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Motivation and Research Objectives

Nat uredés biosynthetic machinery undeniably
well as selectivity and consequently has fascinated and challenged alike generations of chemist
This extraordinary effectiveness often relies on the direct oayupf concurrent reaction steps,
thus allowing the assembly of complex molecules from readily available starting materials.
Mammalian fatty acid synthase asepresentativanodel is an outstandingexamplefor this
assembly line approach (Figure This multienzyme complexatalyzes all necessary reaction
steps of fatty acid biosynthestensisting of a transesterification and a number of consecutive
reduction, elimination, and condensation st@pgure 1; seel. Maier, S. Jenni, N. Baigcience

2006 311, 1258 1262 and M. Leibundgut, T. Maier, S. Jenni, N. B&ayr. Opin. Struct. Biol.

2008 18, 714 725).

The development and application of novel, efficacious catalysts to achieperfoemance of
enzymess an unambiguously important issue at thesfimnt of synthetic organic chemistry.
Consequently, the application of small organic molecules for the acceleration of chemical
reactions,i.e,, organocatalysis, was a milestone in the field of catalysis. In the early days of
asymmetric organocatalysishemists delved into thehiral pool making use ofge.g, simple

amino acids as chiral catalysts. Various different catalyst types were subsequently developed ar
laid the foundation for this nowadays vibrant area of research. L&geraliovementioned
principles of biosynthesiswere alsoapplied to catalysis, enabling the synthesis of complex
molecular frameworks from simple starting materials (see Chapter ). However, the possibilities
of using distinct organocatalystgor onepot reactions still are limited, due to compatibility
issues, the proper reaction sequence, or +egid chemoselectivity, amongst other difficulties,
that become apparent with an increasing number of catalyzed steps. Therefore, most exampl
rely on the comimation of only two catalysts.

The application obligopeptides as catalysts in order to mimic the performance of enigraes
particularly elegant approach to asymmetric chemical synthesis. Argsably,catalysts can be
seen asi mi n i anificial @ezymes as they often rely @omparable activation modes, reaction
types as well ascatalysisubstrate interactionse.g, hydrogen bonihg, electrostatic or
dispersioninteraction3. The diversity of available amino acids (natural and synthetic),- well
estdlished coupling techniques, and the ease of modification makes peptides ideally suited for
the design of potent catalysts. Moreover, the possible incorporation of orthoganal (
independent) catalytic moieties into a single peptide backbone may yobv@rcome some of

the potential problems discussed above, but even lead to enhanced reactivities and selectivitie
Indeed, suclmnulticatalystshave now been realized.
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Figure 1. Top: Crystal structureof mammalian fatty acid synthase as ribbon representatienstructure was
obtained from the RCSB Protein Data Bank (PDB code: 2CF2) and was generated with JSmol. Guottplate

catalytic cyclefor fatty acid biosynthesi<CoA = coenzyme A; ACP = acghrrier protein; NADPH = nicotinamide
adenine dinucleotide phosphate; TE = thioesterase.

The research presented in thisctoral thesis is dedicated to the waddopmentof synthetic
oligopeptides and their application énanto s el ect i ve ¢ dynlciunappoeanhes
and as catalysts for demanding reactions
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Summary
Chapter |
Published as: R. C. Wende and P. R. Schre{eemen Chem2012 14, 1821 1849

The first part of this thesis is a Critical Review on multicatalysis that is used as a general
introduction to this rapidly growing field of research. We define the different types gbaine
reactions employing multiple catalysts, introduce ¢bacept ofretrocatalysisand discuss the
significant advantages and potential problems associated with multicatalysis. Reactions using
combinations of secondary aminds;heterocyclic carbenes and thiourea catalysts, amongst
others, are presented. Finalle introduce our previous achievements in multicatalysis and
disclose the development of the first peptidic multicatalyst.

Chapter Il

Published as: C. E. Muller, D. Zell, R. Hrdina, R. C. Wende, L. Wanka, S. M. M. Schuler, P. R.
Schreiner,]. Org.Chem.2013 78, 8465 8484

This chapter serves as an introduction to peptide catalysis in general and gives detailed insigh
into our catalyst design concept. The oligopeptide presented herein, was previously developed i
our group but recently provided eghbasis for further developments, such as multicatalytic
reactions and the expansion to the first organic multicatalysts (also see Chapter ).

From a library of various peptides BaePmh”Gly-L-ChaL-PheOMe was identified as an
remarkably efficient catalyst for the kinetic resolutiontans-cycloalkanel,2-diols. The ee
valuesaretypically >99% (for the mnaining diols) corresponding ®values >50. Whereas the
catalyst is also highly selectiveorf the desymmetrization omesealkanel,2-diols other
substratese.g, 1,3diols, provide only low selectivities. The extraordinary chemoselectivity of
the peptide is also revealed by competition experiments. Thus, this small tetrapeptide alread
shows abehavior that may be compared with enzymes. Moreover, computational investigations
on complexes of the acylium ion of the catalyst with the fast reacting enantiontemsf
cyclohexanl,2-diol were performed. The exceptionally high selectivities are npadsible by

the interplay of the aminoadamantane carboxylic acid that froms a dynamic binding pocket as
well as by attractive dispersion interactions of the cyclohexyl residue with the substrate.




Summary

Chapter 1l

Published as: C. Hofmann, S. M. M. Schuler, R. C. Wende, P. R. Schi@wan.Commun.
2014 50, 1221 1223

A multicatalytic enantioselective oxidative esterification is reported. The combination of
TEMPO as oxidation catalyst ar@nitrobenzoicacid as adiitive allows the oxidation of a
variety of aldehydes to their mixed anhydrides. These are enantioselectively transferred by the
peptide catalyst described in Chapter Il otrtemsgycloalkanél,24liols with up to 94%ee for

the recoveredliol and 93%eefor the corresponding acylated derivativEhe reaction progress

and the formation of thenixed @& well assymmetric anhydrideswas followed by NMR
spectroscopyThe reaction could also be performed with our previously developed multicatalyst
(see Chaptdl) instead of the two individual catalysts.

Chapter IV

Published as: M. W. Alachraf, R. C. Wende, S. M. M. Schuler, P. R. Schreiner, W. Schrader,
Chemi Eur. J. 2015 21, 16203 16208

I n cooperation with Prof. Dr . Wo |l-niethydhisgdin& c hr ad e
and a diacid as catalytic moieties was studied by-regblution mass spectrometry. The peptide

was previously used for a opet epoxidation/hydrolysis/kiniet resolution sequence starting

from simple alkenes and affording enantiomerically enrictrads-cycloalkanel,2-diols (see

Chapter I). Although the selectivities are synthetically usefuli(®9% ee for the remaining

diol) they can not compete with tleelectivities achieved with the corresponding tetrapeptide

alone. All important intermediates have been identified and characterized. It was found that the
epoxidation step also leads to a partial oxidation of the imidazole moiety and consequently to a
reduced catalytic performance of the multicatalyst.
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Chapter V
Unpublished results

We envisaged the development of a multicatalytic reaction sequence for the synttiedes of
oxygalactosidesOur approach is based on the partial protection of carbohydisesnay
subsequently act as glycosyl donorse Wentified Boc-D-Pmh”*Gly-L-Val-L-PheOMe to be a
highly regioselective catalyst in the acetylation ofethyl 4,6-O-benzylideneJD-gluco-
pyranosideln comparison tsimple N-methylimidazole which mosty leads to the acetylation
of the 3hydroxy group orthe substratg2-OAc/3-OAc/diacetylated: 22:70:8; 93% conversion),
the peptidepreferentially gives the Zacetylated product2¢OAc/3-OAc/diacetylated 85:9:6
>95% conversion)Thus this catalyst iot simply enhancing but completely overriditige
inherent reactivity of the substrate.

Chapter VI

Published as: R. C. Wende, A. Seitz, D. Niedek, S. M. M. Schuler, C. Hofmann, J. Becker, P. R.
SchreinerAngew.Chem.nt. Ed.2016 55, 2719 2723;Angew. Chen016 128 2769 2773

The DakintWe st reaction is one of the moasyamidoi abl
ketonesdirectly from the correspondingrimary U-amino acids Although this reaction was
known for decades no enantioselectiwiant has been reported previously. We found that the
complexity of the mechanism of the reaction requires the separation of the two crucial steps: the
acetylation of the azlactone intermediate and the final decarboxylation step. Under optimized
reactionconditions the Pmigontaining peptide catalysts act as a Lewis base in the first step and
as a Brgnsted base in a final enantioselective decarboxylative protonation. With tverkexj
catalyst selectivities with up to 58%e were achieved with good yas. Two of theobtained
products were recsjallized once to achieve up 4% ee Importantly, computational
investigations further proved the importance of dispersion interactions in the enantioselectivity
determining reaction step.




Summary

Chapter VII

Unpublished results

The last chapter describes further experiments regarding the enantioselectivé\Weskin
reaction. Computational and experimental investigations were performed to provide further
evidence for attractive dispersion interactions and e gisights how the selectivities could be
enhanced. Leucine derivatives with diverse protecting groups and different anhydrides were
explored. Although the previously observed selectivities could not be increased, the performed
experiments support our rosal for substratbinding by the catalyst in the stereochemistry
determining reaction step. Moreover, a potential synthesis of protease inhibitors applying the
Dakini West reaction is reported. Both important reaction steps, the enantioselective
decarboxiative protonation and the acetylation of the azlactone, are studied individually and
may lead to additional developments.
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Zusammenfassung
Kapitel |
Veroffentlicht als: R. C. Wende and P. R. Schreiffgeen Chem2012 14, 1821 1849

Der erste Teil der vorliegenden Doktorarbeit ist eine kritische Ubersicht zur Multikatalyse und
dient als Einleitung in dieses sich schnell entwickelnde Forschungsfeld. Wir definieren die
verschiedenen Typen von Eintopfreaktionen mit mehreren Katalysattedien das Konzept

der Retrokatalysevor, und diskutieren die signifikanten Vorteile und potentiellen Probleme,
welche mit der Multikatalyse assoziiert werden. Kombinationen von sekundaren Aminen,
N-heterocyclischen Carbenen und Thioharnstoffkatalysatoneben weiteren anderen, werden
prasentiert. Schlie3lich stellen wir unsere bisherigen Erfolge in der Multikatalyse und die
Entwicklung des ersten peptidbasierten Multikatalysators vor.

Kapitel I

Verdffentlicht als C. E. Miller, D. Zell, R. Hrdina, R. C. Wende, L. Wanka, S. M. M. Schuler,
P. R. Schreiner. Org.Chem.2013 78, 8465 8484

Dieses Kapitel dient als generelle Einleitung in die Peptidkatalyse und gewahrt einen
detaillierten Einblick in unser Konzept si&atalysatordesigns. Das hier prasentierte Oligopeptid
wurde zuvor in unserer Arbeitsgruppe entwickelt und bildete jingst die Basis flur weitere
Entwicklungen, wie multikatalytische Reaktionen und die Weiterentwicklung des ersten
peptidischen Multikatalygars (siehe auch Kapitel I).

Aus einer Bibliothek unterschiedlicher Peptide wurde -B&kmh”*Gly-L-ChaL-PheOMe als
bemerkenswert effizienter Katalysator fur die kinetische RacematspalturicamsiCycloalkan
1,2-diolen identifiziert. Die Enantiomerenuberschiisse liegen typischerweise bei >99% (fir das
verbliebene Diol), was sich i&Werten >50 aul3ert. Obwohl der Katalysator auch hochselektiv
fur die Desymmetrisierung vomeseAlkan-1,2-diolen ist, werden flr andere Substrate, z.B.
1,3-Diole, nur geringe Selektivitdten erhalten. Die aul3ergewdhnliche Chemoselektivitat dieses
Peptides wird zudem durch Konkurrenzexperimente offenbart. Dieses kleine Tetrapeptid zeigt
somit bereits ein Verhalten, welchest dem von Enzymen vergleichbar ist. Zudem wurden
computerchemische Untersuchungen der Komplexe des Katalysator Acyliumions mit dem
schnell reagierenden Enantiomer vdrans-Cyclohexanl,2-diol durchgefiihrt. Die aulRer
ordentlich hohen Selektivitaten werdedurch das Zusammenspiel der Aminoadamantan




Zusammenfassung

carbonsaure, welche eine dynamische Bindungstasche ausbildet, und attraktive Dispersions
wechselwirkungen des Cyclohexylrestes mit dem Substrat ermdglicht.

Kapitel 1l

Veroffentlicht als: C. Hofmann, S. M. MSchuler, R. C. Wende, P. R. Schrein€hem.
Commun2014 50, 12211223

Eine multikatalytische enantioselektive oxidative Veresterung wird beschrieben. Die
Kombination von TEMPO als Oxidationskatalysator upeNitrobenzoesaure als Additiv
erlauben die Oxidation einer Reihe von Aldehyden zu den entsprechenden gemischten
Anhydriden. Diese werden enantioselektiv durch den in Kapitel Il beschriebenen Katalysator auf
transCycloalkanl,2-diole mit bis zu 94%efiir das zuriickgewonnene Diol und 9&%fir das
entsprechende acylierte Derivat Ubertragen. Der Reaktionsverlauf und die Bildung des
gemischten und symmetrischen Anhydrides wurden MNg&ktroskopisch verfolgt. Zudem
konnte die Reaktion auch mit unserem zuvotwéckelten Multikatalysator (siehe Kapitel 1),
anstelle der beiden individuellen Katalysatoren, durchgefuhrt werden.

Kapitel 1V

Veroffentlicht als: M. W. Alachraf, R. C. Wende, S. M. M. Schuler, P. R. Schreiner, W.
SchraderChemi Eur. J. 2015 21, 16203 16208

I n Kooperation mit Prof . Dr -MetWythikstitig aundgeinedc hr ad e
Disdure bestickter Multikatalysator mithilfe von hochauflosender Massenspektrometrie
untersucht. Das Peptid wurde zuvor fir eine Reaktionssequenz bestlwempoxidierung,
Hydrolyse und kinetischer Racematspaltung verwendet, welche es erlaubt enantiomeren
angereichtertérans-Cycloalkanl,2-diole ausgehend von einfachen Alkenen zu erhalten (siehe
Kapitel 1). Obwohl synthetisch akzeptable Selektivitateni(89%eeflr das verbleibende Diol)
beobachtet werden, reichen diese nicht an die Werte heran, die bei Verwendung des
entsprechenden Tetrapeptides alleine erhalten werden. Alle wichtigen Intermediate wurden
identifiziert und charakterisiert. Es konnte ggg werden, dass der Epoxidierungsschritt
teilweise auch zu einer Oxidation des Imidazols und folglich zu einer herabgesetzten
katalytischen Aktivitat des Multikatalysators fuhrt.

10
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Kapitel V
Unveroffentlichte Ergebnisse

Wir fassten die Entwicklung einer itikatalytischen Reaktionssequenz fur die Synthese von
2-Deoxygalaktosiden ins Auge. Unser Ansatz basiert hierbei auf der partiellen Schitzung von
Kohlenhydraten, welche anschlieRend als Glykosyldonor fungieren kénntein-Buo” Gly-
L-Val-L-PheOMe wurde als Katalysator fur die regioselektive Acetylierung von MefhgdO-
benzyliderU-D-glucopyranosid identifiziert. Im Vergleich zu einfacheaMethylimidazol,
welches hauptsachlich zur Acetylierung deHyroxygruppe des Substrates fuhrt@Ac/
3-OAc/diacetyliert: 22:70:8; 93% Umsatz), wird mit dem Peptid Gberwiegend -dast@lierte
Produkt gebildet (DAc/3-OAc/diacetyliert: 85:9:6; >95% Umsatz). Somit verstarkt dieser
Katalysator nicht einfach die inharente Reaktivitdt des Substrates, sondésicsetollstandig

uber diese hinweg.

Kapitel VI

Verdffentlicht als: R. C. Wende, A. Seitz, D. Niedek, S. M. M. Schuler, C. Hofmann, J. Becker,
P. R. SchreinerAngew.Chem. Int. Ed2016 55, 2719 2723; Angew.Chem.2016 128 2769
2773

Die DakinfWesiReakt i on i st eine der brauchbAyl-st er
ami doketonen ausgehend v on-Adimsiaurea.nbwoplrdeseh e 1
Reaktion seit Jahrzehnten bekannt ist, wurde zuvor keine enantioselective Variahteebes.

Wir fanden, dass die Komplexitdt des Reaktionsmechanismus eine Trennung der beidel
entscheidenden Schritte erfordert: der Acetylierung des intermediar gebildeten Azlactons unc
des abschlieBenden Decarboxylierungsschrittes. Unter optimierten idRshkdingungen
fungieren die Pmienthaltenden Peptidkatalysatoren als eine Lewisbase im ersten Schritt und als
eine Brgnstedbase in der finalen enantioselektiven decarboxylativen Protonierung. Mit dem
besten Katalysator konnten Selektivitaten von bis& ebei guten Ausbeuten erzielt werden.
Durch einfache Umkristallisation von zwei der erhaltenen Produkte konnten die Selektivitaten
auf bis zu 84%ee gesteigert werden. Durch computerchemische Untersuchungen konnte auch
hier die Bedeutung von Dispersemechselwirkungen fir den enantioselektivitats
bestimmenden Reaktionsschritt nachgewiesen werden.

11
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Kapitel VII
Unveroffentlichte Ergebnisse

Im letzten Kapitel werden eitere Experimente zur Dakiri Wesi Reaktion vorgestellt.
Computerchemische und experimentelle Untersuchungen wurden durchgefuhrt um attraktive
Dispersionwechsekirkungen nachzuweisen und einen Einblick zu erhalten, wie die
Selektivitaten verstarkt werden konnten. LeuDirivate mit diversen Schutzgruppen und
unterschiedliche Anhydride wurden untersucht. Obwohl die zuvor beobachteten Selektivitaten
nicht weiter erhoht werden konnten, stitzen die durchgefihrten Experimente unsere
vorgeschlagene Bindung des Substrates durch den Katalysator im selektivitatsbeskmm
ReaktionsschrittZudem wird die Anwendung der DakWest Reaktion fir eine potentielle
Synthese von Proteaseinhibitoreorgestellt. Die beiden entscheidenden Reaktionsschritte, die
enantioselektive decarboxylative Protonierung und die Acetyliedsrg Azlactone, werden
separauntersuchund kdnnten zu weiteren Entwicklungen fuhren.
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Abstract

T he evolution of organocatalysis led to various valuable approaches, such as multicomponent as
well as domino and tandem reactions. Recently, organomulticatalysis,the modular
combination of distincbrganocatalysts enabling consecutive reactions to be performed in one
pot, has become a powerful tool in organic synthesis. It allows the construction of complex
molecules from simple and readily available starting materials, thereby maximizing reaction
efficiency and sustainability. A logical extension of conventional multicatalysis is a-multi
catalyst,i.e.,, a catalyst backbone equipped with independent, orthogonally reactive catalytic
moieties. Herein we highlight the impressive advantages of asymnoegianomulticatalysis,
examine its development, and present detailed reactions based on the catalyst classes employed,
ranging from the very beginnings to the latest multicatalyst systems.
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1. Introduction

The development of resouredficient and sustainable chemical methodologies and processes
has become one of the most importgaals of synthetic organic chemistry in the'2&ntury.
Various attempts were undertaken to minimize the adverse environrmepégait and maximize

the eficiency of chemical reactionsAs one of numerous adwees, multicatalysisi.e., the
modular combination of distinotatalysts for consecutive trdosmations in a single flask,
emerged as a highly valuable tool for the construction of complex molecular frameworks from
simpleand readily available starting materifls.

Since its fundament al Arenai ssanc arohaondrgigw n 0 ¢
rapidly to become a pillar in organic synthé8isurther developments mainly focused on novel
catalyst classes and activation modes, and their use in iterative single step opérations.
Simultaneously, multistep processes, such as ddo@iscade and tandem reactibftas well

as asymmetric multicomponent reactifhgained increasing attention and have soon been
adopted to organocataly$is”® Multicatalysis may condense the operational simplicity and
synthetic efficiency providedby the aforementioned concepts to allow the rapid synthesis of
even complex molecules in one pot synth&$eéd However, this concept only recently started
flourishing in the field of organocatalysts.An approach that is even rarer and a logical
extension of conventional multicatalysis is a multicatdlyst 6 as s emb | y lié,mre d a
arbitrary catalyst backbone equipped with independently reactive catalytic moieties, which are
separatd by an appropriate spacer (FiguneThe design of a multicatalyst system hinges on the
concept ofretrosynthesisfor assembling complex molecules. Whereas imosgnthesis the
target structure is disassembled into synthons (as equivalents for starting materials ol
intermediates) and stepthe development of a multicatalyst relies on the judicious choice of

Multicatalyst

arbitrary catalyst backbone with spacer

R

cat. 1 cat. 2 cat. 3

A——>B —>C ——>0D

RETROCATALYSIS

Single ( e  Multi-
Catalysts catalyst

Target o » Starting
Structure “ Materials

Figure 1. Schematic representation of a multicatalyst and the concept of retrocatalysis.
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catalytic moieties that can be brought together in a single catalyst structure. Suchatatysitic
should then be able to allow the synthesis of the target structure from simple starting materials in
a sequence of highly chemoselective reactions in one pot. This systematic strategy toward
reverse catalyst design is therefore complementargttosynthesiqa target structure oriented
approach) and may therefore be labelledeamcatalysis(a reaction step oriented approatt)

to emphasize their clogmnceptional relationship (Figufg.

The main challenge in the developmentrotilticatalytic reactions is to ensure compatibility of
reactants, intermediates and catalysts throughout the whole reaction sequence. Many organo
catalytic reactions are nowadays well understood. Their underlying activation modes, reaction
pathways and iermediates have been precisely elucidated, experiméfiatys well as
theoretically®™® for a variety of reactions, allowing reasonable predictability for the realization

of organomulticatalysis(indicating that the reaction is purely organocatalyzéwl)order to
circumvent compatibility problems, the following strategies have been adopted: the use of
obviously compatible catalysts, sequential addition of catalysts, and thsosion or phase
separation of catalysts. Additional challenges appe#re case of a multicatalyst. The choice of

a proper catalyst backbone should allow easy preparation, alteration as well as modification.
Moreover, appropriate spacers may be crucial for the separation of the catalytically active
moieties. The envisionethulticatalyst must be compatible with all required reaction conditions
and intermediates.

Interestingly, many examples of multicatalysis have not been recognized as such. Amongst other
things, this may be due to the following reasons: not taking intcuatsimple achiral Brgnsted

acids and bases as organocatalysts and inconsistent terminology (many multicatalytic reactions
are lost amidst publications dealing with domino or tandem reactions). For this reason we will
first define the prevalent types of @pot organocatalysis employing multiple steps, illustrated
with selected examples, before examining the advantages of multicatalysis and discussing
representative examples.
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2. Multicatalysis z A Survey
2.1 Taxonomy of One-Pot Reactions Using Multiple Catalysts

There are many examples of egpet reactions where multiple organocatalysts are
employed!®*'l and these have been termed cooperative catdffsispultifunctional
catalystd™ and dual catalysié® For simplicity, we schematically depict the catalytic cycles for

a general reaction of two starting materials (A and B) affording a product (P). As evident from
this simplified picture, multicatalysis should be clearly distinguished from cooperativgstatal
where neither catalyst one nor catalysto are sufficient to perform a desired reaction
individually, and only a combination of both catalysts (sharing a single catalytic cycle) leads to a
significant ingease in the reaction rate (Fig@g"®

Cooperative catalysis

independent catalysts

+ work synergistically in a
A+B cat. 2 P single catalytic cycle
representative example:
CF3
i
HN_ .00

S&
1 1 ®
/@ 0 mol% ;Bu
N f O/ )3H (15 mol%) HN
O)LH \/—\/ PhCH3, 55 °C, 48 h Ph o

86% yield
4:1d.r., 96% ee

!

1%

B CF,
O-N_
JLS\\LH -
u
PN N o
H H l

b P 0
Ol :
E, N~

®
S
o}

Figure 2. The concept of cooperative catalysis taking theatalyzed asymmetric Povarov reaction as an example;
see ref. 18c and 18d.
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Moreover, multicatalysis and espebtyah multicatalyst (compare Figur® are different from
multifunctional catalyst&” (Figure3), and dual catalyst systefiis(Figure4). In the case of a
multifunctional catalyst one catalytic functionality mutually enhances the activity of another
catalytically active center on treame catalystia the separate activation of multiple reaction
partners (mostly a nucleophile and an electropHileThe types of catalysts which are able in
simultaneously activating two reactants are manifold, ranging feog,prolind®"! to cinchona

alkaloid deriative$’??® and bifunctional (thio)urea derivatiVé$(suc h as Takemot o0ds
Figure3),”® and proved their efficiency in a variety of reactidiig*>*!

Multifunctional catalyst

a single catalyst with multiple
calalytic moielies enhancing
P the activity of each other

— indicates that catalytic moieties
are covalently connected

representative examples for bifunctional catalysts:

L-proline Takemoto's catalyst

B CF4 #
NNeE
O .0
R1-7 N FiC N7 N
R? i
I, "

R', R? R®=H, alkyl, aryl
X=0,NR;Y=C,N,0O,S
Nu = nucleophile

Figure 3. The <concept of a multifunct i on a latalysteas eeprgsentativet a k i n g
examples; see ref. 21 and 25.

The third type of catalysis that should be distinguished from ratdiiigsis is dual catalysis
(Figure4) ™ It should be mentioned that dual catalysis is inconsistently used and may lead to
confuson as it is indeed used for multicatalytic reactions in some cases. Very redédatiyand
MacMillan defined synergistic catalysis as the simultaneous activation of an electrophile and a
nucleophile by independent catalysts in directly coupled catalyties'*® Indeed, the same is

true for dual catalysis. From our point of view synergistic catalysis is a better terminology for
reactions wherein two directly coupled catalytic cycles lead to the formatiarpmduct (see
example in Figurd).
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Dual catalysis / Synergistic catalysis

A+B

distinct catalysts
with directly coupled

catalytic cycles

P
representative example:
(e}
0 clo® rN;j MesA)LN
X OH ®N'\ 4 .
Mes Mes” N Me"
Me Me
N 10 mol% 10 mol% 86:14 e.r.
+
0,
i"O DBU (20 mol%), CH,Cls, rt, 18 h H/’\O
Me Me
() 94:6 er.
x
M M OH
© © X N base-H®
Mes
/
N- base
Mes” N
Me. OH
Me 09 OH
Mes™ | N;:‘ Mes/\AWN;:‘
NI 7
Mes @ N Mes” ®
o
OH
MesA\)S( rN;j MesA)S/ N;:‘
Me Me N7 Nl\ 7
Mes” N Mes” & N

@“)LQQ

Figure 4. The concept of dual catalysis/synergistic catalysis taking the kinetic resolution of cyclic amines as an
example; see ref. 20c. DBU = id#zabicyclo[5.4.0lundeg-ene; Mes = mesityl (2,4;8imethylphenyl).
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For clarity, the term multicatalysis should be solely used for combinations of distinct catalysts to
perform consecutive reactions, whereby the starting materials (A and B) react to form an
intermediate (IM)in a first catalytic cycle (Figureéb). Subsequentlythis intermediate is
converted to the final product (P) by another independent catalyst (or catalytic moiety in the case
of a multicatalyst) without intermittent woilkp and purification procedures (kg 5). Basecn

the way of their execution, multicdytic reactions employing two (or more) catalysts can be
further categorized. For instance, the term sequential (multi)catalysis typically used to
describe multicatalytic reactions that rely on the addition of heamotatalyst or reagent (C,
Figure 5), or an intermittent alteration of reaction conditioresg( solvent, temperature) to
initiate a subsequent catalytic cycle. Tandem catélysisrelay catalysi§ respectively, refer

to a multicatalytic reaction whereby the product formed in the first catalytic cycle is directly fed
into a subsequent one without a change in the reaction conditMoszover each of the
employed catalysts may independently allowdomino/cascade or tandem reactions. Therefore,
we recommend using tltamprehensive expression orgamdticatalysis for the overall reaction

and more specific termsty for the distinct reactions.

Multicatalysis
distinct catalysts / catalytic moieties
showing orthogonal reactivity in
independent catalytic cycles

Multicatalyst

(catalyst backbone)

A+B

Cren2)

1.) Sequential multicatalysis: addition of , reagents, or change in reaction
conditions after completion of the 15! catalytic cycle

2.) Tandem / Relay catalysis: no change in reaction conditions required

Figure 5. Possible types of multicatalysis.

2.2 Reaction Efficiency and Sustainability Aspects of Multicatalysis

What are the benefits of multicatalyses relative toasthblished traditional synthetic strategies
and domino reactions, and how do they contribute to an environmentally benign chemistry?
These questions can be answered when considering multicatalysis in the context of
GreerChemistr{? 3 and its Twelve Principled’?" taking into account the Environmental
factor E-factor)®? as well as the concepts of atom econdtlystep econom§* and redox
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econom¥?® as key parametef€! However, the rapid increase in reaction efficiency and
sustainabi | i-andg ofér am tmud tdsctadpp!l ysi s i s baset

Catalysis is a key to sustainability alsdsuperior compared to the use of stoichiometric amounts
of reagent$® Organocatalysis often circumvents many of the drawbacks usually associated
with transitionmetal catalysis and biocatalysis. Organocatalysts are usualiyorian readily
available (either commercially or derived from natural sources), and in many cases allow
reactions under mild conditions. They are robust catalgsis tolerate air and moisture, and are
compatible with a large variety of functional groups. ¢oé multistep reetion sequences, may
they be promoted by a single organocatalyst or of multicatalytic nature, avoid costly and time
consuming, intermittent worllp and purification steps, thus preventing yield losses, saving
energy, time and effort, and reducing wastel¢ed, most waste originates from waoik and
purification procedures in the form of solvents, drying, and separation agents). As a
consequence, considerably loviefactors, which is the mass ratio of generated waste to desired
product, can be achieved.oxkover, the mentioned functional group tolerance of organocatalysts
may permit protectingroup free synthes8 and avoid other unnecessary functional group
conversions €.g, nonstrategic oxidation and reduction steps), thus leading to high*step

well as redox econonty”! Recently, pot econori§’ has been suggested with the ultimate goal

of performing entire multistep syntheses in a single reaction vessel. Multicatalysis also
appreciably broadens the spectrum of applicable substrates andabthigansformations when
employing independent catalysts with orthogonal reactivity. Hence, it may be more easily
combined with multicomponent reactiétit® leading to overall high atom econofi,which is
defined as the ratio of the molecular weigh desired product to the sum of molecular weights

of the reactants. Equilibrium reactions can be driven to completeness, avoiding the use of exces
reagents, and possible sidmctions can be circumvented by direct consumption of reactive
intermediatesin a concurrent catalytic cycle. This is especially important in cases where
potentially toxic or unstable intermediates are formed; these can be directly converted into safe
or lower energy species, thus lowering the risks of transportation, storabéandling. An
additional factor for high reaction efficiency in catalysis undoubtedly is selecfflityamely
chemo, regic or stereoselectivity (in cases where any other than the desired isomers can be
regarded as waste). Multicatalysis may not omyprove the reactivity, but lead to an
amplification of stereoselectivity due to synergistic effects or to an enantioenrichment in
subsequent catalytic cycles when a set of chiral catalysts is°Liséokeover, it provides an
elegant approach to attain gglucts with the desired stereochemistry depending on the
configuration of the catalysts employ&d.

Further advantages may be offered by a multicatalyst: the close proximity of the catalytic
moieties ensures higher local concentrations of the formednatkates at the common catalyst
backbone for consecutive reactions (if the reaction rates are such that each subsequent reacti
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comes is faster). This leads to an efficient feeding of the intermediates into the next catalytic
cycle, therefore, improvingeactivity and materiabalance.

This Critical Reviewexamines and highlights the impressive developments and advances of
asymmetric organocatalyzed multicatalysis (at least one chiral catalyst is used) with the focus on
different organocatalyst classes. #ie beginning of each chapter we will provide a short
introduction in the common activation modes and reaction types discussed herein. The reactions
presented are classified depending on the different catalyst classes employed and their specific
activation modes. In particular, these are:

1 Secondary amindsenamine/iminium activation
1 N-heterocyclic carbenégsUmpolung
1 Thiourea derivatives hydrogen bonding

1 Norrnatural oligopeptides acyl transfer reactions

Wherever necessary for a better understandingvivgoresent mechanistic details for selected
transformations.We cover only enantioselective approaches; diastereoselective reactions are not
included. Multicatalysis employing metal cataly$ts™***?multienzymatic reactiond*? as

well as combinations of metalbio-, and organocataly$td**?*! are beyond the scope of this
review and have been covered elsewhere.
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3. Secondary Amine Catalysts

3.1 The Beginnings of Organomulticatalysis z Merging Iminium and Enamine
Catalysis

Chiral secondary aminee commonly employed as orgaatalysts as these are in most cases
readily available and shovemarkable performance in a variety of carbonyl functionalizations
via iminium ion (LUMO lowering) and enamine (HOMO siig) catalysi&**! Both activation
modes have been elegantly combined in asymmetric domino reactions, which now constitute
possibly one of the most applied epet multistep approaches in organocatal/st&! This
strategy is outlined in Figure 6: dd ,-umsaturated aldehyde (or ketone) is activated by a
secondary amine catalyst, reversibly forming an iminium ion that is aliedergo a conjugate
addition of a nucleophile (Nu). The enamine intermediate formed as a result of the first reaction
stepenabl es a consecutive reacti on -disubstituteda n
aldehyde usually containing two newly formed stereogenic centers.

f"\ ZH
enamine formation

HOMO activation

/HL H
iminium jon formation

j LUMO activation
Nu®
] FLO
A )\)L

chiral secondary
amine catalyst

Iminium catalysis: Enamine catalysis:
= Michael reaction = Aldol reaction
= Diels-Alder reaction = g-functionalization
= Friedel-Crafts reaction =  Mannich reaction

= Michael reaction

Figure 6. Simplified general mechanism for a secondary amine catalyzed domino reaction anchprezaikon
types. R = alkyl, aryl; Nu = nucleophile; E = electrophile.

The way to secondary amuoatalyzed multicatalytic reactions was paved by MacMidaal.in
2005, as they realized that two discrete imidazolidinohasd?2, respectively, can beombined
to enforce cyclespecific selectivities (Scheme [13]. To the best of our knowledge this was the
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earliest example of asymmetric multicatalysis employing two chiral organocatalysts. The transfer
hydrogenation reactiéfi! with Hantzsch este8 as organic hydride source in conjunction with
d i r eflaotination usingN-fluorodibenzenesulfonamide (NFS1) as electrophile allowed the

for mal asymmetric

a -ondthylcinnanmaldelydg5; Sé¢hema d)r dhsss

multicatalytic reaction sequeacshowed for the first time one of the advantages of the
multicatalysis approach, namely the easy modulation to provide the required diastaleo
enantioselectivityvia the judicious choice of the enantiomeric forms of the secondary amine
catalysts. Forexample, catalyst combination A, with iminium catalysRy&A and enamine
catalyst (H-2, gives access to thanti-diastereome6 in 16:1 d.r. with 99%ee Employing

catalyst combination A

catalyst combination B

o Me 0 Me o Me 0) Me
2‘@ )<'V'e i‘ﬁ %k""e
N “tBu N Me N “tBu |\ N Me
H TCA PR, DCA H Pho L DCA
(5R)-1 (2S)-2 (5R)-1 (2R)-2
iminium cataly st iminium cataly st
O HH O
tBuO OtBu
[ PhO,S.  -SO,Ph
Me N Me
H
nucleophile 3 electrophile 4
1.2 equiv 5.0 equiv
Catalyst combination A:
Me O i) (5R)-1 (7.5 mol%), nucleophile 3 H Me O
X H CHCI3,-20°C, 30 h H
ii) (2S)-2 (30 mol%), electrophile 4
5 THF/i-PrOH, —10 °C, 12 h 6
81% yield

Catalyst combination B:

Me O i) (5R)-1 (7.5 mol%), nucleophile 3

N~y CHCl3, —20 °C, 30 h

i) (2R)-2 (30 mol%), electrophile 4
5 THF/i-PrOH, —20 °C, 30 h

Single catalyst promoted reaction:

Me O i) (5R)-1 (20 mol%), nucleophile 3

A H CHCI3, -20 °C, 24 h

ii) electrophile 4
5 THF/i-PrOH, =20 °C, 30 h

16:1 d.r., 99% ee

H Me O

epi-6
62% yield
9:1d.r., 99% ee

H Me O

epi-6
60% yield
3:1d.r.,99% ee

Scheme 1Cycle-specific catalysis for the transfieydrogenatia /-fUl u o r i n-mdthybinnamaldehydes).

26



New Frontiers in Peptide Catalysis

catalyst commation B, with enamine catalystRR2, provides a direct entry to tleynaddition
productepi6 in 9:1 d.r. and 99% e respectively (Scheme 1). WherRj5L was used for both
iminium and enamine activation tegnaddition producepi6 was obtained with a diminished
diastereomeric ratio of 3:1 (Scheme!™®) This result clearly demonstrates that multicatalysis
may not only allow controlling the diastereand enantioselectivity dhe final product it may
also significantly enhance stereoinduction.

Soon after MacMi " relatéd seacfidnsocanepesing tihegequedtiahium-

enamine activation by distinct secondary amines have been published. For exasipigra
procedure for a reductive Mannitype reaction was reported by Cérdatal. (Scheme 24"

O\ﬁph £

N Ph N~ "COMH
H OTMS H
(S)-7 (R)-8
O HH O
EtO OEt
| NPMP
Me N Me
H H” “CO,Et
nucleophile 9 electrophile 10
1.1 equiv 0.34 equiv

Single catalyst promoted reaction:

i) (S)-7 (10 mol%), PhCO,H (10 mol%)

Me O nucleophile 9, —20 °C, 63 h Me NHPMP
e . . H H
ii) electrophile 10, 4 °C, 24 h B R
R)\)L H R7OCO,E
CHCl, CHO
11 (R = 2-naphthyl) 12
70% yield?

50:1d.r., 97% ee

Multicatalysis approach:

Ve i) (S)-7 (10 mol%), PhCO,H (10 mol%) Me NHPMP
nucleophile 9, CHCI5, —20 °C, 63 h H
N i 2 R™Y CO,E
ii) (R)-8 (35 mol%) electrophile 10 CHO
11 DMSO/CHCI3, 4 °C, 24h epi-12
80% vyield?

5:1d.r., 96% ee

Scheme 2Enantioselective reductive Mannitype reaction reported by Cérdovield of isolated product based
onN-PMP-p r ot e-iminoglgoxylate (0).

Instead of imidazolidinone B-1 used by MacMillan, they applied the Jgrgerisé¢ayashi
catalyst® ((9-7; TMS = trimethylsilyl) with benzoic acid as mtalyst, which proved to be
more reactive in the transfer hggjenation ste under the applied conditioriBhe reactions gave
the corresponding amino acid derivatives, suchlsin good yields and excellent stereo
selectivities using Hantzsch est@r paramethoxyphenyl (PMRp r o t e-gmineglyoxylate
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(10) , -ubsatbrated aldeyde 11, and §)-7 as catalyst foboth reaction steps (Scheme By,
analogy to the reactions reported by MacMilletnal,*®! the sequential addition a-proline
((R)-8) and electrophild0 in the second reaction step altered the diastereoselectivitysythe
productepi12 was obtained instead of thanti-isomer12, albeit with significantly diminished
selectivity (5:1 instead of 50d.r.; Scheme 2).

Later, the same group reported thecleyspecific fourcomponent reaction ofEf-hex2-enal

(13), benzyl methoxgarbamate 14; Cbz = benzyloxycarbonyl), aceton&5) and p-anisidine

(16) under multicatalysis conditions, which gives direct access to the chiral, orthogonally
protected diamine derivatives7 and epil7 through an asymmetric addichaelMannich
reaction cascade catalyzed -7, and §)-8 or (R)-8 (Scheme 3% The subsequentS(8
catalyzed Mannich reaction thereby kinetically resolved fikeamino aldehydentermediate
(96% e to give the diamine products’ with 98% ee (for catalyst combination C) arepr17

with 99% ee (for catalyst combination D), respectively, in good yields and high diastereomeric
ratios (> 19:1 d.r. in both cases).

catalyst combination C catalyst combination D
Ph & Ph [
N Ph N7 CO:H N Ph N7 "COH
H OoTMs H H oTMs H
(87 (5)-8 (S)»-7 (R)-8

Catalyst combination C:

i) (S)7 20 mol%)  Meo_ CPZ PMP

o) N HN O
/\)J\ * MGO\N/CbZ CHCI3’ —20 °C, 14h w
Pr Ny H Pr Me
ii) (S)-8 (30 mol%)
13 14 (CH5),CO 15, PMPNH, 16 17
DMSO/CHClj, rt, 12 h 60% yield

>19:1d.r., 98% ee

Catalyst combination D:

. Cbz PMP
S)-7 (20 19 / ,
i) (S)-7 (20 mol%) MeO\N HN o

/\)(J)\ + MGO\N/Cbz CHCl;, -20°C, 14 h /'\/\)J\
Pr H H Pr e

ii) (R)-8 (30 mol%)
13 14 (CH3),CO 15, PMPNH, 16 epi-17
DMSO/CHCI,, 1t, 12 h 62% yield

>19:1d.r.,, 99% ee

Scheme 3Aza-Michael/Mannich reaction cascade for the synthesis of orthogonally protected diamine derivatives.

In order to expand their cyckpecific multicatalysis approach to a variety of other trans
formations, MacMilan and ceworkers investigated imidazolidinonesR)5s1 and (&5,59-23 as
iminium catalysts and eithe®)8 or (R)-8 as enamine catalyst (Scheme 4 and Scherli8 5).
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catalyst combination E

%) "“tBu COZH

catalyst combination F

b

N "COZH
H N
(5R)-1 (S)-8 (5R)-1 (R)-8
(10 mol%)

Q HH O 8 (30 mol%)

tBuOWOtBU ii) electrophile w
conditions
nucleoph|le 3 18 - 20

catalyst combination E

electrophile + conditions

catalyst combination F

Olefin Hydroamination

Me O Me O
Cbz
7 H N H
B - N/ e
CbzN_ h CbzN.
NHCbz Cbz NHCbz
18 21 epi-18
75% yield CH,Cl, 82% yield
6:1d.r., 99% ee -30to-15°C 8:1d.r, 99% ee

Olefin Hydro-oxidation

Me Me
Y oH NO OH
OH OH
19 epi-19
73% yield CHCI3/DMSO, —20 °C to rt 62% yield

11:1d.r.,, 99% ee

then NaBH, / H,, Pd/C

Reductive Mannich

10:1 d.r., 99% ee

Me NHPMP Me NHPMP
NPMP
CO,Et 7 CO.Et
CHO CO,Et CHO
20 10 epi-20
86% yield CHCI;/DMSO 80% yield
14:1 d.r., 99% ee —-20°Ctort 12:1d.r.,, 99% ee

Scheme 4 Cycle-specific reaction cascades employing Hantzsch e&tas hydride nucleophile and different
electrophiles. (R)-1 was used as its corresponding TCA salt. E = electrophile.

While imidazolidinones are principally able to serve as iminamd enamine catalysts, they are

not capable of participating in bifunctional enamine catalysis (in which activation of the
electrophile is performed by the same amine catalyst). In contrast, bifunctional activation is a
standard mode of activation for proliBédue to itsacid functionality; compare Figui,”* but

this catalyst is generally ineffective as iminium catalyst particularly with enals or enones. Owing
to this orthogonal reactivity, the combination oRJ&L or (2S55S)-23 with 8 enabled a broade
spectrum of valuable transformations by using different electrophiles (Scheme 4) and nucleo
philes (Scheme 55 For example, a combination of R51 and -8 as catalysts (catalyst

c o mb i n at-mahylcinEanaldenyde5), Hantzsch este8 as nucleophile and dibenzyl
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catalyst combination G

(@) Me
N
N)‘tBu Q‘COzH
Ph H H

catalyst combination H

(0] Me
N
N)‘tBu (N)”COZH
Ph H H

(25,55)-23

o}

Me/\)LH + nucleophile

24

(25,55)-23 (R)-8

i) (25,55)-23 (10 mol%)
ii) 8 (20 mol%) Me O
cozNon-C (21 =)

conditions E
25-28

catalyst combination G

nucleophile + conditions catalyst combination H

Olefin Arylamination

< N
N. N.
N7 CON- bz Ve N GO\ ichy
Me Me
25 29 epi-25
94% yield CH,Cl,/MeCN 85% yield
14:1d.r., 99% ee 6010 0°C 7:1d.r., 99% ee
Olefin Alkylamination
o]
We O oTIPS Q Me O
07 H 07 ™) H
3 XxN~Me — R
=N Me N o_ ):N Me N
PN  Cbz" 'NHCbz )—N PN  Cbz" 'NHCbz
26 P 30 epi-26
77% yield MeCN 84% yield

5:1d.r., 99% ee

—-40to-15°C 13:1d.r., 99% ee

Olefin Diamination

TBSO. TBSO.
SO NBoc SO NBoc
TBSO.,  .H
Me” Y OH @~——— N Me OH
N Boc
CbZN\NHCbz CbZN\NHCbz
27 31 epi-27
84% yield CHCI3/MeCN, —20 to —10 °C 87% yield

7:1d.r., 99% ee

then NaBH, 8:1d.r.,99% ee

Olefin Amino-oxidation

TBSO\NCbz TBSO\N,H TBSO\NCbz
Me Y OH (llbz Me OH
ONHPh 32 ONHPh
28 22 (= E), CHCIz/DMSO epi-28
74% yield —-20°Ctort 71% yield
17:1d.r., 99% ee then NaBH, 14:1d.r., 99% ee

Scheme 5.Cycle-specific reaction cascades employing dibenzylazodicarboxy?djeof nitrosobenzene?2p) as

electrophiles and different nucleophiles.S65-23 was used as its corresporglifCA or TFA salt. E

electrophile; Nu = nucleophile.
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azodicarboxylate1) as azeMichael accetor afforded the desired hydnminationproduct18
(6:1 anti/syn 99%e¢g. As expected, the combination ofRp1 and R)-8 (catalyst combination

F) led to an inversion in diastereoselectivity furnishepg18 (8:1 synanti, 99%ee. Employing
nitrosobenzen@?2 as electrophile provided the hydoaidation productd9 (11:1 anti/syn and
99% ee with catalyst combination E) andpi19 (10:1 synanti and 99%ee with catalyst
combination F)Moreover, a reductive Mannich reactiaascade, similar to the one reported by
Cordovad'”! (compare Scheme 2) usifgPMP-p r o t e-ininaglgioxyldte (0) as electrophile
could be realized. The corganding products were obtained in high yields, diastereomeric
ratios and excellent enantiomeric exce?8 (14:1 d.r., 99%ee epi20: 80% yield, 12:1 d.r.,
99%e8@.

The same methodology was applicable for a variety of nucleophiles, using a combination of
imidazdidinone (555)-23 and both enantiomeric forms of prolir® as catalysts, croten
aldehyde 24) as enal substrate and dibenzylazodicarboxyldaty &s electrophilic reagent
(Scheme 5% With 1-methylindole 9) a-rsucledphile the corresponding arylamation
productswere obtained25: 14:1 synanti, 99% ee with catalyst comMyation G;epi25: 7:1
anti/syn 99% ee with catalyst combination H)An alkylamination reaction cascade with silyl
oxyoxazole30 (TIPS = triisopropylsilyl) as nucleophile afforded the desired pro@éaoivith
three contiguous stereogenic centers (5:1 d.r. and &9%o6r catalyst combination G, whereas
catalyst combination H gave the correspondamgi-isomer epi26 (13:1 d.r., 99%e@. The
cycle-specific reaction was also applicable to olefin diamination and aoxitation reactions.
Employing N-Boc-protected silyloxycarbamate1; Boc = tert-butyloxycarbonyl, TBS =ert-
butyl dimethylsilyl) in conjunction with dibenzylazodicarbdaie @1) afforded the diamination
products27 (7:1 anti/syn 99%eewith catalyst combination G) arepi27 (8:1 synfanti, 99%ee
with catalystcombination H) A related Cbzprotected amine nucleophiB® and nitrosobenzene
(22) as electrophile formethe amineoxidation products with excellent diasteremd enantio
selectivities (catalyst combination G f@B: 17:1 anti/syn 99%ee catalyst combination H for
ep28: 14:1syranti, 99%ee.

In order to further demonstrate its viability, MacMillabal. applied their multicatalysis system
in combination with a metalatalyzed olefin crosmetathesis to a tripleascade reactiofor
thesynthesis of an intermediatktbe natural product §-aromalendranedi&® (37; Scheme 6).
Thus, the use of @rb b s 6 gereratiomcdtalys3, 5-hexene2-one @4) and crotonaldehyde
(24) allowed the formation of ketoend@5 in the first step. The sequential addition of
imidazolidinone catalyst 5S)-23 and silyloxyfuranyl36 as nucleophiléed to the formatn of
intermediate37 through an iminiuractivaed MukaiyamaMichael reactionUpon addition of
(9-8 as enamineatalyst, intemediate37 underwent a diastereoselective intramolecular aldol
reaction furnishing the complex key intermedia8q64% yield,5:1 d.r.,95%eée), which already
contains four of the six requirestereogenic centers and 12tbé 15 necessary carbon atoms.
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The synthesis ofi()-aromadendranedioB9) could then be accomplished in eight further linear
steps with 40% overall yield (starg from 38). For comparison, a previously reported synthesis
starting from enantiomerically pure ¢spathulenobfforded ()-aromadendranedioB9) in only
13% total yield over thresteps>*® Although wewill exclusively focus onorgan@atalyzed
reactions in the following, we show this example because it beautifully dentessttee
applicability of organmulticatalysis in the total synthesis of complex natural products.

N~ o) Me
Mes b
CI««,,A\( N &
17 | N N 2
Ph H

PCy; H
33 (2S,55)-23 (S)-8 (2S,55)-23
(20 mol%)
Me O~ _-OTMS
(0] (0] (0] U ]
Me/\)J\H + \/\)J\Me —»33 (1 mof%) Me\ﬂ/\/\)J\H —>36 (10 equ)
CH,Cl,, 40 °C, 5 min 5 H,0 (2.0 equiv)
24 (3.8 equiv) 34 (2.5 equiv) 35 CH,Cl,, —50 °C,

24 h

(@] HO, Me
— H N W
0 g Me (S)-8 (30 mol%) 8 steps
Me H : \"Me
CH,CIy/EtOA, —~"H &1
o r,24h
37 Me/\Me
64% yield (-)-aromadendranediol (39)

5:1d.r., 95% ee 40% yield from 38

Scheme 6Multicatalysis approach for thereparation of key intermedia8 in the total synthesis of the natural
product {)-aromadendranedioBg). Catalyst (&5S5)-23 was used as its corresponding-giditrobenzoic acid salt.
Cy = cyclohexyl; Mes = mesityl (2,48imethylphenyl).

Note thatalthough Hantzsch esters (as well as analogues thereoé @andenzothiazolines or
benzoimidazolines) suffer from poor atom economy they are the hydride source of choice in
organocatalysi%‘?] Metalfree transfer hydrogenations wilantzsch estergroceed under mild
reaction conditions and are compatible with various functional groups, making them ideal for
domino, tandem, and multicatalytic reactidik.

In 2008, Fréchet and egorkers reported the combination of Rioerpenetrating star polyrme
SP1and SP2 with coreconfined catalysts, and hydrogen bonding addiidgScheme 772

This siteisolation approach allowed the use of otherwise incompatible catatystsmventing
undesired catalyst interactions. Indeed, small molecule reagensble to freelydiffuse to the

core of the star polymers, allowing catalysis to take place. For example, the addition of
imidazolidinone (8,55)-23 to star polymerSP1 resulted in the formation of salt$59-2 3 A
SP1, which acts as iminium catalyst, thus enabling the conjugate addition of
1-methylindole R9) to (E)-hex2-enal (L3). Addition of SP2 methylvinyl ketone 41) and 40
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(which was expected to activate the relatively unreactive Michael accéptaafforded the
desired indole derivativé2 with high yield and excellent stereoselectivity (89% yield, 25:2 d.r.,

> 99% e@ through the second Michael reactiofthen star polymeSP1 was replaced with
para-toluenesulfonic acid and/oBP2 with the analogues free secongamine catalyst no
desired product was observed. Only traces of product formed when linear polymer analogues c
SPland SP2were used. Additionally, the use ofRBR)-23 as iminium catalyst afforded the
other diastereomeepi42 (80% vyield, 2:25 d.r.> 99% ee similar to the aforementioned
examples.

CO,Et

OH
OH

40
H-bonding
additive

) 23 + SP1 (20 mol%)
% o ~30t0-40°C, 7 h
N pr/\)LH ii) SP2 (20 mol%), 40 (100 mol%)
Me o)
29 13 SAve a1 (3.0 equiv), rt, 48 h 42 (epi-42)°
1.2 equiv 1.0 equiv CH,Cl,/i-PrOH 89% yield (80% yield)
25:2 d.r. (2:25 d.r.)

>99% ee (> 99% ee)
= star polymer (SP)

Scheme 7 Combination of iminium, enamine and-dnding catalysis using ndnterpenetrating starpolymer
catalysts (859-2 3 Aan@SP2for the onepot synthesis of indole derivativi. ® Values in parentheses indicate
reaction using (R,5R)-23 as iminium catalyst.

Later, the same group reported a multicatalysis reaction in aqueous buffer, enabling the polarity
directed, chemoselectiverimation of desired crossscade produc@.] Employing §-8 and

(9-7 as catalysts, this biphasic reaction allowed the differentiation of two aldehydes with similar
chemical reactivity based on their different polarity to form a major erassade produdl
(Scheme 8). Preliminary studies indicated that the success afettton is bask on some
special requirementsience, the first amine catalys$){8, dissolves well in the aqueous phase,
but poor in organic solvents. The other amine catd§s?, in conjunction with lauric acid as
hydrophobic acid ceatalyst, show a greater miscibility with the organic phase rather than
water (even slightly watemiscible organic acids turned out to be problematic because they
lower the pH of the aqueous phase and therefore slomn dbe condensation reaction).
Moreover, §)-8 is an efficient catalyst for the condensation reacthart,a poor catalyst for the
conjugate addition under aqueous conditiols.sharp contrast, diphenylprolindlS)-7 is
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inefficient in the condensation reaction, but an efficient and highly enantioseleetialyst for

the conjugate additioof aldehydes to nitroalkene®n the basis of these requirements, Fréchet
and coeworkers succeeded in the development of a biphasic reaction facilitating the selective
activation of the two aldehydes. In aqueous phieuse of a large amount &8 (40 mol%,
respectively) efficiently catalyzes the reversible condensation of the less hydrophobic aldehydes
4371 46 (R = Et, n-Pr, i-Pr, n-Bu) and nitromethanes(). In the organic phase, the use of only

1 mol% of catyyst §-7 slows down the addition reaction, so that the aldehv®es 46 are
readily consumed in the condensation step, suppressingdtigion of the more hydrophobic
aldehydegt61 49 (R? = n-Bu, n-hexyl, n-octyl, n-decyl) to the nitroalkene intermedigi@, thus
avoidingthe formation of undesired fyroducts. Consequentlihe aldehyded6 i 49 survive

the condensation step and react with the nitroalkene intermé&&iatehe organic phase to give
exclusively51. Indeed, only traces diy-products could be detectethis approach sheds light

on the cyclespecific activation of reagents as well as intermediates based on physical (polarity)
rather than chemical properties.

H  OTMms
(S)-7

O\ Ph
N~ TCOH N Ph
H

(S)-8

(S)-8 (40 mol%)
(S)-7 (1 mol%)

O O lauric acid (20 mol%) (0]
HJJ\/R1 +H)J\/R2 + CHgNO, T NO,

PBS (100 mM, pH 7.5

1.0equiv 1.0 equiv 50 (3.0 equiv) rt, 16 h R?
43 (R'=Et) 46 (R?2=n-Bu) 51
44 (R" = n-Pr) 47 (R? = n-hexyl) 40 - 77% yield
45(R" = j-Pr) 48 (R? = n-octyl) upto 19:1d.r, >90:5e.r.
46 (R" = n-Bu) 49 (R? = n-decyl) 7 examples
2 1 Q 2
R R
A o] o
43 -46 _ 46 - 49 %
CH3NOy, ==— _— NO,
aqueous phase organic phase H
50 L , =Y , , 2
iminium catalysis enamine catalysis R

cat. (S)-8 52 cat. (S)-7 51

Scheme 8Biphasic polaritydirected reaction in aqueous buffer employing two aldehydes with similar reactivity
but different polarity.

Contrary to the above examples, Moreau and Greck envisaged a multicatalytic reaction
comprising two consecutive enamine cycleasdd on two mviously developed reactions, a

Mi chael additi o-nitrostyfene&3) 8 eahnydd ess Mioc hbaaeninatomd di t i or
cascade reactidn! respectively (Scheme 9 and Table®¥)Indeed, the combination off7
and9-amino(9deoxykpi-cinchonine $3; 5 mol% for both), propionaldehyd&4), nitrostyrene
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(55), and electrophilic dibenzylazodicarboxylaglY a f f or d e d-hydrdziao aldlehyde r e «
57a (80% vyield, 295:5 d.r., 96%e6. When both reactions were performed independently,
10 mol% of7 and a tenfold excess of aldehys#(instead of 1.2 equivalents) were necessary to
to afford the intermittent Michael addition prodd& (82% yield, %:5 d.r.) in the first reaction
(Scheme 9)The second reaction, using the previouslyoregd conditionS” (20 mol% 53,

30 mol% TFA, 1.5 equivalents @fl), gave the expected produgiain 80% yeld (66% yield
overall) and in ©5:5 d.r.Various other nitroalkeneS8 bearing electromich (57b and 57¢
Table 1, entries 2 and 3) and electdeficient aryl groupsH7di 57h; entries 48) with different
substitution patterni.e., para or metasubstituted) cold be used under the optimized
conditions, affording the corresponding produstsas a single diasreomer with good yields
(7371 85%)andhigh enantioselectivities (9698%eée).

Very recently, the c o mivotected diarypmolinodg-59°5 8d §8n s e
was reported by the group of Diez to participate in the sequential Michael/Banites-
Hillman with concomitant Knoevenagel condensation reaction cascade of Nazarov @agent
wi t hundaturated aldehydes leading talRylidene cyclohexanoness (Screme 10" The
success of the reaction was based on the combination of the two amine caBply9tard ©)-8.

For example, using onhy5[-59 gave the Michael addition product as a mixture of diastereomers
(synanti 1:1), but did notafford any cyclizéion product.The same was observed whej)-7

was used as catalyst; wiMMa c Mi | | ands i 855428 anly btartogi materialeould 2

be detectedwWhen §)-8 was applied for the total reaction the desired prodést®rmed with
reasonable diastereomeric ratie/4 = 2:1) and yields, but no enantioselectivity could be
achieved under these conditioris. contrast, the conjugate addition reaction66fwi t h- U, |
unsaturated aldehydds$ and 61i 64 catalyzed by $-59 and sequential addition ofgj-8 after
consumption of the starting material afforded the cyclized prodif(&/Z = 2:1 in all cases)

with moderate to good vyields and high enantiomeric ratios (4¥7% vyield; up to

98:2 e.r.)However, the reaction did notqreed with aryl aldehydé¥!

As the scope of secondary amines is limited to carbonyl compounds the combination of these
catalysts with other organocatalysts is highly desirable to provide a way to reactions otherwise
not attainable.
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[

N Ph

H OTMS
(S)-7

Sequential single step reactions:

(0}

~A

NH,

/

53

53 (20 mol%)
TFA (30 mol%)
Cbz. =N

54 o Ph N ooz O Ph
H %
\+ NO hexane e CHCl3, rt, 15 h mé ll\leZ
PR N2 0°C,5h CbzHN
55 56 57a
1.0 equiv 82% yield 80% yield
95:5d.r.¢ >95:5d.r.?
Multicatalysis approach:
0 53 (5 mol%)
\)k TFA (15 mol%)
H Cbz. .N.
54 0 Ph N Cbz o Ph
. |- 0, i
1.2 equiv (S)7 (5 mol%) H)H/'\/NOZ 21 (1.5 equiv) H)S/'VNO2
+ " CHCl, I CHCls, 300 "Nebe
ph -NO2 0°C,4h CbzHN
55 56 57a
1.0 equiv 90% yield

>95:5d.r., 96% ee

Scheme 9Comparison of the sequential preparation and thepohenulticatalytic synthesis of produgZa ® No
enantiomeric excess given.

Table 1.Mi ¢ h a el -amindtion reaction squence through double enamineatioti. Table corresponds to
Scheme 9.
i) (S)-7 (5 mol%), 0 °C, 4 — 8 h
ii) 53 (5 mol%), TFA (15 mol%) 0O R
\)(J)\ AN, 21, rt, 30 — 140 h H)S{V\/Noz
H CHCl, Me' NCbz
54 58 CbzHN - 57
Entry R Product Yield (%) ee(%)
1 Ph 57a 90 96
2 1-naphthyl 57b 73 96
3 4-MePh 57c 85 96
4 4-MeOPh 57d 85 97
4-CIPh 57e 85 98
6 4-FPh 57f 81 97
7 3-CIPh 579 85 98
h 3-MeOPh 57h 76 96

210 mol% of §-7 were used.
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[
= N
H oTMms COH

Ar = 3,5-(CF3),Ph

(S)-59 (S)-8
o
Pho,s._J_~__omom
60 i) (S)-59 (20 mol%), 2—-30 h o
+ i) (S)-8 (20 mol%), 42 -115h PhO,S,, _w, ~OMOM
(0] .
CDClj (or i-PrOH), rt
R
R/\)J\H
65

13 (R=n-Pr) 63 (R =C3HgOTBS) 41 -77% yield
61 (R =Et) 64 (R = CH,OMOM) E/Z=2:1
62 (R = n-Bu) up to 98:2 e.r.

Scheme 10.Michael/MoritaBaylis-Hillman/Knoevenagel condensation reaction sequence for the preparation of
2-alkylidene cyclohexanond&b. MOM = methoxymethyl.

3.2 Combinations of Secondary Amine Catalysts with Brgnsted Acids and Bases

During the last few years, the group of Ramachary reported a variety of multicatalytic
approaches based on the sequential combination of multicomponent reactions and multicatalysi
providing direct excess to a variety of valuable compounds (most of them being achiral), such a:
agrochemicals, fine chemicals, as well as pharmaceutical drugs, drug intermediates, and buildin
blocks for the synthesis of natural proddtfsHowever, asalready mentioned abewve focus

on asymmetric orgamatalyzed variants here.

After the successful demonstration of the -po¢ asymmetric syntheses of the Wieland
MieschelP® and HajosParris® ketones and their analogueis a threecomponent reductive
alkylation and Robinson annulatié®? Ramacharet al. investigated the orgot asymmetric
synthesis of the corresponding hydrogenated derivatives by combining three components an
four catalysts, triethylamineS(-8, percchloric acid, and $)-1-(2-pyrrolidinyl-methyl)pyrrolidine
(66), respectively (Scheme 1%§! Therefore, they suggested a triethylamiagalyzedregio-
selective Michael reaction of diketon&8 and methylvinyl ketone4() followed by a Robinson
annulation of intermediate Michael adduc®&3 through amino acid/Brgnsted acid catalysis
furnishing the chiral Wielan#liescher and HajeParrish ketone§9 (n = 1, 2). Final iminium
activated stereoselective hydrogenation of the respective intermegitatgth Hantzsch este®
and diamine cataly€t6 would then lead to hydrogenated Hafearrish ketong0a or Wieland
Miescher keton&0b. Indeed, the sequential comhbtion of67 and41 with Hantzsch ested and
catalytic amounts of triethylamineS)¢8, perchloric acid, and6 afforded the hydrogenated
WielandMiescher keton&0b in 45% yield with>99% d.r. and 75%e However, the hydro
genated Hajo®arrish keton&/0awas obtained in 45% yield and®$% d.r., but only 20%e
(the corresponding§-8 catalyzed twecomponent reactioraffords the intermediate Hajos
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Parrish ketone6@, n = 1) with 86%e#).*” This was proposed to be because of the involvement
of triethylamine in the transition state of tf8-8 promoted intramolecular aldol reactif.

Another multicatalysis reaction was reported by the same group, combining amino catalysis and
Brensted acid catalysis for the synthesis of a chiral chror@rggcheme 12§* The trans4-

(S)8 66
o o) o (S)-8 (50 mol%)
Me 0 EtsN (30 mol%) Me HCIO, (25 mol%)
+ )K/ S Me e
Me CH4CN, 25 °C, 24 h CH4CN, 85 °C, 24 h
(o] n (o] n
67 a1 68
1.0 equiv 3.0 equiv
70a(n=1)

66 (25 mol%) 45% yield

Me O Me O
Hantzsch ester 9 (2.0 equiv) m >99:1d.r., 20% ee
4[ :'/L{ % CH4CN, 85 °C, 24 70b (n = 2)
' ' o)
© n h H" 45% yield
69 >99:1d.r., 75% ee

Scheme 11Asymmetric synthesis of hydrogenated Haferish keton&’0a and WielaneMiescher keton&’0Ob
through the ong@ot combination of three components and four catalysts reported by Ramachary.

HO,
Q‘COZH
H
71
o) ) OH
o i) 71 (20 mol%)
Py HJ]© NMP, rt, 24 h @
+ Me
M M S
e Ve HO i) p-TSAT2 (20 mol%) oG O
15 73 MeOH, rt, 36 h 76
14.0 equiv 1.0 equiv 55% vyield
>95% de, 77% ee
A
¥
O OH OH
% aldol <> lactol isomerization
HO
[1:1]
HO Mé O
74 75

Scheme 12.Multicatalytic syntheis of chromane derivatives reported by Ramachary. NMMN-methyt
pyrrolidinone.
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hydroxy-L-proline (71) catalyzed reaction of acetong5 and 2hydroxybenzaldehyder®) via
BarbasList aldol reaction gave intermediaf@d which is in a fast dynamic equilibrium with its
lactol form 75. Subsequent treatment wigara-toluenesulfonic acidptTSA; 72) in methanol
selectively afforded the chiratans2-methoxy2-methylchromard-ol (76) in 55% yield with
>95%deand 77%ee(Scheme 12§°4

An impressive example of stereocontrol was reported by Jgrgehsdnemploying §)-7 and
piperidine {7) as catalysts for the formation of complex chiral bicyclo[3.3.1]2@mes80,
starting f r-unsaturated ralpehyeledstandb dimethyl 3oxopentanedioate 79;
Table 2)®! Four new carbaicarbonbonds formed, affording the desired prodé@bearing six
stereogenic centers with @dlent diasterecand enantiselectivity (up to 99:1 d.r. an®6%ee
out of 64 theoretichf possible stereoisomerdgrgensen and amorkers proposed the following
mechanism for the formation of the six stereogenic cente38 (Bcheme 13%° The reaction is
initiated by standard iminium ion catalysis by diphenylprolinol silyleth&-7( with

Table 2. Asymmetric twacomponent reaction for the formation of bicyclo[3.3.1}¥®anes.

SN

N
H OTlT\;I]S ”
(S)y7 77
o)
R/\)J\H i) (S)-7 (10 mol%)
78 benzoic acid (10 mol%) HO CO,Me
1.0 equiv PhCH3, rt, 16 h " COzMe
+ ii) 77 (20 mol%) MeOFEC
o MeOH, 40 °C, 1h HO  Co,Me
MeOZCQJ\/COZMe 80
79
2.0 equiv
Entry R Product Yield (%) dr. ee (%)
1 Et 80a 48 >099:1 94
2 i-Pr 80b 65 >90:1 96
3 n-heptyl 80c 69 88:12 95
4 EtO.C 80d 38 >99:1 89
5 (2)-hex3-enyl 80e 51 94:6 94
6 Ph 80f 70 >00:1 93
7 4-MeOPh 80g 93 92:8 91
8 2-furyl 80h 86 94:6 90
9 2-BrPh 80i 86 >99:1 96
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o o
meo,c._JL__come coMe Meo,c_J__co,me
79 Oxph R““'C;go 79

N Ph /
OTMS OH Co,Me o
=
4 coMe COMe 86 MeO,C CO,Me
R™ ™ )
MeO,C R o COMe
82 85 CO,Me . 87
@XPh R" o
N Ph CO,Me
Ph | OTMS
@ CO,Me
N Ph Amino catalysis 2
J)I OoTMS R
o
| 81 MeO,C 83 0
R J)l CO,Me CO,Me
o
84
R (Eo MeO,C 9
CO,Me RY OHCOZMe
0 N F;hh HO COoMe coztle
COzMe 88
x H  OTMs OH /
R/\)LH CO,Me
S)7 R = MeO,C
8 ) MeO,C é Cco,Me
H
CO,Me Lo

80
Scheme 13Mechanistic proposal for the formation of bicyclo[3.3.1]+#anes80.

enals78 generating31, which is nucl eop karbon atam by gdimethylt ac k e d
3-oxopentanedioater9), thus leading to enamir@2. Formation of iminium ion intermedia&8

and subsequent hydrolysis releag@gswith the first two stereogenic centers. In the second
cyclization reaction of intermedia8 with its second activated methylene functionality leads to

85 which, after elimination of water, gives intermedi®& The cyclization step is possibly
preceded by hydrolysis of secondary amine cata§)st,(however, this could not be clarified.
Conjugate addition with a second molecule78fleads to87 (the stereoinduction in this step
arises from steric hindrance dfet former created stereogenic center bearin§®Rfinal ring
closure between the last free activated methylene and the central ketone furnishes8&oduct
Due to strong intramolecular hydrogen bonding, tautomeric equilibration leads to the more stable
aldehydes/8. For example, aliphatic aldehydeg0@i 80c Table 2, entried i 3), esters§0d;

entry 4), and olefins80e entry 5) were applicable. Superior yields were achieved employing
aromatic compound®.g, para- andortho-substituted phenyl80gand80i; entries 7 and 9) or
heteroaromatic substituents, such as fus@h( entry 8). Importantly, the produc&® could be
purified by crystallization after completion of the reaction, thus avoiding wggsterating
chromatographic stefss!

One \ear later, the same group reported an organocatalytic Michael/Knoevenagel domino
reaction for the synthesis of optically activedig@thoxyphosphoryR-oxocyclohex3-ene
carboxylate€® In order to demonstrate the synthetic feasibility of these prodimtgenseret
al. performed consecutive reactions, one of it being multicatalytic. Hence, Jgrgensen and co
workers envisioned a hydrolysis/decarboxylation reaction as an entry-sabshtuted
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2-diethoxyphosphorylcyclohe2-enones, such &0 (Scheme 14)In this example, theSj-59
catalyzed domino Michael/Knoenagel condensation reaction #tiethoxyphosphoryB-oxo-
butanoate 40) and cinnamaldehyd&®Y) affordedtert-butyl-2-oxocyclohex3-carboxylate 92).
Sulsequent methanesulfonic aci(MSA; 89) catalyzed hydrolysidecarboxylation then
gavethe target compound-d&ethoxyphosphory5-phenylcyclohex2-enone 93) in 52% vyield
and 96%ee The stepwise synthesis yield@8in slightly lower yield (43% over two steps) and
same enantiomeriexces$®™® However, the on@ot synthesis avoids intermediate wan,
isolation, and purification 2, thus is more timeostefficient.

wr
N Ar

H OoTms
Ar = 3,5-(CF3),Ph
(S)-59
9 O
EtO’,PQK/COZfBU _
EtO i) (S)-59 (10 mol%), rt, 20 h
90 ii) MSA 89 (50 mol%) o 0
1.0 equiv 90°C, 3h Eto-F
. EtO
o PhCH3 "/Ph
93
N H
A
91 :
4.0 equiv
9 O
__________ N EtO’,P COztBu o
EtO
“Ph
92
Single step reactions: One-pot multicatalytic reaction:
92: 86% yield, > 95:5 d.r., 94% ee” 93: 52% vyield, 96% ee

93: 50% yield, 96% ee

Scheme 14 Stepwise and multicatalytic synthesis efli2thoxyphosphoyl-5-phenylcyclohex2-enone93. 2 First
reaction was performed in dichloromethane.

In the same year, Garcia Ruano and Aleman reported the successful combination of amin
catalysis and fluoride caltysis using $-59 andn-tetrabutylammonium fluoride (TBAF4) for

the synthesis of pentasubstituted cyclohexa®@¢Table 3)°” The reaction proceedsa a
Michael addition of diketone®5 to U ,-umsaturated aldehyde®8 promoted by $)-59.
Subsequet addition of nitromethanes() and TBAF Q@4) leads to the generation of a niro
methane anion (by fluoride) which first reacts with the Michael adduct in an intermolecular
Henry reaction, thus affording a nitroalcohol intermediafthis sulsequently undgoes a
second, intramolecular Henry reaction catalyzed 9dyto give the densely functionalized
cyclohexane96 with high stereoselectivities 88:2 d.r., 92 to 99% ee although in only
moderateyields (351 57%). The sterezhemical outcome of the reaction was proposed to be due
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to the reversibility of the two Henry reactions, leading to the thermodynamically favoured
(equatorial arrangement of all substituents except the hydroxyl group that is intramolecularly
associated tahe nitro group) instead of the kinetically favoured product. Therefore, the
enantioselectivity is defined by amine cataly®@t%9in the first step (employingR)-59 as amine
catalyst afforded the enantioment96b; Table 3, entry 4). When other fluoeidsources were
used instead 094 the corresponding product wasolated with decreased enasgtectivity,
possibly due to a retrblichael sidereactiont®”’

Table 3. Combination of amino and fluoride catalysis for the synthesis of cyclohexane derivatitegive
contiguous stereogenic centers.

OXAr 4\—\ Fe
N Ar

N
H oTMms ~o~N@

Ar = 3,5-(CF3),Ph

(S)-59 94
i) (S)-59 (10 mol%)
o) o o 0°C,12h
RV\)LH ' R2JK)J\R3 ii) 94 (20 mol%)
NO,CHs 50, rt, 48 h
78 95 96
Entry R R? R® Product  Yield (%) d.r. ee(%)
12 Et Ph Ph 96a 45 >98:2 99
28 Me Ph Ph 96b 55 >08:2 >99
FP Me Ph Ph 96b 47 >98:2 99
4° Me Ph Ph ent96b 57 >08:2 >99
5 n-Pr Ph Ph 96¢ 46 >08:2 92
6 n-pentyl Ph Ph 96d 40 >08:2 >99
7 n-nonyl Ph Ph 96e 40 >08:2 92
8 n-Bu Ph Ph 96f 43 >08:2 92
9 n-hexyl Ph Ph 969 42 >08:2 >99
10 (2)-hex3-enyl Ph Ph 96h 42 >08:2 94
11 CH4Ph Ph Ph 96i 46 >08:2 >99
12 Me PMP PMP 96j 35 >98:2 98
13 Me Ph Me 96k 44 >98:2 98
14 Et Ph Me 96! 47 >08:2 94
15 Ph Ph Ph 96m i i i

2 First step was performed at rt for 4 h; second step was performed fof P8elparative experiment on 2.0 mmol
scale .’ (R)-59was used.
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3.3 Miscellaneous Combinations with Secondary Amines

In 2009, Jgrgensen and coworkers reported the combination of pr&@)rsd and chiral Lyge
type ammonium salt§-97° as phaséransfer cataly&’ for a novel onepot synthesis of
4,5substituted isoxazolinBl-oxides 101 (Scheme 15Y” The reaction is initiated byhe
asymmetric epoxidation dil ,-umsaturated aldehydes by hydrogen peroxide through iminium
catalysis, followed by a basenediated intermolecular Henry reaction with nitroacethd®
under phas¢ransfer conditions. Consecutive intramoleculg-fike O-alkylation then affords
the isoxazolineN-oxides101 Aromatic, aliphatic and functionalized aldehydds 98, and99
were applicable providing the desired produb®d in good yields (65 71%) and diastereo
meric ratios (up to 78:22 d.r.), and excellent enantioselectivities @9%d hese products are
only a few reaction steps from highly valuable synthé&drgets. For instancéd,01c could be
readily convert bydri akigolacddérigaivE

OMe
tBu Ar o
O Br
@
Ngj
Ar O
N Ar tBu Ar OMe
H ortms OMe
Ar = 3,5-(CF3),Ph Ar = 3,5-(CF3),Ph
(S)-59 (S)-97
G
i) (S)-59 (10 mol%) v
o H,0, (1.2 equiv), rt, 5 h o-N®
R H ii) (S)-97 (1 mol%) R ‘ -
=, OH
NO, OH
91 (R = Ph) Cfo 5, 100 (15equiv)  101a (R = Ph): 65% yield
98 (R = i-Pr) c OZH .0 (20 oau 78:22 d.r., 99% ee
99 (R = CH,OBn) ~° 20 (2.0€quV)  4o4p (R = i-Pr): 71% yield
CHyCly, ~20°C, 2 h 73:27 d.r., 99% ee

101c (R = CH,OBn): 67% yield
73:27 d.r., 94% ee

Scheme 15Merging amino and phageansfer catalysis for the synthesis of isoxazaNhexides.

The concept of photoredox catalysis was first disclosed by MacMillan through the combination
of organometallic complexes and secondary amine catéf/stowever, the applied ruthenium
and iridium salts are expensive and potentially toxic, which represemgoa drawback of these
catalysts A metalree, organocatalytic photoredox reaction was presented recently by Beitler
a. using MacMil | 4028 s canjonctidrawdtroréatlilg available enexpensive
xanthene dye eosin Y103 as photosensitizer (Table 47 The reaction gave the desired
products105with good yield and high enantioselectivities. Howeuwhe selectivities showed to

be temperature dependent (Table 4, entries 1, 4, and 5). For instance, at room tenif#sature
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Table 4 Metalfree, asymmetric organophotoredox catalysis with visible light.

102 103

102 (20 mol%), 103 (0.5 mol%)
lutidine (2.0 equiv) o

E
o] CO,Et hv (A = 530 nm, LED) CO:EL
HJ\Mg\ ’ Br/kCOZEt DMF, rt, 18 h H)j)/kcoza
5
a7 104 105a
Entry Conditions Product Yield (%) ee(%)
O  CO,Et
H CO,Et
1 as shown above ) 63 77
5
105a

2 23 W fluorescent bulb was usec 1054 78 80
instead of LED

23 W fluorescent bulb and

3 [Ru(bpy)]Cl, were used instead ¢ 105a 75 76
LED
4 reaction was performed at 0 °C 105a 70 81
5 reaction was performed &b °C 105a 85 88
a sunlight; reaction performed
6 at & 30 AC 105a 77 76
7° reaction was performed at 5 °C H ). o 82 95
5
105b
O  CO,Et
c . H CO,Et
8 as described above 76 86
Ph
105¢
o)
d reaction was H (CF2)sCFs
9 . ) 56 96
performed ai 15 °C 5
105d

2 Full conversion after 4 h? para-nitrophenacyl bromide vgaused instead of diethyl bromalonate 104).
° Phenylpropionaldehyde was used instead of octat®l { 1-lodoperfluordutane was used instead of diethyl
bromomalonatel(04).
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was isolated with 77%e (Table 4, entry 1) whereas a decrease of the reaction temperature to
15°C led to an increase of the enantioselectivity to &&entry 5). Conducting the reaction
under direct sunlight led to faster conversion (4 h) but again decreased enantiosglectivit
possibly due to the higher reewt temperature (approximatel0 °C; entry 6).The
methodology was also applicable to the stereoselective addition of nitrophelsiyl ntry 7)

and polyfluorinated alkyl substituent$0bd entry 9) which showed super selectivities up to
96%ee Additionally, an example was presented using phenylpnaidehyde instead of diethyl
bromomalonate 104). Although the mechanism of this reactien not yet fully understood
(initially irradiated samples which were keptthre dark showed an increase in yield), a possible
reaction path is depicted in Scheme 16. Thus, eosit0$ EY) is excited with visible light to

its singlet stateEY*) which in turn converts to its more stable triplet stafeYf) through
intersystem crossing (ISC). Simultaneously, the amino catalysis cycle is initiated by the
formation of iminium ion106 consequently generating enamit@/. Addition of the electron
deficient alkyl radical t0107 gives amino radicall08 which is subsequently oxidideto
iminium species 09thereby providing the necessary electron for the reductive quenching of the
dyes excited state’}Y*) through singleelectron transfer (SET). The thus generated radical
anion (E\/‘) in turn acts as a reductant to furnish the atlgical by SET with the alkyl halide.

i o] M
1 e
-~ ,2““'
47 (R" = Hex) @) “tBu
106

MeI) "tBu

103 Amino catalysis 107

SET ISC

+R? EY TEv*
\\_____./
hv

Scheme 16Proposed mechanism for the organophotoredox catalysis reported by &tediler

45



Evolution of Asymmetric Organocatalysis: Multind Retrocatalysis

Accordingto the proposed reaction pathway a catalytic amouiO8tas to be present as the
initial electron reservoif? This type of reaction is at the border to a dual or synergistic catalysis
reaction as the two catalytic cycles are directly couBFéH{owever, the radical produced in the
photoredox cycle independently enters the next cycle.
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4. N-Heterocyclic Carbene Catalysts

N-heterocyclic carbenes (NHCs) are versatile organocatiiftue to their ability to render
aldehydes nucleophilic, hence i nV&Thenunlep t h
philic addition of a carben® an aldehyde leads to the formation of a tetrahedral intermediate
which undergoes proton transfer to a nucleophilic enalmicommonly referred to as the
Breslow intermediat€® This can act as an acyl anion equivalent-gghthon), allowing
reactionswith electrophiles to take plac®epending on the kind of electrophilic component
utilized, either benzoin condensation (the electrophile is an alkyl/aryl aldehyde or ketone) or
Stetter reaction ( tuhsaturaeed aeldehydeo @r hketdnekesi ptace a n
(Figure?)®™'1' n t he case of al dehyde spostieahe enarginola |
can undergo an intramolecular redox reaction (extetutagolung)®’***1The elimination of

the leaving group generates an enol and aftenesization an activated carboxylate, which is
prone to nucleophilic attack.

4.1 Combinations with Secondary Amine Catalysts

Apart from the mentioned combinations of secondary amines with other organocatalysts,
multicatalytic reactions employingombinatons of chiral secondary amine catalysts and NHCs
have begun growing rapidly in the last years. Due to their inherently Lewis basic nature these
two catalyst classes can be combined in one pot; both act on carbonyl compounds but sho
complementary reactivés.

The approach of asymmetric amino and heterocyclic carbene catalysis (AHCC) was first
demonstrated in 2007 by Coérdow al. for epoxidatoni esterification, cyclopropanati®n
egerification, and aziridinatidresterification reactions (Scheme 1#).Employing dipheny
prolinol silylether §-7 and thiazolium salt1d’” (Bn = benzyl) as catalystgnd hydrogen
peroxide, diethydfromomalonate 104), or Cbzprotected carbamat&l?7 enabledthe enantie

sel ecti ve -hydromytebterslB(sp tod3% yibld, 95%e6 ,-malbnate esters1l6 (up

to 74% vyield, 97%ee |, aamitho elter derivativd18 (41% vyield, 61%e€ from various
readi | y auwnsatulatadodldehydés, tfirough the intermediacy of the corresponding
2,3-epoxy, cyclopropyl, and 2-aziridine aldehydes (Scheme 1) Although very useful chiral
molecules were accessible by this approach, the reactions sufferecefatively high catalyst
loadings of 10 20 mol% for amine catalys§)(-7 and up to 40 mol% for carbewatalyst110.
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OH/_‘ DE

/ Breslow intermediate \
Umpolung
H

&)

o Q N> X

J o

1
R H N-heterocyclic 1JJ\

carbene catalyst R E
Possible reaction pathways: o
E= A (0]
R™ H . R? Benzoin
OH 0o R condensation

‘ ] OH
R‘\ % R‘l J’ (S] [e)
3 Stett
acyl anion — R1J\/wR € _er
O’ . o reaction
equivalent o)

— 2
E_RZMRJ R
OH (@]
RN N
Sy — "y
LG N N Nu® N
Q° Q¢
S
LG

intramolecular redox reaction (extended Umpolung)

X=NR, S

R, R?, R? = alkyl, aryl

LG = leaving group

E = electrophile; Nu = nucleophile

Figure 7. General representation bfheterocyclic carbene catalysis and reactions important in the context of this
publication.

By employing §)-59 and Roviset ald N-heterocyclic carbene catalyst precursiid’™®
Jargensen and amorkers could employ drastically lower catalyst loadings (@d% of amine
catalyst(9-59 and down to 1 mol% for the carbendd9 for similar transformations, thus
significantly improving the efficiency and sustainability of these ieast(Scheme 18)°! The
addition of4 A molecular sieves to remove excess water from the epoxidation step that competes
as nucleophile with the alcohols in the final esterification step proved touc&l to achieve

high yields.L i n e a rbramhed/as well as functionalized ,-umsaturated aldehydes provided

t h ehydfoxylated esters in good yields and enantioselectivities (up to 84% yield,e88%
However, cinnamaldehyd®1) as the enal component required higher catalyst loading-&9(

(10 mol%) for tle epoxidation step (Scheme 18grious alcohols were applicable as nueleo
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philes {-PrOH gave only poor yields due to increas¢eric bulk and reduced nucleophilicity;

for 124 used as enal: 34%ield). Moreover, employing different enaland 125 (Tos =
4-toluenesulfonyl (tosyl))significantly higher yields and enantioselectivities comparethéo
previously reported procedur e @minmolesterd2@® ac h
The active carbene catalyst was generated byireng NaOAc from the aziridinatiostep, thus
avoiding the addition of H¢gnigds base for t
117 used by Cérdova is more environmentally friendly and atom economy is better compared to
125 due to the relese of acetate instdeof tosylate. Both epoxidatidesterification as well as
azridinationi esterification were additionally tested employing the commercially available citral
127 as enal substrate under the developed conditions (Schem&tafjng froma 1:1 E€/2)
mixture in127the intermediate 2;8poxy aldehydd28aand aziridine aldehyd&28bformed in

3:1 diastereomeric ratio, due to possible isomerisation during the reaction. Subsequent ring

Scheme 17AHCC c at al ysi s

Ph Me _ Me o
N Ph d \@. ¢
H OTMS ~~"""Bn
(S)-7 110
a) Epoxidation/esterification:
i) (S)-7 (10 mol%), R?0H
o H,0,, —20 °C, 16 h OH O
R1/\)kH ii) 110 (40 mol%), R1/'\)J\OR2
H 0,
24 (R' = Me) 3 ’ 59 — 82% yield
62 (R' = n-Bu)” up to 95% ee
91 (R' = Ph) R20H = EtOH, BnOH” 7 examples
111 (R" = 4-CIPh)
112 (R' = CO,Et)*
b) Cyclopropanatior/esterification:

i) (S)-7 (20 mol%), R?0H
CO,Et
o) )C\OzEt Et;N, rt, 1.5-6 h EtOsz

X +
RV\)J\H Br” “CO,Et ii) 110 (20 mol%), R OR?
91 (R1 = Ph)c‘ 104 DiPEA (40 mol%) 116

114 (R" = 4-NO,Ph)? CHCl,, 30°C, 15 h

115 (R = 2-naphthyl)°
R2?0OH = MeOH, EtOH

c¢) Aziridination/esterification:
i) (S)-7 (20 mol%), EtOH
(o} 40°C,0.5h

AcO.  .Cbz
+ “N”
BUMH H

62 117

ii) 110 (40 mol%),
DiPEA (40 mol%)
CHCI3,30°C, 15 h

56 — 74% yield
up to 97% ee
4 examples

bz \\m o

Bu/'\/U\OEt

118
41% yield
61% ee

f o r -substitated sstenst rdperted kyy CardbVEfoxidation was

performed at 4 °C for 6 B:BnOH was added after completion of the epoxidati®@® mol%110were used for the
esterification with MeOH® Cyclopropanation was plermed for 1.5 h? Cyclopropanation was performed at 4 °C
for 6 h.
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opening gave the desired produd®9 bearing tertiary hydroxyl or aminmoieties, however,
with moderate enantioselectivities (the significant amount of the ntilastereomerd28aand
128bpossibly leads to the formation of the wrong enantiorh28a 66% yield, 48%ee 1290k
81% vyield, 57%e@.["”

Ar

N Ar
H OTMs OZ"! © BF,
N__NZ
o' TCgF
Ar = 3,5-(CF3),Ph 65
(S)-59 119

a) Epoxidatior/esterification:
i) (S)-59 (2.5 mol%), H,0,
O CH,Cly, 1t, 24 h OH O

R1MH ii) 119 (1 mol%), DIPEA (2 mol%) R OR?2

13 (R = n-Pr) 4AMS, R?0H, rt, 18 h 123

91 (R' = Ph)* 34 — 84% vyield

98 (R" = i-Pr) R20H = MeOH, EtOH, 92 - 98% ee

99 (R' = CH,0Bn) i-PrOH, CD;0D 10 examples
120 (R' = Hex)

121 (R" = C,H,Ph)
122 ((E)-hex-3-enyl)®

b) Aziridinatior/esterification:
i) (S)-59 (2.5 mol%), NaOAc

o CH,Cl,, 1t, 18 h TosHN O
+ TosONHTos
RV\)LH i) 119 (2.5 mol%), R?0H, rt, 18 h R1)\)LOR2
61 (R" = Et) 125 126
98 (R" = i-Pr) R20H = MeOH, EtOH 77 — 96% vyield
99 (R' = CH,0Bn) 93 —96% ee
120 (R" = Hex) 6 examples

124 ((Z)-hex-3-enyl)

Scheme 18AHCC <cat al ysi s f-substituteth esters neportet ley dargensan imol% ©)-59 were
used; 5 h for epoxidatiofi2.5 mol% R)-59, 2 mol%119, and 4 mol% DIPEA were used.

A generalized mechanistic picture for the mentioned combinations of aminN-hetkrocyclic
carbene catalysis is presented in Scheme 20. The reaction is initiated through the reversible
formation of an iminium ion130 allowing the conjugate addition of th®-, C-, or N-
nucleophiles to thé-carbon at theRe face generating the chir@namine intermediaté31
(similarly to the examples described above for combinations of secondary amines). In the next
step,131 performs arintramolecular &xotet cyclization from itsReface under release of the
leaving group formindl32 This cyclization step is irreversible and governs the stereoselective
outcome of the overall reaction. Hydrolysis gives the corresponding epoxide, cyclopropyl, or
aziridine aldehydedl33 After in situ generation of the NHCL34 from its corresponding
precatalyg it nucleophilically attacks the carbonyl carbonl8B thus forming the zwitterionic
species135 Subsequent generation of the Breslow intermedi8® and following intra
molecular redox reaction leads to the activated carboxylldgvia intermedia¢ 137. Final
transesterification with an alcohol as nucleophile releases the carbene catalyst and gives the
corresponding products (compare Figidije

50



New Frontiers in Peptide Catalysis

O  (S)-59 (2.5 mol%) o) 119 (5 mol%) o]
H,0, (1.3 equiv DiPEA (10 mol%
| gy 202 ( quiv) O\;ﬁij ( o) o OMe
CH,Cly, rt, 24 h 4 AMS, MeOH, &
R" 'Me R Me it 72h RT” Me
127 128a 129a
EiZ=1:1 3:1dr. 66% yield, 48% ee

R1=:’f\/\(

(S)-59 (2.5 mol%)
(0] TosONHTos 125 (0] (0]

NaOAc (3.0 equiv) 119 (5 mol%)
| M Tosn[ M Toshn, [ OMe
CH,Cly, rt, 20 h MeOH, rt, 18 h
R1 Me R1 Me R1 Me
127 128b 129b
E/iZ =11 3:1dr. 81% yield, 57% ee

Scheme 19AHCC reacti ons f oesubstiutedestpizeaipga quaternaoy carborf center.

LG-XH =
H202
104 (LG = Br; X = C(CO,E),)
117 (LG = OAc; X = NCbz) . o 6X OH
125 (LG = OTos; X = NTos) [N X) - v
N N
/@

oy,

= Ar
131 / 136 137 \
©
'\ll Amino catalysis | R1/<')\”/:(> W%
J) J) ®N N
;

X

130 ) 132 135 A 138 A ©
R R
o ©oRr?
X
O\O R1/<I)I\H Ay
N 133 N\
0o
(S)-7 or (S)-59 134 XH O
1N\)K
R H RJ\/M or?
base
R" = alkyl, aryl, CO,Et products
110 (Y =S, Ar=Bn, Z=Cl) Ar\N4\Y

2 _ .
119 (Y =NR, Ar = FsPh, Z = BF,) @ R®=Me, Et, i-Pr, Bn, CDs
o0\

Scheme 20Possible general mechanistic picture for the AHCC reactions shown in Schemes 17 and 18, and Schem
15 (secondary amine catalyzed epoxidation step only).
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In 2011, Cordoveet al.reported a related enantioselective AHCC thremponent reaction of

U ,-umsaturated aldehydes, tosylated hydroxycarbamk®6sand 140, and different alcohols
yielding Cbz or Bocp r o t e-amine dcid Bster derivativestl (Scheme 21¥Y Similarly to
JRBRrgensenos w ¢S-k gnd 1l%aes ucsaet adfy st s  arhifooacid e d
esterderivatived 41 in moderate to good yields (up to 80% vyield) with ©939% ee When
aromaticenals such &kl or 115 were used the corresponding products were obtained with
significantly lower yield (251 54% vyield) although with excellent stereoselectivities (94
99% ee due to abaseatalyzd rearrangement sigeaction. According to the mechanistic
picture providedin Sc he me 20 tshbstitutedsemall4@ formed the intermediate
aziridine 143 with high 95% ee (Scheme 22). Subsequent rHogening/esterification afforded
near |y f amine mdidcesteild44 in 69% yield. However, employing end45 the
correspnding productl46 wasisolated in 59% yield with low diastereoselectivity, albeit with
excellent enantioselectivity for both isomeasff-isomer: 97%;syrisomer: 99%eg as shown

in Scheme 22.

Ph O:N SBF,
QXPh &

H OTMS NVN\CGFS
(S)7 119

i) (S)-7 (5 or 20 mol%)

o NaOAc, 0.5—-8 h R2
~ ii) 119 (3 mol%), R%0H, 16 h NH O
R”XNy * R®NHOTos 1 3
CHClj, rt R OR
13(R'=n-Pr) 139 (R2=Cbz) 141
91 (R'=Ph) 140 (R? = Boc) 25 - 80% yield
99 (R" = CH,0Bn) R30OH = MeOH, EtOH, 92— 99% ee
115 (R = 2-naphthyl) BnOH 8 examples
(

121 (R' = C,H,Ph)

Scheme 21AHCC reactiond or t he enant i os el e eaminovaeid estgr deriviateressi s o f

(S)-7 (20 mol%)

0 NaOAc (0] CbzHN O
CbzNHOTos 139 R, 119 (3 mol%)
H — & Cszj)kH - . %OMe
R CHCI3/PhCH;, MeOH, rt, 16 h R
142 4°C,16h 143 144
(R = n-pent) 95% ee 69% yield, < 5% ee
o i) (S)-7 (20 mol%), NaOAc  TosHN O
\/\HLH s TosNHOTos CHCI3/PhCHj, t, 66 h \)\E)J\OMe
Me 125 ii) 119 (3 mol%) Me
145 imidazole, DIPEA 146
MeOH, rt, 16 h 59% yield

6:4d.r., 97% ee
(syn-isomer: 99% ee)

Scheme22AHCC react i ons f o rsubstituted aminoeapichester terivativeso f U, b
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In 2009, Lathrop and Rovis demonstrated anotheample of AHCC for the realization of a
Michael addition/crosbenzoin reaction (Scheme 2%J. This multicatalytic tandem reaction
enabled the synthesis of highly functionalized cyclopentanbdésontaining three stereogenic
centers (including a gtexnary stereogenic center) from readily available starting mateBials
using silytprotected prolinol catalystS[-59, asymmetri c C o0n-unsgusate@ a |
aldehydes tdb-dicarbonyl compound451 i 159 was inducedvia iminium activation. The
following carbenell9 catalyzed intramolecular benzoin condensation pradiube densely
substituted cyclpentanonesl47 in high yields and enantioselectivities, however, with only
moderate diasteoselectivities (Scheme 23he reaction showed a biacope with respect to

t he al de h ydcarboayhstarting Imateridls leading to a variety of possible products,
while branched aliphatic aldehydes (such98s gave considerably lower yield&or example,
bicyclic productsl47pandl147qcould be ob a i n e d-ketosstend§8 orfdl59 Mechanistic
investigations revealed that the performance of iminium catayssq and carbenell9in a
tandem reaction is crucial for the high yield asdlectivity of this reactionWhen the
transformation is perfonedin stepvise mannetthe intermediate aldehydes probably undergo
retro-Michael reaction in the presence 0$)-69 and are prone to epimerization during
purification by column chromatograpK§! As a consequence, the desired produet? are
obtained inlower yield and significantly lower enantioselectivity (46% yield, 58édor two
sequential reactions), showing the sharp contrast to the yield and enantioselectivitypod the

pot tandem reaction (93% yield, 8688). When the two steps are combined igtdandem
reaction, thecarbenecatalyst119 effectively suppresses the refvichael reaction by direct
consumption of the intermediate aldehyde in the following benzoin reaction, hence achieving the
high enantiselectivity (Scheme 23)This work furtheremphasizes one of the advantages of
multiple catalysts promoted asymmetric tandem reactions: the fast consumption of intermediate:
in a concurrent catalytic cycle allows catalysts to work synergistically, thereby suppressing side
reactions.

The orthogonal reactivity of secondary amines BHAgketerayclic carbenes for the asymmetric
synthesis of highly functionalized cyclopentanones was shown with another example by Ozboye
and Rovis in 2011 (Scheme 2%).In contrast to the previous work vehi relied on iminium
catalysis as the first step, this reaction was initiated by enamine activation using secondary amin
catalyst 7 followed by direct benzoin condensation catalyzed by chiral triazolium catalyst
precursor 16078 Aliphatic aldehydes md v a r iunsatwsated)ketones provided the
desired products in good vyield and high enantand diastereoselectivity Employing
isovaleraldehyded®) competitively formed the corresponding Stetter product in a 1:1 ratio with
the desired product61c However, the sequential addition D60 after complete formation of

the corresponding intermediate avoided the formation of thepsathict, thus affording.61c

(98% yield, 96:4:<1:<1 d.r., 88%e). Aldehydes163and 164 andU ,-umsaturated ketonds7

173 bearing sterically more demanding substituents were also applicable but usqailed
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()
N Ar
H OTMS

Ar = 3,5-(CF3),Ph
(S)-59

(S)-59 (20 mol%)

—N SBF4
N\7N\C6F5

119

O O 119 (10 mol%)
o NaOAc (10 mol%
NG RZM ( °
R H L (_i) CHCls, rt, 14 h
“XV/n
1.0 equiv 2.0 equiv
aldehyde diketone/B-ketoester product
1 = |
13 (R1 n-Pr) o Me OH
24 (R" = Me) )\ °
1= i1,
g; (R1 = Ph) o o Me
(R" = i-Pr)
99 (R" = CH,0Bn) MeMMe R
121 (R" = C,H,Ph) 151 147a — 147i
148 (R" = 4-BrPh) 32 —93% vyield
149 (R" = CH,OTIPS) up to 85:15 d.r., 95% ee
~ .Bn
150 R! =<"Y N >
Boc
o} o O
PrMH R2MMe
13 152 (R? = OEt) 147j: 80% yield, 60:40 d.r., 93% ee
153 (R2 = SEt) 147k: 56% yield, 69:31 d.r., 81% ee
o Me, OH
\u 0
o] o O Rz)
Me/\)J\H RZJ\)LMe Me
24 154 (R%2 = OMe) 1471: 90% yield, 64:36 d.r., 91% ee
155 (R? = OBn) 147m: 90% yield, 58:42 d.r., 82% ee
156 (R? = Ph) 147n: 74% yield, 80:20 d.r., 87% ee
o0 Me, OH
O )\lu,,
/\)J\ tBuO
X
Ph H tBuOM Ph
91 1470: 86% yield, 60:40 d.r., 97% ee
OH
0] (o}
o]
MeO
Me/vj\ H Mé
24 147p: 79% yield, 80:20 d.r., 94% ee

MeO
MeO

O O
Me
157
j\&
158

O O
159

Bn.
N
o OH
O
MeO
Me

147q: 76% yield, 85:15 d.r., 90% ee

Scheme 23AHCC tandem reaction for the synthesis of cyclopentanone derivatives reported by Lathrop and Rovis.
Diastereomericatios are shown for major diastereomer : sum of three possible minor diastereomers.
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160

(S)-7 (20 mol%)
160 (20 mol%) 9

o o NaOAc (20 mol%) R'a é oR®
R! * OH
\)kH RZN\)LW CHCI;, 60 °C,4—-12h 5
R
1.5 equiv 1.0 equiv 161
Aldehyde scope:
aldehyde a,B-unsaturated ketone product
o}
R! o}
\)J\H
1 R! ~Me
43 (R'=Et) o OH
44 (R" = n-Pr)
45 (R' = i-Pr)* Etozc/\)LMe EtO,C
54 (R = Me) 165 161a—161g
162 (R' = Bn) 50 — 98% vyield
163 (R = C,H,OPMB) up to 96:4 d.r., 95% ee
164 (R' = ¥ )

a,B-unsaturated ketone scope:

aldehyde a,B-unsaturated ketone product
0
RZMMe o
166 (Rz = CO,Me) Et Me
167 (R? = CO,Bn) OH
<
I ¥
168: R2 = % ID 161h — 161k
58 — 99% vyield
JOJ\ up to 96:4 d.r., 98% ee
160: R2 = % N/\
Lo
o]
(0] R3
Et o
fe) EtOZC/\)J\R:’ \é\oH
Et\)LH 170 (R® = n-Pr) EtO,C
43 171 (R® = Et) 1611 - 1610
172 (R® = Ph) 53 — 95% vyield
173 (R® = i-Pr)’ up to 97:3 d.r., 85% ee
o}
WR3
o Et
M N on
e B
R? Me—3
(0] \\\o
174 (R® = Me) 161p: 38% vyield, 82:18 d.r.,
68% ee
175 (R = Ph) 161q: 35% vyield, 72:28 d.r.,
83% ee

Scheme 24AHCC tandem reaction for the synthesis of cyclopentanone derivatives reported by Ozboya and Rovis.
Diastereomeric ratios aréa@wvn for major diastereomer :

sum of three possible minor diastereomers. P&IA-=

methoxybenzyl? Catalystl60was added after complete consumption of starting mate@zirbene precatalyst9

was used instead @60.
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and longer reactiotimes and led to lower yield8Vhen,for example 173was used as enone the
intramolecular benzoin reaction could only be accomplished using smaller achiral carbene
catalyst119 howeverwith diminished enantioselectivity (51%#). Diketonesl74and175gave

the corresponding produci$lpand161qgin considerably lower yields. Additional mechanistic
investigations again showed that the -@o¢ tandem reaction leads to better selectivities
compared to the single step reactioes a dynamic kinetic resoluin of intermediatel 76 by
chiral NHC 160 (Schemes 25 and 26Jontrol experiments revealed that when prepared from
butyraldehyde43) and enond 65 with catalyst§)-7 and catalytic acetic acid the corresponding
intermediate aldehydd.76 formed in 91% yieldwith only 2:1 diastereomeric ratiolhe
consecutive benzoin reaction affordéflain comparable yield and enantioselectivity to the
multicatalytic onepot reaction, but in lowediastereomeric ratio (78% vyield, 4:1:1:<1 d.r., 95%
eefor two consecutive reactions; 87% yield, 19:1:<1:<1 d.r., ¥%or the tandem reaction).
Indeed, in the presence oB{7 the diastereselectivity of the final product could be
significantly improved (10:1:<1:<1 d.r.; Scheme Zbhus, the secondaryrane catalyst $-7
possibly epimerizes the-position of the intermediate aldehyd&6, leadingto epi176, and the
chiral triazolium catalysfi60 preferentially reacts witlintermediatel76 instead ofepi176 to
form the enantioenriched produdila(Scheme 26).

In the same year, Endegsal. employed §-59 and119for the sequential multicatalytic Michael
addition/crosb enzoi n r ewmmg atomr atf e dJ -eibd siiohegldsé 489farn d b
the preparation of polysubstituted cyclopentandi®&Scheme 275 Hence, they first applied
the <conditions reported -dgcareomyl compolings withoenalst h e r ¢
by Lathrop and Rovi§? Under these conditions (compare Scheme 23) the reaction of
crotonaldehyde24, 1.0 equivalents) ith phenylsulfonylaceton€ely8 2.0 equivalents) afforded
mainly two of the four possible diastereomers1Gf7b in high yield and enantioselectivity,
however, in an only moderate diastereomeric ratio (85% yield, 63:37 d.r.,e88%fter re-
optimizationof reaction conditions the desired prodd@t’b could be obtained in quantitative
yield while gereoselectivity was retaineWith these conditions at hand, Enders andvookers
studed the scope of the reactiof.wide range of different sulfonek791 189 was applicable
using24 as aldehyde component to generate cyclopentariof¥ei 177kin 707 96% vyield, in

most cases as a single diastereomer (99:1 d.r.), and with up te@terestingly, the benzoin
condensation proceeded wittis-selectivity (contrary to he reactions reported by Rovis;
compare Scheme 2%J when sulfones bearing an aromatic moiety were employsing

Us u b s t i-(phenybalfdnyl)detones as nucleophiles significantly decreased the reaction rate
and the yield. For instar¢ the cyclic sulfond 87 formed productl77lin 53% yield even when

the reaction time was prolonged to thregsdaith moderate selectivitig$7:33 d.r.), whereas

188 gavel77min only 20% yield, albeit with very good stereoselectivity (99:1 d.r., €%
When acyclic189 was used as sulfone component the desired productneiagroduced.
Similarly to the reactions reported by Rovis andwarkersi®®! Enders observed epimerization
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of the corresponding Michael adduttence, the achieved diastereoselgtitis result from the

preference of one of the diastereomers to react with the carbene
Scheme 26).

O
_ 0,
o o e et
+ (]
Et\)LH Etozc/\\\)LMe -
3/MeQOH, rt EtO,C Me
43 165 176
1.5 equiv 1.0 equiv 91% vyield, 2:1 d.r.
O (@]
£t [ 160 (20 mol%) M
\COL NaOAc (20 mol%)  Et gMe
) [ — OH
EtO,C" Me CHCl3, 60 °C EtOZCf
176 161a
78% yield

4:1:1:<1d.r., 95% ee

in the presence of (S)-7 (20 mol%)

? 0
Et \i)(i Et \é\*gz
EtO,C" Me

EtO,C
176 161a
80% yield
10:1:<1:<1 d.r., 95% ee

160 (20 mol%)
NaOAc (20 mol%)

CHCI;, 60 °C

Scheme 25Single step reactions for the preparatiod@fa

_ epimerization _
(e}
Ph Ph
Et Q\‘ Ph Q* Ph
\)J\ H H  oTMs 10 H oTms 0
43 ()7 Et | (S)7 Et,, |
+ o ———— 0O == (o}
EtO,C" M Et0,C" M
EtOZC/\)J\Me 2C © € €
165 176 epi-176

N

SN Ncors

fast slow
reaction 160 reaction
dynamic Kinetic
resolution
(o} (0]
Et «Me Et o, «Me
OH OH
EtO,C EtO,C
161a epi-161a

catalyst (also compar

Scheme 26Mechanisticaproposal for the observed reactioutcome in the multicatalytEynthesis oll61a
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O
N Ar ©

H  OoTMs GN\ o BFe
N

N~c.F
Ar = 3,5-(CF3),Ph NS
(S)-59 119

i) (S)-59 (20 mol%)
—35°C, 24 h
ii) 119 (10 mol%)
KOAc (30 mol%)

o}
0 J\(so Ph M, 24h
+ 2 2 _—
RV\)LH R 1 CHCl;
1.2 equiv 1.0 equiv
Aldehyde scope:
aldehyde sulfone
0 0o
RN via - S02Ph
13 (R' = n-Pr) 178 177a: 67% yield, 58:42 d.r., 96% ee
24 (R" = Me) 177b: 99% yield, 66:34 d.r., 86% ee
91 (R' = Ph) 177c: 33% yield, 99:1 d.r., 94% ee
Sulfone scope:
aldehyde sulfone product
0
e SO:Ph
179 (R? = Ph)
180 (R? = 4-BrPh)
181 (R2 = 4-PhPh) PhO,S  Me
182 (R? = 3-NO,Ph) 177d - 177k
183 (R? = 3-MeOPh) 70 — 96% yield
184 (R2 = 3,4-F,Ph) up to 99:1 d.r., 97% ee
185 (R? = 2-naphthyl)
186 (R? = 2-benzofuryl)
oH P
o) B
9 é/so Ph
2 A
Me/\)J\H PhOS e
24 187 1771
53% yield
67:33d.r., 41% ee
0 oH P
é/sozph ‘
PhO,S Me
188 177m°
20% yield
o 99:1d.r., 91% ee
Me)K(sozph
Me
189 177n: < 5% yield?

Scheme 27.AHCC cascade reactions for the synthesis of cyclopentanone derivatives reported by Enders.
Diastereomeric ratios are shown fogjor diastereomer : sum of three possible minor diasterechigrst reaction
was prolonged to 3 d.
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Encouraged by the previous reports by Rovis (Schem&2&hd Enders (Scheme 2%,
Jargenseret al. envisioned an AHCC reaction sequence for the formation of optically active
2,4-disubstituted cycloper-enones (Scheme 28! Similar to the previous reports the reaction
is initiated by an iminium activated Michael addition of sulfo@€4i 207to U, -fansaturated
aldehydes emloying§-59. The successive NHQ@19 catalyzed benzoimeaction subsequently
leads to a Smiles rearrangemBfltthus affording the desired 2gisubstituted cyclopenta®
enonesl197 (Scheme 28)Various aliphatic aldehyde?4, 61 and 120), olefinic aldehydes
(190and 291), and the aldehyd&92 bearing a TBSprotected alcohol were used affording the
corresponding products in 51 69% yield andenantioselectivities up to 98%\ucleophiles
bearing an aliphatic ketone substituent were found to be inapplicable, presumably because of th
formation of a stable pyranose intermed/&té®!

Ar

N Ar ©
H  OTMs G'\! oo
N N~cqF
Ar = 3,5-(CF3),Ph ~ s
(S)-59 119
i) (S)-59 (5 mol%)
o 0-NO,PhCOOH (10 mol%) 0o
0 -30°C, 72 h i}
+ SO,PT i
X )J\/ 2 Ar
R/\AH Ar ii) 119 (25 mol%)
24 (R = Me) 193 (Ar = Ph) NaOAG (200 mol%) 197
61 (R = Et) 194 (Ar = 4-FPh) PhCH3, 40°C, 16 h 51— 69% yield
120 (R = Hex) 195 (Ar = 2-naphthyl)* 87 —98% ee
190 (R = (Z)-hept-4-enyl) 196 (Ar = 4-MePh)” _5</N‘!}‘ 9 examples
191 (R = (Z)-hex-2-enyl) pT= NN

192 (R = CH,OTBS) @

Scheme 28.AHCC cascade reactions for the synthesis of cyclopentederigatives.® 10 mol% §)-59 and
20 mol%o-NO,PhCOOH were used.

4.2 Miscellaneous Combinations with N-Heterocyclic Carbenes

In 2010, Lathrop and Rovis reported an asymmetric Michael/Stetter tandem reaction for the
synthesis of valuable benzofuranorigsn readily available starting materials (Scheme®9).
Based on other prelimary studies which showed thh@-diazabicyclo[2.2.2]octane (DABCO,

198 allows the addition of amine and oxygen leaphiles to dimethyl acetylediearboxylate
(DMAD; 201" the authors envisioned the combination16D and a tertiary amine, such as
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DABCO (198 or quinuclidine 199, acting as both nucleabilic catalyst for the Michael
addition and as base for the deprotonation ofctiiene precatalysthe combination oboth
catalysts should then allow performing a tandem MidBaetter reaction (Scheme 2®%)deed,

the combination 0160, and198or 199, respectively, facilitated the reaction of salicylaldehydes

73 or 200 with different substitution pattern, and DMAQO01) to furnish thedesired products

202 Interestingly, the tertiary aminel98 or 199 not the carbenel60 acts as nucleophilic
catalyst for the Michael reaction although both are present from the outset of the reaction, which
was confirmed by control x@eriments®”! Further investigations indicated that teeantio
selectivity of the reaction is possibly enhanced by traces of strong hydrogen bdodmg,

such as catechof$! derived from Dakiroxidation of salicylaldehydedVhen the reaction was
performedstepwisely the final products were isolated in good yields, however, in lower and
more uniform enantioselectivitiesContrary, addition of a salicylaldehyde ocatechol slightly
improved the selectivity of the Stetter reactidhUnsymmetricalalkynes203 were tested as
Michael acceptors as well (Scheme 30) under the developed reaction conditions. Thus, reaction
of salicylaldehyde 13) with two different ketoalkynoates regiosetigely afforded the products
204aand204bin moderate yieldandpoor enantioselectivities he use of a less electrophilic
alkyne resulted in higher enantioselectivity for prod2@4c (51% ee), but low regioselectivity
(204d205c 2.8:1). Interestingly, the minor regioisom@05c formed with appreciably higher
enantigelectivity (89%eé6. Employing a phosphonate ester as alkgoenponent afforde@04d

in low yield and with better selectivif§’

O CO,Me 160 (20 mol%) o)
0,
N “‘ 198 or 199 (20 mol%) A MOZW
| o |
P PhCHa, 0 °C _
H (@]
o CO,Me So,me
73 (R = H) or 200 201 202
0 0 0
R
mone MOZMe «CO,Me
(0] MeO (o] (0]
CO,Me coMe L coMe
202a (R = H): 78% yield, 89% ee 202h 202i
202b (R = Cl): 65% yield, 89% ee”  68% yield, 85% ee 62% yield, 92% ee

202c (R = Br): 64% yield, 94% ee”
202d (R =1): 68% yield, 94% ee
202e (R = Me): 77% yield, 86% ee
202f (R = t-Bu): 80% vyield, 85% ee
202g (R = OMe): 66% yield, 86% ee”

Scheme 29Michael/Stetter tandem reaction of different salicylaldehydes with DM2@)( ® 198 was used.
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o] R! 160 (20 mol%)
199 (20 mol%)
How ] 199 @0 mol%) CO,R?

oH So.r? PhCH3 0°C

2 CO,R?

73 203
o

.CO,Me WCOEt

_R-OEt

PMP Ph 0" Rt

204a/205a (> 20:1) 204b/205b (> 20:1) 204c¢/205¢ (2.8:1) 204d/205d (17:1)
60% yield, 12% ee  58% yield, 18% ee 26% yield, 51% ee 34% yield, 86% ee

Scheme 30Michael/Stetter tandem reaction of salicylaldehyd® (vith unsymmetrical alkynez03

In order to achieve better yields and high regiad enantioselectivities, Lathrop and Rovis
examined thereaction of salicylaldehyde78) with alkynes bearing a single electron
withdrawing grouff®°? (the thusgenerated intermediate aldehydes have been used previously in
the Stetter reaction affording the corresponding products in high enantioseledtivitygver, an

initial attempt resulted in the isolation of starting materials only. As the Stetter reaction is
significantly influenced by olefin geometryE{{somers react with higher yield and enantio
selectivity) the authors performed the reaction seceiemith allenoate206 (Scheme 31§
These startingnaterials (as well a201) formed the intermediate aldehydes with high
selectivity, whereas ketoalkynoates gave mixtureB ahdZ isomers. Thus, employing3 and
2061in a sequential multicatalytieaction afforded the desired produ2€¥ in reasonable yields

and with up to 98%e(Scheme 31).

(0]
O R i) 199 (20 mol%) 10
ii) 160 (2 19
H o, 1) 160 (20 mol*) Me
solvent, T
OH H H
73 206 207 07 R

207a: R = Me: 60% yield, 78% ee; 207b: R = OEt: 50% yield, 98% ee;
solvent: THF; first reaction: 23 °C, solvent: PhChg; T = 23 °C for both
second reaction: 0 °C reaction steps

Scheme 31Michael/Stetter tandemeaction of salicylaldehyd& 8) with activated allenoate206.
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5. Thiourea Catalysts

During the last decade, thiourea derivatives have received great attention and have displayed
their efficiency as hydrogebonding organocatal{g?®?*and aniorreceptors®® In hydrogen
bonding catalysis the interaction between the catalyst arelemtrophilic substrate generally
results in the LUMO activation of the latter, thudoaling nucleophilic attack (Figurs).
Therefore, the combination of thioureas with other catalysts allows additional valuable
transformations.

o 1 0o o I 0o
NN NN
. ' hydrogen bonding H;‘ A
906.8.0 LUMO activation v
N
1 2
e R R
R! Typical reactions:

= Henry reaction

= Mannich reaction
= Michael reaction
= Strecker reaction

Figure 8. Hydrogen bading catalysis. R R = H, alkyl, aryl; X = O, NR.

51 Combinations of Thioureas with Secondary Amine Catalysts

In 2009, Dixonet al. combined bifunctional thioureaSy¢-208 and either secondary amine
(9-209 (catalyst combination 1) o(R)-209 (catalyst combination Jjor a threecomponent
tandem reaction comprising malonates t er s , ni t-unsatutated aldehgdesamfarm U, b
polysubstituted cyclohexan249 (Scheme 3259.5] The reaction was applicable for a wide range
of starting mateals, leading to a broad product scope. Thus, the prodiéteere formed with
catalyst combination | (4b 87%yield, 9.3:1.8:1 d.r., up to99%ed. Four additional examples
were reported using catalyst combination J (WRJ3Z09) and dimethylmalonatesterl51 under
variation of the nitroalkene anehal component affordingpi219 (471 69% vyield, 7.1:1.8:1
d.r., up to ©9% ee. The reaction has been suggested to proweedifunctional activation of
malonate esters and nitroalkene through base and Brgnsted acid catal@i2@8/1€¢ading to
stereoselective Michael addition (Scheme 3Bhe thus formed Michael addu@21 sub
sequently undergoes a regioselective Aliohael reaction to the enal under iminium activation
with secondary amineSf-209 producing222 This intermeliate undergoes a bapeomoted
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aldol cyclization to generate thaesired producl19 Control experiments suggestéuht the
Iminium catalyzed nitréViichael addition is also baggomoted, and therefore that batatalysts
work cooperatively.Moreover, there are putative matched and mismatched combinations of
catalysts and reaction intermediates and an amplification of enantioselectivity for the gatchin
cases.

catalyst combination |

OMe % CF,
N
)SJ\ O*Ph
NN CF, N Ph

r & H H OTES
(S)-208 (S)-209

R'0,C” CO,R' (S)-208 (15 mol%)

R'0,C CO,R’
(S)-209 (15 mol%) 2 25

1.0 equiv Q NaOAc (2.0 iv) Ho. R
. a C (£.0 equiv
+ Ra/\)J\H _— ",
~__NO PhCH3, 15 °C T “NO,
R2TNATH2 1.5 equiv R3
2.0 equiv 219
151 (R'=Me) 55 (R%=Ph) 91 (R® = Ph) 45% — 87% yield

210 (R'=Et) 211 (R?=2-BrPh) 216 (R® = 2-MePh) up to 9.3:1.8:1d.r.
212 (R? = 2-furyl) 217 (R® = 4-MePh)  up to > 99% ee
213 (R?=3-NO,Ph) 218 (R®=4-CNPh) 11 examples
214 (R? = 4-MePh)
215 (R? = 4-CIPh)

OMe //_bj CFs
N

N7 N CF N
| H H 8 H OTES
(S)-208 (R)-209
Me0,C~  CO,Me (S)-208 (15 mol%) MeO.C CO.Me
o (R)-209 (15 mol%) HO 2 2R1
151 (1.0 equiv) /\)J\ NaOAc (2.0 equiv)
+ R2 A y —
PhCHj3, 15 °C NO
NO. 3 2
RNz 1.5 equiv R2
2.0 equiv 9pf—219
55 (R' = Ph) 24 (R? = Me) 47% — 69% yield
212 (R' =2furyl) 91 (R®="Ph) upto 7.1:1.8:1 d.r.
214 (R = 4-MePh) up to > 99% ee
220 (R' = 4-CNPh) 4 examples

Scheme 32Combination of bifunctional thiourea and amino catalysis reported by Dixon. TES = triethylsilyl.
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bifunctional base/Brensted acid catalysis iminium catalysis base catalysis
N -208 9 1 o R'0,C COsR! R'0,C COsR'
R'0,C” >CO,R! (85)-208 (15 mol%) CO,R ~ NG 2 R 02 R
(5)-209 (15 mol%) R2 R H X
+ ——————— |R'OC _ -
Michael addition nitro-Michael reaction v~ "NO, Aldol cyclization v NO,
Rz/\/N02 02N é3 é?’
221 222 219

Scheme 33Pathway for the reaction shown in Scheme 32.

One yeatater, Dixon and Xu reported a similar bifunctional thiour8g223secondary amine
(9-209 catalyzed tandem reaction (Scheme 34). Different aldehydes, nitroolefins, and tosyl
protected imine2671 230 were employed producing the fully substituted pigiees 231 or
epi231 in moderate to good vyields (4i7 71%) and excellent enantioselectivities, usually
>99% ee® The reaction is initiated by the Michael addition of enamine activated aldehydes
with with cooperatively hydrogebonding activated nitroalkene&ollowing thiourea §-223
catalyzed nitreMichael reaction of the corresponding Michael adducts and the imines through
bifunctional base/Brgnsted acid catalysis gives the substituted aminoaldehyde, and final
cyclization lead to theN-tosyl protected hemiamina®31andepi231

Ph
%Ph NJ\N CFs ,
H  OTES H H R
1
(5)-209 (5)-223 Rm('j:\NOz

HOY ™N” > Ph
o _Tos (S)-209 (15 mol%) Tos
H)H + g2 X NO2 + Ji (S)-223 (15 mol%) .
R R® PhCHj, 12 °C )
2.0 equiv 2.0 equiv 1.0 equiv 28 -54h i
' ' R, NO,
43 (R' = Et) 55 (R? = Ph) 226 (R3 = Ph)
54 (R' = Me) 211 (R2=2-BrPh) 227 (R® = 4-MePh) HO™ "N™ "R®
162 (R' = Bn) 212 (R2=2-furyl) 228 (R®=4-CNPh) Tos
224 (R' = n-pentyl) 214 (R? = 4-MePh) 229 (R® = 3-FPh) 231/epi-231
225 (R?2=3-CIPh) 230 (R® = 2-furyl) 47 — 71% yield

usually > 99% ee
12 examples

Scheme 34Synthesis of fully substituted piperidineis. the merger of enamine and bifunctional base/Brgnsted acid
catalysis. TES = triethylsilyl.
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5.2 Combination of Thiourea Catalysts with Brgnsted Acids and Bases

In 2010, Barbast al reported the organocatalytic synthesis of carbohydrate derivatives through
sequential Michael/Henry reactions employing thiourd® ZR)-232 and either triethgmine or
1,8-diazabicyclo[5.4.0]Junde@-ene (DBU,237 Schemes 35 and 36§:°® The (1R 2R)-232with
remaining aldehyd@33 affording 3,4dideoxyD-talose derivativ®35ain 68% yield with 98%

ee which is in equilibrium with its open forrB36ain solution due to a 18iaxial interaction
between the nitro group and the alkoxy substituent. Indeed, only small amounts of the
D-mannoisomer epi235a formed (Scheme 35). Otheritnostyrenes with both electren
withdrawing and electredonating groups on the aromatic riwwgre used affording the desired
products235bi 235din good yields and high enantioselectivities {687% yield, up to 98%

eg. Heteroaromatic substituents could be introduced as show23fbr However,236e was
present only in the open form and required an equimolar amount of triethylamine for the Henry
reaction to proceed. Nitroalkenes bearing smaller substituents afforded pr2@bgtand235h
exclusively as their cyclized form. The use DBU (237) as base catalyst under otherwise
identical conditions led to a complete epimerization at the stereogenic center bearing the nitrc
group thus afforded the corresponding-8ideoxyD-mannose derivativespi235 (Scheme 36;

only the cyclized formwas observedj” Except for 2,&dichloronitrostyrene all previously
tested nitroolefins were applicable affording produeis-235 via the anti-Michaelsyn
Henry/epimerization reaction sequence. To increase the utilitheofeaction other aldehydes
were tested as acceptors for the Henry reaction. For example, the use of gly@éagave
carbohydrate derivative45andepi-245in moderate yield but high enantioselectivity (988

under the developed conditions (Scheme Blreover, the group disclosed an example for an
intermolecularsynMichael/Henry reaction sequence (Scheme 38). heMichael reaction

was accomplished using isovaltehyde 99) , -nitrbstyrene $5), and diphenylprolinol silyl

ether §-7 as first cathyst. The sequentiahddition of para-nitrobenzaldehyde 246) and
triethylamine produced47 in 77% yield andexcellent 99%ee as a 4:1 mixtureof the

cor r es p oisothersy he tbactions presented in Schemes 33 are good examples
testifying that gen simple catalysts such as triethylamine and DBR®F)(may provide a direct
entry to different diastereomeric forms of a desired product.

In 2011, Enders et al. reported the @ue combination of thiourea catalyst§2S)-248 and
p-TSA (72) for a Michael/hemacetalization/dehydration reaction sequence assembliiito4
methy+4H-chromene258 (Scheme 39Y? Different nitroalkene pheno49i 254wereapplied
wi t h v &keto esters affording the desired produ2&8 in high yield and enantio
selectivity. Whenortho-substituted nitroalkene phen®$3 and254 were used a change in the
configuration was observed. However, the correspondidegclfomenes were formed with

excellent enantiomeric excess (9@%in both cases}? %
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Scheme 35.Sequential Michael/Henryeaction for the synthesis 03,4-dideoxyD-talose derivatives235
aReaction performed with 50 mol%R2R)-232 2100 mol% triethylamine usefi30 mol% triethylamine used.

Very recently, the combination of thioureaJ25)-259 with N-Boc-protected glycine260) as

acid additive, and chiral phosphoric a@@lwas r epor t ed -alkgatopandtwot e t he
consecutive FriedeCrafts alkylations of aldehydes and indol derivatives affording enantio
merically enriched cyclopentaifindoles 263 (Scheme 40Y°Y The reaction showed a very
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