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Preface

Owing to the countless plausible combinations of carbon, hydrogen, and various
heteroatoms, heterocyclic chemistry has remained as the foundation of novel
chemical compounds in the sphere of natural product chemistry, pharmaceuticals,
agrochemicals, and material sciences. They can serve as useful tools to facilitate
tunable interactions with biological targets, thereby providing improved pharmaco-
logical and physicochemical properties of biomolecules as well as drug candidates.
Recently, heightened cognizance of environmental issues is directing our society
toward more sustainable solutions. Ever since the 12 principles of Green Chemistry
were articulated, chemists answered the call to play their part in generating more
sustainable syntheses. Multicomponent reactions (MCRs) appear as an obvious
solution since most of the reactants’ atoms are often incorporated in the final
product. Moreover, a vast literature has been produced showing the power of
MCRs as well as post-MCRs, in simplifying the synthetic design and yet obtaining
high complexity and diversity in the construction of privileged structures. This is
crucial in the development of novel bioactive molecules, wherein the production
of libraries of compounds is necessary for the search of optimal drug candidates.
Given the broad applications of heterocycles in the plethora of scientific fields, the
current book title “Multicomponent Reactions towards Heterocycles. Concepts and
Applications” is well warranted. In addition, recent advances in the field of MCR
chemistry along with the plausible scope toward the synthesis and functionalization
of biologically relevant heterocycles has encouraged us to compile this volume.

As the vast majority of small molecule drugs are of heterocyclic nature, the
interplay of heterocycles with MCRs becomes therefore significant. The first
chapter focuses on the recent progress made in the area according to the main
reactivity mode involved in the transformation: concerted, radical, metal-catalyzed,
carbonyl/imine, and isocyanide-based processes. The chapter itself provides an
overview of heterocycles as input in MCRs. The next chapter “Heterocycles and
Multi-Component Polymerizations” highlights some of the latest examples in
this emerging field. The third chapter highlights examples from the viewpoint
of target-oriented synthesis, the use of MCR in medicinal chemistry, from drug
discovery, synthesis of drugs, to screening libraries, and biopharmaceutical appli-
cations. Further, heterocyclic chemistry has traditionally relied on solution-phase
synthesis as technological platform to discover and produce bioactive scaffolds. The

Xi
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Preface

next chapter “Solid-phase Heterocycle Synthesis using Multicomponent Reactions”
highlights methodological aspects of the implementation of on-resin MCRs to
produce heterocycle compounds. Different name reactions, synthetic strategies,
and solid-supports are analyzed critically in this chapter.

In the synthesis of heterocyclic compounds, MCRs have inherent advantage on
pot, atom, and step economy (PASE) and are simple in operation, consume less
energy, and release a reduced amount of waste. The fifth chapter discusses MCR-
based green synthetic methods, including high-order MCRs, consecutive MCRs,
MCRs followed by cyclization, and cycloaddition reactions, for the synthesis of
heterocycles. Further, the use of enabling methods viz. continuous flow approaches
has been beneficial in terms of yield, selectivity, reaction time, real-time monitoring.
The next chapter is focused on different methodologies that can be used to perform
heterocycle multicomponent syntheses in a continuous flow, to highlight the
advantages over batch synthesis. Similarly, the next chapter analyzes a merging of
C-H functionalization and MCRs approaches toward synthesis and modification of
heterocyclic compounds.

MCRs have demonstrated their reliability and effectiveness as a synthetic
approach that provides rapid access to chemical complexity. Among the many
factors that bring this about, the MCR effect stands out, based on the fact that a
changed number of reagents becomes the main differentiating factor of the reaction
direction, that enables multicomponent-switched heterocyclizations, the topic of
the next chapter in the book. Alkynoyl functionalities are densely substituted
bifunctional electrophiles and prerequisite in many heterocycle syntheses via
cyclocondenzations or cycloadditions. The 10th chapter of the book summarizes,
explains, and highlights recent endeavors in the catalytic alkynoyl generation
and their application to diversity-oriented multicomponent syntheses of heterocy-
cles. The next chapter of the book is focused on the MCR synthesis of saturated
heterocycles, encompassing the synthesis of small ring size (from 3 to 7) heterocy-
cles, macroheterocycles, fused rings, and spirocyclic compounds. This is followed
by the topic asymmetric MCRs where the development of enantioselective versions
of these reactions have led to optimized reaction conditions, broader scopes, and
increased chemo- and enantioselectivities. At last, the final chapter focuses on
the recent advances made in MCRs built upon transition metal-catalysis directed
toward the synthesis of heterocycles. In conclusion, this volume offers a versatile
overview of the topic alongside discussing the recent progress in the flourishing area
of MCR chemistry. This would, in turn, provide a platform for future innovations
toward the designing of novel green transformations for heterocyclic synthesis.

Finally, we are extremely grateful to all authors for their excellent contributions to
this volume. We are also thankful to the Wiley editors in particular Dr. Elke Maase
and Ms. Katherine Wong for their professional support and assistance during this
endeavor.

University of Leuven (KU Leuven) Dr. Upendra K. Sharma
Belgium Prof. Dr. Erik V. Van der Eycken
21 June 2021
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Heterocycles as Inputs in MCRs: An Update
Ouldouz Ghashghaei, Marina Pedrola, Carmen Escolano, and Rodolfo Lavilla

University of Barcelona, Laboratory of Medicinal Chemistry, Faculty of Pharmacy and Food Sciences, and
Institute of Biomedicine IBUB, Av. de Joan XXIlII, 27-31, Barcelona 08028, Spain

1.1 Introduction

Multicomponent reactions (MCRs) hold a privileged position in organic synthesis
and are currently gaining momentum in the fields where a fast access to high levels
of structural diversity is needed. This is especially important in medicinal chemistry
and key to drug discovery. In this endeavor, as the vast majority of small-molecule
drugs are of heterocyclic nature, the interplay of heterocycles with MCRs becomes
significant [1]. Although the majority of work has been devoted to the synthesis of
heterocyclic adducts from non-heterocyclic reactants [2, 3], we will focus, however,
on the intrinsic reactivity of basic heterocycles as a source of synthetically useful
MCRs (Scheme 1.1). This approach, still quite unexplored in the MCR context, is
arguably a rich source of novel, complex scaffolds. There is a wide choice of com-
mercially available heterocyclic inputs, which together with their often-exclusive
reactivity make this perspective simple, conceptually attractive, and synthetically
productive. In this chapter, we describe a representative selection of relevant results
in the last six years, as the field has experienced impressive growth since our last
revision [4], and an exhaustive account is out of scope. This update groups the high-
lighted processes according to the main reactivity modes defining the MCRs: con-
certed, radical, metal-catalyzed, carbonyl/imine, and isocyanide-based processes.
Finally, a miscellany section is included to cluster those MCRs that do not clearly fit
in the classification. Occasionally, some significant post-transformations and appli-
cations have been detailed.

1.2 Concerted MCRs

The impact of heterocycle-based concerted MCRs in organic synthesis is quite rele-
vant, with recent contributions arising from Povarov reactions, hetero Diels—Alder
processes, and dipolar cycloadditions. The Povarov MCR, the interaction of an

Multicomponent Reactions towards Heterocycles: Concepts and Applications, First Edition.
Edited by Erik V. Van der Eycken and Upendra K. Sharma.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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Scheme 1.1 Heterocycles as inputs in MCRs.

aromatic amine, an aldehyde, and an activated alkene, remains one of the best
synthetic approaches to access tetrahydroquinolines (THQs) [5] and is especially
productive in medicinal chemistry [6]. Although the concerted cycloaddition is a
well-founded hypothesis for the reaction mechanism, there is evidence on polar
stepwise processes in some cases, and both pathways are considered here.

For instance, a double Povarov process led to julolidine derivatives: the first
MCR generates a secondary amine, which under calixarene-based polysulfonic acid
catalysis spontaneously triggers a second MCR, leading to the final five-component
adducts with good yields and modest stereoselectivity (Scheme 1.2) [7].

Indole derivatives participate in Povarov MCRs not only as aldehyde or olefin
inputs, but also as aniline surrogates. Their specific structural arrangement, and
the catalytic conditions used, determines the outcome. In this way, while indole-3-
carbaldehyde gives the expected Povarov adduct [8], indole-7-carbaldehyde reacts
in a different way, leading to fused adduct where the indole nitrogen closes a
six-membered ring [9]. Interestingly, indole-2-carbaldehyde, depending on the
catalysts used, may lead to the normal Povarov adduct or to a different scaffold,
with a distinct connectivity through an alternative [3+2] cycloaddition mode
(Scheme 1.3) [10].

As olefin inputs, indoles unsubstituted at C2 and C3 yield the THQ adduct, losing
the aromaticity at the pyrrole ring [11]. In this respect, 2-vinylindoles react exclu-
sively at the olefin moiety to yield the expected THQ adduct [12]. However, the
isomeric 3-vinyl derivatives react quite differently, leading to bisindole-piperidines
in a stereo- and enantio-controlled fashion, using chiral catalysts (Scheme 1.3) [13].

Regarding heterocyclic inputs, the interaction of aldehydes, 1,4-dhydropyridines
as activated olefins, and aminocoumarin, as aniline surrogate, leads to complex

R
R R
Ref. [7' 1 )
NH, [71 N . N

Scheme 1.2 Access to julolidines via double Povarov MCRs.
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functionalized chromenonaphthyridines [14]. Relevantly, 3-aminopyridine imines
react with alkynes (terminal or internal) to regioselectively afford the naphthyridine
scaffold [15]. Similarly, 3-aminopyridones also lead to oxidized Povarov adducts
(Scheme 1.4) [16].

There are mechanistic variations that dramatically modify the connectivity pattern
of standard Povarov MCRs. For instance, a Ferrier rearrangement was promoted dur-
ing a Povarov process involving glycals [17]. An interesting example of interrupted
Povarov process with salicylaldehydes, anilines, and dihydrofurans, instead of yield-
ing the expected THQ adduct, follows a Mannich-type process with the enol ether,
and the resulting intermediate is trapped by the phenolic hydroxyl, yielding the MCR
adduct in a stereoselective fashion (Scheme 1.5) [18].

In a remarkable photoredox-catalyzed process, aldimines, dihydrofurans and
trimethylsilyl azide, afforded azidotetrahydrofurans. The observed polarity reversal
can be explained through a mechanism involving an azido radical, which adds on
the B-position of the enol ether to promote the imine addition (Scheme 1.5) [19].

Finally, the Povarov MCR has enabled the selective tagging of benzaldehyde-
functionalized DNA chains through the reaction with anilines and an N-protected
dihydropyrrole [20].

Isochromenylium ions react with dienophiles in a [4 + 2] cycloaddition to yield
adducts, which go through a Ritter-type domino process with acetonitrile to afford
complex tetracyclic compounds [21]. Also, a formal concerted MCR connects in situ
generated isoquinolinium salts with unsaturated aldehydes and alcohols in a process
promoted by N-heterocyclic carbenes to give bridged azaheterocycles [22]. A [4 + 3]
cycloaddition process is triggered by the condensation of an iminoindole with alde-
hydes to give an azadiene that reacts in situ with a sulfur ylide to yield azepinoindoles
(Scheme 1.6) [23].

MCRs involving [3 + 2] cycloadditions have produced a substantial number of new
transformations. The processes involving azinium ions have been reviewed [24].
The interaction of heterocyclic secondary amines with carbonyl inputs to generate
dipoles is a common motif in the field. For instance, THQs, aldehydes, and ketoma-
lonate afford the corresponding oxazolidine adducts [25].

Azomethine ylides, mostly generated by condensation or decarboxylation of
a-amino acids, have been thoroughly used in MCRs in the presence of suitable
dipolarophiles, often with applications in drug discovery [26]. The synthesis
of pyrrolizidines and indolizidines through this MCR methodology has been
reviewed [27]. A remarkable five-component interaction based on a double [3 + 2]
cycloaddition of azomethine ylides has led to tetracyclic adducts in high yields in a
stereoselective manner (Scheme 1.7) [28].

Azines are also present in this reactivity. a-Methylquinolines, aldehydes and
alkynoates yield a fused adduct in a domino process starting with the formation
of the dehydrated aldol-like intermediate [29]. Moreover, quinoline and pyridine
dipoles react with azomethine ylides in an unprecedented fashion to yield complex
fused pyrrolidine cycloadducts [30]. Finally, isatin undergoes a series of complex
transformations triggered by the initial [3 +2] cycloadduct generated through its
interaction with proline and alkynoates (Scheme 1.8) [31].
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1.3 Radical MCRs

Arynes yield dipoles through interaction with nucleophilic species. Their
participation in MCRs has been recently reviewed [32]. Azines are N-arylated,
and the resulting dipole interacts with carbonyl groups in an addition/cyclization
mode or through proton transfer to generate second nucleophiles that trap the
azinium intermediate. Also, the azine dipoles react with the aryne in [3 + 2] dipolar
cycloaddition MCRs (Scheme 1.9).

In a series of related processes, epoxides, aziridines, and also four-membered
cyclic amines and (thio)ethers react with arynes and protonucleophiles leading to
the corresponding adduct featuring a substituted chain originated in the heterocycle
(Scheme 1.10) [32].

1.3 Radical MCRs

The incorporation of radical chemistry into MCRs has unlocked access to new syn-
thetic pathways unavailable through conventional polar reactions. Radical MCRs
generally consist of a proradical, a relay reagent, and a trapping component [33].
Novel radical MCRs exploiting photochemical approaches have experienced rapid
growth in recent years [34]. However, their pairing with heterocyclic inputs has been
mainly restricted to the functionalization of the heterocyclic component. In this
regard, the multicomponent versions of Minisci reaction stand out [35]. In these
processes pyridine-type heterocycles get alkylated in the presence of a suitable
alkene and an initiator amenable to produce the radical species [36]. f-Dicarbonyl
radicals [37] as well as heteroatomic radicals including azido [38], sulfonyl, and
phosphonyl [39] species have been reported to yield Minisci adducts in a similar
fashion. As for the alkene components, N-vinylacetamide has been coupled with
suitable azines and the proradical, to enantioselecitvely afford y-aminoesters in the
presence of a chiral phosphoric acid (Scheme 1.11) [40].

The scope of the heterocycic inputs in Minisci MCRs is mainly restricted to
pyridine-type systems, usually substituted at some reactive positions (C2/C4) to
block undesired regioisomer formation. In an alternative approach, the use of
4-cyanopyridine allows the y-selective functionalization under a variety of condi-
tions, involving the favored generation of pyridyl radicals [41, 42]. Interestingly,
the use of Tf,O as the azine activator and a CF, radical source results in the
regioselective p-trifluoromethyl-alkylation of pyridines and quinolines [43]. In a
related process, the use of pyridyl halides directs the functionalization upon the C4
position in a Ni-catalized radical process. It also features an interesting [1,5]-H shift
that enables the heteroatom addition upon the p position of the initiating carbon
radical (Scheme 1.12) [44].

Other heterocyclic systems have also been functionalized through radical
MCRs. For instance, the C-sulfonylation of imidazoles has been reported in an
Eosin-catalyzed photoredox transformation (Scheme 1.13) [45].

Dearomatization of indoles and related heterocycles has also been achieved
through radical MCRs. In a remarkable approach, C3-spiro trifluoromethylindolines
have been assembled in a copper-catalyzed radical MCR with f-aminomethylindoles,
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carbon dioxide, and a trifluoromethyl radical source. The CF;-indole radical is
intramolecularly trapped by the copper carbamate, which is formed in situ,
through the condensation of amine and CO,. Furans with similar side chains have
successfully afforded the corresponding spiro adducts (Scheme 1.14) [46].

Finally, maleimides have been involved in a remarkable Minisci-type MCR,
in which the initiating alkyl radical was generated through a novel mild
process [47]. Moreover, the assembly of fused quinolines through the condensation
of 3-arylaminoacrylates, maleimides, and an electrophilic radical source has been
achieved, matching the radical affinities in a domino process (Scheme 1.15) [48].

1.4 Metal-catalyzed MCRs

Transition metal-catalyzed MCRs featuring heterocyclic inputs have also experi-
enced immense progress in recent years. Regarding the C-H activation processes,
the direct functionalization of azoles through the insertion of an isocyanide,
followed by the attack of a heterocycle, has been reported for the synthesis
of di(hetero)aryl-ketones and-alkylamines [49]. The methodology involves the
reaction of azoles, haloarenes, and isocyanides resulting in the formation of an
imine, which can be hydrolyzed or reduced to yield the final adducts. Other
examples of C—H bond functionalization include the preparation of fused
imidazo-heterocycles starting from methyl ketones, o-tosylhydroxylamine and
2-pyridinone or thiazo/benzo[d]thiazol-2(3H)-ones [50]. This MCR consists of the
copper catalyst coordination, the formation of the C-H functionalized intermediate,
followed by a tandem addition-cyclization process. A relevant C-H glycosylation
via a Catellani-type arylation allows the synthesis of C-aryl glycosides, which
can undergo further transformations, such as Heck, Suzuki, and Sonogashira
cross-couplings (Scheme 1.16) [51].
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1.5 Carbonyl/Imine Polar MCRs

Progress in the A3-related MCRs, the interaction of aldehydes, amines, and
alkynes, includes the use of isoquinolines, suitably activated by a chloroformate as
amine inputs through an enantioselective copper-catalyzed protocol [52]. Remark-
ably, the interaction of azine-2-carbaldehydes with secondary amines and terminal
alkynes starts via the A3 MCR, and the adduct undergoes a formal Cu-catalyzed
hydroamination to yield indolizines [53, 54]. Terminal alkynes are also useful inputs
in the MCR coupling of N-heteroaromatics (quinolines) with alkyl halides. The
tandem process is catalyzed by Cul and allows the formation of 1,2-difunctionalized
quinoline-type derivatives (Scheme 1.17) [55].

Some carbonylative MCR processes dealing with heterocyclic inputs have also
been disclosed: a Pd-catalyzed four-component coupling involving tryptamine
leads to alkaloid-like compounds featuring the quinazolinone core [56]. Diver-
gent PdI,/KI-catalyzed aminocarbonylation-cyclization pathways starting from
alkynylthioimidazoles yield functionalized imidazo-thiazinones and -thiazoles
(Scheme 1.18) [57].

Although not strictly belonging to this section, metal-catalyzed post-modifications
of MCR adducts constitute a powerful and versatile synthetic tool. For instance,
Au/Ag-catalysis on phenol-alkynyl Ugi adducts efficiently promotes an intramolec-
ular dearomative cyclization, followed by an aza-Michael addition yielding
the tetracyclic scaffold [58]. Similarly, a concerted [4+2] cyclization on an
indole substrate terminates the assembly of complex bridged polycyclic alkaloid
arrangements [59]. In this approach, the key step involves the alkyne hydroary-
lation. A related process involving a furane-alkyne Ugi adduct, undergoes the
Au-domino process ending with a ring fragmentation to yield unsaturated
2-pyridones (Scheme 1.19) [60].

1.5 Carbonyl/Imine Polar MCRs

In this section a variety of multicomponent transformations involving carbonyl
and/or imine substrates (not specifically related to the rest of the sections) is
analyzed. For instance, a Mannich-type MCR of indoles, amines, and substituted
aldehydes followed by a lactamization leads to a bicyclic a adduct [61]. A cascade
three-component reaction of 6-aminouracil, aldehydes and tetrahydroisoquinolines
allows the formation of a new pyrimidine ring through the functionalization
of the C-H adjacent to the nitrogen by a 1,5-hydride transfer and concomi-
tant oxidation [62]. A domino process involving heterocyclic N-acylenamines,
formaldehyde, and primary amines builds conjugated pyrimidine rings in a
stepwise Mannich-aminal MCR [63]. A mechanistically related process connects
tryptamines, alkyl propiolates, and nitroalkenes, yielding indolizino-indoles or
chromeno-indolizinoindoles (Scheme 1.20) [64].

The Petasis MCR, the interaction of in situ generated imines and boronic
acids has been reviewed [65]. A highly diastereoselective three-component
Petasis/intramolecular Diels-Alder tandem reaction involving allyl amines,
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furylboronic acid, and a-hydroxylated aldehydes led to a compact functionalized
tricyclic system (Scheme 1.21) [66].

The Biginelli-type MCRs stand for the interaction of urea or urea-like compounds,
aldehydes, and dicarbonyl derivatives. In this way, thiazolo-quinazolinones are
generated from aminothiazoles [67]. Diversely substituted aminotriazoles [68]
and aminopyrazoles [69] are active in Bigineli MCRs leading to the corresponding
pyrimidine adducts (Scheme 1.22).

In a Hantzsch-type MCR, fused-tricyclic pyrans, and dihydropyridines were
prepared by an indium (III)-catalyzed protocol involving a Knoevenagel adduct
that cyclized to the final N- or O-tricyclic core (Scheme 1.22) [70]. Similarly,
coumarin-fused pyrimidines were prepared by Biginelli-type MCRs (Scheme 1.23)
[71, 72].

The Yonemitsu MCR has been employed for the synthesis of indole-based
triarylmethanes. As an example, coumarines, diversely substituted indoles and
quinoline-aldehydes led to highly crowded adducts [73]. Cyclic thio-substituted
f-enaminoesters reacted in a diastereoselective manner with isatins cyclic
B-diketones or 4-hydroxychromen-2-one to furnish complex polycyclic spiroindo-
lines (Scheme 1.23) [74].

In a variation of this reactivity pattern, a nitro-Michael acceptor is introduced,
and azolopyrimidines were synthetized by a BF;-catalyzed MCR involving aminoa-
zoles, aldehydes, and morpholinonitroalkenes, through the in situ generation of the
reactive nitroalkynes (Scheme 1.24) [75].

The Reissert-type reactions involve the addition of nucleophiles to in situ
N-activated azines to yield covalent adducts, usually at the a-position. Progress in
the area deals with the regioselective phosphonylation of quinolines upon activation
with chloroformates. Thus, reaction of the intermediate with differently substituted
N-heterocyclic phosphines, where the substituent at the oxygen atom determines
the a- or y-attack (Scheme 1.25) [76].
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New enantioselective catalytic methods have been disclosed for this transforma-
tion. Chiral phosphoric acid promotes the N-addition of indoles upon in situ gen-
erated N-Boc-isoquinolinium ions [77]. Also, chloroformate promoted silyl ketene
acetal additions to isoquinolines and other azines catalyzed by chiral anion-binding
triazoles (Scheme 1.25) [78].

1.6 Isocyanide-based MCRs

Isocyanides stay as the most fruitful functional group in the MCR field. The classic
Ugi and Passerini processes are still matter of active research, mainly dealing with
mechanistic modifications and novel substrates. With respect to the Ugi-type MCRs,
relevant results have appeared in this period. Regarding novelties in the reaction
modes, interrupted processes have gained much importance. In these transforma-
tions, the usual trapping of the intermediate nitrilium ion by carboxylates and the
subsequent Mumm rearrangement are replaced by a variety of nucleophilic addi-
tions affording structural diversity [79]. For instance, indole can efficiently trap the
nitrilium, leading to spiroindolines, which continue a domino process to complex
alkaloid-like compounds (Scheme 1.26) [80].

Heterocyclic amines have provided a series of oxidative [81] and redox neutral
[82, 83] processes, involving the in situ formation of the active imine/iminium
species, which subsequently react in an Ugi fashion. The Ugi—-Smiles approach has
been extended to functionalize thiouracil derivatives [84]. The interaction of an
in situ generated Knoevenagel adduct with isocyanides and maleimides leads to a
convenient preparation of a polycyclic adduct, which spontaneously evolves into a
variety of isoindolocarbazoles (Scheme 1.26) [85].

Oxochromones react in a similar manner, upon the interaction with isocyanides
and alkenes, through a series of [4 + 1]/[4 + 2] cycloadditions [86]. Interestingly, the
closely related formylchromones can react with amines and isocyanides in a differ-
ent way, leading to adducts arising from the initial conjugate addition of the iso-
cyanide or the amine input to the conjugate carbonyl (Scheme 1.27) [87, 88].

Activated aziridines have produced polysubstituted tetrahydropyridines upon
the interaction with cyanomalonates and isocyanides [89]. Finally, 2-bromo-6-
isocyanopyridine is a general and affordable convertible isocyanide, since it suitably
participates in Ugi processes, and the resulting aminopyridine unit can be replaced
by a variety of nucleophiles in the adduct (Scheme 1.27) [90].

The Joullié MCR involves the interaction of imines with carboxylic acids and iso-
cyanides [91]. From a synthetic point of view, this process is not just a simplifica-
tion of the Ugi MCR, but rather a way to promote novel reactivity pathways. For
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instance, the in situ generation of cyclic imines from the (electro) chemical oxidation
of secondary amines and their subsequent transformation has been described [92].

With respect to the different substrates engaged in the Joullié MCR, it is worth
mentioning the spiroindolenines, which have suitably reacted to yield fused
diketopiperazines, linked diamides, and tetrazoles [93, 94]. A remarkable approach
to bicyclic hydantoines from in situ generated iminium salts resulting from the
trifluoroacetic acid (TFA) treatment of N-Boc protected dihydropyrazines and
B-aminoketones has been disclosed [95]. Azirines have recently been brought into
this chemistry through Lewis acid activation, allowing a stereoselective access to
functionalized N-acyl-aziridinecarboxamides (Scheme 1.28) [96].

The Groebke-Bienaymé-Blackburn (GBB) MCR, the interaction of a-aminoazines,
aldehydes, and isocyanides, yield fused aminoimidazoles, a highly privileged
scaffold in medicinal chemistry [97]. Mainly nonconventional examples of
these transformations are mentioned here. Regarding aminoazines, GBBs with
N-Boc-3-aminoindole followed by an oxidative cascade have resulted in the
one-pot access to pyridodindoles [98]. The reaction mechanism features an
interesting azirine intermediate, which evolves into the final adduct through a
radical Neber-type rearrangement followed by a [1,2]-hydrogen shift/cyclization
(Scheme 1.29).

Tetrahydroquinolin-8-amine, aldehydes, and isocyanides react to afford fused tri-
cyclic quinoxaline adducts in a homoGBB transformation, in the presence of DMAP.
The mechanism relies on the condensation of the aldehyde with the aniline to form
the initial iminium ion, followed by the attack of the isocyanide [99].

Polyaminopolyazines have also been reported to afford multiple GBB adducts.
The innate selectivity [100] observed in the case of 2,4-diaminopyrimindine results
in the exclusive formation of a single monoadduct, enabling a selective second GBB
upon the former product [101]. Incidentally, the monoadduct with the alternative
regioselectivity was prepared through a protection strategy [102]. In a similar
mannet, triple-GBB transformations upon melamine yield unprecedented tripo-
dal scaffolds, amenable to further diversification via suitable post-modifications
(Scheme 1.29) [101].

Carbonyl components further diversify the reach of these transformations.
GBBs with isatine and aminopyridines result in the one-pot formation of fused
imidazopyrimidone salts through the expected spiroimidazole GBB adduct that
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1.7 Miscellany Processes

suffers a [1,5]-H shift, followed by the intramolecular trapping of the isocyanate
intermediate [103]. Aminoindazoles give the corresponding adduct in a similar
manner (Scheme 1.29) [104].

The combination of 2-(2-bromoethyl)benzaldehyde and aminopyridines yields
a dihydroquinolinium ion that continues the GBB reaction upon the attack of
the isocyanide and the cyclization/aromatization step to afford the corresponding
adduct [105]. Similar transformations have been reported with aminoindazole [106].

GBB reactions with propynals afford interesting post-condensation modifications
exploiting the triple bond transformations, to yield iodo-substituted fused imida-
zopyrroles upon the cyclization with iodine [107]. In a recent report, however,
the participation of benzyl isocyanide in GBB MCRs with propynals activates
an alternative route: upon the in situ oxidation of the benzyl residue to give an
imine, and the TBAB-mediated activation of the triple bond, the cyclization affords
imidazo-dipyridines instead (Scheme 1.30) [108].

The incorporation of indole carbaldehydes enables GBB adducts to undergo
a variety of domino processes, due to a key polarity inversion of the indole
residue after the MCR. In this way, indole 3-carbaldehyde GBB adducts suffer a
spontaneous oxidative Pictet-Spengler transformation to afford a variety of fused
polyheterocyclic systems. However, indole 2-carbaldehyde GBB adducts yield
indolocabazoles in an AB,C fashion, and a striking bicyclic scaffold at higher
temperature (Scheme 1.30) [109].

A variety of formal [3 + 2] cycloadditions involve novel interactions of isocyanides
with heterocyclic substrates, forming part of the either dipole or the dipolarophile.
For instance, the interaction of dipoles, in situ generated through the addition of
isocyanides to unsaturated carbonyls, with isoquinolines leads to single adducts
with high stereoselectivity, under chiral organocatalysis [110]. Similarly, the par-
ticipation of acetylenedicarboxylate and sulfamate-derived cyclic imines leads to
fused pyrroles in a regioselective manner via the corresponding isocyanide-dipole
(Scheme 1.31) [111].

Insertion processes, not included in previous sections, account for meaningful
transformations. For instance, indole, selenium, isocyanides, and secondary amines
lead to a four-component adduct through a selenourea radical intermediate, under
oxidative conditions [112]. Another mechanistic variation involves the insertion
of isocyanides upon N—Si bonds, in a TMSCl-promoted interaction. In this way,
azines and two equivalents of isocyanides, which can be differentiated because of
having different roles in the process, lead to fused isoquinoline-imidazolium salts
(Scheme 1.31) [113].

1.7 Miscellany Processes

Among the processes that do not fit in the precedent sections, we may mention
the productive research in the chemistry of the BODIPY derivatives as a source of
smart fluorophores. Formyl-BODIPYs have been prepared and reacted in Passerini
MCR [114]. Interesting contributions to the synthesis of BODIPYs through MCRs
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have also appeared: the Lewis acid-catalyzed condensation of lactones with
pyrrole [115] and the interaction of a phenol-substituted pyrrole with boronic acids
and another pyrrole unit to yield the dye in one step [116]. The known interaction of
isocyanides, azines, and trifluoroacetic anhydride leading to dipolar acid fluorides
has been performed on a fluorophore-linked isoquinoline to afford a probe capable
of selectively labeling amines, allowing its direct visualization in cell environments
(Scheme 1.32) [117].

Fused imidazoazines have been prepared through aldol-type condensation
followed by a SNAr (or Ullmann coupling) and a click reaction to yield complex
MCR adducts [118]. Also, the interaction of aminopyridines with ketones and thiols
yields thio-substituted imidazopyridines via a remarkable coupled I,-Flavin cataly-
sis (Scheme 1.33) [119]. Some MCR processes are based on a series of nucleophilic
displacements: the interaction of azines with indoles and dichloroethane triggers
a domino process, which is oxidatively terminated to yield cationic azahelicenes
[120]. Furthermore, the participation of DABCO, a-chloroazines, and sulfide anions
promotes an orchestrated sequence of SNAr-SN2-SNAr processes leading to a
four-component scaffold (Scheme 1.33) [121].

Unsaturated nitro derivatives display a rich chemistry, enabling new MCRs based
on conjugated additions and subsequent Henry or NO, elimination processes.
For instance, their interaction with cyclohexanone and aminopyrazole leads to
heterocyclic spiroadducts [122]. Furthermore, 3-nitro-indole or -benzothiazole
reacts with in situ generated cyclic ketimines leading to indole-fused heteroacenes
(Scheme 1.34) [123].

To finish this section, we mention an impressive contribution to the field of reac-
tion discovery where, among other transformations, novel MCRs were described
using a high-throughput autonomous organic synthesis robot fitted with analytical
tools and controlled by a machine learning algorithm (Scheme 1.34) [124].

1.8 Conclusion

Merging the synthetic power of MCRs with the particular reactivity of heterocy-
cles leads to an impressive array of new transformations and unprecedented con-
nectivity patterns. These new scaffolds are produced in a straightforward manner,
often by simply mixing the reactants and, due to their combinatorial nature, are
amenable to parallelization. Furthermore, the highlighted processes show high lev-
els of structural variability. The reaction discovery based on these heterocycle-based
MCRs is already very fruitful and, although in its infancy, the description of this
uncharted reactivity is paving the way to a systematic use of these processes in syn-
thetic chemistry.
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2.1 Introduction

Multicomponent reactions (MCRs) are well-recognized synthetic tools to make sets
of diversely functionalized complex small-molecule scaffolds. As it has become
clear from the other chapters in this book, MCRs have been widely applied for the
synthesis of heterocycles. Moreover, many MCR products can undergo so-called
post-reaction modifications. These can proceed either stepwise or in situ generating
advanced second-generation one-pot processes. The latter deliver higher-order
complexity generating reactions ideal for diversity-oriented synthesis (DOS)
strategies. This offers many opportunities to introduce additional desired (often
predesigned) functionality in the targeted heterocyclic compounds, which accounts
for the popularity of MCRs and their post-modifications in medicinal chemistry
and catalysis.

The utilization of MCR chemistry to access functionalized polymers for applica-
tions in advanced materials with clever properties is much less common practice.
However, the use of MCRs in polymer chemistry, also known as multicomponent
polymerization (MCP), has gained quite some interest in recent years. In this
chapter, we highlight some of the latest examples in this area. As the main topic of
this book deals with MCR applications in heterocyclic chemistry, we focused our
contribution on MCPs that result in polymers that include heterocyclic fragments.

Synthetic polymers are often designed with particular characteristics in mind to
accommodate specific properties. This may be an up-front designed and calculated
feature but can also be the result of serendipitous discovery. This means that the spe-
cific unique selling points of MCRs and their post-modifications as the methodology
of choice for DOS-based strategies also make them efficient tools to accommodate
function-directed MCPs.

Typical characteristics of modern polymeric materials include strength, tough-
ness, resistance to corrosion, lack of conductivity, color, and transparency [1].
Such polymers or polymer-based advanced materials have indeed been synthe-
sized via MCRs. The MCRs themselves are the familiar set of reactions that
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2 Heterocycles and Multicomponent Polymerizations

we know, e.g. from the heterocyclic chemistry arena and can be divided into
three groups: (i) isocyanide-based MCRs; (ii) non-isocyanide-based MCRs, and
(iii) metal-catalyzed MCRs [2]. Isocyanide-based MCRs include the Passerini
and the Ugi reaction, non-isocyanide-based MCRs include the Biginelli and the
Hantzsch reaction, and metal-catalyzed MCRs include the Cu-catalyzed reaction
between alkyne, sulfonyl azide, and a nucleophile. The fundamental aspects
and scope and limitation details of these MCRs have been discussed in the
other chapters, but for convenience, the most widely employed MCRs including
appropriate references are listed in Table 2.1.

A large proportion of literature available on MCPs are from the first group: the
isocyanide-based MCRs. Especially the well-known Passerini and Ugi chemistries
have been widely employed. However, many of these examples produce linear poly-
mers that do not necessarily include heterocycles in the backbone. Most of these
examples are therefore outside the scope of this chapter and book. Thus, only limited
Ugi-type MCPs examples are discussed in this chapter.

Generally, three main MCP strategies can be identified to include heterocycles
in polymers (Figure 2.1). Strategies I and II generate the heterocycle during the
polymerization reaction and strategy III includes a heterocycle in one of the ini-
tial starting monomers. The examples discussed in this chapter classify under one
of these three categories.

There are some challenges in the synthesis of polymers via MCPs, such as lim-
ited availability of suitably functionalized monomers, low molecular weight of the
resulting polymeric products, low polymer solubility, and defects in the structure
caused by side reactions due to the complexity of the reaction [14]. Despite this,
several polymers have been reported via different MCPs. In order to discuss the
advantages and disadvantages of certain MCRs and their post-reaction modifica-
tions in MCP processes, we have decided to analyze the MCP efficiency and utility
to produce a specific polymer using a set of well-established parameters. For the
reactions discussed in the subsequent sections of this chapter, we report (and wher-
ever appropriate compare) the following physical properties:

(1) The number and weight average molecular weight (M, and M., respectively)
are used to determine the molecular weight of a polymer calculated from the
molar mass distribution [15].

(2) The polydispersity (D) is used to predict the homogeneity of polymers. Monodis-
perse or uniform polymers contain chains with the same lengths and molecu-
lar weights, while nonuniform polymers contain chains of different length and
molecular weights. The closer the P is to 1, the more the uniform it is [16].

(3) The glass transition temperature (T,) is the temperature at which the polymer
transits from the solid state into a rubbery state, before becoming a liquid
state [15, 17].

(4) The thermal degradation temperature (T,) is the temperature at which the
polymer starts to degrade [17].

(5) The degree of polymerization (DP) is the number of repeating units present in
the polymer [16], which is an indicator for the efficiency of a polymerization
reaction.
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Table 2.1 Different MCRs utilized for MCPs.
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MCP strategies towards heterocyclic polymers

- -
+ N ~MCP X
L
n
&
N N MCP _ X
'
n
X . . MCP _ 3
n
X = = heterocycle

Figure 2.1 MCP strategies toward polymers with heterocyclic fragments.

In general, the efficiency of a polymerization reaction and thus of a MCP is deter-
mined by both the M, and M. The higher these values are, the more efficient the
polymerization reaction. Nevertheless, a polymer with high molecular weight side
groups has intrinsically a larger M, and M,,. In addition, the polymer chains of every
polymer fold in a unique manner. Some of the polymer chains fold to a more com-
pact structure and are thus smaller, while other polymer chains do not fold at all and
are therefore larger. Due to this, the M, and M,, cannot be used to directly compare
the efficiency of different MCPs. We would like to stress that M, values determined
by NMR better reflect the actual size of a polymer compared to other analytical
techniques (e.g. GPC) that are often used. This is because the signals in the NMR
spectrum can be quantified and are independent of the polymer shape. To compen-
sate for the molecular weight of the monomer, and really look at the MCP, the DPis a
better parameter for the efficiency of a polymerization. The higher the DP, the more
the repeating units are present and therefore the more efficient the MCP. The DP of
every polymer is calculated in the same way, and the side groups with high molecu-
lar weights are included in the calculation, which makes it possible to compare the
DPs of different polymers.

We will use the above-mentioned parameters to analyze the value of MCRs for
a certain MCP and compare characteristics of different MCPs for the synthesis of
polymers containing heterocyclic cores.

2.2 Ugi-type Multicomponent Polymerizations

The Ugi reaction is a well-established MCR of carboxylic acids, aldehydes/ketones,
isocyanides, and amines to form a-aminoacyl amides (Table 2.1). It received recent
attention in polymer science [18-20].
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Table 2.2 Synthesis of polyamides 4.

Polymer Monomer? Yield (%) M, (g/mol)® B DP9 Ty (O Ty (09
4a2 1+2a2+3a >99 7530 1.42 19 120 449

4a6 1+2a6+3a 93 12320 1.66 27 86 462

4al2 1+2al2+3a 95 11760 1.63 22 63 462

4b 1+2b+3a 87 5230 1.36 10 52 377

4c 1+2c+3a 96 — — — — —

4d 1+2d+3a 89 6540 and 1.09and 15and4 — —

1840 1.15
4e 1+2e+3a 89 10300 1.78 — — —

a) [1]:[2]:[3]=2:1:1.

b) Measured by GPC with linear narrow poly(methyl methacrylate) standards.
c) Calculated using the M.

d) Measured by DSC (10 °C/min).

e) Measured by TGA (10 °C/min).

Source: Adapted from Hartweg and Becer [21]; Hartweg and Becer [22].

For example, Becer and coworker reported the synthesis of polyamides 4. They
used an Ugi reaction under microwave heating of levulinic acid 1, diamines 2, and
1,6-diisocyanohexane 3a (Figure 2.2 and Table 2.2) [21, 22]. Levulinic acid is a renew-
able biobased building block available in multiton quantities from sugar-based cellu-
lose by rehydration of 5-(hydroxymethyl)furfural (HMF) at a cost-competitive level
[23, 24]. This makes the MCP toward 4, where levulinic acid is used directly as a
bifunctional monomer, appealing from a green chemistry perspective [21, 22].

An increasing chain length (R) of the diamine 2 results in more flexibility of
the polymer backbone and less steric hindrance. Consequently, the polyamides
4a6 and 4al2 have higher M s and DPs than polyamide 4a2. Besides primary
amine functionality, the spermine 2b contains secondary amines, which may
also participate in the Ugi reaction. However, NMR analysis shows that the MCP
occurs selectively at the primary amine sites, giving polyamide 4b. The use of
triamine tris(2-aminoethyl)amine 2c gave an insoluble crosslinked polyamide 4c
that hampered further analysis. The use of p-phenylenediamine 2d did not gave
a polyamide but oligomeric 4d (DP = 4). This can be ascribed to the poor nucle-
ophilicity of anilines. Hence, these amine inputs generally proceed less efficiently
in Ugi reactions. Shorter chained polyamide 4a2 has a higher T, than polyamides
4a6 and 4al2, while the polyamide 4b has a relatively low T, due to the flexible
polymer backbone caused by the incorporation of several heteroatoms [21, 22].

Meier and coworkers isolated polyamides 7 after an Ugi reaction of 2,5-furandi-
carboxylic acid (FDCA, 5), isobutyraldehyde 6a, decane-1,10-diamine 2a10, and
t-butyl isocyanide 3b (Figure 2.3 and Table 2.3) [25].

Next to 7, size exclusion chromatography-electrospray ionization mass spectrom-
etry (SEC-ESI MS) showed that different macrocyclic side products were formed as
well [25, 26]. The FDCA (5) can be synthesized from biomass, making it an attractive
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Figure 2.2 Synthesis of polyamide 4 via the Ugi reaction of levulinic acid 1, diamines 2, and 3a. Source: Adapted from Llevot et al. [18]; Hartweg and
Becer [21]; Hartweg and Becer [22].
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Figure 2.3 Synthesis of polyamide 7 via the Ugi reaction of 5, 6a, 2a10, and 3b. Source:
Adapted from Schade et al. [25].

Table 2.3 Synthesis of polyamide 7.

Polymer Monomer? Yield (%) M, (g/mol)® PP DP9 T, ()

7 5+ 6a + 2al0 + 3b 75 11100 2.73 18 82.2

a) [5]:[6a]:[2a10]:[3b]=1:3:1:3.

b) Measured by GPC with poly(methyl methacrylate) standards.
c) Calculated using the M, .

d) Measured by DSC (10 °C/min).

Source: Data from Schade et al. [25].

renewable monomeric starting material [25]. Meier and coworkers showed that 5
could be prepared from HMF (see above) via hydrolysis and dehydration of sucrose,
followed by oxidation with an Au/ZrO, catalyst [25]. During the synthesis of HMF
via this approach, no additional purification steps were required [25].

Deng and coworkers prepared biocompatible polyamides 9 via the Ugi reaction
in a MCP of succinic acid-end-capped polyethylene glycols (S-PEGs) 8, aldehydes
6, 1,4-bis (3-aminopropyl)piperazine 2f, and ¢-butyl isocyanide 3b (Figure 2.4 and
Table 2.4). The polyamides 9 showed thermosensitive and antibacterial properties,
which could be used as a nanodrug carrier or as a smart bactericidal surface.
This avoids lengthy and complicated reaction steps employed in traditional synthe-
sis of comparable thermosensitive polymers. However, big variations in efficiency
when varying the inputs are observed. For example, the yield of 9a is very low
with a DP of 1, meaning that it cannot be considered a polymer. There is no clear
reason why some polymerizations give high DPs and some much lower. Different
combinations of 8 and 6 tune the hydrophobicity and hydrophilicity, while the PEG
fragments render 9 biocompatible. Modification of the polyamides 9 by reaction with
HBr introduces quaternary ammonium groups increasing the antibacterial activity
even against multidrug-resistant Escherichia coli and Staphylococcus aureus [27].

51
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Table 2.4 Synthesis of polyamides 9.

Polymer  Monomer? Yield (%) M, (g/mol)® o) DP9

9a 8a2 + 6a + 2f + 3b 16.4 1400 1.55 1

9b 8a3 + 6a + 2f + 3b 85.1 18 600 1.66 22

9c 8a9 + 6a + 2f + 3b 46.2 13200 1.58 12

9d 8a9 + 6d + 2f + 3b 75.9 14900 1.53 12

9e 8al18 + 6b + 2f + 3b 55.1 24400 1.75 17

of 8al18 + 6¢ + 2f + 3b 47.0 13000 1.57 8

9g 8al8 + 6a+2f+3b  31.8 and 20300 and 1.75 and 13 and 14
63.0 21900 1.80

9h 8a18 + 6d + 2f+3b  74.2and 24 600 and 1.59 and 15and 16
59.9 26 000 1.65

9i 8al8 + 6e + 2f + 3b 75.2 46 200 1.78 28

9j 8a22 + 6a + 2f + 3b 20.2 13400 1.68 7

9k 8a22 + 6d + 2f + 3b 60.5 32300 1.61 18

91 8ad5 + 6a + 2f + 3b 29.3 25200 1.72 9

9m 8a45 + 6d + 2f + 3b 79.7 24400 1.68 8

a) [8]:[6]:[2f]:[3b]=1:2:1:2.
b) Measured by GPC.

c) Calculated using the M, .
Source: Liu et al. [27].

2.3 Mannich-type Multicomponent Polymerizations

The Mannich reaction employs amines, aldehydes, and enolizable carbonyl com-
pounds to form B-amino carbonyls (Table 2.1) and is frequently used in MCPs to
synthesize polymers. Since its discovery in 1912, p-amino carbonyls receive much
interest due to their biological activity, their use as synthetic building blocks, and
their use as precursors of pharmaceutical products [28].

Phenolic resins are applied as a matrix in fiber-reinforced plastics, structural
materials, adhesives, and paints due to their high heat resistance, high flame
retardance, excellent electrical resistance, good chemical resistance, and low costs.
However, they are brittle and require a catalyst for polymerization, and during
the curing process, volumetric shrinkage occurs. These issues can be accommo-
dated by using polybenzoxazines (PBAs) (Figure 2.5, structure 13). These PBAs
possess not only the positive characteristics of traditional phenolic resins but
also unprecedented characteristics such as, excellent dimensional stability, low
water absorption, and low dielectric constant. PBAs represent a new class of high-
performance thermoset resins that resemble conventional phenolics but do not
generate volatiles and undergo less shrinkage during cure, which results in
higher-quality laminates and fiber composites [30].
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Synthesis of polyamides 9 via the Ugi reaction of S-PEGs 8, aldehydes 6, piperazine 2f, and 3b. Source: Liu et al. [27].
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Figure 2.5 Synthesis of polybenzoxazine 13 from 12, using a MCP of 10a, 11, and 6b,
followed by thermal ring-opening polymerization. Source: Agag and Takeichi [29].

Table 2.5 Synthesis of benzoxazine 12 and subsequent ring-opening polymerizations to
PBA 13.

Polymer ~ Monomer T, (E")(°0? T, (tand) (CQ?  Tys QP  Tyypy (O

13 12 146 160 342 369

a) Measured by dynamic viscoelastic measurements (4 °C/min).
b) Measured by TGA (5°C/min).
Source: Agag and Takeichi [29].

The PBAs can be easily synthesized via the Mannich MCR. For example, the
reaction of phenol 10a, aniline 11, and formaldehyde 6b (Figure 2.5) provides 12
efficiently. Thermal ring-opening polymerization of benzoxazine 12 gives then PBA
13 (Figure 2.5 and Table 2.5) [29].

This process is formally a four-component MCP (see below), while the traditional
Mannich reaction is a three-component reaction. However, the process is discussed
in detail in this section as an enol and an iminium (Figure 2.6) species react, which
are typical Mannich intermediates. The formation of PBA occurs via subsequent
thermal ring-opening polymerization. First phenol 10a reacts with iminium I (and
IIT) losing aromaticity. Then, rearomatization regenerates the phenolic group that
reacts with another iminium species. Nevertheless, benzoxazine is not required
for polymerization. In both the formation of 12 and PBA, the same iminium
intermediate III is involved, which could react with another enol directly. However,
the formation of benzoxazine is thermodynamically favored and therefore the
polymerization reaction will likely proceed via this route.

Under mild reaction conditions, the formation of hydrogen bonds terminates
chain growth and the PBAs produced in this way have low molecular weights [34].
Crosslinked PBAs from difunctional benzoxazines results in much higher molecular
weight polymeric material [34]. Difunctional benzoxazine 15 can be synthesized
from bisphenol-A 14, aniline 11, and aldehyde 6b (Figure 2.7 and Table 2.6) [30].
The use of bisphenol-A has serious health concerns but is nevertheless commonly
employed in this MCP. Later in this section, we outline suitable alternatives.
Thermal ring-opening polymerization of 15 gives brittle PBA 16 [35, 36], due to the
rather high temperatures required [30].

Takeichi et al. addressed this issue in their synthesis of high molecular weight
PBA precursors with benzoxazine in the polymer backbone. Thus, synthesis of PBA
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Figure 2.6 Reaction mechanism of the synthesis of benzoxazine 12 [31]. Reaction mechanism of the synthesis of PBA 13. Source: Adapted from
Chirachanchai et al. [31]; Sun et al. [32]; Han et al. [33].
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Figure 2.7 Synthesis of benzoxazine 15 from bisphenol-A 14, aniline 11, and formaldehyde 6b, followed by thermal ring-opening polymerization to PBA
16. Source: Takeichi et al. [30].
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Table 2.6 Synthesis of benzoxazine 15 and subsequent ring-opening polymerizations to
PBA 16.

Polymer Monomer T (E) Q) T, (tand) (°C)D T,y (°O) Ty10% (O

16 15 153 171 308 338

a) Measured by dynamic viscoelastic measurements (4 °C/min).
b) Measured by TGA (5 °C/min).
Source: Takeichi et al. [30].

precursors 18a—c proceeds smoothly via the Mannich reaction of 15, diamines 2a2,
2a6, or 2h1, and paraformaldehyde 17 (Figure 2.8a and Table 2.7) [30]. Thermal
ring-opening polymerization of 18a-c gave the corresponding PBAs 19a-c [30].
The syntheses of precursors 18a and 18c via bisphenol-A 14, 1,6-diaminohexane
2a6 or 4,4’-diaminodiphenylmethane 2h1, and paraformaldehyde 17 were also
reported by others [34, 43].

Standard PBAs often lack flexibility, which limits their applications. Alloying
with flexible polymers, using molecular predesign of benzoxazine monomers or by
the synthesis of PBAs from a high molecular weight precursor may overcome this
property. Takeichi et al. improved the toughness of the product by using a precursor
with a polysiloxane unit. They reported the synthesis of PBA precursors 18d-h
via the Mannich reaction of bisphenol-A 14, diamines 2h1 and/or 2j1-2j3, and
paraformaldehyde 17 (Figure 2.8a and Table 2.7). Thermal ring-opening polymer-
ization of 18d-h gave the corresponding PBAs 19d-h with improved toughness,
high T,s, and high degradation temperatures. These were used as matrix resin of
advanced composite materials and high-temperature adhesives [40].

The toughness of PBAs also significantly improves by introducing a polyether
unit as was shown by Agag et al. [41]. They reported the synthesis of PBA precursors
18i-k via the Mannich reaction of 15, 2k1-3, and 17 (Figure 2.8a and Table 2.7).
After the thermal ring-opening polymerization of 18i-k (physical properties were
not all reported here), the corresponding PBAs 19i-k with unique characteristics
were obtained. These proved useful as toughening agents, coating materials, and
membranes in various applications. In addition, they were employed as protective
colloids for the stabilization of heterogeneous droplet mixtures with a diameter
between 50 and 500 nm in o/w mini emulsions based on benzoxazine resins [44].

Materials with a low dielectric constant (K) are suitable for insulating applica-
tions [45]. The K-value depends on polarizability of functional groups and is lower
for materials with high degrees of saturated hydrocarbons compared to materials
containing unsaturated, conjugated, or phenyl groups [45, 46]. By breaking the con-
jugated system or decreasing the number of phenyl groups in the monomer, K can
be decreased [45, 46]. However, this results in lower thermal stability. The C—H,
C—~C, and C—N bonds in aliphatic polymers are unstable at a temperature above
400 °C, while these bonds in non-aliphatic polymers can resist higher temperatures
[46]. By incorporation of fluorinated substituents into the polymer backbone, PBAs
with high thermal stability and a low K can be accessed [45]. Furthermore, Ishida
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Figure 2.8 (a) Synthesis of PBA precursors 18 via the Mannich reaction of bisphenol A 14, diamines 2, and 17, followed by thermal ring-opening
polymerization to PBAs 19. Conditions: [A]: CHCL;, reflux, five hours; [B]: toluene/ethanol (2/1, v/v), 80 °C, eight hours; [C]: toluene, 90 °C, eight hours.
Source: Adapted from Takeichi et al. [30]; Alhassan et al. [37]; Demir et al. [38]; Lin et al. [39]; Takeichi et al. [40]; Agag et al. [41]. (b) Synthesis of

benzoxazine precursors and the corresponding PBAs via the Mannich reaction of more sustainable bisphenol-F isomers and selected other inputs. Source:
Adapted from Demir et al. [38]; Liu et al. [42].
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Table 2.7 Synthesis of PBA precursors 18 and subsequent ring-opening polymerizations toward
19 [30, 39-41].

T T
Monomer/PBA Con-  Yield M, M, (l:g ") (t%n 8) Tusw Tato%
Polymer precursor ditions (%)  (g/mol) (g/mol) DP¥ (°C) (°C) °Q) (°Q)
18a 15 + 2h1 + 179 A 83 22329 6733) 3 — — - —
19a 18a A — — — 2289 2389  341M 375N
18b 15 + 2a2 + 179 A 77 25719 6092 5 @ — — - -
19b 18b A - — — — 2499 2599 2820 301N
18c 15 +2a6 + 179 A 87  2358Y) 8858Y) 4 @ — — R —
19¢c 18c A R — — — 2479 2609 301M 338M
18d 15 + 2j1 + 179 A 75 3000 5700 4 @ — — - -
19d 18d A - — — — 2259 2389 3240 3640
18e 15 + 2j2 + 179 A 75 4200 9800» 2 @ — — - =
19 18e A R — — - — 1409 348M 378M
18f 15 + 2j3 + 179 A 79 4200 8900” 1 @ — — - -
19f 18f A R — — - — — 384 426M
18g 15+ 2h1/2j2 +179 A 78 3500 10000» — — — - -
19g 18g A - - — — 2799 2839 3330 370D
18h 15+ 2h1/2§3 +179 A 83 3600 11000” — — — - =
19h 18h A R — — — 2729 276°  344M 380M
18i 15 + 2k1 + 179 c - - — - — — - -
19i 18i - — — — 199 — 2850 303D
18j 15 + 2k2 + 179 c - = — - - — - =
19j 18j - - — — 400 — 3240 344D
18k 15 + 2k3 + 179 c - - — - — — - -
19k 18k -45/09 — 3500 368D
181 15 +2g + 179 B 77 42009 250009 10 — — —
191 181 A - — — — 3548 3820 —
18m 15 +2h1 4+ 179 B 80 38009 230009 8 — — —
19m 18m A R — — — 3039 3740 —
18n 15 + 2h2 + 179 B 79 34009 320009 7 @ — — —
19n 18n A R — — — 3039 3690 —
180 15 +2i + 179 B 78 33009 100009 4 — — —
190 180 A R — — — 2729 4070 —
a) [15]:[2]:[17]=1:1:4.
b) Measured by SEC with polystyrene standards.
¢) Measured by GPC.
d) Calculated using the M, .
e) Measured by dynamic viscoelastic measurements (4 °C/min).
f) Measured by dynamic mechanical analysis (DMA) (3 °C/min).
g) Measured by DMA (5 °C/min).
h) Measured by TGA (5 °C/min).
i) Measured by TGA (10 °C/min).
j) Measured by TGA (20 °C/min).

Conditions: [A]: CHCL,, reflux, five hours; [B]: toluene/ethanol (2/1, v/v), 80 °C, eight hours; [C]: toluene,
90 °C, eight hours.
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and coworkers reported that in fluorinated PBAs (examples not shown), the T, and
the thermal stability significantly increase [46, 47].

The rigidity of the polymer chains is an important shortcoming of PBAs and
results often in poor solubility of the materials. When, however, monomers are used
that create more flexible polymer chains, this results in better solubility character-
istics. In addition, the health and environmental concerns of bisphenol A (14) must
be considered. Bisphenol F isomers are commercially available and inexpensive
without severe health and environmental drawbacks. As a result, they are attractive
alternatives. Ishida and coworkers reported the synthesis of benzoxazines based on
bisphenol F isomers via a Mannich process (Figure 2.8b). Thermal ring-opening
polymerization of these precursors gave the corresponding PBAs. These PBAs show
excellent mechanical and physical properties and are easily processed and therefore
can be used in resin transfer molding for high-performance applications [42].

Lin et al. investigated the synthesis of related but slightly different PBA precursors
with an ether unit under different conditions. They prepared 181-o via the Mannich
reaction of bisphenol-A 14, diamines 2, and paraformaldehyde 17 (Figure 2.8a and
Table 2.7), respectively [39]. Subsequent thermal ring-opening polymerization gave
the corresponding PBAs 191-o [39]. Next to these reports, Ishida and coworkers also
studied these MCPs [48]. Looking at the characteristics, PBA 191 has a relatively high
Tg due to the rather low molecular weight of the crosslinks. On the other hand, PBA
190 hasalow T, due to the high molecular weight of the crosslinks. In general, PBAs
from precursors with a high molecular weight have optimal T, and thermal stability.
The PBAs 191-o are thus quite flexible and their high T,s makes them suitable for
electronic applications and high T, coatings.

An alternative approach that produces PBAs with a high crosslink density
employs high molecular weight precursors prepared from amine-containing
phenols. In continuation of their research, Agag and Takeichi reported the synthe-
sis of PBA precursor 21a-c via the Mannich reaction of p-aminophenol 20a and/or
tyramine 20b and 17 (Figure 2.9 and Table 2.8). Thermal ring-opening polymeriza-
tion of 21a-c gave PBAs with excellent thermomechanical characteristics and high
thermal stability [29].

Besides the use of aliphatic and aromatic amines, Raj et al. investigated the
use of a cyclic amine in the synthesis of PBA. They prepared 23a-d (Figure 2.10
and Table 2.9) via the MCR of phenols 10a-c or 1,5-dihydroxy naphthalene 10d,
piperazine 22, and formaldehyde 6b [49]. Epoxies are commonly used polymers
for reinforced composites in load-bearing and aerospace materials in various
applications [49]. Blending and curing of epoxy resins achieves high quality and
performance materials. For example, Mannich bases efficiently cure epoxy resins
and afford polymers with increased flexibility and improved mechanical character-
istics [49, 50]. Epoxy resin modified by blending with PBAs 23 thus gave a polymer
with better mechanical properties and higher thermal stability than epoxy resins
cured with diamines. These polymers are used as matrix glass fiber laminates.

It is noteworthy that the M s of PBAs 23c and 23d are higher than the other PBAs
due to the higher reactivity of resorcinol 10c and 1,5-dihydroxy naphthalene 10d.
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Table 2.8 Synthesis of PBA precursor 21a-c and ring-opening polymerization to the
corresponding PBA.

T T
] [
Monomer/PBA Yield M, M, (") (tand) Ta10%
Polymer precursor (%) (@/mol)? (g/mol)d DPY (°C)¥ (°C)F T, (COP (°C)P
2la 20a + 179 72 1953 3296 14 — — — —
PBA 2l1a — — — — 301 312 355 401
21b 20b + 179 75 1957 4479 n — - — —
PBA 21b — — — — 261 291 315 363
21c 20a +20b +17” 68 1033 1374 3 - = — —
PBA 21c — — — —_ - — 353 387
a) [20aor20b]:[17]=1:2.
b) [20a]:[20b]:[17]=1:1:2.
c¢) Measured by SEC.
d) Calculated using the M.
e) Measured by dynamic viscoelastic measurements (4 °C/min).
f) Measured by TGA (5 °C/min).
Source: Agag and Takeichi [29].
OH
i Ethanol HCI
H H Reflux 80°C,5-24h
R +  6b K/ N )
23a-c
10 HN  NH
azR=H o Same OH
b: R = Me conditions Nﬁ
. _ —_—
c: R=OH 2 OO 6b +22 K/N\)/
n
OH OH
10d 23d

Figure 2.10 Synthesis of PBA 23 via the Mannich reaction of phenol 10, piperazine 22,
and formaldehyde 6b. Source: Raj et al. [49].

The numerous examples of the MCP involving a Mannich three-component
reaction followed by thermal ring-opening polymerization show that this is a very
interesting approach to produce quite diversely functionalized PBAs. It must be
pointed out that in general, the DPs for these benzoxazine polymers are actually
very low; however, for the material that is produced, it is not important because
afterward when the ring-opening of the benzoxazine takes place, a crosslinking
network is formed.
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Table 2.9 Synthesis of PBAs 23.

Mn Td,O% Td,lO%
Polymer Monomer? (g/mol)® DP9 9 ccy9
23a 10a + 22 + 6b 1021 4 23 275
23b 10b + 22 + 6b 1528 6 28 238
23c 10c + 22 + 6b 1540 6 28 190
23d 10d + 22 + 6b 1620 5 28 55

a) [10]:[22]:[6b]=1:1:2.

b) Measured by nonaqueous conductometric titration.
c) Calculated using the M.

d) Measured by TGA (10 °C/min).

Source: Raj et al. [49].

2.4 Biginelli-type Multicomponent Polymerizations

The Biginelli reaction is one of the most well-known MCRs and combines aldehy-
des, p-dicarbonyl compounds, and urea to form 3,4-dihydropyrimidin-2(1H)-ones
(DHPMs) (Table 2.1). The interest in this reaction has developed due to the
therapeutic and pharmacological properties of the products. Furthermore, several
DHPMs have biological activities, such as antiviral, antitumor, antibacterial, anti-
inflammatory, antimalaria, antitubercular, antidiabetic, and antiepileptic [51].

However, relevant to this review is that DHPMs have been used in the develop-
ment of functional materials, such as polymers, adhesives, and dyes [51]. Sometimes
re-examining an old reaction for new purposes brings benefits, so research groups
have reinvestigated successful MCRs from the past and have found that the Biginelli
reaction has almost all the “clickable” features reported in the well-known “click
chemistry” [52]. Through the modification of polymer chains (side or chain end
groups), and the combination with living radical polymerization in a one-pot strat-
egy, functional homo- and copolymers can be prepared. The synthesis of polymers
via the Biginelli reaction was introduced in selected fields of polymer chemistry and
chemical biology by Tao and coworkers [52].

In addition to these Biginelli MCPs, direct polymerizations can also be performed.
Although these processes can formally not be regarded as an MCP, we report them
here, as they are quite relevant for the discussions in this section. The synthesis of
polydihydropyrimidin-2(1H)-one (poly(DHPM)) 26a via a direct Biginelli-type reac-
tion of monomer 24a and urea 25a (Figure 2.11 and Table 2.10) is a nice example of
this [53].
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Figure 2.11 Synthesis of poly(DHPM(T)) 26 via the Biginelli reaction of 24 and 25. Source: Adapted from Nagarajaiah et al. [51]; Zhao et al. [53]; Tunca
et al. [56].
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Table 2.10 Synthesis of poly(DHPM(T)) 26.

Yield M, T, T, Tas
Polymer  Monomer? (%) (g/mol) o2 DP Q9 o (cqP
26a 24a+25a 81 22300 and 1.59  619and 849 96.5 300 —
304009
26b 24a +25b — 23100 and 145 60Yand 979 98.5 243 516
367009
a) [24]:[25]=1:2.
b) Measured by GPC with narrow molecular weight distribution (200-10° g/mol) polystyrene standards.
c¢) Measured by NMR.
d) Calculated using the M measured by GPC.
e) Measured by DSC (10 °C/min).
f) Measured by TGA.

Source: Adapted from Zhao et al. [53]; Zhao et al. [55].

Poly(DHPM) 26a has a specific interaction with metals and can therefore be
used as a metal adhesive [51, 53, 54]. The best bonding effects were observed with
brass. Besides monomer 24a, Tao and coworkers also used monomers 24b and
24c in the polymerization between two brass sheets [53]. These monomers (not
shown) contain more functional groups and generate a higher molecular weight
and stronger polymer structure due to crosslinked networks. The poly(DHPMs)
26a derived from monomers 24b and 24c show stronger adhesive effects than
those from monomer 24a. This confirms that an increase in molecular weight and
crosslink degree has a positive effect on the bonding strength [53]. Due to the ease
of polymerization and excellent metal bonding abilities of poly(DHPM) 26a and its
analogs, these materials have great potential for future industrial applications.

New multifunctional polymers can be prepared via postpolymerization modifi-
cation (PPM) by modifying the reactive chain ends or side chains of the polymer
precursor. However, PPM of poly(DHPMs) is not possible due to the unreactive urea
group in the Biginelli ring. By using the thiourea group, a reactive polymer precur-
sor for PPM can be produced. In continuation of their research, Tao and coworkers
investigated the synthesis of poly(dihydropyrimidin)-2(1H)-thione) (poly(DHPMT))
26b via the Biginelli reaction of monomer 24a and thiourea 25b (Figure 2.11 and
Table 2.10) [55]. Due to its nucleophilicity, the thiourea group in the Biginelli ring
can react with different haloalkene or haloalkynes to incorporate alkene or alkyne
groups into the polymer [51, 54-56]. These alkene or alkyne groups can undergo
a thiol-ene reaction or Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) click
reaction, respectively. Moreover, by reacting 3-phenylpopargyl chloride directly with
poly(DHPMT) 26b, a fluorescent polymer with a new conjugated heterocycle can be
produced [54, 55].

In recent years, organic chemists try to develop more sustainable synthetic
methodology by minimizing the production of waste, promoting the use of
renewable resources, and achieving the highest energy efficiency as possible. By
using renewable resources, a sustainable and eco-friendly Biginelli reaction can
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Table 2.11 Synthesis of poly(DHMPs) 30.

67

Yield M, M, T, Tysu
Polymer  Monomer (%) (g/mol) (g/mol)? P9 DP Q9 (o
29a 27a+28a+25a® 37.7 115009 and 27600 239 279 and — 250
10 0009 23D
29b 27a+28b +25a% 30.6 146009 and 26000 1.78 319 and 193 280
205009 43D
29¢ 27a +28c +25a® 86.2  14900° and 38500 2.57 30 and 165 250
14 8009 300
29d 27a+28d +25a” 89.3 346009 — — 520 141 255
29e 27b +28a +25a® 253 34009 and 7000 2.04 5% and — 260
14 6009 249
29f 27b + 28b + 25a® 274 77009 and 14500 1.89 129 and 203 265
14 5009 22D

a) [27]:[28]:[25a]=1:1:3.5.

b) [27a]:[28d]:[25a]=1:1:2.2.

c) Measured by GPC with linear poly(methyl methacrylate) standards.
d) Measured by NMR.

e) Calculated using the M, measured by GPC.

f) Calculated using the M, measured by NMR.

g) Measured by DSC (15 °C/min).

h) Measured by TGA-DTA (5 K/min).

Source: Boukis et al. [57].

be performed. Meier and coworkers reported the synthesis of several poly(3,4-
dihydropyrimidin-2(1H)-ones (poly(DHMPs)) 29 via a MCP Biginelli reaction
of renewable dialdehydes 27, diacetoacetates 28, and urea 25a (Figure 2.12 and
Table 2.11) [57].

In this respect, it is noteworthy that diacetoacetates 28 are synthesized from a
renewable diol produced from glucose [59] and castor oil [60]. In addition, tereph-
thalaldehyde 27a can be synthesized via the oxidation of p-cymene (from citrus peels
[61]) or via the oxidation of p-xylene [62, 63]. Divanillin 27b can be synthesized via
the enzymatic dimerization of vanillin (from lignin [64]) [57].

Poly(DHMPs) 29e and 29f from divanillin 27b have lower M, s and DPs than poly
(DHMP)s 29a-d derived from terephthalaldehyde 27a and therefore, divanillin
27b is less reactive toward the MCP Biginelli reaction than terephthalaldehyde
27a. The influence of the structure of dialdehydes 27 and the chain length of
diacetoacetates 28 on the T,s of poly(DHMPs) 29 was investigated in more detail.
The authors found a decrease in the T, values with an increasing aliphatic chain
length introduced via diacetoacetate [57]. However, the T, values increase if
divanillin 27b is used instead of terephthalaldehyde 27a [57]. Furthermore, the T,s
of poly(DHMPs) are higher than the T,s of common commercial thermoplastic
polymers [15], which is rare for renewable polymers [57].

Combinatorial synthesis is a technique that rapidly prepares a large number of
compounds by a combination of various reactants. Although originally developed
as a tool for rapid production of compound libraries for high throughput screening
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Figure 2.12 Synthesis of poly(DHMPs) 29 via the MCP Biginelli reaction of 27, 28, and 25a. Source: Adapted from Nagarajaiah et al. [51]; Zhao et al. [54].
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Table 2.12 Synthesis of poly(DHPM(T)) 30.

Polymer Monomer? M, (g/mol)® b DPY T, (09
30a 31la + 32 + 25a 7400-11 700 1.50-1.91 11-15 123.4-159.3
30b 31b + 32 + 25a 9800-13 300 1.52-1.68 14-17 95.6-138.4
30c 31c + 32 + 25a 13 700-24 800 1.62-1.99 18-31 76.5-109.3
30d 31d + 32 + 25a 12100-16 800 1.51-1.81 13-20 64.3-98.3
30e 3le + 32 + 25a 17 500-29 800 1.73-2.03 20-32 46.2-66.6
30f 3la + 32 + 25b 14 200-21 200 1.45-1.77 20-28 105.4-158.3
30g 31b + 32 + 25b 15200-21 500 1.42-1.54 20-27 89.7-117.8
30h 31c + 32 + 25b 17 900-25 400 1.49-1.72 22-30 74.5-101.6
30i 31d + 32 + 25b 15200-18 200 1.47-1.57 16-21 67.1-95.1
305 31e + 32 + 25b 17 500-25 000 1.61-1.95 20-26 56.5-83.4

a) [31]:[32]:[25]=1:1:3.

b) Measured by GPC with narrow molecular weight distribution (200-10° g/mol) polystyrene
standards.

c) Calculated using the M.

d) Measured by DSC (10 °C/min).

Source: Xue et al. [65].

(HTP) in the pharmaceutical industry, it has been introduced in polymer chem-
istry to develop HTP polymerization systems. This prepares polymers in a time- and
labor-saving manner. By combining HTP polymerization with MCP (HTP-MCP), a
new combinatorial system that improves the efficiency of the overall synthesis can
be achieved. Tao and coworkers reported the synthesis of a vast range of 80 different
structurally distinct poly(DHPM(T)s) 30 via the Biginelli HTP-MCP of dialdehydes
31, diacetoacetates 32, and (thio)urea 25 (Figure 2.13 and Table 2.12) [65].

The Biginelli reaction is so efficient that in company with a click reaction, it can
yield diverse organic scaffolds. We have summarized some of the current applica-
tions of the Biginelli reaction in polymer chemistry, including polymer coupling,
post polymer modification, and new functional polymer synthesis. It is most likely
that this ancient reaction will continue to draw attention from polymer chemists
and play new roles in the polymer science. We anticipate that the current research
paves a straightforward way to synthesize new libraries of polymers via MCRs and
might prompt the broader study of these MCRs in MCPs for applications in a range
of interdisciplinary fields.
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Figure 2.13 Synthesis poly(DHPM(T)) 30 via the Biginelli HTP-MCP of 31, 32, and 25. Source: Xue et al. [65].
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2.5 Hantzsch-type Multicomponent Polymerizations

The Hantzsch reaction, discovered in 1881, involves the reaction between aldehydes,
B-ketoesters, and ammonia to produce 1,4-dihydropyridines (1,4-DHPs) (Table 2.1).
Some 1,4-DHPs have been used as medicines for the treatment of cardiovascular
diseases, and some have promising bioactivities, such as anti-inflammatory, antimi-
crobial, antioxidant, and antiulcer activities. However, until recently, the Hantzsch
reaction has not been applied in polymer chemistry. Examples of this reaction in
polymer chemistry are therefore scarce [66].

The Hantzsch reaction is suitable for direct polymerization due to its high
efficiency and easy availability of the monomers [66]. Recently, Tao and coworkers
reported the synthesis of poly(1,4-dihydropyridine) (poly(1,4-DHP)) 35a via an
MCP Hantzsch reaction of monomer 24a, dimedone 34, and ammonium acetate
(NH,OAc, 33) (Figure 2.14 and Table 2.13) [67].

The Biginelli and the Hantzsch reaction use similar reactants (aldehydes and
B-ketoester) and can take place under the same reaction conditions. This makes
them compatible synthetic sequences. This was nicely demonstrated via a cou-
pled Biginelli and Hantzsch MCP of monomer 24a, (thio)urea 25a/b, dimedone
34, and NH,OAc (Figure 2.14 and Table 2.13) [67]. This process delivers poly(1,4-
dihydropyridine)-co-poly(3,4-dihydropyrimidin-2(1H)-(thi)one)-(poly(1,4-DHP)-co-
poly(3,4-DHPM(T))) 35b. Most MCRs are concentration-dependent and therefore
the slower Biginelli reaction cannot proceed as efficiently as the faster Hantzsch
reaction. As a result, less 3,4-dihydropyrimidin-2(1H)-one(3,4-DHPM) was intro-
duced in the polymer, which gave a 1,4-DHP and 3,4-DHPM ratio of 1 : 0.83
(theoretical value 1 : 1), respectively. Tao and coworkers extended the scope by
using thiourea 25b instead of urea 25a. Thiourea is less reactive than urea and
therefore the Biginelli reaction is slowed even further. The ratio of 1,4-DHP and
3,4-DHPM in the polymer is 1 : 0.54, respectively [67].

The thermal properties of the polymers 35b could be tuned by changing the
monomer ratios giving materials with different ratios of 1,4-DHP and 3,4-DHPM(T)
[51, 66, 67]. Furthermore, when urea 25a is used as monomer, the Tg and T, of
26 and 35b(0) are higher than 35a due to the rigid Biginelli ring [51, 67]. When
thiourea 25b is used as monomer, the T,s of 27 and 35b(S) are higher than 35a
[67]. However, the T4s of 27 and 35b(S) are lower than 35a due to the less stable
thiourea group in the Biginelli ring [67].

Copolymerization permits the synthesis of an almost unlimited range of polymers
and is therefore often used to obtain a better balance of properties for the commercial
application of polymeric materials. Copolymerization offers flexibility with respect
to possible monomers and a great diversity of polymeric products, but also compo-
sition drift, which may need to be minimized or exploited in a controlled way, for
specific structure-property relationships can also be addressed.
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Figure 2.14 Synthesis of poly(3,4-DHMP(T)) 26/27 via the Biginelli reaction of 24a and 25a/b [67], poly(1,4-DHP) 35a via the Hantzsch reaction of 24a,
34, and NH,OAc (33) [58, 66, 67], or a coupled Hantzsch-Biginelli MCP of 24a, 34, 25a/b, and NH,OAc (33). Source: Adapted from Nagarajaiah et al. [51];
Wu et al. [66]; Wu et al. [67];Krieg and Manecke [58].
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Table 2.13 Synthesis of poly(3,4-DHMP(T)) 26/27, poly(1,4-DHP) 35a, and
poly(1,4-DHP)-co-poly(3,4-DHMP(T)) 35b.

Yield M, T T

n g d
Polymer  Monomer (%) (g/mol) o9 DP Q)9 (°qh
26 24a + 25a? — 214009 136 580and 102 320
1029
27 24a + 25b% — 28 8009 149  759and 101 260
1249
35a 24a + 34 + 33? 91 173009and 1.52  38Dand 78 280
302009 64°)
35b(0)  24a+25a+34+339 87 139009and 1.39  179and 103 320
25000°) 639
35b(S) 24a + 25b + 34 +339 — 16 8009and 146  20Dand 102 270
50 400°) 1329)

a) [24a]:[25ao0r25b]=1:1.2.

b) [24a]:[34]:[33]=1:1:1.

c) [24a]:[34]:[25a0r25b]:[33]=2:1:1:1.

d) Measured by GPC with narrow molecular weight distribution (200-10° g/mol) polystyrene standards.
e) Measured by NMR.

f) Calculated using the M measured by GPC.

g) Measured by DSC (10 °C/min).

h) Measured by TGA (20 °C/min).

Source: Wu et al. [67].

2.6 Debus-Radziszewski-type Multicomponent
Polymerizations

The Debus-Radziszewski is another important MCR discovered in the nineteenth
century that produces a hetereocyclic scaffold. In this reaction, an aldehyde, two
amines, and an a-dicarbonyl compound (i.e. where carbonyl is either ketone or
aldehyde) react to generate imidazole/imidazolium rings (Table 2.1). The reaction
conditions depend on the nature of the reagents. When employing glyoxal as the
a-dicarbonyl compound reactions proceed under mild conditions; however, when
using 1,2-diketones, higher temperatures are needed to complete the reaction. One
of the first examples of the Debus—Radziszewski reaction in polymer chemistry
was reported by Krieg and Manecke in 1967 [58]. Interested by the properties of
imidazole heterocycles in polymers, the authors performed this polycondensation
with tetraketones 36, dialdehydes 27, and ammonium acetate 33 (Figure 2.15). Low
molecular weights were obtained when mixing the reagents at room temperature
(Table 2.14). Marestin and coworkers found that this reaction is much more efficient
upon MW irradiation at 500 W for 15 minutes [68]. The authors later also showed
that anilines could be added to generate N1-aryl imidazoles [69].

Instead of extending the polymer via the monomers with two a-dicarbonyls and
two aldehydes, another option is to use a combination of diamines and dialdehydes.
This, however, will not provide the imidazole ring, but rather gives a charged
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Table 2.14 Synthesis of polyimidzaoles 37.

Polymer Monomer Conditions M, (g/mol) b P T, (°C)?
37a 36a + 27a + 33 It ~2500 — 5 —
37b 36a + 27c + 33 It ~25009 — 5 —
37c 36a +27d + 33 rt <30009 — — —
37d 36a + 27e + 33 rt <3000 — — —
37e 36b + 27a + 33 MW (500 W) — — — 295
37f 36b + 27f + 33 MW (500 W) —b — — 278
37g 36b + 27g + 33 MW (500 W) —b — — 258
37h 36b + 27h + 33 MW (500 W) —b — — 228
37i 36b +27i + 33 MW (500 W) 16 7009 2.4 18 237
37 36b + 27j + 33 MW (500 W) 9600 1.8 9 239
37k 36c +27g + 33 +11a MW (500 W) 31000 2.9 35 176
371 36¢c +27f+ 33 + 11a MW (500 W) 193009 3.4 25 189
37m 36a +27f+33 +11a MW (500 W) 25500 3.2 37 199
37n 36c +27g + 33 +11b MW (500 W) 216009 2.6 23 217
370 36a +27h + 33 +11b MW (500 W) —b — — 263
37p 36¢ + 27f + 33 + 11b MW (500 W) 17900 2.7 20 225
37q 36b +27g + 33 +11a MW (500 W) 190009 2.9 21 156
37r 36b +27f+ 33 + 11a MW (500 W) 25500 2.6 32 181

a) Estimated by IR CO stretch.

b) Polymers were insoluble for in solvents used for SEC.
¢) Measured by SEC with polystyrene standards.

d) Calculated using the M, .

e) Measured by DSC (5°C/min).

Source: Chauveau et al. [68]; Chauveau et al. [69].

imidazolium heterocycle. Antonietti and coworkers were the first to apply this
approach as a strategy to crosslink amine side groups in polymers (Figure 2.16 and
Table 2.15) [70].

Lindner noticed the potential of the Debus-Radziszewski in the synthesis of
imidazolium-based polymers as polymeric ionic liquids [71]. In his report, several
bisamines react with formaldehyde and glyoxal. The reaction tolerates several
bisamines ranging from hydrophobic to zwitterionic backbones. Yuan and cowork-
ers later showed that this polymerization was also compatible with methylglyoxal
(38b) [72]. Polymeric materials were synthesized from several alkyl (2a) variations
and 2d; however, the authors did not report M, values. By introducing magnetic
nanoparticles coated with amine groups, Lucena and Cardenas and coworkers were
able to synthesize a nanocomposite which showed interesting sorptive properties
toward salicylic acid, ketoprofen, and naproxen [73]. Also dendrimeric structures
have been made by employing tetraamines [74]. These materials show great
potential in capturing CO,.
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Figure 2.16 Synthesis of polyimidazoliniums 39 via the Debus—-Radziszewski reaction of
2, 6b, and 38. Source: Adopted from Krannig et al. [70]; Lindner et al. [71]; Grygiel et al. [72].

Table 2.15 Synthesis of polyimidzaoles 39.

Polymer  Monomer M, (g/mol)® M, (g/mol)® D DP? T, (°C)¥
39a 2a4 + 38a + 6b 2700-53900 1500-9600 1.7-5.8 9-61 —

39b 2a6 + 38a + 6b 24 600 7200 3.4 47 —45.3
39c 2e + 38a + 6b 20400 7500 2.7 — -51.7
39d 2g + 38a + 6b 11000 5400 1.9 29 48.3
3% 2h + 38a + 6b 26 000 8125 3.2 33 —45.3
39f 2al12 + 38a + 6b 70 000 28 000 2.5 94 -51.7
39g 2i + 38a + 6b 19000 10000 1.9 31 45.3
39h 2a5 + 38b + 6b 24000 — — 1159  —

a) Measured by SEC with polystyrene standards.
b) Calculated using the M.

c) Calculated by using the M.

d) Measured by DSC (5°C/min).

2.7 Other Multicomponent Polymerizations

In this section, a number of additional reactions will be considered introducing
the use of metal-catalyzed MCRs for polymerization. Such reactions accelerate
the development of efficient and economical one-pot MCPs toward functional
polymeric materials.
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Figure 2.17 Cu-catalyzed MCP-synthesis of polymers 43 (or 46) with 40, 41, and 42 (or 45) followed by ring-opening to 44. Source: Adapted from Zhang

etal. [77]; Han et al. [76a]; Xu et al. [75].
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2.7.1 The Cu(l)-catalyzed MCP of Diynes, Azides, and Carbodiimides/
Nitriles

Tang and coworkers [76a] (based on the approach of Xu et al. [76b]) reported the
Cu-catalyzed MCP synthesis of polymers 43 by reacting diynes40, disulfonyl azides
41, and carbodiimides 42 (Figure 2.17 and Table 2.16). An additional base is not
required due to the weak basicity of carbodiimides 42 [76a].

The 2,4-diiminoazetidine rings in 43 can undergo ring-opening with hydrogen
chloride (HCI) to deliver polymers 44 with amide and amidine groups [76a].
Tang and coworkers [75] (based on the approach of Zhang and coworkers
[78]) extended the scope of this versatile MCP by the Cu-catalyzed synthesis of
quinoline-containing poly(N-sulfonylimine) 46 by reacting 1,2-bis(4-ethynylphenyl)-
1,2-diphenylethene 40b, 4,4’-disulfonylazidophenyl ether 41c, and 2-aminoben-
zonitrile 45 [75].

2.7.2 The Pd-catalyzed MCP of Imines, Acyl Chlorides, and N-Sulfonyl
Imines

Palladium can be used as catalyst in MCP reactions as was shown nicely by
Arndtsen and coworkers who reported the Pd-catalyzed synthesis of polymer 50 by
reacting imines 47, di(acyl chlorides) 48, and di(N-sulfonyl imines) 49 (Figure 2.18
and Table 2.17) [79].

Polymers 50 show different fluorescence emissions caused by x conjugation. Poly-
mer 50a has a blue emission, while polymers 50c, 50e, and 50h have a red-shift in the

Table 2.16 Synthesis of the selected polymers 39, 40, and 42.

Yield M, M, T, Tysu
Polymer Monomer (%) (g/mol) (g/mol) D DP? (O  (°C)@
43a 40b + 41c +42a¥  81.3 81009 21600 2.79 7 — 272
43b 40b + 41c + 42bY  83.5 110009 745009 6.89 11 — 254
43¢ 40b + 41b + 422  47.9 61009 9000°) 1.59 5 — 279
43d 40b + 41a +42a% 724 79009 138009 1.79 7 182 280
43e 40a + 41c + 42a¥  76.4 50009 102009 2.09 5 - 277
43f 40c + 41c + 4229 789 94009 292009 3.19 9 111 256
44a 43a — 76009 121009 1.69 6 192 272
44b 43e — 50009 81009 1.6% 5 — 230
44c 43f — 6000 9700 1.69 5 96 199
46 40b + 41c + 45 82 153999 328009 213D 16 — 314

a) [40]:[41]:[42]=1:1:2.4.

b) [40b]:[41c]:[45]=1:1:2.5.

¢) Measured by GPC with monodisperse polystyrene standards.

d) measured by GPC with monodisperse poly(methyl methacrylate) standards.
e) Calculated using the M, .

f) Measured by DSC (10 °C/min).

g) Measured by TGA (10 °C/min).

Source: Adapted from Han et al. [76a]; Xu et al. [75].
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Figure 2.18 Pd-catalyzed synthesis of 50 reacting 47, 48, and 49. Source: Based on Siamaki et al. [79].
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Table 2.17 Synthesis of selected polymers 50.

Polymer  Monomer? Yield (%) M, (g/mol)® M, (g/mol)® B DP9
50a 47aa + 48a + 49a 72 2680 3110 1.16 4
50b 47ab + 48a + 49a 70 4370 5410 1.24 6
50c 47ab + 48a + 49b(0) 61 3930 4450 1.13 6
50d 47ab + 48b + 49d 65 4150 4830 1.16 5
50e 47ab + 48c + 49b(S) 54 4630 5470 1.18 6
50f 47ab + 48d + 49a 46 3950 4670 1.18 5
50g 47bb + 48b + 49a 68 4430 5150 1.16 5
50h 47cb + 48a + 49¢c 74 3790 4350 1.15 4

a) [47]:(48]:[49]=2:1:1.

b) Measured by GPC with narrow molecular weight distribution polystyrene standards.
c) Calculated using the M.

Source: Siamaki et al. [79].

Table 2.18 Synthesis of polymer 53.

Polymer  Monomer Yield (%) M, (g/mol)® M, (g/mol)® P? DP®)
53a 5la + 52b + 49a 64 3840 4450 1.16 7
53b 51b + 52a + 49a 72 4120 4840 1.17 6

a) Measured by GPC with narrow molecular weight distribution polystyrene standards.
b) Calculated using the M.
Source: Siamaki et al. [79].

fluorescence emission due to the presence of different heterocycles. This represents
an alternative approach to access imidazole-containing n-conjugated materials and
a family of new conjugated materials [79].

Arndtsen and coworkers extended the scope of this MCP by the synthesis of
polymers with different backbones via the combination of different monofunctional
and bifunctional monomers. They reported the Pd-catalyzed synthesis of polymer
53 by reacting diimines 51, acyl chlorides 52, and 1,4-N-benzylidene-bis(4-chloro-
benzenesulfonamide) 49a (Figure 2.19 and Table 2.18) [79]. It should be noted
that both polymers 50 and 53 have low DPs. Therefore, they are not polymers but
oligomers.

2.7.3 The Mercaptoacetic Acid Locking Imine Reaction

Copolymer synthesis via traditional chemical reactions to link two different polymer
chains is often slow and inefficient, usually leading to partially modified products
because of the intrinsic steric hindrance of the polymer chain. Click reactions are
the key solution to this traditional problem and two different polymer chains can be
efficiently stitched together to generate the target copolymers.
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Figure 2.20 Synthesis of polymer 55 via the MALI reaction of 28a, 2a6, and 54. Source: Zhao et al. [80].
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Table 2.19 Synthesis of polymer 55.

Polymer Monomer? M, (g/mol)® b DP9

55 28a + 2a6 + 54 18 800 1.49 48

a) [28a]:[2a6]:[54]=1:1:4.

b) Measured by GPC with narrow molecular weight distribution (200-10° g/mol) polystyrene
standards.

c) Calculated using the M, .

Source: Zhao et al. [80].

Some MCRs behave like two-component click reactions: they are modular,
efficient, with high atom economy, generate water as only byproduct and can be
performed under environmentally friendly reaction conditions, particularly at
room temperature and without a catalyst. In this respect, the mercaptoacetic acid
locking imine (MALI) reaction is interesting. This MCR combines a (di)aldehyde,
a (di)amine, and mercaptoacetic acid to prepare 4-thiazolidiones (Figure 2.20 and
Table 2.19), which have anti-human immunodeficiency (HIV), antituberculotic,
and anticonvulsant features [80].

This MALI reaction is a modular, efficient, and a high atom economic MCR which
behaves like other well-known two-component click reactions such as thiol-ene and
CuAAC reactions. Of particular interest, the MALI reaction needs only common
starting compounds (aldehyde, amine, and mercaptoacetic acid) and can be carried
out under benign reaction conditions. Hence, the MALI reaction can therefore be
considered as a green click reaction. The applications of this new click reaction in
other fields such as material surface modification, protein conjugation, and synthe-
sis of new polymers can now be accessed [80].

2.8 Conclusions and Outlook

In this chapter, an overview of different MCRs used in polymerization processes
was discussed. We focused on those MCPs that involved heterocyclic fragments or
produced polymeric materials that contained heterocyclic moieties. Main physical
properties like the number and weight average molecular weight (M, and M,
respectively), the polydispersity (D), the glass transition temperature (T,), the ther-
mal degradation temperature (T,), and the DP were calculated from M, values that
were available in the reports and served to make a comparative analysis. Especially,
the Ugi-, Mannich-, Biginelli-, and Hantzsch MCRs have proved valuable in MCP
synthesis of a wide range of different polymers with heterocycles. In addition, some
more specialized reactions were discussed. The MCPs covered all deliver products
with high levels of structural complexity and they can be used satisfactorily to
access diversely substituted sets of small focused libraries of heterocyclic polymers.
Key to a successful MCP is to monitor the DP. The reported DPs are often based on
the M, data that from the literature. Depending on how the M, was measured (GPC
or NMR) we have, therefore, taken caution with definite conclusions. Sometimes,
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these values are remarkably different as in the case of polymer 35b(S) (20 vs. 132).
We believe that especially in these cases M, values determined by NMR end groups
are more reliable. Analyzing the DPs of the polymers prepared via MCPs, it is
remarkable that these cascades of elementary reaction steps are able to proceed
such efficiencies (up to DPs of 115). Still, some MCPs like the Mannich-type PBA
polymers generally display low efficiencies and it would be interesting to see if these
reaction types can be improved. In general, this field can be considered to be still
in its infancy and we envision that in the (near) future, many more interesting and
useful MCPs will be discovered to produce (also in a scalable fashion) heterocyclic
polymers that can serve as functional building blocks for advanced materials of
the future.
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Multicomponent Reactions in Medicinal Chemistry
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Deusinglaan 1, Groningen, The Netherlands

3.1 Introduction

Multicomponent reactions (MCRs) are defined as reactions where more than two
starting materials react to give a product where most of the atoms appear in the
product. Many MCRs are name reactions of their inventors (Figure 3.1). Many
general reviews were written on MCR chemistry [1-15]. Comprehensive and author-
itative reviews are available for the name reactions: Ugi [4-6, 9, 16, 17], Passerini
[18], Betti [19], Mannich, Barginelli [20], Biginelli [21], Strecker, Groebcke-
Blackburn-Bienayme [10], Pauson-Khand [22-26], Petasis [27-29], Kabachnik-
Fields [30, 31], Povarov-Grieco [32-35], Castagnolli-Cushmann [36, 37], Hantzsch
[26, 38], Asinger [39], Gewald [13], and Doebner [40].

Moreover, many MCR reviews were written for specific areas, including photo-
chemistry [41], ionic liquids [42], oxidation-based MCR [43], dearomatization-based
MCR [44], copper-catalyzed [45], medicinal chemistry [46, 47], stereoselectivity in
MCR [48], green aspects [8], polymers [49], ligation and bioconjugation [50], specific
compound classes such as crop-protecting products [51], piperazine [52], benzo-
diazepine [53], Meldrum acid [54], tetrazole [9], y-lactame [55], quinoxaline [56],
peptides [57], and macrocycles [58], just to name a few.

MCRs feature several advantages over sequential multistep syntheses. The most
important descriptor of MCR is its multicomponent character. It means that several
different building blocks are reacted to a complex product in “one-pot” by simply
mixing. MCRs typically use simple, mild, and robust conditions with no need of
very low or high temperature, with no need of protecting atmosphere and often not
affected by moisture. The tolerated electronic, steric features, and functional group
compatibility is surprisingly high.

Complex target molecules such as drugs are assembled by a sequential multistep
synthesis. In average, a drug molecule is synthesized by a 7-8-step synthesis. Due to
the increasing complexity of recent drugs, the tendency is toward increasing number
of steps. During the discovery phase, the so-called design-make-test-analyze cycle
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3.1 Introduction

(DMTA) is followed and hundreds or even thousands of derivatives have to be syn-
thesized and evaluated [59]. Generally speaking, the more steps are used to reach
the target; the more effort, time, and money have to be invested. MCRs are differ-
ent from classical sequential syntheses, as they allow for the one-pot assembly of
complex molecules. MCR can be compared to the assembly of complex structures
via combinations of building blocks like Lego. Many different building blocks can
be used to easily assemble all different figures, forms, and buildings. Thus, the qual-
ity of a MCR can be measured at first instance, by the number of available building
blocks. Indeed, many MCRs use building blocks which are abundantly available. For
example, the archetypical Ugi reaction combines carboxylic acids, primary amines,
and aldehydes/ketones with isocyanides. All building blocks are commercially avail-
able as may different derivatives. Even so isocyanides are also commercially available
in large number, they can also be easily synthesized from the primary amine or
oxo-precursors [60-62]. Even mono-, di-, or trisaccharide isocyanides have been syn-
thesized in high yields and stereochemically purity [61]. MCRs typically use simple,
mild, and robust conditions with no need of very low or high temperature, with no
need of protecting atmosphere and often not affected by moisture. The tolerated elec-
tronic, steric features, and functional group compatibility is surprisingly high.

Based on the underlaying combinatorial mathematical principles, very high num-
bers of products can be synthesized in MCRs of high order and general availability of
building blocks. This was formulated by Ivar Ugi already in 1961: “reaction of 1.000
educts of each of the four groups of starting materials in the classical a-acylamino
carbonamide scaffold yields theoretically 1 x 1012 products.” Hence, MCR provides
a very large chemical space to find compounds with customized properties.

Another important aspect of MCR is their sustainability. As reviewed recently,
MCR obeys the principles of green chemistry [63]. For example, the principle of
prevention is followed as target compounds can be often synthesized using much
less steps. According to the definition of MCR, it can be hardly imagined that there
are more atom economical reactions. Generally, MCR uses safe solvents and auxil-
iaries. MCR often can be performed in alcohols or even water [64]. Often MCR can
be performed under protecting group free conditions. Renewable feedstock has been
introduced in MCR.

While one could argue, the scaffold diversity of MCRs is not very high due to
the low number of MCRs (Figure 3.1), the fact is that hundreds of highly variable
scaffolds have been described based on the combination of an initial primary MCR,
combined with a secondary reaction. MCR scaffolds are versatile synthetic hubs.
Due to the excellent functional group compatibility, combined with the very large
number of available building blocks, MCR chemistry can be easily combined with
other reactions leading to a shear infinite scaffold diversity accessible in just a few
steps (two to three). Hence, the combination of a few basic MCRs with other reac-
tions provides a treasure trove for displaying substituents in 3D for optimal receptor
interactions. A few examples are discussed to underscore this idea.

Additionally, MCR chemistry allows for many ways of late-stage functionaliza-
tion [65].
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Figure 3.2 Word cloud with the major attributes of MCR chemistry.

Due to the large number of publications, a rather personal, non-comprehensive
essay discussing chances and opportunities for medicinal chemistry and related
areas is given.

The building block principle of MCR allows for the fast and efficient assembly of
molecules of almost all shape, substitution pattern, and physicochemical properties.
Moreover, a particular scaffold can be presented in very high numbers of derivatives.
High scaffold diversity and numbers of derivatives are ideally suited to optimize for
properties. Scaffold diversity allows for rational scaffold hopping. Often, the 3D spe-
cial and pharmacophoric occupancy of substituents responsible for binding to the
receptor pocket can be represented by chemically very different scaffolds. The gen-

erally accepted advantages of MCR chemistry are summarized in the word cloud in
Figure 3.2.

3.1.1 Example: Protein—-Protein Interaction p53-MDM2

The protein-protein interaction (PPI) of the transcription factor p53 and its nega-
tive regulator MDM2 was an important target in oncology drug discovery over the
past 15 years, and almost every pharma company with a cancer franchise developed
antagonists for clinical trials [66-68]. In general, PPIs are difficult to target by small
molecules based on their large and often featureless interfaces. Even so there are a
few approved small-molecule drugs for PPI, they are largely the domain of biolog-
ics, such as monoclonal antibodies. Examples of such “undruggable” targets include
receptor (Her, EGFR, PD1/PDL1, IL17) [69]. P53/MDM2 is such an exception which
is indeed druggable by small molecules and is particularly suitable for MCR chem-
istry (Figure 3.3). In Figure 3.4, the cocrystal structure of the interface of the PPI
p53/MDM2 epitope is shown [70]. The Phe19Trp23Lys26 triad of an amphiphatic
a-helix of p53 is binding into the MDM2 receptor. The amino acid triad undergoes
mostly hydrophobic interaction with the receptor, and the indole-H of Trp23 forms a
hydrogen bond with p53-Lys54. Amongst the three amino acids, particularly Trp23
binds deeply into the MDM2 receptor and constitutes an anchor point. All small
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Figure 3.4 The protein—-protein interaction between the negative regulator MDM2 and
transcription factor p53 (PDB ID 1YCR) is a popular drug target. Antagonizing the
protein-protein interaction can be accomplished by closely mimicking the hotspot triade
Y19W231.26 by small molecules.

molecules antagonizing the PPI p53/MDM2 indeed mimic the Trp23. Several scaf-
folds mimicking the Phe19Trp23Lys26 triade in the PPI p53/MDM2 were discovered
by different MCR chemistries and can be used to antagonize the PPI in the same
interface.

The van Leusen 1,4,5-trisubstituted imidazole is suitable to antagonize
p53-MDM2. It can be synthesized in one step from an aldehyde, primary amine,
and an a-substituted tosmic derivative at mild basic conditions [71]. The use of
indole-3-carbaldehyde in the vL-3CR provides an anchor mimicking Trp23, and
the other two components can be optimized to mimic the other two amino acids of
the triad Phel9 and Lys26. Multiple potent molecules were described, and several
cocrystal structures proof the binding mode and revealed new approaches for
p53-MDMX/MDM?2 antagonist drug discovery (Figure 3.5) [72-75].

Benzodiazepinediones were described as potent antagonists of p53/MDM2
[76-78]. The p-chlorophenyl side chain directly appending the diazepine ring
protrudes deeply into the Y23 pocket in MDM2, while the second p-chlorophenyl
group mimics the L26 as can be seen in a cocrystal structure. The iodo substituent
of the benzodiazepinedione scaffold forms a halogen bond with the backbone
carbonyl oxygen atom of GIn72. Compound 17 exhibits a potent IC;, = 0.22 pM and
K4 =80nM. The benzodiazepinedione series was synthesized by a Ugi of suitably
protected anthranilic acids 12 and convertible cyclohexyl isocyanide 11, followed
by cyclization. The further development of this compound series was halted due to
low cellular potency likely due to cell penetration issues (Scheme 3.1).

The benzimidazole-2-one has been introduced as a novel anchor principle to
indole mimic W23. Such benzimidazole-2-ones can be synthesized by a U-3CR fol-
lowed by a microwave-assisted cyclization (Scheme 3.2) [79]. From a small library
of 15 analogues, enantiomer 22 revealed a Ki of ~2pM, whereas the antipode
was inactive by protein NMR titration. The separation of the enantiomers was
accomplished by chiral supercritical fluid chromatography on a semipreparative
scale with a run time of less than three minutes.



Figure 3.5 The van Leusen trisubstituted imidazole scaffold to antagonize p53/MDM2. (a) Alignment of six cocrystal structures of vL-3CR molecules in
MDM2/x. The protein is shown as gray surface, the molecules in stick presentation. (b) One-by-one structural presentation showing the protein as gray
cartoon: basic type 5 (PDB ID 3LBK), morpholinoethyl amide 6 with improved water solubility (PDB ID 3DIJ), pyrrolidine amide 7 in MDMX (PDB ID 6Q9L),

pyrrolidine amide Il 8 in MDMX (PDB ID 3LBIJ), benzoic acid derivative 9 (PDB ID 6Q9S), and ester 10 (PDB ID 5J7G). (c) The van Leusen reaction (vL-3CR)
of a-substituted tosmics, aldehydes, and primary amines.
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Scheme 3.1 Benzodiazepinediones as potent p53/MDM2 antagonists: 2-Step MCR synthesis and cocrystal structure (PDB ID 1T4E).
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Scheme 3.3 Ugi-4CR for synthesis of potent p53/MDM2 antagonists.

a-Aminoacyl amides 27 generated by the Ugi-4CR were first discovered using a
computational docking search technology named ANCHOR.QUERY that brings
interactive virtual screening of novel protein-protein inhibitors to the desktop
[75, 80, 81]. It can be synthesized by Ugi-4CR of benzylamine derivatives 23,
1H-indole aldehyde 24, isocyanide 25, and formic acid 26 (Scheme 3.3).
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A fluorinated indole-based MDM2 antagonist selectively inhibits the growth of
p53(wt) osteosarcoma cells [82].

Fluorine scanning around the benzylamine component was used to probe the
dipolar interaction with His96. All possible 20 fluorinated benzyl derivatives could
be consciously synthesized using U-4CR in one-pot (Scheme 3.4). A cocrystal
structure of (S)-34 with MDM?2 reveals the structural basis of the potent interac-
tion. An antiparallel dipole momentum interaction between the His96 and the
3,4-difluorobenzyl group of (S)-34 is leading to an attractive interaction. This
findings underscore the principally known but often surprising effects that fluorine
can exert on the biological activity of small molecules [80].

Dihydroimidazole can be synthesized by a three-component reaction of a-acidic
isocyanides, aldehydes, and primary amines, which has been made popular by Orru
(O-3CR). The use of suitable components, 4-chlorobenzaldehyde 35, amine 36, and
isocyanide 37, yields p53/MDM2 antagonists (Scheme 3.5) [75].

a-Aminoacyl amides were found as potent p53/MDM?2 antagonists. In a scaffold
hopping exercise and supported by the pharmacophore-based virtual screening
platform ANCHOR.QUERY, the Ugi-4CR scaffold was morphed toward a p-lactam
scaffold with potent p53-MDM2 antagonizing activities. 2D-HSQC and FP mea-
surements confirm potent MDM2 binding. Molecular modeling studies were used
to understand the observed structure-activity relationship (SAR) in the fB-lactam
series [83]. The synthesis involves the Ugi reaction of p-amino acids 41, aldehydes
42, and isocyanides 43 yielding 44 (Scheme 3.6).

Occupying the MDM2 hotspot FWL is key for obtaining active p53/MDM2
antagonists. However, the hotspot surrounding comprises a shallow extended
binding site which can be occupied by a macrocyclic scaffold. These macrocycles,
alternatively to stapled peptides, target for the first time the large hydrophobic sur-
face area formed by Tyr67, Gln72, His73, Val93, and Lys94 yielding derivatives with
affinity to MDM2 in the nanomolar range. Their binding affinity with MDM?2 was
evaluated using fluorescence polarization (FP) assay and 'H-'*N two-dimensional
HSQC nuclear magnetic resonance experiments [84]. Their synthesis involves a
U-4CR of benzylamine 45, indolecarbaldehyde 46, alkene-substituted isocyanide
47, and carboxylic acid 48 building blocks, followed by a ring-closing metathesis
yielding 12- 24-membered macrocycles (Scheme 3.7).

Suitable Gewald thiophenes were also predicted to yield p53/MDM2 antagonists
by using the ANCHOR.QUERY software [75]. Indeed, 54 showed a K; =5 pM and
can be synthesized by reaction of the cyanoacetamide 51, ketone 52, and sulfur 53
(Scheme 3.8). The cyanoacetamides can be conveniently synthesized in great diver-
sity by solventless simply mixing cyanoacetic acid ester and the amine component
and filtering and washing the solid products [85].
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Scheme 3.8 G-3CR product as p53/MDM2 antagonist.

In another work, Gewald products 55 were used in the U-4CR with isocyanides
56, glyoxalethylester 57, and primary amines 58 to yield after deprotection of
the intermediate and base-induced cyclization thienodiazepine-2,5-diones as
p53/MDM2 antagonists 59 (Scheme 3.9) [86].

Stapled peptides are especially suitable to mimic a-helices and have been adopted
to become “drug-like,” including increased stability, solubility, and cell penetration.
A stapled peptide potently able to antagonize p53-MDM2 and its congener MDMX
was entering clinical trials [70]. Stapling of peptides is often done by metathesis of
suitable alkene side chains leading to hydrophobic macro rings. Stapling based on
MCR chemistry was first introduced by Rivera and Domling [87]. It was demon-
strated that the MCR-based stapling is an effective strategy for the development of
a-helical peptides with highly potent dual antagonistic action of MDM2 and MDMX
binding p53 (Figure 3.6a). The satisfactory macrocyclization yields were obtained
for stapled peptides 8 (63) after 72 hours of reaction via Ugi-4CR of isocyanide 60,
amine 61, and formaldehyde 62. The inhibitory activity of p53-MDM2/X interactions
was assessed by FP, microscale thermophoresis, and 2D NMR, while several cocrys-
tal structures with MDM2 were obtained (Figure 3.6b). This MCR stapling protocol
proved efficient and versatile in terms of diversity generation at the staple, as evi-
denced by the incorporation of both exo- and endo-cyclic hydrophobic moieties at
the side chain cross-linkers. Potential advantage of MCR stapling is the convergent
introduction of beneficial properties into the staple.

DNA-encoded library chemistry (DEL) is a technology platform which allows to
create very large chemical space on solid support and displayed on a very low vol-
ume [88]. Multiple applications based on sequential split and pool syntheses have
been described [89]. Brunschweiger and coworkers introduced MCR chemistry to
DEL [90]. An application of MCR DEL was the discovery of PPI antagonists for
p53/MDM2 and YIAP [91].
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Figure 3.6 MCR peptide stapling. (a) Solid-phase synthesis of stapled peptide 8, 63; (b) Cocrystal structure of Ugi-peptide 8 and MDM2 (PDB ID 6T2D).
The buried surface area (BSA) of the peptide 8 is depicted as a cyan surface.
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3.2 Scaffolds and the Chemical Space of MCR

The scaffold is an important theoretical concept in medicinal chemistry which is
very helpful to rationalize SAR and optimize compounds activities. A classical defi-
nition of the scaffold is “a molecular core to which functional groups are attached.”
[92] Bemis and Murcko scaffolds, cyclic skeletons, and other reductions are
graph theoretical constructs describing different topologies of groups of molecules
foremost useful for computational analysis [93, 94]. An alternative definition of a
scaffold is “the smallest atomic denominator and its connectivity as resulting from
a reaction or reaction sequence using starting materials with common functional
groups.” [52] This definition of a scaffold is practically connected to their synthesis
and is used in the following. The usefulness of a scaffold in medicinal chemistry is
the notion that a core structure with its surrounding function groups is responsible
for the biological activity and the observed SAR. The bioisosteric replacement of the
core structure, while keeping the surrounding ligand sphere, was coined “scaffold
hopping” and is of great importance in medicinal chemistry to enter favorable
drug-like properties or to secure intellectual property. The scaffold has thus major
implications for the definition of a chemical space around an intellectual IP.

The Gewald-3CR (G-3CR) is one of the very mild reactions of elemental sulfur
in organic chemistry. In the GW-3CR, elemental sulfur reacts with a-methylene
aldehydes or ketones and a-methylene a-acidic nitriles under basic conditions. The
G-3CR already proved its use in medicinal chemistry with accessing the block buster
drug olanzapine. An example of a recent compound 64 is the pan-serotype inhibitor
of the dengue virus NS4B protein, NITD-688, showing favorable pharmacokinetics
and efficacy in preclinical animal models [95]. Due to the 2-amino thiophene moiety
with a further reactive substituent in 3-position, the primary GW-3CR scaffold is
a valuable hub in organic chemistry leading to a plethora of additional products
(Scheme 3.10).

Inhibition of angiogenesis is a promising strategy for the treatment of can-
cer. Compound 65 had a considerable activity against prostate cancer cell line,
PC3 (IC, =0.97 pM) [96]. Meanwhile, the cardiac troponin I interacting kinase
(TNNI3K) exacerbates ischemia-reperfusion (IR) injury via oxidative stress, thereby
promoting cardiomyocyte death. Some compounds with thienopyrimidine scaffold
exhibited sub-micromolar TNNI3K inhibitory capacity and good kinase selectivity,
as well as cytoprotective activity [97].

Thieno[2,3-b]pyridine amines can be synthesized by Gewald reaction. Compound
66 not only showed the high activity toward acetylcholinesterase and butyryl-
cholinesterase but also performed good inhibitory activity toward amyloid-beta (BA)
aggregation and p-secretase 1, neuroprotectivity, and cytotoxicity against HepG2
cells [98]. Gewald chemistry could be used to synthesize the compound 67. A novel
Ni-catalyzed denitrogenative cross-coupling between 67 and cyclopropanols to
yield 68 was reported. This neoteric reactivity allows for the convenient synthesis of
B-(o-amido)aryl ketones 68 from readily available starting materials with good yields
and general substrates [99]. Many natural or synthetic chalcones have potential
anti-tumor activity. Chalcone analogues containing a thieno[2,3-d]pyrimidin-2-yl
group 69 can also be synthesized via Gewald chemistry. This chalcone series
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Scheme 3.10 NITD688 as a potent Dengue virus inhibitor and the Gewald chemistry hub.

could perform good inhibitory activity against HCT-116 cells and induce cell
apoptosis via the mitochondrial death pathway [100]. Bayer Pharmaceuticals found
a novel non-xanthine (thienouracil) antagonist of the A,; adenosine receptor from
high throughput screening. After the structure optimization work, compound
70 was described and showed the best activity [101]. G-3CR product could be
used in the fused phospha-pyrimidines synthesis as a starting point. Two general
approaches are described to synthesize compound 71 [102]. The generation of
natural product-inspired scaffold diversity is an effective but challenging strategy
to investigate the broader chemical space and identify promising drug leads. From
the evodiamine, compound 72 as an evodiamine-inspired novel scaffolds was
designed and synthesized. From the G-3CR product as the synthesis starting point,
compound 68 could been synthesized very easily (3 steps) with moderate yields
[103].
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3.2.1 Marketed and Clinical Stage Drugs

Many marketed or clinical stage drugs comprise fragments which can be assembled
advantageously using MCR chemistry. Its use can potentially shorten the time to dis-
cover and optimize a lead. Moreover, it can potentially shorten the synthesis pathway
of the API, saving time and money, and leading to an overall more sustainable syn-
thesis. A survey of the current pharmacopeia, e.g. Drug Bank, reveals that ~10%
contains MC fragments [104]. Surprisingly, however, only very few drugs indeed
were discovered and produced by MCR. Thus, there is a considerable potential for
MCR chemistry not only to save time, resources, and money but also to establish
alternative intellectual property. In the following, examples of advantageous use of
MCR chemistry in the discovery and/or production of drugs are discussed.

Phenserine 77 is a synthetic drug which has been investigated as a medication to
treat the Alzheimer’s disease (AD), as the drug exhibits significant neuroprotective
and neurotrophic effects. The intermediate 76 can be synthesized by a Pd-induced
MCR of o-iodobenzacylamide 75, benzylalcohol 74, and carbon monoxide 73
(Scheme 3.11).

Tadalafil 83 is also called the “weekend pill” [105]. It is a medication used to
treat erectile dysfunction (ED), benign prostatic hyperplasia (BPH), and pulmonary
arterial hypertension. Tadalafil can be synthesized starting from Boc-protected
(p)-tryptophan 78 and piperonal 82 via Ugi-4CR reaction and Pictet-Spengler
reaction (Scheme 3.12) [106].

Bestatin 87 is a natural product isolated from Streptomyces olivoreticuli. It acts as
a broad spectrum competitive reversible protease inhibitor of aminopeptidase B,
leukotriene A4 hydrolase, aminopeptidase M/N, oxytocinase/vasopressinase, and
leukotriene D4 hydrolase. It is studied in clinical trials for use in the treatment of

OH

[Pd)/Xida-Phos, Cs,CO,,
+ 74 mesitylene, =10 °C

76

1) NH,CH,, 80 °C, 36 h
2) LiAIH,, 50 °C, THF

3) BBr,, CH,Cl,, 23 °C
4) Na, Et,0; MeNCO 77, (+)-phenserine

Scheme 3.11 Phenserine synthesis by MCR.
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Scheme 3.12 U-4CR for Tadalafil synthesis. Source: Adapted from Jida et al. [106].
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Scheme 3.14 Racemic penicillamine can be synthesized by an Asinger-3CR followed by a
Strecker reaction and hydrolysis.

acute myelocytic leukemia and hypercholesterolemia. Bestatin is also used in the
construction of PROTAC as it binds the E3 ligase cIAP1 [107]. The molecule with
3 adjacent stereocenters has not only been synthesized by sequential multistep syn-
theses [108-110] but can also be prepared by a Passerini 3-component reaction [111].
Reaction of N-a-Cbz-p-Phe-H 84 and the leucine-derived isocyanide 85 with TFA in
pyridine produced adduct in 65% yield as a 1.5 : 1 mixture of diastereomers at the
new hydroxy center with retained configuration at the original aldehyde and isoni-
trile chiral centers. Separation of the a-hydroxy diastereomers, hydrogenolysis, and
HPLC separation afforded bestatin 87 in satisfactory overall yield (Scheme 3.13).

Penicillamine 90 is a chelating agent used for the removal of excess copper in
patients with Wilson’s disease. It is also used to reduce cystine excretion in cystinuria
and to treat patients with severe, active rheumatoid arthritis unresponsive to conven-
tional therapy. Penicillamine can be synthesized by a combination of the Asinger and
Strecker MCR in a racemic form (Scheme 3.14) [112].

Ivosidenib 96 is the first approved drug which was discovered by Ugi MCR
chemistry and is also produced using the same chemistry [113-116]. It inhibits
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Scheme 3.15 MCR synthesis of ivosidenib.

isocitrate dehydrogenase-1 (IDH1), which is mutated in several forms of cancer.
It is a medication for the treatment of acute myeloid leukemia (AML) with IDH1
mutations. A process described by TEVA, resulting in the API, is as follows. The
isocyanide 91 is produced from the cyclobutylamine by formylation and dehy-
dration with POCI;/TEA and then dissolved in 2,2,2-trifluoroethanol (TFE). The
Ugi reaction was performed on the preformed imine and the acid 94 and resulted
in a mixture of the two diastereomers. An efficient workup and crystallization
procedure was developed for the isolation of desired diastereomer Ugi product.
Acid/base extraction and treatment with piperidine allowed for isolation of pure Ugi
product in >99.9% chiral purity and 27—31% yield from amine 93 without the need
of any chiral chromatography. In a second step, 2-chloroisonicotinonitrile 95 was
selectively coupled onto the y-butyrolactame by a Buchwald—Hartwig procedure
followed by crystallization from EtOAc and n-heptane gave ivosidenib in 91% yield
(Scheme 3.15).

Telaprevir 97 is a initially marketed HCV NS3/4A serine protease inhibitor
and was co-developed by Vertex Pharmaceuticals and Johnson & Johnson [117].
Recently, Telaprevir and its close relative Boceprevir have been shown to potent
inhibitor SARS-CoV-2 main protease exhibiting also strong inhibition of cellular
viral replication [118]. Especially, Boceprevir seems to be interesting as a candidate
of repurposing [119]. Telaprevir as all other HCV NS3/4A serine protease inhibitors
belongs to the class of peptidomimetics, which are mimicking the endogenous
substrate and are complex compounds with high molecular weight and full stere-
ochemistry. Not surprisingly, the original synthesis was lengthy, expensive, and
complex, involving for example chiral chromatographic separation [120]. Even the
described GMP synthesis of the drug exceeded well 20 linear steps and features low
overall yields. An elegant total synthesis of Telaprevir was described featuring a
Passerini and diastereoselective Ugi reaction [121]. Through the incorporation of
two MCRs, the overall step number and time to product could be cut in more than
half featuring a much better overall yield (~30%, Scheme 3.16). The N-terminal
a-ketoamide moiety which is important for the covalent addition to the HCV
NS3/4A serine protease was synthesized by a Passerini reaction (P-3CR). Toward
this end, commercial (S)-2-amino-1-pentanol (98) was transformed to aldehyde 99
by N-formylation and IBX oxidation and in situ subsequently reacted in the P-3CR.
The one-pot Dess-Martin oxidation/Passerini reaction of 99 furnished 102 in 60%
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overall yield as a 78 : 22 mixture of diastereomers. Dehydration of the formamide
using triphosgene and NMM in DCM at, —30°C yielded 87% of the isocyanide
105 with no racemization of the C3 stereocenter. The second MCR facilitating
the overall Telaprevir total synthesis is a highly diastereoselective Ugi reaction
performed in DCM, of the cyclic 104, the Passerini reaction derived isocyanide
105 and the C-terminal carboxylic acid 103 in 76% yield. The cyclic Schiff base
104 was produced enantiomerically pure by the enzymatic desymmetrization of
meso-pyrrolidines by means of a monoamine oxidase-N (MAO-N) from Aspergillus
niger optimized by directed evolution [122]. The synthesis is scalable and has been
performed on a GMP scale to produce 1000 kg of drug. This Telaprevir synthesis
is an example par excellence for the usefulness of MCR chemistry in medicinal
chemistry. It is conceivable that the close relative Boceprevir can be synthesized by
an analogous MCR route.

113
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Praziquantel 113 (PZQ) is an antihelminthic and is the pharmacological main-
stream to treat schistosomiasis [123]. Schistosomiasis also called Bilharzia is
a neglected tropical disease of poverty that leads to chronic severe morbidity,
including abdominal pain, diarrhea, blood in the stool, liver enlargement, accumu-
lation of fluid in the peritoneal cavity, and hypertension of the abdominal blood
vessels and bladder cancer. 240 Million people are infected with Schistosomiasis,
~200,000 die yearly, and more than 700 million people live in endemic areas.
Hence, affordable drugs are of highest importance. The disease is acquired in
standing fresh water when parasitic blood flukes, known as schistosomes penetrate
through the human skin. A tetrahydroisoquinoline derivative, PZQ, is an effective
one-time-use treatment to kill the adult form of the schistosomes. It is well tolerated,
and no signs of resistance have been observed, despite treatment of millions of
patients in sub-Sahara Africa. The classical synthesis of PZQ involves a sequential
five-step synthesis including a Reissert reaction using large excess of toxic KCN
[124]. Alternatively, PZQ can also be synthesized by a short convergent sequence
involving a Ugi reaction followed by a Pictet-Spengler reaction (Scheme 3.17).
Reaction of phenylethylamine derived isocyanide 108 with formaldehyde 110,
aminoacetaldehyde dimethyl acetal 109, and cyclohexyl carboxylic acid 111 yields
PZQ in one pot in 86% yield [125]. The subsequent Pictet-Spengler reaction was
reported with 75% yield. The synthesis has been scaled to several tens of gram.
A mole scale synthesis of the phenylethyl isocyanide has been described using a
dry work-up with increased safety and producing less reaction waste resulting in a
highly reduced environmental footprint [60]. Variations of carboxylic acids and oxo
components yielded a library of derivatives, none of which was more active then
PZQ in a schistosoma killing assay [126]. Ketocarboxylic acids used in the same
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Scheme 3.17 MCR synthesis of Praziquantel.
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scheme give unusual polycyclic scaffolds [127]. Praziquantel due to its important for
the worlds health and its safety and efficacy is on the WHO model list of essential
medication. Recently, the billionth PZQ tablet was donated to the WHO by the
producer Merck KG.

Atorvastatin 120 for many years was the best-selling drug ever. It is a statin,
used for the prevention of cardiovascular diseases originating from abnormal
blood lipid levels. The mode-of-action of Atorvastatin involves the inhibition of the
NADH-dependent liver enzyme HMG-CoA reductase, which is the rate-controlling
enzyme of the mevalonate pathway, the metabolic pathway that produces
cholesterol and other isoprenoids. The different industrial atorvastatin syntheses
proceed via the Paal-Knorr route consisting of between 6 and 11 steps excluding
the synthesis of amine 115 which is commercially available. The MCR approach
features a key Ugi reaction followed by a 3 + 2 cycloaddition through a Munchnone
intermediate (Scheme 3.18) [128]. The reaction at rt of p-fluorobenzaldehyde
114, the suitably functionalized, commercially available amine 115,(29,39—41)
the convertible isocyanide 116,(42—45) and isobutyric acid 117 in TFE afforded
the Ugi adduct (U-4C) 118 in 40% yield (performed on a 10 mmole scale). The
regioselective [3 + 2] cycloaddition of 118 with the N,3-diphenylpropiolamide 119

N K
oo O o
H2N/\/KMO \’L
F 114 115 O
+ 1) TFE, 1t, 3d, 40%
NC oH 2 KOH, MeOH,
NO
> 3) HCl, 1t (pH = 6) NT\)\
° e
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O\
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1) DIPC, THF, 46%
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2) CSA, DCM, rt, 88%

120, Atorvastatin

Scheme 3.18 MCR route to Atorvastatin. Source: Zarganes-Tzitzikas et al. [128].
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and N,N’-diisopropylcarbodiimide (DIPC) in THF, yielding the advanced interme-
diate 120 in 46% yield which can be readily converted by acidic deprotection with
10-camphorsulfonic acid (CSA) to atorvastatin. Amongst all described atorvastatin
syntheses, the MCR strategy can be ranked among the most competitive one with
just four steps.

Carfentanil 126 is a synthetic opioid analgesic introduced by Paul Janssen in the
1970s. It is a controlled substance in many countries due to its widespread use as
an illegal narcotic. The mode of action is revealed by u-opioid receptor binding,
which is >10 times higher than morphine. Moreover, carfentanil easily crosses the
blood-brain barrier. Many different synthesis routes toward carfentanil are known.
The Ugi route involves secondary amide to ester transformation in the presence of a
tertiary amide. This is a demanding transformation since tertiary amide is more reac-
tive then secondary. For this purpose, so-called convertible isocyanides were devel-
oped. Convertible isocyanides are called convertible because once they reacted in the
MCR, they can be selectively transformed into another functional group. Already
in 1962, Ugi described the use of cyclohexenyl isocyanide in the U-4CR and subse-
quent conversion of the product to a primary amide. Later, the “child” was named
by Armstrong. Clearly, the carfentanil skeleton can also assembled by a Ugi MCR
[129-132]. The Ugi 4CR of 121, commercial ketone 123, aniline 122, and propionic
acid 124 followed by methanolysis yields carfentanil 126 (Scheme 3.19). The U-4CR
afforded 125 in excellent yield (92%). Acidic methanolysis then gave carfentanil 126
in near-quantitative yield (98%). The Ugi route was used to discover novel analgesics
with better side effect profile. The synthesis and pharmacological characterization of
novel carfentanil amide analogues by receptor binding and analgesia assays revealed
127, which showed moderate analgesic affinity and some respiratory depression, but
produced no physical dependence or inhibition of GI transit in mouse models [131].
128 has a mixed pOR/8OR receptor binding profile.

Clopidogrel 135 is an antiplatelet medication to reduce the risk of heart disease
and stroke. It is a prodrug which is activated by different CYPs and then covalently
binds and inactivates the P2Y12 subtype of ADP receptor. 135 has been synthesized
in racemic form using two MCRs [133]. The Petasis-3CR of (2-chlorophenyl)boronic
acid 129, 2-oxoacetic acid 130, and 4,5,6,7-tetrahydrothieno[3,2-c]pyridine 131 can
help to yield the clopidogrel. 135 can also be synthesized using the Ugi-4CR employ-
ing the convertible isocyanide cyclohexenylisocyanide 132, aldehyde 133, and amine
134 (Scheme 3.20).

Xylocaine 140 is a local anesthetic. Xylocaine and similar caines were first synthe-
sized by Ugi using his U-3CR. 1,3,5-Triazinanes were introduced as formaldimine
surrogates in the Ugi reaction yielding i.a. xylocaine [134]. Pt/TiO, catalysts under
visible/near-UV light irradiation were used to synthesize xylocaine from the iso-
cyanide 138, diethylamine 136, and formaldehyde 137 (Scheme 3.21) [135].

Quinapril 144 is an ACE inhibitor and works by decreasing renin-angiotensin-
aldosterone system activity. It is used to treat high blood pressure, heart failure, and
diabetic kidney disease. Its synthesis was described using Ugi MCR (Scheme 3.22)
[136]. TiCl, catalyst was used to accomplish the U-3CR product of acetaldehyde
141, ethyl-2-amino 4-phenyl butanoate 142, and benzyl-2-isocyano-3-phenyl
propionate 143. The major diastereomer was separated by crystallization as the
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Scheme 3.22 U-3CR synthesis of quinapril. Source: Based on Borase et al. [136].

maleate salt. After benzylation of the secondary amine, the tetrahydroisoquinoline
was formed through a Pictet-Spengler reaction using p-toluene sulfonic acid
monohydrate, paraformaldehyde in toluene. Debenzylation with Pd/C yielded
quinapril.

Racetams are a class of nootropic or anticonvulsant drugs that share a pyrrolidone
nucleus. Using Ugi MCR of y-amino butyric acids and the corresponding aldehy-
des and isocyanides, the approved piracetam 148, etiracetam, (S)-levetiracetam 149,
nefiracetam 150, and pramiracetam 151 as well as a library of other highly substi-
tuted novel racetams were synthesized (Scheme 3.23) [137].

Lacosamide is an important drug for the treatment of epilepsy. A scalable ver-
sion of the Ugi reaction was used to synthesize (R)-Lacosamide 156 [138]. To induce
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Scheme 3.24 2-Step (R)-lacosamide synthesis via Ugi MCR.

the stereocenter of lacosamide the chiral auxiliary (S)-4-methoxy phenethylamine
154 was chosen to yield the two diastereomers in 70 : 30, in favor of the desired
(S,R)-diastereomer. They could be separated by crystallization. Cleavage of the aux-
iliar was accomplished by the use of formic acid at 80°C. The API was synthe-
sized on a 50 kg scale in 40% overall yield, meeting all required purity specifications
(Scheme 3.24).

Olanzapine 165 is an atypical antipsychotic used to treat schizophrenia and
bipolar disorder. It has a higher affinity for 5-HT2A serotonin receptors than D2
dopamine receptors, which is a common property of most atypical antipsychotics.
As a generic drug, many different synthesis pathways have been described, includ-
ing a flow synthesis [139]. A key element in the structure is the 2-amino thiophene
which is synthesized using the Gewald reaction (GW-3CR) of acetonitrile deriva-
tives, sulfur and a-methylene ketones or aldehydes (Scheme 3.25). In this particular
case, propionic aldehyde 157 and malondinitrile 159 are reacted with sulfur 158
in DMF. The Gewald reaction is one of the few reactions in organic chemistry
where elemental sulfur reacts at mild room temperature conditions [13, 140].
Furthermore, the 2-aminothiophene fragment is present in numerous drugs.
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Scheme 3.26 Nifedipine synthesis using the Hantzsch MCR and structures of other
dihydropyridine-based drugs. Source: Based on Sohal et al. [141].

Nifedipine 169 is another classic drug. It is a calcium channel blocker med-
ication used to manage angina, high blood pressure, Raynaud’s phenomenon,
and premature labor. Dihydropyridines are synthesized by the Hantzsch reaction
(Scheme 3.26) [141]. Several other drugs 170 based on the dihydropyridine scaffold
are now approved.

Almorexant 176 is an orexin antagonist, functioning as a competitive receptor
antagonist of the OX1 and OX2 orexin GPCR receptors, which was developed by
the pharmaceutical companies Actelion and GSK for the treatment of insomnia
[142]. Development of the drug was abandoned in January 2011 due to undis-
closed issues pertaining to almorexant’s safety profile. The U-3CR (performed
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by 2-phenylethan-1-amine 171, aldehyde 172, and isocyanide 173) followed
by a Pictet-Spengler reaction was functional in the discovery of Almorexant
(Scheme 3.27). However, the synthesis pathway was abandoned in favor of an
enantioselective one.

Amenamevir 181, approved in Japan, is an antiviral drug used for the treatment
of shingles (herpes zoster). It acts as an inhibitor of helicase—primase [143, 144].
Clearly, Amenameyvir can be assembled as a product of a simple U-4CR of formalde-
hyde 179, 2,6-dimethyl aniline 178, carboxylic acid 180, and p-oxadiazole phenyliso-
cyanide 177. Even taking the isocyanide building block synthesis into account, it
outperforms the published multi-step sequential synthesis (Scheme 3.28).

3.3 Some Biopharmaceutical Application of MCR

Antibody drug conjugate (ADC) is an established, rapidly growing drug modality,
mostly with applications in cancer but recently also in CNS disorders. An issue in
ADC is the selective coupling of the linker and warhead on specific substituents of
the antibody [145]. It is well established that the site-specific conjugation and the
number of warheads per antibody have a profound influence on the PKPD prop-
erties of the ADC. This is often accomplished by disulfide bridge reduction and
random reaction with Michael acceptors. Recently, genetically modified mAbs can
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be generated with non-proteinogenic amino acids in specific positions which can
selectively react.

A novel site-selective strategy was recently introduced by employing Ugi- or
Passerini MCR to conjugate different payloads. Native acid side chain amino acids
(aspartate/glutamate) neighboring lysine work as acid and amine component in
the Ugi reaction can be selectively modified with an oxo and isocyanide component
for the conjugation process. This strategy is in sharp contrast to most conjugation
techniques which target a single amino acid residue in the mAb. Specifically,
Trastuzumab was coupled with different aldehydes and tert-butyl isocyanide to
yield mAb with different ratios of payloads. Aldehydes included TAMRA aldehyde
186, azide-containing aldehyde 188, or glycosyl aldehyde 187. The azide side chain
was further derivatized by click chemistry, for example with a dolastatin derivative
(Scheme 3.29).

While the number of modification sites on trastuzumab is too high to call this
strategy site-specific, the N-terminal modification of both chains coupled with the
excellent aspartate/glutamate selectivity (Figure 3.7).

Tubulysins are a class of highly cyctotoxic natural products isolated from
Mpyxobacteria sp. [146] They act by binding to the cytoskeleton and preventing
the necessary tubulin dynamic [147, 148]. They are exceedingly potent apoptosis
inducers up to femtomolar concentrations in different cancer cell lines. Their
small therapeutic window prevents their direct use as anticancer agents. However,
tubulysins have been clinically evaluated as conjugates to folate and monoclonal
antibodies [149-151]. Interestingly, Tubulysins have been conjugated very flexible
at three different parts of the molecule: C-terminal, N-terminal, and on the aromatic
part of the TubuPhe moiety. Despite multiple attempts to produce tubulysins by fer-
mentation, the yields are too low and the separation of the different family members
makes this process not viable for large-scale production. Multiple tubulysin total
syntheses have been described, most of them lengthy and low yielding. A total syn-
thesis of N'4-desacetoxytubulysin 190 using a Passerini reaction indeed is amongst
the most convergent, shortest, and highest yielding (Scheme 3.30) [152]. This
synthesis features less than 20 steps, with an overall yield approaching 30%, while
being scalable. A key step involves the Passerini reaction of configurationally stable
chiral cysteine-derived isocyanide, dipeptide-derived carboxylic acid, and chiral
b-amino aldehyde 191. The reaction was performed in the presence of chiral chiral
ligand x together with ZnBr,, to afford 195a as the correct diastereomer as a major
product (diastereoselectivity 92 : 8) in acceptable yield (71%). The Passerini reaction
is included into the so-called PADAM [153, 154] (Passerini-deprotection-migration)
sequence of N-protected aldehydes which after deprotection undergo a smooth
transacylation.

3.3.1 Computational Methods of MCR Chemical Space Screening

The unique MCR feature of a very large chemical space at the same time is also a
burden. While >10'2 compounds in principle are accessible by MCR no finite way
to synthesize or screen, this numbers will be available anytime soon. Therefore,
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Figure 3.8 The ANCHOR.QUERY VS platform to screen >31 million MCR molecules. (a) The
ANCHOR.QUERY computational workflow. (b) The ANCHOR.QUERY web-based interface for
pharmacophore search. An example query derived from the p53/MDM2 PPI is shown (PDB
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(cartoon), the pharmacophore query (spheres and yellow anchor indicator), and a matching
compound based on the van Leusen imidazole MCR from the tryptophan-biased library
(sticks).

computational ways to narrow down the almost infinite chemical space are very use-
ful. The ANCHOR.QUERY is a specialized pharmacophore search technology that
brings interactive virtual screening of novel protein-protein inhibitors to the desk-
top [155, 156]. It is a freely accessible interactive webpage (http://anchorquery.csb
.pitt.edu/) useful to screen >30 million amino acids mimics for drug-like MCR acces-
sible compounds (Figure 3.8). ANCHOR.QUERY leverages the concept of anchors,
amino acid residues that bury a large amount of solvent accessible surface area at
the protein—protein interface. Every compound in our MCR accessible virtual library
contains an anchor analog, a functional group that is a chemical mimic of a specific
amino acid. ANCHOR.QUERY™ pharmacophore queries always include an anchor
feature in addition to the standard hydrophobic, ionic, and hydrogen bond donors.
All non-anchor features are stored relative to a coordinate system defined by the
anchor in an efficient spatial index. Pharmacophore searches scale relative to the
breadth and complexity of the query, not the size of the database. As a result, full 3D
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References

pharmacophore searches can be executed over millions of explicit conformations in
a matter of seconds.

ANCHOR.QUERY was successfully applied to the discovery of multiple
p53/MDM2 antagonists [75, 83, 157] and PDK1 allosteric inhibitors [158].

3.4 Conclusion

In our small review, we hope to have convinced the medicinal chemist that MCR
is an interesting synthetic technology which can have advantages over traditional
sequential multi-step approaches. Survey of contemporary literature suggests that
MCR is heavily underused. Chemists are encouraged to think out-of-the-box of tra-
ditional chemistry and to try new pathways less walked. MCR chemistry is solid
and reliably producing projected target compounds. MCR chemistry is useful at the
discovery stage as well as for the production of APIs. Like few other reactions, MCR
has an outstanding functional group compatibility which can be used for combining
MCR with a very large number of other organic reactions to result in a sheer indefi-
nite scaffold diversity. The building blocks used in MCR are archetypical chemicals
available in numerous variations. Thus, an unprecedented large chemical space is
accessible, with respect to number of steps. MCR chemistry can also be advanta-
geously combined with modern approaches in artificial intelligence and automation
of chemistry.

20years ago Barry Sharpless stated: “Click chemistry, promised access to novel
chemical space by empowering combinatorial library synthesis with a ‘few good
reactions.’ These click reactions fulfilled key criteria (broad scope, quantitative yield,
abundant starting material, mild reaction conditions, and high chemoselectivity),
keeping the focus on molecules that would be easy to make, yet structurally diverse.”
[159]. We strongly believe that MCR chemistry is an even greater treasure trove that
can help to focus on “form follows function.”
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4.1 Introduction

Solid-phase synthesis (SPS) represents one of the greatest technological advances
of synthetic chemistry, with areas such as automated synthesis of peptides, nucleic
acids, and polysaccharides proving the notable success of this methodology.
Whereas SPS has been mostly dedicated to produce large biopolymers by iterative
coupling cycles, the combinatorial synthesis of small molecules also benefitted
significantly from the development of this technology, as very diverse libraries of
compounds — mostly heterocycles — have been prepared using solid-supported,
diversity-generating procedures. Among those processes capable to generate both
skeletal and appendage diversity with low synthetic cost are multicomponent reac-
tions (MCRs) [1, 2], which are ideally designed to construct complex heterocycles
and peptidomimetics in short reaction sequences. However, the field of MCRs
has been dominated by solution-phase synthesis, while the adaptation of new
multicomponent procedures into solid-phase has been less exploited.

Nevertheless, the reproducibility, speed, usually high efficiency, and the few num-
ber of purification steps required to obtain and decorate medicinally privileged scaf-
folds are key factors for seeking an effective translation of MCRs into solid phase,
eventually automated, protocols. Two general reviews have been published [3, 4]
covering the field of solid-phase MCRs from the 1990s until the middle of the 2000s,
while a very recent one describes multicomponent protocols used to assemble and
derivatize biopolymers [ 5]. However, no focused review has been devoted exclusively

Multicomponent Reactions towards Heterocycles: Concepts and Applications, First Edition.
Edited by Erik V. Van der Eycken and Upendra K. Sharma.
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to heterocycle synthesis using solid-phase MCRs, despite heterocycles perhaps being
the most targeted class of compounds of this type of reaction. This chapter describes
solid-phase procedures in which the MCR is the key step to assemble either the het-
erocycle skeleton or the polyfunctional moiety that is later cyclized to render the
heterocyclic core.

MCRs are convergent processes that incorporate three or more reactants into a
final product, with formation of several covalent bonds in a time-resolved manner
and often involving rearrangements and ring-closing steps [1-4]. A well-accepted
requisite of a MCR is that the incorporation of all reacting building blocks into the
final skeleton must take place in one pot, a concept arising from the classic solution
phase synthesis. However, in SPS, it is common to space out the addition of reac-
tants using intermediate washing procedures. The addition of reactants one after
each other, and not all at once, is frequently a requirement in SPS and not a choice
as in solution phase. As a result, in the context of this chapter, we assume the MCRs
follow all those processes that have been traditionally considered — mostly named
reactions - despite the fact that there might be a washing step in-between the addi-
tion of one component and another. In principle, there is not a one-pot process in SPS
if the solid-supported substrate is retained on the resin in the form of a stable, iso-
latable, compound. Thus, the reaction sequence could be considered equivalent to a
one-pot procedure. An example of this is the imine formation, a crucial, almost ubiq-
uitous step in many MCRs that is often done before the addition of other reactants
[1-4]. In SPS, the imine formation is typically followed by a washing step to remove
the excess of either the carbonyl or amino component, and the imine is treated with
further components to complete the reaction. In this review, such a process, and oth-
ers similar are considered as MCRs, since the imine is never isolated for testing or
characterization. Insights into challenges associated with this type of multicompo-
nent SPS are provided, along with details of which resins or other polymeric supports
that are typically employed. The chapter is divided by the ring size of the heterocycles
formed, and by the type of solid or soluble support used in the synthesis.

4.2 Synthesis of Five-Membered Ring Heterocycles

1,3-Dipolar cycloadditions are probably the most versatile reactions for the construc-
tion of structurally diverse five-membered heterocyclic rings, and such transforma-
tions have proven efficiency in SPS. Haap et al. [6] reported the condensation of
aldehydes (1) with hydroxylamines (2) and trapping the resulting nitrones (3) with
various dipolarophiles (4) to produce isoxazolidines (5) (Scheme 4.1a). Three differ-
ent reaction variants - each dealing with one of the three components attached to
2-chlorotrityl or Rink amide resins — were evaluated concerning versatility and yield.
The best results were obtained when the hydroxylamine component was attached to
the solid support (2a-d) achieving excellent yields (up to 95%). In general, three-
or four-substituted and strongly electron-deficient or electron-rich alkenes gave the
poorer reaction outcome or no reaction at all. However, in the case of the aldehyde
(1), no conclusion regarding the yields and the nature of the substituent relationship
could be stated.
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More recently, Lavilla and coworkers [7] expanded a previous study dedicated to
the on-resin preparation of oxazolidines (10) from alkylboranes (6), isocyanides (7),
and aldehydes (8 and 9) [8]. In their updated reaction scope, the authors intercepted
the dipolar component, an azomethine ylide generated from the condensation of
the anchored aldehyde (8), the isocyanide (7) and the borane (6), with another alde-
hyde molecule (9, same or different) (Scheme 4.1b). In the first study, this modifi-
cation was carried out by immobilizing 4-formylbenzoic acid onto hydroxymethyl
polystyrene resin. To prove the formation of the azomethine ylide in the solid sup-
port, the authors just mixed the resin with the borane and the isocyanide resulting
in an aziridine that was obtained from this three-component reaction (3-CR). In a
subsequent experiment, a new aldehyde was added to the reaction mixture and the
desired oxazolidine was obtained in a four-component reaction (4-CR). Additionally,
the isocyanide component (11) was anchored to 2-chlorotrityl chloride resin and the
oxazolidine (13) was also obtained in excellent yield in another 3-CR.

The traditional Gewald-3CR has also been implemented in SPS. In 2001,
Castanedo and Sutherlin [9] functionalized the Argo-Gel Wang resin through
esterification with cyanoacetic acid and the modified resin (14) was reacted with
an oxo component, elemental sulfur, and morpholine for eight hours in refluxing
ethanol. Several aldehydes and ketones (15a-h) were employed during the study
and in many cases, excellent yields and purities were achieved. The obtained
thiophenes (16) were acylated before the cleavage. To demonstrate the utility of
the reaction, the authors performed the synthesis of a known protein tyrosine
phosphatase 1B (17, PTP1B) inhibitor and an adenosine receptor A3 inhibitor (18)
(Scheme 4.2a). The results of conducting the Gewald-3CR in solid phase under
microwave (MW) irradiation was reported by Hoener et al. [12] Even when the oxo
components were very similar, the MW-assisted approach provided higher yields
and purities within just one hour.

The synthesis of thiazolidinones, another class of important sulfur-containing het-
erocycles, has also been reported in solid phase through a 3-CR that employs an
amine, an aldehyde, and mercaptosuccinic acid [13]. In the strategy used by Mun-
son et al. [13] to prepare a library of more than 1000 thiazolidinones (23), diamines
(19) were linked to the Wang resin and the free amino group was reacted with alde-
hydes (20) to prepare an imine (21), which was trapped in situ by the aforementioned
bisnucleophile 22 (Scheme 4.2b). On average, purity of the library members was
greater than 65%, thus proving the usefulness of this straightforward method for the
synthesis of these complex molecules bearing a pendant amine suitable for scaffold
diversification. Another library of thiazolidinones was also prepared by Gupta et al.
[14] using the resin loaded with a succinic acid anhydride/5-hydroxyfurfural-derived
linker.

In 2000, Heck and Domling reported the discovery of a new MCR for the syn-
thesis of 4-carboxy-2-acylaminomethylthiazoles (28) [15]. The reaction consisted
of a one-pot condensation of a thiocarboxylic acid (27), an aldehyde (26), an
amine (24), and 3-(N,N-dimethylamino)-2-isocyanoacrylate (25). Later, Dom-
ling and coworkers reported the extension of this reaction to the solid phase,
using either Rink amide resin as the amino component [16, 17] or anchoring
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3-(N,N-dimethylamino)-2-isocyanoacrylate to HMBA resin (25b) (Scheme 4.2c)
[11]. In the former study, the authors employed a variety of aldehydes and two dif-
ferent thiocarboxylic acids and as a result 24 disubstituted thiazoles were obtained
after TFA/DCM cleavage with poor to excellent purities (31-96%) [16]. In the latter,
the same thiocarboxylic acids were combined with several aldehydes and amines
which made possible the preparation of 25 new thiazole-containing scaffolds [11].

4.3 Synthesis of Six-Membered Ring Heterocycles

Thus far, one of the most exploited reactions for the SPS of six-membered rings is
the Biginelli reaction. The fact that the dihydropyrimidine (DHPM) moiety is found
in many active compounds due to its pharmacological versatility has been, from
our perspective, the driving force to continuously expand the scope of this reac-
tion. The first report of the solid-phase Biginelli reaction (Scheme 4.3) was published
in 1995 by Wipf and Cunningham [18]. The use of a y-aminobutyric acid (GABA)
urea derivative (29) linked to Wang resin gave the authors the chance to synthe-
size 10 DHPM derivatives (30) in good to excellent yields (67-98%). Impressively,
the yields were higher than those obtained when the reaction was conducted in solu-
tion (54-86%). A macrobead-anchored urea was also used by Lusch and Tallarico to
conduct split-and-pool Biginelli synthesis of a DHPM library using a variety of aryl
aldehydes and B-ketoesters in the second step [10].

In the following years, Kappe’s group dedicated a significant effort to study this
MCR in solid phase. In 2001, they reported two orthogonal on-resin methods to
conduct the Biginelli condensation using Wang resin-supported p-ketoesters [19].
In the first one (Scheme 4.3b), the transient N-acyliminium ion, formed from
the aldehyde (32) and the (thio)urea component (33), was condensed with the
resin-bound p-ketoester (31) under acid catalysis to assemble the DHPMs (34),
which were released from resin to obtain DHPM-5-carboxylic acid derivatives 35 in
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R‘O)J\/L
o rR-cho QP \ﬂ/\/\ R', R% Me, Et, Bn
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O \g/\/\H p o ATT CHVVL L 30 R R ,
29

HCI (cat.) .
THF, 55 °C, 36 h RO "0

=0

(a)

F{%\_ /\\ \‘\_
I|
CHO H, N
o 0 Q
QOJJ\/U\R1 32 (3.0equiv) _ForS, PhSH _
31 HCI (cat.) TFA/DCM (1: 1

R": Me, Et solvent, reflux 18 h O,S  rt,30 min

(b) 34 35

Scheme 4.3 Solid-phase syntheses of DHPM derivatives by the Biginelli-3CR from
resin-bound (a) ureas or (b) p-ketoesters.
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moderate to good overall yields (39-82%) and high purities (>95%) after standard
cleavage. In an alternative method (not shown), p-ketoesters were condensed with
aldehydes and O-methylisourea under mild basic conditions, followed by hydrolysis
of the O-methylisourea to obtain the desired DHPM in moderate yields (30-66%)
and high purities (>95%).

Another publication from the same group [20] reported the post-condensation
derivatization of DHPM leading to furo[3,4-d|pyrimidines (38), pyrrolo[3,4-d]-
pyrimidines (39), and pyrimido[4,5-d]pyridazines (40) using three different trace-
less cyclative-cleavage strategies. The study comprised the on-resin Biginelli
3-CR from hydroxymethyl polystyrene resin 4-chloroacetoacetate (36) using 12
different aldehydes followed by substitution reactions of the chlorine either with
primary amines, hydrazines, or cyclative cleavage to obtain bicyclic DHPM libraries
(Scheme 4.4). Finally, it is worth mentioning a related MCR comprising the con-
densation of two equivalents of benzaldehyde and one of urea with a resin-bound
B-keto-y-lactam reported by Byk and Kabha (not shown) [21]. This MCR allowed
obtaining, in a diastereospecific manner, a spiro-bicyclic p-keto-y-lactam containing
three stereogenic centers, while the solution phase reaction resulted in a much
lower stereoselectivity.

The Hantzsch 3-CR is another process that has been employed on solid supports
to generate 4-aryl-1,4-dihydropyridine libraries. In a report by Breitenbucher and
Figliozzi [22], a compound library was prepared utilizing the aforementioned
reaction and based on previous experiences of other groups [23, 24]. Thus, the
1,4-dihydropyridine moiety was assembled on Wang resin functionalized with a
B-ketoester (41) upon treatment with eight aminocrotonates (42) and several aryl
aldehydes in DMF, generating 192 resin-bound 1,4-dihydropyridine derivatives
(43-46) which were finally cleaved (Scheme 4.5) and obtained with an HPLC
average purity of 81%. This procedure was complemented with a post-MCR diver-
sification of the resin-bound 4-aryl-1,4-dihydropyridine providing several more
derivatives, only with a minor contamination with Knoevenagel reaction product
(c. 15%).

(1) R2NH,,, DMF o W
(2) DMF, MW 150-250 °C .. i
— R>—N_ | A
15-63% NS0
R (22 examples) o R H 38
o o N |
Q M/CIB@melll 3-CR O\O&NH DMF, MW 150 °C O)Ll/J\NH
¢) cl N ’&o 10-77% NN /J%o
36 H (12 examples) H 39
37 (1) RNH-NH,, DMF O R
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32-41% N
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Scheme 4.4 Synthesis of furo[3,4-d]pyrimidines, pyrrolo[3,4-d]-pyrimidines, and
pyrimido[4,5-d]pyridazines by derivatization of resin-bound Biginelli-3CR products.
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Scheme 4.5 Synthesis of functionalized 1,4-dihydropyridine by the Hantzsch 3-CR.

Several other methods have been developed for the synthesis of nitrogen-
containing heterocycles. For example, in a report published by Wang and Wilson
[25], an anchored benzaldehyde (47) was mixed with varied primary and secondary
amines and the in situ generated imines (48) were reacted with Danishefsky’s diene
(49) to form 2,3-dihydro-4-pyridones (50) through a tandem Mannich-Michael pro-
cess catalyzed by a Lewis acid (Scheme 4.6a). The small library of heterocycles was
obtained in moderate to excellent yields (60-90%). In addition, a multicomponent
aza-Diels-Alder reaction (aza-DA) was employed by Zhang et al. [26] to synthesize
a related family of six-membered heterocycles (53) by reaction of an anchored
preformed imine - derived from amine (51) and acting as dienophile - with a
set of dienes (Scheme 4.6b). The aza-DA reaction was Lewis acid-catalyzed and
could be run in the presence of water when formalin was employed to form
intermediate 52.
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Scheme 4.6 SPS of 2,3-dihydro-4-pyridones (a) and tetrahydropyridines (b) by
aza-Diels—Alder reaction.
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In some cases, a MCR condensation may lead not only to one heterocycle ring but to
a system of two or more fused rings. Among, the first reports are three papers pub-
lished by Armstrong and coworkers describing the synthesis of complex molecules
comprising up to four condensed cycles by a related multicomponent aza-DA reac-
tion, namely the Grieco-3CR [27-29]. In their first report, a Wang resin-anchored
aniline (54) was condensed in a combinatorial manner with various aldehydes and
alkenes (Scheme 4.7) in the presence of catalytic amounts of TFA, to obtain 40
tetrahydroquinoline derivatives (56-59). In general, the yield of isolated products
was moderate to good (53-92%), with the only detectable impurity corresponding to
Schiff base. The yields for aromatic aldehydes bearing electron-withdrawing groups
(EWGs) was higher (about 80-90%) than those obtained when aromatic aldehydes
were substituted by electron-donating groups (EDGs), while aliphatic aldehydes did
not afford the desired tetrahydroquinolines. In a subsequent study [28], the alde-
hyde or the alkene were the components anchored to the resin, while different
aniline derivatives and alkenes were employed in excess to render compounds in
moderate to good yields (60-87%). Again, the use of anilines substituted by EWG
gave the best yields (72-87%) and highest purities (>80%).

A related Povarov-type [30] multicomponent aza-DA reaction was implemented
by Lavilla and coworkers [31] to produce pyrido-fused tetrahydroquinolines in
both solution and solid phase. In this class of Lewis acid-catalyzed MCR, a formal
aza-DA reaction takes places between an aryl imine — usually derived from an
aniline bearing EDG - and, for example, an enol ether or enamine as dienophile
component. It has been suggested that the reaction proceeds via an actual aza-DA
or a Mannich-type pathway [30]. As shown in Scheme 4.8, the authors employed
a glyoxylate-functionalized Merrifield resin (60) as oxo-component, p-methyl
aniline as aryl amine component and N-methyl-3-cyano-1,4-dihydropyridine as

/ R-CHO Oo
OO@NH - 7 (6-8equiv) —NH TFA/DCM
0 T TFAcay)
54 AcN, tt, 12h

R: Ph, Cy, 4-CI-C4H,, 3-OMe-C,H, 3-furyl,
4-NO,-C¢H,, 2-CN-CgH,, 1naphthyl

Alkenes: || 3 / o0 V4 Me04§‘_>—’7" _
O . Q e Q MeO B
(0]

57,91% MeO OMe

58, 76%

Scheme 4.7 SPS of tetrahydroquinoline derivatives by the Grieco-3CR with a
resin-anchored amine.
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electron-rich dienophile. After preformation of the aryl imine - acting as azadiene
partner - the multicomponent aza-DA reaction proved efficiency in providing
the fused tetrahydroquinoline (61) under Sc(OTf),-catalzyed conditions. Final
release from the Merrifield resin under a variety of basic conditions led to varied
carboxylic acid derivatives (62). In parallel, attachment of the aniline to Wang
resin enabled the preparation of similar tetrahydroquinolines using ethyl glyoxylate
and the above-mentioned dihydropyridine as the oxo and dienophile components,
respectively, in this case with TFA-mediated cleavage of the product from the Wang
resin (not shown) [31].

Multicomponent 1,3-dipolar cycloadditions are suitable processes for assembling
very complex fused heterocyclic systems. For example, Bickneil et al. [32] used
a pyridinium salt (63) anchored to Wang resin in a Tsuge-type reaction with
N-substituted maleimides and the subsequent reaction of the initially formed
cycloadduct with nitrile oxides to form 64, which resulted in the final tricyclic
product 65 upon acidic cleavage from the resin (Scheme 4.9). From a mechanistic
point of view, the product is supposed to be formed via isoxazoline fragmentation
to give an iminium intermediate which undergoes oxidation driven by the recovery
of aromaticity in the resulting pyridinium salt and final hydrolysis of the oxime. In
total, 96 products were obtained in an automated synthesizer.

In 2003, Hall and coworkers [33] reported the first three-component aza-[4+2]/
allylboration reaction to access polysubstituted o-hydroxyalkyl piperidines in a
highly diastereocontrolled fashion from maleimides (66), 4-boronohydrazonodienes
(67), and aldehydes (68). After a very detailed study of this MCR in the solution
phase, the authors decided to apply it in the solid phase, immobilizing the
dienophile maleimide component (66) to SASRIN resin (Scheme 4.10a). Con-
ducting the reaction in solid-phase shortened reaction times from 72 to 14 hours,
while keeping comparable yields, good purities (80-90%), and maintaining high
levels of stereocontrol in the preparation of these densely functionalized nitrogen
heterocycles (69). More recently, the same group reported another variation of the
current reaction where the immobilized component was the aldehyde [34].

In a related approach also with resin-anchored maleimides, Byk and coworkers
reported a novel 4-CR based on the condensation of a f-keto lactam (70), an
aldehyde (71), an isocyanide (72), and a dienophile (73), whose product formation,
a 3-substituted isoindolinone, is catalyzed by a Lewis acid [35]. This reaction
comprises a Knoevenagel condensation between the first two components, and this
intermediate reacts with the isocyanide in a [4+1] cycloaddition to produce a fused
bicycle [5+5] furan, which is too reactive to be isolated and reacts in the presence

o)
(1) R'-N-maleimide . — R
B (5.0 equiv.) R ) N-
o 71/\ NEt, THF, 1, 1h TFA/CH,CI, gf"\\,w
Q @ \OH  NE )
J\ (50equw) SRY)
63 Cl THF, 1it, 1h 65 (96 examples)

Scheme 4.9 Synthesis of zwitterionic tricyclic compounds by solid-phase Tsuge reaction.
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Scheme 4.10 Synthesis of polysubstituted fused heterocycles from resin-anchored
maleimides by three (a) and four (b) component reactions.

of the dienophile to generate a Diels-Alder intermediate, which undergoes oxygen
elimination and aromatization. Recently, this reaction was extended to the solid
phase [36], and two strategies were applied during its adaptation. Both used the
Rink amide resin as the solid support, but one with the aldehyde (not shown)
and the other with the dienophile (73) anchored to the resin (Scheme 4.10b). The
latter method delivered cleaner crude products since the dienophile can only react
with the isocyanide-aldehyde-f-keto lactam adduct, generating fewer side products.
In total, 10 different 3-substituted isoindolinones (74) were obtained in moderate to
excellent yields (62-100%).

4.5 Synthesis of Heterocycles on Solid-Supported
Amino Acids

Several examples of MCRs on solid-supported amino acids, peptides, and oligonu-
cleotides have emerged in the last decades. As a recent review [5] has covered most
of the examples being conducted on peptides and deoxyribonucleic acid (DNA),
here we focus mostly on those heterocycle-forming methods implemented on
solid-supported amino acids, but their extension to nucleic acids and peptides
is also commented aiming at motivating further inputs into the production of
heterocycle-biomolecule hybrids.

First, some of the procedures discussed above have been also implemented with
resin-bound peptides. For example, the method reported by Byk’s group [36] on the
Lewis acid-catalyzed 4-CR between a f-keto lactam, an aldehyde, an isocyanide,
and a dienophile was employed in the preparation of cell-penetrating peptides
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showing fluorescent properties as a result of the fused isoindolinone moiety. In a
model peptide, a 14-amino-acid amphipathic a-helical peptide was functionalized
with a maleimide group at the N-terminus and next derivatized with the 4-CR to
render the fluorescent heterocycle-peptide hybrids in acceptable overall yields.

Similarly, an application of the Grieco aza-DA 3-CR in the derivatization of
resin-anchored amino acids was provided by Kiselyov et al. [29] The authors
employed acylated 4-aminophenylalanine, immobilized on Wang resin, in the
above-mentioned reactions with cyclopentadiene and other electron-rich olefins as
well as a variety of aldehydes, mostly benzaldehyde derivatives. Using Yb(OTf),
as catalyst under optimized conditions, a library of 50 products was constructed
with yields ranging from moderate to excellent (62-92%), with the best efficiency
resulting for benzaldehydes bearing EWGs. A similar example of the utilization of
the Grieco-3CR - in this case it could also be also considered as the Povarov-3CR - in
the solid-phase derivatization of amino acids was reported by Demaude et al. [37]
As depicted in Scheme 4.11, the authors implemented the aza-DA 3-CR between
resin-bound 4-aminophenylalanine (75), an aromatic aldehyde and phenyl vinyl
thioether to produce a thiophenyl-substituted tetrahydroquinoline product (76).
Subsequent oxidation with m-chloroperoxybenzoic acid (mCPBA) and pyrolysis of
the resulting sulfoxide provided a small library of quinolone-functionalized amino
acids (77) after conventional cleavage from the resin, albeit in poor to moderate
yields. Albericio and coworkers [38] also implemented a Lewis acid-catalyzed
reaction between the amino group of the Lys side chain, a nitrostyrene, and a
1,3-dicarbonyl compound, under MW irradiation, to produce pyrrole—peptide
conjugates, a report that has been compiled in a recent review [5].

The Ugi-4CR is among the MCRs most widely employed in SPS, although it
does not lead to cyclic compounds typically, unless bifunctional components are
used. However, variants of the Ugi-4CR including hydrazoic and isocyanic acids as
one of the components lead to the formation of tetrazoles and hydantoinimides,
respectively [1]. Constabel and Ugi employed a solid-phase sequence of two
consecutive Ugi reactions to produce peptidomimetics bearing tetrazoles and
hydantoinimides [39]. As shown in Scheme 4.12, the first Ugi-4CR was performed
on free amino groups of AM RAM or Tentagel S RAM resins using isobutyraldehyde,
Fmoc-Gly-OH, and tert-butyl isocyanide to assemble a peptidic moiety (78) in high

Ph-—S R2 cd | R2

H N
N Ph—S NH A

= 1) mCPBA (1.3 equiv.

o 2 R Sono eqUIV) w DCM :1 4hq '

N““R' Vo0t (5%) ———————x' H
O B(\H Yb( OTf) 5%) O \n/\NH (2) O, DMF, 80 °C E\H
e AcN/DCM, rt, 16 h Rt (3 TFAH,0, @555), 1t © 07 R,
77, 18-47%

R': 2,6-F,-CgHg, 2,6-Cl,-CgHg, 2-Cl-6-Me-CgHg, 2-Cl-4-(SO,Me)-CgH, (16 examples)
R2: 2-NO,-CyH,, 2-CF,-CgH,, 2-Cl-6-F-C¢H,, 2-OMe-C,oH,

Scheme 4.11 Synthesis of quinoline derivatives by the Grieco-3CR with p-amino-derived
phenylalanines.
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Scheme 4.12 Synthesis of tetrazoles and hydantoinimides by two consecutive on-resin
Ugi-4CRs.

yield and purity. After the Fmoc removal, either the hydantoinimide-forming
variant of the Ugi-4CR with isocyanic acid, aldehydes, and isocyanides or the
tetrazole-forming Ugi-azide-4CR using trimethylsilyl azide (as surrogate of hydra-
zoic acid) and the same two components, were performed to produce a library of
heterocycle-peptidomimetic hybrids 79 and 80 in moderate to good yield and good
purity.

Additionally, further applications of Ugi-type-4CRs for the construction of
heterocycles were reported by Liu and Nefzi [40], and Yudin and coworkers [41].
In both cases, the MCR took place intramolecularly leading to the formation of
six-membered ring heterocycles. The first example [40] comprised the modification
of MBHA resin-linked Fmoc-cysteine (81) with bromoacetic acid to render a
bifunctional amino acid that underwent an intramolecular Ugi-4CR with several
cyclic ketones and isocyanides to obtain 12 different N-cycloakyl thiomorpholi-
nones (82) in moderate to good yields (62-81%) and excellent (81-93%) purities
(Scheme 4.13a). In the second example [41], various amino acids were attached
to the 4-(4-formyl-3-methoxyphenoxy)ethyl (FMP) resin via reductive amination
to render the resin-linked bifunctional components (83) bearing a secondary

o Q
&S
oH MRNC + L ) : l
. xPn HN
H S (2.0 equiv.) \l(\N e
N ACN/MeOH, 65°C __ o(%#
O j‘]/\NHz (2) HF, 0 °C }n N-R
0 X:0,C x*'n H
@ @ R:Bn, Cy, nBu 82, 62-81%
OH
ﬂﬁgﬁ . 'l 0
R
R 0 84N NG \[)LN (UHS——@ \[)J\NH
Q- )\{ (2.0 equiv.) O,N W s
N
N OH  DOWTFE m 4h (2) TFAIDCM/H,0 \©
83 HNF>0 HN" S0
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Scheme 4.13 Synthesis of six-membered heterocycle such as thiomorpholinones (a) and
piperazinones (b) derived from a-amino acids.
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Scheme 4.14 Synthesis of tetrazole-peptidomimetics as M1-aminopeptidase inhibitors.

amine and a carboxylic acid, which upon condensation with t-butyl isocyanide
and (S)-aziridine aldehyde dimer (84) led to the formation of bicyclic aziridine
products (85) (Scheme 4.13b). The authors tried to cleave and isolate the product;
however, these efforts were unsuccessful due to the instability of such compounds.
Nevertheless, they opted for reacting the bicyclic aziridines (85) with a series of
nucleophiles such as thiophenol, thiobenzoic acid, and sodium azide, resulting
in an efficient and stereoselective on-resin method for the assembly and further
derivatization of functionalized piperazinones (86).

A more recent publication by Méndez et al. [42] describes the SPS of tetrazole-
peptidomimetics (88) as inhibitors of the Escherichia coli neutral M1-aminopeptidase
(ePepN). The on-resin methodology employed was previously developed by the
same group of Rivera and coworkers [43] to conjugate lipids to peptides by
means - among other methods - of the tetrazole-forming Ugi-4CR (not shown).
As depicted in Scheme 4.14, the same on-resin Ugi-4CR with Wang resin-anchored
amino acids (87) was employed to construct a library of 21 peptidomimetics (88) by
the tetrazole-forming method. The motivation behind the design of these inhibitors
was the metal-chelating capacity of tetrazoles, which if suitably functionalized with
enzyme-active site matching functionalities derived from the amino acid, could
inhibit the ePepN enzymatic activity via chelation of the Zn?* cation. The overall
solid-phase protocol comprised the deprotection of the resin-bound amino acids by
Fmoc removal, followed by the on-resin Ugi-4CR for 72 hours and final cleavage
from the resin. The protocol rendered a wide set of compounds for biological
evaluation that resulted in the discovery of new and potent inhibitors [42].

4.6 Solid-Phase Multicomponent Construction
of DNA-Encoded Heterocycle Libraries

In the DNA-encoded screening technology [44], alibrary of molecules is produced by
combinatorial synthetic tools in a way that each compound is anchored to an encod-
ing DNA sequence to enable a subsequent separation, amplification, and sequencing
of the encoding DNA tag [45]. The library construction can be done in aqueous
solution phase using diversity-generating — usually split and pool - methodologies
that should be tolerant to the double-stranded DNA structure to avoid its damage.
The second alternative is to carry out the library synthesis on DNA oligonucleotide
chains linked to a solid support, which allows utilizing standard solid-phase condi-
tions including the use of protecting groups DNA structure, metal catalysis, and non-
polar organic solvents. In recent years, the scaffold diversity generation capacity of
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Scheme 4.15 On-resin construction of DNA-encoded heterocycle libraries by MCRs.

MCRs has been used for the constructions of DNA-encoded libraries [46-49]. In this
sense, Brunschweiger and coworkers [46-49] have implemented a variety of on-resin
MCRs for the preparation of DNA-coupled heterocycles starting from aldehyde- and
amino-functionalized DNA barcodes anchored to controlled pore glass (CPG) beads,
a type of solid support that combine rigidity and high surface as well as chemical and
solvent stability.

Typically, the DNA oligonucleotide chains are synthesized on CPG beads by stan-
dard phosphoramidite chemistry, followed by installation of the MCR-reactive func-
tionality. As shown in Scheme 4.15, the incorporation of an aldehyde handle (89)
in varied solid-supported DNA barcodes enabled the implementation of on-resin
MCRs such as the metal-mediated Castagnoli-Cushman reaction [46], metal- and
organocatalyzed versions of the Povarov-3CR to render tetrahydroquinolines
(90) [47], as well as the Biginelli-3CR reaction to furnish DHPMs (91) [47]. In
cooperation with Domling’s group [48], the same team also exploited the versatility
of isocyanide-based MCRs[35] to produce DNA-coupled heterocycles such as
tetrazoles (92) and oxadiazoles (93) (Scheme 4.15). Also, libraries of benzimida-
zoles and peptidomimetics were produced employing the Groebke—Blackburn—
Bienaymé-3CR and the Ugi-4CR, respectively [48]. DNA functionalization with
primary and secondary amines was also used to implement the Ag(I)-mediated
1,3-dipolar cycloaddition upon treatment with varied aldehydes and dipolarophiles
[46] and construction of Petasis-3CR-derived libraries [49], respectively (not
shown). Considering the power of the DNA-encoded library for discovery purposes,
we foresee new applications of solid-supported MCR chemistry with such technolo-
gies. A recent report on the discovery of inhibitors of protein-protein interactions
using MCR chemistry on DNA oligonucleotides has been recently published [50].

4.7 Miscellaneous Supports for Multicomponent
Synthesis of Heterocycles

Cellulose is a biopolymer that is typically used in the macroarray technology to
address several of the drawbacks of combinatorial libraries generated on synthetic
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Scheme 4.16 On-cellulose synthesis of DKP libraries by Ugi/cyclization strategies using
cleavable (a) and non-cleavable (b) isocyanides.

polymers such as polystyrene beads. Among the advantages of cellulose as solid sup-
port are its robustness, inexpensive character, and amenability to conduct biological
screening with the compound still bound to the solid support. Blackwell and cowork-
ers pioneered the field of macroarray heterocycle assembly using MCRs [51, 52]. As
depicted in Scheme 4.16, this group developed two macroarray synthesis strategies
for the construction of libraries of diketopiperazines (DKPs) using the Ugi-4CR.
The first one used the convertible 1-cyclohexenyl isocyanide for the assembly
of the Ugi-derived dipeptide skeleton (94) on an amino-derived cellulose sup-
port, followed by methanolysis and cyclization to render the cellulose-supported
DKP (95) [51]. The second approach also relied on the Ugi-4CR to assemble a
cellulose-supported peptide (96) followed by a deprotection-cyclization—cleavage
procedure to produce DPKs (97). Variation of the isocyanide, amino acid, and
carbonyl components allowed generating a ~400-member library in excellent
purities and yields [52]. Analysis of the DKP library revealed a small set of strong
quorum sensing antagonists in Vibrio fischeri. These reports pave the way for further
development in macroarray library generation using MCRs.

As mentioned before, conducting an organic reaction in the solid phase has many
advantages compared with conventional methods. However, this does not mean that
we must stop the liquid phase if we want to keep those benefits. The use of soluble
polymers or ionic liquids might offer many of those advantages. Using soluble poly-
mers supporting the starting materials could allow following the progress of a given
reaction by TLC, UV, IR, or even NMR techniques, while it also obviates the need of
purification along the sequence since the excess of reagents is removed through pre-
cipitation steps as well. Soluble polymers are cheaper and have higher loading than
their solid counterparts, and the former may skip the slow and nonlinear kinetics
due to poor diffusion and difficulties to access active sites that is frequently found
for the latter. These difficulties can be solved with soluble supports based on den-
dritic polyalcohols [53], such as polyethylene glycols (PEGs), or soluble polystyrenes
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Scheme 4.17 Synthesis of heterocycles by the Biginelli-3CR (a) and the Gewald-3CR (b)
using PEG-supported starting materials.

(JandalJels), just to mention the most important ones [54-56]. They allowed keep-
ing liquid-phase properties by fine-tuning solvent conditions and linker structures.
PEGs, for example, have been used successfully in the synthesis of biopolymers.

Among the first reports on the synthesis of heterocycles immobilized to soluble
supports is the procedure developed by Xia and Wang [57] in 2002 for the synthe-
sis of 3,4-dihydropyrimidin-2(1H)-ones (DHPM) by the Biginelli-3CR. As shown in
Scheme 4.17a, the acetoacetate moiety supported in PEG-4000 was subjected to the
MCR to produce (99) either in refluxing ACN during 18 hours (70-94% yield) or
under neat conditions with MW irradiation for 1.5-2.5 minutes (70-88% yield). The
very good yields obtained were compared with those resulting from the classical
solution-phase Biginelli-3CR using the same substrates, and the former resulted to
be 2-3 times better.

The application of the Gewald-3CR using nitrile acetates anchored to PEG-3400
was reported by Zhang et al. in 2004 [58]. Addition of elemental sulfur, drops of
diisopropylethylamine (DIPEA), and several ketones made it possible to obtain
tetrasubstituted thiophene derivatives (101). Reactions were carried out under
MW irradiation and the products acylated afterward using acetyl or benzoyl
chloride (Scheme 4.17b). Cleavage from the support was performed using MeOH
in the presence of catalytic amounts of potassium cyanide at room temperature
overnight. A small library of 24 compounds was obtained in moderate to excellent
yields (38-95%). In addition, other relevant inputs include the PEG-supported
assembly of Povarov-3CR products and their derivatization by a [1,3]-sigmatropic
rearrangement [59].

Although it is beyond the scope of this chapter, non-polymeric supports such as
ionic liquids have also been used in heterocycle synthesis with great success. These
supports have attracted attention due to their intriguing physical and chemical
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properties [60], such as high thermal and chemical stabilities, negligible vapor
pressure, non-flammability, and high loading capacity. Some of the applications
of these materials in multicomponent heterocycle synthesis include the prepa-
ration of ionic-liquid-supported thiazolidines [61], 2-amino thiophenes by the
Gewald-3CR [62], DHPMs by the Biginelli-3CR [63], and tetrahydroquinolines by
the Grieco-3CR [64].

4.8 Conclusions

Solid-supported MCRs offer a variety of advantages over traditional solution phase
synthesis that need to be considered for drug discovery purposes. The rapid genera-
tion, in a cost-effective manner, of medium and large compound, highly diversified
libraries is indeed one of the advantages, but so is the possibility to conduct multiple
synthetic steps to assemble complex heterocycles without the need of purifications
of intermediates. Unfortunately, there hasn’t been a lot of growth in this field
over the last decade, which is evidenced by the reducing number of publications
dealing with solid-supported synthesis of heterocycles using MCRs. Nevertheless,
this chapter has shown that solid-phase protocols offer a similar or sometimes even
higher synthetic scope than solution-phase procedures and are well suited for creat-
ing a level of molecular complexity using consecutive reactions steps. Not only the
classic polystyrene and PEG-based resins can be used, but also soluble polymers and
ionic liquids share some of the benefits of having one of the reactants anchored to
facilitate long pathways and avoid complex purification procedures. Perhaps the new
research into this field should be directed toward implementing asymmetric ver-
sions of MCRs in the solid phase, thus enabling the generation of enantio-enriched
products more suitable for biological evaluation. The field of MCRs can benefit a
lot from further developments of this technology, which - as already proven for
peptides — can be used not only for discovery purpose but also for the large-scale
production of complex skeletons using iterative and efficient on-resin protocols.
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5.1 Introduction

Reaction efficiency is one of the most important aspects in green synthesis. Multi-
component reactions (MCRs) with three or more components have inherent advan-
tages of pot, atom, and step economy (PASE) to form multiple new bonds in a simple
operation [1-3]. MCRs integrate most parts of reactants to the product structures for
high atom economy, eliminating intermediate purification step for low waste dis-
posal, and performing simple operation for saving time and resources. Similar to
one-pot synthesis and cascade reactions, MCRs are an attractive and active topic in
the development of new methodologies for organic synthesis and catalysis [4-6]. The
greenness and effectiveness of MCRs could be quantitatively evaluated by a series of
green metrics analysis including atom economy, atom efficiency, carbon efficiency,
reaction mass efficiency, process mass intensity, solvent and water intensity, and E
factor [7-9].

There are only limited numbers of review articles on MCR-based green synthesis
[10, 11]. Many aspects of MCRs are presented in other chapters of this book. This
chapter only covers MCRs with enhanced efficiency in the synthesis of heterocyclic
compounds. These methods are: (i) high-order MCRs; (ii) consecutive MCRs;
(iii) MCRs followed by cyclization; and (iv) MCRs followed by cycloaddition or
annulation. In addition to efficiency, these MCRs and post-MCR modifications
significantly increase the diversity and complexity of heterocyclic compounds
which may have biological activities and valuable in drug discovery research. Due
to the page limit, only selected examples are presented in this chapter to illustrate
the MCR-based green synthesis of heterocycles. Other green aspects including using
water or bio-based solvents; using alternative energies such as photo, microwave,
and ultrasound for reactions; employing renewable substrates as starting materials;
and recovery and recycling of reagents and catalysts are mentioned wherever
appropriate, but they are not the major focuses of this chapter. Interested readers
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can reference related books and review articles on green organic synthesis and
catalysis [12, 13].

5.2 High-Order MCRs

Reactions with single operational step and involving five or more components are
called high-order MCRs [14]. Compared to popular three-component reactions
(3CRs), high-order MCRs are more efficient and the product structures are more
complicated. But because of sophistic reaction mechanisms and competitive
side-reactions, the number of high-order MCRs is limited and the development of
such new reactions are not an easy task. In many cases, the high-order MCRs are
discovered by accident instead of by design.

Presented in this section are high-order MCRs including 5CRs, 6CRs, and 7CRs.
If two or more of the same molecules are involved in the MCRs, they are called
pseudo-MCRs. Using 5CRs as examples (Scheme 5.1), in addition to 5CR of five
different components A+B+ C+D+E (Scheme 5.1, I), other types of reactions
such as 2A + B+ C+ D (Scheme 5.1, II), 2A + 2B + C (Scheme 5.1, I11), 3A+ B+ C,
and 4A + B are pseudo-5CRs. It is noteworthy that reactants used for MCRs could
have more than one reaction center. In these cases, the intramolecular reactions are
involved and thus the number of reaction centers is higher than the components.
For example, a five-center and four-component reaction (5C4CR) (Scheme 5.1, IV)
is also a high-order MCR. It is also noteworthy that MCRs only have a single oper-
ational step in which all the components are charged to the reaction vessel at same
time. If components are introduced stepwisely at different reaction stages or under
different conditions, then they should be called one-pot reactions instead of MCRs.

|-5CR(A+B+C+D+E)

E @ o Qe

@ o 4

Il - Pseudo-5CR (2A+B+C +D) Il - Pseudo-5CR (2A + 2B + C)

@ -
QO

IV-5C4C (A-A'+B+C+D)
3
) G X

Scheme 5.1 Conceptual figures for representative 5CRs.



5.2 High-Order MCRs

Shown in Scheme 5.2 are two A + B+ C + D + E-type 5CRs of N-propargyl isatins,
malononitrile, benzyl bromides, sodium azide with 5,5-dimethyl-1,3-cyclohexa
nedione or 4-hydroxycarbazole in the synthesis of triazole-tethered spirochromeno-
carbazoles 1 or 2 using reusable cellulose-supported Cul nanoparticles (Cell-Cul
NPs) as a catalyst [15, 16]. In the synthesis of 1, the condensation of N-propargyl
isatins, malononitrile, and 1,3-cyclohexanedione gives 3 which undergoes cycliza-
tion to form spirochromenes 4 and then click reaction with benzylic azides to afford
products 1. The Cell-Cul NP catalyst can be recovered for reuse. Synthesized com-
pounds from this work were submitted for biological screening on human cancer cell
lines. The most active compound showed antiproliferative activity at ICy, 3.78 pM.

Another A+ B+ C+D+E kind 5CR involving phenylacetonitriles, aryl aldehy-
des, hydrazine, ammonium acetate, and ethyl acetoacetate has been reported for
the synthesis of 4,7-dihydro-1H-pyrazolo[3,4-b]pyridin-6-amines 5 using EtOH as
a green solvent (Scheme 5.3) [17]. Under the catalysis of meglumine, the reaction
of intermediates 6 and 7 and then with NH, affords products after dehydrative
cyclization.

A pseudo-5CR of 2A+B+C+D kind has been developed using 2equiv of
B-nitrostyrenes and 1 equiv each of aryl aldehydes, ammonium acetate, and Mel-
drum’s acid in EtOH for diastereoselective synthesis of a small compound library of
functionalized piperidines 8 which has pharmacology interest (Scheme 5.4) [18].
The reaction of two intermediates generated separately from the condensation
of p-nitrostyrenes with Meldrum’s acid and aryl aldehydes with NH,OAc affords
intermediates 9 which react with aryl aldehydes again followed by base-promoted
cyclization to give products 8.

Shown in Scheme 5.5 is another pseudo-5CR of 2equiv of indene-1,3-dione
and 1equiv each o-benzenediamines, indene-1,2,3-trione, and anilines under the
catalysis of p-TSA to give highly condensed polycyclic system 10 [19]. The reaction
process involves iminization—aromatization reaction of indene-1,2,3-trione with
o-benzenediamine followed by condensation with two indene-1,3-dione give 11 and
then with anilines to afford products 10 after cyclization and tautomerization.

Pseudo-5CRs of 2A + 2B + C is more popular than other kind of 5CRs. A method
for the synthesis of pyrazole- and pyrazolone-fused dihydrooxepines 12 is estab-
lished through the reaction of 1 equiv of acetophenones and 2 equiv each of phenyl-
hydrazines and ethyl acetoacetate (Scheme 5.6) [20]. Condensation of intermediates
13 with 2 equiv of 14 affords compounds 15 which then undergo L,-promoted cycliza-
tion to afford the products.

The 2A+2B+C kind pseudo-5CRs shown in Scheme 5.7 involves double
Huisgen [3 + 2] cycloadditions of azomethine ylides using 1 equiv of a-aminoester
and 2equiv each of aldehydes and maleimides for diastereoselective synthesis
of fused-pyrrolidine compounds 16 [21]. Azomethine ylides generated from
a-aminoester and aldehydes undergo [3+2] cycloaddition with maleimides to
form adducts 17 which then react with second aldehydes and maleimides
for another [3 + 2] cycloaddition to give products 16. This reaction can be conducted
using amino acids to replace amino esters for decarboxylative double [3+2]
cycloadditions [22].
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Scheme 5.7 Pseudo-5CR for pyrrolidine-based polycyclic compounds.

The 3A + 2B kind pseudo-5CRs are rare in literature. Presented in Scheme 5.8 is
an example of such reaction using 3 equiv of isatins and 2 equiv of p-keto amides for
the synthesis of oxoindolines bearing two quinoline and pyrrolodione-fused rings
18 [23]. The reaction process involves the condensation of isatins with 2 equiv of
B-keto amides to form 19 which react with 2 equiv of isatins followed by ring open-
ing of isatins to form 20 and then amidative cyclization and aromatization to afford
products 18.

An interesting 4A + B kind pseudo-5CR of 4 equiv of 1,3-indanedione and 1 equiv
of benzaldehydes for the synthesis of highly condensed ring system 21 is shown
in Scheme 5.9 [24]. Et;N-catalyzed cyclotrimerization of 1,3-indanedione results
active cyclic diene 22 which undergoes diastereoselective Diels-Alder reaction with
2-aryllidene-1,3-indanediones 23 generated in situ from indanedione and benzalde-
hydes to form polycyclic structure 21 with a core of bicyclo[2.2.2]octane.



R!

X O O = p-TsOH (30 mol%)
\ o* N \\‘ EtOH
2
ZN H R 80°C, 7-10 h

R;=H, 5-Me/OMe, 7-F
R, =H, 4-Me/OMe/Cl, 2-Me/OMe/Cl, 2,4-diMe, 2,5-diCl....
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Scheme 5.9 Pseudo-5CR for bicyclo[2.2.2]octane-centered polycycles. Source: Cao
et al. [24].

If a reactant for MCR has more than one reaction center, then the MCR
has to indicate both the centers and components. For example, the reaction in
Scheme 5.10 is a 5C4CR, in which malononitrile is a two-centered reactant [25].
The Knoevenagel condensation of barbituric acid followed by Michael addition with
malononitrile afford 25. Cyclization and sequential dehydration and aromatization
give pyridopyrimidine products 24. Some of the product analogs were found to have

good anti-inflammatory activity.
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Scheme 5.10 5C4CR for pyridopyrimidines.

Shown in Scheme 5.11 is a double Huisgen 5C3CR in which a two-centered reac-
tant 26 is used in 2 equiv. The reaction process involves two intermolecular [3 + 2]
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cycloadditions of azomethine ylides, first to form pyrrolidine intermediates 28 which
then react with another equiv of 26 to form products 27 [26]. This one-pot reaction
is conducted under microwave heating in 10 minute to generate four new rings and
seven stereocenters in a diastereoselective fashion.
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Scheme 5.11 5C3CR for polyheterocycles.

A 6CR of six different reactants (A+ B+ C+ D+ E+F) is hard to find in litera-
ture. Presented in Scheme 5.12 is a single-operational reaction involving Knoeve-
nagel/Ugi/click reactions of six different molecules for the synthesis of triazole- and
coumarin-containing carboxamides 29 [27]. The Knoevenagel reaction of 2-hydroxy
aldehydes and Meldrum’s acid gives intermediates 30, while the reaction of propar-
gyl aldehydes with anilines gives intermediates 31. The Ugi-4C3CR of these two
intermediates gives 32 after rearrangement. The last step click reaction gives final
products 29.

Shown in Scheme 5.13 is a 2A+ B+ C+D kind pseudo-6CR using 2equiv of
isocyanides and 1 equiv each of primary amines, carbon disulfide, maleic anhydride,
and dialkyl acetylenedicarboxylates for the synthesis of a heterocyclic products
33 containing rhodanine and furan rings [28]. Intermediates 34 and 35 generated
from corresponding starting materials are coupled to form 36 which them undergo
Mumm rearrangement for 37 followed by [4 + 1] cycloaddition with another equiv
of isocyanides to form products 33. The reaction is conducted under sonication
radiation and using H, O as a solvent.

A 2A + 2B+ C + D-type azido-Ugi pseudo-6CR using 2 equiv each of isocyanides
and TMSN;, and 1 equiv each of cyclic imines (pyrrolines) and formaldehyde for the
synthesis of bistetrazole-containing cyclic amines 38 is shown in Scheme 5.14 [29].
The reaction is carried out in MeOH addition of 2 drops of Et;N. The reaction pro-
cess initiates with the azido-Ugi reaction of pyrrolines with isocyanides and HN,
(derived from TMSN; and MeOH) to form monotetrazole intermediates 39 which
undergo second azido-Ugi reaction with aldehydes, isocyanides and HN, to give
final products 38. In addition to pyrrolines, other cyclic imines could be used for
the synthesis.
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Scheme 5.12 7CR for heterocycles involving Knoevenagel/Ugi/click reactions.

Shown in Scheme 5.15 is another 2A + 2B + C + D kind pseudo-6CR with 2 equiv
each of glutaraldehyde and malononitrile and 1 equiv each of cyclic 1,3-diketones
and primary amines for the synthesis of highly condensed ring systems 40 [30].
Intermediate 41 generated from the reaction of glutaraldehyde and 2 equiv of mal-
ononitrile reacts with 1,3-diketones for 42 which further react with glutaraldehyde
and primary amines to form products 40. The cyclic 1,3-ketones can be replaced with
acyclic ketones or 4-hydroxycoumarins for making different products.

The highest order MCRs covered in this chapter are 7CRs. It is hard to find
7CRs of seven different molecules. Shown in Scheme 5.16 is a 2A+2B+2C+D
kind pseudo-7CR employing 2 equiv each of 4-hydroxycoumarin, p-ketoesters, and
phenylglyoxal monohydrate and 1 equiv of p-phenylenediamine in the synthesis of
C, symmetric compounds 43 [31]. This reaction process is developed from a 4CR
of 4-hydroxycoumarin, p-ketoesters, and phenylglyoxal monohydrate and primary
amines by replacing the primary amines with p-phenylenediamine. The last step
of the pseudo-7CR is the reaction of intermediates 44 with 2 equiv of 45 to form
products 43.
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Scheme 5.15 Pseudo-6CR for highly condensed heterocycles.

5.3 Consecutive MCRs

The consecutive MCRs, also called sequential or multiple MCRs, are to combine
two or more MCRs (Scheme 5.17) [32]. It is a stepwise reaction process, in which
the unreacted functional group (A’) from the first MCR is used for the second MCR.
Consecutive MCRs make the synthesis more powerful in efficiency, and the products
have significantly high structural diversity and molecular complexity.

A double Groebke-Blackburn-Bienaymé (GBB) reaction sequence using
2,4-diaminopyrimidine as a two-centered component has been reported for the
synthesis of substituted diimidazopyrimidines (Scheme 5.18) [33]. Under catalysis
of Yb(OTf);, the reaction of aminoazine, aldehyde, and isocyanide affords first GBB
products 46, which then undergo second GBB reaction with a different set of alde-
hyde and isocyanide under the catalysis of p-toluenesulfonic acid (PTSA) to afford
products 47. Other bifunctional components, such as 2,4-diaminoquinazoline
and 3,6-diaminopyridazine, could be used for the synthesis of corresponding
products.

Sequential Biginelli and Ugi-4CR reactions for the synthesis of tetrahydropy-
rimidinone amides 48 are shown in Scheme 5.19 [35]. In the reaction process, the
Biginelli reaction of ureidoalkyl acids with aldehydes and benzyl acetoacetates
affords tetrahydropyrimidinone carboxylic acids 49. The adducts are then used for
the Ugi-4CR with amines, aldehydes, and isocyanides to form products 48. The first
MCR is conducted at room temp, while the second one is under microwave heating.

Sequential intermolecular and intramolecular Huisgen reactions of azomethine
ylides for the synthesis of pyrrolidine-based polycyclic compounds 50 are shown in
Scheme 5.19 [34]. In the reaction process, the intermolecular [3 + 2] cycloaddition
of benzaldehydes, glycine ester, and N-ethylmaleimides affords products 51 which
then undergo intramolecular [3 + 2] cycloaddition with O-allyl or O-alkynyl salicy-
laldehydes to afford products 40 diastereoselectively (Scheme 5.20).
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Scheme 5.16 Pseudo-7CR for C,-symmetric heterocycles.
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Scheme 5.17 Conceptual figure of consecutive MCR. Source: Zhi et al. [32].

Sequential 3CR and GBB reactions for the synthesis of imidazotriazoles 52 have
been reported (Scheme 5.21) [36]. The 3CR of orthoesters, aryl hydrazine, and
cyanamide for 5-aminotriazoles 53 is followed by the Sc(OTf);-promoted GBB
reaction with aryl aldehydes and isonitriles to afford imidazotriazole products 52.
The first MCR was conducted under microwave heating, while the second one was
at room temp.

Double Ugi reactions for the synthesis of tetrazolopiperazinones 54 are shown in
Scheme 5.22 [37]. w-Carboxyl a-aminotetrazoles 55 are synthesized from the first
Ugi-4CR of TMSNj,, isocyanides, aldehydes, and tritylamine followed by the treat-
ment with HCI. The second Ugi-4C3CR of two-centered components 55 with iso-
cyanides and aldehydes affords products 54 as a mixture of diastereomers.

The combination of Ugi-4C3CR and Pictet-Spengler reactions for the synthesis
of polycyclic compounds 56 is shown in Scheme 5.23 [38]. In this sequence,
2-isocyanoethylindole, carbonyl-protected aminoacetaldehyde, and two-centered
2-formyl benzoic acid are used for the Ugi-4C3CR reaction. Adduct 57 is treated
with formic acid to free the carbonyl group for the sequential intramolecular PS
reaction to form indole alkaloids 56 as a mixture of two diastereomers. Other
polycyclic indole alkaloid-type compounds could be prepared by using different
cyclic keto carboxylic acids as starting materials.

A triple Ugi-MCR sequence for the synthesis of cyclic pentapeptoids 58 is shown
in Scheme 5.24 [39]. After ester hydrolysis of the adduct from the first Ugi-4CR,
the resulted acid 59 is used for the second Ugi-4CR reaction to give ester 60 which
undergoes ester hydrolysis and Cbz deprotection to give a two-centered reactant
for Ugi-4C3CR with t-butyl isocyanide and paraformaldehyde to form cyclopeptoid
58 after the treatment with TFA. A similar reaction sequence to combining four
Ugi-4CRs has also been developed for the synthesis of cyclic heptapeptoid [40].

Another triple MCR sequence involving Ugi-4CR, Passerini, and Ugi-4C3CR has
been developed for the synthesis of cyclic depsipeptoids 61 (Scheme 5.25) [41].
The first Ugi-4CR reaction of isocyanide, paraformaldehyde, benzylamine, and
N-Boc-glycine under microwave heating followed by hydrolysis provides acid 62. It
is used for the Passerini reaction with i-butyraldehyde and t-butyl isocyanoacetate
to give amino acid salt 63 after the treatment with TFA. Ugi-4C3CR of 63 with
paraformaldehyde and an isocyanide affords cyclic pentadepsipeptoids 61. Other
analogues shown in Scheme 5.24 could be prepared by this method.
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The MCRs are synthetically efficient, but the reported numbers of MCRs are
limited. Also not all the MCRs directly lead to the formation of desired heterocyclic
compounds. Thus, conducting post-MCR modification is a good strategy for the
construction of new rings with increased structural diversity and complexity [3].
Highlighted in this session are selective examples of MCRs followed by cyclization
reactions (Scheme 5.26). The reaction processes could be in one-pot or involving
intermediate separations.
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Scheme 5.26 Conceptual figure of MCR and cyclization.
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Using Huisgen [3+ 2] cycloaddition products 64 as common intermediates to
access three different scaffolds through cyclization to form 5-, 6-, and 7-membered
rings 65, 66, and 67 are shown in Scheme 5.27 [42]. Fluorous tags (R,) were employed
in the parallel synthesis of these three compound libraries. In the synthesis of
hydantoin-fused compounds 65, [3 + 2] adducts 64 are reacted with arylisocyanates
in the presence of a catalytic amount of DMAP to afford ureas. Microwave-assisted
cyclization affords hydantoin-fused products 65 as a 420-compound library [43].
In the synthesis of piperazinedione-fused compounds 66, intermediates 64 are
treated with chloroacetyl chloride to afford N-acylated products, then react with
R*NH, followed by microwave-promoted cyclization to afford piperazinediones 66
as a 90-compound library [44]. In the synthesis of benzodiazepine-fused tricyclic
compounds 67, N-acylation of 64 with 2-nitrobenzoyl chloride, reduction of the
nitro group with zinc dust in acetic acid, and then DBU-promoted cyclization afford
piperazinediones 67 as a 60-compound library [43].

Intramolecular Huisgen [3+2] cycloaddition product 68 was used for
post-condensation modifications in the synthesis of heterocycles 69 and 70
(Scheme 5.28). In the synthesis of hydantoin-fused compound 69, [3 + 2] adduct 68
is reacted with arylisocyanate to afford a urea followed by microwave-assisted
cyclization to give products 69 as mixtures of six diastereomers [45]. In the syn-
thesis of piperazinedione-fused compound 70, intermediates 68 are reacted with
chloroacetyl chloride followed by cyclization to afford piperazinedione 70 as
mixtures of four diastereomers [46].

Shown in Scheme 5.29 is another Huisgen [3 + 2] cycloaddition-initiated synthesis
of heterocyclic compounds 71 [47]. The azido group of [3 + 2] adducts undergo sec-
ond [3 + 2] cycloaddition with another equiv of maleimides followed by decompo-
sition of triazoles to give 72. Aminomethylation with formaldehyde and cyclization
affords products 71.
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5.4 MCRs Followed by Cyclization Reactions

A reaction sequence has been developed by conducting the Huisgen [3 + 2]
cycloaddition of azomethine ylides for 73, N-acylation of 74, and then Cul-catalyzed
CF; radical cascade addition and cyclization for diastereoselective synthesis of
fused-tetrahydrobenzodiazepin-3-ones 75 (Scheme 5.30) [48]. The combination
of Huisgen reaction and cascade radical transformation is a good approach for
assembling heterocycles.

A one-pot and three-step synthesis has been developed for diastereoselective
synthesis of tetrahydropyrrolodiazepinones 76 through the combination of Huisgen
reaction for 77, N-acylation for 78, and Staudinger/aza-Wittig reactions for the
products (Scheme 5.31) [49]. Green chemistry metrics analysis of the reaction
process was conducted. By replacing animo esters with amino acids, this reaction
sequence could be modified by having the decarboxylative [3 + 2] cycloaddition as
the initial step [50].

The Huisgen [3 + 2] cycloaddition intermediates 79 generated from the reaction of
2-bromobenzaldehydes, maleimides, and amino esters are treated with N-allylation
for 80 and intramolecular Heck reactions to form hexahydropyrroloisoquinolines
81 (Scheme 5.32) [51]. EtOH and MeCN are used as preferable green solvents for
the reactions. When using alkynyl instead of allyl bromides to react with the [3 + 2]
cycloaddition products, the scope of this reaction is extended for cyclative Heck
alkyne hydroarylation at the last step [52].

One-pot reactions for the synthesis of polycyclic spiroindolines 82 are shown in
Scheme 5.33 [53]. The reaction process involves Ugi-4CR for 83 and then de-Boc
double cyclization for 82. Resulted products were submitted for screening tests on
several difficult-to-inhibit cancer cell lines including Huh7. The Ugi-4CR is con-
ducted at room temp, while the double cyclization reaction was performed under
microwave heating.

A method for the synthesis of natural product-like polycyclic azepinoindoles 84
has been developed (Scheme 5.34) [54]. The reaction process involves an Ugi-4CR
using readily available starting materials for 85 followed by Au-catalyzed dearom-
atization and Michael addition reactions to afford products in chemo-, regio-, and
diastereoselective manners.

A reaction sequence involves Ugi-4CR for 86, and 6-exo-dig cyclization of
N-substituted 2-alkynamides for the synthesis of a library of functionalized mor-
pholinone glycoconjugates 87 is shown in Scheme 5.35 [55]. The reactions are
carried out under mild conditions using regeneratable Ph,P as a catalyst.

A reaction sequence of consecutive Asinger and Ugi-4C3CR followed by a
post-Cu-catalyzed cyclization for making bridged-dihydrothiazolines 88 is shown
in Scheme 5.36 [56]. In this reaction process, Asinger products 89 are used for
the sequential Ugi-4C3CR with isocyanides and E-bromoacrylic acid to afford
bisamides 90. The last step of Cu-catalyzed cyclative rearrangement of give tricyclic
ketone products 88.

Shown in Scheme 5.37 is a reaction sequence of Asinger followed by Ugi-4C3CR
and then cyclization reaction for making thiazolo- and oxazolo-annulated benzodi-
azepinediones 91 [57]. NaSH or NaOH is used for the Asinger to afford thiazolines
or oxazolines 92 for the Ugi-4C3CR with allyl isocyanides and 2-fluoro-benzoic acids
to form 93 followed by LDA-promoted cyclization to give products 91.
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5.5 MCRs Followed by Cycloaddition or Annulation
Reactions

Cycloaddition is even more powerful than cyclization in increasing molecular
diversity and complexity. Combination of MCRs and cycloadditions or annulation
has been demonstrated in the synthesis of polyheterocycles, many of them are in
diastereoselective fashions (Scheme 5.38) [3].

o) :

= C B O X
Scheme 5.38 Conceptual figure for MCR and cycloaddition. Source: Based on Zhang and
Yi [3].

The combination of intermolecular Huisgen [3 + 2] cycloaddition and intramolec-
ular [4+ 2] cycloaddition reactions has been developed for making heterocyclic
scaffold 94 (Scheme 5.39) [58]. After diastereoselective [3 +2] cycloaddition of
amino esters, 2-furanylaldehydes and maleimides, the resulting intermediates 95
are N-acylated with acid chlorides followed by intramolecular [4 + 2] cycloaddition
to afford polycyclic compounds 33. In this reaction sequence, N-acylation and
intramolecular Diels-Alder cycloaddition were conducted in one-pot to give final
products containing up to eight stereocenters as single diastereomers.

A one-pot synthesis involving Huisgen [3+2] cycloaddition reaction of an
azomethine ylides fpr 96, propargylation for 97, and azide-alkyne click reaction has
been developed for diastereoselective synthesis of novel triazolobenzodiazepine-
containing polycyclic compounds 98 (Scheme 5.40) [59]. In this intergrated reaction
process, the click reaction is conducted under Cu catalyst-free conditions. The
scope of this reactions has been extended by using amino acids to replace amino
esters for the initial Huisgen [3 + 2] cycloaddition [60].

A two-step synthesis involving Huisgen [3 + 2] cycloaddition of azomethine ylides
for 99 followed by double S, 2 reaction-based [5 + ] annulation has been developed
for modular synthesis of dihydrobenzoxazines 100, dihydrobenzooxazinones 101,
tetrahydrobenzoxazepines 102, and tetrahydrobenzoxazocines 103 (Scheme 5.41)
[61, 62]. The [3 + 2] cycloaddition adducts bearing -NH and -OH groups are used
for the [5+ n] annulation with one-, two-, and three-carbon electrophiles to give
different ring-size scaffolds. Green chemistry metrics analysis of the synthetic
processes provides favorable results.

A two-step synthesis involving a 4CR of 2-hydroxybenzldehydes, amines, isoni-
triles, and TMS azide for 104 followed by [5+ 1] annulation with 1,1’-carbonyldi-
imidazole (CDI) for multisubstituted oxazinanones 105 has been reported
(Scheme 5.42) [63]. This method is applicable for the synthesis of oxazolidinones
and oxazepanones derivatives which demonstrates the feasibility in combination of
MCR and annulation reactions to access different heterocyclic scaffolds.
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Several structurally diverse penta- and hexacyclic alkaloid-type compounds have
been prepared through a two-step synthesis using readily available starting materi-
als (Scheme 5.43) [64]. The N-acyliminium Pictet-Spengler reaction of electron-rich
p-arylethylamines, cinnamaldehyde derivatives, and alkynoyl chlorides provides
intermediates 106 for an intramolecular Diels-Alder cycloaddition to afford diverse
polycyclic alkaloid-like compounds 107 through the reliable and efficient reaction
sequence.

A straightforward three-step synthesis to assemble triazolobenzodiazepine-fused
diketopiperazines 108 has been developed (Scheme 5.44) [65]. The initial Ugi-4CR
products 109 bearing the necessary functionalities for sequential base-induced
cyclization and azide-alkyne cycloaddition reactions afford highly condensed cyclic
frameworks 108. EtOH is used as a green solvent for this three-step synthesis.

5.6 Conclusion and Outlook

This chapter highlights the MCR-based PASE synthesis, including high-order MCRs,
consecutive MCRs, and MCRs followed by post-condensation modifications such as
cyclization and cycloaddition reactions. Those methods have intrinsic efficiency for
being simple in operation, short in reaction time, saving energy, and reducing waste.
The examples shown in this chapter demonstrates the great achievement of organic
chemists in the development of MCR-based synthesis of heterocycles. Integration of
MCRs with other reaction processes, such as radical cascade reactions, photoredox
catalysis, transition metal- and organocatalysis, and electrochemical reactions can
further empower the capability of MCRs. There is no doubt that MCR-related meth-
ods will continuously play important roles in the synthesis of complex heterocycles
which have biological interest and other utilities.
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6.1 Introduction

The combination of flow processing with multicomponent reactions has demon-
strated to be a valuable approach towards an efficient and sustainable chemical
synthesis. Reactions performed in continuous flow systems are characterized
by high interfacial area per volume and take advantage of the rapid heat and
mass transmission, thus giving excellent safety control in the case of hazardous
reagents and/or highly exothermic reactions. In addition, they can be performed
with reduced reagent consumption and can be easily scaled up simply by running
the reaction for longer times or by using more reactors in parallel, thus avoiding
re-optimization of the reaction conditions. The use of flow chemistry positively
affects yields, selectivity and reaction times, and the integration of on-line detection
modules allows real-time monitoring of the process. In the case of photochemical
or gas-liquid heterogeneous reactions, the flow approach has additional advan-
tages, such as the homogeneous penetration of light or the intimate interaction
between the two phases [1, 2]. When coming to multicomponent reactions, another
advantage over batch reactions is the possibility to perform the addition of the
components at different stages, in a telescoped manner, still falling within the
definition of a multicomponent condensation. A few years ago, the flow-assisted
synthesis of heterocycles via multicomponent reactions was reviewed by De
Borggraeve, with the main focus on the different types of heterocylces [3]. The
reason for a new chapter on this subject, apart from including the relevant literature
of the last few years, is to focus mainly on the different approaches that can be used
to perform heterocycle multicomponent syntheses in continuous flow and on the
advantages of such approaches over batch synthesis. In particular, we have divided
this chapter in four different sections, and, apart from the “classical” flow synthesis,
we have included three sub-chapters dedicated to the use of (i) hazardous reagents,
(ii) special conditions, and (iii) telescoped systems, respectively.

Multicomponent Reactions towards Heterocycles: Concepts and Applications, First Edition.
Edited by Erik V. Van der Eycken and Upendra K. Sharma.
© 2022 WILEY-VCH GmbH. Published 2022 by WILEY-VCH GmbH.
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6.2 Multicomponent Reactions Under Standard Flow
Conditions

Generally, the results obtained in flow are equal or superior than those in batch,
since the use of continuous flow systems may overcome some limitations that affect
several organic reactions. In this section, examples in which classical batch reactions
are upgraded to flow chemistry are reported and in particular the advantages of using
flow over batch are highlighted.

In 2006, Stevens reported the employment of a microreactor for the continuous
synthesis of tetrasubstituted imidazoles 5 using a modified Radziszewski reaction,
in which an a-diketone 1, an aldehyde 2, and an amine 3 react with ammonia
(ammonium acetate 4 is usually used as source of NH;) (Scheme 6.1) [1]. This
four multicomponent reaction is already known in batch [4], but the need of MW
heating hampers a scale-up to multigram productions of the desired imidazoles. The
use of a microreactor has the inherent advantages of an extremely high mixing rate
and a very narrow temperature profile due to a greater surface-to-volume ratio. The
choice of the optimal solvent mixture was a key point. The ideal solvent should have
a b.p. 10°C below the employed temperature, otherwise the gas-bubble formation
results in unequal residence times, and should be able to dissolve the reactants,
since handling of solids in this type of microreactor is disfavored. The authors were
not able to identify a single solvent fulfilling these needs, therefore they opted for a
mixture of two solvents: N-methyl-2-pyrrolidone (NMP) and n-pentanol that were
used separately in the two inlets of the system. The presence of acetic acid (10 equiv)
was another key point, because it suppresses the formation of the Radziszewski
product (R?* = H), which is the main side product formed by the incorporation of
two moles of NH, instead of the primary amine. After a careful optimization of the
reaction parameters (i.e. temperature, solvents, and additive), the authors were able
to obtain similar conversions to the batch reaction.

] NMP

R1M\H/R2 + RACHO *+ AcOH RO
R2 /
1 0 2 N
L=
N

R1
4,
R3NH, + NH*OAc + AcOH 120 °C 5,7 examples

3 4 n-pentanol 18-78%

Scheme 6.1 Synthesis of tetrasubstituted imidazoles 5 using a modified Radziszewski
reaction. Source: Based on Wegner et al. [1].

1,4-Dihydropyridines 9 are commonly prepared by the Hantzsch three component
reaction starting from an aldehyde 6, an acetoacetate 7, and ammonium acetate 8.
Typically, this transformation requires long reaction times (hours) to obtain full con-
version in batch. Hessel reported this synthesis under superheated conditions by the
use of a microreactor equipped with a back pressure regulator to avoid gas formation
(Scheme 6.2) [5]. Such superheated reaction mixtures are not easy to process on a
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batch scale. The small volume of the microreactor (200 pl) and the short residence
time (six minutes) minimizes the exposure of the reaction mixture in the hot zone
and ensures a limited formation of by-products under such harsh conditions.

R‘
EtOH
CHO O 0 R20.,C 2
OR? 100 psi N
6 7 8 N

120 °C
9, 9 examples
45-88%

Scheme 6.2 Hantzsch synthesis of 1,4-dihydropyridines 9 under superheated conditions.
Source: Baraldi et al. [5].

The Groebke-Blackburn-Bienaymé three-component reaction involves the inter-
action of a 2-aminoazine (such as 10), an aldehyde 11, and an isocyanide 12 under
acidic conditions to form a fused imidazole ring. One of the most employed source
of the amine is 2-aminopyrimidine 10 leading to aminoimidazo[1,2-a]pyrimidines
13. Under conventional batch conditions, in addition to the expected 3-amino sub-
stituted product (thermodynamic product), the regioisomeric 2-amino compound
(kinetic product) is also formed in various amounts depending on the nature of the
other components and on the reaction conditions. Chen and coworkers showed that
using a continuous flow process the formation of the undesired regioisomer can be
almost suppressed (>1%) [6]. After a careful optimization (temperature, residence
time, type of catalyst, and catalyst loading), the authors found the optimal param-
eters (50 minutes at 80 °C) that can assure a remarkable improved selectivity and
shorter reaction times than the batch reaction (Scheme 6.3). Moreover, the success-
ful formation of 3-aminoimidazo[1,2-a]pyrimidines employing aliphatic aldehydes,
albeit in low yield, is unprecedented under batch conditions.

f N zrCl
+ o + 4 NHR!
W, OO (10 mote)
SN
10 11 (\):\g»ﬂz
SN N
2
RENC 80C 13
12 R' = Ar, 9 examples, 43-61%

R' = Alk, 2 examples, 27-32%

Scheme 6.3 Regioselective synthesis of aminoimidazo[1,2-a]pyrimidines via the
Groebke-Blackburn-Bienaymé MCR.

In 2013, Stevens and coworkers reported the preparation of a peculiar tricyclic
system through the condensation of 6-amminouracil 14 with an excess of benzyl
amine 15 and formaldehyde 16. The reaction was optimized in batch and required
microwave heating, however the synthesis of 17 was scaled out using a microreactor
heated at 90 °C (Scheme 6.4) [7].
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14 15 16 kPh

Scheme 6.4 Flow synthesis of substituted tetrahydropentaazaphenalene-1,3-dione 17.
Source: Based on Garcia et al. [7].

The three-component Huisgen 1,4-dipolar cycloaddition allows the construction
of six-membered heterocycles through a [4+2] cycloaddition of a 1,4-dipole, gener-
ated from an isoquinoline 18 and an acetylenedicarboxylate 19, and a dipolarophile.
In batch, the transformation is plagued by a side reaction between the 1,4-dipolar
intermediated and another molecule of the alkyne leading to the cycloaddition
by-product like 22. In 2012, Lei et al. developed the 1,4-dipolar cycloaddition using
aryl trifluoromethyl ketones 20 as dipolarophiles [8]. A preliminary study in batch
showed the formation of the desired product 21 (41%), but, as expected, a significant
amount of the side product 22 (34%) was also present. The translation to flow
microreactor led to a complete suppression of the by-product and a library of 21 was
obtained in high yields (Scheme 6.5). The dramatic effect of the microflow system
is attributed to the extremely rapid and efficient mixing of reagents.

1 1
N R! N R R
@(:Nr N.__CO,R? CO,R?
18 MeCN |
o}

CO,R? O 0,R? R20,C” N “CO,R?
CFs CO,R?
+ F o 2!
|‘| J@)‘\C 8 50°C 21, 12 examples 2
CO,R? R® P 79-91% Not formed
19 20

Scheme 6.5 Highly selective Huisgen 1,4-dipolar cycloaddition.

Gonzalez and coworkers developed the continuous flow synthesis of 2-
aminochromenes 26-27 from aromatic aldehydes 23, malononitrile 24, and
a- or B-naphthol 25 in the presence of a basic catalyst (DBU) [9]. After the Kno-
evenagel condensation of the aldehyde with the active methylene compound, the
resulting arylidenemalononitrile reacts with naphthol to form the C—C bond. The
C-alkylated intermediate undergoes an intramolecular cyclization (C—O bond
forming event) and an isomerization to yield the final product. The authors used
the ThalesNano H-Cube apparatus as flow system equipped with an inert titanium
cartridge, since in this reaction there is no need of an heterogeneous catalyst
(Scheme 6.6). After optimization, a library of 2-aminochromenes was obtained in
high yield and short time (residence time: 50s).

The flow synthesis of 5-(thiazol-2-yl)-3,4-dihydropyrimidin-2(1H)-ones 33 was
reported by Cosford and coworkers in two steps, without isolation of the interme-
diate 30 thanks to an automated system [10]. The first step is the Hantzsch thiazole
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OH  2-MeTHF o
ArCHO + NC__CN + Oe %@»)_& e O
25 bar

23 H-cube reactor 26 (from a-naphthol) 27 (from $-naphthol)

70 °C (a-naphthol) 9 examples, 87-96% 4 examples, 84-96%
120 °C (p-naphthol)

Scheme 6.6 Multicomponent synthesis of 2-aminochromenes 26-27.

synthesis via condensation of ketal-protected thioamide 28 and a-bromoketones 29.
HBr and water are generated in situ and used to remove the protecting group and
to catalyze the subsequent Biginelli three-component reaction (Scheme 6.7). This
flow protocol allows for a very rapid construction of libraries of such interesting
compounds.

o5

NH,
28 DMF Q S/\>_1
~ R
g sk
B
R? r 150 °C
29 R
JN R
DMF !
o} o} S I
| GRRI§ NNo
RZH  HoN” °NH, 200 °C H
31 32 33, 8 examples

39-46%

Scheme 6.7 Sequential Hantzsch/Biginelli continuous flow synthesis of 33.

Guo and coworkers developed a novel three component reaction of 1,7-enynes
34 with sulfinic acids 36 and diselenides 35 yielding highly substituted
3,4-dihydroquinolin-2(1H)-ones 37, through a sulfonyl radical-induced 6-exo-dig
cyclization in the presence of an oxidant (tert-butyl hydroperoxide, TBHP) [11].
After batch optimization, the authors moved to the microflow set-up obtaining the
desired product in higher yields and shorter times (Scheme 6.8).

R2

Pz
Z (0]
Rl Q s+ m__Se , + U RiSe. R®
N J\( S¢ SR*  RTOH | RS
34 Fl{3 35 36 EtOH/H,O R OI/S(\/
N” ~0O
TBHP Ro
37, 3 examples
85-90%

Scheme 6.8 Radical multicomponent selenosulfonation for the synthesis of 37.

While the examples discussed so far highlight the beneficial effects of flow condi-
tions on the yield, selectivity and time, the following ones demonstrate how easily
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flow processes can be combined with in-line purification or reaction monitoring,
thus also allowing a rapid isolation of products and optimization of the conditions.

The successful combination of continuous flow and the three component Povarov
reaction for the rapid generation of a library of tricyclic tetrahydroquinolines 41 was
developed in 2016 by Gioiello and coworkers [12]. This reaction is a formal cycload-
dition of an electron-rich dienophile 40 and an N-arylimine heterodyne, generated in
situ from an aromatic aldehyde 38 and an aniline 39, but it is believed that the mech-
anism proceeds step-wise. Since the reaction is catalyzed by acids, the authors added
5% of PEG300 as co-solvent to prevent the precipitation of the aniline hydrochloride
within the lines. The flow system was equipped by an in-line work-up (liquid-liquid
extraction) and an automatic chromatographic separation allowing the purification
of the reaction mixture and each compound was isolated diastereomerically pure,
with few exceptions (Scheme 6.9).

CHO
R1©/ 38

+

HCI (10% wt in MeOH)
MeCN/PEG(300)® @
(95:5)

NH,

2 separated diastereoismers
16 examples, 46—-89% (trans + cis)

Automated
chromatography

R'/R2 = H, OH, NO,
X =0, NBoc
n=1,2

MeCN/PEG(300)
(95:5)

R2©/ 39

+
HCI (10% wt in MeOH)

o Q

XA\)n
RZ
Et,O

mixture of

M H <i:is/trans
R1 isomers

UV deterctor

Separator

100 psi

X
w40 H0
MeCN/PEG(300)® @
(95:5)

Scheme 6.9 Highly automated setup for the synthesis and purification of
diastereomerically pure tricyclic tetrahydroquinolines 41.

Aqueous waste

Martha et al. developed the high-throughput optimization of the synthesis
of a substituted 2-imidazoline 45 via a three components reaction between
benzylamine 42, acetone 43, and p-nitrobenzylisocyanide 44 (an isocyanide
having a-acidic protons) in the presence of a ferrocene-based Lewis acid cata-
lyst [13]. The system combines an automated continuous flow reactor with an
in-line atmospheric-pressure chemical ionization mass spectrometer (APCI-MS)
detector (Scheme 6.10). The typical optimization of reaction parameters (i.e.
reactants ratio, temperature, and catalyst loading) was carried out automatically
changing the relative flow rate of the reactant or the concentration of the injected
model catalyst. Then the authors performed a high-throughput screening of 17
ferrocenes in six solvents in a very straightforward manner thanks to the high
degree of automation.
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Scheme 6.10 High-throughput reaction optimization and catalyst screening by combining
continuous-flow and mass spectrometry detection.

6.3 Multicomponent Reactions with Hazardous
Reagents

One of the most important advantage of microreactors is the possibility of using toxic
reagents in a safe way. Moreover, the use of flow reactors reduces the interaction of
the operators with toxic reagents/intermediates.

In this context, Stevens reported the successful application of a microreactor for
the safe handling of the highly toxic hydrogen cyanide, generated in situ from KCN
and AcOH, which were pumped separately into the microreactor. HCN is one of
the three components needed in this modified Strecker multicomponent reaction
that leads to 3-amino-4-(arylamino)-1H-isochromen-1-ones 48 (Scheme 6.11) [14].
The mechanism proceeds through a Strecker reaction between 2-formylbenzoic
acid 46, an aromatic amine 47 and potassium cyanide, followed by a intramolecular

Microreactor — ﬂ"’:’:{ — Qutput

Perfluorated solvent

CHO MeOH Ar

©: + ACOH HN-
COOH NH;
ANH, + KCN o

a7 MeOH 48, 4 examples
49-75%
Best output: 2.28 g/h

Scheme 6.11 Safe handling of HCN in a modified Strecker reaction. Source: Adapted from
Acke et al. [14].
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nucleophilic addition of the carboxylic group to the nitrile. Finally, the resulting
O-acyl imidate tautomerizes to the final isochromenone. The choice of solvent and
temperature is limited by the limited solubility of KCN and the authors found
out that MeOH was the best solvent. One of the main problems faced during
the optimization was the crystallization of the product at the end of the tubing.
They solved the issue pumping an immiscible perfluorinated solvent between
the microreactor and the residence time unit. This method creates plugs of the
reaction mixture, separated from each other by the immiscible solvent. In such
way, the perfluorinated solvent drives the product further through the system, even
if there is crystallization in the plugs itself. Although the yields are lower using
the microreactor system than in batch, the small dimensions of the microreactor
(2ml) ensures that only minor amounts of the toxic reagent are formed and even
if a qualitative HCN spot-test was positive, a slower coloration was detected in the
case of the microreactor setup than in batch conditions.

The Bucherer-Bergs reaction is the most popular method for the synthesis of
hydanthoins 52 starting from aldehydes or ketones. The three components reaction
is carried out by simply heating a mixture of the carbonyl compound 49, KCN
and ammonium carbonate (which thermally decomposes into NH, and CO,) in
EtOH/H,O. However in batch the reaction presents several limitations: (i) long
reaction time (several hours or even days), (ii) loss of NH; and CO, due to their
volatility, (iii) limited solubility of many starting materials in such polar solvents,
(iv) safety hazard on large scale due to the presence of KCN. In 2016, Kappe and
coworkers reported the continuous flow variant of the Bucherer-Bergs reaction
with results far superior than the batch process [15]. The flow system allows a
safe handling of KCN and the reaction can be carried out keeping the gaseous
reagents in solution working at high pressure thanks to the back pressure regulator
(Scheme 6.12). The presence of two independent in-lets allows the use a segmented
flow pattern of a biphasic liquid-liquid solvent mixture, composed by any organic
solvent for the carbonyl compounds and water for the inorganic reagents. The
increased interfacial area and the absence of the headspace in flow lead to higher
yield (91%) than the biphasic batch reaction (40%).

j)l\ EtOAc o
1 2
R R HN
a9 ril_ NH
R? o)
KCN +
(NH4),CO3 H.0 52, 10 examples
50 51 2 72-99%

Scheme 6.12 The Bucherer-Bergs reaction for the synthesis of hydanthoins.

One of the most notorious “click reaction” is the two-component Cu(I)-catalyzed
alkyne azide cyclization (CuAAC), that proceeds through a 1,3-dipolar cycloaddi-
tion yielding 1,4-disubstituted 1,2,3-triazoles 56 with high regioselectivity. Zhang
and coworkers translated the one-pot version to a flow system, avoiding the
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Scheme 6.13 Continuous flow synthesis of 1,4-disubstituted triazoles by CuAAC.

isolation and handling of the potentially unstable organic azides [16]. A tandem
alkylation/CuACC resulted in a three-component reaction between 53, 54, and 55.
After optimization of the parameters, a library of triazoles 56 was obtained in high
yield, in short time and without the formation of by-products thanks to the excellent
mixing and mass transfer in micro flow system (Scheme 6.13). The coupling of an
automated continuous flow system to the CuUAAC can potentially accelerate the
production of products containing this widespread heterocycle in a combinatorial
fashion.

N-unsubstituted 4-aryl-1H-1,2,3-triazoles 60 can be prepared by cyclization of
nitroalkenes with azides. However, the highly toxic and explosive hydrazoic acid
may be generated during the process and nitroalkenes may rise safety issues. Zhang
and coworkers reported the optimization of the two components process both in
batch and in flow, demonstrating the superior performance of the flow reactor
thanks to the possibility of using the high temperature (190 °C) that benefits this
cycloaddition [17]. Moreover, nitroalkenes can be prepared via Henry reaction
followed by dehydration. The authors optimized the one-pot three-component
flow protocol starting from benzaldehydes 57, nitromethane 58, and sodium azide
proving that there is no need to prepare nitroalkenes in advance (Scheme 6.14).

DMF/H,0 N
N\
ArCHO + CHsNO, + NaN; + AcOH Py
57 58 59 Ar

190 °C 60, 2 examples
91-93%

Scheme 6.14 Three component synthesis of N-unsubstituted 4-aryl-1H-1,2,3-triazoles 60.

6.4 Multicomponent Reactions Under Special Conditions

The beneficial effects of continuous flow approaches in comparison with classical
batch conditions have been thoroughly discussed in the previous paragraphs.
Improvements are observed in terms of yields, selectivity, and kinetics; factors
that render flow technology an efficient solution to the multicomponent synthesis
of heterocycles can be further increased when special conditions are applied.
In this section the use of microwave heating, of catalytically active reactors, of
heterogeneous systems and of light irradiation is discussed, showing how this area
of research is lively and constantly evolving.
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6.4.1 Reactions with Microwave or Inductive Heating

The limited geometry of microwave (MW) devices is a major drawback for the
scale-up of reactions, and has therefore limited the industrial applications of this
technology. To overcome this problem, the use of flow chemistry (microwave-
assisted continuous flow organic synthesis, MACOS) has been proposed at the end
of last century, combining the sample-handling and scaling-up advantages of flow
with the rate-enhancing features of microwave heating; the relevant literature, up
to 2007, has been reviewed by Baxendale et al. [18].

Organ and coworker [19] have used the MACOS approach to prepare medicinally
relevant, heterocyclic compounds in a MCR format. Specifically, reaction of various
aldehydes 61 with dimedone 62 and pyrazole 63 has been used to form quinoli-
nones 64 (Scheme 6.15). The three components were introduced into a 1180 pm glass
capillary, placed into the microwave oven, through separate feeds, in equal concen-
trations and at the same rate. On one hand, this greatly expanded the combinatorial
efficiency of the system for library generation, but on the other hand it required care-
ful optimization of capillary diameter, microwave power, flow-rate, reaction concen-
tration and solvent, in order to avoid laminar flow, and therefore, poor mixing and
conversions.

O

Ob{ 8 —
! O

HBE/NHZ @_ 1180 um glass capillary
62

o o

R 63

|
Scheme 6.15 Synthesis of quinolinones 64 through a three component reaction in a MW
heated capillary.

Microwave heating 64, 7 examples
55-94%

Although microchannel devices usually produce small amounts of product,
compound 64 was collected in about 300 mg total amount after only 30 minutes of
operation. Using the same approach, tetrasubstituted furans were prepared from
aldehydes, cyclohexyl isocyanide, and dimethyl acetylenedicarboxylate.

Balint et al. have used the Kabachnik-Fields reaction to obtain o-aryl-a-
aminophosphonates from primary amines, benzaldehyde derivatives and dialkyl
phosphites [20]. The use of a continuous flow microwave reactor allowed to syn-
thetize the target compounds in high (c. 90%) yields without any catalyst in alcoholic
solvent. Compared to traditional batch reactions, shorter reaction times and lower
excess of reagents were employed. The authors further extended this methodology
to the synthesis of isoindolin-1-one-3-phosphonates 68 by the three-component
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condensation of 2-formylbenzoic acid 65, aliphatic primary amines 66, and diethyl
phosphite 67 (Scheme 6.16) [21]. A dual pump, connected to a commercially avail-
able continuous flow cell, was used to feed the reactor with two independent lines.
The mixture was pumped in the reactor with a flow rate of 0.70-0.15 ml/minute,
corresponding to residence times of 10-45 minutes, the mixture leaving the reactor
was cooled down to 25°C using a spiral-like cooler and a back pressure regulator
(operating at 17 bar) was used to avoid solvent boiling. Change in flow rate only
slightly improved the overall yield, while better improvement was obtained by
using excess amine and phosphite, with conversions close to 100%.
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Scheme 6.16 Synthesis of isoindolin-1-one-3-phosphonates 68 with a continuous flow
microwave reactor. Source: Based on Tajti et al. [21].

Larhed and coworkers developed a three-component MW-flow reaction using a
silicon carbide (SiC) tubular reactor able to efficiently absorb microwaves [22]. The
reaction consisted of the condensation of isatoic anhydride 69, an isatin derivative 70
and aniline 71 at 160 °C, yielding spiro-oxindole dihydroquinazolinones 72, known
as insulin-regulated aminopeptidase (IRAP) inhibitors, in good to moderate yields
and short residence times (168 s) (Scheme 6.17).
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Scheme 6.17 Synthesis of spiro-oxindole dihydroquinazolinones 72 using a SiC reactor
heated with microwaves.

The paper published by Li and coworkers [23] in 2010, still related to the use of
microwaves, anticipates the next paragraph, as it is dealing with catalytically active
reactors. Although this is not strictly an example of MCR synthesis of heterocycles,
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it does represent a case of multicomponent functionalization of heterocycles and
therefore the authors considered it consistent with this chapter An A3-coupling
between aldehydes 73, amines 74, and alkynes 75 is performed using MACOS, but
the reactor is coated with thin films of Cu or Au. A dramatic improvement of the
reaction kinetics is observed, either due to direct metal catalysis or to the extremely
high temperatures (up to 950 °C) reached by the thin film, when microwaved.
Although the A% multicomponent reaction does not generate a heterocyclic system,
various cyclic amines were employed in this study, thus affording N-functionalized
N-heterocycles 76. The scope of the reaction was investigated feeding the reactor
with a mixture of the three reagents, however a test experiment was carried out
also using three independent lines, in order to improve combinatorial efficiency
and library synthesis. Both set-ups afforded the same final outcome, yielding
N-propargylated cyclic amines 76 in moderate to good yields (Scheme 6.18).
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Scheme 6.18 Synthesis of propargylated cyclic amines 76 with a copper or gold coated
microwave reactor.

The use of microwaves for Hantzsch dihydropyridine synthesis is a well-
established methodology, affording the desired products in high yields and purities.
The use of a continuous flow approach was independently reported by Bagley et al.
[24] and Baxendale et al. [25] in 2013, starting from propargyl or aromatic alde-
hydes respectively. Yields were slightly lower than in batch mode, but the use of
highly concentrated solutions and short residence times were a clear advantage in
comparison with existing methodologies.

In conclusion of this section, it is worth mentioning the work by Kirschning and
coworkers, although not strictly related to microwaves [26]. Steel beads or silica gel
coated superparamagnetic nanoparticles have been used as fixed-bed material for
flow reactors to efficiently heat reaction mixtures in an inductive field. Inductive
heating relies on magnetic inductive hyperthermia, also termed superparamag-
netism, according to the Neel relaxation principle: when magnetic nanoparticles are
exposed to a changing magnetic field, their loss of magnetic hysteresis creates heat.
The scope and limitations of this technology have been investigated, suggesting that
inductive heating can be compared to MACOS with respect to rate acceleration.
In addition, nanoparticles have several advantages when incorporated into flow
devices, such as a simple setup (nanoparticles are incorporated inside a flow reactor
made of glass and encased with an inductor) and minimal safety issues; moreover,
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only the superparamagnetic particles are the initial source for heating, which
occurs inside the reactor, and they can be superheated (above 500 °C). Among
many different reactions performed under flow conditions by using inductively
heated reactors, multicomponent Biginelli, Mannich, and Petasis reactions were
successfully performed. Some years later, the same authors reported the design of a
steel flow reactor that could be inductively heated in bulk without the need for steel
beads or superparamagnetic nanoparticles [27]. This type of heating is really fast and
the desired temperature can be reached within 30s. The author tested the system
under high temperature/high pressure condition in some selected transformation
using a water/toluene solvent mixture. Enones 77 react with benzaldehydes 78 and
benzyl amines 79 in a multicomponent fashion yielding acetyl dihydropyridines 80
through a formal [1+2+1+2] cycloaddition process. Batch conditions require an acid
catalyst (Sc(OTf);) and the reaction lasts 2-20 days in DCM. Under aqueous high
temperature flow conditions dihydropyridine 80 can be prepared in high yield at
180 °C in the absence of a Lewis acid and with residence times below eight minutes
(Scheme 6.19).
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Scheme 6.19 High temperature/high pressure synthesis of dihydropyridine 80 in a
water/toluene mixture.

6.4.2 Reactions with Active Packed-Bed Columns

The work published by Ley in 2010 regarding the flow synthesis of pyrrolidines
and pyrroles clearly highlights how packed-bed columns can dramatically improve
the efficiency of multicomponent reactions, when loaded with reagents, catalysts,
or scavengers [28]. According to the general procedure for the obtainment of
the pyrrolidine ring via the cycloaddition between nitrostyrenes and azomethine
ylides, the author elaborated a three-component process in which stock solutions
of p-nitrostyrene 81, glycine methylester hydrochloride 82, and aldehyde 83 (with
triethylamine), all dissolved in acetonitrile, were introduced into a flow reactor and
directed into a heated (60-80 °C) glass column filled with anhydrous sodium sulfate
(Scheme 6.20). This first step was required to promote the imine formation between
82 and 83, leaving the nitrostyrene derivative untouched. Upon exiting the drying
column, the reaction mixture was directed into a coil heated at 80-100 °C, where
the desired cycloaddition between 81 and the in situ formed stabilized azomethine
ylide took place. In-line work-up with a polymer-supported benzylamine scavenger
(QP-BZA) removed residual starting materials, thus affording the desired tetra-
substituted pyrrolidine 84 in yields higher than 70% as a mixture of stereoisomers.
Further elaboration of the product could also be introduced in the streamline,

223



224

6 The Use of Flow Chemistry in the Multicomponent Synthesis of Heterocycles

with a packed-bed column loaded with activated MnO,. The oxidant, at elevated
temperatures (85-110°C) could afford clean conversion to the corresponding
pyrroles 85.
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Scheme 6.20 In-line synthesis of pyrrolidines 84 and pyrroles 85 with the aid of
packed-bed columns loaded with reagents and scavengers.

The nitro-Mannich/lactamization reaction between imines and nitropropanoates
affords pyrrolidin-2-ones 89 and can be favored by the presence of acids [29].
Vaccaro has proposed a continuous flow diastereoselective multicomponent syn-
thesis of 89 from benzaldehyde 86, benzylamine 87, and methyl 3-nitropropanoate
88 employing a packed-bed reactor filled with a solid acid catalyst, Aquivion®
perfluorosulfonic acid (PFSA) (Scheme 6.21) [30]. Remarkable features of this
catalyst are a superacid character, comparable with pure sulfuric acid, and a high
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Scheme 6.21 Synthesis of pyrrolidin-2-one 89 using a packed-bed reactor filled with a
superacid catalyst. Source: Bianchi et al. [30].
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chemical inertness of the perfluorinated polymeric backbone, that can resist to
strong acids and bases, as well as to oxidative and reductive environments. The
approach displayed advantages in terms of green metrics (E-values and process mass
intensity, PMI) compared to the same reaction performed in batch conditions, and
the reduction of wastes was greater than 99% compared to not-optimized syntheses
previously reported in the literature. On the other hand, energy-dispersive x-ray
spectroscopy (EDS) and scanning electron microscopy (SEM) analyses of the recov-
ered catalyst showed that the physical structure was preserved, but that a superficial
encrustation was formed and regularly increased after each run. This was attributed
to the precipitation of product 89, poorly soluble in the reaction environment.

Rodrigues and Neto have reported the multicomponent Biginelli reaction using a
stable and robust zinc-based coordination polymer (Zn-CP) as heterogeneous cat-
alysts in a packed-bed column [31]. A model reaction with benzaldehyde 90, urea
91, and ethyl acetoacetate 92 under continuous flow conditions yielded excellent
yields of Biginelli product 93 for residence time of 34 minutes at 70 °C or 17 minutes
at 100 °C, while a batch process reaction at 100 °C for five hours gave almost the
same results (Scheme 6.22). The recyclability of Zn-CP was reported for three cycles
without loss of catalytic activity. Bioactive compounds oxomonastrol, monastrol,
enastron, dimethylenastron, and piperastrol were synthesized with excellent yields
with this approach.
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v,
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Scheme 6.22 Continuous flow Biginelli reaction using a Zn-based coordination polymer.

In 2018, Tian reported the preparation of N-heterocyclic carbene (NHC)-stabilized
silver nanoparticles (NPs) supported on polyacrylonitrile fiber (PANF) [32]. In
general, NPs exhibit higher catalytic activity than their bulk counterparts, but aggre-
gation and formation of a deactivated bulk mass is a major drawback, especially
when the catalyst has to be reused several times in a flow reactor. The formation of
coordination bonds between NHCs and the surface of metal NPs can be exploited
to retain their unique nanoscale properties, while the support on polymeric fibers
can further improve their stability, regeneration, and separation. The AgNPs have
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been tested in a three-component reaction between alkynes, haloalkanes, and cyclic
amines and a synergistic effect of the AgNPs and of the PANF support was observed
in the alkyne deprotonation, that occurred with a remarkable turnover number
(3500). A stock solution of alkyne 96, dihalomethane 95 (5 equiv), cyclic amine 94
(1.2 equiv) in the presence of DBU as a base was pumped into a silicone column
loaded with PANF-NHC@Ag at 25°C, giving a yield of N-propargylated cyclic
amine 97 of 95% and a productivity of 57 mmol/h (Scheme 6.23). The system was
operated for 24 hours without interruption.
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Scheme 6.23 Multicomponent functionalization of cyclic amines with haloalkanes and
alkynes using a packed-bed reactor loaded with silver nanoparticles.

Finally, an A3 coupling between aminothiazoles 98, alkynes 99, and aromatic alde-
hydes 100 has been reported by Volkova and coworkers [33]. Imidazo[2,1-b]thiazoles
have been obtained in batch and under continuous flow with the aid of Cu catalysis.
The multicomponent reaction was first optimized in batch, showing a broad scope.
Continuous flow synthesis with heterogeneous Cu catalyst was then investigated
using a steel column filled with Cul/SiO, and heated at 200 °C. The improved heat
transfer reduced side reactions and a back-pressure regulator was introduced to
eliminate solvent boiling, resulting in substantial enhancement of reaction kinetics.
Solubility issues were addressed in order to avoid column clogging, and to this
purpose anisole was used in place of toluene as the solvent of choice. Overall, a
general improvement of yields was observed, and compounds 102 and 103 were
obtained in 59% and 54% yield respectively, where the batch synthesis failed to
afford them (Scheme 6.24). It should be noted, however, that the flow synthesis
was performed using preformed imines 101. Unfortunately, no attempts were made
mixing the three reagents directly in the flow reactor.

6.4.3 Reactions Under Other Conditions

Traditionally, photochemical and heterogeneous gas/liquid reactions largely benefit
from continuous flow approaches. In the first case, the small dimensions of the
reaction coils allow an optimal and uniform irradiation of the solution, eliminat-
ing the problems of light attenuation observed in batch reactions, especially during
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Scheme 6.24 Synthesis of imidazo[2,1-b]thiazoles with Cu-based catalytically active
reactor.

scaling-up. In the case of gas/liquid reactions, on the other hand, the formation of
regular segmented flows ensures an intimate contact between the reagents present
in the two phases. It is therefore surprising that only two heterocyclic molecules
obtained through a multicomponent approach have been found in the literature.

The first molecule has been reported by Basso and coworkers and was synthetized
in a three-component reaction from diazonium salt 104, styrene derivative 105 and
acetonitrile, used as the solvent [34]. Ru(bpy),Cl, was used as photoredox catalyst,
able to reduce, upon blue light activation, 104 to an aryl radical; the aryl radical in
turn reacted with 105 and the resulting benzyl radical restored the catalyst, gener-
ating carbocation 106. The carbocation could be directly trapped intramolecularly
by the carboxylic functionality displayed by 105, yielding 108 (path a), or could be
firstly trapped by acetonitrile, yielding 107 and in turn benzoxazepinone 109 (path
b). To improve the selectivity towards the multicomponent adduct 109, the reaction
was performed in batch and under continuous flow conditions, using an in-house
made Booker-Millburn reactor, with external illumination, but no improvement was
observed (Scheme 6.25).

Radical stannylcarbonylation has been used by Ryu and coworkers to obtain
lactam 111 from 1,6-azaenyne 110 [35]. Thermally induced radical carbonylations
using tin hydride usually require pressurized CO conditions to avoid premature
quenching of radicals by tin hydride, and the use of a segmented flow resulted opti-
mal to this aim. A stream of CO gas was mixed with a toluene solution containing
tributyltin hydride, radical initiator V-65 (2,2’-azobis(2,4-dimethylvaleronitrile)
and azaenyne 110 in a T-shaped micromixer. This biphasic (gas-liquid) mixture
was then fed into a stainless-steel reactor, heated at 80°C using an oil bath. A
back-pressure control valve was connected to regulate and maintain the pressure
of the reactor system (Scheme 6.26). The product was obtained in 85% yield with
complete Z selectivity.
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Scheme 6.25 Synthesis of benzoxazepinone 109 via a photoredox multicomponent
process in flow.
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Scheme 6.26 Synthesis of stannylated lactam 111 via a three component reaction with
carbon monoxide.
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6.5 Telescoped Reactions

By definition, multicomponent reactions require all regents to be added from the
beginning in the same reaction environment. When moving to flow chemistry, how-
ever, the definition is not so stringent, and a process in which various reagents are
added at different stages can also be considered multicomponent, provided that all
are incorporated into the final product and that the additions take place within the
same stream-line, without interruptions to isolate or purify reaction intermediates.
The “telescoping” of multiple synthetic steps into a single continuous process pro-
vides an efficient method for the production of heterocyclic compounds, with con-
siderable decrease of waste production and without the need of exhaustive workup
procedures. Furthermore, the amount of reagents/solvents is reduced compared to
batch multistep synthesis, the screening of reaction conditions is facilitated and the
rapid generation of focused compound libraries is appealing to pharmaceutical com-
panies, which could benefit from cost reduction and rapid drug manufacturing. For
these reasons telescoped reactions have also been incorporated in this chapter and
the most relevant examples are reported below.

An interesting study was recently carried out by Tallarek and coworkers on a
Knowenagel-Michael domino reaction to give 115, employing an aminopropylated
monolith cartridge. The reaction of various aldehydes 112, malononitrile 113 and
dimedone 114 was first studied as a one pot reaction, and then as a sequential pro-
cess, with the delayed addition of dimedone in the reaction flow (Scheme 6.27). The
latter design proved to give better results in terms of turnover frequencies (TOF) of
the catalyst. It was demonstrated, in fact, that the amine catalyst played a dual role:
as a primary amine in the aldimine formation in the Knoevenagel condensation and
as a base for the deprotonation of dimedone prior to its nucleophilic attack onto the
Knovenagel product. The delayed addition of dimedone on the cartridge avoided
that this competed with the aldehyde for the active sites of the heterogeneous
catalyst [36].

R 112 Qli Aminopropylated monolith i— CN
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113 @
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o 0 yields not given
114

Scheme 6.27 Three component synthesis of 115 using an aminopropylated monolith
cartridge.
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The synthesis of 2,3,5-trisubstituted tetrahydrofurans 119 can be accomplished
by a sequential vinylogous Mukaiyama aldol reaction (VMAR) between bis(silyl)
dienediolate 116 and an aldehyde 117, followed in situ by a Prins-type cyclization
of the resulting silyl enol ether with a second aldehyde 118. In batch the reaction
proceeds with high diastereoselection (97 : 3), but when two different aldehydes are
employed the method shows a limitation in terms of selectivity, in fact a significant
amount of 120 is formed. Schneider solved the selectivity issue using flow chemistry,
employing a smaller reactor, cooled at 0 °C, for the Mukaiyama step and a 10 times
bigger one for the Prins cyclization [37]. After a careful optimization of the param-
eters of both steps (equivalents, concentration, flow rate, residence time, volume of
the reactor) the amount of the side product was reduced by 50% (Scheme 6.28). The
high yield and selectivity reached with the flow synthesis remain unchanged on a
larger scale, on the contrary in batch the yield of 119 drops by 80% and the amount
of 120 increases by 300%.
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117 55-86%, dr 73:27 -98: 2

Scheme 6.28 Selective synthesis of highly substituted tetrahydrofurans 119.

Climent and coworkers have reported the one-pot synthesis of 2,3-dihydro-1,
5-benzothiazepine 124 using fixed-bed reactors loaded with solid acid and base
catalysts [38]. A Claisen-Schmidt condensation between benzaldehyde 121 and
acetophenone 122 was achieved in a stainless-steel reactor filled with rehydrated
Al-Mg mixed oxide (CAT 1) at 50 °C; the outcome of the reaction, in which the
conversion was complete and the selectivity towards chalcone was 99%, was fed
directly together with 2-aminothiophenol 123, into a second fixed-bed reactor
that contained MCM-41 (CAT 2), heated at 100°C (Scheme 6.29). MCM-41, an
aluminosilicate, was selected after a catalyst screening thanks to its weak acidity
and its large pore diameter, able to prevent diffusional problems, strong product
adsorption, and pore blockage. The yield in 124 was 95% and remained constant
after 10 hours of operation.

Pastre and coworkers reported the application of continuous flow to prepare
3-thio-1,2,4-triazole derivatives [39]. A telescoped process was developed, based on
the condensation of hydrazides 125 and isothiocyanates 126 to afford a thiosemicar-
bazide 127, which was then cyclized under basic conditions, provided by a stream
of a sodium hydroxide solution. The obtained 1,2,4-triazole-3-thiol 128 was further
alkylated with benzyl/alkyl halides 129, thus affording compounds 130 with three
diversity inputs (Scheme 6.30). The single reactions were first tested in solution,
however, during translation into the continuous flow system, a solvent change to
a mixture of MeCN/DMF (8 : 2) was necessary to keep all reagents and products
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Scheme 6.29 Synthesis of 2,3-dihydro-1,5-benzothiazepine 124 through a telescoped
three component process.
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Scheme 6.30 Continuous flow synthesis of 3-thio-1,2,4-triazole derivatives 130.
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soluble inside the flow system. The flow platform enabled the fast generation of
compound libraries and the scale-up of selected compounds.

Recently, liquid-liquid microextraction and microfluidic distillation have been
implemented in continuous-flow stream-lines to allow separations and purifi-
cations in a continuous fashion. As an example we describe the synthesis of
imidazo[1,2-a]pyridin-2-yl-1,2,4-oxadiazoles reported by Cosford and coworkers
[40]. The use of polar, high-boiling solvents is often necessary in flow chemistry
to prevent the formation of insoluble intermediates in the reactor. This, however,
represents a challenge when large amounts of solvents have to be removed during
purification and isolation of the products, especially during scale-up. The synthesis
of 1,2,4-oxadiazoles was achieved from arylnitriles 131, carboxylic acid derivatives
and aminopyridines in a multistep process (Scheme 6.31). First, bromoacetic acid
132 and aminopyridine 133 were combined in a glass reactor, heated at 100 °C, to
yield imidazo[1,2-a]pyridine-2-carboxylic acid 134; the acid exiting the first reactor
was combined with EDC/HOBt/DIPEA (1 : 1 : 1) in a T-mixer and then loaded
into reactor C (heated at 150 °C) together with amidoxime 135, in turn obtained
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Scheme 6.31 Telescoped synthesis of oxadiazoles 136 using a liquid-Lliquid
microextractor.
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in reactor B from arylnitrile 131 and hydroxylamine in the presence of a base.
A microfluidic liquid-liquid extraction module was introduced at the end of the
streamline to remove the high boiling point and water soluble solvent (dimethylac-
etamide, DMA). Before entering the phase separation device, the mixture exiting
reactor C was mixed with toluene and water using an external pump: this efficiently
removed DMA and allowed isolation of the desired array of oxadiazoles 136 in the
toluene phase, with a remarkable productivity of ~0.5 g/h.

How many steps can be combined in a stream-line process? Jamison and Jensen
in 2017 published the longest linear sequence of reactions telescoped in continuous
flow without any workup interruption, known to that date [41]. A sequence of six
chemical reactions in five distinct reactors was developed for the flow synthesis
of Ciprofloxacin (Scheme 6.32): the first step was the acylation of vinylogous
carbamate 138 with 137, achieved in reactor A, followed by displacement of the
dimethylamino group of 139 with cyclopropylamine 140 in reactor B. At this stage it
was found that the presence of dimethylamine could interfere with the subsequent
cyclization/nucleophilic substitution of 141, therefore acetyl chloride was pumped
together with the reaction mixture in reactor C, resulting in complete conversion of
dimethylamine in DMA. Reactor D, heated at 180 °C, allowed conversion of 141 into
143, mediated by piperazine 142. Reactor E, finally, allowed the hydrolysis of the
ethyl ester affording Ciprofloxacin sodium salt 144. Sequential offline acidification
and filtration afforded ciprofloxacin hydrochloride 145. The overall yield of the
seven-step sequence was 60%, comparable to batch and semi-batch syntheses, but
with a total residence time of only 9 minutes, compared to the 24 hours required
in batch. Moreover, no separation of intermediates was required throughout the
synthesis.

6.6 Conclusions

The numerous examples illustrated in this chapter have highlighted the enormous
potential of multicomponent approaches performed under flow conditions. The
results obtained in terms of selectivity and yield are sometimes much better than
the ones obtained in batch, while in other cases they are comparable. However, it
is undeniable that flow approaches still allow a significant reduction in reaction
times, as well as easy scale-up and simpler purification of the products. Moreover,
various authors have demonstrated the improvement of green metrics (such as
E-values and process mass intensity). It is important to underline that the success
of continuous flow approaches is also due to a significant improvement in the
technologies available, which allows the reactions to be conducted at high tem-
peratures, for example with the aid of microwaves, at high pressures, with the use
of back pressure regulators, with real-time monitoring of processes, through the
coupling with analytical tools. As pointed out in the chapter, it is surprising that
there are (still) very few examples of photochemical or gas/liquid heterogeneous
phase reactions, but it is worth noting that these approaches are indeed widely
used, but this chapter has investigated only a very limited portion of the literature,
involving the use of multicomponent reactions to synthesize heterocycles.
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Scheme 6.32 Telescoped synthesis of Ciprofloxacin 145 in a sequence of six chemical
reactions in five distinct reactors.

As we have witnessed that multicomponent reactions over the last few decades
have gone from being a purely academic field to being widely used also by industry,
so it is reasonable to expect that the combination of multicomponent reactions and
flow chemistry will become more and more the prerogative of the industrial realm,
not only for scale up but also in drug discovery processes.
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7.1 Introduction

Functionalization of carbon-hydrogen bonds, the most abundant bonds in organic
compounds, is challenging yet synthetically valuable. With no need to initially
replace hydrogen with a reactive functional group, new opportunities for step- and
atom-economical syntheses are opening. Given that multicomponent reactions
(MCRs) also afford such opportunities, combining C-H functionalization with
MCRs should be synergistic. Common methods to functionalize C—H bonds
are based on transition metal insertion (C-H activation), free-radical formation
(for instance, via hydrogen atom abstraction), electrochemical processes, or
photoinduced processes. All these approaches inevitably generate reactive inter-
mediates that can undergo the desired two-component transformations, but are
also under development as excellent transmitters that involve a third component.
In so doing, one attains maximum molecular diversity and complexity in a single
step. This chapter analyzes a merging of C-H functionalization and MCRs, toward
synthesis and modification of heterocyclic compounds. For more general reviews
on C-H functionalization, refer to [1-3], and for recent reviews focused on other
aspects of the field, refer to [4-11].

The scope of the chapter is limited to works where functionalization of nonac-
tivated C—H bonds takes place. Because of mechanistic differences, we categorize
the material as either transition-metal-involved or transition-metal-free. We divide
these categories into reactions where one forms a new heterocyclic entity (synthe-
sis of a heterocycle), or one functionalizes a heterocycle without formation of a new
cycle (modification). We survey papers published from 2003 to December of 2020.

A promising development in the MCR field pertains to post-MCR C-H functional-
ization strategies; we do not cover these reactions. See 12-15 for selected examples.
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7 C-H Functionalization as an Imperative Tool Toward Multicomponent Synthesis
7.2 Transition-metal-involved C-H Functionalization

7.2.1 Multicomponent Synthesis of Heterocycles Through C-H
Functionalization

In 2009, Zhu and coworkers [16] reported a Pd-catalyzed, sequential, three-
component reaction toward synthesis of oxindoles 1 (Scheme 7.1). In the first
step, the reaction between aryl bromide 2 and phenylpropiolamide 3 took place,
followed by addition of aryl iodide. Xantphos is ordinarily a ligand of choice for
N-arylation but inhibited the carbopalladation step. The ratio of Pd source and
phosphorous ligand was proposed to be the key for the ability of the catalytic system
to promote both arylation steps. The reaction worked smoothly for aryl bromides,
bearing electron-withdrawing groups in the para-position. However, ortho or meta
nitro-substituted aryl bromides did not participate in the reaction.

1) Pd(OAc), (5 mol%) O
Xantphos (3 mol%) Ar
Cs,CO3 (2 equiv)
©/Br Q R2 dioxane, 100°C R /
+ = N 2) Arl, DMF, 110°C O 0
R’ Ph/J\H ) N\

R2
2 3 R'=NO,, CO,Me, CN, C(O)Ph, CHO 1

R?=Me, Bn

Scheme 7.1 Sequential three-component synthesis of oxindoles.

The transformation starts with in situ generated Pd(0) oxidative addition
toward the C—Br bond and transmetalation of the resulting species with phenyl-
propiolamide anion, producing intermediate 4 (Scheme 7.2). Subsequently,
carbopalladation of a triple bond is followed by C-H-insertion, delivering a pallada-
cycle 5, reductive elimination from which the target oxindole product 1 is yielded
and the Pd(0) catalyst is recycled. Interestingly, the stereochemistry of the products
does not perfectly correspond to the mechanism; the carbopalladation step is syn
selective, whereas an E/Z-mixture forms. The authors explain this observation via
isomerization of the intermediate prior to C-H activation.

In 2015, Hwang and coworkers [17] reported three-component synthesis of
indoles 6 (Scheme 7.3). The reaction between anilines, acetylenes, and ben-
zoquinones was catalyzed by CuCl (5mol%) and carried out in MeOH under
irradiation with a blue LED. The reaction proceeded through photo-irradiation of
in situ generated copper acetylenide, oxidation of the Cu(I)-center to Cu(Il), and
recombination of the benzoquinone radical anion with Cu(Il)-acetylenide. The
resulting alkyne was reacted with aniline, followed by intramolecular Friedel-Crafts
cyclization.

Lan, Li, and coworkers [18] reported a redox-neutral Rh(III)-catalyzed transfor-
mation of N-sulfonyl ketoimines 7 into isoindoles 8 (Scheme 7.4). Heating sulfonyl
derivatives with an excess of acrylate esters in a sealed tube in DCE/AcOH under
a nitrogen atmosphere delivered isondoles 8 (Scheme 7.4). Alternatively, the use
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B /&
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Scheme 7.2 Mechanistic proposal for oxindole synthesis.

OH
N
O //\R3
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NH, MeOH, N, rt AN
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Scheme 7.3 Copper-catalyzed three-component synthesis of indoles.
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100°C, 12 h R20,C
R'= Ar, Me, i-Pr
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Scheme 7.4 Tra