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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.

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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