'PrOH = 90/10, flow rate 1.0 mL/min, A = 210 nm), tz (major) = 21.99 min,
{r (minor) = 26.58 min; ee = 74%.

—/ N

Time

Area

% Height (% Area

Time

Area

% Height

% Area

21.986

83536700

87.24

87.15

1 ]20.888 |111264360(42.79 39.23
2 |24.972 |112817421/41.49 39.78
3 |27.076 59514769 |15.72 20.99

26.577

12316696

12.76

12.85
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(R)-2-((R)-1-(Furan-2-yl)-2-nitroethyl)cyclohexanone (14aj).86 Yield: 14.0 mg,

NO,

59%, white solid. Analytical and spectroscopic data were in good agreement
with those reported in the literature. 'H NMR (500 MHz, CDCI3) 6 7.34 (d,

J=0.6 Hz, 1H, ArH), 6.29 (dd, J = 2.8, 1.6 Hz, 1H, ArH), 6.18 (d, J = 2.6 Hz,
1H, ArH), 4.79 (dd, J= 12.4, 4.7 Hz, 1H, CHNO,), 4.67 (dd, J = 12.4, 9.4 Hz,
1H, CHNO,), 3.97 (m, 1H, CHAr), 2.82 — 2.68 (m, 1H, CH), 2.47 — 2.45 (d, J = 11.8 Hz, 1H, CH,),
2.41 - 231 (m, 1H, CH,), 2.18 — 2.05 (m, 1H, CHy), 1.85 — 1.83 (m, 1H, CH,), 1.77 — 1.74(m, 1H,
CH,), 1.69 — 1.62 (m, 2H, CH,), 1.30 — 1.25 (m, 1H, CH,). HPLC (Daicel Chiralpak AS-H,
hexane/PrOH = 90/10, flow rate 1.0 mL/min, A = 210 nm), tz (major) = 24.81 min, tz (minor) =
30.34 min; ee = 84%.

% Height

% Area

Time |Area % Height (% Area
1 124.810 |58563814 |90.26 91.96
2 [30.340 5117731 19.74 8.04

Time |Area
1 |25.174 23233036 |31.42 32.02
2 |28.809 (13421733 |18.98 18.50
3 [30.544 23468755 |34.43 32.35
4 |39.456 (12433897 |15.16 17.14

(R)-2-((S)-1-(Naphthalen-2-yl)-2-nitroethyl)cyclohexanone
6.83 mg, 23%, white solid. Analytical and spectroscopic data were in good
agreement with those reported in the literature. 'H NMR (500 MHz, CDCl3)
7.81 (dd, J = 14.3, 8.2 Hz, 3H, ArH), 7.63 (s, 1H, ArH), 7.52 — 7.41 (m, 2H,
ArH), 7.35 - 7.23 (m, 1H, ArH), 5.02 (dd, J = 12.5, 4.4 Hz, 1H, CHNO,), 4.74
(dd, J=12.2, 10.2 Hz, 1H, CHNO,), 3.95 (id, J = 9.8, 4.4 Hz, 1H, CHAr), 2.78

(14ak).”

Yield:

(td, J=11.2,4.8 Hz, 1H, CH), 2.68 — 2.46 (m, 1H, CH,), 2.41 (td, J = 12.5, 5.7 Hz, 1H, CH,), 2.13 -
2.03 (m, 1H, CH,), 1.85 — 1.53 (m, 4H, CH,), 1.39 — 1.15 (m, 1H, CH,). HPLC (Daicel Chiralpak
AD-H, hexane/'PrOH = 90/10, flow rate 0.5 mL/min, A = 210 nm), tz (major) = 40.88 min, tz (minor)
= 46.43 min; ee = 82%.
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% Height

N

Time |Area % Area Time |Area % Height (% Area
1 146.176 |275654227\33.84 36.14 40.879 [169367330/91.02 90.90
2 |48.292 |102040501/16.69 13.38 46.453 16946862 |8.98 9.10
3 |53.551 |285831775/33.53 37.47
4 |57.029 199247094 |15.95 13.01
o Ph (R)-2-((S)-2-Nitro-1-phenylethyl)cyclopentan-1-one (14ba).® Yield: 17.5 mg,
NO, 75%, white solid. Analytical and spectroscopic data were in good agreement

with those reported in the literature. 'H NMR (500 MHz, CDCl3) 6 7.32 — 7.26
(m, 3H, ArH), 7.20 — 7.16 (m, 2H, ArH), 5.35 (dd, 1H, J = 4.2, 12.8 Hz, CHNO,), 4.72 (dd, 1H,
J=10, 12.8 Hz, CHNO,), 3.66 — 3.74 (m, 1H, CHAr), 2.23 — 2.40 (m, 2H, CH,) 2.08 — 2.18 (m, 1H,
CH), 1.94 — 1.85 (m, 2H, CH,), 1.78 — 1.66 (m, 1H, CH,), 1.53 — 1.39 (m, 1H, CH,). HPLC (Daicel
Chiralpak AD-H, hexane/PrOH = 90/10, flow rate 0.5 mL/min, A = 210 nm), tz (major) = 32.79 min,
{r (minor) = 42.36 min; ee = 72%.

% Height

% Height

Time |Area % Area Time |Area % Area
1 126.760 [103350454 |21.67 17.81 32.794 67216811 (86.90 86.19
2 129.194 |106230855 |21.75 18.31 2 |42.360 [10766547 (13.10 13.81
3 |131.062 |180733982 |28.73 31.15
4 139.789 189959688 |27.86 32.74
O Ph (R)-2-((S)-2-Nitro-1-phenylethyl)cycloheptanone (14ca).?® Yield: 21.9 mg,
NO, 84%, white solid. Analytical and spectroscopic data were in good agreement

with those reported in the literature. 'H NMR (500 MHz, CDCl3) 6 7.38 - 7.25
(m, 3H, ArH), 7.21 - 7.16 (m, 2H, ArH), 4.65 - 4.50 (m, 2H, CHNO,), 3.69
(m, 1H, CHAr), 2.98 (td, 1H, J = 10.3, 3.3 Hz, CH), 2.56 - 2.45 (m, 2H, CH;), 1.98 — 1.84 (m, 2H,
CH,), 1.78 - 1.41 (m, 3H, CHy), 1.27 - 1.13 (m, 3H, CH,). HPLC (Daicel Chiralpak AD-H,
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hexane/PrOH = 90/10, flow rate 0.5 mL/min, A = 210 nm), tz (major) = 28.59 min,
{r (minor) = 35.47 min; ee = 80%.
J’A\ [\
A |
/ \\\/" \ 7\\ o “ - \\
Time |Area % Height (% Area Time |Area % Height % Area
1 126.433 |37534022 |39.58 37.58 1 128.594 66254554 |89.92 89.98
2 |29.167 [10921633 |10.92 11.02 2 [35.469 |7380896 |10.08 10.02
3 [31.385 [11102239 |12.94 11.20
4 |33.086 |39526398 |36.55 39.89
O Ph (R)-5-Nitro-4-phenylpentan-2-one (14da).?® NH,-Xp-OMe-10aa was employed

)J\/:\/NOZ as catalyst. Yield: 16.4 mg, 79%, white solid. Analytical and spectroscopic
data were in good agreement with those reported in the literature. 'H NMR (500 MHz, CDCl3) &

7.28 — 7.35 (m, 3H, ArH), 7.21 — 7.23 (m, 2H, ArH), 4.71 (dd, 1H, J = 6.8, 12.4 Hz, CHNO,), 4.61
(dd, 1H, J = 8.0, J2 =12.4 Hz, CHNO,), 4.01 (t, 1H, J = 7.2 Hz, CHAr), 2.92 (d, 2H, J = 7.2 Hz,
CHy), 2.12 (s, 3H, CH3). HPLC (Daicel Chiralpak AS-H, hexane/PrOH = 80/20, flow rate 1.0
mL/min, A = 210 nm), tzg (minor) = 20.42 min, tz (major) = 27.09 min; ee = -41%.

% Area

% Height

Area

% Height

% Area

Time |Area Time
1 120.722 162009854 |60.19 50.54 20.423 31826687 [39.34 29.52
2 |27.642 60676252 |39.81 49.46 27.089 75996921 60.66 70.48

o (R)-2-(2, 2-bis(Phenylsulfonyl)ethyl)cyclohexan-1-one  (16).°° Yield: not

SO,Ph determined, white solid. Analytical and spectroscopic data were in good
agreement with that reported in the literature. 'H NMR (500 MHz, CDCl;) &

SO,Ph

94

7.92 (dd, J = 24.2, 7.8 Hz, 4H), 7.68 (q, J = 8.2 Hz, 2H), 7.56 (q, J = 7.0 Hz,
4H), 4.98 (dd, J = 9.2, 3.8 Hz, 1H), 3.07 (dt, J = 8.2, 4.7 Hz, 1H), 2.52 (ddd, J = 13.8, 9.3, 3.7 Hz,
1H), 2.38 — 2.24 (m, 2H), 2.23 — 2.03 (m, 1H), 1.95 (td, J = 9.5, 9.0, 4.6 Hz, 2H), 1.86 (p,



Densely Substituted 4-Amino Pyrrolidines. Design and Organocatalysis

J=6.1Hz, 2H), 1.29 (qd, J = 12.4, 3.4 Hz, 2H); HPLC (Daicel Chiralpak AS-H, hexane/PrOH =
70/30, flow rate 1.0 mL/min, A = 220 nm), {z (major) = 32.10 min, {g (minor) = 42.31 min; ee = 26%.

[Time |Area % Height % Area

1 ]40.034 |82063576 |55.65 50.01

Area

% Height

% Area

2 |51.984 82041445 |44.35 49.99

32.099 |231245095|65.93 62.94
42.310 |136135711,34.07 37.06

Synthesis of Adducts 21

Adduct 21 was synthesized according to the procedure described above using alkene 13ab and

amine NH,-X.-OMe-10aa (30 mol%) as catalyst. The reaction mixture was stirred at room

temperature until consumption of the starting material.

(R)-2-[(S)-1-(4-((S)-Hydroxy((R)-2-oxocyclohexyl)methyl)phenyl)-2-
nitroethyljcyclohexan-1-one (anti-21). Yield: 20 mg, 53%, white
solid. m, = 82 - 83 °C. [G]D25 =6.8 (¢ 0.31, CHCI,;). FTIR (neat, cm’
NO> 1) 3517, 2925, 2856, 1700, 1550. 'H NMR (500 MHz CDCl3) & 7.27
(d, J = 8.9 Hz, 2H, ArH), 7.15 (d, J = 7.6 Hz, 2H, ArH), 4.94 (dd, J
=12.8, 4.4 Hz, 1H, CHNO,), 4.75 (d, J = 8.9 Hz, 1H, CHOH), 4.63

(dd, J = 12.6, 9.8 Hz, 1H, CHNO,), 4.02 (s, 1H, OH), 3.76 (q, J = 5.3 Hz, 1H, CHAr), 2.66 (d, J =
3.2 Hz, 1H, CH), 2.57 (t, J = 13.7 Hz, 1H, CH), 2.47 (d, J = 9.6 Hz, 2H, CH,), 2.36 (d, J = 11.8 Hz,
2H, CH,), 2.07 (m, 2H, CH,), 1.87 — 1.45 (m, 8H, CH,), 1.24 (m, 2H, CH,). °C NMR (101 MHz,
CDCIl3) 6 215.6, 211.9, 140.5, 137.4, 128.2, 127.6, 78.8, 74.5, 57.2, 52.6, 43.6, 42.8, 42.7, 33.2,
30.8, 28.5, 27.8, 25.0, 24.7. HRMS (ESI) for C»H,;NOsNa: calculated [M + Na]*: 396.1787. Found

[M + Na]": 396.1793.

(S)-2-[(R)-1-(4-((R)-Hydroxy((S)-2-oxocyclohexyl)methyl)phenyl)-
2-nitroethylJcyclohexan-1-one (ent-anti-21). Yield: 14 mg, 37%,
white solid. [a]p®® = -4.7 (c 0.41, CHCl3). '"H NMR (400 MHz,
CDCly) & 7.27 (d, J = 8.9 Hz, 2H, ArH), 7.15 (d, J = 7.5 Hz, 2H,
ArH), 494 (d, J = 12.7 Hz, 1H, CHNO,), 4.75 (d, J = 8.7 Hz, 1H,
CHOH), 4.63 (t, J = 11.4 Hz, 1H, CHNO,), 4.02 (s, 1H, OH), 3.75

(d, J = 11.1 Hz, 1H, CHAr), 2.65 (s, 1H, CH), 2.56 (s, 1H, CH), 2.52 — 2.32 (m, 4H, CH,), 2.07 (m,
2H, CH,), 1.84 — 1.48 (m, 8H, CH,), 1.23 (m, 2H, CH,).
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(R)-2-[(S)-1-(4-((S)-Hydroxy((S)-2-oxocyclohexyl)methyl)phenyl)-
2-nitroethylJcyclohexan-1-one (syn-21). Yield: 4 mg, 11%, pale
yellow solid. m, = 110-112 °C. [ox]D25 = 7.9 (c 0.31 CHCI). FTIR
NO, (neat, cm™) 3498, 2935, 2860, 1700, 1549. 'H NMR (500 MHz,

CDCl3) 6 7.28 (d, J = 8.4 Hz, 2H, ArH), 7.16 (d, J = 7.9 Hz, 2H,

ArH), 5.37 (s, 1H, CHOH), 4.97 (dd, J = 12.5, 4.5 Hz, 1H,
CHNO,), 4.65 (dd, J = 12.7, 9.9 Hz, 1H, CHNO,), 3.78 (m, 1H, CHAr), 3.07 (bs, 1H, OH), 2.69 (m,
1H, CH), 2.58 (d, J = 8.5 Hz, 1H, CH), 2.48 (m, 2H, CH,), 2.40 (m, 2H, CH,), 2.11 (m, 2H, CH,),
1.89 — 1.54 ((m, 8H,-CH,), 1.26 (m, 2H, CH,). °*C NMR (101 MHz, CDCl3) d 214.9, 211.9, 141.0,
136.4, 128.0, 126.4, 78.8, 70.4, 56.9, 52.6, 43.6, 42.7, 42.7, 33.2, 28.5, 28.0, 26.0, 25.0, 24.8.
HRMS (ESI) for C,;H,;NOsNa: calculated [M + Na]™: 396.1787. Found [M + Na]": 396.1789.

(S)-2-[(R)-1-(4-((R)-Hydroxy((R)-2-oxocyclohexyl)methyl)phenyl)-
2-nitroethylJcyclohexan-1-one (ent-syn-21). Yield: 7 mg, 19%,
pale yellow solid. [0]p? = -5.4 (¢ 0.34, CHCI3). 'H NMR (400 MHz,
CDCl3) 6 7.25 (d, J = 8.4 Hz, 2H, ArH), 7.13 (d, J = 7.9 Hz, 2H,
ArH), 5.35 (s, 1H, CHOH), 4.94 (dd, J = 12.3, 4.9 Hz, 1H,
CHNO,), 4.62 (t, J = 11.2 Hz, 1H, CHNO,), 3.76 (m, 1H, CHAr),
3.04 (bs, 1H, OH), 2.66 (td, J = 11.2, 5.0 Hz, 1H, CH), 2.56 (t, J = 9.2 Hz, 1H, CH), 2.50 — 2.33 (m,
4H, CH,), 2.07 (s, 2H, CH,), 1.89 — 1.49 (m, 8H, CH,), 1.23 (m, 2H, CH,).

O OH

! (a) Kane, R. J. Prakt. Chem. 1838, 15, 129-155. (b) Kane, R. Ann. Phys. Chem. Ser. 1838, 44,
475.

2 Wurtz, C. A. Bull. Soc. Chim. Fr. 1872, 17, 436-442. (b) Wurtz, C. A. J. Prakt. Chem. 1872, 5,
457-464.

® Use of glyoxylates: Tokuda, O.; Kano, T.; Gao, W.-G.; lkemoto, T.; Maruoka, K. Org. Lett. 2005,
7, 5103-5105. Other examples: (b) Samanta, S.; Zhao, C.-G. Tetrahedron Lett. 2006, 47, 3383-
3386. (c) Samanta, S.; Zhao, C.-G. J. Am. Chem. Soc. 2006, 128, 7442-7443.

4 (a) Mukaiyama, T.; Narasaka, K.; Banno, K. Chem. Lett. 1973, 1011-1014. (b) Mukaiyama, T.;
Banno, K.; Narasaka, K. J. Am. Chem. Soc. 1974, 96, 7503-7509. (c) Palomo, C.; Oiarbide, M.;
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Chapter 3. y-Dipeptides Based on Units of
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Abstract.

This chapter shows the follow up chemistry of the densely substituted pyrrolidines
NO,-X -OMe-5aa and NO,-N, -OMe-5aa, such as hydrogenation onto the nitro scaffold
and hydrolysis of the ester moiety (in addition to an optional methylation step) and
further peptide coupling. These transformations are able to provide a large family of
y-dipeptides which are based on unnatural densely substituted proline units.
Subsequently, we have studied the organocatalytic activity of these y-dipeptides in
enamine-activated based reactions, such as Michael and aldol reactions. Additionally,
structure-reactivity relationships of these novel catalysts have been studied in the

named reactions.
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3.1. Introduction

Peptides, either natural or synthetic, are found to have a wide range of applications in
biology, medicinal chemistry or biotechnology as they are part of neurotransmitters,
hormones or active compounds in drugs.' Their different behaviour is a consequence
of the achieved large structural diversity, as each component bearing different
functional groups can generate enormous changes in their activity. Also, due to the
chance of hydrogen bonds formation properly selected residues can produce
conformational stability and well-defined three-dimensional conformations such as
helixes, turns or sheets.? But it has not been until the last decade that their
organocatalytic properties came to light.® In effect, it was shown that oligopeptides are
able to perform enantioselective transformations such as, for instance, C-C bond

formation, bromination or oxidation reactions.*

Despite the consciousness that enzymes are proper devices to perform catalytic
transformations, peptides have only scarcely been used as catalysts until the advent of
organocatalysis. Early examples are the work of Inoue and Oka® who developed the
application of a histidine-derived diketopiperazine 1 (cyclo-Phe-His) to an
enantioselective hydrocyanation of benzaldehyde Il to give the corresponding
cyanohydrine 1l (Scheme 1A). In this case the histidine residue was the catalytic active
base. The highest enantiomeric induction was obtained at lower conversions (90% ee
at 40% conversion) as the ee value diminished with longer reaction times (12% ee at
90% conversion). In the same years Julia and Colonna® described the asymmetric
epoxidation of chalcone IV by using polypeptides such as poly-alanines and
poly-leucines. These polypeptides folded in a a-helical structure which was determinant
for the asymmetric induction.” It was found that the increase in the number of alanine

residues produced a rise in the enantiomeric induction up to 96% ee (Scheme 1B).
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o)
Ph  NH

pape

O HUN
(@] OH

1 (2 mol%)
)J\ * HCN /k

Ph
benzene, 36 °C
Il 40% conv, 90% ee m
90% conv, 12% ee

CN

H,0,, NaOH 0 Alag-OH, 12% ee
B) Ph)J\/\Ph —————  pn Ph  Alag-OH, 80% ee

peptide, toluene Alasg-OH, 96% ee
Scheme 1. First examples of peptide catalysis.

Surprisingly, these two catalysts have conceptually different structures as one is a rigid
cyclic peptide and the poly-Ala linear peptides, that can fold in three-dimensional
structures in solution. Since these pioneering studies, several different peptidic
organocatalysts have been synthesized and analyzed which range between these two

contrary structures.

3.1.1. Background. Peptides in organocatalysis in enamine-activated type

reaction

Due to the challenge of promoting enantioselective organocatalyzed C-C bond
formation reactions, several catalytic units derived from proline, cinchona alkaloids,
phosphoric acids, chiral imidazolidinones have been developed. Oligopeptides or
synthetic peptides, on the other side, can posses greater reactivity than simple
organocatalysts, which could be translated in a lower catalytic load or reaction times.
Following sections will show some examples of oligopeptides employed as
organocatalysts in the studied reactions during this thesis: the aldol and Michael

reaction.

3.1.2. Aldol reaction

Chapter 2 showed the similarities between the aldol reactions carried out by type |
aldosases and the enamine-activated aldol reaction. As shown, several catalysts can

promote this reaction via enamine pathway, being the proline derivatives the most
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developed ones for this task. First examples of peptide employment in aldol reactions
were the works described by the group of Reymond® and List’, both in 2003 (Scheme
2A and Scheme 2B, respectively). Using N-terminal proline derived catalysts in the
aldol reaction between acetone VII and p-nitrobenzaldehyde VIII, Reymond used for the
first time tetrapeptide Pro-Glu-Leu-Phe VI as catalyst. It incorporated one residue of
L-Proline as starting secondary amine and at least one carboxylic group, reaching a
moderate selectivity of 66% ee of the aldol product (Scheme 2A). List, similarly, used
shorter dipeptide Pro-Asp X which improved the enantiocontrol (Scheme 2B). Both
groups reached the conclusion that a simultaneous presence of one prolyl residue and
a carboxy group, acting as co-catalyst, was required in order to observe good

conversions.

VI (40 mol%
N Al H)b\ Hmem %
DMSO/acetone (4:1)
NO2  NmMm, rt, 18 h NO,
Vil Vil 96% conv, 66% ee IX

X (30 mol%) TFA
B) )J\ + H - >
DMSO, rt, 18 h
NO, NO

75%, 74% ee

Vil Vil IX
o H
H H
N.__COH
<Njw/ N\_)J\N N \‘/\Ph % \_/
H z H (o) PN
o O COxH CO,H
Vi X
CO,H

Scheme 2. Aldol reaction catalyzed by A) H-Pro-Glu-Leu-Phe-OH VI and B) X dipeptide.

Some years later, the group of Wennemers reported an important screening study
related to the organocatalyzed aldol reaction. Employing a “catalyst-substrate
co-inmobilization” technique, they were able to identify a highly enantioselective
tripeptide catalyst out of a combinatorial library of 3375 tripeptides which were
generated on a solid support.” Soon after, solution phase experiments revealed
Pro-Pro-Asp-NH, Xl as the active catalyst, which was able to promote the aldol product
IX in 98% yield and 80% ee in only four hours with only 1 mol% of catalysts load."" In
contrast, a catalytic load of 30 mol% of L-Proline was required Xll to promote the same
reaction (Scheme 3). The opposite enantiomeric outcome was rationalized by

conformational studies which showed the turn shape the tripeptide was adopting,
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allowing the secondary amine and the carboxylic acid in close proximity to perform the

efficient catalysis."?

o 0 XI (1 mol%) O OH
)J\ o .
+ H XIl (30 mol%)
NC’Q N02
Vil Vil 4-72h,rt IX

H
(Nj\( N \_/CONHZ &
0 2 CO,H
OAO “CO,H N
NH

XI Xl
Xl = 98% yield, 80% ee Xl = 68% yield, -76% ee

Scheme 3. Aldol reaction catalyzed by H-Pro-Pro-Asp-NH, XI and L-Proline XIl.

Afterwards, other groups also showed the effectiveness of different peptides.
Proline-based oligopeptides such as Pro-Phe-Phe-Phe-OMe Xl were tested by Gong
to catalyze the direct aldol reaction between hydroxyacetone XIV with aldehydes to
obtain chiral 1,4-diols XVI in high yields and enantioselectivities (Scheme 4A)." These
obtained products were actually the disfavoured products when the reaction was
carried out in the presence of L-Proline or aldolases. Cérdova, for instance, also
presented the dimer based on L-alanine unit XVIII, in which the aldol product obtained
between cyclohexanone XIX and p-nitrobenzaldehyde VIII reached 91% ee in the
presence of water (Scheme 4B)."* Tsogoeva, on the other side, applied y-di- and
y-tetra-peptides derived from 4-trans-amino-prolines, XXI and XXIl, as chiral
organocatalysts in the direct aldol reaction between acetone VI and
p-nitrobenzaldehyde VIl showing a performance per active site similar to that observed
with L-Proline, which required 30 mol% catalytic load as in Scheme 3. In the case of
catalyst XXIl, which possesses four potential active sites, it was possible to reduce the

catalytic load to 5 mol% (Scheme 4C)."®
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o o X1l (20 mol%) OH O
) N, ————
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XIvV XV 0°C.4d Xvi OH
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o O OH
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/ H
BocHN, N,
H
N N,
O‘W @ T LA
N/,
TS WY O
xxi H O >y7~co,
Conditions: XXI (15 mol%) Conditions: XXII (5 mol%) H
DMF, -10°C, 20 h DMSO, 10°C, 3 h
59% vyield, 79% ee of IX 62% yield, 75% ee of IX

Scheme 4. Aldol reaction catalyzed by different oligopeptides.

3.1.3. Michael reaction

Similarly to the aldol reaction, Michael reaction has also been a suitable target for
organocatalytic peptides. Short peptides have been studied in the conjugate addition of
enamines (when the nucleophilic ketone is pre-activated by an amino group of the
catalyst) to nitroolefins as well as in the addition of nitroalkanes to a,3-unsaturated

ketones.

Tsogoeva in the previously discussed work of 2006 (in Scheme 4B) in which the
described, ™ the

4-trans-amino-prolines XXI and XXII in the conjugate addition of nitroalkanes XXIV to

organocatalyzed reaction was also reported use of

cyclic enones XXIIl (Scheme 5). Enones were activated via iminium ion formation with
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up to 88% ee’s and 100% vyield. These authors investigated the reaction outcome while
increasing the number of catalytic centres, in the form of pyrrolidine units, and it was
revealed that in the case of the studied reaction there was no significant increase in the
catalytic activity or selectivity by the chain length of the catalyst. Although their catalytic
activity was demonstrated, these catalysts could not improve the outcome observed

when L-Proline was used as organocatalyst."®

0} NO 0}
2 XXI, XXII or Xl (2 mol%)
PN
Or R™ R trans-2,5-dimethylpiperazine (ored
CHCl3, 5 d, rt ~R
XX XXIV xxv /N
R = Me, -(CHa)s-, -(CH3)s- R NO;
BocHN,
/ N
N ”O\ n =2, 46-100% yield, 57-88% ee
H o} CO,H n =1, 40-65% yield, 54-77% ee
XXI H
BocHN,
N/

, 57-100% yield, 55-82% ee
=1, 41-71% yield, 47-64% ee

e

jﬁ
zgj

050

1 1"

YN

H 2 CO,H
XXII H
& n =2, 68-88% yield, 93% ee
N COzH n = 1, 62-66% yield, 75-76% ee
X

Scheme 5. Oligopeptides derived from 4-trans-amino-prolines in the conjugate addition
between nitroalkanes and cyclic enones.

Some years later, these authors also reported the asymmetric Michael reaction of
ketones XIX to nitroolefins XXVII using N-terminal L-proline based dipeptide XXVI in
combination with NaOH in water."” y-Nitroketones XXVIIl were furnished with values up
to 99% vyield, 99:1 of diastereomeric ratio and 68% ee (Scheme 6). The possible role of
water was rationalized by means of the proposed transition state, in which a water
molecule interacts with the amide moiety to increase the acidity of the NH group, thus
strengthening the related hydrogen bond with the nitro group of the olefin. Moreover,
they claimed an additional positive effect created by a second water molecule of H,O
which would interact simultaneously with the nitro group and the carboxyl group of the

catalyst stabilizing the transition state.
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o /[Ph ¢
_0,
N~ ~CO,H H .
H Na
NH

H
1
1
XXVI o} Ph
0 XXVI (30 mol%) 0 Ar N E/Qéfl\H

NaOH (30 mol%) R -0
o N0 : NO, H’OI
H,0, 16 - 48 h, rt 2 ! H

75 - 99% o !

XIx Xxvil 92:8 - 99:1 syn:anti Xxvii /\/ﬁ'*\' - /H’O
58 - 68% ee | Ph 0 _

Scheme 6. H-Pro-Phe-OH XXVI dimer catalyzing the catalyzed nitro-Michael addition and
proposed transition state.

Cérdova et al. tested a similar alanine based dimeric catalyst D-Ala-L-Ala XXIX in the
Michael reaction between cyclic ketones XXX and nitroalkenes XXXI to obtain the
corresponding adducts in high yields, enantio- and diastereoselectivities (Scheme
7)."*"® This dipeptide improved the results obtained using alanine monomer and the
best results were obtained with symmetrical cyclic ketones as nucleophiles. It was
described that both, the acid and amine moieties, were of importance in the
stabilization of the transition state, and reported that the addition of water improved the

hydrogen bonding array enhancing the enantioselectivies.

0 XXIX (45 mol%) 0 R? O /L
HO (10 e .
K[H N Rz/\/NOZ 2 ( q) MNOZ \-)J\N COzH
R' R DMSO:NMP (1:1) R'" R! NH,
-20°C, 3 d, 30-95% XXIX
XXX XXXI 92:8-96:4 dr, 90-98% ee XXXII

Scheme 7. Conjugate addition of cyclic ketones to nitroolefins catalyzed by D-Ala-L-Ala XXIX.

Catalyst H-Pro-Pro-Asp-NH, Xl reported by Wennemers (in Scheme 3) was very
efficient not only for the aldol reaction (vide supra), but also for the Michael reaction
between aldehydes and nitroolefins.'® However, further investigation showed that the
isomer D-Pro-Pro-Asp-NH, XXXIII could give better results (Scheme 8). The
bifunctional nature of this latter catalyst was responsible for its reactivity as the
secondary amine formed the enamine and the carboxylate moiety, acting as a
Brgnsted base, could activate the nitrostyrene substrate. Only 1 mol% of catalyst was
necessary to promote the reaction of a range of aldehydes to both aromatic and
aliphatic olefins giving nitroaldehydes XXXV in excellent yields and stereoselectivities

after 48 hours at room temperature.
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o XXX (1 mol%) 0 R2
NMM (1 mol%) - H
HJ\ + g2 X NO ' H)J\;/\/NOQ N N\:/CONHZ
R CH,CI:PrOH (9:1) = O/\\ o i
rt, up to 48 h, 65-99% 0 CO.H
XXXIV XXXI XXXV NH XXX

80:20-98:2 dr, 81-98% ee

Scheme 8. Conjugate addition of aldehydes to nitroolefins catalyzed by
H-D-Pro-Pro-Asp-NH; XXXIIl.

3.1.4. Objectives

The previously presented examples of organocatalytic oligopeptides are based on
natural or post transcriptional amino acids. Since we have developed a robust
methodology to synthesize unnatural densely substituted prolines, in both exo/endo
and D/L configurations, we decided to study the emergent properties eventually
observed on passing from monomeric to dimeric y-dipeptides. Additionally, dimeric
compounds would be of great value in organocatalysis as very few examples are found
in literature.® For that reason, the points that are pursued in the present chapter are,
first, the synthesis of the named dimers by means of derivatization reactions onto the
starting building blocks. Then, different studies on the catalytic properties of these
compounds are discussed. The aldol and Michael reaction were selected as relevant
cases. Finally, further experiments are carried out in order to validate the possible

mechanism pathways.

3.2 Synthesis of dimers

In order to obtain this 3 new generation of densely substituted proline dimers, first of
all the monomeric units were synthesized by the method already described. Thus,
ligands NH-D-EhuPhos-1 and NMe-L-EhuPhos-2, already discussed in Chapter 2,
were employed in the (3+2) cycloaddition between imines 3 and trans-f-nitrostyrene 4a
to produce the densely substituted pyrrolidines NO,-X, -OR-5 and NO,-N,-OR-5 (where
R = Me or 'Bu) in good yields and high diastereo- and enantioselectivities (Table 1). To
achieve all the possible diastereocisomeric dimers, the necessary enantiomeric building
blocks, using NO,-Xp-OMe-5aa and NO,-Np-OMe-5aa were synthesized too by using
the enantiomeric versions of the ligands?' NH-L-EhuPhos-1 and NMe-D-EhuPhos-2.
Those pyrrolidines with enantiomeric excesses lower than 99% were purified to >99%

and <-99% ee by recrystallization from ethyl acetate/hexane mixtures.
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Table 1. SyntheSiS of NOQ-XL/D/NL/D-OR-S, NOz-XL/NL-OH-Sd and NHz-XL/D/NL/D-OR-10 units.

. ON, Ph , HoN, Ph
Ph CO,R Ph CO,R
N 2 N 2
ph -NO2 H H
4a NO,-X -OMe-5aa, R = Me NH,-X_ -OMe-10aa, R = Me
v |: NO,-X-O'Bu-5ba, R='Bu  NH,-X_-O'Bu-10ba, R ='Bu
+ — NO,-X,-OH-5d, R = H
S
Ph” N” > CO,R
3a R = Me O,N Ph H,N.  Ph

t i, jii S iv 3
3b, R="Bu L  —
Ph= >\~ ~CO.R Ph™ >\~ ~CO,Me

H H
NO,-N,-OMe-5a, R = Me NH,-N_-OMe-10aa
il NO,-N,-O'Bu-5ba, R = 'Bu
NO,-N,-OH-5d, R = H

Ph Ph Ph Ph
0N~ O,N,,. O,N,,. O,No =
Pz;;:}—cone \\\‘[NS--ucone \\“ENS<COZMe PQ{}-"Cone
e oy X gyl e e
NH-L-EhuPhos-1 NH-D-EhuPhos-1 NMe-L-EhuPhos-2 NMe-D-EhuPhos-2
entry product conditions® exo:endo®  ee®(%)  yield® (%)
1 NO,-X. -OMe-5aa i, ii 95:5 97 (>99) 85
2 NO,-Xp-OMe-5aa i, ii 95:5 96 (>99) 84
3 NO,-X.-O'Bu-5ba i, ii 92:8 >99 90
4 NO,-N.-OMe-5aa i, il 10:90 92 (>99) 81
5 NO,-Np-OMe-5aa i, il 7:93 94 83
6 NO,-N.-O'Bu-5ba i, iii 10:90 94 (>99) 73
7 NH,-X -OMe-10aa iv - - 90
8 NH,-Xp-OMe-10aa iv - - 73
9 NH,-X, -O'Bu-10ba iv - - 82
10 NH,-N_-OMe-10aa iv - - 70
11 NH,-Np-OMe-10aa iv - - 86
12 NO,-X. -OH-5d v - - 95
13 NO,-N.-OH-5d Vi - - 77

%) Cu(CH3CN)4PFs (3 mol%), EtsN (5 mol%), THF; ii) NH-D-EhuPhos-1 or NH-L-EhuPhos-1
(3 mol %), -20 °C; iii) NMe-L-EhuPhos-2 or NMe-D-EhuPhos-2 (3 mol%), -60 °C; iv) H, (20 bar),
Ra-Ni, MeOH, 65 °C, 1.0 mL/min; v) NaOH, acetone/H,0, rt, 16 h; vi) TFA, DCM, rt, 16 h.
®Exo/endo ratio was measured by 'H NMR of crude reaction mixtures. “Enantiomeric excesses
were measured by chiral HPLC. %Yields refer to isolated pure products.
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The required units were later hydrogenated or hydrolyzed to form the corresponding
amines or acids, respectively. Hydrogenation of the nitro scaffold occurred uneventfully
to provide the desired amines in high yields (entries 7 to 11). In a parallel manner, the
methyl ester moiety of the NO,-X -OMe-5aa cycloadduct was hydrolyzed in basic
conditions (entry 12) and the tert-butyl ester of the NO,-N,-O'Bu-5ba unit was treated
with TFA (entry 13) to obtain the desired acids in good yields. Different protecting
groups were employed due to the possibility of endo- cycloadducts to epimerize at the
C4 carbon. This is due to the easiness of the C4 proton abstraction by a base of endo
cycloadducts as it is placed cis and trans with respect the substituent at the C3 and C5
position, respectively (in red in Scheme 9A). On the other hand, the proton
configuration at exo cycloadducts (in red in Scheme 9B) is cis to both substituents
turning more difficult for a base to approach. As a consequence, C4 epimerization of
the exo pyrrolidine increases the number of cis orientation of vicinal substituents and
thus, the new free energy of the epimerized cycloadduct increases (Scheme 9B). On
the contrary, this free energy may linger in the case of the endo unit as the number of
trans and cis orientation between pairs of adjacent substituents remains the same
(Scheme 9A). As a result, treatment under acidic conditions was the best option for the

endo cycloadduct.

trans cis
H 2 2
cis O2Ne < ,\R trans trans OZN/, fR trans
A) Grans —— ( (&
R17 N TCOR? RN~ TCOR®
H H

trans cis

2 2
trans ( OZF' R cis cis 7 ON R cis
o L AL
RN\~ TCOR® RN TCOR3
H H

Scheme 9. Possible equilibriums due to C4 epimerization.

Then, in order to study the best reaction conditions for the dimers synthesis of dimers,
different coupling methods were screened in the reaction between NO,-X, -OH-5d and
NH,-X.-O'Bu-10ba at room temperature (Table 2).?* Coupling agents such as
phosphonic acid derivative DEPC, phosphonic anhydride T3P% or ZrCl,** did not give
any trace of product (entries 1, 3 and 4). Carbodiimide EDC? in junction with HOBt
provided low yield due to the uncompleted conversion (entry 2). Yields of the y-peptidic
coupling were improved by employing phosphonium salt TBTU?® and PyBOP?

coupling agents (entries 5 and 6). When TBTU was used full conversion was achieved
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in a moderate yield of 60% (entry 5). This result was improved employing PyBOP
instead, for which the yield was raised in a shorter reaction time proving to be the most

suitable method for the chemical synthesis of these y-dipeptides (entry 6).

Table 2. Screening of coupling reaction conditions between NO,-X-OH-5d and
NH,-X,-O'Bu-10ba to form NO,-X X, -O'Bu-23b.

O,N  Ph ON - Ph y Ph
Ph™ >\~ ~COzH CO,'Bu solvent rt H NH
H o)
Ph
NO,-X, -OH-5d NH,-X_-O'Bu-10ab NO,-X X, -O'Bu-23b
entry coupling system solvent time (h) conv.?(%) vyield® (%)
1 DEPC, Et;N DMF 16 0 -
2 EDC, HOBt-2H,0, NMM, Et;N  DMF 48 80 31
3 T3P (50% H,O en DMF) THF 48 0° -
4  ZrCly (10%), 4A MS THF 24 0 -
5 TBTU, DIPEA DCM 16 99 60
6 PyBOP, DIPEA DCM 1 99 74

®Reactions were monitored by '"H NMR. ®Yields refer to isolated pure NOZ-XLXL-O Bu-23b.
°Starting material NH,-X, -O'Bu-10ba was totally consumed according to 'H NMR.
Once the optimized reaction conditions were achieved, this same methodology was
applied in order to get the eight possible dipeptides 25a from the monomeric units 5d
and the amines belonging to both series L and D 10aa (Scheme 10). These were
obtained in moderate to good yields of 45% for the case of NO,-X Xp-OMe-23a and
76% for NO»-X, Np-OMe-23a dimer.
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H2N-X|_,D-OMe-10aa
H2N—N|_,D-0Me-1 Oaa

O,N-X, -OH-5d
O,N-N,-OH-5d

PyBOP, DIPEA

—_—

DCM, rt

Dimers 23a

L /[S_—O;r

PR
No2

h\\

NO,-X; Np-OMe-23a (66%)

LXL -OMe- 233 65%

JNjY
"COzMe

N
H
NO,-N

NO,-N, X -OMe- 23a (76%)

Scheme 10. Dimers 23a synthesis using PyBOP as coupling agent (number in parentheses

correspond to yields of isolated pure dimers).

The structure and stereochemical integrity of NO,-X X.-O'Bu-23b dimer were also
secured by X ray diffraction analysis (Figure 1). It can be observed that the pyrrolidinic

units in solid state are facing opposite directions which suggests that both possible

NO,-X, Xp-OMe- 23a (45%)

LNL-OMe 23a (75%)
O,N

ST

—(\/\;r P
.ICOZMe p«cone

NOZ-XLNL-OMe-23a (71%)

N
COQMe "COzMe
h\‘
NO,- LND—OMe-23a( 4%)
«Ph
H Ph
N M
/o) . N "‘COzMe
PR H

NO,-N, Xp-OMe-23a (72%)

active sites of the pyrrolidine rings are not equivalent.

Figure 1. NO,-X, X.-O'Bu-23b X ray structure.
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3.3. Aldol reaction between cyclohexanone and pentafluorobenzaldehyde

3.3.1. Optimization screening

Once synthesized this new generation of organocatalysts and knowing the efficiency of
our 1% and 2™ generation organocatalysts 5 and 10, respectively in the aldol reaction
(chapter 2), we aimed to evaluate the outcome of these y-dipeptides in this process.
Firstly, the reaction conditions between cyclohexanone 11a and
pentafluorobenzaldehyde 12a were optimized employing NO,-X X -OMe-23a as
catalyst and TFA as additive under the same conditions studied in the previous chapter
(Table 3). The catalytic load could be lowered to 3 mol%, in the presence of 15 mol%
of TFA, getting the aldol 13aa with the configuration (2R,1’S) in good yield with no
apparent loss in the diastereo- and enantioselectivity when compared to the monomer

(entry 1,2 vs. 5).

Table 3. Catalytic aldol reaction between cyclohexanone 11a and pentafluorobenzaldehyde 12a
catalyzed by NO,-X,-OMe-5aa and NO,-X; X, -OMe-23a.?

0 o Catalyst (x mol%) O OH O OH
+ +
ij H)J\Cer TFA (x mol%) ij/\Cer é/v\ CeFs
neat, rt
10a 12a (2R,1'S)-13aa (2S,1'R)-13aa

entry  catalyst/load (mol%) TFA (mol %) anti:syn®  yield®(%) ee®(%)

1% NOx-X.-OMe-5aa/30 30 95:5 75 89
2% NO,-X, -OMe-5aa/5 30 95:5 81 89
3 NO-X X.-OMe-23a/30 30 89:11 66 85
4 NO-X_X.-OMe-23a/15 15 94:6 66 83
5 NO2-X X, -OMe-23a/3 15 93:7 86 85

®Reactions were monitored by F NMR and were stirred at room temperature until total
consumption of aldehyde 13aa. "Anti:syn ratio was measured by '°F NMR of crude reaction
mixtures. °Yields refer to pure aldol adducts. YEnantiomeric excesses measured by HPLC
correspond to the major anti-diastereomers (2R,1’S)-13aa.
Once found the proper reaction conditions, we followed to evaluate the catalytic
performance of all the dimers 23a. The obtained results are gathered in Table 4. When
the catalytic aldol reaction between cyclohexanone 11a and pentafluorobenzaldehyde
12a was carried out in the presence of the different dimers, all obtained anti:syn
relationship were excellent providing good to high yields. On the other hand, the
enantioselectivity of the process was affected by the configuration of the monomeric

units that form the dipeptide. High enantiomeric excesses were obtained when
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employing NO,-X X -OMe-23a, NO,-X Np-OMe-23a or NO,-N Xp-OMe-23a catalysts
(entries 3, 6 and 10) to racemic mixtures when NO,-X Xp-OMe-23a or
NO,-N_ Np-OMe-23a were used (entries 4 and 8).

Table 4. Catalytic aldol reaction between cyclohexanone 11a and pentafluorobenzaldehyde 12a
catalyzed by different 3" generation dimers.?

7 o catalyst (3 mol%) f (?DH 7

é . )J\Cer S ij/\CGFS + é/v\%ﬁ;
neat, rt
11a 12a (2R, 1'S)-13aa (2S,1'R)-13aa
entry catalyst time (h) anti:syn® vyield®(%) ee®(%) eea’ (%)

1" NO,-X.-OMe-5aa <1 95:5 75 89 3
2" NO.-N.-OMe-5aa <1 96:4 83 -81 3
3 NOxX.X.-OMe-23a 8 93:7 86 85 89
4 NO-X Xp-OMe-23a 16 92:8 84 9 0
5  NOz-X.N.-OMe-23a 8 94:6 84 31 4
6  NO»-X.Np-OMe-23a 36 94:6 72 84 85
7 NOzN.N.-OMe-23a 24 96:4 91 -65 -81
8  NO.-N.Np-OMe-23a 32 87:13 52 0 0
9  NO-N_X -OMe-23a 27 94:6 80 35 4
10 NO,-N Xp-OMe-23a 16 98:2 82 -88 -85

®Reactions were monitored by YF NMR and were stirred at room temperature until total
consumption of aldehyde 12a. bAnti:syn ratio was measured by "F NMR of crude reaction
mixtures. °Yields refer to pure aldol adducts. Enantiomeric excesses measured by HPLC
correspond to the major anti-diastereomer 13aa. *Average enantiomeric excess from the data
obtained for the corresponding monomers (entries 1 and 2). 'Reaction carried out in 30 mol%
of monomeric catalyst and TFA.

Comparing the achieved enantiomeric excesses with those obtained under 1°
generation monomeric organocatalysts (entries 1 and 2), it can be deduced that there
are 4 different families of dimeric organocatalysts which differ in the serie (L or D) and
configuration (exo or endo) of the monomer units they bear (which accordingly, follow

the pattern shown in Scheme 11).
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s O - OH 5 y
y-N, exo_ph : y-N.gndoph
Z _____ - C6F5 L Z
Ph™ >N Ph™ >N
H O (2R1'S)-13aa H O
XL NL

i I

matching {——= mismatching ———> matching

! !

X X
| (0] OH
Y,N/:ENUO Ph Y,,lj exo ph

5 CeFs - ...
N PR SN
(@]

H O (2S,1'R)}-13aa H
Np Xp

Scheme 11. Enantiomeric induction of the monomeric units in the aldol reaction between
cyclohexanone and aromatic aldehydes.

According to the data reported in Table 4 and the correlation shown in Scheme 11,
X_and Np units promote formation of (2R,1’S) aldol adducts, whereas N. and Xp
organocatalytic units lead to the corresponding (2S,1’R) enantiomers. Therefore,
y-dipeptides including matching units reinforce the stereochemical outcome (Table 4,
entries 3, 6, 7 and 10), whereas combining mismatching units results in low or
negligible enantiomeric excesses (Table 4, entries 4, 5, 8 and 9). These results indicate
that both active sites do participate in the aldol reaction catalyzed by these
y-dipeptides, although in some cases the first unit is more active than the second. This
proposal is supported by the similarities between the observed enantiomeric excesses
for the dimeric units and those expected from the average values resulting from the
combination of each active site (see ee,, column in Table 4). Finally, it is interesting to
note that the observed stereocontrol is determined by the chiral centres of the distal
parts of the organocatalytic units (see Scheme 11) instead of the chiral environment

proximal to the catalytic sites.

3.3.2. Detection of intermediates

According to the results obtained (Table 4) and previous observations (Scheme 11), it
was proposed that each monomeric unit of the catalyst in the aldol reaction process
promotes the catalytic activity in independent manner and the total stereocontrol could
be determined by a combination of both individual contributions. This conclusion was

supported by 'F NMR analyses based on the accepted pyrrolidine-based

117



Chapter 3

organocatalyzed aldol reaction mechanism (Scheme 12).2° This catalytic cycle begins
with the formation of a first enamine-type intermediate (INT1) which reacts with
pentafluorobenzaldehyde 12a evolving to a second iminium-type intermediate
(anti-INT2) which can be observed by "°F NMR.

O H Y-N Ph O

LI S
ij/\ o Ph™ N\~ ~CO,Z é
H

/ 11a
\Hzo
X X
Y-N Ph Y-N Ph
P N7 oH Ph™ >N~ ~CO,Z
| =
O F

nQ

anti-13aa

anti-INT2 INT1
(o]
| F.,
Fs Fo
Fm
12a

Scheme 12. Proposed reaction mechanism. F,, F, and F, denote fluorine atoms at ortho-,
meta- or para- positions with respect to the carbaldehyde group.

Figure 2 shows different '"F NMR spectra of the model reaction between
cyclohexanone 11a and pentafluorobenzaldehyde 12a catalyzed by NO,-N, -OMe-5aa
(Figure 2A), NO,-X_ -OMe-5aa (Figure 2B) and NO,-N_ X -OMe-23a (Figure 2C) at an
instant time of the reaction process. In the first two spectra the fluorine signals (for a
better understanding of each species see Figure 3) belonging to the starting material
pentafluorobenzaldehyde 12a (these are 12a-F,, 12a-F, and 12a-F,), the major
anti-13a aldol product (anti-13a-F,, anti-13a-F,, and anti-13a-F;,) and the minor adduct
syn-13a can be observed, together with the signals provided by the active intermediate
belonging to the major intermediate anti-INT2 (F,, F, and F;,) and anti-INT2 (F,, F, and
Fp), respectively for each catalysts. These latter signals are highlighted in circles in
Figure 2A and B. The third '°F NMR spectrum, which is obtained when the reaction is
catalyzed by dimer NO,-N X -OMe-23a (Figure 2C), shows, aside the signals
corresponding to the starting aldehyde and final products (anti-13aa and syn-13aa) a

different set of signals belonging to anti”-INT2 (F,, Fr, and Fp) which would rise to the

118



y-Dipeptides Based on Units of Densely Substituted Pyrrolidines. Design and catalysis

anti-13aa aldol product. There is only one signal for the anti”-INT2-F,, as the second

could be hindered by the surrounding signals.

anti-13aa-F
anti-13aa-F, P
e
syn-13aa-F,
A) Cat: NO,-N_-OMe-5aa 12a-F, anti-12a-Fr,
12a-F,
12a-F,,
INT2-F, * INT2-F nti-INT2-F,
(A JLI
B) Cat: NO,-X_-OMe-5aa ) |
anti INT2 -, X anti-INT2-F,, syn-13aa-F " anfi-INT2-F ,
N
@ I | ~@ J| Il @ l\ syn-13aa-F,
VN ¥ ! W™, | |7 —— L A (P I e =]
c) Cat: NO,-N_ X, -OMe- 237
\ } | ‘ \'
| '\ \
‘ I | k J| | J |
PR r‘A____J “L_JKM/ 1) | N2 P | _.._f 7 A TV |
34 -136 -138 -Laa -142 -144 -l46 -148 -150 -152 -154 ) -156 -158 -1&60 -l62 -l64 -l166 -168 -L7

fl (ppm)

Figure 2. YF NMR sprectra for the aldol reaction between cyclohexanone 11a and
pentafluorobenzaldehyde 12a. A) catalyzed by NO.-N-OMe-5aa; B) catalyzed by
NO,-X, -OMe-5aa; C) catalyzed by NO>-N X, -OMe-23a.

All these results demonstrate that both monomeric units in the dimers act as
independent catalytic centres in the aldol reaction. Thus, it explains why when both
catalytic sites provide the same configuration aldols (matching effect) high
enantiomeric excesses are achieved (entries 3, 6, 7 and 10), whereas when the active
(mismatching effect) the

sites provide opposite configuration aldol products

enantiomeric excesses are lowered even to racemic values (entries 4, 5, 8 and 9).

A) O,N Ph B) O.N Ph
bcone ,é_g‘co Me
+ 2
Ph N| OH Ph Kll OH
(= e
anti-INT2 anti'-INT2
O,N Ph
N T i
2 n/ Z
i I&

Cer

| +
anti™-INT2

Figure 3. Intermediates 2 (INT2) formed out of catalysts A) NO,-N_-OMe-5aa,
NO,-X -OMe-5aa and C) NO,-N, X, -OMe-23a to provide anti aldol products.

B)

119



Chapter 3

3.3.3. Kinetic studies

Once investigated the general effect of both monomeric units with respect the
enantioinduction, kinetic studies were performed in order to quantify such effects and to
be compared with their monomeric predecessors NO,-X-OMe-5aa and
NO,-N_-OMe-5aa. For these studies dimers with both monomeric units belonging to the
L series were selected to perform kinetic studies under the reaction conditions shown
in Scheme 13. These dimeric organocatalysts are NO,-X X -OMe-23a,
NO,-N. N -OMe-23a NO,-X, N, -OMe-23a and NO,-N, X,-OMe-23a.

(0] (@]
(0] OH F
F, Catalyst (30 mol%) ° F
+ H TFA (30 mol%) m
Fo Fo neat, rt Fo Fo

Fo
Fm Fro
12a

11a

Scheme 13. Model aldol reaction for kinetic studies.

Due to the high electrophilic nature of 12a, the progress of the reaction could be
analyzed in the presence of different dimeric organocatalysts in quite short reaction
times. Additionally, the signals belonging to the three different types of fluorine atoms
for each species allow us to quantify the evolution of the reaction mixture in time by

"F NMR spectroscopy.

The different signals were assigned by the flourine coupling constants 3Jg ¢ and *Jg ¢ in
addition to their integral values. Figure 4 shows the evolution in time of the reaction
between dry cyclohexanone 11a and aldehyde 12a in the presence of 30 mol% of
NO,-X X -OMe-23a at 25 °C. The disappearance of starting aldehyde 12a and its
conversion into the major anti-13aa product and its minor syn- congener was readily

monitored and appreciated.
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anti-13aa anti-13aa
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Figure 4. Evolution in time of YF NMR spectra of the aldol reaction between 11a and 12a to

give 10a adducts catalyzed by NO,-X, X -OMe-25a. (Arrows demote the decay of 12a and the
appearance of the desired product.)

Kinetic constants associated with the reaction 11a+12a—>13aa catalyzed by several
organocatalysts were measured under pseudo-first order conditions due to the large
ratio 11a:12a of 60:1. Under this large excess of cyclohexanone 11a, the observed
reaction rate depends on the concentration of 12a, according to equation 1:

dl|12
— 228+ kops[12a] (1

rate =

The integrated pseudo-first order equation should depend linearly on the logarithms of
the aldehyde concentration I[n[12a] — In[12a], = —k,,st. Nevertheless, this
expression can also be integrated in terms of the fluorine integral signals on '°F NMR.
As internal reference, the signal provided by the additive TFA was used. For each
fluorine atom signal (ortho, meta and para) in the pentafluorophenyl moiety the
progress of the reaction was monitored by means of equation 2, from which the

observed kinetic constant was obtained (Figure 5).

1k 1
In (IT;'A> —In (IT;)'A> = —kopst (2)
¢ 0

In equation 2, I and I{ refer to the integrals of the different fluorine atoms in 12a
(where i = ortho, meta or para) at initial and instant times, t, and t, respectively. The
experimental measurements were averaged for the three signal systems associated to

ortho, meta and para positions of fluorine atoms in the pentafluorophenyl groups
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(standard deviations and error calculations are reported in the experimental section).
Figure 5 shows the corresponding linear plots obtained by means of equation 2. The
obtained correlations are excellent in all cases showing pseudo-first order behaviour

under the studied conditions.

MOy -Ohde-5aa
MCo-M| - Ohle-5aa
MOo-=| % -Ohie-23a
MNO2-M N -OMe-23a
M-k M- Ohle-23a
MNO2-MUH - OMe-23a
-5 : . r : T

0 500 1000 1500 2000 2500 3000

n [“: ZafltTFf-‘j_ 001 ZaJ,ln'rFAJ ]

o m - -4 < »

time (x 107 5)

Figure 5. Pseudo-first order linear plots of the organocatalyzed reaction showed in Scheme 13.

The observed kinetic constants for the four different organocatalysts are collected in
Table 5. These results point out that for the analyzed dimers the catalytic activity order
is: NOx-X X -OMe-23a > NOx-X N -OMe-23a > NO,-N N -OMe-23a >
NO,-N_ X -OMe-23a (entries 3-6). By comparison of these obtained kinetic constants
with the ones observed when using first generation catalysts NO.-X, -OMe-5aa and
NO,-N -OMe-5aa (entries 1 and 2), it is possible to estimate the influence of each
monomeric scaffold within the dipeptides. It was found that the kinetic value of
NO,-X X -OMe-23a is higher than NO,-X_ -OMe-5aa but did not double the value of its
monomeric counterpart (entries 1 vs. 3). Additionally, the kinetic value of
NO,-X N -OMe-23a catalyst also exceeded the value of NO.-X -OMe-5aa (entries 1 vs.
4).

In contrast, it was found that the kinetic constants of the dimers bearing the endo
4-nitroprolinamide unit, NO,-N_ X -OMe-23a and NO,-N. N -OMe-23a, were slightly
lower than their analogous monomer NO,-N-OMe-5aa (entry 5 and 6 vs. 2).
Comparing this two dimers, the dimer with both endo units, NO,-N. N, -OMe-23a,
provides higher kinetic constant than NO,-N X -OMe-23a (entries 5 vs. 6), an
unexpected result considering the expected values provided by the corresponding

monomers (entries 1 and 2).
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Table 5. Measured kinetic constants (Kqs) for NO,-X X -OMe-23a, NO,-X N -OMe-23a,
NO,-N, X, -OMe-23a and NO,-N,N,-OMe-23a dimers in the reaction 11a+12a—> 13aa.*"°

entry catalyst Kops (108"
1 NO,-X -OMe-5aa 11.29+0.30
2 NO,-N_ -OMe-5aa 8.83+0.16
3 NO,-X X -OMe-23a 16.68+0.58
4 NO,-X_ N -OMe-23a 13.36+0.54
5 NO,-N_ X -OMe-23a 5.72+0.06
6 NO,-N. N -OMe-23a 6.65+0.24

®Pseudo-first order constants calculated by means

of eq. 2 with a 11a:12a ratio of 60:1. All reactions

were monitored by "°F NMR at 25 °C. °Errors were

calculated from the standard deviations of the

kinetic constants according to reference 30.
In summary, these dimers in which both pyrrolidine units belong to the L series showed
the following trend: those dimers bearing the exo 4-nitroprolinamide provide higher
kinetic values than their monomeric equivalent (NOx-X_ X -OMe-23a >
NO,-X N -OMe-23a > NO,-X.-OMe-5aa) and those dimers with the endo
4-nitroprolinamide provide lower kinetic values than those observed for their
monomeric analogues: NO,-N_ X -OMe-23a < NO,-N. N -OMe-23a < NO,-N, -OMe-5aa.
From these kinetic results it can be concluded that not only the configuration of each
monomeric units is important but also other parameters should be taken under
consideration such us the spatial conformation of the dimers or the existence and

influence of the peptidic bond.

3.4. Michael reaction between cyclohexanone and trans--nitrostyrene

After studying the outcome of these dimeric organocatalysts in the aldol reaction, we
also aimed to test these dipeptide catalysts in another enamine activated
organocatalyzed reaction such as the Michael reaction. The reaction between
cyclohexanone 11a and nitrostyrene 4a was chosen and carried out in the presence of
20 mol% of catalyst and benzoic acid as additive to evaluate the catalytic behaviour of
dimers 23a (Table 6, entries 1 and 4 to 10). It can be seen that the trend the
y-dipeptides follow is not as easily recognizable as in the aldol reaction. First, in this

case the nitro monomeric units did not catalyze the reaction significantly. Therefore, we
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cannot use the outcome provided by the monomeric series as a reference. The
enantiomeric excesses can range from even racemic mixtures, for the catalysts
NO,-N. N -OMe-23a and NO,-N Np-OMe-23a (entries 7 and 8), to the high values
provided by NO,-X X -OMe-23a and NO,-N Xp-OMe-23a (entries 1 and 10). The
diastereomeric ratios were high in all cases, meanwhile the reaction times, conversions
and yields varied considerably depending on the dimer used. For instance, reaction
times values of two weeks were found with moderate yield for the case of
NO,-X Np-OMe-23a (entry 6) and, on the other side, a reaction time of two days with
full conversion and good yield was found for the NO2-X X, -OMe-23a catalyst (entry 1).
To our surprise, a minor formation of lactam 2aaa was observed in all cases. Further

details on this unexpected result will be discussed in depth in chapter 4.

Table 6. Direct Michael reaction between cyclohexanone 11a and trans-fB-nitrostyrene 4a
catalyzed by different dimers.?

i?j AN, catalyst (20 mol%) {ijN 0 QHNPBZO
PhCO,H (20 mol%) [ I /\
neat, rt o
11a 4a (2R 1'S)-14aa (3S,3aR,7aS)-24aaa
entry catalyst time (d) conv®(%) synant® yield®(%) ee®(%)
1 NO,-X X -OMe-23a 2 >99 85:15 79 65
2°  NO,-X X -OMe-23a 1 >99 89:11 82 78
3 NO,-X X -OMe-23a 4 h >99 91:9 75 82
4 NO,-X Xp-OMe-23a 4 >99 94.6 71 -46
5 NO,-X N -OMe-23a 6 84 90:10 78 55
6 NO,-X Np-OMe-23a 13 72 82:18 57 24
7 NO,-N_ N, -OMe-23a 7 76 93.7 59 -17
8 NO.-N_Np-OMe-23a 7 71 95:5 56 6
9 NO,-N X -OMe-23a 3 >99 84:16 89 46
10  NO,-N Xp-OMe-23a 3 86 90:10 78 -70
11°  NO,-N Xp-OMe-23a 19h >99 94.6 71 -75
12" NO,-N Xp-OMe-23a 16 h >99 97:3 76 -81

@Conversions were measured by 'H NMR of crude reaction mixtures. Conversions to 24aaa
product were <20% in all cases. °Syn:anti ratio was measured by 'H NMR of crude reaction
mixtures. °Yields refer to isolated pure Michael adducts. “Enantiomeric excesses measured by
HPLC correspond to the major syn-diastereomers 14aa. °30 mol% of catalyst and 30 mol%
PhCO,H. 40 mol% of catalyst and 40 mol% of PhCO,H.
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The postulated reaction mechanism is the same one as occurred for the aldol reaction
between cyclohexanone 11a and 2,3,4,5-pentafluorobenzaldehyde 12a (see Table 4
and Scheme 12). Similarly in this Michael reaction, both monomeric units of the dimeric
organocatalyst were promoting the catalysis and each was directing towards the
corresponding enantiomer as depicted in Scheme 14. Nevertheless, some of the low
enantiomeric inductions could be explained according to less enantiocontrol of the

units.

)I( exo O ph )I( endo
y-N, €X0,Ph NO, y-Ngndoph
Z|----- - L Z
Ph™ >N Ph™ >N
H (0] (2R,1'S)-14aa H (0]
XL NL

I I

matching {——= mismatching ———> matching

I l

X X
| (0] Ph |
_N endo 5 _N éxo
Y N/,' Ph é/‘\/NO2 Y N ‘\\Ph
! ;P z : - Z \p, Z
Pht N \( Ph N (
0 (2S,1'R)-14aa 0
Np Xp

Scheme 14. Enantiomeric induction of the monomeric units in the Michael reaction between
cyclohexanone 11a and trans-B-nitrostyrene 4a.

For instance, catalysts NO2>-X X,-OMe-23a and NO,-N. N, -OMe-23a (entries 1 and 7)
provide each the corresponding enantiomer, (2R,1'S)- and (2S,1'R)-, respectively.
However, the lower ee value of the latter could be attributed to a higher conformational
flexibility of the endo- units thus reducing the enantiocontrol. Catalysts
NO,-X Np-OMe-23a and NO,-N Xp-OMe-23a (entries 6 and 10) also provide the
(2R,1’S)- and (2S,1’S)- enantiomers, respectively under the influence of each
monomeric unit. Again, the possible conformational flexibility of NO,-X Np-OMe-23a,
which also needed the longest reaction time, may be responsible for the lower
enantiomeric excess. Then, the enantiomeric excesses of NO,-X N -OMe-23a and
NO,-N_ X -OMe-23a (entries 5 and 9) are oriented towards the (2R,1’S)- compound
which, would be in accordance with a higher catalytic activity of the exo- unit with
respect to the endo- active site (see Table 5). Finally, the outcome of catalysts
NO,-X Xp-OMe-23a and NO,-N Np-OMe-23a (entries 4 and 8) which cannot be

explained according to the reasoning interpreted for the previous examples,
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coordination or stronger conformational factors could be the responsible for the

provided enantiomeric excesses of -46 and 6% ee, respectively.

Due to the fact that NO,-X X -OMe-23a and NO,-N Xp-OMe-23a provided the best
results (entries 1 and 10), it was decided to increase their catalytic load with the goal of
increasing the enantioselectivity of the process. Consequently, reaction times were
reduced and the enantioselectivities increased up to ca. 80% ee when 30 and 40 mol%

catalytic loads were employed (entries 2-3 vs. 1 and 11-12 vs. 10).

3.5. Synthesis of N-methylated and hybrid dimers. Effects on the reactivity in
aldol and Michael reactions
3.5.1. Synthesis

In order to evaluate the influence of each monomeric unit of the dimers in catalysis at
the aldol and Michael reaction, NO2-X X.-OMe-25a, NO,-X Xp-OMe-25a,
NO,-X X -OMe-26a and NO,-X Xp-OMe-26a were synthesized in which one of the
pyrrolidine units was N-methylated (Figure 6).

O.N
% COzMe H -1COQMe

Ph\\
NOz- LXL-OMe-25a NOz-XLXD-OMe 253

O,N
2> pn
Ph H Ph
—@’YNQ g
Me I CO,Me Me -ICOZMe
pr” N

Ph\\
NOZ-XLXL-OMe-ZGa NOZ—XLXD-OMe-ZGa

//-U

//-U

Figure 6. N-methylated dimers NO,-X X -OMe-25a, NO,-X, Xp-OMe-25a, NO,-X X, -OMe-26a
and NO,-X, Xp-OMe-26a.

For that purpose, NO,-X -OMe-4aa and NO,-Xp-OMe-4aa were methylated in the first
instance to provide the tertiary amines according to the method described in chapter 2
and followed by hydrogenation to give diamines NH,-X-OMe-10c and
NH,-Xp-OMe-10¢, respectively. When pyrrolidine NO,-X.-O'Bu-5ba was subjected to
the methylation reaction, simultaneous N-methylation and acid formation occurred at

the carboxylic moiety as described by literature®, in good yields (entry 4). Hydrolysis in
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basic medium and hydrogenation occurred uneventfully in good yield (entries 3, 5
and 6).

Table 7. Synthesis of NO,-X_p-OMe-5¢, NH,-X_ p-OMe-10¢c and NO,-X-OH-5e units
(cycloadducts belonging to the L series are only depicted for the sake of simplicity).

O,N, Ph OoN, Ph HoN, Ph
Ph™ >\~ ~COzR Ph™ >\~ ~COR Ph™ >\~ ~COR
H Me Me
NO,-X -OMe-5aa, R = Me . [~ NO,-X,-OMe-5¢, R = Me NH,-X,-OMe-10¢, R = Me
NO,-X, -O'Bu-5ba, R = Bu NO,-X,-OH-5e, R = H
| }
i (R="Bu)
entry product conditions®  yield (%)
1 NO,-X -OMe-5¢ i 78
2 NO,-Xp-OMe-5¢ i 79
3 NO,-X -OH-5e i 90
4 NO,-X -OH-5e ii 63
5 NH>-X. -OMe-10c iii 74
6 NH>-Xp-OMe-10¢ iii 75

%) H,CO/HCO,H, 100 °C, 2 h; ii) NaOH, acetone/H,0, rt, 16 h;

i) H, (20 bar), Ra/Ni, [0.01M], 65 °C, 1 mL/min.
The synthesis of N-methylated dimers NO,-X X -OMe-25a and NO.-X Xp-OMe-25a
was achieved in good yields employing the procedure already described in Scheme 10
for the obtention of y-dipeptides. This time, NO,-X -OH-1¢c and NH,-X_p-OMe-2d in

both enantiomeric forms were used as starting materials (Scheme 15).

PyBOP, DIPEA
O,N-X -OH-5¢  *  HyN-X p-OMe-10¢c ————> Dimers 25a
DCM, rt, 16 h
—(\/%/ b‘COZMe —(j;r p 1CO,Me
NO,-X_ X, - OMe-25a (74%) NO,-X, Xp- OMe-25a (78%)

Scheme 15. Synthesis of dimers 25a synthesis using PyBOP as coupling agent. (Numbers in
parentheses correspond to yields of isolated pure dimers)

Nevertheless, this methodology failed when applied to the synthesis of
NO,-X X -OMe-26a and NO,-X, Xp-OMe-26a dimers in which the 4-nitroprolinamide is
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N-methylated. Thus, reaction conditions screening had to be carried out! The
optimized reaction conditions included HATU as a coupling reagent in the presence of
DIPEA, which provided the desired dimers together with but also the transesterified
monomer NO,-X -OMe-5¢ was obtained as byproduct in 1:1 ratio in both cases

allowing the coupling products in low yields.

O,N,  Ph
HATU, DIPEA y
NOz-XL-OH-se + NH2-X|_/D-OMe-1Oaa —_— Dimers 26a +
DCM, t, 16 h Ph COMe
Me

NOz-XL-OMe-SC

NO,-X, X, -OMe-26a (32%) NO,-X, Xp-OMe-26a (30%)
Scheme 16. Optimized reaction conditions towards NO,-X X -OMe-26a and
NO,-X Xp-OMe-26a dimers.
Out of all these new synthesized dimers, NO,-X X -OMe-25a could be crystallized and
an X ray diffraction analysis could be made showing the spatial disposition in solid

state of the two pyrrolidine rings.

Figure 7. ORTEP drawing of NO,-X X -OMe-25a.

Additionally, in order to understand the activation mode of these densely substituted
proline based dimeric organocatalysts in the Michael reaction, other pyrrolidine-based

organocatalysts were evaluated (Figure 8). Therefore, dimer Pro Gly-OH-27 was

'This screening of this reaction conditions was performed by the PhD student Maddalen Agirre.

128



y-Dipeptides Based on Units of Densely Substituted Pyrrolidines. Design and catalysis

chosen for being the simplest commercially available dimer derived from natural
proline. Hybrid thiourea catalyst 28, benzamido prolinate 17 and dimer
NO,-X Gly-OMe-29, which were all derived from our highly substituted pyrrolidines,

were also targets of choice.

H 3
Q\ﬂ/N\/COZH \[S( /ESACOzMe
H o ~NH
CFs
28

o)
Pro, Gly-OH-27

y  Ph 0N pp
Ph_N,, H
\[(])/ COoMe Ph N N._ CO,Me
NH N
Ph o)
17

NO,-X, Gly-OMe-29

Figure 8. Hybrid organocatalysts based in pyrrolidine units.

Firstly, the reaction between NH,-X -OMe-10aa and bis(trifluoromethyl)phenyl
isothiocyanate 30 was carried out to obtain the hydrogen bond donating hybrid catalyst
28 in 68% vyield (Scheme 17A). Also, 17 in Scheme 17B and NO,-X Gly-OMe-29
(Scheme 17C), bearing an amide group in the forth and second position, respectively,
were synthesized. Catalyst NO,-X Gly-OMe-29 was obtained in 85% yield from
NO,-X -OH-5d, glycine methyl ester hydrochloride 3a and PyBOP as coupling agent

following the standard procedure for the synthesis of dimers.

Ph
HN,  Ph FsC N%,\\ F.C H H
A) /U\ + S _— \[S]/ COgMe

CF Ph
3 68% CF,
NH,-X-OMe-10aa 30 28
Ph
HN - Ph PhCOCI, K,CO; J~NH  Ph
9 ol S omnren
Ph™ >~ ~CO,Me DCM, tt, 16 h Ph™ >\~ ~CO,Me
H 43%
NH,-X,-OMe-10aa 17
O,N,  Ph ON  py
y PyBOP, DIPEA ;
©) fd\ * HZN/\COZMG - Ph H CO-M
PR N7 OO He DCM, rt, 16 h N ~oo2e
85%
NO,-X, -OH-5d 8a NO,-X, Gly-OMe-29

Scheme 17. 28, 17 and NO2-X Gly-OMe-29 organocatalysts syntheses.

Once these diverse organocatalysts were available, N-methylated catalyst
NO,-X Xp-OMe-25a and NO,-X Xp-OMe-26a in Figure 6 were tested in the model aldol
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reaction between cyclohexanone 11a and pentafluorobenzaldehyde 12a. Concurrently,
dimers NO,-X X -OMe-25a and NO,-X X -OMe-26a and hybrid catalysts depicted in
Scheme 17 were tested in the Michael reaction between cyclohexanone 11a and
nitrostyrene 4a.

3.5.2. Effect on the aldol reaction between cyclohexanone and

pentafluorobenzaldehyde

Once the reaction conditions were set up, we followed to evaluate the catalytic
performance of dimers NO,-X Xp-OMe-25a and NO,-X Xp-OMe-26a, in which one of
the pyrrolidinic rings is methylated and to compare them to their non-methylated

homologous. The results are shown in Table 8.

Table 8. Comparison on the aldol reaction between cyclohexanone 11a and
pentafluorobenzaldehyde 12a catalyzed by different methylated 3 generation dimers.?

O O OH O OH

0 catalyst (3 mol%) H
i‘j ’ H)J\cst TFA (15 mol%) é/\CBFS ' é)\ce%
neat, rt
11a 12a (2R,1'S)-13aa (2S,1'R)-13aa
entry catalyst time (h) anti:syn® vyield®(%) ee®(%)
1° NO,-X_ -OMe-5aa <1 95:5 75 89
2 NO,-X X -OMe-23a 8 937 86 85
3 NO,-X Xp-OMe-23a 16 92:8 84 9
4 NO,-X Xp-OMe-25a 48 88:12 93 90
5" NOzX Xp-OMe-25a 16 92:8 85 88
6 NO,-X Xp-OMe-26a 64 91:9 68° -82
7" NOzX Xp-OMe-26a 24 97:3 84 -85

®Reactions were monitored by 'F NMR and were stirred at room temperature until
total consumption of aldehyde 12a. bAnti:syn relationships were measured by
“FENMR of crude reaction mixtures. °Yields refer to pure aldol adducts.
dEnantiomeric excesses measured by HPLC correspond to the major anti-
diastereomer (2R,1'S)-13aa. °Reaction carried out in 30 mol% of catalyst and TFA.
'6 mol% of catalyst load was employed. °98% conversion was achieved.
These further experiments confirmed the model previously discussed in section 3.3. An
increase of the enantiocontrol in opposite directions is shown, depending on the nature
(L or D series) of the methylated pyrrolidinic ring (Table 8, entries 4 to 7). When one

pyrrolidinic ring is methylated, this center loses its catalytic activity, as it is unable to
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perform the enamine activation, allowing the unmethylated ring as the sole catalytic
active site of the system. Thus, the racemic value obtained by NO,-X Xp-OMe-23a
catalyst is cancelled, giving 90% ee when employing NO,-X; Xp-OMe-25a (entries 3 vs.
4). Also, an increase in the catalytic load from 3 to 6 mol% reduced the reaction time
providing similar results in terms of enantiocontrol and chemical yield, as well as
increasing the diastereocontrol of the process (entries 4 and 5). The same pattern was
followed by NO,-X Xp-OMe-26a catalyst (entries 6 and 7). In this latter case, 26a gave
the aldol with configuration (2S,1'R) as expected for the sole active site at the Xp
pyrrolidine unit (see Scheme 11). In this case, by increasing the catalyst load the
reaction time decreased, together with an increase in both the enantio- and

diastereocontrol as well as with a higher yield (entry 7).

All these results, reinforced our conclusion each pyrrolidine unit in the dimers acts as
an independent catalytic center in the aldol reaction. As a consequence, the final
stereocontrol is determined by the matching or mismatching combination of each

component of the dipeptide.

3.5.3. Effect of N-methylated and functionalized catalysts on the Michael
reaction between cyclohexanone and trans-B-nitrostyrene
3.5.3.1. Hybrid dimers

The synthesized hybrid dimers were tested in the Michael reaction between
cyclohexanone 11a and nitrostyrene 4a in the presence of benzoic acid as additive.
The obtained results are shown in Table 9. Reactions were carried out in the presence
of 30 mol% of catalyst and additive to be compared to the reaction catalyzed by
NO,-X X -OMe-23a (entry 1).

Table 9. Michael reaction between cyclohexanone 11a and trans-B-nitrostyrene 4a catalyzed by
Pro Gly-OH-27, 28, 17 and NO,-X, Gly-OMe-29.

o) i O Ph QHN/OBZ
. Ph/\/ NO, catalyst (30 mol%) NO, O/\):O
PhCO,H (30 mol%) 4
neat, rt Ph
11a 4a (2R,1'S)-14aa (3S,3aR,7aS)-24aaa
entry catalyst time (d) conv®(%) syn:anti® vyield®(%) ee®(%)
1 NO,-X X -OMe-23a 1 >99 89:11 80 78

2" Pro.Gly-OH-27 7 22 nd nd nd
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3 Pro Gly-OH-27 7 72 87:13 45 0
4 28 7 0° nd nd nd
5 17 4 0° nd nd nd
6°  NO,-X Gly-OMe-29 7 74 78:22 38 66

@Conversions to 14aa were measured by 'H NMR of crude reaction mixtures. bSyn:anti ratio
was measured by '"H NMR of crude reaction mixtures. °Yields refer to isolated pure Michael
adducts. “Enantiomeric excesses measured by HPLC correspond to the major syn-
diastereomer (2R,1’S)-14aa. “Conversion to lactam product was lower than 20%. "The reaction
was performed in absence of PhCO,H. *Unreacted 4a was present in the reaction mixture.

Initially, catalyst Pro Gly-OH-23 was employed in the absence of additive, as a
carboxylic group is already present in the molecule and 22% conversion was observed
after one week of reaction time (entry 2). Due to this low conversion, the corresponding
amount of benzoic acid was added to the same reaction mixture (entry 3) increasing
the conversion to 72% and providing a 87:13 syn:anti ratio without any measurable
enantiomeric excess after an additional week of reaction time. When hybrid catalysts
28 and 17 were used no reaction of any kind was observed (entries 4 and 5). Finally,
when the catalyst NO,-X_Gly-OMe-29 was employed (entry 6), the Michael product
was obtained in 38% yield (provided by 74% conversion after 7 days) in 78:22 syn:anti
ratio and 66% of enantiomeric excess. In addition, formation of y-lactam product 24aaa
was observed (more details in the following chapter 4). As a general remark, none of
these hybrid catalysts provided better results than those achieved with

NO,-X X -OMe-23a catalyst (entry 1).

3.5.3.2. N-methylated dimers

Organocatalysts in which one of the pyrrolidine units were blocked by N-methylation
were also employed (Table 10, entries 3-5). It was observed that NO»-X X -OMe-25a
(entry 3) provided the same enantiocontrol as its parental NO,-X_ X, -OMe-23a catalyst
(entry 1). Nevertheless, NO,-X Xp-OMe-25a provided lower enantioselectivity when
compared with NO,-X X -OMe-25a even though the free catalytic unit was the same
(entry 3 vs. 4) and both provided the opposite enantiomer as its congener
NO,-X Xp-OMe-23a (entry 2). Finally, it was observed that the methyl blockage of the
exo 4-nitroprolinamide in NO,-X X -OMe-26a was detrimental as the enantiocontrol
lowered steadily (entry 5). Related to the y-lactam:Michael product ratio, the values
were retained when catalysts NO,-X X -OMe-25a and NO,-X X -OMe-26a were
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employed, but it encreased in the case of the NO,-X Xp-OMe-25a catalyst (entries 3

and 5 vs. entry 4).

Table 10. Direct Michael reaction between cyclohexanone 11a and trans-B-nitrostyrene 4a
catalyzed by different dimers.

talyst (40 mol% C
v pr N0z catalyst (40 mol*) NO2 | N .
PhCO,H (40 mol%)
neat, rt :TDh
11a 4a (2R 1'S)-14aa (3S,3aR,7aS)-24aaa
time conv.? 14aa yield® ee®
entry catalyst , 14aa:24aaa
(d) (%) syn:anti (%) (%)
1 NO,-X X.-OMe-23a 4 h >99 91:9 77:23 75 82
2°  NO2-X Xp-OMe-23a 4 >99 94:6 93:7 71 -46
3 NO,-X X .-OMe-25a 1 >99 90:10 78:22 60 82
4 NO,-X Xp-OMe-25a 2 >99 89:11 69:31 61 75
5 NO,-X X -OMe-26a 16h  >99 87:13 80:20 91 65

@Conversions were measured by 'H NMR of crude reaction mixtures. bSyn:anti were measured
by 'H NMR of crude reaction mixtures. °Yields refer to isolated pure Michael adducts.
YEnantiomeric excesses measured by HPLC correspond to the major syn-diastereomer
(2R,1’S)-14aa. °20 mol% of catalyst and 20 mol% of PhCO,H.

With the results mentioned above it can be concluded in contrast with the aldol
reaction, our y-dipeptides exhibit the emergent property of catalyzing this conjugate
addition. This reaction is not under the catalytic space of monomeric units. As a
consequence, the catalytic behaviour of these dimeric catalysts cannot be reduced to
that of the possible active sites. Therefore, other factors such as the dipeptide
conformation or the protonation sited must be considered. In addition, methylation
degree of the pyrrolidine units may be of aid, as in the case of NO,-X X, -OMe-25a the

same enantioinduction was achieved compared to NO,-X, X, -OMe-23a.

Once studied the dimeric organocatalysts in the Michael reaction and in order to
improve the results, screening with different acids was performed in the model reaction
between cyclohexanone 11a and nitrostyrene 4a with three of the most efficient
organocatalysts. The selected dimers were NO2>-X X, -OMe-23a, NO,-N, Xp-OMe-23a
and NO,-X X -OMe-25a. The results obtained by these catalysts are gathered in Table
1.
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Table 11. Michael reaction between cyclohexanone 11a and trans-B-nitrostyrene 4a catalyzed
by NO,-X X -OMe-23a, NO,-N Xp-OMe-23a and NO,-X, X, -OMe-25a in the presence of various
acids.

i talyst (40 mol% 71
.\ Ph/\/NOZ catalyst (40 mol%) NO,
additive (40 mol%)
neat, rt
11a 4a (2R,1'S)-14aa
B time _ yield® ee°
entry catalyst additive syn:anti®
(h) (%) (%)
1¢ BA 4 91:9 75 82
2 PNBA 16 94:6 82 89
O,N
3 2 __Ph Salicylic acid 16 95:5 79 92
Ph H Ph
4° N N.. Salicylic acid 24 93:7 87 91
3 CO,Me
5 P N Salicylic acid 24 95:5 92 88
NOZ-XLXL-OMe-23a
6 TFA 16 89:11 75 93
7° TFA 36 84:16 65 64
8° ON Ph BA 16 97:3 76 -81
9 P AR PNBA 16 98:2 86 -85
H p-'lco Me
o . 2
10 PR N Salicylic acid 16 98:2 89 -88
NOZ-NLXD-OMe-23a
11 TFA 24 86:14 70 -85
12 BA 24 90:10 60 82
13 Salicylic acid 12 98:2 89 95
e O:N Ph . . .
14 Salicylic acid 16 98:2 91 96
Ph H Ph
15' N N.. Salicylic acid 24 98:2 83 95
o) COzMe
16" PR Me Salicylicacid 7d 96:4 nd 94
NOQ-XLXL-OMG-ZSa
17 TFA 16 98:2 75 96
18° TFA 60 79:21 76 72

Syn:anti relationships were measured by '"H NMR of crude reaction mixtures. “Yields refer to
isolated pure Michael adducts. °“Enantiomeric excesses measured by HPLC correspond to the
major syn-diastereomer (2R,1’S)-14aa. “This experiment provided a 14:24 ratio of
77:23.°Reaction run with 20 mol% of catalyst and 40 mol% of additive. 'Reaction run with 10
mol% of catalyst and 20 mol % of additive. ® This experiment provided a 14:24 ratio of
73:27."Reaction run with 5 mol % of catalyst and 20 mol % of additive. Conversion of 88%.

When the reaction was carried out in the presence of 40 mol% of NO,-X X -OMe-23a

or NO,-N Xp-OMe-23a and p-nitrobenzoic acid a slight increase in all
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diastereoselectivity, enantioselectivity and yield was observed (entries 1 vs. 2 and
entries 8 vs. 9). Even larger was the increase when salicylic acid was used in these
cases (entries 3, 10 and 13). Due to the fact that NO,-X X -OMe-23a and
NO,-X X -OMe-25a provided better results than their NO,-N_ Xp-OMe-23a analogue, a
catalyst load reduction was tested. The catalytic load was reduced to 10 mol% (entries
5 and 15) without considerable loss in the diastereo- and enantioselectivity. Further
decrease of the catalytic load to 5 mol% of NOx-X X -OMe-25a did not allow the
reaction to completion (entry 16). Finally, when TFA was used variable results were
observed both in diastereo- and enantiocontrol depending on the catalyst used (entries
6, 11 and 17). However, it was not possible to lower the catalytic load in the presence
of TFA as when 20 mol% of catalytist was used, the enantiomeric excess dropped
drastically (entries 7 and 18). It is noteworthy that using PNBA, salicylic acid and TFA

avoided the cyclization reaction towards lactam 24aaa.

From these results it can be concluded that NO,-X X -OMe-23a and
NO,-X X -OMe-25a are the most suitable catalysts for the diastereo- and
enantioselective Michael reaction between cyclohexanone 11a and nitrostyrene 4a. It is
interesting to note that only 10 mol% of catalyst load is required for the case of
NO,-X X -OMe-25a.

3.5.3.3. Exploring the scope of the reaction:

1,1-bis(phenylsulphonyl)ethene as electrophile and acetone as nucleophile

In order to explore the versatility of these catalysts in the Michael reaction, both the
nucleophilic and electrophilic scopes were investigated (Table 12 and Table 13).
NO,-X X -OMe-23a and NO,-X_ X -OMe-25a were evaluated and compared to the
second generation catalyst NH,-X -OMe-10aa, in the Michael reaction between
cyclohexanone 11a and the Michael acceptor 1,1-bis(phenylsulphonyl)ethylene 15
(Table 12).

When the reaction was carried out employing NO,-X X, -OMe-23a catalyst and TFA in
40 mol% of catalytic load, the desired product was achieved in good yield, high
16:16bis ratio and enantiomeric excess of 80% (entry 3). This result was improved by
employing salicylic acid instead which, additionally, allowed a reduction of the catalytic
load as well as higher enantiomeric control and reduction of the 16:16bis ratio (entries

4 and 5). Nevertheless, when the NO,-X_ X, -OMe-25a/salicylic acid system was used,
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meso- product 16bis was mainly obtained due to a double Michael addition at the

positions 2 and 6 of cyclohexanone 11a (entry 6).

Table 12. NH,-X, -OMe-10aa, NO,-X X -OMe-23a and NO,-X X -OMe-25a catalysts evaluation
in the Michael reaction between cyclohexanone 11a and 1,1-bis(phenylsulphonyl)ethylene 15.

o} o} 0
0,
. ysozph catalyst (x mol%) SO,Ph  PhO,S SO,Ph
+
SO,ph  additive (y mol%) SO,Ph PhO,S SO,Ph
neat, rt
11a 15 (R)-16 meso-16bis
yield® ee’

entry  catalyst/load (mol%) additive/load (mol%) 16:16bis®
(%) (%)

19 NHy-X.-OMe-10aa/30 PNBA/30 - - -
2 NH,-X.-OMe-10aa/30 PhCO,H/30 nd nd 28
3 NOx-X.X.-OMe-23a/40 TFA/40 84:16 70 80
4 NO,-X X, -OMe-23a/20 salicylic acid/40 78:22 63 93
5  NOx-X.X.-OMe-23a/10 salicylic acid/20 62:38 44 (52°) 95
6  NOy-X.X.-OMe-25a/10 salicylic acid/20 32:68 62° -

#16:16bis relationships were measured by 'H NMR of crude reaction mixtures. °Yields refer to
isolated pure Michael adduct (R)-16. “Enantiomeric excesses measured by HPLC correspond to
the isomer (R)-16. Conversion <5% was measured by 'H NMR of crude reaction mixture. ®Yield
refers to 16bis.

The reaction between acetone 11d and trans-B-nitrostyrene 4a was carried out in the
presence of catalysts NO,-X X -OMe-23a and NO»-X; X, -OMe-25a with salicylic acid as
additive (Table 13). Both y-dimers provided the addition product in moderate yield.
Although the catalyst NO,-X X -OMe-25a showed better outcome (entry 3 vs. 2), it
could not exceed the full conversion provided by the amine catalyst NH,-X, -OMe-10aa
(entry 1).
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Table 13. NO.-X X -OMe-23a and NO,-X X -OMe-25a catalysts evaluation in the Michael
reaction between acetone 11d and trans-B-nitrostyrene 4a°.

0]

)J\ N0, catalyst (10 mol%) O Ph
+ Ph

)J\/k/NOZ

salicylic acid (40 mol%)

11d 4a neat, rt (S)-14da
entry catalyst conv® (%) vyield®(%) ee®(%)
1° NH,-Xp-OMe-10aa >99 79 -41
2 NO,-X X -OMe-23a >99 69 20
3 NO,-X X -OMe-25a 75 53 41

®The reaction was carried out with 16 equivalents of acetone 11d and

stirred for 16 hours. "Conversions were measured by 'H NMR of crude

reaction mixtures. °Yields refer to isolated pure Michael adduct.

Enantiomeric excesses measured by HPLC. °Catalysts

NH>-Xp-OMe-10aa (30 mol%) and PNBA (30 mol%) were employed to

provided (R)-11da.
From these last experimental results it can be concluded that NO.-X, X, -OMe-23a and
NO,-X X -OMe-25a are efficient dimeric catalysts to carry out Michael addition
reactions. These y-dimers have been proved to perform with similar reactivity with
respect to the amine precursor NH,-Xp-OMe-10aa in the presence of acetone 11d. In
addition, both catalysts have provided good results when compound 15 was used as

Michael acceptor.

3.6. Follow up chemistry: Synthesis of 7a-hydroxy-2-oxo-3-aryloctahydro-1H-

indol-1-yl benzoate

As it has been mentioned before, during the course of the investigation a second
product was isolated. After X ray analysis experiments this unexpected adduct was
identified as lactam (3S,3aR,7aS)-24aaa never described before in literature (see
figure 1 in chapter 4). This product was obtained in all cases in low conversion.
However, due to the difficulties to distinguish it from crude reaction mixtures (as the
only remarkable signal is a doublet around 3.5 ppm), it was not until this point that the
presence of this novel product was analyzed in detail. Compound (3S,3aR,7aS)-24aaa
is formed via the muticomponent reaction between cyclohexanone 11a, nitrostyrene 4a
and benzoic acid 31a as illustrated in Figure 9. Following chapter 4 focuses on the

formation of this novel compound.
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0O
9HNP/Z<Ph i NOz 0
T X
T = O Y e
/ Ph
Ph
(3S,3aR,7aS)-24aaa 11a 4a 31a

Figure 9. Obtained product at the addition reaction between 11a, 4a catalyzed by different
dimers in the presence of benzoic acid 31a as additive.

3.7.

Conclusions

From the experimental studies reported and discussed along this chapter, the following
conclusions can be drawn:
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PyBOP coupling agent is a robust reagent in order to promote the coupling
between the corresponding two units of densely substituted pyrrolidines to form
dimers 23a and 25a.

Alternatively, HATU was the reagent of choice to synthesize
NO,-X X -OMe-26a and NO--X Xp-OMe-26a catalysts as PyBOP did not
succeed.

These are robust catalysts in order to perform enamine-based organocatalyzed
reactions such as the aldol and Michael reaction. These y-dimeric catalysts are
more efficient than their monomeric predecessors NO,-X -OMe-5aa and
NO,-N_-OMe-5aa in the organocatalysis of the Michael reaction.

In both reactions different effects of each monomeric unit have been identified.
As occurred with the previous studies with 4-nitropyrrolidine methyl ester
carboxylates, exo- units of the L series, lead to the opposite stereochemistry
obtained under L-proline catalysis, and endo- units of the L series lead to the
same stereochemistry obtained with L-proline. The final enantiomeric outcome
is a combination of the effect of both units. While in the aldol reaction this trend
is identified straightforwardly, it is more difficult to rationalize in the Michael
reaction.

Dimers bearing exo-4-nitroprolinate  units, NO-X_ X -OMe-23a and
NO,-X N -OMe-23a, have higher kinetic constants than dimers with endo
nitroprolinate units, NO,-N_ X, -OMe-23a and NO,-N. N, -OMe-23a, in the aldol
reaction between cyclohexanone 11a and pentafluorobenzaldehyde 12a.

The use of these dimers has allowed to identify product 24aaa never described

before in literature.
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3.8. Experimental section
General remarks. See section 2.8.

Determination of pseudo-first order kinetic constants. 2,3,4,5,6-Pentafluorobenzaldehyde
12a (0.05 mmol, 10 mg, 1 eq) and the corresponding organocatalyst 23a (0.015 mmol, 8.85 mg,
0.3 eq) were dissolved in neat, freshly distilled (MS, 3 A) cyclohexanone 11a (0.31 mL, 3 mmol,
60 eq) at room temperature. This mixture was transferred to a NMR tube, and then TFA (0.015
mmol, 1.15 pL, 0.3 eq) was added. The resulting mixtures were immediately introduced into the
NMR probe. Samples were stabilized at 298 K. The kinetic studies were performed by
monitoring the three YF NMR signals of free 12a, together with the other signals also
associated with the CsF5 group, obtained with inverse gate 1H-decoupling. Trifluoroacetic acid (o
= —76 ppm) was used as internal reference. NMR measurements were carried out at 376.40
MHz with a Bruker Advance 400 NMR spectrometer, equipped with a BBOF probe incorporating
z-gradients. FID files were obtained with a spectral window of 240 ppm and transformed with
65536 points. All spectra were recorded by accumulating 16 acquisitions, with recycling delays
of 1 s. Measurements were performed directly on the reaction mixtures in the NMR tubes every
5 min. Relative concentrations of 12a at different times were quantified by integration and
statistical treatment of the three sets of '°F signals. Kinetic constants reported in Table 5 were
obtained from the NMR experiments and application of equation (2). See Annexe 3 for the

pseudo-first linear plots, standard deviation and error calculations.

General procedure for the synthesis of imines. See section 2.8.
PN OB tert-Butyl (E)-2-(benzylideneamino)acetate (3b).32. The title product was
u
2 obtained from 8b (503 mg, 3.0 mmol) and benzaldehyde (244 mg, 2.3
mmol). Yield: 499 mg, 99%, yellow oil. "H NMR (500 MHz, CDCl;) & 8.27 (s, 1H, CH), 7.80 —
7.75 (m, 2H, ArH), 7.46 — 7.36 (m, 3H, ArH), 4.31 (s, 2H, CH,), 1.59 (s, 9H, C(CHj3)3)).

Ph™ N

General procedure for the synthesis of exo-Cycloadducts 5. See section 2.8.

Nomenclature: For a better assignment of protons on 'H NMR spectra, the IUPAC carbon
order in pyrrolidines-type rings has been used. The following monomeric structures follow the

same assignment pattern.

O,N Ph Methyl (2R,3R,4S,5R)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylate
Z_§ (NOZ-XD-OMe-Saa).33 The title product was obtained out of 10 parallel
Ph*" >\~ ""CO,Me  reactions from imine 3a (80 mg, 0.45 mmol). Yield: 1.25 g, 84%, white
H solid. 94% ee after column chromatography and >99% ee after

recrystallization in EtOAc/Hex crystallization mixture. Analytical and spectroscopic data were
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coincident with the previously reported material. '"H NMR (500 MHz, CDCls) & 7.57 (d, J = 7.0
Hz, ArH), 7.45 — 7.36 (m, 3H, ArH), 7.34 — 7.27 (m, 3H, ArH), 7.26 — 7.22 (m, 2H, ArH), 5.22 (t,
J =8.1 Hz, C*H), 4.77 (d, J = 7.9 Hz, C°H), 4.51 (d, J = 8.9 Hz, C?H), 4.39 (t, J = 8.5 Hz, C°H),
3.30 (s, 3H, CO;Me), 2.75 (bs, 1H, NH). HPLC (Chiralcel IB, hexane/PrOH = 80/20, flow rate

1.0 mL/min, A = 254 nm), tg (minor) = 9.6 min, tgr (major) = 18.2 min; ee = 94%.

O,N Ph tert-Butyl  (2S,3S,4R,5S)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylate

(’[—g\ (NO,-X.-O'Bu-5ba).*? The title product was obtained from imine 3b (100
Ph N COztBU

mg, 0.45 mmol). Yield: 149 mg, 90%, white solid. >99% ee after column

H chromatography. Analytical and spectroscopic data were in good
agreement with those reported in the literature. "H NMR (500 MHz, CDCl3) & 7.55 (d, J = 7.2 Hz,
2H, ArH), 7.46 — 7.33 (m, 3H, ArH), 7.33 — 7.23 (m, 5H, ArH), 5.15 (t, J = 7.7 Hz, 1H, C*H), 4.72
(d, J = 7.5 Hz, 1H, C°H), 4.41 (d, J = 9.0 Hz, 1H, C?H), 4.31 (dd, J =8.9, 7.4 Hz, 1H, C*H), 2.72
(sa, 1H, NH), 1.05 (s, 3H, C(CH3)3)). HPLC (Chiralcel 1B, hexane/'PrOH = 90/10, flow rate 1.0

mL/min, A = 254 nm) tg (major) = 9.87 min; ee = >99%.

General procedure for the synthesis of endo-Cycloadducts 5. See section 2.8.

O,N Ph Methyl (2R,3S,4R,5R)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylate
z_g (NOZ-ND-OMe-Saa).34 The expected product was obtained from imine 3a

Ph*" > ""COMe  (159.5 mg, 0.9 mmol) and nitroalkene 4a (134 mg, 0.9 mmol). Yield:
H 243.8 mg, 83%, yellow oil. 94% ee after column chromatography.
Analytical and spectroscopic data were coincident with the previously reported material.
'H NMR (500 MHz, CDCl;) & 7.41 — 7.28 (m, 10H, ArH), 5.25 (dd, J = 6.5, 3.5 Hz, 1H, C*H),
4.89 (d, J = 6.0 Hz, 1H, C°H), 4.24 (dd, J = 7.5, 3.5 Hz, 1H, C°H), 4.14 (d, J = 7.5 Hz, 1H, C*H),
3.79 (s, 3H, CO,Me). HPLC (Chiralcel IB, hexane/'PrOH = 85/15, flow rate 1.0 mL/min, A = 254

nm), tg (Minor) = 15.05 min, tg (Mmajor) = 21.56 min; ee = 94%.

O,N Ph tert-Butyl  (2S,3R,4S,5S)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylate

n (NO,-N,-O'Bu-5ba).”® The title product was obtained from imine 3b

Ph™ ~N CO,'Bu  (197.3 mg, 0.9 mmol) and nitroalkene 4a (134.2 mg, 0.9 mmol). Yield:
H

242.0 mg, 73%, white solid. 94% ee after column chromatography and
>99% ee after recrystallization in EtOAc/Hex crystallization mixture. Analytical and
spectroscopic data were coincident with the previously reported material. 'H NMR (500 MHz,
CDCl3) & 7.42 — 7.23 (m, 10H, ArH), 5.30 (dd, J = 6.5, 4.0 Hz, 1H, C*H), 4.92 (dd, J = 10.8, 6.7
Hz, 1H, C°H), 4.10 (dd, J = 7.3, 3.9 Hz, 1H, C°H), 4.01 (t, J = 8.2 Hz, 1H, NH), 3.34 (t, J = 9.6
Hz, 1H, C*H), 1.45 (s, 9H, C(CHs)3)). HPLC (Chiralcel IB, hexane/PrOH = 80/20, flow rate 1.0

mL/min, A = 254 nm), tg (minor) = 7.29 min, tg (major) = 9.22 min; ee = 94%.
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General procedure methylation. See section 2.8.

O,N Ph Methyl (2R,3R,4S,5R)-1-methyl-4-nitro-3,5-diphenylpyrrolidine-2-

Z_§ carboxylate (NOZ-XD-OMe-Sc).35 The expected product was obtained

Ph*" >\~ ""COMe  from NO,-Xp-OMe-5aa (100 mg, 0.31 mmol). Yield: 83 g, 79%, white

solid. Analytical and spectroscopic data were coincident with the

previously reported material. 'H NMR (400 MHz, CDCI3) 6 7.50 (d, J = 7.3 Hz, 2H, ArH), 7.43 —

7.19 (m, 8H, ArH), 5.03 (m, 1H, C*H), 4.27 (dd, J = 9.3, 5.9 Hz, 1H, C°H), 3.96 (d, J = 8.0 Hz,
1H, C°H), 3.90 (d, J = 9.3 Hz, 1H, C?H), 3.25 (s, 3H, CO,Me), 2.31 (s, 3H, NCH).

Me

General procedure for the Synthesis of Amino Derivatives 10. See section 2.8.

HoN Ph tert-Butyl (2S,3R,4R,5S)-4-amino-3,5-diphenylpyrrolidine-2-carboxylate

/Z—g\ (NH»-X_.-O'Bu-10ba). The title product was obtained from NO,-X,-O'Bu-

Ph N CO,'Bu 5ba (368 mg, 1.0 mmol). Yield: 277 mg, 82%, white solid. m, = 163 -

H 164 °C. [a]p® = +67.34 (c 1.15, acetone). FTIR (neat, cm™) 1706, 1550,

1157, 697. "H NMR (500 MHz, CDCl;) & 7.63 (d, J = 7.3 Hz, 2H, ArH), 7.41 (t, J = 7.5 Hz, 2H,

ArH), 7.36 — 7.29 (m, 6H, ArH), 4.18 (d, J = 9.9 Hz, 1H, C°H), 3.87 (d, J = 8.8 Hz, 1H, C*H),

3.62 (t, J = 9.4 Hz, 1H, C°H), 3.45 (t, J = 9.9 Hz, 1H, C*H), 1.04 (s, 9H, C(CH3);). >C NMR (126

MHz, CDCls) & 172.6, 141.0, 138.5, 129.0, 128.9, 128.6, 128.0, 127.5, 127.2, 81.1, 70.5, 64.1,
63.7, 56.9, 27.6. HRMS (ESI) for C,1H,7N,O,: calculated [M+H]": 339.2073. Found: 339.2074.

H,N Ph Methyl (2R,3S,4S,5R)-4-amino-3,5-diphenylpyrrolidine-2-carboxylate
Zj (NH2-XD-OMe-10aa).35 The title product was obtained from
PR S\~ "COMe  NOy-Xp-OMe-5aa (1.72 g, 5.29 mmol). Yield: 1.14 g, 73%, white solid.

H Analytical and spectroscopic data were coincident with the previously

reported material. "H NMR (400 MHz, CDCl3) & 7.66 (d, J = 7.5 Hz, 2H, ArH), 7.42 (t, J = 7.5 Hz,
2H, ArH), 7.33 (dd, J = 11.8, 6.9 Hz, 3H, ArH), 7.25 (m, 3H, ArH), 4.27 (d, J = 9.7 Hz, 1H, C°H),
3.91 (d, J = 8.8 Hz, 1H, C?H), 3.64 (t, J = 9.7 Hz, 1H, C®H), 3.48 (t, J = 10.1 Hz, 1H, C*H), 3.23
(s, 3H, CO,Me), 1.76 (s, 2H, NH,).

H,N Ph Methyl (2R,3R,4R,5R)-4-amino-3,5-diphenylpyrrolidine-2-carboxylate
U (NH-Np-OMe-10aa).*® The title product was obtained from
Ph*" >\~ ""COMe  NO,-Np-OMe-5aa (720 mg, 2.20 mmol). Yield: 560 mg, 86%, yellow

H syrup. Analytical and spectroscopic data were coincident with the

previously reported material. 'H NMR (500 MHz, CDCl3) & 7.46 (d, J = 7.3 Hz, 2H, ArH), 7.42 —
7.24 (m, 8H, ArH), 4.57 (d, J = 6.1 Hz, 1H, C°H), 4.07 (d, J = 7.8 Hz, 1H, C°H), 3.69 (s, 3H,
CO,Me), 3.59 (t, J = 6.2 Hz, 1H, C*H), 3.19 (t, J = 6.9 Hz, 1H, C*H).
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H,N Ph Methyl (2R,3S,4S,5R)-1-methyl-4-amino-3,5-diphenylpyrrolidine-2-
\ carboxylate (NHZ-XD-OMe-10c).35 The expected product was obtained

Ph"" >~ "COMe  from NO,-Xp-OMe-5¢ (143 mg, 0.42 mmol). Yield: 98 mg, 75%, bright
Me yellow solid. Analytical and spectroscopic data were coincident with the
previously reported material. '"H NMR (400 MHz, CDCl3) & 7.57 (d, J = 7.5 Hz, 2H, ArH), 7.40 (t,
J = 7.4 Hz, 2H, ArH), 7.36 — 7.24 (m, 6H, ArH), 3.72 (d, J = 10.5 Hz, 1H, C°H), 3.52 (t, J = 8.4
Hz, 1H, C°H), 3.35 (t, J = 9.4 Hz, 1H, C*H), 3.21 (s, 3H, CO,Me), 3.18 (d, J = 8.5 Hz, 1H, C?H),

2.25 (s, 3H, NCHj).

General procedure for hydrolisis

To a solution of NO,-X -OMe-5aa (326 mg, 1.0 mmol) in acetone (3 mL) stirred at room
temperature, a solution of sodium hydroxide (88 mg, 2.2 mmol) in water (3 mL) was added. The
reaction mixture was stirred for 16 hours. Then, the solution was cooled to 0 °C and acidified
with 2N HCI to pH = 2. A solid precipitated from the solution. This solid was filtered, washed with

water and dried under vacuum to afford the desired product.

O,N Ph tert-Butyl (2S,3S,4R,5S)-4-nitro-3,5-diphenylpyrrolidine-2-carboxylic acid
('[_S\ (NOZ-XL-OH-Sd).28 The expected product was obtained from
Ph™ >N~ TCOH  NO,-X.-OMe-5aa (326 mg, 1.0 mmol). Yield: 296 mg, 95%, white solid.

H : . . .
Analytical and spectroscopic data were in good agreement with those

reported in the literature. 'H NMR (500 MHz, acetone-dg) 6 7.75 (d, J = 7.3 Hz, 2H, ArH), 7.53
(d, J=7.6 Hz, 2H, ArH), 7.50 — 7.42 (m, 3H, ArH), 7.37 (t, J = 7.5 Hz, 2H, ArH), 7.35 — 7.28 (m,
1H, ArH), 5.72 (t, J = 9.2 Hz, 1H, C*H), 5.13 (d, J = 9.2 Hz, 1H, C°H), 4.80 (d, J = 9.4 Hz, 1H,
C?H), 4.66 (t, J = 9.4 Hz, 1H, C°H).

O,N. Ph (2S,3S,4R,5S)-1-Methyl-4-nitro-3,5-diphenylpyrrolidine-2-carboxylic  acid

/ (NO,-X -OH-5e). The title product was obtained from NO,-X_-OMe-5¢

Ph II\\I/Ie CO2H (100 mg, 0.29 mmol). Yield: 60 mg, 63%, orange syrup. [a]p*° = +48.58

(c 0.33, CHCI3). FTIR (neat, cm™) 1550, 700. "H NMR (400 MHz, CDCl;) &

7.59 — 7.37 (m, 5H, ArH), 7.32 (d, J = 4.2 Hz, 5H, ArH), 5.05 (t, J = 7.5 Hz, 1H, C*H), 4.32 (dd,

J=9.8, 6.6 Hz, 1H, C*H), 4.09 (d, J = 8.2 Hz, 1H, C°H), 3.96 (d, J = 9.8 Hz, 1H, C?H), 2.38 (s,

3H, NMe). *C NMR (101 MHz, CDCl5) & 172.1, 137.2, 136.8, 129.3, 129.1, 128.9, 128.6, 128.4,

127.7, 96.9, 75.0, 71.8, 51.1, 39.6. HRMS (ESI) for C1gH1gN,O4: calculated [M + H]™: 327.1343.
Found: 327.1338.

Simultaneous methylation-hydrolysis of 5ba. See section 2.8 “General procedure for the
methylation of NO,-X, -OMe-5aa”.
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OuN, Ph (2S,3S,4R,5S)-1-Methyl-4-nitro-3,5-diphenylpyrrolidine-2-carboxylic  acid

/Fg\ (NO,-X -OH-5e). The expected product was obtained from

Ph I’\\l/l CO,H NO,-X,-O'Bu-5ba (527 mg, 1.11 mmol). Yield: 327 mg, 90%, orange
e

syrup. Analytical and spectroscopic data were in good agreement with

those reported in the literature.

General procedure for hydrolisis. Acidic conditions.

To a solution of NO,-N.-O'Bu-5ba (326 mg, 1.0 mmol) in dichloromethane (15 mL) stirred at
room temperature, trifluoroacetic acid (8 mL) was added. The reaction mixture was stirred for 16
hours. Then, the solvent was evaporated in vacuo. The obtained crude product was purified by

precipitation to afford the desired compound.

O,N Ph (2S,3R,4S,5S)-4-Nitro-3,5-diphenylpyrrolidine-2-carboxylic acid

\ (NO,-N-OH-5d).?® The title product was obtained from NO,-N,-O'Bu-5ba

Ph™ >\~ TCOzH (368 mg, 1.0 mmol). Yield: 240 mg, 77%, white solid. Analytical and

H spectroscopic properties were coincident with the previously reported

data. "H NMR (500 MHz, acetone-dg) 8 7.51 (d, J = 7.7 Hz, 4H, ArH), 7.41 (t, J = 7.6 Hz, 2H,

ArH), 7.38 — 7.29 (m, 4H, ArH), 5.57 (dd, J = 6.9, 4.4 Hz, 1H, C*H), 5.21 (d, J = 6.9 Hz, 1H,
C°H), 4.28 (dd, J = 7.7, 4.3 Hz, 1H, C°H), 4.20 (d, J = 7.8 Hz, 1H, C°H).

General procedure for coupling reactions

To a stirred solution of the corresponding amine (0.8 mmol) in CH,ClI, (10 mL) was added acid
(1.0 mmol), PyBOP (1.0 mmol) and by diisopropyl ethyl amine (1.4 mmol). The resulting mixture
was then stirred until completion of the reaction. Then, the reaction mixture was diluted with
CH,CI,, washed with a 1M HCI solution, saturated aqueous NaHCO;, brine and then dried over
Na,SO,. Evaporation of the solvent followed by column chromatography eluting with ethyl

acetate/hexanes provided the products described below.

tert-Butyl (2S,3R,4R,5S)-3,5-dimethyl-4-((2'S,3'S,4'R,5'S)-
H CO,'Bu 4-nitro-3,5-diphenylpyrrolidine-2-carboxamido)pyrrolidine-

Ph N > (4 1NI2-| 2-carboxylate (NOZ-XLXL-O‘Bu-23b). The title product was
H PH obtained from NH,-X_-OMe-10ba. Yield: 374 mg, 74%,

yellow solid. m, = 135 - 137 °C. [a]p®® = +106.40 (c 0.65, acetone). FTIR (neat, cm™) 1721,
1675, 1553, 1367, 1153, 744, 697. 'H NMR (500 MHz, CDCl3) 6 7.51 — 7.33 (m, 12H, ArH),
7.28 — 7.18 (m, 3H, ArH), 7.12 (t, J = 7.4 Hz, 1H, ArH), 7.01 (m, 2H, ArH and amide NH), 6.80
(d, J = 7.5 Hz, 2H, ArH), 4.95 (t, J = 8.6 Hz, 1H, C*H), 4.77 (d, J = 8.4 Hz, 1H, C°H), 4.50 (q,

Ph Ph
ON, My 1
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J=8.7 Hz, 1H, C*H), 4.26 (t, J = 9.2 Hz, 1H, C*H), 4.21 (d, J = 9.3 Hz, 1H, C*H), 4.15 — 4.11
(m, 1H, C?H), 4.11 — 4.03 (m, 1H, C°H), 3.43 (t, J = 8.8 Hz, 1H, C°H), 2.47 (broad singlet, 2H,
NH), 1.00 (s, 9H, C(CHs)s). °C NMR (126 MHz, CDCl5) & 171.7, 169.5, 139.9, 138.2, 134.9,
129.6, 129.5, 129.4, 129.3, 129.0, 128.9, 128.8, 128.7, 128.5, 128.4, 127.9, 127.5, 127.0, 94.7,
81.8, 67.2, 66.4, 64.5, 64.0, 60.9, 54.2, 53.7, 27.8. HRMS (ESI) for C33H4:N,4Os: calculated [M +
H]": 633.3077. Found: 633.3082.

oh Ph Methyl (2S,3R,4R,5S)-4-((2'S,3'S,4'R,5'S)-4-nitro-3,5-
N

Ozmn"' CO,Me diphenylpyrrolidine-2-carboxamido)-3,5-
Ph N NH diphenylpyrrolidine-2-carboxylate ~ (NO2-X_ X, -OMe-23a).

H PH The title product was obtained from NH.-X -OMe-10aa.
Yield: 307 mg, 65%, white solid. m, = 136 - 137 °C. [a]p® = +129.88 (c 0.43, acetone). FTIR
(neat, cm™) 1732, 1671, 1546, 790, 696. 'H NMR (500 MHz, CDCl3) & 7.56 — 7.33 (m, 10H,
ArH), 7.30 — 7.17 (m, 5H, ArH), 7.11 (t, J = 7.4 Hz, 1H, ArH), 7.00 (t, J = 7.7 Hz, 2H, ArH), 6.93
(d, J = 8.8 Hz, 1H, CONH), 6.77 (d, J = 7.3 Hz, 2H, ArH), 4.93 (t, J = 8.6 Hz, 1H, C*H), 4.79 (d,
J =8.4 Hz, 1H, C°H), 4.59 (q, J = 9.0 Hz, 1H, C*H), 4.33 —4.17 (m, 3H, C*H, C*H, C?H), 4.15 -
4.07 (m, 1H, C°H), 3.52 (t, J = 9.1 Hz, 1H, C°H), 3.20 (s, 3H, CO,Me). *C NMR (101 MHz,
CDCl3) 8 173.1, 169.3, 137.2, 134.5, 129.4, 129.3, 129.2, 128.7, 128.6, 128.5, 128.4, 128.2 (2
signals), 127.7, 127.5, 126.7, 94.4, 67.08, 66.1, 64.2, 63.7, 60.2, 54.3, 53.5, 51.7. HRMS (ESI)
for C35H3sN4Os: calculated [M + H]: 591.2607. Found: 591.2617.

Methyl (2R,3S,4S,5R)-4-((2'S,3'S,4'R,5'S)-4-nitro-3,5-

mn B WCO,Me diphenylpyrrolidine-2-carboxamido)-3,5-
Ph N 0 \:ONH diphenylpyrrolidine-2-carboxylate ~ (NO,-X Xp-OMe-23a).

H PR The title product was obtained from NH,-Xp-OMe-10aa.
Yield: 217 mg, 46%, white solid. m, = 114 - 115 °C. [G]D25 = +17.07 (c 0.43, acetone). FTIR
(neat, cm™) 1733, 1667, 1603, 697. 'H NMR (500 MHz, CDCl3) & 7.47 (m, 6H, ArH), 7.38 — 7.21
(m, 8H, ArH), 7.09 (dt, J = 14.9, 7.2 Hz, 4H, ArH), 6.97 (d, J = 7.3 Hz, 2H, ArH), 6.73 (d, J = 8.4
Hz, 1H, CONH), 5.02 — 4.94 (m, 1H, C*H), 4.78 (d, J = 8.0 Hz, 1H, C°H), 4.51 (dd, J = 16.7, 8.1
Hz, 1H, C*H), 4.23 (dd, J = 13.9, 7.2 Hz, 3H, C*H, C*H and C*H), 4.01 (d, J = 8.6 Hz, 1H, C°H),
3.31 — 3.18 (m, 4H, C*H and CO,Me), 2.56 (bs, 2H, NH). *C NMR (126 MHz, CDCl;) 5 172.5,
169.2, 139.4, 138.4, 138.1, 135.5, 129.2, 129.0, 128.8, 128.6, 128.3, 128.3, 128.2, 128.2,
128.1, 127.3, 127.3, 126.7, 95.2, 67.3, 66.2, 64.4, 64.2, 61.2, 54.1, 53.0, 51.6. HRMS (ESI) for
CasH3sN4Os: calculated [M + H]': 591.2607. Found: 591.2609.

N Ph Ph

Ph Ph Methyl (2S,35,45,55)-4-((2'S,3'S,4'R,5'S)-4-nitro-3,5-
02N, H diphenylpyrrolidine-2-carboxamido)-3,5
Ig‘(N CO,Me iphenylpyrrolidine-2-carboxamido)-3,

diphenylpyrrolidine-2-carboxylate ~ (NO2-X N -OMe-23a).
Ph™ °N 0 NH
H PH The title product was obtained from NH>-N_-OMe-10aa.

Yield: 335 mg, 71%, white solid. m, = 93 - 95 °C. [(J(]D25 =+74.19 (c 0.50, acetone). FTIR (neat,
cm™)1733, 1670, 1549, 1494, 697. 'H NMR (500 MHz, CDCl3) & 7.47 (d, J = 4.3 Hz, 3H, ArH),
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7.41 (dd, J = 13.4, 5.9 Hz, 3H, ArH), 7.35 (t, J = 7.3 Hz, 2H, ArH), 7.31 — 7.23 (m, 5H, ArH),
7.18 (dt, J = 16.2, 8.1 Hz, 3H, ArH and CONH), 7.12 (dd, J = 7.3, 5.6 Hz, 3H, ArH), 6.95 (d, J =
7.2 Hz, 2H, ArH), 4.87 (t, J = 7.6 Hz, 1H, C*H), 4.73 (t, J = 6.7 Hz, 1H, C°H), 4.71 (t, J = 8.4 Hz,
1H, C°H), 4.45 — 4.37 (m, 1H, C*H), 4.21 — 4.13 (m, 2H, C®H and C*H), 4.07 (d, J = 9.7 Hz, 1H,
C%H), 3.84 (s, 3H, CO,Me), 3.04 (t, J = 5.7 Hz, 1H, C*H).">C NMR (101 MHz, CDCl;) & 168.7,
139.7, 139.7, 138.1, 135.8, 129.2, 129.1, 129.0, 128.6, 128.5, 128.4, 128.1, 127.7, 127.6, 127.5
(2 signals), 126.7, 95.4, 65.8, 64.2, 64.1, 63.5, 59.2, 54.4, 52.7, 52.5. HRMS (ESI) for
Cs35H3sN4Os: calculated [M + H]": 591.2607. Found: 591.2615.

Methyl (2R,3R,4R,5R)-4-((2'S,3'S,4'R,5'S)-4-nitro-3,5-

Ph Ph
O2N, H _ . .
IS‘(N,.,é.\\COZMe diphenylpyrrolidine-2-carboxamido)-3,5-
Ph H . MNH diphenylpyrrolidine-2-carboxylate ~ (NO,-X Np-OMe-23a).
Ph

The title product was obtained from NH.-Np-OMe-10aa.
Yield: 312 mg, 66%, white solid. m, = 101 - 102 °C. [or]D25 = +74.29 (c 0.44, acetone). FTIR
(neat, Cm'1) 1734, 1667, 1548, 1494, 697. 'H NMR (500 MHz, CDCl3) 6 7.53 — 7.22 (m, 16H,
ArH and CONH), 7.19 - 7.11 (m, 1H, ArH), 7.07 (t, J = 7.0 Hz, 2H, ArH), 6.67 (d, J = 7.2 Hz, 2H,
ArH), 4.75 —4.71 (m, 2H, C*H and C? or C* or C°H), 4.65 (t, J = 7.7 Hz, 1H, C°H), 4.22 (m, 3H,
C’H and C? or C* or C°H), 4.08 (m, 1H, C*H), 3.71 (s, 3H CO,Me), 3.41 (m, 1H, C°H) (C?, C*
and C°H cannot be assigned due to signal overlap in '"HNMR and COSY experiments).
®C NMR (126 MHz, CDCI;) & 175.3, 169.4, 140.1, 138.6, 137.7, 135.0, 129.0, 129.0, 128.8,
128.7, 128.5, 128.2, 128.1, 127.8, 127.5, 127.4, 127.2, 126.7, 94.6, 66.0, 63.7, 63.0, 62.8, 59.7,
55.7, 52.9, 52.3. HRMS (ESI) for C35H35N4Os: calculated [M + H]': 591.2607. Found: 591.2601.

ON Ph Ph Methyl (2S,3S,4S,55)-4-((2'S,3'R,4'S,5’S)-4-nitro-3,5-
2I>\\(H - CO,Me diphenylpyrrolidine-2-carboxamido)-3,5-
Ph N S NH diphenylpyrrolidine-2-carboxylate  (NO,-N_ N -OMe-23a).
H Ph The title product was obtained from NH,-N -OMe-10aa.

Yield: 354 mg, 75%, light brown solid. m, = 103 - 104 °C. [a]p® = -9.36 (c 0.90, acetone). FTIR
(neat, cm™) 3358, 1733, 1661, 1551, 739, 698. "H NMR (500 MHz, CDCl3) & 7.54 (s, 2H, ArH),
7.46 — 7.26 (m, 14H, ArH), 7.19 — 7.11 (m, 2H, ArH), 6.98 (d, J = 9.7 Hz, 1H, ArH), 6.89 (d, J =
6.4 Hz, 2H, ArH and CONH), 5.03 (dt, J = 9.8, 5.0 Hz, 2H, C*H and C*H), 4.86 (d, J = 7.4 Hz,
1H, C°H or C°H), 4.79 (d, J = 6.7 Hz, 1H, C°H or C°H), 4.28 (d, J = 8.2 Hz, 1H, C?H), 3.75 (s,
3H, CO,Me), 3.64 (t, J = 8.2 Hz, 1H, C*H), 3.62 — 3.58 (m, 2H, C*H and C?H). *C NMR (126
MHz, CDCl3) & 174.2, 170.9, 140.5, 138.7, 138.4, 135.0, 129.0, 128.8, 128.7, 128.4, 128.4,
128.1, 127.7, 127.6, 127.5, 127.4, 127.3, 126.8, 95.8, 67.0, 66.0, 64.2, 62.6, 58.4, 54.0, 53.9,
52.3. HRMS (ESI) for C35H3sN4Os: calculated [M + H]*: 591.2607. Found: 591.2618.

O.N Ph Ph Methyl (2R,3R,4R,5R)-4-((2'S,3'R,4'S,5'S)-4-nitro-3,5-

2 N

IHH/ én\cozl\ﬂe diphenylpyrrolidine-2-carboxamido)-3,5-

Ph N 5 \NH diphenylpyrrolidine-2-carboxylate ~ (NO,-N_ Np-OMe-23a).
H Ph The title product was obtained from NH,-Np-OMe-10aa.
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Yield: 255 mg, 54%, light orange solid. m, = 118 - 119 °C. [a]p® = +45.24 (c 0.50, acetone).
FTIR (neat, cm™) 1735, 1673, 1550, 1496, 697. "H NMR (500 MHz, CDCl3) & 7.55 (d, J = 7.3
Hz, 2H, ArH), 7.42 (t, J = 7.5 Hz, 2H, ArH), 7.38 — 7.23 (m, 12H, ArH), 7.23 — 7.20 (m, 2H, ArH),
7.08 (d, J = 7.2 Hz, 2H, ArH), 6.89 (d, J = 7.8 Hz, 1H, CONH), 5.12 (dd, J=7.3, 4.6 Hz, 1H,
C*H), 4.88 (d, J = 6.1 Hz, 1H, C°H), 4.86 — 4.80 (m, 1H, C*H), 4.78 (d, J = 6.8 Hz, 1H, C°H),
4.20 (d, J = 6.7 Hz, 1H, C?H), 3.78 — 3.74 (m, 1H, C*H), 3.73 (s, 3H, CO,Me), 3.65 (dd, J = 7.9,
4.5 Hz, 1H, C*H), 3.57 (t, J = 6.6 Hz, 1H, C°H). °C NMR (101 MHz, CDCl;) & 174.5, 170.4,
139.3, 139.1, 138.5, 135.2, 129.2, 128.9, 128.8, 128.6, 127.9, 127.8, 127.7, 127.5, 127.1, 96 .4,
67.1, 66.1, 64.4, 63.2, 59.0, 54.3, 53.6, 52.4. HRMS (ESI) for C35H3sN4Os: calculated [M + HJ":
591.2607. Found: 591.2622.

ON Ph Ph Methyl (2S,3R,4R,5S)-4-((2'S,3'R,4'S,5’S)-4-nitro-3,5-
2 N H/“ CO,Me diphenylpyrrolidine-2-carboxamido)-3,5-
diphenylpyrrolidine-2-carboxylate  (NO,-N_ X -OMe-23a).

Ph N 0O NH
H Ph The title product was obtained from NH,-X -OMe-10aa.

Yield: 359 mg, 76%, yellow solid. m, = 180 - 181 °C. [0(]D25 = +29.55 (¢ 0.50, acetone). FTIR
(neat, cm™) 1734, 1655, 1554, 1528, 837, 697. "H NMR (500 MHz, CDCl3) 5 7.74 (d, J = 7.2 Hz,
2H, ArH), 7.42 (t, J = 7.3 Hz, 2H, ArH), 7.33 (m, 10H, ArH), 7.25 — 7.20 (m, 4H, ArH), 6.89 (d, J
= 9.8 Hz, 1H, CONH), 6.78 (dd, J = 6.4, 2.7 Hz, 2H, ArH), 5.11 (m, 2H, C*H and C*H), 4.80 (d, J
= 6.2 Hz, 1H, C°H), 4.41 (d, J = 9.5 Hz, 1H, C°H), 4.33 (d, J = 9.4 Hz, 1H, C?H), 3.94 (t, J =
10.1 Hz, 1H, C°H), 3.66 (d, J = 7.5 Hz, 1H, C?H), 3.59 (m, 1H, C*H), 3.20 (s, 3H, CO,Me).
3C NMR (126 MHz, CDCl3) & 173.6, 171.0, 139.7, 138.3, 136.6, 135.2, 129.2, 129.2, 129.0,
128.8, 128.6, 128.6, 128.5, 128.1, 128.0, 127.7, 127.6, 127.0, 96.2, 67.8, 67.3, 66.7, 63.9, 58.6,
54.8, 53.8, 51.8. HRMS (ESI) for C35H3sN,4Os: calculated [M+H]": 591.2607. Found: 591.2614.

o Ph Ph Methyl (2R,3S,4S,5R)-4-((2'S,3'R,4'S,5’'S)-4-nitro-3,5-
N N = . - .
2 \ H - WCO,Me diphenylpyrrolidine-2-carboxamido)-3,5-
diphenylpyrrolidine-2-carboxylate ~ (NO,-N_ Xp-OMe-23a).
Ph N O .—NH
H PR The title product was obtained from NH,-Xp-OMe-10aa.

Yield: 340 mg, 72%, white solid. m, = 201 - 202 °C. [a]p® = -16.08 (c 0.24, acetone). FTIR
(neat, cm™) 1737, 1654, 1551, 1525, 698. 'H NMR (500 MHz, CDCl5) & 7.66 (d, J = 7.4 Hz, 2H,
ArH), 7.46 — 7.27 (m, 16H, ArH), 6.98 — 6.84 (m, 3H, ArH and CONH), 5.11 (m, 1H, C*H), 4.94
(dd, J = 19.5, 9.7 Hz, 1H, C*H), 4.87 (d, J = 6.9 Hz, 1H, C°H), 4.39 (d, J = 9.8 Hz, 1H, C°H),
4.33 (d, J = 9.8 Hz, 1H, C°H), 4.00 (t, J = 10.0 Hz, 1H, C®H), 3.76 (d, J = 6.7 Hz, 1H, C*H), 3.56
(m, 1H, C*H), 3.27 (s, 3H, CO,Me), 2.66 (broad s, 2H, NH). >C NMR (126 MHz, CDCl;) &
173.7, 171.2, 139.6, 138.5, 137.1, 135.1, 129.3, 129.21, 129.0, 128.9, 128.7, 128.6, 128.4,
128.1, 127.8, 127.7, 126.9, 96.2, 67.7, 66.7, 66.4, 63.8, 59.5, 54.7, 54.5, 51.8. HRMS (ESI) for
Cs35H3sN4Os: calculated [M + H]: 591.2607. Found: 591.2620.
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Methyl (2S,3R,4R,55)-1-methyl-4-((2'S,3'S,4'R,5'S)-4-

mn/ CO,Me nitro-3,5-diphenylpyrrolidine-2-carboxamido)-3,5-
Ph N NMe diphenylpyrrolidine-2-carboxylate (NO,-X X -OMe-25a).
Ph The title product was obtained from NH,-X.-OMe-10c.
Yield: 358 mg, 74%, white solid. m, = 201 - 204 °C. [a],”® = +125.30 (c 0.50, acetone). FTIR
(neat, cm™) 3311, 1745, 1672, 1551, 1194, 1171, 698. 'H NMR (400 MHz, CDCl3) 5 7.42 (m,
10H, ArH), 7.33 — 7.16 (m, 6H, ArH), 7.10 (t, J = 7.4 Hz, 2H, ArH), 6.90 (d, J = 7.4 Hz, 2H, ArH),
6.83 (d, J = 7.8 Hz, 1H, CONH), 4.98 (d, J = 4.9 Hz, 1H, C*H), 4.81 (d, J = 7.8 Hz, 1H, C°H),
4.29 (s, 2H, C*H and C*H), 4.11 (q, J = 7.8 Hz, 1H, C*H), 3.68 (d, J = 9.5 Hz, 1H, C*H), 3.43 (d,
J =8.6 Hz, 1H, C°H), 3.31 (t, J = 8.2 Hz, 1H, C°H), 3.19 (s, 3H, CO,Me), 2.58 (m, 1H, NH), 2.22
(s, 3H, NMe). *C NMR (101 MHz, CDCl3) & 171.25, 169.5, 139.7, 139.6, 137.9, 135.0, 129.3,
129.3, 129.0, 128.9, 128.9, 128.5, 128.3 (x2), 128.2, 128.0, 127.2, 126.8, 94.8, 74.8, 72.1, 66.3,
64.3, 64.2, 53.4, 51.8, 51.3, 39.9. HRMS (ESI) for C3sH37N4Os: calculated [M + H]": 605.2764.
Found: 605.2778.

Methyl  (2R,3S,4S,5R)-1-methyl-4-((2'S,3'S,4'R,5'S)-4-

Ozi(gﬁ(“ : \CO,Me nitro-3,5-diphenylpyrrolidine-2-carboxamido)-3,5-
Ph N ¢ Q o diphenylpyrrolidine-2-carboxylate ~ (NO,-X Xp-OMe-25a).

H PR The title product was obtained from NHx>-Xp-OMe-10c.
Yield: 353 mg, 73%, white solid. m, = 99 - 100 °C. [a]p® = +18.99 (c 0.51, acetone). FTIR (neat,
cm™) 1748, 1669, 1547, 698. "H NMR (400 MHz, CDCl3) 5 7.59 — 7.11 (m, 20H, ArH), 6.70 (d, J
= 7.2 Hz, 1H, CONH), 5.17 — 4.99 (m, 1H, C*H), 4.82 (d, J = 7.4 Hz, 1H, C°H), 4.28 (m, 2H,
C?H and C*H), 4.04 (dd, J = 13.7, 7.2 Hz, 1H, C*H), 3.54 (d, J = 9.2 Hz, 1H, C?H), 3.23 (s, 3H,
CO,Me), 3.16 (d, J = 8.1 Hz, 1H, C®H), 2.90 (dd, J = 8.7, 6.1 Hz, 1H, C°H), 2.62 (bs, 1H, NH),
2.23 (s, 3H, NMe). *C NMR (101 MHz, CDCIl;) 6 170.8, 169.0, 140.3, 139.2, 138.0, 136.2,
129.4, 129.2, 128.9, 128.9, 128.7, 128.7, 128.4, 128.4, 128.1, 127.9, 127.1, 126.8, 95.7, 76.4,
72.3, 66.5, 64.9, 64.4, 53.0, 52.2, 51.3, 39.8. HRMS (ESI) for C3sH3;N,4Os: calculated [M + H]™:
605.2764. Found: 605.2773.

O,N, Ph Methyl 2-((2S,3S,4R,5S)-4-nitro-3,5-diphenylpyrrolidine-2-
,&YHVCOZMe carboxamido)acetate (NO,-X_ Gly-OMe-29). The title product was
Ph N obtained from glycine methyl ester hydrochloride 8a (28 mg,
H 0O 0.22 mmol). Yield: 72 mg, 85%, yellow syrup. [a]o® = +86.07

(c 1.15, acetone). FTIR (neat, cm™) 1744, 1666, 1546, 1208, 698. 'H NMR (500 MHz, CDCl3) &
7.57 (d, J = 7.3 Hz, 2H, ArH), 7.46 (dd, J = 21.7, 14.7 Hz, 2H, ArH), 7.39 (dd, J = 16.2, 9.0 Hz,
1H, ArH), 7.31 — 7.23 (m, 3H, ArH), 7.23 — 7.18 (m, 2H, ArH), 7.01 (m, 1H, CONH), 5.16 (t, J =
7.7 Hz, 1H, C*H), 4.85 (d, J = 7.9 Hz, 1H, C°H), 4.44 (d, J = 9.5 Hz, 1H, C°H), 4.41 — 4.32 (dd, J
=9.4,7.6 Hz, 1H, C°H), 3.73 (dd, J = 18.3, 5.2 Hz, 1H, CH,), 3.72 (s, 3H, CO,Me), 3.61 (dd, J =
18.5, 5.0 Hz, 1H, CH,). *C NMR (101 MHz, CDCl;)  170.2, 170.0, 137.7, 135.7, 129.2, 129.1,
128.6, 128.4, 128.2, 126.8, 95.2, 66.6, 64.5, 53.1, 52.4, 40.6. HRMS (ESI) for Cy,H2oN30s:
calculated [M + H]™: 384.1559. Found: 384.1567.
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Additional procedures for the synthesis of other catalysts

To a stirred solution of the corresponding amine 10aa (80 mg, 0.27 mmol) in 8 mL of
dichloromethane, NO,-X -OH-5e (104 mg, 0.31 mmol), HATU (104 mg, 0.31 mmol) and
diisopropyl ethyl amine (48 pL, 0.31 mmol) were added. The resulting mixture was then stirred
until completion of the reaction. Then, the reaction mixture was diluted with CH,Cl,, washed
with a 1M HCI solution, saturated aqueous NaHCO;, brine and then dried over Na,SO,.
Filtration and evaporation of the solvent followed by column chromatography eluting with ethyl
acetate/hexanes provided the products described below.

ON Ph Ph Methyl (2S,3R,4R,5S5)-4-((2'S,3'S,4'R,5'S)-1-

ngﬁ( H,,. CO,Me methyl-4-nitro-3,5-diphenylpyrrolidine-2-carboxamido)-3,5-

Ph N NH diphenylpyrrolidine-2-carboxylate ~ (NO2-X_ X, -OMe-26a).
O

Me Ph The title product was obtained from NH,-X_-OMe-10aa.

Yield: 52 mg, 32%, light yellow solid. m, = 126 - 130 °C. [a]o® = +13.87 (c 1.00, acetone). FTIR
(neat, cm™) 1733, 1676, 1549, 1496, 1454, 1210, 727, 696. 'H NMR (400 MHz, CDCl3) 5 7.53
(d, J = 7.0 Hz, 2H, ArH), 7.48 — 7.31 (m, 9H, ArH), 7.22 (t, J = 7.8 Hz, 4H, ArH), 7.06 (d, J = 7.6
Hz, 1H, ArH), 7.01 (d, J = 8.7 Hz, 1H, CONH), 6.93 (t, J = 7.6 Hz, 2H, ArH), 6.84 (d, J = 7.7 Hz,
2H, ArH), 4.89 (t, J = 8.6 Hz, 1H, C*H), 4.58 (q, J = 9.0 Hz, 1H, C*H), 4.30 (d, J = 9.2 Hz, 1H,
C?H), 4.27 — 4.15 (m, 2H, C°H and C*H), 4.03 (d, J = 8.4 Hz, 1H, C°H), 3.63 (dd, J = 12.4, 9.9
Hz, 2H, C®H and C?H), 3.22 (s, 3H, CO,Me), 1.99 (s, 3H, NMe). °C NMR (101 MHz, CDCl;) &
173.3, 168.4, 139.8, 137.2, 136.4, 135.0, 129.5 (2 signals), 129.1, 128.7, 128.5, 128.5, 128.4,
128.3, 128.2, 127.9, 127.6, 127.3, 95.7, 73.9, 72.5, 66.3, 64.1, 60.3, 54.5, 51.7, 51.3, 39.8.
HRMS (ESI) for C36H37N4Os: calculated [M + H]: 605.2764. Found: 605.2764.

O,N Ph Ph Methyl (2R,3S,4S,5R)-4-((2'S,3'S,4'R,5'S)-1-methyl-4-
2 MH N COsMe nitro-3,5-diphenylpyrrolidine-2-carboxamido)-3,5-
@ diphenylpyrrolidine-2-carboxylate  (NO2-X Xp-OMe-26a).

Ph N 0o . NH
Me Ph The title product was obtained from NH,-Xp-OMe-10aa.

Yield: 49 mg, 30%, light green solid. m, = 96 - 100 °C. [a]® = +91.11 (c 0.65, acetone). FTIR
(neat, cm™) 1735, 1677, 1548, 1495, 1369, 1207, 697. 'H NMR (400 MHz, CDCl;) 5 7.45 (dt, J
=23.1, 7.6 Hz, 7H, ArH), 7.37 — 7.20 (m, 6H, ArH), 7.15 (m, 3H, ArH), 7.11 — 6.97 (m, 6H, ArH),
6.86 (d, J = 8.5 Hz, 1H, CONH), 4.99 (t, J = 7.9 Hz, 1H, C*H), 4.53 (q, J = 8.5 Hz, 1H, C*H),
4.28 — 4.14 (m, 2H, C*H and C?H), 4.03 (dd, J = 8.5, 3.4 Hz, 2H, C®H and C°H), 3.63 (d, J =
10.2 Hz, 1H, C*H), 3.22 (m, 4H, CO,Me and C°H), 2.49 (bs, 1H, NH), 2.08 (s, 3H, NMe). '°C
NMR (101 MHz, CDCl;) 8 172.7, 168.1, 139.2, 138.1, 136.5, 135.6, 129.4, 129.4, 128.9, 128.6,
128.4, 128.3, 127.5, 127.2, 95.9, 74.1, 72.9, 68.0, 64.5, 60.8, 54.0, 51.7, 51.1, 39.9. HRMS
(ESI) for C3sH37N4Os: calculated [M + H]™: 605.2764. Found: 605.2763.
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H H Ph Methyl (2S,3R,4R,5S)-4-(3-(3,5-bis(trifluoromethyl)

F3C N\H/Nv, CO-Me phenyl)thioureido)-3,5-diphenylpyrrolidine-2-
2

S NH carboxylate (28). Under argon atmosphere to a solution

Ph of NH>-X -OMe-10aa (50 mg, 0.17 mmol) in dry THF

(2.5 mL) was added 3,5-bis-(trifluoromethyl)phenyl

CF;

isothiocyanate 30 (36 pL, 0.17 mmol) previously dissolved in 2.5 mL of THF.*® After the reaction
mixture was stirred for 16 hours at room temperature, the mixture was concentrated in vacuo.
The residue was purified by flash column chromatography with EtOAc:Hex (1:1) to yield the
desired thiourea. Yield: 66 mg, 68%, white solid; m, =94 - 95 °C; [a]p® = +72.92 (c 1.60,
acetone). FTIR (neat, cm'1) 3351, 1739, 1372, 1342, 1277, 1177, 1131. '"H NMR (500 MHz,
CDCl3) & 7.97 (broad s, 2H, thiourea NH), 7.58 (t, J = 7.0 Hz, 2H, ArH), 7.53 (d, J = 9.0 Hz, 2H,
ArH), 7.41 = 7.22 (m, 9H), 5.51 (d, J = 9.3 Hz, 1H, C°H), 4.58 (d, J = 8.5 Hz, 1H, C*H), 4.19 (dd,
J=11.4,9.0 Hz, 1H, C°H), 3.60 (m, 1H, C*H), 3.35 (s, 3H, CO,Me); "*C NMR (126 MHz, CDCl,)
5 179.2, 171.1, 140.2, 137.9, 133.7, 131.6 (q, 2Jcr = 33.6 Hz), 130.4, 130.1, 129.0, 128.4,
127.7, 124.1(2 signals), 123.1 (q, "Jer= 273.4 Hz), 118.9, (m, *Jcr= 3.8 Hz), 72.4, 69.9, 63.1,
53.1, 51.9. HRMS (ESI) for C,7H,4N30,SFg: calculated [M + H]*: 568.1493. Found: 568.1500.

General procedure for the synthesis of amide derivative 17. See section 2.8.

Procedures for asymmetric transformations
Organocatalytic asymmetric aldol reaction. See section 2.8.

(R)-2-((S)-Hydroxy(perfluorophenyl)methyl)cyclohexan-1-one (13aa).*’ The

0 (?)H reaction was carried out under the conditions described in Table 8, entry 4.
CeFs  Yield: 68.4 mg, 93%, white solid. Analytical and spectroscopic properties

were in good agreement with those reported in the literature. 'H NMR (500

MHz, CDCl;) 6 5.39 — 5.30 (m, 1H, CHOH), 3.92 (d, J = 3.3 Hz, 1H, CH), 3.09 — 2.99 (m, 1H,
CH,), 2.60 — 2.48 (m, 1H, CHy), 2.43 (td, J = 12.9, 6.3 Hz, 1H, CHy), 2.22 — 2.11 (m, 1H, CH,),
1.95 — 1.85 (m, 1H, CH,), 1.76 — 1.61 (m, 3H, CH,), 1.41 — 1.26 (m, 1H, CH,). "°F NMR (376
MHz, cyclohexanone) & -143.00 (dd, J = 22.3, 7.1 Hz, 2F,), -157.75 (t, J = 21.0 Hz, 1F,), -
164.31 (td, J = 22.1, 7.4 Hz, 2F,,). HPLC (Daicel Chiralpak IA, hexane/PrOH = 90/10, flow rate

1.0 mL/min, A = 254 nm), tgr (minor) = 8.25 min, tg (major) = 10.05 min; ee = 90%.
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Time |Height |Area (% Area
1 9.35 |366246 |73760.11 49.79
2 10.85 |330393 74372.02 50.21

Time |Height |Area % Area
1 825 (8422 (341810 |5.03
2 [10.05 [129371 |64529.11 |94.97

(S)-2-((R)-Hydroxy(perfluorophenyl)methyl)cyclohexan-1-one (13aa).*’ The
reaction was carried out under the conditions described in Table 8, entry 5.
Yield: 62.5 mg, 85%, white solid. Analytical and spectroscopic properties

were in good agreement with those reported in the literature. 'H NMR (500

MHz, CDCl3) 6 5.39 — 5.30 (m, 1H, CHOH), 3.92 (d, J = 3.3 Hz, 1H, CH), 3.09 — 2.99 (m, 1H,
CH,), 2.60 — 2.48 (m, 1H, CHy), 2.43 (td, J = 12.9, 6.3 Hz, 1H, CHy), 2.22 — 2.11 (m, 1H, CH,),
1.95 — 1.85 (m, 1H, CH,), 1.76 — 1.61 (m, 3H, CHy), 1.41 — 1.26 (m, 1H, CH,). "°F NMR (376
MHz, cyclohexanone) & -143.00 (dd, J = 22.3, 7.1 Hz, 2F,), -157.75 (t, J = 21.0 Hz, 1F}), -
164.31 (td, J = 22.1, 7.4 Hz, 2F,,). HPLC (Daicel Chiralpak IA, hexane/PrOH = 90/10, flow rate
1.0 mL/min, A = 254 nm), tg (minor) = 8.77 min, tg (major) = 10.84 min; .ee = -88%.

129

Time

Area

% Area

Height
1 877 288199 73828.41 93.92
2 1084 |15291 |4780.96 |6.08

Organocatalytic asymmetric Michael reaction. See section 2.8.

O Ph
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NO,

-2-((S)-2-Nitro-1-phenylethyl)cyclohexanone (14aa). e reaction was
(R)-2-((S)-2-Nitro-1-phenylethyl)cycloh (14aa).*® Th .

carried out under the conditions described in Table 11, entry 14. Yield:

22.5 mg, 91%, white solid. Analytical and spectroscopic properties were in
good agreement with those reported in the literature. 'H NMR (500 MHz,
CDCl3) 6 7.37 — 7.30 (m, 3H, ArH), 7.17 (d, J = 7.1 Hz, 2H, ArH), 4.94 (dd, J = 12.4, 4.4 Hz, 1H,
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CHNO,), 4.69 — 4.57 (m, 1H, CHNO,), 3.81 — 3.68 (m, 1H, CHAr), 2.76 — 2.62 (m, 1H, CH), 2.48
(d, 3 =13.3 Hz, 1H, CH,), 2.40 (dd, J = 12.4, 6.2 Hz, 1H, CH,), 2.07 (m, 1H, CH>), 1.85 — 1.58
(m, 4H, CH,), 1.24 (m, 1H, CH,). HPLC (Daicel Chiralpak AS-H, hexane/PrOH = 90/10, flow

rate 1.0 mL/min, A = 210 nm), tg (major) = 22.21 min, tg (minor) = 34.54 min; ee = 96%.

Time

Area

“[% Height |% Area

% Height

Time |Area % Area
1 |21.839 |40597597 |52.39 50.03 1 ]22.211 52028937 |98.33 98.25
2 [33.471 |40550593 |47.61 49.97 2 |34.540 |928288 1.67 1.75
0 (R)-2-(2,2-bis(Phenylsulfonyl)ethyl)cyclohexan-1-one  (16).**  The
SO,Ph reaction was carried out under the conditions described in Table 12,
SO.Ph entry 5. Yield: 17.9 mg, 44%, white solid. Analytical and spectroscopic
2

properties were in good agreement with those reported in the literature.
'H NMR (500 MHz, CDCl;) & 7.92 (dd, J = 24.1, 7.6 Hz, 4H, ArH), 7.68 (q, J = 8.2 Hz, 2H, ArH),
7.56 (9, J=7.1 Hz, 4H, ArH), 4.98 (dd, J = 9.2, 3.8 Hz, 1H, CH(SO,Ph),), 3.07 (dqg, J = 13.6, 5.2
Hz, 1H, CH,), 2.52 (m, 2H, CH,), 2.08 (m, 2H, CH;), 1.95 (m, 2H, CH;), 1.63 — 1.49 (m, 2H,
CH,), 1.29 (m, 2H, CH,). HPLC (Daicel Chiralpak AS-H, hexane/PrOH = 70/30, flow rate 1.0
mL/min, A = 210 nm), tg (major) = 32.62 min, tg (minor) = 43.31 min; ee = 95%.

Time |Area 1% Height |% Area
1 132.852 |146278858|54.47 48.58
2 |43.384 |154835276/45.53 51.42

Tirﬁe Area. % Heighf
1 [32.617 |210804474|97.19 97.48
2 |43.311 5451911 |2.81 2.52
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o 2,6-bis(2,2-bis(Phenylsulfonyl)ethyl)cyclohexan-1-one
PhO,S SO,Ph (16bis).*® The reaction was carried out under the
PhO,S SO,Ph conditions described in Table 12, entry 6. Yield: 11.0 mg,

62%, white solid. m, = 134-135 °C. FTIR (neat, cm'1)
1704, 1327, 1311, 1147, 730, 686. "H NMR (400 MHz, CDCl;) 8 7.90 (dd, J = 24.4, 7.9 Hz, 8H,
ArH), 7.68 (q, J = 7.8 Hz, 4H, ArH), 7.53 (dt, J = 15.8, 7.7 Hz, 8H, ArH), 4.87 (dd, J = 9.4, 4.0
Hz, 2H, CH(SO,Ph),), 3.36 — 3.00 (m, 2H, CH,CH(SO,Ph),), 2.48 (ddd, J = 14.4, 9.6, 4.2 Hz,
2H, CH,CH(SO,Ph),), 2.12 (d, J = 9.7 Hz, 2H, COCH), 1.99 (ddd, J = 14.5, 9.5, 4.6 Hz, 2H,
CHy), 1.83 (s, 2H, CH,), 1.40 — 1.14 (m, 2H, CH,). °C NMR (101 MHz, CDCl;) 5 212.5, 138.4,
138.0, 134.7, 134.6, 129.8, 129.6, 129.3, 129.2, 80.7, 48.2, 36.1, 26.1, 25.1. HRMS (ESI) for
Ca4H3506S,: calculated [M + H]™: 715.1164. Found: 715.1180.

O Ph (S)-5-Nitro-4-phenylpentan-2-one (14da).40 The reaction was carried out
)J\)\/NOZ under the conditions described in Table 13Table 11, entry 3. Yield: 11.0
mg, 53%, white solid. Analytical and spectroscopic properties were in good agreement with
those reported in the literature. '"H NMR (400 MHz, CDCl3) 8 7.45 — 7.13 (m, 5H, ArH), 4.83 —
4.51 (m, 2H, CH,NO,), 4.11 — 3.94 (m, 1H, CH), 2.92 (d, J = 7.0 Hz, 2H, CH,), 2.12 (s, 3H,
CHs;). HPLC (Daicel Chiralpak AS-H, hexane/'PrOH = 80/20, flow rate 1.0 mL/min, A = 210 nm),
tr (major) = 19.78 min, tg (minor) = 26.67 min; ee = 41%.

Time |Area % Height (% Area Time |Area % Height |% Area

1 ]20.722 162009854 |60.19 50.54 1 [19.775 1681868 |75.12 70.45
2 |27.642 |60676252 |39.81 49.46 2 |26.669 705371 24.88 29.55

' Sewald, N.; Jakubke, H.-D. Peptides: Chemistry and Biology, 2002, Wiley-VCH.
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Chapter 4. Stereoselective Synthesis of
7Ta-Hydroxy-2-oxo-3-aryloctahydro-1H-indol-
yl Carboxylates. A Concise Formal

Synthesis of (+)-Pancracine

Monomer
or
Dimer
O X /
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Abstract.
A novel organocatalytic method for the construction of

7a-hydroxy-2-oxo-3-aryloctahydro-1H-indol-yl carboxylates with total enantiocontrol is
described. This reaction takes place during the multicomponent reaction among
aromatic nitroalkenes, cyclic ketones and carboxylic acids in the presence of densely
substituted 4-nitroprolinates in the form of monomers or dimers as catalysts, already
described in the previous chapters. This process allows a shorter route towards the
organocatalyzed formal synthesis of enantiopure (+)-pancracine.

Retamosa, M. G.; Ruiz-Olalla A.; Cossio, F. P. Manuscript in preparation






Stereoselective Synthesis of 7a-Hydroxy-2-oxo-aryloctahydro-1H-indol-yl Carboxylates.
A Concise Formal Synthesis of (+)-Pancracine

4.1. Introduction

As it was mentioned in the previous chapter, a secondary product was detected in the
reaction between cyclohexanone 11a, nitrostyrene 4a and benzoic acid 31a, acting as

an additive. This unexpected adduct was identified as y-lactam (3R,3aS,7aS)-24aaa.

0 Ph
catalyst (40 mol%) OH p/&o Q Bh
o N0 N + _ NO,
PhCO,H 31a (40 mol%) . O :

neat, rt h

Ph
11a 4a (3R,3aS,7aR)-24aaa (2S,1'R)-14aa
<20% conversion

Scheme 1. Obtained products when performed the Michael reaction between cyclohexanone
11a, nitrostyrene 4a catalyzed by dimeric catalyst in the presence of benzoic acid 31a as
additive.

Thus, it could be expected that by tunning the reaction conditions, e. g. raising the load
of the benzoic acid to equimolar amounts or changing the catalyst, the selectivity of the

reaction could be shifted towards the exclusive formation of the y-lactam product.

4.1.1. Organocatalysis in total synthesis of alkaloids and secondary metabolites

Asymmetric C-C bond formation reactions are an essential goal in modern organic
synthesis. Due to the rapid evolution of organocatalysis, this kind of transformations
can be performed efficiently avoiding methods based on transition metal complexes
which cause environmental issues or on or enzymes, that are less flexible in terms of
reaction conditions and scope. This introduction aims to show current applications of
organocatalysis in total synthetic processes towards alkaloids and secondary
metabolites, focusing on the reactions discussed on previous chapters, namely the

aldol and Michael additions.

Aldol reaction

The group of Hayashi used a direct aldol reaction to construct the building block IV for
the synthesis of (+)-cytotrienin A V which is a microbial antitumor secondary
metabolite." The diol IV was achieved in high enantioselective manner by employing

4-acyloxy-L-Proline organocatatalyst | in the aldol reaction between furfural Il and
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propanal lll (Scheme 2).2 The original procedure, under the influence of L-Proline, was
not practical for gram scale purposes as low diastereoselectivities and yields were

obtained.? The total synthesis towards (+)-cytotrienin A V required additional 32 steps

from diol IV.
8
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° ()
N~ CO.H
H
|
o o 1 (10 mol%) OH
-~ 12
O H H @] 7 OH
\ | 4°C, 48 h \ |
Il m then NaBHg, 77% v
84:14 anti:syn
96% ee
OH

Scheme 2. Stereoselective organocatalyzed reaction for the synthesis of secondary metabolite
cytotrienin A V.

Convolutamydines constitute a family of 3-substituted-3-hydroxyindolin-2-one alkaloids
which are isolated from the Floridian Amathia convolute marine bryozoans.* They have
received attention for medicinal purposes because of their biological activities derived
from the different substituents (and absolute configuration) at the C-3 position. The
challenging formation of the tetrasubstituted carbon from the aldol reaction between
isatin VIl and acetone VIII catalyzed by L-Proline-derived bifunctional organocatalyst Vi
was reported by the group of Xiao. This reaction proceeded to give
(S)-convolutamydine A IX in high yield and good enantioselectivity, which was raised

after a recrystallization step (Scheme 3).°
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AcOH (40 mol%)

-20 °C Br
Vil viil 99% vyield (45% after recrystallization)
60% ee (87% after recrystallization)

Br ”

(S)-convolutamydine A IX

Scheme 3. Synthesis of (S)-convolutamydine A IX.

Quinine XV and quinidine XVI compounds are representative examples of the cinchona
alkaloid family, being the former a popular agent used for the treatment of malaria.
Also, synthetically modified cinchona alkaloids give rise to a large variety of
organocatalysts.® The group of Hatakeyama reported the synthesis of key intermediate
Xil via the intermolecular aldol reaction of bis aldehyde Xl in the presence of L-Proline X
(Scheme 4).” After aldehyde reduction syn and anti-diols XIl were obtained in high
enantioselectivity. The authors emphasized the reproducibility of the reaction up to ten
gram scale. Next, alcohol protection and oxidation of both diastereomers provided the
common intermediate XIlll. Further steps provided precursor XIV common for both

quinine XV and quinidine XVI natural products.®

OH O

H
OHC CHO X o, 1. TBSCI o,
\L j X(15mol%)  HO @ imidazole ~ TBSO
gbz -40 °C (N;bz 2. E')ej's—Martin gbz
then, NaBH,4, 94% periodinane
X 70:30 syn:anti Xi X
96% ee (syn)

92% ee (anti)

[N o — Ho/”"(j
N~ N
quinidine XVI quinine XV Cbz XV

Scheme 4. Organocatalytic aldol step for the synthesis of quinine XV and quinidine XVI
alkaloids.
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Michael reaction

The imidazolidinone MacMillan’s catalyst XVII is very efficient at forming iminium ions
with a,B-unsaturated aldehydes and can catalyze Friedel-Crafts type Michael
reactions.® The group of Hanessian employed this strategy using (R,R)-XVII to catalyze
the conjugate addition between 5-bromoindole XVIII to the electron-rich aldehyde XIX to
give the addition product XX in quantitative yield and high enantiomeric excess
(Scheme 5)."° Intermediate (-)-XXI was obtained after 4 steps. This latter compound is
the precursor of drug prototype (+)-XXIl, which possesses great activity against
neuronal nitric oxide synthase (nNNOS) and is potentially useful for the treatment of

migraine headaches.

o)

e
Bn\\“ '/tBu BOC\
XVii
Br \ . Boc P XVIl (15 - 20 mol%) Br N CHO
+ \N/\/\CHO .
N Me PrOH/DCM, -78 °C N
XVIII XIX <99%, 92% ee XX

I,

Me
N N
{ \ H Br-
S N N\
H H

(+)-XXII (-)-XXI

Scheme 5. Organocatalytic step for the synthesis of (-)-XXII.

Dixon and co-workers'" reported the total synthesis of policyclic (-)-nakadomarin A
XXVII. This natural product is a marine alkaloid of the manzamine family with potential
therapeutic properties such as cytotoxic, antimicrobial and antibacterial activity.'
Scheme 6 shows the organocatalytic step in which the organocatalyst XXIII derived
from cinchonidine promoted the effective reaction between nitro olefin XXIV and the
bicyclic pronucleophile XXV in moderate yield and excellent diastereomeric ratio. The

total synthesis towards (-)-nakadomarin A XXVII was achieved in additional 5 steps.
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Scheme 6. Synthesis of (-)-nakadomarin A XXVII.

The versatility of the nitro group has also found its place in the synthetic chemistry of
alkaloids. For instance, the group of Takemoto reported the double Michael reaction of
y,0-unsaturated-f3-ketoester XXIX to nitroalkene XXX to provide cycloadduct XXXI
bearing three contiguous stereogenic centers in good yield and enantioselectivity
(Scheme 7)." This intermediate gave the opportunity to afford toxic (-)-epibatidine
XXXII alkaloid, a strongly toxic natural compound that binds and activates the

muscarinic acetylcholine and nicotinic receptors.
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+ >  MeO ” | ~N
~. _NO 2. TMG, ACN NO P
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Q

H
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Scheme 7. Keto-ester addition to nitroolefin towards the synthesis of (-)-epibatidine XXXIl.
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The group of Barbas Il reported the enantioselective conjugate addition of oxindole
XXXIII to olefin XXXIV to construct the quaternary stereocenter at C-3." They employed
Takemoto’s thiourea as catalyst XXVIII, which promoted the reaction in 65% yield and
good enantioselectivity. Adduct XXXV was hydrogenated and transformed into
carbamate XXXVI in good vyield. Subsequent reductive cyclization provided the
synthetic precursor (+)-esermethole XXXVII which is also an intermediate towards

(+)-physostigmine XXXVIII alkaloid'® known by its parasympathomimetic activity.

MeO 3
© NO, 1- RaiNi

Boc MeO 2. CICO,Me
XXX XXVIII (10 mol%) O Hinig's base
+ N

-15°C, THF Boc 80% 1

/\NO2 65%, 83% ee XXXV . NHCO,Me
(96% after MeO
XXXV recrystallization) o
N
Boc
. - Ve -, XXXVI
‘. e ‘. .
Me " Me 90%
R = MeNCHO: (+)-esermethole XXXVII
(+)-physostigmine XXXVIil CF;
B vl
NMSZ
XXvil

Scheme 8. (+)-Esermenthole XXXVII synthesis and formal synthesis of (+)-physostigmine
XXXVIII.

Michael-aldol cascade reaction

Pyrroloquinoline alkaloids martinelline XLIV and martinellic acid XLV are isolated from
the Martinella iquitosensis tropical plant and show bradykinin receptor antagonist
activity.'® The organocatalytic Michael-aldol cascade reaction reported by Hamada and
co-workers permitted the synthesis of the chiral martinellin core structure XLIIL"" The
tandem reaction took place between anthranilaldehyde XL and enal XLI under the
influence of (R)-diphenylprolinol triethylsilyl ether XXXIX catalyst to provide

dihydroquinoline XLII in quantitative yield and enantiocontrol (Scheme 9). The
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martinelline chiral core structure XLIIl was accomplished after 12 steps from XLII thus,

reporting the formal synthesis of martinelline XLIV and martinellic acid XLV.

N
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H
martinelline XLIV: R :HzN\H/NV\(\J{
NH

martinellinic acid XLV: R = H

Scheme 9. Formal synthesis of martinelline XLIV and martinellinic acid XLV via Michael-aldol
cascade organocatalyzed reaction.

4.1.2. Objectives

Due to the serendipitously isolated secondary 7a-hydroxy-2-oxo-3-phenyloctahydro-
1H-indol-1-yl benzoate product during the Michael reaction described in the previous
chapter, efforts to find the optimized reaction conditions will be pursued. Moreover,
different substrates will be analyzed to assess the scope of this reaction. In addition,
the reaction mechanism of the process will be tried to be unveiled. Lastly, attempts to
derivatize the model lactam will be made in order to perform a total synthesis of the

natural product (+)-pancracine.
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4.2. The discovery of an unprecedented cyclization reaction
4.2.1. Optimization studies

According to table 6 in chapter 3, the lactam product 24aaa was always formed in
diverse proportions under dimers 23a, but always in conversions lower than 20%. Due
to the fact that the employment of methylated dimers 25a moved the Michael
product:lactam 14aa:24aaa ratio to 69:31, it was thought that the lactam product
formation could be favoured by blocking one active site of the dimer or even be
removing one catalytic unit. Therefore, the reaction between cyclohexanone 11a,
nitrostyrene 4a and benzoic acid 31a was tested under the three different generation

catalysts. L-Proline 20 was used as the reference catalyst (Table 1).

o)
Ph
/\/NOZ
ij Ph on p/\KO O Ph

11 + 4 catalyst (X mol%) =N + NO,
a O/\):O
o) neat, rt :

P Ph
HO™ 'Ph (3S,3aR,7aS)-24aaa  (2R,1'S)-14aa
31a

Scheme 10. Model cyclization reaction.

Firstly, reactions between the cited components were carried at room temperature
using 30 mol% of catalytic load. L-Proline did not produce any trace of lactam product
and only gave the Michael adduct in 57% conversion after seven days of reaction at
room temperature. In contrast, all three generations of densely substituted prolines
were able to promote to some extent the cyclization reaction, bringing to light the great
importance of the substituents in this kind of catalysts (Table 1, entry 1 vs. entries 2,
6-8, 10, 18).
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Table 1. Reaction between trans-f-nitrostyrene 4a, cyclohexanone 11a and benzom acid 31a
catalyzed by different organocatalysts based on densely substituted prolines.*

catalyst  time yield ee
entry catalyst 24aaa:14aa’ § .
(mol %) (h) (%) (%)
1 L-Pro 20 30 7days <1:99 A -
2 NO,-X -OMe-5aa 30 72 >99:1 78° 97
3" NO,-X.-OMe-5aa 30 16 >99:1 83 97
4" NO,-X.-OMe-5aa 20 24 >99:1 91 97
5" NO,-X.-OMe-5aa 10 60 >99:1 88 97
6 NO,-Np-OMe-5aa 30 72 >99:1 - 50
NH2-Xp-OMe-10aa 30 16 33:67 20 -90
NO,-X X, -OMe-23a 30 12 29:71 - -
9 NO,-X X, -OMe-23a 30 12 28:72 - -
10  NOz-X.X.-OMe-25a 30 12 56:44 51 >99
11 NO,-X X -OMe-25a 30 12 54:46 50 >99
12 NOz-X.X.-OMe-25a 20 16 69:31 57 >99
13 NO;-X. X, -OMe-25a 15 24 66:34 62 >99
14 NO,-X X, -OMe-25a 10 48 70:30 62 >99
15 NOx-X X.-OMe-25a 5 7days 64:36 - -
16"  NO,-X X -OMe-25a 10 48 69:31 63 >99
17" NO,-X X -OMe-25a 10 48 70:30 61 >99
18  NO-XpX.-OMe-25a 30 12 78:22 64 <-99
19  NO-XpX.-OMe-25a 20 16 73:27 65 <-99
20 NO2-XpX -OMe-25a 15 24 76:24 63 <-99
21 NO,-XpX -OMe-25a 10 48 79:21 64 <-99
22  NO2-XpX.-OMe-25a 5 7days 71:29 -° -
23" NOx-XpX.-OMe-25a 5 72 68:32 57 <-99
24P NO-XpX.-OMe-25a 10 48 71:29 60 <-99

®Reactions were conducted under neat conditions using cyclohexanone (0.8 mmol),
trans-B-nitrostyrene (0.1 mmol) and benzoic acid (0.11 mmoI) in the presence of the
corresponding amount of catalyst. ®Reactions were monitored by 'H NMR and stirred at room
temperature until consumption of the startmg material. 24aaa:14aa ratios were measured by
'"H NMR on crude reaction mlxtures %Yields refer to isolated pure Iactam °Enantiomeric
excesses measured by HPLC. '57% conversion to 14aa. g92% conv. "Performed at 45 °C.
'35% conv. JPerformed with 2 eq of benzoic acid (0.2 mmol). “Performed with 1.5 €q of benzoic
acid (0.15 mmol). '85% conv. "Performed under an inert atmosphere of argon. "Performed in
the absence of light. °73% conv. P"CH,Cl, (150 pl) as solvent and 4 eq of cyclohexanone.

The first generation or nitro-prolines 5aa exclusively produced lactam 24aaa (entries 2
and 6). Nevertheless, a large influence in the reaction rate and enantioselectivity was

observed depending upon the different configuration of the catalysts. Thus, exo-
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NO,-X -OMe-5aa provided higher conversion and almost full enantiocontrol, whilst
endo- NO,-Np-OMe-5aa only reached 35% conversion with a 50% of enantiomeric
excess, both after three days of reaction time. In the case of second generation amino
proline NH»-Xp-OMe-10aa catalyst, lactam 24aaa was observed in a much lower
24aaa:14aa ratio of 33:67 with an enantiomeric excess of 90% (entry 7). Moving to the
third generation of N-methylated organocatalysts, NO,-X X -OMe-25a and
NO,-XpX_ -OMe-25a dimers turned out to be more efficient as they promoted chiefly the
lactam product whereas non-N-methylated NO,-X X -OMe-23a dimer produced mainly
the Michael adduct (entry 8 vs. 10 and 18). These three catalysts provided the lactam
24aaa with total enantiocontrol. In these reactions, the enantiocontrol was determined

by the proline unit bearing the nitro substituent.

With these initial results in hand, a deeper study was focused on NO,-X -OMe-5aa,
NO,-X X -OMe-25a and NO,-XpX -OMe-25a catalysts as they promoted the best
results. Monomeric catalyst NO,-X -OMe-5aaa promoted the desired transformation in
acceptable reaction times when the temperature was raised to 45 °C without significant
loss in the enantiocontrol (entries 3 to 5). N-methylated NO.-X X -OMe-25a and
NO,-XpX . -OMe-25a catalysts also were very efficient and furnished the desired lactam
in good yield and excellent enantiomeric excesses even with 10 mol% of catalytic load.
In all cases, NO,-XpX -OMe-25a catalysts provided higher 24aaa:14aa ratios (entries
12 to 14 vs. 19 to 21). A catalytic load of 5 mol% did not allow the reaction to reach
completion (entries 15 and 22). When the temperature was raised to 45 °C, full

conversion was achieved at the cost of a lower 24aaa:14aa ratio (entry 23).

Increasing the number of benzoic acid up to two equivalents did affect the
lactam:Michael adduct ratio when the dimeric catalysts were used (entries 8 vs. 9 and
10 vs. 11). Besides, the presence of solvent, air oxygen or light had no effect in the
process outcome as the results were similar to those obtained under standard
conditions (entries 16, 17 and 24). Regarding the enantiocontrol given by the dimers, it
was found to depend on the configuration of the monomeric unit bearing the nitro
group. Thus, NOx-X X -OMe-25a and NO,-XpX.-OMe-25a provided opposite

enantiomers with complete stereocontrol (entries 10 vs. 18).

Lactam 24aaa easily crystallized out of the NMR sample in deuterated chloroform
solvent, although ethyl acetate/hexane is also a good solvent mixture for its
crystallization. This permitted the study of its absolute configuration by means of X ray
diffraction analysis (Figure 1). The Ilactam obtained under catalysis of
NO,-X X -OMe-25a y-dipeptide catalysts was determined as (3S,3aR,7aS). It is
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remarkable that the absolute configuration of the positions C3 and C3a coincide with
the absolute configuration of the positions C2 and C1’ of the Michael adduct, under the

same catalysts effect (Scheme 11).

Ph
(3S,3aR,7aS)-24aaa (2R,1'S)-14aa

Scheme 11. Comparison of the absolute configuration of the lactam 24aaa and Michael adduct
14aa obtained under the influence of NO,-X X -OMe-25a.

4.2.2. Scope

The three best catalysts NO,-X -OMe-5aa, NO,-X X -OMe-25a and NO,-XpX -OMe-

25a, were tested in order to analyze the versatility and scope of the reaction. Different
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aromatic ketones 11, nitroalkenes 4, and acids 31 were used (Scheme 12) and the

results obtained are shown in Table 2.

o)
o)
Ejj + R(\/NOZ + HO)J\R2
X
1 4 31
11a: X=CH, 4a: R'=Ph 31a: R>=Ph
11e: X=0 4b: R'=4-MeCgH, 31b: R?=4-FCg4H,4
11f: X=8 4c: R'=4-MeOCgH, 31c: R?=4-MeO-CgHyg
» _X_<Oj 4n: R'=4-FCgH, 31d: R?>=CH,CH,CH,
N 40: R'=2-thyenil 31e: R?=(CH,),CH,NBoc

catalyst (10 mol%)
neat, rt, 16-48h

10

R2
HN/O &O

8
®)

R
(3S,3aR,7aS)-24

24aaa: R'=Ph, X=CH,, R?=Ph

24aab: R'=Ph, =CH,, R?=4-FCgH,4

24aac: R'=Ph, X=CH,, R?=4-MeOCgH,
24aad: R'=Ph, =CH,, R?>=CH,CH,CH,
24aae: R'=Ph, X=CH,, R?>=(CH,),CH,NBoc
24aea: R'=Ph, X=0, R?>=Ph

24afa: R'=Ph, X=S, R>=Ph

o)
24aga: R'=Ph, X=( j , R%=Ph
0

24baa: R'=4-MeCgH,4, X=CH,, R?>=Ph
24caa: R'=4-MeOCgH,4, X=CH,, R?=Ph

24naa: R'=4-FCgH,4, X=CH,, R?>=Ph
240aa: R'=2-thyenil, X=CH,, R?>=Ph

Scheme 12. Reaction between different ketones 11, nitroalkenes 4 and acids 31 catalyzed by
NO,-X, -OMe-5aa, NO,-X; X, -OMe-25a and NO,-XpX, -OMe-25a.
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Table 2. Stereocontrol and chemical yield observed in the reaction 11+4+31— 24 catalyzed by
NO,-X, -OMe-5aa, NO,-X; X, -OMe-25a and NO,-XpX,-OMe-25a.?

entry catalyst lactam 24 24:14° yield (%)°  ee (%)°
1° 24aab >99:1 81 97
2° 24aac >99:1 86 97
3°f 24aad >99:19 38 96
4° 24aae >99:1 58 96
5° O, " 24aea >99:1 56" 95
6° Ph/EHg< COMe 24afa >99:1 71 97
7° NO,-X_-OMe-5aa 24aga >99:1 62 95
10° 24baa >99:1 65 95
9° 24caa >99:1 66 95
8° 24naa >99:1 86 97
11¢ 240aa >99:1 67 96
12 24aab 75:25 69 <-99
13 24aac 75:25 66 -99
14 24aad 70:30 62 <-99
15 Ph 24aae 70:30 53 <-99
16 OzNﬁ,”,{O PR come  24aea 80:20 68 <99
17! Pr N RN N 24afa 83:17 68 <-99
18! Ph 24aga 98:2 73 -98
19 NOzXpX,-OMe-25a 24baa 79:21 60 <-99
20 24caa 84:16 60 <-99
21 24naa 76:24 54 <-99
22 240aa 81:19 67 <-99
23 o 24aab 62:38 50 >99
24 OZNIS%O A come  24aac 61:39 53 >99
25 P N “N"'g e 24aae 68:32 48 >99
26 Ph 24caa 66:34 48 >99
27 NO>-X X,.-OMe-25a 24naa 60:40 44 >99

“Reactions were monitored by 'H NMR and stirred at room temperature until consumption of
the starting material. ®24:14 ratio was measured by 'H NMR of crude reaction mixtures. °Yields
refer to isolated pure lactam. Enantiomeric excesses measured by HPLC correspond to the
major lactam (3S,3aR,7aS)-24. °Performed with 20 mol% of catalysts at 45 °C. 'Reaction
Eerformed with 2 eq of butyric acid 31d. °Other diastereocisomer was observed (75:25 ratio).
60% conv. after 4 days. 'Carried out using 4 eq of ketone 7f and DCM as solvent.

Results show that when the reaction was carried out in the presence of 20 mol% of
monomeric catalyst NO2>-X, -OMe-5aa at 45 °C, only lactams 24 were obtained with

high enantiomeric excesses (95-97% ee) independently of the nitroalkene, ketone or

169



Chapter 4

acid used (entries 1-11). It is important to mention that such a catalytic load of 20 mol%
was necessary because when 10 mol% of catalyst was employed (see Table 1 entry 5)
longer reaction time was required. Additionally, this increase on the load was not
enough when butyric acid 31d was employed, as 2 equivalents of the acid were
required in order to complete the reaction (entry 3). Also, the use of
tetrahydro-4H-pyran-4-one 11e in the reaction only reached 60% conversion after four

days (entry 5).

On the other hand, when dimeric NO,-X_ X -OMe-25a and NO,-XpX -OMe-25a catalysts
were used in 10 mol% of catalytic load, quantitative conversions and total
enantioselectivities were achieved in all cases. The only exception was provided by
ketone 11g which gave 98% of ee (entry 18). However, formation of the corresponding
Michael adducts was also observed in different ratios depending on the reagents used
(entries 12 to 27). When introducing both electron donating or withdrawing groups in
the aromatic ring of benzoic acid, no significant effect was observed since good 24:14
ratios and moderate to good yields were obtained (entries 12-13 and 23-24) in all
cases. When aliphatic acid 31d or N-protected aminoacid 31e were used, the
lactam:Michael adduct ratios were reduced with NO,-XpX -OMe-25a catalyst (entries
14 and 15). However, this ratio with 31e increased in combination with
NO,-X X -OMe-25a catalyst (entry 25). The introduction of cyclic ketones bearing
heteroatoms as 11e and 11f produced a raise in the 24:14 ratio with good yields and
complete enantiocontrol (entries 16 and 17). As mentioned, 1,4-cyclohexanedione
monoethylene acetal 11e provided almost complete selectivity towards the lactam
product in spite of slightly lower enantiocontrol (entry 18). The use of aryl or heteroaryl
substituted nitroalkenes led to the corresponding enantiopure lactams in moderate to
good 24:14 ratios and yields (entries 19 to 22, 26 and 27). The introduction of the
methoxy electron releasing group in the aromatic ring provided the highest 24:14 ratio
obtained for the dimeric catalysts (entry 20). Finally, regardless of the reagent used, the
24:14 ratio was always higher when employing NO,-XpX -OMe-25a catalysts instead of
NO,-X X -OMe-25a (entries 12-22 vs. 23-27).

Once again, the lactam configuration was confirmed by X ray diffraction analysis.
Figure 2 shows the (3S,3aR,7aS) absolute configuration of 24aae lactam that was
obtained with NO2-X X, -OMe-25a catalyst (entry 25).
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Figure 2. ORTEP diagram of (3S,3aR,7aS)-24aae lactam.

Apart from different carboxylic acids 31, thiobenzoic acid 32 was also employed in the
process with the purpose to get some experimental information about the reaction
mechanism (Figure 3). Neither NO,-X.-OMe-5aa (30 mol%) catalyst at 45 °C nor
NO,-XpX -OMe-25a (20 mol%) provided any conclusive result, as the consumption of
nitrostyrene did not allow the isolation of any Michael or cyclization product. Monomer
NO,-X.-OMe-5aa at 45 °C (20 mol%) in the presence of 4-nitrophenol 33 gave 40%
conversion to 14aa after one day whereas NO,-XpX.-OMe-25a in 10 mol% only
provided 40% conversion towards the Michael product 14aa. Lastly, other acids of
diverse nature were tested such as diphenylphosphinic acid 34, methylphosphonic acid
35 or dimethylphosphate 36. When phosphinic acid 34 was employed in the presence
of 10 or 20 mol% of either NO>-X -OMe-5aa, NO,-X X -OMe-25a or
NO,-XpX -OMe-25a, only Michael product was formed after four days of reaction time.
The same outcome was observed when using phosphonic acid 12 together with
NO,-XpX -OMe-4a. The case of NO,-XpX_-OMe-4a/dimethyl phosphate 13 provided
the Michael adduct with other side products after 3 days of reaction time but the

conversion did not exceed the 30%.
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pr X NO2 NO,-X_ -OMe-5aa (X mol%), .
4a NO,-X X -OMe-25a (X mol%) or H /O’ (0] Ph

o HO’R NO,-XpX -OMe-25a (X mol%) : NO,
+ O+
32-36
neat, rt to 45 °C, 16-72 h B
Ph

(3R,3aS,7aR)-24 (2S,1'R)-14aa

0

Y

11a
O« _SH OH
OH OH OMe
0=P—Ph 0=P—CH, 0=P-OMe
NO, Ph OH OH
32 33 34 35 36

Figure 3. Other acids studied in the reaction between cyclohexanone 11a and nitrostyrene 4a
with catalysts NO,-X -OMe-5aa, NO,-X X -OMe-25a and NO,-XpX -OMe-25a.

Finally, cyclopentanone 11b and pentanone 11h were analyzed to study the influence
of the chain nature (Figure 4). In the case of using monomer NO,-X -OMe-5aa
(20 mol%) at 45 °C, cyclopentanone 11b only provided product 14 in conversions lower

than 20% while pentanone 11h did not give traces of Michael or lactam product.

0]

r

0

H OBz O Ph
N

11b,h  + PhCO,H NO2-X-OMe-5aa (X mol%) Rﬁ:/go + HJ\‘)\/NOZ
31a - R 4 R R
X NO, neat, rt to 45 °C, 16-48h z
Ph Ph
4a

(3S,3aS,7aR)-24  (2S,1'R)-14

11b: R=-(CH,),-
11h: R=CHj

Figure 4. Other analyzed ketones in the reaction between nitrostyrene 4a and benzoic acid 31a
with NO,-X -OMe-5aa catalyst.

4.3. Searching for the reaction mechanism

In order to try to understand the major selectivity towards the lactam formation with
NO,-X -OMe-5aa monomer with respect NO,-X X -OMe-25a and NO,-XpX -OMe-25a
dimers, the reaction was carried out with the former catalyst in the presence of
N-methylacetamide 37 as additive (Scheme 13). This reaction produced the lactam
24aaa as well as the Michael addition product in 74:26 ratio. This result could indicate
that the absence of the peptidic bond in the catalyst of first generation is responsible for

the unique formation of the lactam product 24aaa.
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o O,N  Ph
P
Ph/\/Noz Ph N CO,Me OH O/< (0] Ph
H N © NO
N 2
11a 4a NOZ-XL-OMe -5aa (30 mol%) O/\):O . é/k/
+
j\ )J\ _CHj Ph
HO~ ~Ph 37 H (30 mol%)  (3S,3aR,7aS)-24aaa (2R,1'S)-14aa
31a neat, rt, 5 days, 62% conv 74 : 26

Scheme 13. Reaction between cyclohexanone 11a, nitrostyrene 4a and benzoic acid 31a in the
presence of NO,-X -OMe-5aa catalyst and N-methylacetamide 37.

To verify the multicomponent nature of this process, a second reaction involving the
Michael addition product was tested under the standard reaction conditions with
benzoic acid 31a employing the catalysts NO,-X, -OMe-5aa and NO,-XpX -OMe-25a
(Scheme 14). This process did not show any formation of lactam 24, thus confirming
that the lactam formation is not a stepwise procedure arising from the released Michael
adduct.

NO,-X,-OMe-5aa (30 mol%) H OBz

j\ or NO,-XpX_-OMe-25a (10 mol%)
* HO” “Ph

neat, rt - 45 °C, 2 days, 0% conv

(2S,1'R)-14aa 31a (3R,3aS,7aR) -24aaa

Scheme 14. Reaction between the Michael addition product 14aa and benzoic acid 31a in the
presence of NO,-X;-OMe-5aa and NO,-XpX -OMe-25a catalysts.

4.3.1. Mechanistic proposal based on a stepwise radical lactamization reaction

On the basis of these results, the search for a plausible mechanism was oriented
towards a radicalary pathway, based on a possible participation of nitroalkene anion
radicals'® (I and Il) generated in the presence of tertiary amines (Scheme 15). Via
single electron transfer reduction, the catalyst can add an electron to the nitroalkene to
form radical anion | which can tautomerize to from the radical cation Il. The catalyst’s
radical cation condensates with cyclohexanone which then adds to Il to give
intermediate B. The nitroso group then adds to the iminium moiety to provide C which
tautomerizes giving 1-hydroxypyrrolidinone D. Then, the addition of the carboxylic acid
31 gives the protonated intermediate E, and catalyst release provides pyrrolium
intermediate F. Last addition of a molecule of water should lead to the formation of the

observed product 24.

173



Chapter 4

Q N N ? o~ N N’ -N_O
_ _N__H _ _N__H N
Oj[ R R o+\I oy R (L )5
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Scheme 15. Proposed radical reaction mechanism.

In order to assess the viability of a radical mechanism, the model reaction between
11a, 4a and 31a was carried out catalyzed by NH,-X_ -OMe-10c possessing a tertiary
amine in the pyrrolidine scaffold. No product of any kind was observed under these

conditions (Scheme 16).

o) H,N  Ph
N
ij pr Xx~NO2  Ph ',\\,/Ie CO,Me oK OBz o  Ph
11a 4a NH,-X,-OMe-10c (20 mol%) N NO,
+ J o
? t, rt, 0% E
)J\ neat, i, o conv i:’h
HO™ ~Ph
31a (3S,3aR,7aS)-24aaa (2R,1'S)-14aa

Scheme 16. Model reaction between 11a, 4a and 31a in the presence of NH,-X -OMe-10c.

Thus, it was decided to employ radical scavengers in the model reaction (Scheme 17).
It was observed that in the presence of different equivalents of either BHT or TEMPO,
the cyclization and Michael addition products were obtained in similar ratios to those
observed when these reactions were run in the absence of the mentioned agents (see
Table 1). On the basis of these experimental results, the proposed radical mechanism

was discarded.
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o)
i X -NO; oH OBz O Ph
catalyst (10 or 30 mol%) =N NO,
1M1a 4+ 4a > O +
0] radical trap (X mol%) P
)J\ neat, rt Ph
HO™ Ph (3R,3aS,7aR)-24aaa  (2S,1'R)-14aa

31a
5 t OH .| NOyX-OMe-5aa  100% TEMPO >99 : 1
N Bu Bui NO,-XpX.-OMe-25a 100% TEMPO 76 : 24
: ' NO,-X_ -OMe-5aa 100% BHT >99 : 1
; | NO,-XpX.-OMe-25a  100% BHT 79 : 21
! | NO,-XpX_-OMe-25a 50% TEMPO 77 : 23
. TEMPO BHT . NOyXpX-OMe-25a  50%BHT 78 : 22

Scheme 17. Model reaction employing the catalysts NO,-X -OMe-5aa and NO,-XpX, -OMe-25a
in the presence of TEMPO or BHT radical scavengers.

4.3.2. Mechanistic proposal based on sigmatropic rearrangements

The group of Roman et al. reported the acetylation of nitronates derived from primary
or secondary nitroalkanes bearing hydroxy groups.” The authors proposed the
reaction mechanism gathered in Scheme 18. According to this proposal, sodium
nitronate salt 38 would react to form the mixed carboxylic-nitronic anhydride 39 which
could be subjected to a N->C acetate migration to produce nitrosoderivative 41,
probably through the cyclic intermediate 40. This latter intermediate could tautomerize
to oxime 42. Finally, an intramolecular rearrangement would lead to the hydroxamic
acid derivative 43 that in turn could be acetylated to yield the final product 44. A
secondary product formed by 1,2-elimination was also proposed by the authors to give

O-acyl ketene oxime 45, precursor of nitrile 46.
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Ac O/\)J\ N _OAc 46 N
H
43 T AcO 39

AcO” >=C=N-OAc
Lo " 1
o o oo

AcO 42 /k AcO 4

AcO 41

Scheme 18. Proposed reaction mechanism by Roman et al. for the acetylation of nitronates
(see reference 19).

In order to assess the possible participation of a related mechanism in the reaction
between cyclohexanone 11a, nitrostyrene 4a and benzoic anhydride 47, this process
was carried out in the presence of NO,-X -OMe-5aa and benzoic acid as additive
(Scheme 19). Nevertheless, this reaction did not lead to any kind of cyclization or

Michael addition product after 4 days of reaction time.

0]

é Ph/\/ NO, QH /OBZ (@] Ph
NO,-X; -OMe-5aa (20 mol%) N NO,
11a + 4a > Oi):o + é)\/
o O PhCO,H (20 mol%) -
Ph)J\O)J\Ph neat, 45 °C, 0% conv Ph
47 (3S,3aR,7aS)-24aaa (2R,1'S)-14aa

Scheme 19. Reaction between cyclohexanone 11a, nitrostyrene 4a and benzoic anhydride 47
in the presence of NO,-X -OMe-5aa catalyst and benzoic acid as additive.

However, based on these mechanistic studies and supported by our experimental
results, the mechanism depicted in Scheme 20 was postulated. First of all, the catalyst
interacts with ketone 11a to produce nucleophilic enamine intermediate 49.
Nucleophilic addition to nitroalkene 4, produces (as proposed before) the
carboxylic-nitronic anhydride 51. This, via carbocationic intermediate 52 would perform

the N->C benzoate migration to yield the nitrosoderivative 53. Tautomerization to
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oxime 54, followed by another rearrangement would give hydroxamic acid derivative 55
which could perform the last nucleophilic attack onto the iminium to release the
cyclization product 24 and recover the catalyst for a new cycle. Alternatively, the
release of catalyst could take place from 55 to yield the ketone form, from which the
nucleophilic attack in the carbonyl group could form 24. The feasibility of this

mechanism is under study in our laboratory.

OQN/ Ph Ph
= N:.. CO,Me
Ph N
/g 02N N o NMe
O = Ph 25a
[?] OZN/’ Ph
e
ON Ph="\ " ~CO,Me
11a H 5aa
+
02N N —— N 02N

wH O

NO
55 A N2
49 4
O5N
N
N Ar R /gHydrogen bond)
N N A 0O R
=~ OH O-N % I+ --OH
2 e
54 + .
* 7 % N\ N\
0N O |ON_
O—&+
+ —
N Ar o 52 R N Ar
* N 0 /N
0~ )\

Scheme 20. Plausible reaction mechanism base on a double benzoate migration.

A last experiment was carried out in order to shed some light on the nature of the
reaction mechanism. For that purpose nitroalkene 4m was employed because it would
not allow the rearrangement shown in Scheme 20 and maybe, an intermediate type 53
could be isolated. Therefore, cyclohexanone 11a, nitroalkene 4m and benzoic acid 31a
were allowed to react in the presence of NO,-XpX -OMe-25a catalyst. Not only the

formation of the lactam was impeded but also no Michael product was obtained.
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e} O Ph
0 NO,-XpX; -OMe-25a (10 mol%) A NO,
¥ Ph/ﬁ/ NO2 + L :
Ph OH  neat, rt, 0% conv
11a 4m 31a 14am

Scheme 21. Reaction between cyclohexanone 11a, nitroalkene 4m and benzoic acid 31a in the
presence of NO,-XpX -OMe-25a catalyst.

4.4. Follow up chemistry. Hydrogenation

In order to explore to the versatility of these new compounds, a catalytic hydrogenation
reaction was of choice. It was performed onto the N-benzoyloxylactam
(3S,3aR,7aS)-24aaa in a flow reactor at 50 °C employing a Pd/C heterogeneous

catalyst. This reaction gave lactam 56aa as the sole product in 76% yield (Scheme 22).

SR H
OZN): H. (30 bar), Pd/C OiN):
0] > 0]
4 MeOH, 50 °C, 1mL/min 4
Ph 76% Ph
(3S,3aR,7aS)-24aaa (3S,3aR,7aR)-56aa

Scheme 22. Catalytic hydrogenation onto the N-benzoyloxylactam (3S,3aR,7aS)-24aaa
substrate.
The absolute configuration of bicyclic y-lactam 56aa was determined by X ray
diffraction analysis. The structure shows that both fused cycles are in cis- disposition
(Figure 5).

Figure 5. ORTEP drawing of (3S,3aR,7aR)-56aa.
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From these results it can be concluded that the structural diversity of densely
substituted proline derivatives confers new catalytic properties on these compounds.
Not only the densely substituted pyrrolidines 5aa have been able to construct lactams
24 in a selective manner, but also vy-dipeptides NO,-X X -OMe-25a and
NO,-XpX -OMe-25a promoted the reaction with a reduced catalytic load and with full
enantiocontrol, at the expense of a lower chemoselectivity. If a reduction would be
possible on the hydrogenated substrate 56aa, then, it will open a door to synthesize a

large variety of enantiopure 3-aryl octahydroindoles.

4.5, Total and formal syntheses of pancracine alkaloid

(-)-Pancracine 57 belongs to the montanine-type Amaryllidaceae alkaloids®® and
incorporates a pentacyclic 5,11-methanomorphanthridine nucleus in its structure. The
first members of these alkaloids, such as (-)-pancracine 57, (-)-montanine 58,
(-)-manthine 59, (-)-coccinine 60 or (-)-brunsvigine 61, differing only in the
stereochemistry of the C2 and C3 oxygen substituents at the E ring?', were isolated by
Wildman and co-workers in 1955 from various plant species as Pancratium amritimum,
Narcissus poeticus and Brunsvigia cooperi (see Table 3).?2 These polycyclic alkaloids
have been reported as biologically important compounds with promising biological

activities such as antidepressant, anxiolytic and anticonvulsant-type effects.?

Table 3. Selected structures of montanine-type Amaryllidaceae alkaloids.

alkaloid

(-)-pancracine 57
2 H OMe OH H (-)-montanine 58
3 H OMe OMe H (-)-manthine 59
4 OMe H OH H (-)-coccinine 60
5 H OH H OH (-)-brunsvigine 61

These natural products interesting possess synthetic challenges due to their distinctive

A-E pentacyclic structure. Several groups have achieved several total and formal
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syntheses (both in a racemic or enantioselective manner) towards pancracine 57

(Table 4). In this discussion, only those from 2010 are reviewed."

Table 4. Compilation of pancracine’s total and formal syntheses from 1991 until 2013.

year authors alkaloid induction  ref
4 TOTAL SYNTHESES
1991 Overman & Shim racemic 24
1991 Hoshino racemic 25
1993 Overman & Shim (=) and racemic 26
1997 Weinreb & Jin (-) 27
2013 Fan (-) 28
7 FORMAL SYNTHESES
1993 Hoshino racemic 29
1999 Ikeda racemic 30
2001 Banwell racemic 31
2005 Pandey racemic 32
2005 Chang (+) 33
2009 Hashimoto (=) 34
2010 Pansare (=) 35

The total synthesis of (-)-pancracine reported by Fan et al.?

Fan et al. approached the synthesis of (-)-pancracine 57 and four other montanine-type
alkaloids through a biologically inspired strategy based on the stable cherylline-type
precursor 62. The key step was the tandem oxidative dearomatization/intramolecular
aza-Michael addition shown in Scheme 23. Hypervalent-iodine-mediated phenol
dearomatization with Phl(OAc), as oxidant gave rise to the precursor 62. A smooth
tandem oxidative dearomatization/intramolecular aza-Michael reaction yielded the

chiral intermediate 63 with total enantiocontrol and good yield.

' Note: Dr. Rajinikanth Lingampally, from the Memorial University of Newfoundland in Canada,
nicely gathered in his PhD thesis “Studies on Guanidinyl Pyrrolidine Catalyzed Conjugate
Additions and Synthesis of (—)-Pancracine and (+)-Ipalbidine” disserted in April 2011, all the
different synthetic routes (total and formal syntheses) towards pancracine until the year 2009.
His dissertation text is available free of charge via the Internet at
http://collections.mun.ca/PDFs/theses/Lingampally Rajinikanth.pdf
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MeO
Phl(OAc),
CF;CO,H

0 MeOH, -20 °C
<O NH 61%, 99% ee

(gram scale)

Scheme 23. Bioinspired tandem dearomatization/intramolecular aza-Michael addition.

The formal synthesis of (-)-pancracine reported by Pansare et al.*®

These authors reported the stereoselective synthesis of (-)-pancracine advanced
intermediate 69. The key steps consisted of transformation of y-nitroketone 14gp into
the cis-fused 3-aryloctahydroindole 67 (Scheme 24). 14gp was obtained via
organocatalyzed Michael addition between ketone 11g and nitrostyrene 4p aided by
the pyrrolidine-based organocatalyst 64 in high yield and enantioselectivity. Then, to
promote the C-N assembly, 14gp was reduced with L-Selectride providing the axial
nitro alcohol 65. A modified Mitsunobu reaction onto 65 followed by hydrolysis of the
nitrobenzoate produced the equatorial alcohol 66 as single diastereomer. Mesylation of
the hydroxyl group provided the active precursor for the cyclization. Later, reduction of
the nitro group gave, via an Sy2-reaction, the final cis-octahydroindole 67 in high vyield.
A Pictet-Spengler type cyclization occurred when 67 was treated with formaldehyde.
Removal of the acetal protecting group furnished the methanomorphanthridine 68 in
good yield. Further oxidation with DDQ, as described by Hoshino®, resulted in the
formation of 69 which is an advanced intermediate in the total synthesis described by

Overman (see Scheme 25).

181



Chapter 4

L R X
N
o H 64 |
64 (20 mol%)
N0, MeSOsH (20 mol%) NO, O,N . O/>
" = 0]
DMF, rt, 60 h
oo o oo
L o/ 90%, 89% ee t4gp O
11g 4p (syn:anti >95:5) LI(SBU)3BH
THF, -78 °C
40 min, 83%
0\
(0]
1) MsCl, Et3N 1) PhzP, DMEAD
-78 OC1 to rt1 2 h PNBA, 0 OC tO rt, 3 h
H 0]
2)Fe, NH,Cl  OyN 2) NaOH O:N
EtOH, 80 °C O THF/H,0, rt, 3h
4 h, 97%, 2 steps HO 58%, 2 steps
PN 66
Q" o
1) HCOH (37%), MeOH o
H O/> Et3N, rt, 15 min N g
(o) 2) HCI, MeOH, rt g)ilngane
” 10 h, 58%, 2 steps reflux
H

1h, 62%
(3R,3aS,7aS)-67

H
(-)-pancracine 57

Scheme 24. Synthesis of cis-octahydroindole 67 and conversion to (-)-pancracine intermediate
69.

The total synthesis of (-)-pancracine reported by Overman et al.?®

Overman et al. reported the total synthesis of (-)-pancracine 57 by means of
enolsilyllation of 69 with TMSOTf towards dienoxysilane 70 in excellent yield. This
intermediate was then treated with catalytic amounts of OsO, in the presence of
N-methylmorpholine N-oxide giving a-hydroxyketone 71 in high yield. Last reduction

with sodium triacetoxyborohydride afforded (-)-pancracine 57 in 65% yield.
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O OTMSOTT, Et3N

Et,0, -60 °C, 91%

0s0,4, NMMO O NaBH4 HOAc O
py, 'BUOH, rt, 5h OH ACN, -40°C
89% 20h, 65%

4l (-)-pancracine 57

Scheme 25. Total synthesis of (-)-pancracine 57 starting from intermediate 69 according to the
procedure described by Overman.

4.6. Formal synthesis of (+)-pancracine via organocatalyzed lactamization

reaction

The novel cyclization reaction leading to bicyclic y-lactams 24 and the successful
transformation of (3S,3aR,7aS)-24aaa into (3S,3aR,7aS)-56aa (Scheme 22) suggested
a new synthetic route towards (+)-pancracine 57. This formal synthesis could be
achieved thought several modifications performed on lactam (3S,3aR,7aS)-24gpa
(Scheme 26). Hydrogenation of precursor 24gpa would simultaneously remove the
hydroxy and benzoyloxy groups to give 56gp. Subsequent reduction of the amide
group would provide 67, which is the enantiomer of the advanced intermediate in the

synthesis of (-)-pancracine by Pansare et al.
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Pansare |ntermed|ate 67 56gp (3S,3aR,7aS)- 24gpa
Scheme 26. Lactam precursor (3S,3aR,7aS)-24gpa towards the formal synthesis of

(+)-pancracine 57.

Ketone 11g, nitroalkene 4p and benzoic acid 31a were employed to carry out the
synthesis of lactam 24gpa. In first instance, a screening was carried out to find the best
catalyst for the process. NO,-X -OMe-5aa, NO.-X X -OMe-25a and
NO,-XpX -OMe-25a were tested with different catalytic loads (10 to 30 mol%) and
solvents, such as chloroform, dicloromethane, THF, dioxane or toluene, in
temperatures ranging from room temperature to 70 °C (Table 5). In none of the cases
any Michael adduct was observed. NO,-X, -OMe-5aa catalyst was only efficient when
30 mol% of catalytic load was employed at 45 °C, reaching 80% conversion of lactam
24gpa with total enantiocontrol, after four days of reaction time (entries 1 and 2). The
best result was obtained under 20 mol% of NO,-X X -OMe-25a in toluene at 45°C
(entry 3). Under these conditions, lactam (3S,3aR,7aS)-24gpa was achieved with total
conversion, high yield and full enantiocontrol. On the contrary, NO»-XpX -OMe-25a
required 70 °C to get 80% conversion and 60% of enantiomeric excess after three days

of reaction time (entry 4).
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Table 5. Cyclization reaction between ketone 11g, nitroalkene 4p and benzoic acid 31a
employing NO,-X.-OMe-5aa, NO,-X, X -OMe-25a and NO,-XpX, -OMe-25a catalysts.?

Ph
o) OH p/&o
X NO, = -N
Q/\/ o) catalyst (X mol%) 0] 0
+ + </ 4
o} HO™ “Ph toluene, T, 3 days o -
ASe) ogiNe)
_/
6]
4p 11g 31a O
(3S,3aR,7aS)-24gpa
entry catalyst load T (°C) yield (%)°  ee (%)°
(mol %) (%)°
1 NO,-X -OMe-5aa 30 25 28° - -
2 NO>-X_ -OMe-5aa 30 45 80° 64 >99
3 NO,-X X -OMe-25a 20 45 >99 82 >99
4 NO,-XpX -OMe-25a 20 70 80 27 -60

®Reactions were monitored by 'H NMR. °Conversions were measured by 'H NMR.
°Yields refer to isolated pure lactam. “Enantiomeric excesses measured by HPLC
correspond to the major lactam (3S,3aR,7aS)-24gpa. °Conversion measured after four
days.
Once (3S,3aR,7aS)-24gpa was obtained, the formal synthesis of (+)-pancracine 57
alkaloid was pursued (Scheme 27A). The first step consisted of the catalytic
hydrogenation of N-benzoyloxylactam (3S,3aR,7aS)-24gpa. This reaction was carried
out in a hydrogenation flow reactor at 50 °C employing a Pd/C catalyst cartridge. Also,
methanol/dioxane 1:1 solvent mixture was necessary due to the insolubility of
(3S,3aR,7aS)-24gpa in pure methanol. In this case, the major desired lactam
(3S,3aR,7aR)-56gp was successfully achieved. However, other three minor products
were observed: (3S,3aS,7aS)-56gp, (3S,3aR,7aS)-56gp and racemic lactam 72 in
84:6:3:7 ratio (Scheme 27A).
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Scheme 27. Formal synthesis of (+)-pancracine §7: A) hydrogenation step and B) reduction
step.*38%o0f (3S,3aR,7aR)-56gp was recovered from the reaction mixture.

The presence of these isomers may indicate the transient formation of a double bond
between C3a-C7a, C7—C7a or C7a—N atom pairs during the reaction course. On the
other side, lactame 72 could arise from a previous pyrrole formation. The purification
was carried out by means of semipreparative HPLC technique due to the failure of
isomers separation under standard column chromatography conditions. The performed
HPLC filled with a chiral column (see experimental section) provided lactam
(3S,3aR,7aR)-56gp in 72% yield. The chief geometric features and stereochemistries
of compounds (3S,3aS,7aS)-56gp, (3S,3aR,7aS)-56gp and 72 were verified by X ray

diffraction analysis (Figure 6).
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A)

Figure 6. ORTEP drawings of: A) (3S,3aS,7aS)-56gp, B) (3S,3aR,7aS)-56gp and C) rac-72.

Once lactam (3S,3aR,7aR)-56gp was isolated, it was reduced with the LiAIH4/AICI;
system (Scheme 27B).* Amine (3S,3aR,7aR)-67 was obtained in 43% vyield and 58%
conversion after 16 hours of reaction at room temperature. Longer reaction times
produced a degradation of the final product. Nevertheless, the starting
(3S,3aR,7aR)-56gp amide could be recovered in 38% yield, which allows to be used in
a second reduction reaction. The obtained'H NMR spectrum of amine (3S,3aR,7aR)-67
was coincident with the published data for its enantiomer (3R,3aS,7aS)-67.% Therefore,
this organocatalytic reaction permits the formal total synthesis of (+)-pancracine 57.
The only formal synthesis towards (+)-pancracine 57 described till date was proposed

by Chang,*®in which trans-4-hydroxyproline was used as chiral template.
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4.7.

Conclusions

From the experimental studies discussed along this chapter, the following conclusions

can be drawn:

188

An unprecedented multicomponent organocatalytic reaction consisting of
cyclization between cyclohexanone 11a, nitrostyrene 4a, and benzoic acid 31a
to provide 7a-hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl benzoate as a
product.

4-Nitro densely substituted monomeric NO,-X -OMe-5aa, NO,-X X, -OMe-25a
and NO,-XpX_ -OMe-25a dimeric compounds resulted to be the most efficient
organocatalysts in this novel cyclization reaction.

While NO,-X_ -OMe-5aa provided exclusively the lactamization product with high
enantiomeric excesses, NO,-X X -OMe-25a and NO,-XpX -OMe-25a dimers
provided the lactam product with total enantiocontrol (except in the case of
24aga) always in the presence of the corresponding Michael adducts.

The stereocontrol at C3 and C3a centres match those found for the
corresponding Michael adduct using the same catalyst.

A wide range of acids were tested in the reaction such as mono and double
carboxylic acids, thiobenzoic acid, phenol, phosphinic, phosphonic acids and
phosphonates. Among these, aromatic and aliphatic carboxylic acids were able
to promote the lactamization reaction.

Heteroatom-containing aromatic nitroalkenes were tested giving lactams in
different ratios with respect to the Michael adduct.

Several cyclohexanones and related (thio)tetrahydropyranones were the most
satisfactory nucleophiles in the process. Acyclic ketones or other cyclic ketones
such as pentanone and cyclopentanone provided the corresponding Michael
products only.

Hydrogenation onto Pd/C catalyst of 7a-hydroxy-2-oxo-3-
aryloctahydro-1H-indol-1-yl benzoates permits their transformation into
cis-3-aryloctahydroindoles, as both the hydroxy at C7a position and benzoate
groups are removed in one preparative step.

This reaction allowed the first organocatalytic concise formal synthesis of an

advanced intermediate towards (+)-pancracine 57.
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4.8. Experimental section

General Remarks. See Chapter 2 section 2.8.

Synthesis of lactams

A reaction mixture of nitroalkene 4 (0.1 mmol), ketone 11 (0.8 mmol), the corresponding
carboxylic acid 31 (0.11 mmol) and catalyst NO,-X -OMe-5aa (6.5 mg, 0.02 mmol)
NO,-X X -OMe-25a or NO,-XpX -OMe-25a (6.05 mg, 0.01 mmol) was stirred at room
temperature or 45 °C (for NO,-X_ -OMe-5aa catalyst). The progress of the reactions were
monitored by TLC with EtOAc:Hexane elution mixtures. After consumption of the nitroalkene,
the crude product was purified by column chromatography over silica gel using EtOAc:Hexane
system as eluent to provide the Michael addition product first followed by the lactam product
(elution order). TLC plates were stained with vanillin. Michael products showed blue colour and

lactam products produced pink spots.

Nomenclature: For a better assignment of protons on NMR spectra, the IUPAC carbon order in
octahydroindole-type rings has been used. The following lactam structures follow the same

pattern.

o) (3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl  benzoate
ph/( (24aaa). NO,-X X -OMe-1a was employed as catalyst. Yield: 21.77 mg,
= 62%, white solid. m, = 148-149 °C. [a]p”° = -36.05 (c 0.35, CHCls). FTIR
20 (neat, cm™) 3313, 1761, 1698, 1234, 1068, 1052, 1011, 702. "H NMR (400

sa =3 MHz, CDCl;) 6 8.11 (d, J = 7.8 Hz, 2H, ArH), 7.64 (t, J = 7.4 Hz, 1H, ArH),
7.48 (t, J=7.7 Hz, 2H, ArH), 7.34 (dqg, J = 15.2, 7.7 Hz, 5H, ArH), 3.53 (d, J
= 9.7 Hz, 1H, C°H), 3.17 (s, 1H, OH), 2.45 (t, J = 7.3 Hz, 1H, C*H), 2.22 (q, J = 5.3 Hz, 1H,
C’H), 1.88 — 1.78 (m, 1H, C*H), 1.67 (m, 4H, C*H, C°H, C°H and C'H), 1.51 (m, 2H, C°H and
C®H). ®C NMR (101 MHz, CDCl;) 5 169.5, 165.2, 136.9, 134.4, 130.4, 129.0, 128.8, 128.7,
127.7, 126.8, 88.9, 49.7, 47.5, 32.6, 23.7, 21.1 (2 signals). HRMS (ESI) for Cy1HxNOs:
calculated [M - H,O + H]": 334.11443. Found: 334.1440. HPLC (Daicel Chiralpak IB,
hexane/PrOH = 90:10, flow rate 1.0 mL/min, A = 210 nm), tg (minor) = 15.67 min,

tr (major) = 20.17 min; ee = >99%.
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(3R,3aS,7aR)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl

Yield: 22.47 mg, 64%. [a]p>

Time

Area

% Height

% Area

1 [14.519

81153019

100.00

100.00

M
.||O
T i
_U\\‘ Z\o O
>

190

benzoate
(ent-24aaa). NO,-XpX -OMe-4a was employed as catalyst. Analytical and
spectroscopic properties were coincident with the previously reported data.
+41.13 (c 0.15, CHCI3). HPLC (Daicel
Chiralpak B, hexane/PrOH = 90:10, flow rate 1 mL/min, A = 210 nm),

tr (major) = 14.52 min; ee = <-99%.

(3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl 4-
fluorobenzoate (24aab). NO,-X X -OMe-1a was employed as catalyst.
Yield: 18.46 mg, 50%, white solid. m, = 159-160 °C. [a]p>
(c 0.45, CHCI,). FTIR (neat, cm™) 3314, 1763, 1701, 1238, 1068, 1051,
755. 'H NMR (400 MHz, CDCl;) & 8.16 (dd, J = 8.4, 5.2 Hz, 2H, ArH),
7.46 — 7.26 (m, 5H, ArH), 7.18 (t, J = 8.5 Hz, 2H, ArH), 3.56 (d, J = 9.7
Hz, 1H, C°H), 3.23 (s, 1H, OH), 2.47 (t, J = 7.0 Hz, 1H, C*H), 2.32 — 2.17 (m, 1H, C'H), 1.95 —
1.80 (m, 1H, C*H), 1.80 — 1.63 (m, 4H, C*H, C°H, C°H and C'H), 1.61 — 1.48 (m, 2H, C°H and
C°H). *C NMR (101 MHz, CDCl3) 5 169.6, 166.63 (d, “Jcr = 256.3 Hz)], 164.2, 136.8, 133.16
(d, %Jor = 9.6 Hz), 129.1, 128.7, 127.8, 123.07 (d, “Jcr = 3.2 Hz), 116.16 (d, *Jcr = 22.2 Hz),
88.9, 49.6, 47.5, 32.5, 23.6, 21.0 (2 signals). HRMS (ESI) for C,Hy;FNO4Na: calculated
[M + NaJ": 392.1274. Found: 392.1269. HPLC (Daicel Chiralpak IB, hexane/PrOH = 90:10, flow
rate 1.0 mL/min, A = 210 nm), tg (major) = 25.02 min; ee = >99%.

= -28.34
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Time |Area % Height |% Area Time |Area ”% Height |% Area

1 [12.971 49160238 |58.59 55.60 1 125.023 |125605278|100.00 |100.00

2 |24.643 39252427 (41.41 44.40

0 (3R,3aS,7aR)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl 4-
fluorobenzoate (ent-24aab). NO,-XpX -OMe-4a was employed as

F/Qﬁfo catalyst. Analytical and spectroscopic properties were coincident with
( "tho the previously reported data. Yield: 25.47 mg, 69%. [ox]D25 = +29.86

W (c 0.51, CHCI3). HPLC (Daicel Chiralpak IB, hexane/PrOH = 90:10, flow

rate 1.0 mL/min, A =210 nm), tg (major) = 12.64 min, tg (minor) = 23.98

min; ee = <-99%.

Time |Area % Height (% Area

1 [12.640 |99795596 |99.68 99.78
2 |23.976 216343 0.32 0.22
0 (3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl 4-
/@/Z( methoxybenzoate (24aac). NO,-X; X -OMe-4a was employed as
O
MeO QHN catalyst. Yield: 20.20 mg, 53%, white solid. m, = 160-161 °C.

O/\):o [a]p®® = -47.28 (c 0.54 CHCI;). FTIR (neat, cm™) 3302, 1753, 1692,

1246, 1164, 1016, 991. 'H NMR (400 MHz, CDCl;) 8 7.98 (d, J = 8.5

Hz, 2H, ArH), 7.43 — 7.09 (m, 5H, ArH), 6.86 (d, J = 8.5 Hz, 2H,
ArH), 3.80 (s, 3H, OMe), 3.45 (d, J = 9.6 Hz, 1H, CH), 3.25 (s, 1H, OH), 2.52 — 2.24 (m, 1H,
C¥H), 2.23 — 2.08 (m, 1H, C'H), 1.82 — 1.70 (m, 1H, C*H), 1.69 — 1.53 (m, 4H, C*H, C°H, C°H
and C'H), 1.53 — 1.33 (m, 2H, C°H and C°®H). *C NMR (101 MHz, CDCl;) 5 169.5, 164.9, 164.5,
137.0, 132.7, 129.0, 128.9, 128.8, 127.7, 118.8, 114.1, 88.9, 55.7, 49.7, 47.5, 32.6, 23.7, 21.1
(2 signals). HRMS (ESI) for C,,H3NOsNa: calculated [M + Nal™: 404.1474. Found: 404.1477.
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HPLC (Daicel Chiralpak 1B, hexane/PrOH = 80:20, flow rate 1.0 mL/min, A = 210 nm),

tr (major) = 18.67 min; ee = >99%.

Time |Area % Height |% Area Time |Area ...% Height % Area

-—

13.249 14808086 |62.56 54.03 1 |18.667 |104735105/100.00 |100.00

2 [19.996 4090627 |37.44 45.97

0 (3R,3aS,7aR)-7a-Hydroxy-2-o0xo0-3-phenyloctahydro-1H-indol-1-yl 4-

/@J methoxybenzoate (ent-24aac). NO,-XpX -OMe-4a was employed as
MeO ,,IQHNP catalyst. Analytical and spectroscopic properties were coincident with
( ‘t\(zo the previously reported data. Yield: 25.16 mg, 66%. [a]p>° = +51.90

(c 0.85, CHCI3). HPLC (Daicel Chiralpak 1B, hexane/PrOH = 80:20,

flow rate 1.0 mL/min, A = 210 nm), tg (major) = 11.96 min,

tr (Minor) = 18.73 min; ee = -99%.

Time |Area % Height |% Area

1 [11.961 [121160691/99.38 99.51
2 [18.731 594740 0.62 0.49
0 (3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl  butyrate
/\/Z<O (24aad). NO.-X -OMe-1a was employed as catalyst with 2 equivalents of
OH ;

benzoic acid. Yield: 12.05 mg, 38%, white solid. m, = 134-135 °C.
[a]p®®= +5.06 (c 0.32 CHCI3). FTIR (neat, cm™) 3372, 1784, 1705, 1068.
'H NMR (400 MHz, CDCl3) 8 7.36 (t, J = 7.5 Hz, 2H, ArH), 7.27 (d, J = 10.2
Hz, 3H, ArH), 3.46 (d, J = 9.5 Hz, 1H, C°H), 2.63 (s, 1H, OH), 2.54 (td,
J=7.3,3.2 Hz, 2H, COCH,), 2.35 (t, J = 6.7 Hz, 1H, C**H), 2.12 (d, J = 10.2 Hz, 1H, C"H), 1.79
(m, 3H, C*H and CH,), 1.64 (dt, J = 12.9, 7.1 Hz, 4H, C*H, C°H, C°H and C"H), 1.50 (d, J = 10.6

\\-i pa
(@]

Ph
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Hz, 2H, C°H and C°H), 1.04 (t, J = 7.4 Hz, 3H, CH;). °C NMR (101 MHz, CDCl;) & 172.0,
169.1, 136.9, 129.1, 128.7, 127.7, 88.6, 49.7, 47.8, 33.6, 32.4, 23.8, 21.1, 21.0, 18.6, 13.7.
HRMS (ESI) for C4gH,3NO4Na: calculated [M + Na]™: 340.1525. Found: 340.1523. HPLC (Daicel
Chiralpak IB, hexane/PrOH = 95:5, flow rate 1.0 mL/min, A = 210 nm), tg (Minor) = 15.040 min,
tr (Major) = 32.238 min; ee = 96%.

Time |Area

"% Height

% Area

Time

Area

% Height

% Area

-—

14.762 (24599776

57.60

51.02

-

15.040

1913841

3.71

2.02

2 |31.362 |23615305

42.40

48.98

32.238

93050340

96.29

97.98

e (3R,3aS,7aR)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl

butyrate

(ent-24aad). NO,-XpX -OMe-4a was employed as catalyst. Analytical and
spectroscopic properties were coincident with the previously reported data.
Yield: 19.66 mg, 62%. [(J(]D25 =-5.44 (c 0.53, CHCI3). HPLC (Daicel Chiralpak

b IB, hexane/PrOH = flow rate 1.0 mL/min, A = 210 nm),
tr (Major) = 14.80 min; ee = <-99%.

Time |Area (% Height |% Area

1 [14.801 169845608 |100.00 100.00
NHBoc (3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl 3-((tert-
butoxycarbonyl)amino)hexanoate (24aae). NO>-X X -OMe-4a was employed
6H /O as catalyst. Yield: 22.09 mg, 48%, white solid. m, = 52-54 °C. [O(]D25 = +8.17
O/\N/EO (c 0.05, CHCI3). FTIR (neat, cm™) 3343, 1699, 1684, 1164, 696. '"H NMR
3 (500 MHz, CDCl3) 6 7.40 — 7.31 (m, 2H, ArH), 7.30 — 7.22 (m, 3H, ArH), 4.63

Ph

(s, 1H, NH), 3.45 (d, J = 9.7 Hz, 1H, C°H), 3.18 (s, 1H, OH), 3.14 — 3.05 (m,

2H, NHCH,), 2.55 (hept, J = 7.9, 7.3 Hz, 2H, COCH,), 2.44 — 2.30 (m, 1H, C*H), 2.19 - 2.10
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(m, 1H, C'H), 1.91 — 1.71 (m, 3H, C*H and CH,), 1.68 — 1.55 (m, 5H, C*H, C°H, C°H, C'H and
CH,), 1.56 — 1.46 (m, 5H, C°H, C°H and CH,), 1.43 (s, 9H, C(CHz)s). °C NMR (126 MHz,
CDCl3) & 171.7, 169.1, 156.2, 136.9, 129.0, 128.7, 127.7, 88.6, 79.3, 49.5, 47.5, 40.5, 32.6,
31.5, 29.6, 28.6, 26.0, 24.5, 23.5, 21.0 (2 signals). HRMS (ESI) for C,sH3sN,OgNa: calculated
[M + NaJ': 483.2471. Found: 483.2473. HPLC (Daicel Chiralpak IB, hexane/PrOH = 90:10, flow
rate 1.0 mL/min, A = 210 nm), tg (major) = 23.38 min; ee = >99%.

Time |Area  |% Height [% Area Time |Area  |% Height % Area
14.827 18739372 62.53  |56.69 1 |23.385 58249025 100.00  |100.00
2 26463 |14315018 37.47  |43.31

-—

NHBoc (3R,3aS,7aR)-7a-Hydroxy-2-oxo-3-phenyloctahydro-1H-indol-1-yl 3-((tert-

? butoxycarbonyl)amino)hexanoate (ent-24aae). NO,-XpX -OMe-4a was

6H p employed as catalyst. Analytical and spectroscopic properties were
(ll" N o coincident with the previously reported data. Yield: 24.39 mg, 53%. [0(]D25 = -
o 6.40 (c 0.25, CHCI3). HPLC (Daicel Chiralpak 1B, hexane/'PrOH = 90:10, flow

Ph rate 1.0 mL/min, A = 210 nm), tg (major) = 13.66 min; ee = <-99%.

Time |Area % Height |% Area

1 |13.657 |25817624 |100.00 |100.00

o) (3S,3aS,7aS)-7a-Hydroxy-2-oxo-3-phenylhexahydropyrano([4,3-b]pyrrol-
Ph/(o 1(4H)-yl benzoate (24aea). NO,-X -OMe-1a was employed as catalyst.
OH;

- Yield: 19.78 mg, 56%, white solid. m, = 156-157 °C. [a]p** = -29.65 (c 0.60,
OO/\):O CHCl,). FTIR (neat, cm™) 3365, 1770, 1709, 1238, 1041, 699. '"H NMR

(400 MHz, CDCl3) & 8.11 (d, J = 7.8 Hz, 2H, ArH), 7.65 (t, J = 7.6 Hz, 1H,
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ArH), 7.49 (t, J = 7.8 Hz, 2H, ArH), 7.34 (dq, J = 13.7, 7.2, 6.8 Hz, 5H, ArH), 3.95 (dt, J = 11.6,
4.0 Hz, 1H, C°H), 3.87 — 3.79 (m, 2H, C*H), 3.75 (d, J = 10.0 Hz, 1H, CH), 3.65 — 3.48 (m, 2H,

C°®H, OH), 2
11.3, 5.0 Hz

32 (d, J = 9.8 Hz, 1H, C¥H), 2.20 (d, J = 14.1 Hz, 1H, C"H), 2.04 (ddd, J = 14.6,
, 1H, C"H). *C NMR (101 MHz, CDCl3) 5 169.8, 165.3, 136.1, 134.6, 130.5, 129.2,

128.9, 128.8, 128.0, 126.6, 86.4, 64.4, 64.2, 48.2, 47.5, 33.3. HRMS (ESI) for CyHgNOsNa:
calculated [M + Na]": 376.1161. Found: 376.1157. HPLC (Daicel Chiralpak IB, hexane/PrOH =
90:10, flow rate 1.0 mL/min, A = 210 nm), tg (minor) = 18.45 min, tg (Mmajor) = 22.82 min; ee =

95%.

Time |Area % Height |% Area Time |Area ”'%Heigh.t % Area
1 |17.228 |31592149 [54.19 50.97 1 [18.454 |2281962 |2.88 2.43
2 [22.056 [30388854 |45.81 49.03 2 |22.821 |91613693 |97.12 97.57

0]

h
oH 9

(3R,3aR,7aR)-7a-Hydroxy-2-oxo-3-phenylhexahydropyrano[4,3-b]pyrrol-
1(4H)-yl benzoate (ent-24aea). NO,-XpX -OMe-4a was employed as

catalyst. Analytical and spectroscopic properties were coincident with the

CHCI;). HPLC (Daicel Chiralpak 1B, hexane/PrOH = 90:10, flow rate 1.0
mL/min, A =210 nm), tg (major) = 16.92 min; ee = <-99%.

pr—
/
K"" N o Previously reported data. Yield: 24.01 mg, 68%. [a]o® = +30.51 (c 0.74,
O\\\\‘
Ph

Time

Area % Height % Area

1 [16.922

119236811/100.00  |100.00
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pn—

(3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenylhexahydrothiopyrano [4,3-b]pyrrol-
1(4H)-yl benzoate (24afa). NO,-X -OMe-4a was employed as catalyst.
4 Equivalents of ketone and 100 uL of CH,Cl, were added. Yield: 26.21 mg,
71%, white solid. m, = 165-167 °C. [a]p”* = -3.65 (c 0.65, CHCI5). FTIR (neat,
cm™) 3289, 1758, 1700, 1687, 1240, 1068, 703. '"H NMR (400 MHz, CDCl5)
58.10 (d, J=7.8 Hz, 2H, ArH), 7.65 (t, J=7.6 Hz, 1H, ArH), 7.48 (t, 1= 7.8

Hz, 2H, ArH), 7.34 (dt, J = 24.3, 7.7 Hz, 5H, ArH), 4.12 (d, J = 10.5 Hz, 1H, C°H), 3.44 (s, 1H,
OH), 3.17 (dd, J = 14.4, 4.1 Hz, 1H, C*H), 2.82 — 2.68 (m, 1H, C°H), 2.66 — 2.44 (m, 4H, C**H,
C*H, C°H and C'H), 2.12 — 1.99 (m, 1H, C'H). *C NMR (101 MHz, CDCl;) & 169.3, 165.4,
136.0, 134.6, 130.5, 129.2, 128.9, 128.9, 128.0, 126.6, 87.6, 47.9, 47.8, 33.9, 25.5, 24.0. HRMS
(ESI) for CyH1gNO,SNa: calculated [M + Na]™: 392.0933. Found: 392.0934. HPLC (Daicel
Chiralpak IB, hexane/PrOH = 90:10, flow rate 1.0 mL/min, A = 210 nm), tg (minor) = 17.39 min,
tr (Major) = 20.39 min; ee = 97%.

S —— rerraraTeasreToETrarraeaEraeree e -

Time |Area

% Height |% Area Time |Area % Height |% Area

-—

17.149 149080189 |54.07 50.69

-—
N
N
w
(o]
-

1425824 |2.56 1.61

2 |20.835 |47741546 |45.93 49.31 2 |20.392 86951843 |97.44 98.39

6]

pn—4

OH®

o 0

S\\\\‘
Ph

(3R,3aS,7aR)-7a-Hydroxy-2-o0xo-3-phenylhexahydrothiopyrano [4,3-b]pyrrol-
1(4H)-yl benzoate (ent-24afa). NO,-XpX, -OMe-4a was employed as catalyst.
4 Equivalents of ketone and 100 uL of CH,Cl, were added. Analytical and
spectroscopic properties were coincident with the previously reported data.
Yield: 25.10 mg, 68%. [a]p® = +7.27 (c 0.75, CHCl;). HPLC (Daicel
Chiralpak 1B, hexane/PrOH = 90:10, flow rate 1.0 mL/min, A =210 nm), tg

(major) = 16.56 min; ee = <-99%.
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Time

Area

"% Height

% Area

1 |16.562 |159007291/100.00 |100.00
0 (3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-phenylhexahydrospiro

=)
O

4

OH P

N
0 0
Ph

[indole-5,2'-
[1,3]dioxolan]-1(4H)-yl benzoate (24aga). NO,-X, -OMe-1a was employed
as catalyst. 4 Equivalents of ketone and 100 pL of CH,Cl, were added.
Yield: 25.37 mg, 62%, white solid. m, = 192-193 °C. [a]” =-19.37
(c 1.45, CHCI3). FTIR (neat, cm™) 3328, 1778, 1698, 988, 696. 'H NMR

(400 MHz, CDCl3) 6 8.12 (d, J = 7.7 Hz, 2H, ArH), 7.63 (d, J = 7.7 Hz,
1H, ArH), 7.49 (t, J = 7.7 Hz, 2H, ArH), 7.33 (dd, J = 22.6, 7.3 Hz, 5H, ArH), 4.10 (d, J = 11.1
Hz, 1H, C°H), 4.07 — 3.92 (m, 4H, O(CH,),0), 3.10 (s, 1H, OH), 2.56 (t, J = 8.3 Hz, 1H, C*H),
2.31(d, J = 14.0 Hz, 1H, C'H), 2.16 — 1.98 (m, 2H, C*H and C"H), 1.92 — 1.83 (m, 1H, C°H),
1.78 (m, 2H, C*H and C°H). *C NMR (101 MHz, CDCl,) & 169.5, 165.3, 136.7, 134.5, 130.5,
129.1, 128.9, 128.8, 127.8, 126.8, 108.3, 88.1, 64.7, 64.3, 50.2, 48.6, 31.1, 30.3, 29.7. HRMS
(ESI) for Ca3H,3NOgNa: calculated [M + Na]™: 432.1423. Found: 432.1409. HPLC (Daicel
Chiralpak IC, hexane/PrOH = 70:30, flow rate 1.0 mL/min, A = 210 nm), tg (major) = 14.12 min,
tr (Minor) = 18.25 min; ee = 95%.

% Height

Time |Area % Area
1 |13.384 30774155 [51.00 48.60
2 |16.872 |32546748 [49.00 51.40

% Height |% Area

Time
1 [14.117 |17645855 |97.76 97.49
2 |18.249 453646 2.24 2.51

197




Chapter 4

0 (3R,3aS,7aR)-7a-Hydroxy-2-oxo-3-phenylhexahydrospiro [indole-5,2'-

h/(o [1,3]dioxolan]-1(4H)-yl benzoate (ent-24aga). NO,-XpX -OMe-4a was
OH ;

P
N employed as catalyst. 4 Equivalents of ketone and 100 pyL of CH,CI,
O\Ji ‘tfo were added. Analytical and spectroscopic properties were coincident with
&o . the previously reported data. Yield: 29.87 mg, 73%. [a]p?® = +20.56 (c
0.64, CHCI;); HPLC (Daicel Chiralpak IC, hexane/PrOH = 70:30, flow
rate 1.0 mL/min, A = 210 nm), tg (major) = 17.78 min; ee = -98%.

Time |Area  |% Height |% Area

-—

13.901 |727519 1.33 1.01

2 |17.777 |71443426 |98.67 98.99

0 (3S,3aR,7aS)-7a-Hydroxy-2-oxo-3-(p-tolyl)octahydro-1H-indol-1-yl  benzoate
Ph (24baa). NO,-X.-OMe-1a was employed as catalyst. Yield: 23.75 mg, 65%,
QHNP brown solid. m, = 135-136 °C. [a]p® = -17.22 (¢ 1.00, CHCl3). FTIR (neat,

cm™) 3363, 1765, 1698, 1238, 1062, 706. 'H NMR (400 MHz, CDCl;) & 8.12

(t, J = 7.9 Hz, 2H, ArH), 7.74 — 7.57 (m, 1H, ArH), 7.48 (td, J = 7.5, 4.2 Hz,

2H, ArH), 7.19 (q, J = 7.8 Hz, 4H, ArH), 3.51 (d, J = 9.6 Hz, 1H, C*H), 2.48 —

2.39 (m, 1H, C*H), 2.33 (s, 3H, Me), 2.28 — 2.14 (m, 1H, C'H), 1.85 (dt,

Me J=11.1,5.8Hz, 1H, C*H), 1.82 — 1.59 (m, 4H, C*H, C°H, C°H and C'H), 1.53

(d, J = 10.2 Hz, 2H, C°H and C°H)- "*C NMR (101 MHz, CDCl3) & 171.1, 169.8, 137.5, 134.4,

133.8, 130.5, 130.3, 129.7, 128.8, 128.6, 89.0, 49.4, 47.6, 32.5, 23.7, 21.2, 21.1 (2 signals)-

HRMS (ESI) for C,,H23NO4Na: calculated [M + Na]'™: 388.1525. Found: 388.1528- HPLC (Daicel

Chiralpak IC, hexane/PrOH = 70:30, flow rate 1.0 mL/min, A = 210 nm), tg (minor) = 26.71 min,
tr (major) = 30.19 min; ee = 95%.

\\“g ;
o
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Time

Area

" [% Height

% Area

% Height

Time |Area % Area
1 [24.930 |90624709 |53.90 52.29 1 |26.709 2835873 |2.77 2.49
2 |28.256 (82672456 |46.10 47.71 2 [30.105 |110929143|97.23 97.51
o) (3R,3aS,7aR)-7a-Hydroxy-2-oxo-3-(p-tolyl)octahydro-1H-indol-1-yl benzoate
Ph/z< (ent-24baa). NO,-XpX. -OMe-4a was employed as catalyst. Analytical and

spectroscopic properties were coincident with the previously reported data.
Yield: 21.91 mg, 60%. [a]p?° = +18.63 (c 0.6, CHCI;). HPLC (Daicel Chiralpak

IC, hexane/PrOH =

70:30,

flow rate

tr (Major) = 24.53 min; ee = <-99%.

Me
Time |Area  |% Height [% Area
1 |24.527 83469903 [100.00 |100.00

1.0 mL/min, A =

210 nm),

pn—(

0
T
Z-0

OMe

¢

(3S,3aR,7aS)-7a-Hydroxy-3-(4-methoxyphenyl)-2-oxooctahydro-1H-indol-1-
yl benzoate (24caa). NO.-X X -OMe-4a was employed as catalyst. Yield:
18.30 mg, 48%, white solid. m, = 106-107 °C. [a]>° = -12.13 (c 0.15, CHCls).
FTIR (neat, cm™) 3360, 1761, 1695, 1252, 1237, 1069, 1052, 1010, 828,
706. 'H NMR (400 MHz, CDCl5) & 8.13 (d, J = 7.8 Hz, 2H, ArH), 7.64 (t,
J=7.4Hz, 1H, ArH), 7.49 (t, J = 7.7 Hz, 2H, ArH), 7.25 (d, J = 8.9 Hz, 2H,
ArH), 6.91 (d, J = 8.3 Hz, 2H, ArH), 3.80 (s, 3H, OMe), 3.49 (d, J = 9.5 Hz,
1H, C°H), 2.88 (s, 1H, OH), 240 (t, J = 7.5 Hz, 1H, C¥H), 2.20 (,

J=9.0 Hz, 1H, C'H), 1.85 (dd, J = 10.7, 5.9 Hz, 1H, C*H), 1.67 (dd, J = 26.9, 15.2 Hz, 4H, C*H,
C°H, C°H and C'H), 1.53 (d, J = 10.3 Hz, 2H, C°H and C°H). *C NMR (101 MHz, CDCl;) &
169.7, 165.2, 159.2, 134.4, 130.5, 129.8, 128.9, 128.8, 126.9, 114.5, 88.9, 55.5, 49.0, 47.8,
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32.5, 23.8, 21.2, 21.1. HRMS (ESI) for C,,H3NOsNa: calculated [M + Na]™: 404.1474. Found:
404.1473. HPLC (Daicel Chiralpak IB, hexane/PrOH = 80:20, flow rate 1.0 mL/min, A = 210

nm), tg (Major) = 17.41 min; ee = >99%.

Time |Area % Height |% Area Time |Area % Height |% Area

-—

12.975 23251604 |59.28 54.93 1 [17.413 156550758 [100.00 |100.00

2 |16.525 [19078763 |40.72 45.07

0] (3R,3aS,7aR)-7a-Hydroxy-3-(4-methoxyphenyl)-2-oxooctahydro-1H-indol-1-

Ph/( yl benzoate (ent-24caa). NO,-XpX -OMe-4a was employed as catalyst.
,,,FJHNP Analytical and spectroscopic properties were coincident with the previously
( \ O  reported data. Yield: 22.87 mg, 60%. [a]p™ = +9.98 (c 0.50, CHCl3). HPLC

(Daicel Chiralpak IB, hexane/PrOH = 80:20, flow rate 1.0 mL/min, A = 210

nm), tz (Major) = 13.46 min; ee = <-99%.

OMe

Time |Area -‘% Height |% Area

—-—
—
w
N
»
w

40984009 |100.00 |100.00

0 (3S,3aR,7aS)-3-(4-Fluorophenyl)-7a-hydroxy-2-oxooctahydro-1H-indol-1-yl
Ph/z<O benzoate (24naa). NO,-X X -OMe-4a was employed as catalyst. Yield: 16.24
OH ;

=N mg, 44%, white solid. m, = 154-155 °C. [a]p?® = -17.57 (c 0.39, CHCl3). FTIR
O/\\/:O (neat, cm™) 3337, 1757, 1696, 1510, 1234, 1050, 1011, 701. 'H NMR
B (400 MHz, CDCl3) & 8.11 (d, J = 7.8 Hz, 2H, ArH), 7.65 (t, J = 7.6 Hz, 1H,

ArH), 7.49 (t, J = 7.7 Hz, 2H, ArH), 7.29 (dd, J = 8.1, 5.1 Hz, 2H, ArH), 7.05 (t,
J = 8.5 Hz, 2H, ArH), 3.51 (d, J = 9.3 Hz, 1H, C°H), 3.06 (s, 1H, OH), 2.53 —
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2.36 (m, 1H, C*H), 2.30 — 2.13 (m, 1H, C'H), 1.96 — 1.81 (m, 1H, C*H), 1.68 (q, J = 13.6 Hz,
4H, C*H, C°H, C°H and C'H), 1.51 (q, J = 9.9, 9.3 Hz, 2H, C°H and C°H). "*C NMR (101 MHz,
CDCl;) 8 169.4, 165.2, 162.40 (d, "Jcr = 246.0 Hz), 134.5, 132.6 (d, “Jcr = 3.5 Hz), 130.5, 130.4
(d, ®Jcr = 8.0 Hz), 128.8, 126.7, 115.9 (d, Jcr = 21.5 Hz), 88.9, 49.0, 47.5, 32.6, 23.8, 21.1,
21.0. HRMS (ESI) for C,1H,0FNO4Na: calculated [M + Na]*: 392.1274. Found: 392.1274. HPLC
(Daicel Chiralpak 1B, hexane/'PrOH = 90:10, flow rate 1.0 mL/min, A = 210 nm), tg (major) =
18.39 min; ee = >99%.

% Height |% Area Time |Area (% Height |% Area

1 |15.265 29836339 |54.94 52.24 1 [18.394 |117559812/100.00 |100.00

2 |18.610 |27274302 |45.06 47.76

0] (3R,3aS,7aR)-3-(4-Fluorophenyl)-7a-hydroxy-2-oxooctahydro-1H-indol-1-yl
Ph/( benzoate (ent-24naa). NO,-XpX,-OMe-4a was employed as catalyst.
,,,'OHN Analytical and spectroscopic properties were coincident with the previously

( \ O reported data. Yield: 19.93 mg, 54%. [G]D25 = +21.18 (c 0.69, CHCI3). HPLC

(Daicel Chiralpak 1B, hexane/PrOH = 90:10, flow rate 1.0 mL/min, A =210
nm), tgr (Major) = 14.72 min; ee = <-99%.

Time |Area % Height |% Area

1 [14.723 |110997142|100.00 |100.00
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J =6.7 Hz, 1H, C*¥H), 2.13 (dd, J = 14.3, 5.8 Hz, 1H, C'H), 1.98 (dt, J = 8.9, 5.0 Hz, 1H, C*H),
1.75 (m, 2H, C*H and C'H), 1.69 — 1.58 (m, 2H, C°H and C°H), 1.55 (m, 2H, C°H and C°H).
3C NMR (101 MHz, CDCl3) 5 168.4, 164.9, 138.7, 134.5, 130.5, 128.8, 127.2, 126.7, 126.4,
125.4, 89.1, 47.2, 45.0, 32.5, 25.2, 21.5, 21.1. HRMS (ESI) for C;sH:sNO,SNa: calculated
[M + Na]": 380.0933. Found: 380.0934. HPLC (Daicel Chiralpak IB, hexane/PrOH = 85:15, flow

rate 1.0 mL/min, A =210 nm), tg (minor) = 12.82 min, tg (major) = 17.15 min; ee = 96%.

(3R,3aR,7aS)-7a-Hydroxy-2-o0xo0-3-(thiophen-2-yl)octahydro-1H-indol-1-yl
benzoate (24o0aa). NO,-X -OMe-1a was employed as catalyst. Yield: 23.91
mg, 67%, brown solid. m, = 154-156 °C. [(J(]D25 =-24.86 (¢ 1.10, CHCI;). FTIR
(neat, cm™) 3338, 1760, 1699, 1039, 700. '"H NMR (400 MHz, CDCl3) & 8.11
(d,J=7.6 Hz, 2H, ArH), 7.64 (t, J=7.4 Hz, 1H, ArH), 7.48 (t, J = 7.7 Hz, 2H,
ArH), 7.26 (d, J = 4.4 Hz, 1H, ArH), 7.10 (d, J = 3.6 Hz, 1H, ArH), 7.00 (t,
J=4.4 Hz, 1H, ArH), 3.78 (d, J = 8.3 Hz, 1H, C°H), 3.21 (s, 1H, OH), 2.59 (t,

Time

Area

1% Height % Area Time |Area % Height |% Area

-—

13.055

76196939

57.92 51.90

-

12.817 1266588 |2.39 1.98

18.064

70606416

42.08 48.10 17.154 162779425 |97.61 98.02

O
Ph/(

oH P

Y -N
0
/S
—

(3S,3aS,7aR)-7a-hydroxy-2-oxo-3-(thiophen-2-yl)octahydro-1H-indol-1-yl

benzoate (ent-24o0aa). NO,-XpX -OMe-4a was employed as catalyst.
Analytical and spectroscopic properties were coincident with the previously
reported data. Yield: 23.93 mg, 67%. [0(]D2 ®=+25.26 (c 0.92, CHCI3). HPLC
(Daicel Chiralpak 1B, hexane/PrOH = 85:15, flow rate 1.0 mL/min, A = 210

nm), tr (Major) = 12.26 min, tg (Minor) = 17.55 min; ee = <-99%.

% Height

Time |Area % Area
1 [12.261 [18720230 /99.69 99.84
2 |17.550 30627 0.31 0.16
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Hydrogenation procedure

A solution of y-lactam 24aaa (180 mg, 0.51 mmol) in 10 mL of methanol was pumped at 1.0
mL/min through a H-Cube® Hydrogenation Reactor using a Palladium/Carbon CatCart® as
catalyst. The pressure of the system was set to 30 bars and the temperature to 50 °C. After all
the reaction mixture had passed through the flow reactor, the reaction mixture was washed
twice with an aqueous solution of sodium carbonate. Then, the solvent was evaporated and the
crude mixture was purified by column chromatography eluting with ethyl acetate/hexanes (1:2)

to provide the desired product 56aa.

HH (3S,3aR,7aR)-3-Phenyloctahydro-2H-indol-2-one (56aa). Yield: 83.38 mg,
Oi“): o 76%. white solid. m, = 163-164 °C. [a]b® = -22.86 (c 0.75, CHCI3). FTIR

—~ (neat, cm™) 3303, 1696, 1656, 698. '"H NMR (400 MHz, CDCl;) & 7.35 (t,

H Pn J=7.5 Hz, 2H, ArH), 7.30 — 7.19 (m, 3H, ArH), 6.69 (s, 1H, NH), 3.60 (q,
J=6.8 Hz, 1H, C"H), 3.46 (d, J = 10.3 Hz, 1H, C°H), 2.50 (dd, J = 10.6, 5.3 Hz, 1H, C**H), 1.97
—1.86 (m, 1H, C'H), 1.79 — 1.60 (m, 2H, C*H and C°H), 1.60 — 1.49 (m, 2H, C*H and C°H), 1.44
(t, J = 10.9 Hz, 2H, C°H and C"H), 1.25 (t, J = 11.9 Hz, 1H, C°H). "*C NMR (101 MHz, CDCl;) &

178.5, 138.1, 128.8, 128.8, 127.2, 51.9, 51.0, 43.8, 30.8, 254, 22.4, 21.3. HRMS (ESI) for
C14H1gNO: calculated [M + H]™: 216.1388. Found: 216.1382.

Formal synthesis of (+)-Pancracine

Piperonal (1.0 g, 6.66 mmol), nitromethane (1.5 mL, 26.64 mmol), sodium acetate (547 mg,
6.66 mmol) and methylammonium chloride (450 mg, 6.66 mmol) were dissolved in 40 mL of
methanol and stirred for 16 hours at room temperature. After this time, the bright yellow
heterogeneous solution was washed with brine and dried onto Na,SO, to provide 4p (1.21 g,

94%) as a bright yellow solid.

(E)-5-(2-Nitrovinyl)benzo[d][1,3]dioxole (4p). Analytical and

X NO,
spectroscopic properties were coincident with the previously reported
0 data.*” '"H NMR (400 MHz, CDCl3) & 7.93 (d, J = 13.4 Hz, 1H, NO,CH),
-0 7.47 (d, J = 13.4 Hz, 1H, ArCH), 7.08 (d, J = 7.9 Hz, 1H, ArH), 7.00 (s,

1H, ArH), 6.87 (d, J = 7.9 Hz, 1H, ArH), 6.07 (s, 2H, OCH,0).

1,4-Cyclohexanedione monoethylene acetal 11g (124.96 mg, 0.8 mmol), (E)-5-(2-nitrovinyl)
benzo[d][1,3]dioxole 4p (38.64 mg, 0.2 mmol), benzoic acid (36.64 mg, 0.3 mmol) and
NO,-X X -OMe-25a (24.20 mg, 0.04 mmol) were dissolved in 600 pL of toluene and stirred for
72 hours at 45 °C. Then, the solvent was evaporated and the afforded crude mixture was
purified by column chromatography over silica gel using EtOAc:Hexanes (1:3) as eluent to

provide 24gpa as a white solid (70.8 mg, 78%). Once the enantiomeric excess (>99% ee) was
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verified after column chromatography the solvent was evaporated and the product precipitated

and filtered from a solution of ethyl acetate enhancing the yield of the process to 82%.

0] (3S,3aR,7aS)-3-(Benzo[d][1,3]dioxol-5-yl)-7a-hydroxy-2-

Ph//<

oxohexahydrospiro[indole-5,2'-[1,3]dioxolan]-1(4H)-yl benzoate
(24gpa). Yield: 74.0 mg, 82%, white solid. m, = 218-219 °C.
[a]p?® = -15.45 (c 0.18, CHCI;). FTIR (neat, cm™) 3313, 1775, 1697,
1236, 1036, 1010, 706. 'H NMR (400 MHz, CDCl;) & 8.13 (d,
J=7.7Hz, 2H, ArH), 7.65 (t, J = 7.6 Hz, 1H, ArH), 7.50 (t, J = 7.6 Hz,
2H, ArH), 6.78 (q, J = 8.1 Hz, 3H, ArH), 5.96 (s, 2H, OCH,0), 4.15 —

o 3.90 (m, 5H, C°H and O(CH,);0), 2.81 (s, 1H, OH), 2.48 (t, J = 8.4
Hz, 1H, C¥H), 2.28 (d, J = 13.8 Hz, 1H, C'H), 2.03 (dd, J = 14.7, 6.7 Hz, 2H, C*H and C'H),
1.86 (td, J = 13.5, 4.0 Hz, 1H, C°®H), 1.77 (dd, J = 14.0, 8.1 Hz, 2H, C*H and C°®H). "*C NMR
(101 MHz, CDCl3) 5 169.4, 165.3, 148.3, 147.3, 134.5, 130.5, 130.3, 128.9, 126.8, 122.5, 109.2,
108.8, 108.3, 101.3, 88.0, 64.8, 64.3, 50.0, 48.9, 31.1, 30.3, 29.7. HRMS (ESI) for
CasH23NOgNa: calculated [M + Na]': 476.1321. Found: 476.1316. HPLC (Daicel Chiralpak IC,
hexane/PrOH = 60:40, flow rate 1.0 mL/min, A = 210 nm), tg (major) = 20.31 min,

tr (Minor) = 29.25 min; ee = >99%.

% Height

Time |Area % Area Time |Area H%Height % Area
1 ]20.339 19952866 |57.98 50.89 1 ]20.312 21166513 |99.98 99.96
2 |29.611 |19254902 42.02 49.11 2 [29.250 3671 0.02 0.04

A solution of lactam 24gpa (360 mg, 0.79 mmol) in 500 mL of methanol/dioxane (1:1) was
pumped at 1 mL/min through the H-Cube® Hydrogenation Reactor using a Palladium/Carbon
CatCart® cartridge as catalyst. The pressure of the system was set to 40 bars and the
temperature to 50 °C. After all the reaction mixture had passed through the reactor, the reaction
mixture was washed twice with an aqueous solution of sodium carbonate. The solvent was
evaporated providing the mixture (205 mg) of diasterecisomers. The semipreparative resolution
of 56gp and 72 was carried out on a Waters 600 Delta Prep 4000 system equipped with a 2487
dual wavelength absorbance detector. The semipreparative HPLC was carried out on a 250 x
20 mm Chiralpak® IA column eluting with Hex/PrOH 80:20 at a flow rate of 15 mL/min. The

process was monitored by UV absorption at 210 nm. The crude mixture was dissolved in
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Hex/PrOH 80:20 (10 mL) and injected in one portion. Firstly, rac-72 was eluted followed by
(3S,3aR,7aS)-56gp, (3S,3aS,7aS)-56gp and (3S,3aR,7aR)-56gp.

(3S,3aR,7aR)-3-(Benzo[d][1,3]dioxol-5-yl)hexahydrospiro[indole-

|7:| N 5,2'-[1,3]dioxolan]-2(3H)-one [(3S,3aR,7aR)-56gp]. Yield: 180 mg,

{ ~ © 72%, white foam. m, = 155-156 °C. [a]p*° = +32.26 (c 1.6, CHCls).
O P FTIR (neat, cm™) 3225, 1690. '"H NMR (400 MHz, CDCl3) & 7.50 (s,
Q\O 1H, NH), 6.77 (d, J = 7.9 Hz, 1H, ArH), 6.72 — 6.64 (m, 2H, ArH),

OJ 5.91 (d, J = 2.9 Hz, 2H, OCH,0), 3.94 (dt, J = 29.8, 6.3 Hz, 4H,

O(CH,),0), 3.83 (d, J = 10.5 Hz, 1H, C°H), 3.59 (dt, J = 10.3, 6.1 Hz, 1H, C"°H), 2.55 (dd,
J=10.8, 5.4 Hz, 1H, C*H), 1.95 (dd, J = 13.5, 5.1 Hz, 1H, C'H), 1.85 — 1.64 (m, 4H, C*H, C°H
and C'H), 1.54 (td, J = 13.1, 3.8 Hz, 1H, C°H). ">C NMR (101 MHz, CDCl;) 5 178.8, 148.0,
146.8, 131.6, 122.4, 109.1, 108.5, 108.1, 101.1, 64.6, 64.1, 51.2, 50.9, 44.6, 33.1, 31.3, 27.8.
HRMS (ESI) for C17HxNOs: calculated [M + H]": 318.1341. Found: 318.1332. HPLC (Daicel
Chiralpak IA, hexane/PrOH = 80:20, flow rate 1.0 mL/min, A = 210 nm), tg = 56.07 min.

Time |Area % Height |% Area

1 |56.073 25693894 |100.00 |100.00

(3S,3aS,7aS)-3-(Benzo[d][1,3]dioxol-5-yl)hexahydrospiro[indole-5,2'-

HH

o \KI;N/E o  [13ldioxolan-2(3H)-one [(35,3aS,7aS)-56gpl. Yield: 10 mg, 4%,
& S It white solid. m, = 186-187 °C. [a]p*® = -69.21 (c 0.48, CHCIs). FTIR
°© H (neat, cm™) 3235, 1693, 1252, 1036, 1025, 728. "H NMR (400 MHz,
o CDCl3) & 6.78 (d, J = 15.6 Hz, 3H, ArH), 5.92 (d, J = 4.0 Hz, 2H,
0/' OCH,0), 3.98 — 3.70 (m, 6H, O(CH,),0, C*H and C"°H), 2.73 (dd, J =
12.0, 6.0 Hz, 1H, C**H), 2.07 — 1.86 (m, 2H, C'H), 1.68 (m, 1H, C°H), 1.62 — 1.47 (m, 1H, C°H),
1.41 (t, J = 13.1 Hz, 1H, C*H), 1.14 — 0.98 (m, 1H, C*H). *C NMR (101 MHz, CDCl3) & 177.7,
147.6, 146.6, 128.1, 123.0, 110.1, 108.4, 108.3, 101.1, 64.5, 64.3, 53.8, 50.3, 41.0, 32.4, 28.8,
25.4. HRMS (ESI) for C17HNOs: calculated [M + HJ*: 318.1341. Found: 318.1333. HPLC

(Daicel Chiralpak IA, hexane/'PrOH = 80:20, flow rate 1.0 mL/min, A = 210 nm), tg = 29.95 min.
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Time |Area % Height % Area

1 129.947 |110763599/100.00 |100.00

H (3S,3aR,7aS)-3-(Benzo[d][1,3]dioxol-5-yl)hexahydrospiro[indole-5,2'-
N o [1,3]dioxolan]-2(3H)-one [(3S,3aR,7aS)-56gp]. Yield: 5 mg, 2%, white
/ solid. m, = 191-192 °C. [a]p*° = +32.75 (c 0.6, CHCl5). FTIR (neat, cm’
7 ') 3245, 1691, 1234, 1035. '"H NMR (400 MHz, CDCl3)) 5 6.78 (d,

Q\o J=8.0 Hz, 1H, ArH), 6.70 (s, 1H, ArH), 6.66 (d, J = 7.8 Hz, 1H, ArH),

0/' 6.41 (s, 1H, NH), 5.99 — 5.89 (m, 2H, OCH,0), 4.01 — 3.77 (m, 4H,

O(CH,),0), 3.17 (d, J = 12.3 Hz, 1H, CH), 3.15 — 3.07 (m, 1H, C"®H), 2.21 — 2.10 (m, C**H),

2.05 (d, J = 8.6 Hz, 1H, C'H), 1.87 (d, J = 10.8 Hz, 1H, C®H), 1.79 (d, J = 12.6 Hz, 1H, C*H),

1.62 (dd, J = 15.0, 11.0 Hz, 3H, C*H, C°H and C’H). *C NMR (101 MHz, CDCl3) & 178.9, 148.1,

147.0, 130.2, 122.3, 109.0, 108.6, 108.4, 101.1, 64.7, 64.5, 57.4, 54.7, 49.7, 36.8, 33.9, 27.8.

HRMS (ESI) for Ci;HzoNOs: calculated [M + HJ': 318.1341. Found: 318.1332. HPLC (Daicel

Chiralpak IA, hexane/PrOH = 80:20, flow rate 1.0 mL/min, A = 210 nm), tg = 23.06 min.

e

Time |Area % Height |% Area

1 123.065 |83516501 100.00 |100.00

H 3-(Benzo[d][1,3]dioxol-5-yl)-1,6,7,7a-tetrahydrospiro[indole-5,2'-

0 0 [1,3]dioxolan]-2(4H)-one (rac--72). Yield: 10 mg, 4%, white solid.
=

</O m, = 233-234 °C. FTIR (neat, cm™): 3234, 1681, 1244, 1037. "H NMR

(400 MHz, CDCl3) & 6.99 (s, 1H, ArH), 6.94 (d, J = 8.1 Hz, 1H, ArH),

O 6.86 (d, J =8.0 Hz, 1H, ArH), 6.35 (s, 1H, NH), 5.97 (s, 2H, OCH,0),

0/' 3.95 (dq, J = 11.5, 5.7, 5.1 Hz, 5H, O(CH,),0 and C™H), 3.10 (d,

J=13.9 Hz, 1H, C*H), 2.55 (d, J = 14.0 Hz, 1H, C*H), 2.28 (m, 1H, C'H), 1.83 (m, 2H,
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C®H),1.52 (qd, J = 12.8, 4.6 Hz, 1H, C'H). °C NMR (101 MHz, CDCl;) & 173.7, 153.4, 147.6,
147.4,130.7, 124.8, 123.2, 109.8, 109.8, 108.5, 101.1, 64.9, 64.7, 56.5, 36.9, 32.2, 29.8. HRMS
(ESI) for C17H:gNOs: calculated [M + H]": 316.1185. Found: 316.1182. HPLC (Daicel Chiralpak
1A, hexane/'PrOH = 80:20, flow rate 1.0 mL/min, A =210 nm), tg = 16.98 min.

Time |Area 1% Height |% Area

1 |16.979 47152410 |100.00 |100.00

LiAlH4 1.0 M in THF (3.2 mL) was cooled under argon atmosphere to -20 °C and a previously
dissolved and well-stirred, solution of AICl; in THF (426.7 mg in 4 mL) was slowly added. The
mixture was then allowed to reach room temperature and stirred for 30 minutes. Then, it was
cooled to -20 °C and a solution of amide (3S,3aR,7aR)-56gp in THF (0.2 mmol, 63.4 mg in 3.5
mL) was added dropwise. The resulting mixture reaction was allowed to reach room
temperature and stirred for 16 hours. Then, the reaction mixture was quenched at 0 °C with 5%
aqg. NHs;. The precipitates were filtered and the filtrate evaporated. Then, the crude residue was
dissolved in DCM and washed with brine, dried onto Na,SO, and concentrated. The oily residue
thus obtained was chromatographed on silica gel with 1:1 DCM/MeOH to give starting material
(3S,3aR,7aR)-56gp (25 mg, 38%) and (3S,3aR,7aR)-67 (26.1 mg, 43%) as colorless oil.

(3S,3aR,7aR)-3-(Benzo[d][1,3]dioxol-5-yl)  octahydrospiro [indole-
5,2'-[1,3]dioxolane] [(3S,3aR,7aR)-67]. Analytical and spectroscopic
4 properties were coincident with the previously reported data. Yield:

26.1 mg, 43%, colorless oil. [a]p>® = +57.07 (c 0.75, CHCI3). 'H NMR
Q\o (400 MHz, CDCl3) 6 6.71 (m, 3H, ArH), 5.92 (s, 2H, OCH,0), 4.05 -
OJ 3.76 (m, 4H, O(CH,),0), 3.57 — 3.43 (m, 1H, C?H), 3.36 (g, J = 5.9

Hz, 1H, C™H), 3.27 (q, J = 8.3 Hz, C°H), 2.96 (dd, J = 11.0, 8.0 Hz, 1H, C*H), 2.24 (m, 1H,
C*H), 1.89 — 1.52 (m, 6H, CH,).
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Chapter 5. Organocatalyzed Pictet-Spengler
Reaction for the Synthesis of
1-Benzyl-1,2,3,4-Tetrahydroisoquinolines
and Total Synthesis of (R)-Trimetoquinol
Hydrochloride

Pictet-Spengler

(R)-TRIP
HN. N
MOMO S ArCH,CHO MOMO Y N Nps
NO 2
2 Ar/
HO
o OO0
Ar = HO ! NH-HCI
OMe z
OMe A
(R)-trimetoquinol
hydrochloride

Abstract.

A new phenylethylamine derived substrate was prepared for the organocatalyzed
Pictet-Spengler reaction with substituted phenylacetaldehydes. (R)-TRIP, a BINOL-
derived chiral phosphoric acid, was employed in junction with (S)-BINOL as co-catalyst.
After some optimization studies, the synthetic route towards enantiopure
(R)-trimetoquinol hydrochloride was achieved.

Part of this chapter has been published as: Ruiz-Olalla, A.; Wirdemann, M. A.; Wanner, M. J;
Ingemann, S.; van Maarseveen, J. H.; Hiemstra, H. J. Org. Chem. 2015, 80, 5125-5132.

Article also selected by the ACS Catalysis Journal: Ooi, T. Virtual Issue Posts on
Organocatalysis: Design, Applications, and Diversity. ACS Catal. 2015, 5, 6980-6988.






Organocatalyzed Pictet-Spengler Reaction for the Synthesis of
1-Benzyl-1,2,3,4-tetrahydroisoquinolines and Total Synthesis of (R)-Trimetoquinol Hydrochloride

5.1. Introduction

1-Substituted 1,2,3,4-tetrahydroisoquinoline (THIQ) alkaloids such as (+)-crispine I,
(-)-norcoclaurine Il 2 or (+)-sinomenine Il * and their derivatives as morphine IV * or
aporphine alkaloids V ° are receiving enhancing attention in both medicinal and

synthetic chemistry due to their large pharmacological applications (Figure 1).°

HO
O NH
MeO HO
N
MeO ‘\7 O
OH
OMe

(+)-crispine Al (-)-norcoclaurine i (+)-sinomenine il

HO

morphine IV aporphine alkaloids V

Figure 1. Relevant THIQ’s and derived structures.

Due to their different biological activities of both enantiomers in some cases,’ the
search of efficient methodologies for the stereoselective synthesis is becoming a

challenge for the synthetic field.

5.1.1. Asymmetric synthesis of 1-substituted-1,2,3,4-tetrahydroisoquinolines

Intense efforts have been made in order to reach successful synthetic approaches
towards 1-substituted 1,2,3,4-tetrahydroisoquinoline structures.®.  Resolution of
racemate mixtures of 1-benzyltetrahydroisoquinolines by cocrystallization with tartaric
acid has been reported.® Other methods also allow the synthesis of enantiopure
1-substituted THIQ’s in two steps: cyclization and then the formation of the
stereocenter, for instance by o-lithiation of amides (Scheme 1)." As a representative
example, Quirion reported the alkylation of amides VIII derived from gulonic acid
derivative VII where the stereochemistry was assigned at the alkylation stage.
Nevertheless, the value of enantiomeric excesses reported for few non-functionalized

electrophiles X were moderate.
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1) R2CO,H VI
R IBCF, NMM R’ R
DCM, -10 °C , KOH
. NH R! ’ NTR —_— . . NH
R 2) 'BuLi, THF RS O  MeOH,70-72% R
vi 78 °C, then R3X X (for R® = Me) R
41-57%, 4-84% de X
1 R'=H, OMe
R o>< R® = Me, CH,CHCH,,
N. R é?§o Bn, Ph(CH,),
Li<-O 0\)(6
VIl

Scheme 1. Introduction of stereocenter by means of a-lithiation of amides.

Also, (3+2) cycloaddition of cyclic nitrones XIl derived from isoquinolines with
electron-rich alkenes as Xlll in presence of the suitable BINOL-derived AlMe complex
XI functionalizes the position 1 of the alkaloid (Scheme 2)."" The major diastereoisomer
turned to be exo-XIV in all cases in high yields and ee’s up to 85%. Also, they showed
that reaction with benzyl bromide followed by reduction gave aminoester XV in high

yield, thus, being able to assign the stereochemistry by comparison.

Ph
@GP
AlMe
0
¥ Ph
Ny xi
e xu 7 X1 (20 mol%) MeO MeO
+ ’ N 1) BnBr, 61% NH
OR CDM, rt, MeO o T~ MeO
—/ 24-86%, 10-85% ee [ 2)Pd(OAc)H, " 0
95:5 - 96:4 dr exo-XIv pRr IfR=Et 90%
Xin 'S - 96: d
R = Et, 'Bu, Ph

Scheme 2. (3+2) cycloaddition of isoquinoline derived cyclic nitrones.

1-substituted 1,2,3,4-THIQ’s can also been obtained by stereoselective addition of
organozinc compounds to the N-acyl isoquinolinium intermediate XVIII as for the work
reported by Wanner et al..”? In this case, the stereochemical induction was rationalized
by the induction created by the chiral auxiliary XVI which properly produced
complexation to the ambiphilic organoreagent (XVIII in Scheme 3). The process
provided good diastereoselectivities, but the aryl-magnesium chloride nucleophiles
provided better yields than their alkyl counterparts. Following hydrogenation and
reduction allowed 1-substituted 1,2,3,4-THIQ’s XX.
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-

2 . . 0
ﬁcow 1) SOCl,, 60 °C, 90 min ﬁ” ~ 1) PhsCBF,, rt, 16 h
o o 07 SN Yo 2)
(

N 2) isoquinoline, Bu,SnH ArMgBr, -78 °C, 2 h

Me 78 °C to rt, 73% (over Me 36-88% de), 73-88%
XVI XVII
2 steps)

1) Pd/C, H,
EtOH, rt, 48 h

B 0, <, o
- E— “ _ 0,
ﬁ(N\) /i MN Ny 39-93% ©;\NH
o N~ SO : :
Me  jy-Ar o |’\\l/|e %G 2) LiAlH,, Et,0
VRN
XIX

0°C,30h Ar

XVIII 34-55% XX

Ar = Ph, 4-MeOPh, 4-CIPh
2-thyenil, 2-naphthyl

Scheme 3. Asymmetric addition of an organometallic compound to N-acyl isoquinolinium
intermediate.

Other reaction such as the Bischler-Napieralski/reduction cyclization is also known as a
powerful method for the construction of the isoquinoline core.™ It allows the synthesis
of 3,4-dihydrosoquinolines XXIII starting from electron rich phenylethylamides XXI aided
by condensation reagents as POCI; or P,Os (Scheme 4). These products XXII are often
further reduced via hydride reduction™ or asymmetric hydrogenation to provide 1-
substituted 1,2,3,4-THIQ derivatives XXIIl. For this stage, several metal complexes
have been applied such as diphosphine-iridium (1), diamine ruthenium' or even
Lewis acid thiazazincolidine complexes in junction with borane complexes'’ have been

used.

R'—\ POCI; R'—\ reduction R'—\
./ HN__ R — = AN — LG NH
\é]/ toluene, reflux b R
XXI XXl XX

Scheme 4. Bischler-Napieralski cyclization and reduction.

Lastly, the group the Takasu and Ihara published in 2003 the first intramolecular
aza-Michael reaction with enals (Scheme 5).'® The reaction of bifunctional dopamine
derivatives XXV occurred through nucleophilic attack of the amide moiety on the
iminium-ion formed with the chiral oxazolidinone XXIV. This process gave access to a
range of 1,2,3 4-tetrahydroisoquinolines XXVI in good yield but with low enantiomeric
excesses. However, the reaction was limited to 3,4-dimethylated 1-substituted
dimethoxyethyl tetrahydroisoquinolines, hampering its use towards total synthetic

purposes.
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\ (0]
WIPSL
Ty, y .
A
R

HHCI XXIV MeO

H
MeO N

\[(])/ XXIV (20 mol%) m R
MeO | - MeO Y \ﬂ/

MeOH/H,0 19:1
CHO rt, 70-88%
XXV 34-53% ee xxvi OMe

R = Me, Ph, (E)-CH=CHCH,

Scheme 5. Intramolecular aza-Michael addition of amides to enals.

Therefore, none of these methodologies are able to generate the stereogenic carbon at
C-1 with simultaneous ring closure in decent enantioselectivities with assortment at the
hydroxyl groups of the dopamine scaffold neither different functionalities at the C-1
carbon. Additionally, most of the reported procedures are not metal-free and a more
desirable synthesis would be required in view of pharmaceutical applications for

instance the bio-mimetic Pictet-Spengler condensation.

5.1.2. Pictet-Spengler reaction

In early 1900, Ameé Pictet and Theodor Spengler heated a reaction mixture containing
B-phenylethylamine XXVII and formaldehyde dimethylacetal in the presence of
hydrochloric acid producing 1,2,3,4-tetrahydroisoquinoline alkaloid XXVIII (Scheme
6A)." It was 20 years later when Tatsui performed the same reaction this time in the
presence of tryptamine XXIX (Scheme 6B) as the amine skeleton and acetaldehyde to
produce for the first time the structure of 1-methyl-1,2,3,4-tetrahydro-B3-carboline
(THBC) XxX.2°

A ©/\ CH5(OMe), ©i/\‘
NH, NH

HCI
XXVII XXVIII
NHz  MeCHO NH
B) N A\
N H,S0, H
XXIX XXX

Scheme 6. First Pictet-Spengler reactions towards A) tetrahydroisoquinolines and B)
tetrahydro-f3-carbolines.
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The validated mechanism for the Pictet-Spengler reaction with tryptamine as
nucleophile is shown in Scheme 7.2' The reaction commences with the formation of an
iminium intermediate XXXI by condensation between the amine moiety of XXIX and the
aldehyde. It is then followed by a nucleophilic addition from the position C-3 which
produces the spiro intermediate XXXI1.22 The formation of this intermediate is fast and
reversible and lastly, the further rearrangement or the formation of the
pentahydro-B-carboline carbonium ion XXXIlIl (which is still unclear the exact

mechanism?®) through the attack from the position 2 produces the final product XXXIV.

: + N—H
N 3 "
+ XXXI
NH, RCHO N-H \ NH
+ R
N H H \ NH ” R

H
XXIX XXXI

) R
+/

N
H

XXXIV

XXX

Scheme 7. The mechanism of the Pictet-Spengler reaction with indole as nucleophile.

The accepted mechanism for the Pictet-Spengler reaction with phenylethylamines
XXVII occurs in a similar manner (Scheme 8).% The difference resides in the addition
step XXXV in which the nucleophilic moiety is the phenyl group and, therefore, less

nucleophilic scaffold when compared to the indole group in tryptamine (XXXI vs. XXXV).

RCHO 3 e
.
NH, NH T JNH . NH
H* 7 i
R R R

XXVII XXXV XXXVI 1-R-THIQ XXXVII

Scheme 8. The mechanism of the Pictet-Spengler reaction with a phenyl group as nucleophile.

There is a wide range of reported enantioselective Pictet-Spengler reactions which are
focused in the nucleophilic tryptamine and its derivatives towards the synthesis of
tetrahydro-B-carbolines.?'® This is due to its high nucleophilic indole, the presence of
the nitrogen atom, which may interact by hydrogen bond network with Brgnsted acids®
or chiral thiourea catalysts?®®, and the electronic properties which are able to promote
secondary interactions with, for instance, aromatic substituents of chiral
organocatalysts. In these cases, also the electrophilicity is increased by activating the

iminium moiety with N-acyl*® or N-sulfenyl*” scaffolds. By using this methodology, the
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synthesis of a wide array of natural molecules has been achieved such as yohimbine®,

mitragynine, paynantheine, speciogynine®® and arboricine®.

However, efforts are being made in order to obtain enantioenriched THIQ's. For
example, there are numerous reported approaches that employ chiral auxiliaries.?® For
instance, in 2001 the group of Koomen proposed a diastereoselective method to obtain
1-alkyl- and 1-benzyl- substituted THIQ's XLI by placing a chiral p-tolylsulfinyl
auxiliary.®® The corresponding products XL were achieved with diastereoselectivities up
to 92% de (Scheme 9) and later, the chiral auxiliary could be removed by treatment

with HCI in ethanol at 0 °C without racemization.

RCHO
MeO MeO Ve
) m R =alkyl, Bnl :@@ HCI EtOH
_—
HN._.p-Tol Ny p-Tol — = NH
MeO g BFyOEt, €O _(.35 0°C, 5 min MeO b
DCM:CHCI R 86-94%
XXXV 3 XL XLI
-78 °C, 36-81% >98% ee
54-92% de
MGO:©/\
.
_N___p-Tol
MeO (.,w‘ﬁ
R* O
XXXIX

Scheme 9. Diastereoselective Pictet-Spengler reaction.

Some other chiral auxiliaries that have been reported apart from sulfoxide groups®' for
the synthesis of 1-substituted THIQ via Pictet-Spengler cyclizations are galactosyl

bromide®? or trans-2-(a-cumyl)cyclohexanol*®* among others®.

Taking into the account mechanistic aspects of the enzymatic process catalyzed by
norcoclaurine synthase (NCS) between dopamine XLII with 4-hydroxyphenyl
acetaldehyde XLIII, it is stated that the reaction mechanism can occur according to a
bifunctional catalytic process in both reaction sequences.* According to X ray analyses
and as illustrated in Scheme 10, the key catalytic residue Lys122 may interact with the
aldehyde XLIlIl thus, forming a Schiff base with dopamine which protonates to give

iminium ion XLIV.
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.
HoN™ > ys122
H
I

TG
H OH

I I
©] O
> w
z;
I
N
+

XLIV zwitterion 1 XLV

Path B (goc{ /

o — = C
HO HO HO

spirocyclic .
zwitterion 2 intermediate XLVI (-)-norcoclaurine Il

Scheme 10. The norcoclaurine synthase-catalyzed reaction between dopamine XLII and
4-hydroxyphenylacetaldehyde XLIII.

After condensation, the cyclization of zwitterion 1 (assisted by deprotonation of the
hydroxyl group at the 3 position in Path A) could also be supported by Glu110 residue
helping the aromatization process towards the formation of (-)-norcoclaurine Il. Path B
(less probable®) includes again the formation of the spiro intermediate XLVI in similar
manner to the example showed in Scheme 7. Also, these studies showed that both
4-methoxy- and 4-deoxydopamine still are good NCS substrates with good activity
comparable to dopamine. Nevertheless, these precursors would not allow the reaction
to proceed through pathway B. Additional results stated that 3-methoxy- and
3-deoxydopamine were not accepted by the enzyme, probably due to the absence of
the acidic OH group at C-3 position which would by necessary for the ring closing step
(of the spirocyclic intermediate XLVI).
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5.1.3. Organocatalyzed Pictet-Spengler reaction towards 1-substituted THIQs

The first example of a pseudo-organocatalyzed reaction towards THIQ's as final
products was published by Toda and Terada in 2013.*” They reported a ruthenium
XLVIl-catalyzed isomerisation of the allylamide substrate XLVIII to enamide XLIX
(Scheme 11). It was then protonated by the chiral phosphoric acid L to provide the
iminium intermediate LI which was followed by an enantioselective organocatalyzed
Pictet-Spengler reaction towards LIl (through a 6-endo-trig type cyclization) under the
effect of the chiral environment provided by the chiral Brgnsted acid. This became the
first example of the simultaneous cyclization and introduction of the stereocenter.
However, the obtained enantiomeric induction reached moderate values and also, the

scope of the reaction was limited to allylamides.
HO HO
m isomerization \/©/\
R2 N.g1  [Ru-H] xLvi R2 | N- i
R“\')/ R J
R'=EWG N O
R®  XLVII RS  XLIX C o

[RUCIH(CO)(PPh3)s] XLVII C o OH
relay | (2-7 mol%), L (5-8 mol%) protonation L
L

catalysis | toluene, (0.2 M), 50-160 °C
50-87%, 18-53% ee _ R = 9-anthryl

HO 6-endo-tri HO
yelization m N R' = Boc, P(O)Ph
. . = ) 2
Nogi _cyelization R? MNri| R2=H, OMe

R? - {

R4 R4ﬁ/ R% R*=H, Me

RS LN R3 LI

Scheme 11. Relay catalytic approach reported by Toda and Terada.

Shortly after, the group published a pioneering work describing the metal-free
organocatalyzed PS reaction leading to 1-substituted THIQ’s LVI (Scheme 12)." The
reaction was assisted by (R)-TRIP LI, a BINOL- derived phosphoric acid, with
phenylethyl protected amines LIV in ee’s up to 86% with aromatic and aliphatic
aldehydes. Previous experimental work in the group showed that the conditions
established for this reaction did not success when phenylacetaldehydes were used as
electrophiles due to, probably, a dead end of the strongly stabilized enamine
intermediate LVII. If the reactivity and enantioselectivity of this process could be
controlled, the obtained PS products would be easily transformed to a large number of

biologically active natural products such as norcoclaurine Il in Figure 1 (vide supra).

220



Organocatalyzed Pictet-Spengler Reaction for the Synthesis of
1-Benzyl-1,2,3,4-tetrahydroisoquinolines and Total Synthesis of (R)-Trimetoquinol Hydrochloride

HOY ¥ HO
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MeO 2 . NPG

MeO
HO3 v R Lvi R
R = Ar, alkyl
Meomps< FRC)_F':'OR|P L d 51-95% yleld
(S)-BINOL up to 86% ee
LIV HO
PS
N MeO NPG —x—>
] reaction
LVIIAr

(R)-TRIP LI

Scheme 12. Enantioselective PS approach with phenylethylamine as precursor towards
1-substituted THIQs.

5.1.4. Objectives

Earlier experimental studies in the group on the PS reaction using BINOL-based
phosphoric acids as catalysts showed that the 3-methoxy electron donating group in
3,4-dimethoxyphenylethylamine was not sufficiently activating at the para- position for
the ring closure to occur. Additionally, this result was in agreement with the work
described by Hailes et al. in which they identified the reaction conditions for the
KH,PO, mediated Pictet-Spengler cyclization (Scheme 13).® When they tested an
array of different phenylethylamines, the obtained results suggested that a hydroxyl (or
amine) electron donating group at meta- to the ethylamine group was required for the
cyclization. Also, it was suggested that the mechanism involved the formation of the
6-membered isoquinoline ring LX instead of the 5-membered spirocyclic

intermediate.>®°
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-
. ) )
o RS =
P ) NEN WK/N\H MEN NH RITX NH
R? NET R?
LI LIX ) LX

Scheme 13. Proposed phosphate mediated mechanism for the Pictet-Spengler reaction.
P; = phosphate.

Another important matter is the nature of the substituent on the adjacent phenolic
oxygen atom. The 4-OH has always been methylated in the previous work", as it is
present in many natural products such as (S)-calycotomine and (R)-crispine A (see LIV
in Scheme 12). Changing this substituent also influenced the PS reaction as was
observed in preliminary studies: A large group such as OTBS slowed down the reaction
drastically. Further functionalization of the 4-OH with other containing heteroatoms
groups (e.g. methyloxymethyl, MOM), which could activate the 3-OH intramolecularly
by hydrogen bonding may give improvement. Additional advantage of a removable
protecting group at the 4-OH is the entry to a large group of alkaloids with a free 4-OH

such as (S)-trimetoquinol LXIII.

HO:O/\ HO . HO
o™ T e — U e
RO 2 RO p- NNps HO NH-HCI
LXI LXII MeO O
ON MeO
R =MOM =
Nps s OMe

(S)-trimetoquinol
hydrochloride LXIII

Scheme 14. Precursor LXI towards (S)-trimetoquinol hydrochloride LXIII natural products.

Thus, the aim of the project laid in finding the proper method to produce a decent
enantioselective Pictet-Spengler reaction to synthesize 1-benzyl
1,2,3,4-tetrahydroisoquinoline derivatives. Lastly, the sequence to achieve these
purposes are the 1) synthesis of the 4-MOM protected PS precursor LXII. Then, 2)
analysis of the MOM- role at the ortho-nitrophenylsulfenyl (Nps) protected phenylethyl
amine LXII for the PS reaction will be explored when the reaction is organocatalyzed by
BINOL-based phosphoric acids (Figure 2).

If successful, this easily removable group, together with the removal of the acid labile
Nps protecting group, would lead to the conversion of the Pictet-Spengler products

(and optional functionalizations) into natural THIQ’s.
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5.2. Synthesis of (R)-TRIP 80 catalyst and analogues

(R)-TRIP 80 organocatalyst is one of the most common Brgnsted acids employed
nowadays. It is commercially available but due to its high price (333€/100 mg, on
December 2015), its synthesis is recommendable. The readily accessible catalyst in
the laboratory was synthesized according to a modified procedure of List's work® in

which a palladium-catalyzed Negishi coupling had been introduced (Scheme 15).%

|
oG SO, e OO
OH KzCO3, Mel OMe Etzo, rt OMe
OH  acetone, reflux OMe 2) I, THF OMe
2d,97% -78 °C, 80% |

73 74 75
Pr B Pro ]
1) BuLi, ZnBr, Pd(tBusP),
_ THF, 60 °C
iy ipr THF,-70°Ctort |ip, iPr 54%
Br ZnBr
76 L 77 _

1) POCl3
pyridine, reflux
2) H,0, reflux
3)HCI

89%

(R)-TRIP 80 79 78

Scheme 15. Total synthesis of (R)-TRIP 80 from (R)-BINOL 73 estabilised in the hosting group.

It consisted of a 5 steps procedure providing (R)-TRIP 80 in 36% in gram scale. The
synthetic route commenced with the protecting of the OH groups, to give dimethyl ester
74 quantitatively. Then, C3 and C3’ positions were functionalized by a directed
ortho-lithiation and iodination providing 75 in good yield. Next, the palladium-catalyzed
Negishi coupling between 75 and zinc bromide 77 provided 78 in moderate yield due to
low conversion of the reaction. Finally, and as described by List, (R)-TRIP 80 was
obtained by a 2 step -deprotection followed by phosphorylation- procedure. More acidic
phosphoric acids were also employed in this work which were already available in the
laboratory. These are (R)-CF;-TRIP 81, where C3 and C3' positions bear
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3,5-bistrifluoromethyl phenyl groups, (R)-super-TRIP' 82, where the hydroxyl is
replaced by the N-trifyl group®' and (S)-STRIP 83, which may give some improvement
as in some reactions catalyzed by Brgnsted acids based on BINOL backbone showed

limitations.*?

(R)-TRIP 80 (R)-CF3-TRIP 81 (R)-super-TRIP 82 (S)-STRIP 83

Figure 2. Used organocatalysts derived from BINOL- and SPINOL- based phosphoric acids.

The more acidic catalyst phosphoramide (R)-super-TRIP 82 was synthesized
according to the work described by Yamamoto.*' In the work, 79 was reacted with
phosphoryl chloride and the resulting chlorophosphate 84 was substituted with

trifluoromethylsulfonamide to provide in (R)-super-TRIP 82 in 77% yield.

POCl, H,NTf

EtCN
reflux, 18 h

TEA, DMAP
rt,2h

79 84 (R)-super-TRIP 82

Scheme 16. (R)-super-TRIP 82 synthesis.

In order to get (S)-STRIP 83 catalyst, first SPINOL 90 diol had to be synthesized in
advance as it is still not commercially available. According to reported procedures* the
route commenced with the condensation between meta-anisaldehyde 85 and acetone
to give pentadienone 86 which was later hydrogenated to yield 87 (Scheme 17). Then,
in order to get the proper cyclization product, pentanone 87 was firstly brominated as

88 prior to the cyclization step in the presence of phosphotungstic acid (which had

i “super” prefix was adopted for convenience.
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been reported as easy to handle compound allowing high vyields*). Lastly,

debromination and demethylation of 89 allowed racemic SPINOL 90, which was
resolved by forming a complex with N-bezylcinchonidium chloride 91 providing after

acidification enantiopure (S)-SPINOL 90.

acetone 0.5 eq H, 0
CHO NaoOH 10 mol% Pd/C O O
H,O/EtOH EtOAc, rt, 18 h
OMe rt,2 h OMe OMe 46% (2 steps) OMe OMe
85 86 87
Br, 2.5 eq
pyridine 3.5 eq
DCM
Br. -10°C, 4 h, 96%
Br O Br

.O 1) BuLi, THF 'O H3040PW12

OI-I -78°C,1h OMe 20 mol%
OMe O

2) BBrz DCM toluene
-78°Ctort reflux, 12 h OMe OMe

B

3 h, 68%
rac-90 (2 steps) Br rac-89 88
resolution agent
toluene —
requx 1h
A _
O HO N/ CI
11y OH = K@
C O~ |
NS
O e
SPINOL 920 (S)-SPINOL 90

32% >99% ee
Scheme 17 Synthesis of rac-SPINOL 90 and resolution to give (S)-SPINOL 90.
The synthesis of (S)-STRIP-83 was achieved following the procedure reported by List
(Scheme 18).*° Protection of diol 90 and ortho-halogenation*® allowed 93 for the nickel
catalyzed Kumada coupling with 94 Grignard reagent previously prepared from
triisopropyl bromobenzene 76. The coupled product 95 was then deprotected in high
yield and lastly, slow phosphorylation of 96 (due to the dense steric hindrance)

provided the desired (S)-STRIP 83 catalyst.
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|
O 1) NaH exc O 1) BuLi, TMEDA
THF,0°C, 3 h Et,0,-78°Ctort, 4 h
_— iy > [

OH 2y MOMCI 2.5 eq

. : 2) I, THF ’
o, . 2
Q THF, rt, 6 h, 88% Q 789C to rt, 18 h, 82% Q |

(S)-90 92 93
iPr B ipr ]
Mg, Et,O Ni(Ph3P),Clp
_— (10 mol%)
iPr ipr  reflux, 18 h iPr iPr Et,0, reflux
Br MgBr 20 h, 59%
76 B 94 |
6 eq
1) POCl5
pyridine, reflux HCl
2) H,Olpyridine . iPr  CHCly/MeOH
reflux, 48 h (3:2), 65 °C
89% 24 h, 91%
Pr
(S)-STRIP 83 96 95

Scheme 18. Synthesis of (S)-STRIP 83.

5.3. Synthesis of the precursors for the Pictet-Spengler reaction
5.3.1. N-protected dopamine analogue

The synthesis of the 4-MOM protected ortho-nitrophenylsulfenyl phenylethyl amine

101a was successfully achieved (Scheme 19)."

HO CHO NaH ( NaH (2eq) BHOD/CHO MOMCI, DIPEA B”O:©/CHO
BnCl, DMF DCM, rt, 1 h, 98% MOMO

HO v
16 h, 60% 99a

97
0,
1) MeNO,, NH,0Ac ~ BnO K}e%’.ﬁcfgf)é?é HO
100 °'C,6 h, 77% m ., 6h, 0 m
NH
MOMO 2 2)NpsCl, K,CO34g MOMO p- NNps

2) L| I 4,
o 00 ) 3 101
80 C,2 |Y 84A) 1 |‘1|I,;6%

Scheme 19. Synthesis of the Nps-protected dopamine derivative 101a.

"In the publication, the MOM group is directly introduced in the diol.
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Amine 100a was prepared from commercially available 3,4-dihydroxybenzaldehyde 97,
which was selectively protected with orthogonal groups at the 3- and 4- position with
benzyl (98 in 60% yield) and methyloxymethyl groups (99a in 98% yield), respectively.
The Henry reaction (followed by dehydration) was performed in neat nitromethane
(usual conditions are performed in refluxing acetic acid) in order to avoid possible
cleavage of the acid-labile MOM group. This reaction provided the corresponding
alkene in 77% yield which was later reduced with LiAlH4 in high yield to produce
primary amine 100a The product was subjected to hydrogenolysis to remove the
benzyl protecting group in 97% yield. The final ortho-nitrophenyl sulfenyl protection
step afforded the PS precursor 101a in 76%. As it has already been described in the
previous work, the primary amine was protected with the electron withdrawing Nps
group. This is due to the proper ability to activate the iminium ion towards the PS

cyclization by enhancing its electrophilicity.

e =R
O N
MOMO p-NNps MOMO 2

Nps =
101a INT-1

enhanced electrophlllc:|ty

Scheme 20. Effect of the Nps group on 101a’s electrophilicity.

5.3.2. Phenylacetaldehydes

The model 2-(3,4,5-trimethoxyphenyl)acetaldehyde 104 was synthesized according to
the described route (Scheme 21).*’ It proceeds via Wittig reaction with the ylide
generated from 102 and (methoxymethyl) triphenyl phosphonium chloride forming the
enol ether 103 in a 1:1 mixture of E/Z isomers in 70% yield. Acid hydrolysis afforded
phenylacetaldehyde 104 in 74% yield.
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OMe
CHO = CHO
MeOCH,PPh;CI TFA
KOBu, THF DCM/H,0
MeO OMe t 4h,70% MeO OMe rt, 16 h, 74% MeO OMe
OMe OMe OMe
102 103 104
CHO CHO : CHO CHO
i g ' HO > TBSO
OH OTBS ! OMe OMe
105 106 ' 107 108
(10% overa 3 (48% overa 3
step procedure) step procedure)

Scheme 21. Synthesis of phenylacetaldehydes 104, 106 and 108.

Mono- and di- substituted phenylacetaldehydes 106 and 108 were also synthesized
with the purpose of broadening the scope of the PS reaction once this had been
optimized. Yields for 106 and 108 are expressed as overall yield over the 3 step

procedure: OH- protection, Wittig and hydrolysis.

5.4. Optimization screenings: Additives, concentration/temperature

dependence and catalysts screening

The reaction between 101a and 2-(3,4,5-trimethoxyphenyl)acetaldehyde 104 was
chosen for optimizing the reaction conditions as its PS product 109a would
straightforwardly provide trimetoquinol hydrochloride LXII via acidic hydrolysis (see
Scheme 14). All the following reactions showed from here on to optimize the reaction
conditions were performed on milligram scale. Therefore, no purification of the final
products was attempted in order to reduce the processing time. Reaction conversions
were appropriately followed using HPLC analysis as TLC analysis method resulted

unsuccessful (see the experimental section).

First of all, an additive screening was performed in 0.04 M dilution of amine 101a with
two equivalents of aldehyde xx (Table 1). The almost racemic analytical sample was
accomplished by using the acidic catalyst (R)-CF;-TRIP 81 at 70 °C providing 16% of
enantiomeric excess (entry 1). (R)- configuration was firstly assigned in agreement with
the enantioinduction obtained in the previous work for aliphatic aldehydes (later in the

research, the total synthesis of (+)-trimetoquinol hydrochloride LXIII confirmed the
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absolute configuration by comparison of the obtained optical rotation with literature
values).Y According to the previous work, (R)-TRIP 80 (Figure 2) was the catalyst of
choice for the initial reaction conditions screening. This screening showed that
(S)-BINOL (entry 2) promoted the highest enantioselectivity of 91% ee when compared
to (R)-BINOL, PNBA or in the absence of any additive (entries 3 to 5). All these cases

provided the product in low conversions.

Table 1. Optimization of the reaction ronditions with 104.% Additive screening.

CHO
HO j@/\ (R)-TRIP 80 (10 mol%) HO:@@
HN. additive (20 mol%)  MOMO .~ NNps
MOMO NPS 1 1e0 OMe PhMe [0.04], rt, time : oMe
OMe
101a 104 (R)-109a OMe
OMe
entry additive time (h) conv®(%) ee%(%)
1¢ (S)-BINOL 16 >99 16
(S)-BINOL 3d 57 91
(R)-BINOL 17 25 83
4° PNBA 20 20 87
5 no additive 20 17 79

®The reaction condition screening was carried out in small scale: amine

101a (0.014 mmol, 5.0 mg), aldehyde 104 (0.028 mmol, 5.8 mg),

(R)-TRIP 80 (0.0014 mmol, 1.0 mg), additive (0.0028 mmol) in 350 pL of

toluene. bReac’(ions were monitored by HPLC using ChiralPack AD

(80:20 Heptane:PrOH, 0.5 mL/min, 220 nm). °Enantiomeric excesses

measured by HPLC using ChiralPack AD. d(R)—CFg-TRlP 81 was used as

catalyst at 70 °C. °PNBA = para-nitro benzoic acid.
Later, in order to improve the conversion, the concentration and temperature
dependency was analyzed (Table 2). Thus, reactions in concentrations 0.1 and 0.3 M
(entries 2 and 3) of 101a were set up, and the reaction at 0.3 M (entry 3) provided the
best conversion with a comparable enantioselectivity of 89% ee. Also, according to
total synthesis purposes, a reduction of the catalytic load to 5 mol% (and
corresponding load of 10 mol% of (S)-BINOL) strongly affected the activity of the
catalyst in sense of conversion as the enantioselectivity of the process remained. Any
trial in order to increase the enantiocontrol by means of the temperature failed (entries
5 and 6). However, it was possible to reach the reaction to completion at the expense

of decreasing the enantiomeric excess (entry 6).

229



Chapter 5

Table 2. Optimization of the reaction conditions with 104.* Concentration/temperature
dependency.

CHO
HOD/\ (R)-TRIP 80 (10 mol%) HO]@G
HN. * NNpS
MOMO Nes one (S-BINOL (20 mol%) MOMO H
e € PhMe, concentration OMe
OMe T, time
101a 104 (R)-109a OMe
OMe
entry [amine] (M) T (°C) time(h) conV®(%) ee® (%)

1 0.04 rt 3d 57 91

2 0.1 rt 23 61 90

3¢ 0.3 rt 22 72 89

424 0.3 rt 4d 68 91

5 0.3 40 2d 91 85

6 0.3 60 24 >99 81

®Reaction conditions: see table 1. "Reactions were monitored by HPLC:

see table 1. °Enantiomeric excesses measured by HPLC: see table 1.

dLonger reaction times did not complete the reaction. °The reaction was

carried out with (R)-TRIP 80 (5 mol%) and (S)-BINOL (10 mol%).
The use of other more acidic BINOL- or SPINOL- based phosphoric acid
organocatalysts (Figure 2) such as (R)-superTRIP 82 or (S)-STRIP 83 (Note: the (S)-
configuration of the SPINOL backbone in 83 provides the same enantiomeric induction
as the (R)- configuration of BINOL backbone based organocatalysts*®) did not provide

higher enantiocontrol (Table 3, entries 2 and 3).

A higher catalyst load of 20 mol% of (R)-TRIP 80 provided full conversion in 84% ee
after two days of reaction (entry 4) but such a high load is not adequate for total
synthetic purposes. When the reaction was carried out with the preformed enamine, it
provided a higher conversion but lower enantiocontrol, though (entry 5). In contrast to
the previous work, the addition of MgSO, as drying agent together with more strict dry
conditions (oven dried glassware and reaction under argon atmosphere) had a positive
effect on the enantiomeric excess which was raised up to 91% ee and the conversion
raised to 94% after 3 days (entry 6). Additionally, reduction in the number of aldehyde
equivalents 104 from 2 to 1.1 increased the reactivity of the catalyst in this process

allowing full conversion (entry 7).
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Table 3. Optimization of the Reaction Conditions with 104.? Catalyst and further conditions
screening.

CHO
HOD/\ catalyst (10 mol%) HO
HN. (S)-BINOL (20 mol%) MOMOJCQ“NPS
MOMO NPs 1o OMe PhMe [0.3], rt, time : OMe
OMe
101a 104 (R)-109a OMe
OMe
entry catalyst time (h) conv® (%) ee® (%)
1 (R)-TRIP 80 22 72 89
2 (R)-superTRIP 82 4d 38 73
3 (S)-STRIP 83 24 <50 82
4¢ (R)-TRIP 80 48 99 84
5° (R)-TRIP 80 24 84 72
6' (R)-TRIP 80 3d 94 91
7° (R)-TRIP 80 3d 99 92

?Reaction conditions: see table 1. "Reactions were monitored by HPLC.
°Enantiomeric excesses measured by HPLC. “20 mol% and 40 mol% of
(R)-TRIP and (S)-BINOL were used, respectively. °The reaction was
carried out with the preformed enamine. fMgSO4 as drying agent under
Ar. ‘MgSO, as drying agent and 1.1 equivalents of aldehyde, under Ar.

Finally, when the organocatalyzed Pictet-Spengler reaction was carried out in a 100 mg
scale with the conditions described in Table 3 entry 7, it successfully provided the
product 109a in 92% ee and 72% yield (Scheme 22).

CHO  (R)-TRIP 80 (10 mol%)

Hom (S)-BINOL (20 mol%) HO:@Q
+
y- NNps MOMO _~NNps

MOMO PhMe [0.3], MgSQO4 H

MeO OMe 4 751 2 OMe
OMe 72%, 92% ee
101a 104 (R)-109a OMe

OMe

Scheme 22. Large scale Pictet-Spengler reaction.

This momylated PS product 109a was of glass solid nature. In accordance to the
previous work, 109a was attempted to recrystallization in order to obtain
enantioenriched product as happened with methylated adducts. Nevertheless, all
efforts failed.
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5.5. Proposed reaction mechanism. Influence of the protecting group

Additional evidences aided the theory of the intramolecular activation generated by
MOM (Table 4). The reaction where MOM- protecting group was replaced by a methyl
group as in 101b was also run yielding, in this case, the product 109b in lower yield
and ee but the reaction time was reduced (entry 2). This could be due to a less steric
hindrance of Me with respect to MOM allowing the reaction to perform faster. Also,
when MOM was replaced by 2-methoxyethoxymethyl ether, MEM, protecting group xx,

the enantiocontrol of the process decreased decreased (entry 3).

Table 4. Influence of the protecting group at the para- position of the amine precursor.?

CHO
(R)-TRIP 80 (10 mol%)  HO

N D@
+
RO:Iij/\NHNps (S)-BINOL (20 mol%) RO NNps

MeO OMe PhMe [0.3], MgSO, H

OMe rt, time OMe
R = MOM (101a) R=MOM (109a)
R = Me (101b) 104 R=Me (109b) OMe
R = MEM (101c) R=MEM (109¢) OMe

entry R time (d)  yield® (%) ee’ (%)

1 MOM 3 70 92
2 Me 2 79 85
34 MEM 3 nd® 85

®Reaction conditions: see table 3 entry 7. ®|solated product.

°Enantiomeric excesses measured by HPLC. “Test reaction on

5 mg scale. °nd = not determined.
The reaction mechanism (Scheme 23) was suggested to go stepwise through a first
formation of the enamine species B. It tautomerizes to the active iminium ion C
assisted both by the acidic medium and the electron-withdrawing properties of the
ortho-nitrophenylsulfenyl protecting group. Then, the cyclization occurs to D in an
enantioselective manner aided by the chiral environment provided by the phosphoric
acid-BINOL catalyst system and the suggested intramolecular activation from MOM to
the OH at the 3 position. Finally, the loss of a proton regenerates the aromatic system
providing the final product E. Due to acidic medium and the reversible nature of the
enamine-iminium formation reactions, the enamine is additionally prone to be
hydrolyzed to the starting materials. Moreover, the aldehyde may follow a dimerizing
reaction to form phenylnaphthalene F*° in addition to deactivation of the catalyst. These

facts were consistent with the non-completed reactions, e.g. Table 1 entry 2.
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Scheme 23. Suggested reaction mechanism.

5.6. Total synthesis of (+)-trimetoquinol hydrochloride

(S)-(-)-Trimetoquinol hydrochloride is a kind of sympathomimetic drug which act as
B-adrenergic agonist affecting the muscles of the airways.*® It is marketed in Japan
under the name of Inolin as an oral bronchodilator for the treatment of respiratory
conditions as asthma. On the other hand, the (R)-(+)- isomer has thromboxane

A2/prostaglandin H2 antagonist activity.®’

In order to complete the total synthesis of (R)-trimetoquinol hydrochloride LXIl, the
Pictet-Spengler product 109a was subjected to the direct hydrolysis in a 1/1/1 mixture
of HClon/DCM/EtOH which excised both MOM and Nps protecting groups in 86% yield
(Scheme 24). The stereocontrol towards the (R)- enantiomer was verified by means of
optical rotation and comparison with the reported '"H NMR literature data supported the

success of the total synthesis.*?
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HO:@ij 1) HCleone HO
DCM/EtOH
MOMO ~NNps t, 1 h, 86% HomH'HCI
B OMe p=t

2) Recrystallization OMe

(R)-109a oMe MeOHELO \©:
92% ee OMe 62%, >99% ee OMe

OMe

(R)-(+)-trimetoquinol
hydrochloride LXIII

lit [o]p22 = -30° (¢ 1.0 MeOH)
obtained [o]p2® = +12° (¢ 1.0 MeOH)

Scheme 24. Follow up chemistry: Synthesis of (R)-(+)-trimetoquinol hydrochloride LXIll by
means of hydrolysis and recrystallization.

Fortunately at this stage it was possible to perform recrystallization out of a MeOH/Et,O
mixture, from with the racemate crystallized first allowing the mother liquors

enantioenriched (ee >99%) in 62% yield (see experimental section).

Nevertheless, as it can be observed in Scheme 24 the obtained value for the optical
rotation did not match with the reported in literature. Although the NMR spectrum was
clean, some impurities may had affected the measurements giving the above reported
value. Further optimization of the hydrolysis process identified the 0.1/1/1 mixture of
HClono/DCM/ELOH as the proper reaction mixture in addition of a stirring for 24 hours at
room temperature rather than 1 hour. However, this refinement did not improve the

opticat rotation reading.

5.7. Follow up chemistry

Once seen the viability of the organocatalytic Pictet-Spengler transformation between
101a and 2-(3,4,5-trimethoxyphenyl)acetaldehyde 104 catalyzed by (R)-TRIP 80, the
method was continued in the research group, showing its effectiveness by the
synthesis of a large family of 1-benzyl-1,2,3,4-tetrahydroisoquinolines.® 9 other
pharmaceutically relevant alkaloids were uneventfully synthesized starting from either
101a or 101b amines (Table 5) retaining the (R)- configuration in all cases:
(R)-norcoclaurine, (R)-coclaurine, (R)-norreticuline, (R)-reticuline, (R)-armepavine,
(R)-norprotosimomenine, (R)-laudanosine and (R)-5-methoxylaudanosine in addition to
(R)-nor-armepavine, (R)-norlaudanosine, (R)-nor-5-methoxylaudanosine and
(R)-5-methoxylaudanosine. The enantiomeric excesses ranged in high values between

86 and 92% ee for the organocatalytic Pictet-Spengler reaction, and the obtained ee’s
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for the final products varied between 83 and >99% ee for those products that could be

crystallized.

Table 5. Achieved end products.

entry R
1 H
2 Me
3 Me
4 Me
5 Me
6 Me
7 H
8 H
9 Me

10 Me
11 Me
12 Me

I T T =T

Me
Me
Me
Me
Me
Me

Me

Me

R'O
RzomR3
pt R4
; R5
NR? R* R® R® alkaloid

Starting from amine 101a

H H OH H (R)-(+)-norcoclaurine
H H OH H (R)-(+)-coclaurine
H OH OMe H (R)-(+)-norreticuline
Me OMe OMe H (R)-(-)-reticuline
Starting from amine 101b
H H OH H (R)-(+)-nor-armepavine

Me H OH H (R)-(-)-armepavine
H OH OMe H (R)-(+)-norprotosinomenine
Me OH OMe H (R)-(-)-protosinomenine
H OMe OMe H
H

Me OMe OMe

(R)-(-)-norlaudanosine
(R)-(-)-laudanosine
(R)-(-)-nor-5-
methoxylaudanosine
(R)-(-)5-

methoxylaudanosine

H OMe OMe OMe

Me OMe OMe OMe

Some of the products needed to be O-methylated at the OH positions with standard

Mel/K,CO; conditions prior to the Nps deprotection. Also, when N-methyl group was

necessary (entries 4, 6, 8, 10 and 12), a reductive amination was applied with

NaBH;CN, formaldehyde and zinc chloride.

5.8. Conclusions

From the experimental studies reported and discussed along this chapter, the following

conclusions can be drawn:
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- The 3-Hydroxy-4-methoxymethyl derivative with an ortho-nitrophenylsulfenyl
group on the amine moiety 101a was achieved via seven step procedure with a
28% overall yield.

- 2-(3,4,5-Trimethoxyphenyl)acetaldehyde 104 was accomplished via two step
homologation procedure with a 52% overall yield.

- The Pictet-Spengler reaction between 101a and 104 produced enantioenriched
(R)-1-substituted tetrahydroisoquinoline 109a when it was organocatalyzed by
(R)-TRIP 80.

- A matching effect was observed when the reaction was assisted in the
presence of (S)-BINOL.

- The conversion of the process was strongly dependant on the concentration of
the reaction.

- The employment of other more acidic phosphoric acids as organocatalysts did
not improve the outcome of the process.

- An almost equimolecular amount of aldehyde and excess of MgSQO, as drying
agent were needed in order to avoid dimerization or catalysts deactivation.

- An intramolecular activation from MOM towards the C3 hydroxy group in the
phenylethylamine counterpart was suggested and was additionally, supported
by the results of the reactions carried out with Me and MEM protecting groups.

- The hydrolysis of the Pictet-Spengler product 109a allowed the straightforward
synthesis of enantioenriched (R)-trimetoquinol hydrochloride LXIll, which was
achieved with >99% ee of purity after removal of crystalline racemate by
recrystallization.

- This method turns to be a general procedure for the synthesis of a wide range
of enantioenriched biologically relevant 1-benzyl-1,2,3,4-tetrahydroisoquinoline
alkaloids. In addition, it allows to prepare all four OH/OMe possible substituents

at C6 and C7 positions of the isoquinoline ring.

5.9. Experimental section

General Remarks. All '"H NMR and "*C NMR (APT) were recorded ('H 500, 400, 300 MHz, '*C
500 MHz, 100 MHz) at room temperature (otherwise noted) in CDCI;, D,O, and deuterated
toluene or methanol. Accurate mass measurements were performed on Accutof with electron
spray ionization (El) or field desorption (FD +) techniques. The required reactions were carried
out in oven-dried glassware with magnetic stirring under nitrogen atmosphere. THF was freshly

distilled from sodium and benzophenone. Toluene was distilled over calcium hydride and stored
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on 4 A molecular sieves. Aldehydes were purified by recrystallization or chromatography on
silica gel. Nps-protected tetrahydroisoquinoline 101a was bright orange stable compound. The
'H and "*C NMR spectra, however, showed line broadening for the atoms in the vicinity of the

nitrogen-sulfur bond.*

General procedure for the synthesis of the precursor

BnO CHO 3-(Benzyloxy)-4-hydroxybenzaldehyde (98) It was synthesized according to
D/ previously reported experimental procedure and 'H NMR agrees with the

reported data.”® '"H NMR (400 MHz, CDCl3) & 9.83 (s, 1H), 7.52 (d, J = 1.8
Hz, 1H), 7.49 — 7.36 (m, 5H), 7.07 (d, J = 8.1 Hz, 1H), 6.21 (d, J = 3.5 Hz, 1H), 5.18 (s, 2H).

HO

Brno CHO 3-(Benzyloxy)-4-(methoxymethoxy)benzaldehyde (99a) Aldehyde 98 (1 g,
D/ 4.38 mmol), was dissolved in 50 mL of DCM along with
MOMO diisopropylethylamine (3 mL, 17.52 mmol) and the resulting solution was
cooled to 0 °C. Chloromethyl methyl ether (1.33 mL, 17.52 mmol) was added dropwise over 5
min, and the solution was stirred for one hour at which time the reaction appeared completed
according to TLC. The reaction mixture was extracted 3 times with water and once with brine,
dried onto MgSO,4 and concentrated under reduced pressure. The resulting residue was purified
by column chromatography in silica gel with 1/8 (EtOAc/PE) mixture to produce 99a. Yield: 1.18
g, 98%, colorless oil. FTIR (neat, cm'1) 3335, 1688, 1258, 1150, 1127, 962, 736, 696. 'H NMR
(400 MHz, CDCl3) 6 9.83 (s, 1H), 7.52 — 7.42 (m, 4 H), 7.42 — 7.36 (m, 2H), 7.34 (d, J = 7.3 Hz,
1H), 7.28 (d, J = 8.2 Hz, 1H), 5.33 (s, 2H), 5.21 (s, 2H), 3.53 (s, 3H). °C NMR (101 MHz,
CDCl3) 6 190.9, 152.3, 149.1, 136.2, 130.9, 128.5, 128.0, 127.3, 126.3, 115.2, 111.8, 94.8,
70.7, 56.4. HRMS (EI) for C1sH1604: calculated [M]*: 272.1052. Found [M]": 272.1049.

BRO S NO, (E)-2-(Benzyloxy)-1-(methoxymethoxy)-4-(2-nitrovinyl)benzene A
D/\/ mixture of 99a (1.48 g, 4.33 mmol), CH3;NO, (22 mL) and NH,OAc
MOMO (329 mg, 4.27 mmol) was stirred at 100 °C for 4 hours, at which time
it was cooled down to room temperature and poured into ice cold water (75 mL). The aqueous
mixture was extracted with Et,O (2 x 50 mL) and the combined organic extracts were washed
with brine and dried over MgSQ,. Purification with flash chromatography eluted with a 1.6
mixture of EtOAc:PE afforded the alkene. Yield: 3.30 g, 77%, bright yellow solid. m, = 69-70 °C.
FTIR (neat, cm™) 2896, 1504, 1332, 1255. '"H NMR (400 MHz, CDCl3) 5 7.90 (d, J = 13.6 Hz,
1H), 7.58 — 7.37 (m, 5H), 7.37 — 7.32 (m, 1H), 7.20 (d, J = 8.3 Hz, 1H), 7.14 (dd, J = 8.4, 2.0 Hz,
1H), 7.05 (d, J = 2.1 Hz, 1H), 5.30 (s, 2H), 5.19 (s, 2H), 3.52 (s, 3H). °C NMR (101 MHz,
CDCI3) & 150.7, 149.2, 139.0, 136.2, 135.5 128.6, 128.2, 127.2, 124.2, 124.0, 116.5, 114.0,
95.0, 71.1, 56.4. HRMS (EI) for C4;H;7NOs: calculated [M]": 315.1101. Found [M]": 315.1101.

2-(3-(Benzyloxy)-4-(methoxymethoxy)phenyl)ethanamine (100a) LiAlH,
m‘* (482 mg, 12.68 mmol) was dissolved in 15 mL of dry THF and cooled to
2

BnO

MOMO
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0 °C. Nitroalkene (1 g, 3.17 mmol) previously dissolved in 15 mL of THF was added dropwise
and the resulting mixture was heated up to reflux for 2 hours. After this time, the reaction was
allowed to room temperature and cooled down to 0 °C. The reaction mixture was then
quenched following by stepwise addition of 0.65 mL H,O, 1 mL 10% NaOH, 1.63 mL H,O and
allowed to stir for 30 minutes. It was then filtered through a pad of celite and the solvent
evaporated afford 100a. The product was taken to the next step without further purification.
Yield: 758 mg, 84%, brown oil. FTIR (neat, cm™) 3371, 1510, 907, 725, 696. "H NMR (400 MHz,
CDCl3) 8742 (d, J =7.2 Hz, 2H), 7.35 (t, J = 7.4 Hz, 2H), 7.29 (d, J = 7.1 Hz, 1H), 7.06 (d,
J=28.1 Hz, 1H), 6.76 (d, J = 2.0 Hz, 1H), 6.71 (dd, J = 8.1, 2.0 Hz, 1H), 5.18 (s, 2H), 5.12 (s,
2H), 3.50 (s, 3H), 2.85 (t, J = 6.8 Hz, 2H), 2.61 (t, J = 6.8 Hz, 2H). *C NMR (101 MHz, CDCl3) &
148.9, 145.1, 136.9, 134.2, 128.3, 127.6, 127.1, 121.4, 117.64, 115.2, 95.6, 70.8, 55.9, 43.2,
39.2. HRMS (EI) for C17H,;NO3: calculated [M]": 287.1519. Found [M]": 287.1521.

HO 5-(2-Aminoethyl)-2-(methoxymethoxy)phenol Phenylethylamine 100a
mH (728 mg, 2.63 mmol) was dissolved in 15 mL of methanol and Pd/C

MOMO 10% (76 mg) was added. The mixture was stirred under an atmosphere

of H, until completion of the reaction. The reaction mixture was filtered through a plug of celite
and the solvent evaporated under reduced pressure to provide the deprotected primary amine.
Yield: 513 mg, 97%, dark oil. FTIR (neat, cm™) 2938, 1507, 1151, 982. '"H NMR (400 MHz,
MeOD) 6.96 (d, J = 8.2 Hz, 1H), 6.68 (s, 1H), 6.61 — 6.56 (m, 1H), 5.10 (s, 2H), 3.43 (s, 3H),
3.27 (s, 1H), 2.87 (t, J = 7.3 Hz, 2H), 2.65 (t, J = 7.2 Hz, 2H). *C NMR (101 MHz, MeOD) &
148.0, 144.2, 133.7, 119.9, 117.2, 116.5, 95.8, 55.5, 42.6, 36.7. HRMS (El) for C1oHsNO3:
calculated [M]": 197.1053. Found [M]": 197.1052.

2-(Methoxymethoxy)-5-(2-(((2-nitrophenyl)thio)amino)
HOD/\ ethyl)phenol (101a) The hydrogenated amine (513 mg, 2.59
MOMO HN‘S/Q mmol) was dissolved in a mixture of CHCI; (25 mL), methanol
NO, (1.5 mL) and triethylamine (130 pL) in a flask of 100 mL with
stirring and heating until fully dissolved. The solution was cooled to 0 °C, 25 mL of aqueous
saturated K,CO; solution was added and allowed to stir for 5 minutes. Then, 2-
nitropheynlsulfenyl chloride (589 mg, 3.11 mmol) was added in three portions. The reaction was
finished after one hour (confirmed by TLC). The reaction mixture was extracted with CHCI;,
dried over MgSO, and evaporated under reduced pressure. The crude product was then
purified by flash chromatography with DCM/PE/EtOAc 50/50/2 eluent system providing the
desired product 101a. Yield: 694 mg, 76%, bright orange thick oil. FTIR (neat, cm'1) 3348, 1504,
906, 726. '"H NMR (400 MHz, CDCl3) & 8.26 (dd, J = 8.3, 1.4 Hz, 1H), 7.79 (dd, J = 8.3, 1.3 Hz,
1H), 7.57 (ddd, J = 8.3, 7.1, 1.4 Hz, 1H), 7.23 (ddd, J= 8.3, 7.1, 1.3 Hz, 1H), 7.03 (d, J = 8.2 Hz,
1H), 6.84 (d, J = 2.1 Hz, 1H), 6.69 (dd, J = 8.3, 2.2 Hz, 1H), 5.96 (s, 1H), 5.19 (s, 2H), 3.53 (s,
3H), 3.24 — 3.18 (m, 2H), 2.83 (t, J = 6.8 Hz, 2H), 2.71 (s, 1H). °C NMR (101 MHz, CDCl;) &
146.4, 145.6, 143.0, 142.4, 133.8, 133.6, 125.6, 124.3, 124.2, 120.4, 115.7, 95.9, 56.2, 52.4,
36.09, 36.1. HRMS (EI) for C4¢H1gN2O5S: calculated [M]": 350.0940. Found [M]": 350.0936.

238



Organocatalyzed Pictet-Spengler Reaction for the Synthesis of
1-Benzyl-1,2,3,4-tetrahydroisoquinolines and Total Synthesis of (R)-Trimetoquinol Hydrochloride

MeO S_.OMe 1.23-Trimethoxy-5-(2-methoxyvinyl)benzene (103) It was synthesized
D/\» according to previously reported experimental procedure and 'H NMR
MeO 1 agrees with the reported data.® (E/Z 58:42). '"H NMR (400 MHz,
CDCl;3) 6 7.01 (d, J=12.9 Hz, 1H), 6.86 (s, 2H), 6.47 (s, 2H), 6.13 (d, J
=7.05 Hz, 1H), 5.79 (d, J = 12.9 Hz, 1H), 5.17 (d, J = 7.05 Hz, 1H), 3.88 (s, 6H), 3.88 (s, 6H),

3.85 (s, 3H), 3.85 (s, 3H), 3.81 (s, 3H), 3.71 (s, 3H).
MeO 2-(3,4,5-Trimethoxyphenyl)acetaldehyde (104) It was synthesized
according to previously reported experimental procedure and 'H NMR
MeO S agrees with the reported data.®® 'H NMR (400 MHz, CDCl;) & 9.57 (t,
J=2.3 Hz, 1H), 6.31 (s, 2H), 3.70 (s, 6H), 3.69 (s, 3H), 3.57 (d,

J=2.3 Hz, 2H).

4-((tert-Butyldimethylsilyl)oxy)benzaldehyde® Phenol 105 (5 g, 40.9 mmol)
was dissolved in 150 mL of dichloromethane and cooled down to 0 °C. To
TBSO he solution was added imidazole ( 5.5 g, 81.8 mmol), DMAP (250 mg, 2.05

mmol) and TBSCI (7.4 g, 49.08 mmol). The reaction mixture was allowed to reach room

CHO

temperature and stirred for 16 hours. Then, the mixture was quenched with NH,CI and extracted
with DCM. The organic layers were combined, washed with brine, dried over Na,SO, and
concentrated under reduced pressure. The crude mixture was filtered through a plug of silica
using a 1:1 (DCM:PE) mixture to afford the protected aldehyde as a colorless oil (8.41 g, 87%).
'H NMR (300 MHz, CDCl;) 5 9.89 (s, 1H), 7.79 (d, J = 8.5 Hz, 2H), 6.94 (d, J = 8.5 Hz, 2H),
0.99 (s, 9H), 0.25 (s, 6H).

tert-Butyl(4-(2-methoxyvinyl) phenoxy)dimethylsilane Aldehyde (8.41
WO © g, 35.62 mmol) and (methoxymethyl) triphenyl phosphonium chloride
TBSO (14.65 g, 42.74 mmol) were dissolved in 150 mL of THF. The reaction
mixture was cooled to 0 °C after which KO'Bu (4.79 g, 42.74 mmol) was added in one portion.
The reaction was stirred for 10 minutes and the allowed to room temperature. The reaction was
stirred for 4 hours more. Then, it was quenched with NH,Cl and the aqueous layer was
extracted with Et,0. The organic layers were combined, washed with brine, dried onto MgSQO,
and concentrated under reduced pressure. The crude was purified by flash chromatography in
silica using a 1:20 (EtOAc:PE) system to provide the enol in a E/Z 1/1 relationship. Yield: 5.89
g, 63%, colorless oil. FTIR (neat, cm™) 2929, 1507, 1250, 908, 835, 777. "H NMR (400 MHz,
CDCl;) 6 7.45 (d, J = 8.6 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 6.93 (d, J = 13.0 Hz, 1H), 6.76 (dd,
J=8.7,7.3Hz, 4H), 6.05 (d, J=7.0 Hz, 1H), 5.78 (d, J = 12.9 Hz, 1H), 5.17 (d, J = 6.9 Hz, 1H),
3.76 (s, 3H), 3.66 (s, 3H), 0.98 (s, 18H), 0.19 (s, 12H). *C NMR (101MHz, CDCl;) & 153.4,
153.2, 147.2, 145.9, 129.1, 129.0, 125.7, 119.9, 119.5, 105.0, 104.3, 60.0, 55.9, 25.3, 17.8, -
4.8. HRMS (FD +) for C45H240,Si: calculated [M]*: 264.1546. Found [M]": 264.1530.
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2-(4-((tert-Butyldimethyisilyl)oxy)phenyl)acetaldehyde (106) It was
J@/\CHO synthesized from the corresponding enol ether according to previously

reported experimental procedure and 'H NMR agrees with the reported
data.”® 1H NMR (400 MHz, CDCl3) 8 9.74 (m, 1H), 7.09 (d, J = 8.4 Hz, 2H), 6.86 (d, J = 8.4 Hz,
2H), 3.63 (s, 2H), 1.0 (s, 9H), 0.22 (s, 6H).

TBSO

2-(3-((tert-Butyldimethylsilyl)oxy)-4-methoxyphenyl)acetaldehyde (108)

CHO It was synthesized from 107 according to previously reported

TBSO

MeO experimental procedure. 'H NMR agrees with the reported data.”®

'H NMR (400 MHz, CDCl3) 5 9.69 (t, J = 2.5 Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 6.75 (dd, J = 8.2
Hz, J=2.1 Hz, 1H), 6.71 (d, J = 2.1 Hz, 1H), 3.80 (s, 3H), 3.55 (d, J = 2.5 Hz, 2H), 0.99 (s, 9H),
0.15 (s, 6H);

Pictet-Spengler Reactions of 2-(3,4,5-trimethoxyphenyl)acetaldehyde 15 with
2-Nitrophenylsulfenyl Substituted Phenylethylamine 2: Optimization Studies

Reactions were performed with amine 101a (0.014 mmol, 5 mg) and 2-(3,4,5-
trimethoxyphenyl)acetaldehyde 104 (0.028 mmol, 5.9 mg), catalyst (10 mol%) and additive (20
mol%) in dry toluene in the cited concentrations. Argon atmosphere was applied when cited.
MgSO, was added when cited. The conversion of the Nps-derivative was followed using HPLC
[ChiralPack AD, 20% 'PrOH/Heptane, 0.5 mL/min, 220 nm] due to the same retention time on
the TLC plates of the instantly formed enamine and the final product. HPLC samples for
conversion and ee determination were prepared by scratching the enamine-product spot from
the TLC-plate, followed by extraction of the silica gel with a mixture of 15% 'PrOH/Heptane,
filtration and direct analysis. Conversion are reported as Conv = 100 x [(%Awm) + (%Amn))/[(Y%Aw)
+ (%An) + (Y%Acnamine)] Where: tr (R) 26.30 min, tg (S) 40.65 min, and tgr (enamine) 57.63 min.

HO O,N (R)-7-(Methoxymethoxy)-2-((2-nitrophenyl)thio)-1-(3,4,5-
m\ Kj trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinolin-6-ol (109a) In an
MOMO .S oven dried flask Nps-protected amine 101a (100 mg, 0.29
Meo mmol), aldehyde 104 (66 mg, 0.31 mmol), (R)-TRIP 80 (20.6
MeO mg, 0.03 mmol), (S)-BINOL (15.7 mg, 0.06 mmol) and MgSO,

OMe (4.48 mmol, 540 mg) were dissolved in dry toluene under argon

atmosphere and stirred at room temperature vigorously for 3 days. Then, the reaction mixture
was concentrated under reduced pressure and the crude mixture was purified by flash
chromatography using a DCM/PE/EtOAc 50/50/2 (then increased to 50/50/4) eluent system to
produce 109a. Yield: 107 mg, 72%, orange glass solid. [a]p®® = - 3.5 (c 1.00, CHCI3), 92% ee.
FTIR (neat, cm™) 3398, 2925, 1503, 1235, 1122, 734. "H NMR (500 MHz, Toluene-d8, 90 °C) &
7.95 (d, J = 8.1 Hz, 1H), 7.52 (d, J = 8.1 Hz, 1H), 7.05 (m, 1H), 6.70 (m, 2H), 6.56 (s, 1H), 6.27
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(m, 2H), 5.87 (bs, 1H), 4.75 (m, 2H), 4.35 (t, J = 6.8 Hz, 1H), 3.80 (s, 3H), 3.46 (m, 6H), 3.36
(m, 1H), 3.17 (m, 3H), 3.05 (m, 1H), 2.98 (m, 2H), 2.82 (bs, 1H), 2.42 (dt, J = 14.6, 4.3 Hz, 1H).
3C NMR (126 MHz, Toluene-d8, 90 °C) & 154.1, 146.4, 143.5, 143.0, 139.0, 134.3, 133.5,
133.3, 129.6, 129.2, 125.7, 124.9, 124.3, 116.0, 115.6, 108.7, 96.8, 96.2, 60.4, 56.5, 56.2, 55.9,
55.3. HRMS (FD +) for C,7H3N,OgS: calculated [M]": 542.1723. Found [M]": 542.1838; HPLC
(Chiralcel AD, heptane/iPrOH = 80/20, flow rate 0.5 mL/min, A = 220 nm), {g (major) = 26.9 min,

tr (minor) = 40.9 min; ee = 92%.

{li 75000
20000
H 50000 ‘ |
10000 H | ‘ il 25000

| |

\ [ | | s
| [\ o | N J — L

7 T T 7 T 10 20 30 40 50
10 20 30 40 50 6l min
min

Time |Area % Height (% Area Time |Area % Height % Area
1 |25.897 1475341 67.58  |57.97 1 |26.951 4644231 |97.03  |95.79
2 [39.994 1069453 [32.42  |42.02 2 /40.858 203925  |2.97 4.21

Hydrolysis procedure

The corresponding Pictet-Spengler product (0.19 mmol) was dissolved in a 1:1 mixture of
DCM:EtOH (2 mL). HCleone (1 mL) was added and the reaction was stirred at room temperature
for one hour. After this time, the aqueous layer extracted with DCM until the organic phase
remained clear. Then, the aqueous layers was evaporated under reduce pressure to afford pure

hydrochloric salts as stable solids. The products were further recrystallized from MeOH/Et,O

mixtures.
HO (R)-1-(3,4,5-Trimethoxybenzyl)-1,2,3,4-tetrahydroisoquinoline-6, 7-diol
NH HCl hydrochloride or (R)-Trimetoquinol Hydrochloride (LX) Hydrolysis
HO : produced pure compound LXIIl as a stable brownish solid (62 mg,
MeO 86%). The racemate crystallized allowing the mother liqueurs
MeO enantiopure (43 mg, 62%, >99% ee) Note: HPLC chromatograms
OMe were performed after the hydrochloride salt had been neutralized with

a concentrated solution of K,COs. Chiral HPLC: Chiralcel AD, "heptane/ isopropanol/Diethyl
amine (v/v/v = 70/30/0.1) as eluent, flow 0.8 mL/min, 254 nm. tg (major) = 13.2 min, tg (minor) =
36.4 min. Data: [a]5*° = no transmission, literature: [a]5*° = - 30 (¢ 1.0, MeOH). m, = 157-158 °C,
literature: 151-153 °C. IR (neat, cm™) 3367, 3212, 1592, 1452, 1423, 1116.°° "H NMR (400
MHz, Deuterium Oxide) & 6.76 (s, 1H), 6.54 (s, 3H), 4.74 — 4.65 (m, 1H), 3.79 (s, 6H), 3.77 (s,
3H), 3.52 — 3.40 (m, 1H), 3.31 (m, 2H), 3.07 (m, 1H), 2.95 (m, 2H). °C NMR (75 MHz,
Deuterium Oxide) d 152.5, 144.0, 142.8, 135.9, 131.5, 123.6, 122.7, 115.6, 113.7, 106.9, 60.8,
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55.9, 55.6, 39.5, 39.1, 23.9. HRMS (FD +) for C15H»NOs: calculated [M + H]*: 346.1654. Found
[M + H]": 346.1646.

1% batch recrystallization: 59% ee 1% batch mother liqueurs: >99% ee
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‘ | '\
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| ‘
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Annex I-a. NMR spectra selection for Chapter 2
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Compound NO»-X, -OMe-5am
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Compound NO,-N_-OMe-5al
'"H NMR (CDCl3)
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Compound NO,-N -OMe-5la
'"H NMR (CDCl3)
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Compound NO,-X, -OMe-5¢

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 2
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NMR spectra selection for Chapter 2

Compound NH,-X -OMe-10la
'"H NMR (CDCl3)
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COSY (CDCls)

3.0

3.5

» S
0 0w

T, S

.‘“ "

F4.0

f1 (ppm)

L4s
Fs5.0
L55
L6.0

6.5

} k7.0
a%‘ .
S : F7.5

75 70 65 60 55 50

45 40 35 30 25 20 15
2 (ppm)

263



Annex I-a

Compound NH,-N, -OMe-10aa
'"H NMR (CDCl3)
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Compound NH,-N_-OMe-10al
'"H NMR (CDCl3)

_-7.35
~7.26

H,N JBu

Ph CO,Me

Iz

419
4.18

{

1.00

3.78
3.73

L
\372

3
1.25 {

2.81
1.27

—3.30

205
204

1.02

0 478

~

8.0 7.0 6.5 6.0 5.5

3C NMR (CDCly)

— 1751

138.5
_-128.2
~127.0

HN,  JBu

Ph COzMe

Iz

5.0

4.5
f1 (ppm)

4.0

3.5

77.3
77.0

76.7

va
\

3.0 2.5

\67.2
—625
~604
~575
521

—323

—27.8

~ 110529

T T T T T T T T
00 190 180 170 160 150 140 130 120

266

T
110

T
100
f1 (ppm)

1200

1100

1000

900

800

700

600

500

400

300

200

100

r-100

F- 36UV

3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

800

600

400

200

-200




NMR spectra selection for Chapter 2
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Compound NH,-N_-OMe-10la
'"H NMR (CDCl3)
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Compound 17
'"H NMR (DMSO-ds, 70°C)
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NMR spectra selection for Chapter 2

Compound 12b
'"H NMR (CDCl3)
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Compound ent-13ab
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Compound anti-21
'"H NMR (CDCl3)
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Compound ent-anti-21
'"H NMR (CDCl3)
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Compound ent-syn-21
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NMR spectra selection for Chapter 3

Annex I-b. NMR spectra selection for Chapter 3
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NMR spectra selection for Chapter 3

Compound NO»-X, -OMe-5e
'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO,-X X -O'Bu-23b
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NMR spectra selection for Chapter 3

Compound NO»-X; X, -OMe-23a

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO,-X N -OMe-23a

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO,-N X -OMe-23a

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO,-N Xp-OMe-23a

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO»-X; X, -OMe-25a

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO»-X; Xp-OMe-25a

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 3

Compound NO»-X, Gly-OMe-29

'"H NMR (CDCl3)
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Compound NO»-X; X, -OMe-26a

'"H NMR (CDCl3)
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Compound NO»-X; X4-OMe-26a
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Annex I-c. NMR spectra selection for Chapter 4
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Compound 24aab
'H NMR (CDCly)
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Compound 24aac
'"H NMR (CDCl3)
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Compound 24aad
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Compound 24aae
'"H NMR (CDCl3)
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Compound 24aea
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Compound 24afa
'"H NMR (CDCl3)
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Compound 24baa
'"H NMR (CDCl3)
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Compound 24caa
'"H NMR (CDCl3)
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NMR spectra selection for Chapter 4
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NMR spectra selection for Chapter 4

Compound (3S,3aR,7aR)-56gp
'"H NMR (CDCl3)
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NMR spectra selection for Chapter 4

Compound (3S,3aS,7aS)-56gp
'"H NMR (CDCl3)
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NMR spectra selection for Chapter 4

Compound (3S,3aR,7aS)-56gp

'"H NMR (CDCl3)
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NMR spectra selection for Chapter 4

Compound 72
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NMR spectra selection for Chapter 5

Annex I-d. NMR spectra selection for Chapter 5
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'H NMR (MeOD-dg)

6.97
6.94
6.68
6.59
6.59
6.59
6.57
6.57
6.57
—5.10
—4.88

e

5500

HO

I 5000
MOMO 4500
4000
3500
3000
2500
| 2000
1500

1000

500

5 g3 ]

.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

r-500

45
1 (ppm)

C NMR (MeOD-dg)

13000

—148.0
— 1442

133.7
1199
1172
1165

95.8

555
— 426
— 367

12000
11000

HO

10000

MOMO NHz 9000

8000
7000
6000
5000
4000
3000
2000

1000

r-1000

F-2000

F-3000

- -4000

- -5000

- -6000

~-7000
T T T T T T T T T T T T T T T T T T T T 1

00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

360



NMR spectra selection for Chapter 5

Compound 101a
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NMR spectra selection for Chapter 5
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X Ray structures for Chapters 2, 3 and 4

Annex Il. X Ray structures for Chapters 2, 3and 4

Intensity data were collected on an Agilent Technologies Super-Nova diffractometer, wich was
equipped with monochromated Cu ka radiation (A = 1.54184 A) and Atlas CCD detector.”
Measurement was carried out at 100.00 K with the help of an Oxford Cryostream 700 PLUS
temperature device. Data frames were processed (united cell determination, analytical
absorption correction with face indexing, intensity data integration and correction for Lorentz
and polarization effects) using the Crysalis software pac:kage.2 The structure was solved using
Olex2® and refined by full-matrix least-squares with SHELXL-97.* Final geometrical calculations

were carried out with Mercury5 and PLATON® as integrated in WinGX.’

T Al the presented structures were resolved by the Advanced Research Facilities (SGlker) of
ther Univeristy of the Basque Country, performed by Dr. San Felices at the General X-Ray
Service.

2 CrysAlisPro, Agilent Technologies, Version 1.171.37.31 (release 14-01-2014 CrysAlis171
.NET; compiled Jan 14 2014,18:38:05).

3 Dolomanov, O.V.; Bourhis, L.J.; Gildea, R.J.; Howard, J.A.K.; Puschmann, H. J. Appl. Cryst.
2009, 42, 339-341.

* Sheldrick, G. M. Acta Cryst. 2008, A64, 112-122.

®> Macrae, C. F.; Bruno, I. J.; Chisholm, J. A.: Edgington, P. R.; McCabe, P.; Pidcock, E.;
Rodriguez-Monge, L.; Taylor, R.; van de Streek, J.; Wood, P. A. J. Appl. Cryst. 2008, 41,
466-740.

® Spek, A. L. J. Appl. Cryst. 2003, 36, 7-13.

" Farrugia, L. J. J. Appl. Cryst. 1999, 32, 837-838.
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Compound syn-21

W

(100912)

10:35:24 2014 -

OOPLATON-Oct

I crzi

Prob = 80
femp = 100

AR =0.10

Datos Fisicos y Cristalograficos

Condiciones de Registro y Afinamiento

Formula

M: (g-mol™)
Sistema cristalino
Grupo espacial
a(A)

b (A)

c (A)

a(7)

80)

v ()

V(A7)

Z

Dy (g-cm™)

p (CuKa) (mm™)
F (000}
Morfologia

Color

Tamaiio (mm)

C21 H27 N 05
37344
Monoclinic

C2 (No. 5)
22571(5)

5. 469(5)
16.565(5)

90

109.897(5)

a0

1922.7(19)

4

1.290(1)

0.749

800

Aguja

Incoloro
0.40x0.03x0.03

Difractometro

Detector

Temperatura (K)

% (Cuke) (A)

Monocromador

Colimador (mm)

Modo de bamrido

Anchura de bamido (7)

Tiempo por placa (s) (Total, h)
Intervalo de & (%)

(hkl) minimo

(hkl) maximo

Reflexiones medidas
Reflexiones independientes (R )
Reflexiones observadas [I=23(1]]
Cormreccion de absorcion
Solucién

Refinamiento

MNamero de parametros

Ndmero de restricciones

Als maximo

Als media

Ap maximo (eA™)

Ap minimo (eA™)

S (GOF)

Coeficiente extincién secundaria™
R(F} (=2, todos los datos)
Ra{F*f! (I>2, todos los datos)

Agilent SuperMova Cu

CCD (Atlas)
100(1)°
1.54184

Optica multicapa
02

Rotacion

1.0

14 (6)
4.1-7125

(—27 -6 -20)
(256 20)
19136
3644(0.213)
2117

Analitica por caras
OLEXZ2
SHELXLI7
255

13

0.000

0.000

0.481

0.312

937

0

0.1539, 0.1049
02422 02722

[a] Ezsquema de pesado: 1o (F, )+(0.1579P)"] donde P = [Max(F, ,0)+2F, ]/3. _
[b] Expresion de extincién secundaria tipe SHELXL: F* = kF [1+0.001F 23 fseni28)]



X Ray structures for Chapters 2, 3 and 4

Compound NO,-X, X,-O'Bu-23b

297

PLATON-Rpr 28 13:07:40 2015 - (100212)

Z -53  er08d4 F 43 21 2 R =0.05 AES= 0 132 X
Crystal Data Data Collection and Refinement

Formula €38 H40 N4 05| Difractometer Agilent SuperNova Cu
Formula Weight 632.74| Detector CCD (Atlas)
Crystal System tetragonal| Temperature (K) 100(1)°
Space group P 4; 21 2 (No.96)| 5. (CuKw) (A) 154184
a(A) 11.36753(9)| Monochromator Optica multicapa
b (A) 11.36753(9)| Collimator (mm) 02
c(A) 54 T978(9) | Scan mode Rotacidn o
o) 90 | Scan width (3 1.0
B3 80 | Time per frame (s) (Total, h) 4:16 (10)
v 90 | Interval of & (9 3.23,71.96
V(A% 7081.02(14)| (hkl) minimum (-13 -14-67)
z 8/ (hkl) maximum (14 10 67)
D, (g-em™) 1.187| Reflections measures 54809
W (CuKox) (mm™) 0.487| Reflections independent (R ) 6906(0.0386)
F (000) 2688| Reflections observed [I>2a0(1)] 6454
Morphology Plate| Absorption correction Analytical
Colour colourless | Solution OLEX2
Size (mm) 0.02x 0.18x 0.27 | Refinement SHELXL97(14/7T)

Number of parameters 506
Friedel coverage 99% [ Number of restrictions 135
Flack x 0.14(9)| Al maximum 0.001
Hooft y 0.03(6)| A5 medium 0.000
P2(wrong) <10 | Ap maximum (eA™) 0.308

Ap minimum (eA™) 0.235

S (GOF) 1.055

Secondary extinction coefficient ™ 0

R(F) (I>2a,, all) 0.0468, 0.0499

Ra{FJ (120, .all) 0.1096, 0.1115

[a] Esquema de pesado: 1/[a”(F,"}+( 0.0402P) +3.8210P] donde P = [Max(F,*,0}+2F )3
[b] Expresion de extincién secundaria tipo SHELXL: Fc* = kF[1+0.001F 3 fsen(20)]
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Annex I

Compound NO,-X, X, -OMe-25a

-35 Y

FLRTON-Sep 26 10:27:28 2014 - (100912)

50
1a0

7 -85 1 P21212 R-=0.03 RES= 0 -29 X
Datos Fisicos y Cristalograficos Condiciones de Registro y Afinamiento
Formula C36 H38 N4 05| Difractometro Agilent SuperMova Cu
M, (g-mol) B04.80 | Detector CCD (Atlas)
Sistermna cristalino COrthorhombic | Temperatura (K) 10001
Grupo espacial P212:21 (Mo. 18] [ (Cukm) (A) 1.54184
ald) 10.8182(1}) | Monocromador ﬂphn:'.a multicapa
b (A) 12.3547(1) | Colimador (mm) 0.2
c[A) 23.4547(2) |Modo de bamido Rotacion
(%) 90 |Anchura de bamido () 1.0
B ") 0 | Tiempo por placa (s} (Total, h) 1.5:8 (B)
T %) 20 | Intervalo de 8 [°) 4.0-725
v (A% 3163.25(5) | (hkl) minimo (—13 —15 —29)
z 4 (Z=1) | (k1) maxime (13 14 28)
F (000} 12280 | Reflexiones medidas 35748
u (Cuka) (mm™") 0.892 |Reflexiones independientes (R, ) B256{0.028)
Dy (g-em™) 1.270(1} | Reflexiones observadas [1=2a(1]] 6080
Morfologia Prisma | Comeccion de absorcion Analitica por caras
Color Incolore | Salucion OLEX2
Tamanao (mm) 0.07x 0.20= 0.268 | Refinamisnto SHELXLGT
Mimero de parametros 453
Mumero de restricciones 54
Alg maximo 0.003
Alg media 0.000
Ap maximo (eA™) 0.160
Ap minima (e ) -0.188
S (GOF) 1.040
Friedel coverage 100% | Coeficients extincién secundaria’™ i
Flack x 0.02(12) |R(F) (=2, todos los datos) 0.0283, 0.0296
Hooft y 0.04(5) | RJF*™ (125, .todos los datos) 0.0727, 0.0733
P2{wrong) =10

[a] Esquema de pesado: 1/[o*(F.*1+(0.04560PF+1.5838P] donde P = [Max(F,* 0)+2F 3.
[t] Expresidn de extincion secundaria tipe SHELXL: F." = kF[1+0.001F. 3. Ysen(28)T™
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X Ray structures for Chapters 2, 3 and 4

Compound (3S,3aR,7aS)-24aaa

12y

PLATON-Sep 25 11:01:42 2014 - (100912)

~N
|

@

~N

I P 121

1 R = 0.03 RES=

Prob = 50
Temp = 100

0 -100 X

Datos Fisicos v Cristalograficos

Condiciones de Registro y Afinamiento

Farmula

M, (g-mol™)
Sistema cristaling
Grupo espacial
a (&)

b (&)

cid)

@ (%)

B

1)

V(A%

z

F (000}

W (CuKa) (mm™)
D, (g-cm™)
Morfologia

Caolor

Tamafio {mm)

C21H21 N 04,

35139
Monoclinic
P2, (Mo. 4)

B.BT31{1)
9.8039(2)
10.3325(2)
a0

90 92 .823(1)
a0

897 74(3)
2(Z=1)
372

0.733
1.300401)
Prisma
Incolono

0.11x 0. 15x 0.34

Friedel coverage
Flack x

Hooft y
P2{wrong)

94%
0.06(12)
0.03(7)
<10

Difractometro

Detector

Temperatura (K)

A (Cule) (A)

Monoccromador

Colimador {mm)

Modo de barrido

Anchura de barmido (*)

Tiempo por placa (s) (Total, h)
Intervalo de & (%)

{(hkl) minimo

(hkl} maximo

Feflexiones medidas
Reflexiones independientes (R
Feflexiones ohservadas [1=2(1]]
Coreccion de absorcion
Solucion

Refinamiento

Mumero de parametros

Mumero de restricciones

Alg maximo

Alg media

Ap maximo (eA™)

Ap minime (2473)

5 (GOF)

Coeficiente extincion secundaria™
R({F) {I=2g, todos los datos)

R (F3) {I=2g, todos los datos)

[a] Esquema de pesado: 1o (Fa }+{0.0320F)%) donde P = [Max(Fo . 0)+2F )3,
[b] Expresidn de extincién secundaria tipo SHELXL: F.* = kFJ1+0.001F 0 sen(2ai ™

Agilent SuperMova Cu

CCD (Atlas)
100(1)°

1.54184

ﬂlpﬁca multicapa
0.2

Rotacion o

1.0

1:4(4)

4 3-71.0

-8 -11 -11)

(10 10 12)

9860
3353(0.027)
3279

Analitica por caras
OLEX2
SHELXLST

236

1

0.000

0.000

0.172

-0.164

1.060

0

0.0262, 0.0270
0.0641, 0.0650
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Annex I

Compound (3S,3aR,7aS)-24aae

- (100312}

13 2015

3 13:25:

Prob - ol
Temp = 100

Z -78 02014363 of 1 21 1 A = 0.04 RES= 0 -105 X
Crystal Data Data Collection and Refinement

Formula C25 H36 N2 06| Difractometer Agilent SuperMova Cu
Formula Weight 460.56| Detector CCD (Atlas)
Crystal System Monoclinic| Temperature (K) 100(1)°
Space group P21 (No. 4)|5. (CuKe) (A) 154184
a(A) 8.4435(3)| Monochromator Optica multicapa
b (A) 9.6435(2)| Collimator (mm) 0.2
c (A) 15.6705(6) | Scan mode Rotacion o
a(®) 80 | Scan width (%) 1.0
B (%) 103.422(4) | Time per frame (s) (Total, h) 1.5:6(4)
v (%) 90 |Interval of & (%) 29,725
Vv (A%) 1241.12(7)| (hkl) minimum (-10 =11-19)
Z 2| (hkl) maximum (10 11 18)
D, (g-cm™) 1.232| Reflections measures 14475
p (Cuke) (mm™) 0.716| Reflections independent (R 4891(0.065)
F (000) 496| Reflections observed [I>24{1)] 4408
Morphology Meedle| Absorption correction Analytical
Caolour colourless | Solution OLEX2
Size (mm) 0.04x 0.04x 0.69 | Refinement SHELXLST
Nurmber of parameters o7

MNumber of restrictions 1

Ale maximum 0.000

Ale medium 0.000

Ap maximum (eA”) 0.203

| Ap minimum (eA) 0.255

Friedel coverage 99% |5 (GOF) 1.025
Flack x 0.06(18)| secondary extinction coefficient ™ 0
Hooft y -0.06(14)| R(F) (1524, all) 0.0442, 0.0505
P2(wrong) <10 Ra{F ¥ (122, ,all) 0.1083, 0.1132

[a] Ezquema de pesado: 1o (Fy )+( 0.0587P)] donde P = [Max(F,",0)+2F 3. _
[b] Expresion de extincion secundaria tipo SHELXL: F.* = kF [1+0.001F .3 sen(26) "
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X Ray structures for Chapters 2, 3 and 4

Compound 56aa

40 Y

(1009121

FLRTON-Mar 4 10:50:20 2015 -

Frob =
Temp

50

= 100

i) a/0150103 P 1 21 1 R = 0.03 RES= 4] 53 X
Crystal Data Data Collection and Refinement
Formula C14 H17 N1 O1) Difractometer Agilent SuperNova Cu
Formula Weight 215.23| Detector CCD (Atlas)
Crystal System Monoclinic| Temperature (K) 100(1)°
Space group P21 (No. 4)|;_ (CuKz) (A) 154184
a(h) 6.01020(10) Menochromator Optica multicapa
b (A) £.9308(2)| Collimator (mm) 02
c(A) 13.6422(3) | Scan mode Rotacion «
a(®) 80 | Scan width (7} 1.0
B (%) 95.653(2) [Time per frame (s) (Total, h) 1.56(4)
v (%) 90 | Interval of & (%) 3.26,71.85
V(A% 565.51(2)| (hkl) minimum (-7 —8-16)
z 2| (hkl) maximum (7 816)
Dy (g-cm™) 1.264| Reflections measures 11034
W (CuKe:) (mm™) 0.618|Reflections independent (Ryy ) 2194 (0.034)
F (000) 232| Reflections observed [I>24(1)] 2140
Morphology MNeedle| Absorption correction Analytical
Colour colourless | Solution OLEX2
Size (mm) 0.02x 0.13x 0.23 | Refinement SHELXLS7
MNumber of parameters 149
Mumber of restrictions 1
Alg maximum 0.003
Al medium 0.001
Ap maximum (eA~) 0.162
Ap minimum (eA~) -0.182
Friedel coverage 97% |5 (GOF) 1.058
Flack x 0.03(12)| secondary extinction coefficient ™ 0
Hooft y -0.06(14)| R(F) (1>2,, all) 0.0288, 0.0298
P2(wrong) =10 Ra{FF (125 ,all) 0.0722, 0.0728

[a] Esquema de pesado: 1/[o”(F.}+( 0.0420P) +0.0749P] donde P = [Max(F.",0)+2F. )3,
[b] Expresion de extincién secundaria tipe SHELXL: F.* = kFJ1+0.001F . fsen(26)"
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Annex I

Compound (3S,3aS,7aS)-56gp

I

S0

PLRTON-May 25 15:28:22 2015 - (100912)

Prob =
Temp =

o0
100

£ 165 aZ0150201 P 21 21 21 R = 0.03 RES= 0 -167 X
Crystal Data Data Collection and Refinement

Formula CAT H18 N OF| Difractometer Agilent SuperMNova Cu
Formula Weight 37.33| Detector CCD (Atlas)
Crystal System orthorombic) Temperature (K) 100.01(10)
Space group P22, 2, (N2 18)| 3 (Cuka) (A) 1.54184
al& £.31288(12)| Monochromator Optica multicapa
b (&) B.0074(2)| Collimator (mm} 0.2
e (A) 28.0842(5) | Scan mode Rotacion w
a7 B0 | Scan width (% 1.0
B3 80 | Time per frame (s} (Total, h) 2:8 (8)
T3 80 | Interval of B (% 3.38, 7387
WA 1483.22(5)( {hkl} minimum (7 -11-22)
z 4| {hikl} maximum (7 11 32)
D, (grem™) 1.421| Reflections measures 11735
g (CuKo) (mm™") 0.875| Reflections independent (R, ) 3002(0.045)
F (DO} 72| Reflections observed [I=2a(l]] a2
Morphology needle| Absorption correction Analytical
Caolour colourless | Solution OLEXx2
Size (mm) 0.05x0.07«0.37 | Refinement SHELXLST(14/7)

Mumber of parametsrs 222

Murmber of restrictions 16

Al masdmum 0021

Al medium 0.002

Ap maximum [eﬁf‘e’:- 0.186

Ap minimum (&™) -0.174
Friedel coverage 99% | 5 (GOF) 1.048
Flack x 007 1)| Secondary extinction coefficient 0
Hooft y 00311} RiF) (1=2, all) 0.0320, 0.0352
P2{wrong) 0™ | RYFM (1=20, ,all) 0.0755, D.O776

[a] Esguema de pesade: 10" (F. 1+ 0.0373P)*+ 0.2016F] donde P = [Max] :.nju:F:J .

[b] Expresidn de extincién secundana tipo SHELXL: F.* = kF1+0.001F 5 sen(26)]
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X Ray structures for Chapters 2, 3 and 4

Compound (3S,3aR,7aS)-56gp

-8 ¥

™~ PLRTOM=Jun & 11:34:54 2015 - (100912)

49 aZ0150202 P 31pf?

Prob =

K = 0.03 RES= 4]

S0
= 100

=30 X

Crystal Data Data Collection and Refinement

Formula C17 H19 N O5| Difractometer Agilent SuperNova Cu
Formula Weight 317.33| Detector CCD (Atlas)
Crystal System hexagonal Temperature (K) 100.00(10)
Space group P31 (No.144)( 5 (CuKa) (A) 154184
a(h) 14.6244(2)| Monochromator Optica multicapa
b (A) 14.6244(2)| Collimator (mm) 02
c (A) 6.23570(10) | Scan mode Rotacion w
a(? 90 | Scan width (7 1.0
B3 80 [ Time per frame (s) (Total, h) 2:8(6)
(% 120 |Interval of & (9 349, 7384
WV (A) 1154.98(3)| (hkl) minimum (-17-18-7)
Z 3| (hkl) maximum (18157)
D, (g-cm™) 1.369| Reflections measures 13799
u (CuKer) (mm™) 0.839| Reflections independent (Ry. ) 3058(0.037)
F (D00) 504 | Reflections observed [I>20(1]] 2980
Morphology needle| Absorption correction Analytical
Caolour colourless | Solution OLEX2
Size (mm) 0.05x0.07x0.37 | Refinement SHELXLY7(14/7)
Number of parameters 208

MNumber of restrictions 1

Alg maximum 0.010

Alg medium 0.001

Ap maximum (eA™) 0.170

{ A Ap minimum (eA™) -0.200

Friedel coverage 99% |5 (GOF) 1.039
Flack x 0.07{11)| Secondary extinction coefficient ™ 0
Hooft y 0.05(11)|R(F) (I1>2a,, all) 0.0268, 0.0278
P2(wrong) =10 Ra{F ! (1220 ,all) 0.0677, 0.0690

[a] Esquema de pesado: 1/[a°(F.")+( 0.0389P)*+ 0.1742P] donde P = [Max(F,",0}+2F. )3
[b] Expresion de extincidn secundaria tipo SHELXL: F.* = kFJ1+0.001F 233 fsen(2a) "
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Annex I

Compound rac-72

(100912)

PLATON-Jun & 14:27:37 2015 -

Z

112 o20150203 P -1pf3

R =0.05 RES=

Prob - ol
Temp = 100

374

Crystal Data Data Collection and Refinement

Formula C17 H17 N 05| Difractometer Agilent SuperNova Cu
Formula Weight 315.31| Detector CCD (Atlas)
Crystal System triclinicl| Temperature (K) 100.00(10)
Space group P-1 (No.144) 15 (CuKa) (A) 154184
a(A) 6.4434(3)| Monochromator Optica multicapa
b (A) 9.5718(5)| Collimator {mm) 0.2
c(A) 12.6451(5) [Scan mode Rotacion @
o(? 86.078(4) | Scan width (7 1.0
B3 76.852(4) | Time per frame (s) (Total, h) 2.5 (6)
(3 T74.079(5) |Interval of & (3 349, 73.64
v (A%) 730.29(6)| (hkl) minimum (-7 -11-15)
Z 2| (hkl) maximum (81115)
D, (g-em™) 1.434| Reflections measures 14150
p (Cuko) (mm™) 0.887| Reflections independent (Ry,) 2678(0.059)
F (000) 332| Reflections observed [I>240(1)] 2426
Morphology neadle| Absorption correction Analytical
Caolour colourless | Solution OLEX2
Size (mm) 0.04x0.06x 0.60 | Refinement SHELXL97(14/T)

Number of parameters 208

Number of restrictions 0

Al maximum 0.000

Al medium 0.000

Ap maximum (ed”) 0.458

Ap minimum (eA™) -0.281

S (GOF) 1.049

\\

Secondary extinction coefficient ™

R(F) (1520, all)
Ra{F ¥ (120, ,all)

0
0.0523, 0.0605
01421, 01520

[a] Esquema de pesado: 1/[c°(F.")+( 0.0971P)"+ 0.2166P] donde P = [Max(F.’,0)+2F. /3.
[b] Expresion de extincion secundaria tipe SHELXL: F.* = kF [1+0.001F 233 sen(28) "



Pseudo-first order linear plots, standard deviations and error calculation

Annex lll. Pseudo-first order linear plots, standard deviations
and error calculation

Pseudo-first order linear plots. Analysis of different monomeric and dimeric catalysts.

o) 0O F,
F. Catalyst (30 mol%)
m
+ H TFA (30 mol%)
Fo Fo neat, rt
Fm

11a 12a 13aa

Tested catalysts

COzMe /Eg—COzMe pcoznﬂe

NO,- xL -OMe-5aa

NOz-XLXL-OMe 233 NOz-XLNL-OMe -23a

02N ‘\
Ph
N R
COzMe H Cone CO,Me

N02 NL-OMe -5aa

NO,- NLNL-OMe -23a NOZ-NLXL-OMe-23a

Figure 1. Aldol reaction between cyclohexanone 1la and pentafluorobenzaldehyde 12a employing
organocatalysts  NO»-X -OMe-5aa, NO,-N_-OMe-5aa, NO2-X X.-OMe-23a, NO2-X N -OMe-23a,
NO2-N.N-OMe-23a, and NO,-N_ X -OMe-23a.
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Annex 1l

NO,-X X -OMe-23a

y = -0.0016682x - D 0130964
0 R = 09994806

0 500 1000 1500 2000 2400 3000
time (x 107 5)

NO,-X N -OMe-23a

0,0 v = -0.0013361% - 0.0898674
R = 09976871

-0,5 -
-1,0 -

-1,5 1

=20

-25

=30

-35

1] a00 1000 1400 2000 2600 3000
time (x 70 5)
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Pseudo-first order linear plots, standard deviations and error calculation

NO,-N,N,-OMe-23a
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Annex 1l

Standard deviations and error calculations. Errors for k,,s were calculated' employing the
standard deviation (s) in equation 1:

s = nili(xi—)?)z 1)
i=1
where
X stands for the different ko values calculated by °F NMR.
X is the average Kops.
n is the number of values (Kqps) in the final calculations

"See reference 31 in Chapter 3.
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