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Abstract: Heterocycles display an intrinsic reactivity
which enables rich, versatile and productive transforma-
tions. Taking into account their ubiquitous presence in
natural products and drugs, the development of new,
fast and efficient preparative protocols for these struc-
tures remains an urgent task in Organic Synthesis. Mul-
ticomponent reactions using heterocyclic chemistry
offer new possibilities to exploit this exclusive reactivity.
Recent results show relevant examples of such transfor-
mations. Several approaches which allow the construc-
tion of complex heterocyclic compounds from simple
starting materials using this principle have been ana-
lyzed.

Keywords: domino reactions - heterocycles - molecular
diversity . multicomponent reactions .
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Introduction

Organic Synthesis is one of the main driving forces in the
development of chemistry and makes a significant contribu-
tion to addressing several of the scientific challenges cur-
rently faced by our society. The capacity to generate new
chemical entities in a programmed and efficient manner is
pivotal in many fields, for instance in medicinal chemistry,
and is increasingly gaining relevance in disciplines such as
chemical biology and materials science, among others. The
possibility to use small molecules as probes in those fields,
linked to the vastness of the chemical space, demand new
and more suitable synthetic methods. In this regard, al-
though classical issues such as selectivity, molecular com-
plexity and synthetic efficiency are still the focus of much
research effort, new features should be examined (sustaina-
bility, diversity-oriented synthesis, etc.) in order to meet cur-
rent needs."! Regarding modern organic synthesis, multi-
component reactions (MCRs) hold a privileged position be-
cause they allow the connectivity of three or more starting
materials to generate an adduct in a single operation with
high atom economy and bond-forming efficiency.” Step
economy becomes critical when preparing collections of
compounds in which short synthetic sequences are often
mandatory. In addition to the inherent usefulness of the
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MCRs, the study of the behavior of these complex systems
and the design and implementation of the ensuing domino
processes will serve to enhance our chemical knowledge.”!

On the other hand, heterocycles constitute the most
common structural motif found in bioactive compounds and
drugs, and can be considered privileged substructures.! The
straightforward synthesis of these compounds is therefore
one of the main goals of medicinal chemistry.”! Traditionally,
MCRs have contemplated heterocycles as the products (for
instance in the classic Hantzsch and Biginelli MCRs) or as
the substituents of reactive functional groups, allowing, in
this case, the incorporation of the heterocyclic moiety in the
final adduct. A third (complementary and more versatile)
possibility involves the direct use of heterocycles as reagents
in MCRs (Scheme 1). This modular approach takes advant-
age of the rich heterocyclic reactivity and leads to the prepa-
ration of new drug-like scaffolds that carry heterocyclic
motifs. Furthermore, it allows the exploration of the reactiv-
ity pathways in these systems. In this article, we outline sev-
eral representative research results that highlight the power
of this methodology.
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Scheme 1. Heterocycles as reagents in MCRs.

heterocycle

Mannich-Type Reactions and Related Processes

The interaction of a variety of heterocycles with imines
formed in situ has provided a broad array of structures of in-
terest. Several 3CRs involving amines, aldehydes and in-
doles give the corresponding 3-substituted indoles.” Mecha-
nistically related Pictet—Spengler cyclizations have been per-
formed both in solution and in solid-phase to afford valua-
ble B-carboline derivatives in multicomponent protocols.”!
The interaction of indoles with aldehydes or synthetic equiv-
alents has been explored and access to the indolocarbazole
and furooxepine ring systems has been described
(Scheme 2).®! These reaction cascades can be rationalized
considering the generation of early cationic intermediates
ready to trap nucleophilic partners to yield the final adducts.

The Povarov reaction consists of the interaction of an ani-
line, a carbonyl (usually an aldehyde) and an activated
olefin to yield a tetrahydroquinoline adduct.”’ This stepwise
process is related to the Pictet-Spengler reaction and can be
explained mechanistically through the generation of an
imine, which is attacked by the & nucleophile under acid ac-
tivation, followed by an intramolecular cyclization upon the
activated aryl group to close the nitrogen ring. The use of
cyclic enol ethers greatly enriches the molecular diversity of
the adducts formed, thereby allowing access to furo and
pyrano derivatives with relevant biological activities
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Scheme 2. Access to furooxepines and indolocarbazoles through indole
MCRs.
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(Scheme 3).1% Crucial to the development of this transfor-
mation are studies on the catalyst and reaction conditions
that allowed its straightforward and general implementation
with high efficacy. Therefore through the use of Sc, In and
lanthanide ions as Lewis acid catalysts, the process is amena-
ble to the preparation of libraries of compounds.['!
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Scheme 3. Povarov reaction involving cyclic enol ethers.

The use of cyclic enamines enables the incorporation of
nitrogen rings fused to the tetrahydroquinoline core.'” Par-
ticularly attractive are the applications of this methodology
to the rapid synthesis of natural products. For instance, mar-
tinelline was prepared by Batey’s group in a short sequence
where the key step was a modified Povarov reaction using
two equivalents of the enamine component (Scheme 4).11%!

The participation of dihydropyridines, as enamine surro-
gates, in this process is of interest as these compounds allow
the formation of pyrido-fused systems (benzonaphthyry-
dines). The reducing power of dihydropyridines (NADH an-

i, _~~_-NHCbz

oy N\H/N\/Y

NH

Scheme 4. Batey’s synthesis of martinelline through a modified Povarov
reaction.
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Scheme 5. Dihydropyridines in Povarov reactions.

alogues) may impair the MCR, as carbonyls and imines are
present in the reaction medium. Although some catalysts
promote the biomimetic redox process, the Povarov reaction
takes place efficiently with lanthanide ions and related spe-
cies (Scheme 5).1*¥

This process has been conducted in solid-phase conditions,
linking the aldehyde or the aniline to the solid support. The
reaction has been modified by generating the dihydropyri-
dine in situ. A mechanistic variation consisted of a final cyc-
lization from an indole ring attached to the dihydropyridine
nitrogen, thereby generating a new scaffold type (a substi-
tuted indoloquinolizidine). The participation of primary ali-
phatic amines affords two new structural types, which can
be prepared stereoselectively (Scheme 6).1*/

Taking into account the manifold mechanistic profile
shown in the above processes, the next step was to explore
the feasibility of a true 4CR based on the intermolecular
trapping of the cationic Mannich intermediate. This hypoth-
esis was confirmed, and in a series of reactions, cyclic enol
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Scheme 6. Mechanistic variations in dihydropyridine Povarov reactions.
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Scheme 7. 4CR between enol ethers, aldehydes, amines and nucleophilic
species.

ethers, aldehydes, amines and several nucleophiles (termina-
tors) afforded, under Sc(OTf); catalysis, the four-component
adduct in a stereoselective manner (Scheme 7).

This orchestrated sequence constitutes a general reaction,
which tolerates a wide range of reactive carbonyl com-
pounds, amines, terminators (alcohols, thiols and water) and
cyclic enol ethers (including glycals) (Scheme 8). The proto-
col simply requires mixing the components and the catalyst
and stirring the resulting solution. Ghosh developed a con-
ceptually related approach involving the initial reaction of
cyclic enol ethers with pre-generated tosylimines and a sub-
sequent nucleophilic trapping with allyltrimethylsilane to
stereoselectively yield highly substituted tetrahydrofurans
and pyrrolidines."

When the Povarov process was tested on a cyclic enol
ester, a dramatic change in the reaction mechanism altered
the synthetic outcome, leading to disubstituted N-aryl lac-
tams.'”) This result can be explained through the interrup-
tion of the normal Povarov cascade at the Mannich inter-
mediate, followed by the acylation of the aniline nitrogen
with the activated carbonyl species generated in the imine
addition step (Scheme 9).

The mechanistically related Reissert reaction has recently
been developed into efficient solid-phase and asymmetric
versions."®') The addition of distinct nucleophiles to the ac-
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Scheme 8. Array of adducts prepared through the 4CR.!"”)
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Scheme 9. Cyclic enol esters in Mannich-type MCRs.

tivated azinium ions has widened the synthetic applications
of these processes.’” Interesting transformations have been
disclosed by the groups of Rudler and Langer, where the ad-
dition of silyloxy alkenes to activated azines afforded a vari-

ety of Thighly substituted heterocyclic derivatives
(Scheme 10).2"
Meogc R
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Scheme 10. MCRs with azines, chloroformate and silyloxyalkenes.

f-Dicarbonyl Chemistry

The Knoevenagel reaction has been successfully used as the
starting point for many MCRs. Tietze designed a family of
processes which are considered milestones in this field. In
his work, the Knoevenagel adduct in situ reacts with an
olefin in a hetero Diels-Alder cycloaddition.’**! The
chemistry of these systems has been extensively studied in
his laboratories and numerous examples of this reaction
have been described. Intramolecular versions of this
Domino process have been used as the key steps in the syn-
thesis of many targets. Complex structural types, particularly
alkaloids belonging to diverse biogenetic classes, azasteroids
and coumarins, have been efficiently accessed following this
protocol (Scheme 11).

The Yonemitsu reaction, a useful MCR involving Mel-
drum’s acid, indoles and aldehydes, has been widely used
for the synthesis of tryptophyl derivatives. Enantiomerically
pure aldehydes lead to a good level of stereocontrol, there-
by allowing the preparation of substituted tetrahydro-f-car-
bolines (Scheme 12).%]
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Scheme 11. Tietze’s MCR and an array of compounds synthesized from it.

A related MCR, initiated by a Knoevenagel condensation,
has been applied to the one-step synthesis of an azapodo-
phyllotoxin derivative. This process involves the interaction
of tetronic acid, an activated aniline and 3,4,5-trimethoxy-
benzaldehyde.”/ The reactions have also been implemented
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Scheme 12. Yonemitsu MCR and representative targets from this trans-
formation.
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with different inputs, including
heteroaromatic amines,
amides, and p-dicarbonyl com-
pounds (Scheme 13).°

The traditional use of p-di-
carbonyl compounds in MCRs
continues to provide novel het-
erocyclic scaffolds of inter-
est.?) Among these processes,
the Biginelli MCR (the acid-
catalyzed condensation of [-di-
carbonyls, urea and aldehydes
yielding dihydropyrimidinones)
is the focus of intense re-
search.”! In this context, the
use of tetronic acid yields spi-
roheterocyclic systems in a ste-
reoselective manner.”®!  Re-
cently, Kappe disclosed an in-
teresting modification by for-
mally replacing the urea com-
ponent by an aminotriazole.
This approach allowed the
preparation of complex and
functionalized bicyclic systems
in one step (Scheme 14).%]

MCRs based on Michael ad-
dition processes have been
mastered by Rodriguez’s group
and displayed a high synthetic
versatility.’” The participation
of transient  heterocycles,
formed in the course of the re-
action cascade, has recently en-
abled access to novel scaffolds,
including bridged structures
(Scheme 15).

o OMe

7
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Scheme 13. Knoevenagel-initiated MCRs.
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Scheme 14. Biginelli MCRs with heterocyclic inputs.

Scheme 15. Michael-triggered MCRs and several structural types derived
from them.

Hetero Diels—Alder Transformations

The hetero Diels—Alder methodology has found its place in
the MCR arena. Apart from the examples listed in the di-
carbonyl section,*?? a number of applications dealing with
heterocyclic processes deserve attention. For instance, the
tandem [442]/[342] cycloadditions studied by Denmark in-
volve the formation of a transient nitronate from the inter-
action of an activated olefin and a nitroalkene, which subse-
quently undergoes a cycloaddition with an electron-deficient
dipolarophile.’!! Recently, Scheeren performed a related
4CR using high pressure conditions.” Taylor disclosed a
useful synthesis of substituted pyridines by reacting a 1,2,4-
triazine, a ketone, and a cyclic secondary amine (the two
latter generating the enamine in situ) to initially yield an
adduct which is aromatized by a Cope elimination
(Scheme 16).5%%!

Hall developed a sharp approach to the stereocontrolled
synthesis of polysubstituted piperidines. The tandem proto-
col involves an aza-Diels—Alder cycloaddition, which gener-
ates an heterocyclic allylborane ready to interact with an al-
dehyde to yield the a-hydroxyalkylpiperidine derivative in a
selective manner.” In a further improvement of this
method, the 1-azadiene can be generated in situ by interac-
tion of a boronoacrolein and an hydrazine, thus leading to a
general and useful 4CR. Implementation of this methodolo-
gy using chiral catalysts, chiral auxiliaries and combinatorial

Chem. Eur. J. 2008, 14, 8444 —8454
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Scheme 16. Hetero Diels—Alder MCRs.

techniques has allowed the total synthesis of complex natu-
ral products and bioactive compounds (Scheme 17).5!
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Scheme 17. Hall’s aza-[4 +2]/allylboration.

Organometallic Cascades

Organometallic chemistry has made a significant contribu-
tion to the development of new MCRs. Palladium catalysts
continue to be the most used and recent reviews have cov-
ered the field.”" The groups led by Balme®”! and Lautens™
have disclosed useful tandem processes aimed at the forma-
tion of diversely substituted furopyridones, thiophenes and
indoles using simple heterocycles as inputs in these MCRs
(Scheme 18).

Miiller et al. devised a family of tandem MC protocols
that exploit Sonogashira reactions coupled to isomerization,
cycloaddition, and polar processes to yield a wide array of
heterocyclic structures. The versatility of this approach
relies on the fact that the initially formed alkynes are effi-
ciently trapped or converted into reactive species in a subse-
quent one-pot transformation (Scheme 19).5)

Grigg developed an elegant series of reaction cascades in
which palladium chemistry is engaged with a dipolar cyclo-
addition to yield polycyclic adducts in a stereoselective
manner. Key to the process is the participation of heterocy-
clic nucleophilic species in the capture of the allyl-palladium
intermediate, generated from an allene. Remarkably, these
processes are also flexible enough to be accommodated to
several non-organometallic reactions, such as Pictet-Spen-
gler cyclizations (Scheme 20).1*”
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Scheme 20. Grigg’s palladium-catalyzed allenylation-dipolar cycloaddi-
tion cascade.

It is worth to mention that the MCR concept also has ap-
plications in materials science and nanotechnology. A strik-
ing example has recently been provided by Severin and in-
volves the metal complex which acts as a component to be
incorporated in the final adduct in a multiple 4CR. The pro-
cess is based on the self-assembly of a nanodimensional
structure through the orthogonal formation of boronates,
imines and, noteworthy, the ligand exchange of the pyridine
moieties with the metal centers
(Scheme 21).141

Isocyanide-Based (B \ 4
Reactions HO. ,.OH CHO Of{\o ci
cl. A ‘g-0
The high versatility of isocya- 4@ + 4@ Q
nide MCRs can be further ex- NH;
tended by the use of heterocy- QH 10K N
cles in these processes.”T A se- +2 + 2 ReBr(CO)s s
lection of new transformations i éH CI— 4 cl
(not intended to be compre- T NAA -]
hensive) is listed below. The (OC)Re”” \= \N—©/ o
ring opening of epoxides and .

aziridines with isocyanides, and
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fruitful in terms of structural diversity and reactivity path-
ways. For instance, a family of MCRs based on the interac-
tion of isocyanides with distinct azines and activating agents
(protic acids, acylating and related species) has recently
been described. The processes normally start with the gener-
ation of the azinium intermediate, which undergoes the iso-
cyanide attack in a Reissert-like reaction (Scheme 24).14"]
The Bienaymé-Blackburn-Groebcke reaction,!*! which
involves the interaction of o-aminoazines with aldehydes
and isocyanides, has been developed into a powerful tool for
drug discovery. Among recent achievements, combinatorial

Scheme 21. Formation of macrocycle in a [4 +4+2+2] condensation reaction.

Chem. Eur. J. 2008, 14, 8444 —8454
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Scheme 24. Isocyanide—azine MCRs.

chemistry techniques, the use of diversely functionalized
azines and the extension to modified carbonyl and heterocy-
clic systems have made a remarkable contribution to the
production of large and structurally diverse libraries
(Scheme 25).2541
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2 ; N4 .5 ) \ SR
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Scheme 25. Bienaymé-Blackburn—-Groebcke MCR and selected scaffolds.

El Kaim has recently linked the Ugi MCR with the
Smiles rearrangement in phenolic substrates. The applica-
tion of this methodology to a variety of heterocyclic surro-

Chem. Eur. J. 2008, 14, 8444 —8454
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gates has allowed efficient protocols for the functionaliza-
tion of these systems (Scheme 26).")

N{ e R"
SH Il H
R-NC s o2 -N |/l\ -R?
NSy RiGHo | (SN o2 A
L o |R?SoNE |7 S Sy
~7 R%NH, VLR /,.,1
CgH4Cl Ph |
>, °'s =N H Q

_L F s N T A
: O F.C” 4-MeOCqH, U

Scheme 26. El Kaim Ugi Smiles MCRs with heterocyclic substrates.

In a series of seminal papers, Zhu and co-workers de-
scribed the use of oxazoles as transient intermediates in iso-
cyanide MCRs. This strategy allows extraordinary synthetic
versatility. In this way, the use of a- acetamidoisocyanides in
Ugi reactions yields highly substituted oxazoles which in situ
react intramolecularly to afford complex heterocyclic sys-
tems and cyclodepsipeptides, thereby leading to broad scaf-
fold diversity.”"! In a related approach, Schreiber reported
examples of diversity-oriented syntheses using furan-con-
taining Ugi and Passerini adducts, which are subsequently
transformed in a flexible manner (Scheme 27).5

Dipole-Mediated Processes

The interaction of certain nucleophiles (carbenes, azines,
isocyanides, etc.) with electron-deficient &t systems generates
dipolar intermediates capable of promoting further bond-
forming events. In this way a series of MCRs have been de-
veloped. The participation of heterocycles in this chemis-
try greatly amplifies the synthetic outcome of these transfor-
mations. Nair has reported relevant examples of this concept
using azines (isoquinoline, quinoline, benzothiazoles, etc.)
and (heterocyclic) carbenes as nucleophilic triggers.” Per-
haps the only limitation of this methodology lies in the need
for strongly activated m acceptors (dimethyl acetylenedicar-
boxylate in most of the cases), which permits few variations
regarding this component (Scheme 28).

In a series of related processes, Ma explored the reactivity
of imidazoles and thiazolium salts (the latter as carbene pre-
cursors), which, together with the novel use of ketenes,
allows a rich reactivity leading to novel heterocyclic sys-
tems.” Mironov further explored this family of MCRs by
screening a wide array of combinations of the three part-
ners: isoquinolines, electron-deficient olefins and the accept-
or-donor species (Scheme 29).5°

[3+2] Dipolar cycloadditions have also found their place
in this field, and have led to novel MCRs. Representative
examples include Tepe’s reaction of oxazolones with alde-
hydes and primary amines to afford imidazolines in a stereo-
selective manner, presumably through a cycloaddition be-
tween the in situ generated N-silyl munchnone and imine
species.”’l Williams reported the remarkable preparation of
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nooxazole dipole, which is
formed by the interaction of
an imine, an acid chloride and
an isocyanide.®! The dipole
undergoes cycloaddition with
an alkyne present in the reac-
tion mixture to form an
adduct, which evolves to the
pyrrole by a retrocycloaddition
that expels an isocyanate unit
(Scheme 30).

Conclusion

The MCR approach is having a
dramatic impact on modern or-
ganic synthesis by improving
our capacity to tackle the prep-
aration of complex molecules
in short sequences. Further-
more, MCRs are also reshap-
ing retrosynthetic analysis by
providing new and general
transformations. The findings
reported here highlight that
heterocycles, with their intrin-

CO,Me S r . sic reactivity, are extremely

@@ + | +cHo ._.QQ“ _COMe C@f COMe valuable substrates for these
=N Ar OWJ\ o~ | processes, particularly when
o A GRMe ';?H © CO:Me dealing with library production

B - o = > ffmd diversity oriented synthesis
Nt Cl 2 A i 0 R MeO) issues. Although many aspects
[N\> ol Rl [%ﬁ)\ N® 90 of heterocyclic MCRs are
R CO,Me N‘R co MA’ [Nv_%/”‘ o poorly understood (mecha-
o i " nisms, catalysis, regio- and

stereo-control, etc.) and our

NN, OMe s capacity to design new reaction
X+ |‘| + cascades of this type is some-

% T CO,Me what limited; rapid progress
can be expected in the field.

This progress will be fuelled by

@ the synthetic achievements
E\NICOQMQ that the use of this concept has

T roae already made possible. The
Ar ideal synthesis of complex het-

Scheme 28. Nair’s nucleophilic-triggered dipolar MCRs.

a variety of complex natural products with spiranic cores
through the interaction of an heterocyclic azomethine ylide
and an activated olefin.”® Later, Schreiber used this meth-
odology to prepare a large collection of diversified ana-
logues using macrobeads in a diversity oriented synthesis ap-
proach.®! Arndtsen reported an efficient synthesis of penta-
substituted pyrroles via the participation of a transient imi-

www.chemeurj.org

8452 ——

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

erocyclic systems is still far
away, however, with these ad-
vances, we are definitely get-
ting closer!
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