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Preface

Synthetic sophistication has increased to an impressive level in the past two
centuries. Ongoing development of novel synthetic concepts and methodologies
has opened up the way to the construction of many complex and challenging
synthetic targets. However, in spite of its scientific merits and its profound influ-
ence on the progress of organic chemistry, it has become clear that much of the
present synthetic methodology does not meet the conditions set to future purposes.
Increasingly, severe economic and environmental constraints force the synthetic
community to think about novel procedures and synthetic concepts to optimize
efficiency.

Robotics and combinatorial techniques allow chemists to synthesize single
libraries that contain more compounds than ever before. Especially, medicinal
chemists but also chemists active in the catalysis area have embraced this efficient
new synthesis tool. Moreover, advances in molecular biology and genomics con-
tinue to improve our understanding of biological processes and to suggest new
approaches to deal with inadequately or untreated diseases that afflict mankind.
Despite all the progress in both molecular biology/genomics and combinatorial
chemistry methods, it is generally recognized that the number of pharmaceutically
relevant hits is not directly proportional to the number of compounds screened.
Both structural diversity and complexity in a collection of molecules are essential
to address.

Ideally, a synthesis starts from readily available building blocks and proceeds
fast and in one simple, safe, environmentally acceptable, and resource-effective
operation in quantitative yield. Inspired by Nature, the construction of complex
molecules by performing multiple steps in a single operation is receiving consid-
erable attention. Such processes, in which several bonds are formed in one se-
quence without isolating the intermediates, are commonly referred to as tandem
reactions. An important subclass of tandem reactions is the multicomponent reac-
tions (MCRs). These are defined as one-pot processes that combine at least three
easily accessible components to form a single product, which incorporates essen-
tially all the atoms of the starting materials. MCRs are highly flexible, (chemo)

ix



X Preface

selective, convergent, and atom-efficient processes of high exploratory power (EN)
that minimize solvent consumption and maximize atom efficiency. Many MCRs
are well suited for the construction of heterocyclic cores. MCR-based processes
therefore contribute to a sustainable use of resources and form the perfect basis for
modular reaction sequences comprised of simple reactions that achieve in a
minimal number of steps a high degree of both complexity and diversity for a
targeted set of scaffolds. As a consequence, the design of novel MCRs and their
exploration as tools in especially heterocyclic chemistry receives growing interna-
tional attention. Novel MCRs are applied in combinatorial and medicinal chemis-
try but also in catalysis and more traditional natural product syntheses.

These and other topics are at the heart of this volume of Topics in Heterocyclic
Chemistry, which is entirely devoted to MCRs in the synthesis of heterocycles.
This collection of major contributions from established scientists will certainly
stimulate discussions and further development in this field of chemistry. I hope that
you enjoy it.

VU University, Amsterdam Romano V.A. Orru & Eelco Ruijter
Guest Editors
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Synthesis of Heterocycles Through Classical Ugi
and Passerini Reactions Followed by Secondary
Transformations Involving One or Two
Additional Functional Groups

Luca Banfi, Andrea Basso, and Renata Riva

Abstract The combination of classical isocyanide-based multicomponent reac-
tions (Ugi and Passerini) with a variety of post-condensation transformations,
which take advantage of suitably positioned additional functional groups, allows
the straightforward synthesis, often in 1-2 synthetic steps, of many diverse
nitrogen-containing heterocycles. This review will cover all the applications of
this strategy reported to date (September 2009).

Keywords Combinatorial chemistry - Diversity-oriented synthesis - Isocyanides -
Multicomponent reactions - Passerini reaction - Ugi reaction
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1 Introduction

The classical isocyanide-based multicomponent reactions (IMCRs), named after
Passerini [1, 2] and Ugi [3-5] (Fig. 1), are particularly well suited for combinatorial
chemistry, allowing the introduction of 3 or 4 diversity inputs in just one synthetic
step. The usefulness of these processes is demonstrated by their extensive applica-
tions in the synthesis of potential drug candidate libraries [6-8]. The classical
versions of the Passerini and Ugi reactions are perfectly suited for exploring
substituent diversity, but neither for generating different scaffolds, nor for produc-
ing heterocyclic systems. The latter drawback is quite important in view of the
paramount importance of heterocycles in medicinal chemistry, and many efforts
have been recently carried out to overcome it [9]. Intramolecular variants offer a
useful chance to gain access to heterocyclic systems, although at the expense of one
diversity input. However, the most potent strategy involves the coupling of the Ugi
and Passerini reactions with post-condensation transformations [10-12].

Towards that goal, one or two additional functionalities are introduced into the
initial MCR components (Fig. 2). In the case of two additional functionalities, they
may interact, after the Ugi or Passerini reaction, in a post-condensation process,
forming, in most cases, a heterocyclic system. In theory, any compatible function
may be used and any known organic reaction can be exploited to join them,
allowing an enormous number of possibilities. Moreover, proper positioning of
the two additional functions into any two of the components leads, in the case of the
Ugi 4-CR, to 12 different possibilities. However, looking at the many examples
described below, the reader will notice that only seldom an additional group is
inserted in the isocyanide component. The main reason is the well known prefer-
ence of secondary amides for s-frans conformation. If the appendage bound to the
NH group is involved in cyclization, only the s-cis conformer is able to undergo the
process, unless large rings (>8) are to be produced, and the unfavourable rotameric
equilibrium makes the heterocycle formation difficult. Even with this limitation,
for each given transformation, six different combinations are possible. Finally, the

R2
R'-NC N h RO
_ — - |R OH | —»
PASSERINI REACTION (1921) R°"CHO O R RTN\N)\OJ\W
R3-CO,H hd o}
(0] classical Passerini scaff old
2
R'-NC R »
-N R4 H R
UGI REACTION (1959) R2-CHO —» (R' N | — N 3
R N~ 'R
3- O 3 |
R*-NH, (e} classical Ugi scaff old

Fig. 1 Classical Passerini and Ugi reactions
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Fig. 2 General sketch of Ugi reaction followed by a post-condensation transformation

length and the structure of the spacers that connect the additional groups may be
varied at will, affording heterocycles of different size and nature.

When only one additional function is introduced, it must interact with one of
the moieties present in the classical scaffolds, which are in most cases the iso-
cyanide-derived secondary amide and the acid-derived tertiary amide (Ugi) or ester
(Passerini), while in fewer instances also the aldehyde-derived, central CH or CH,
group has been exploited.

We propose here a compact classification of these diverse options. To each
particular post-condensation transformation a code is given:

X-WWW/[n][Ynkg] (for one additional function)
X-WWW[n][YnKg] (for two additional functions)

where X is U or P for the respective Ugi and Passerini reaction, WWW is an abbre-
viation of the specific reaction (e.g. Sx2, SyAr, RCM, Heck and so on), 7 is the ring
size, Y and K indicate the specific components containing the additional groups
(I = isocyanide, C = carbonyl compound, A = carboxylic acid, M = amine), k is
the group of the classical scaffold involved in the post-condensation reaction (i =
isocyanide derived amide, ¢ = aldehyde derived CH or CH, group, a = carboxylic
acid derived amide), N and E shows the role of the additional functional group in
the given post-condensation transformation (N = nucleophile, E = electrophile);
in those cases where nucleophilic or electrophilic reactivity cannot be clearly
established (e.g. in radical reactions or olefin metathesis), these subscripts are not
present.

For example, U-SN2[7][MnNAE] indicates a nucleophilic aliphatic substitution
following an Ugi reaction to give a 7-membered ring, where the additional nucleo-
phile is embedded in the amine component and the leaving group (electrophile) is
introduced in the carboxylic component. When more than one new ring is formed,
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two or more digits are used inside the square brackets, putting first the ring whose
size depends on the spacer’s length.

In this chapter we focus only on post-condensation transformations that follow
“classical” Ugi or Passerini reactions (including the intramolecular ones) and that
lead to heterocycles. Therefore, we will not report the many examples of post-
condensation reactions applied to non-conventional Ugi or Passerini scaffolds
generated by variants of these venerable reactions. Also post-IMCR transforma-
tions that involve the inclusion, in the final cyclic system, of sub-structures not
initially present in the starting component will be overlooked.

In the discussion of the various examples, we will concentrate more on the
secondary transformations than on the Ugi or Passerini reaction themselves, which
are in most cases carried out under standard conditions (alcoholic solvents for the
Ugi and apolar solvents for the Passerini). Classical IMCRs are well known to be, in
most cases, poorly diastereoselective and thus the stereochemical aspect, already
described in a previous review [13], will be mostly ignored in this chapter.

2 One Additional Functional Group

2.1 Isocyanide-Derived Amide Acting as Electrophile

Post-Ugi intramolecular acylations can be performed on substances that contain
a single additional functionality, represented by an amine or an alcohol introduced
in either the carbonyl, carboxylic or amine component. These nucleophiles can
interact with the secondary amide derived from the isocyanide to give lactams or
lactones. These transformations reduce the number of diversity inputs of the overall
sequence to three, owing to loss of the isocyanide R' group. Analogous post-
Passerini acylations are difficult to achieve because of competitive reaction of the
more reactive ester group. Even in the case of Ugi reaction, the main problem is the
poor reactivity of the secondary amide towards SyAc reactions. To facilitate these
cyclizations, a series of special isocyanides, called “convertible”, have been devel-
oped during the years [14-28]. Figure 3 shows the most important ones. After the
Ugi condensation, the secondary amide is converted, under suitable conditions
(typically under acid catalysis, with the exception of isocyanides 2 and 6), into
intermediates 7-12, where the acyl group is activated towards intramolecular SyAc.

This general strategy has been employed for the synthesis of several types of
heterocycles, including diketopiperazines [29-32], ketopiperazines [29, 33], pyrro-
lidinones [34], 1,4-benzodiazepines [29, 32, 35-37], dihydroquinoxalinones [29],
hexahydropyrrolodiazepines [38], and oxetanones [27]. Figure 4 shows some
selected examples.

Benzodiazepinediones 15 have been synthesized starting from anthranilic deri-
vatives 13 and Armstrong convertible isocyanides 1. When the amino group of 13 is
secondary, it does not interfere too much with the Ugi reaction, and the acid
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treatment leads to the desired heterocycle 15 through a miinchnone intermediate
such as 7 [35]. On the contrary, primary amines can themselves take part in the Ugi
reaction and are therefore better used in masked form [37]. A particular useful
protection is the fert-butyl urethane, which can be cleaved under the same condi-
tions used for the activation of the secondary amide [37]. This strategy has been
named “Ugi-de-Boc-cyclization” (UDC).

Diketopiperazines 17 and ketopiperazines 19, which are important “privileged”
structures, have been obtained by using various convertible isocyanides and by
introducing the additional amino function, respectively, on the carboxylic [39] or
amine component [33].

The use of “convertible” isocyanides is not always necessary: in particular
cases, also normal alkyl [32, 40] or aryl [30] isocyanides have been employed for
this task. For example, microwave irradiation of the Ugi adduct 16 (R® = nBu)
at 120°C in the presence of 10% CF;CO,H gave the desired diketopiperazines 17
in good yield, without the need to use more complex convertible isocyanides.
However, for the synthesis of ketopiperazines 19, butyl isocyanide was found to
be unsuitable.

Alternatively, starting this time from aryl isocyanides, the secondary amide can
be activated by conversion into an imide by the treatment with Boc,O [29, 38, 41].
This strategy was employed in the synthesis of compounds 15, 17 and 19 [29], and
is particularly appropriate for solid-phase library synthesis.

While in most reported cases the nucleophiles were amines, there were few
examples involving heterocyclic nitrogens [40], alcoholic oxygens [27] or carbon
nucleophiles [42, 43] too. Figure 4 shows a recent example of tandem Ugi—
Dieckmann protocol [42]. Ugi convertible isocyanide 2, which requires a basic
activation, was used, allowing a domino activation-cyclization of the intermediate
20 to give pyrrolidinediones (tetramic acids) 22.

2.2 Isocyanide-Derived Amide Acting as Nucleophile

Intramolecular cyclization can be driven by an alkyl nucleophilic substitution of a
leaving group incorporated into one of the Ugi components, with the secondary
amide derived from the isocyanide serving as the nucleophile. This strategy over-
comes a limitation of the Ugi MCR arising from the fact that only secondary amides
can be obtained from the isocyanide component. For example, diketopiperazines 24
can be obtained by using a-haloacids as input and by performing cyclization of
chloroamides 23 under basic conditions and with the aid of ultrasounds [44, 45]
(Fig. 5). Alternatively, the same privileged structures can be synthesized from 25 by
an aza-Michael reaction [46].

Introduction of a halogen atom into the amine component is not possible, but an
alternative solution is represented by the use of ethanolamines 26, performing the
cyclization under Mitsunobu or Mitsunobu-like conditions to give ketopiperazines.
These compounds have been observed as side products in reactions promoted by
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Fig. 5 Post-Ugi cyclization driven by nucleophilic alkyl substitutions where the isocyanide-
derived amide serves as nucleophile

sulfuryl diimidazole (SDI) and NaH, which were intended to lead to other hetero-
cyclic scaffolds [47]. Preliminary results have demonstrated that this ketopipera-
zine synthesis may be quite general.

Although diketo- and ketopiperazines can be formed by coupling the Ugi
reaction with an intramolecular acylation using “convertible” isocyanides, as des-
cribed earlier, the approach that involves S\2 reactions enables the introduction of
an additional substituent R', avoiding the loss of the diversity carried by the
isocyanide.

When the alcoholic function was embedded in the carbonyl component instead,
as in 29, cyclization under Mitsunobu conditions or with SDI was unsuccessful, but
warming of the methanesulfonate of 30 gave unexpectedly the novel isochromenes
31 through an O-cyclization process [48].

The Ugi or Passerini adducts 33 and 35 derived from o-halo- [49-51],
a-sulfonyloxy- [49], a-acyloxy- [49, 52], a-alkoxy- [52] or a-hydroxycarbonyl
compounds 32 [53] in principle can be manipulated to produce the respective
B-lactams 34 and 36 through cyclization reactions involving the isocyanide-derived
NH group (Fig. 6). However, when R” is not hydrogen, the B-lactam synthetic plan
depicted in Fig. 6 has been reported only in the context of the Passerini reaction
[49-51]. The problem with these processes is not associated with the Ugi reaction
itself, but with the propensity of highly encumbered tertiary amides to undergo
N — O acyl migration [54] when X = OH. On the other hand, starting from
glycolaldehyde dimer and aromatic isocyanides, f-lactams can be generated via
the Ugi—Mitsunobu reaction sequence [53]. When the SDI procedure is used,
aliphatic isocyanides can also be employed as substrates [55].
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Fig. 7 Sequential Ugi-Sn2'-Heck

Finally, the leaving group can be inserted into the isocyanide component. This
concept is outlined in Fig. 7, where the starting isocyanide is embodied with the
functionality needed to carry out two successive cyclizations. Following the Ugi
reaction of isocyanide 39, containing an allylic carbonate, a Pd(0) catalysed Sy2’
process takes place to produce simultaneously the first ring (pyrrolidine) and an
exocyclic vinyl group [56]. The vinyl moiety can be employed for a second
cyclization step through an intramolecular Heck reaction to give the tricyclic
systems 42, resembling alkaloids of the cephalotaxine family. Since both the Sy2'’
and the Heck reactions are catalysed by Pd(0), optimal conditions have been
uncovered for carrying out the two steps in a “one-pot” manner in good yields [57].

A variety of benzo-fused heterocycles have been obtained through arylation of the
isocyanide-derived nitrogen. The general strategy is depicted in Fig. 8. N-Arylation
has been realized in all cases through transition-metal catalysis (Buchwald—Hartwig
reaction), which has the great advantage of not requiring the strongly electron-
withdrawing R' substituents as in traditional SyAr. Different systems can be obtained
by introducing the aryl halide into different components. For example, indol-2-ones
43 [58-60], quinoxalin-2-ones 44 [58, 61] and 1,4-benzodiazepin-2,5-diones 45
[58, 62, 63] have all been obtained with Pd(0) catalysis, also under MW irradiation
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Fig. 9 Synthesis of 2-oxopiperazines

[59, 61]. Also in this case the leaving group can be placed on the isocyanide. When
steric reasons prevent N-cyclization, O-cyclization can take place, as in the case of
47, which generates, under Cu(I) catalysis, benzoxazoles 48 [64, 65].

Another electrophile that can interact with the isocyanide-derived amide is an
aldehyde. However, an additional carbonyl function cannot be introduced as such
into one of the components without interfering with the Ugi process. Thus it is
better used in masked form as an acetal (Fig. 9). Starting from amine 49 a series of
oxopiperazines 51 has been prepared, also on solid phase [66].

The secondary amide can also attack intramolecularly an additional ester func-
tion to form a cyclic imide, although only in moderate yields [67]. Finally, the
palladium-catalysed intramolecular reaction with an alkyne, resulting in a hydro-
amination of the latter, will be described later (Fig. 17) [68].

2.3 Post-Condensation Transformations Involving
the Acid-Derived Carbonyl

The amide (typically a tertiary one) or the ester derived from the carboxylic acid
component in classical Ugi and Passerini reactions can undergo nucleophilic SyAc
by various nucleophiles [54]. These post-condensation reactions, however, do not
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lead to cyclization, being merely acyl transfer processes. On the contrary, conden-
sation reactions of suitable nucleophiles with the C=0O group lead to various
heterocycles. For example, starting from (Boc) protected a-aminoaldehydes, a
convenient synthesis of imidazolines 53 is accomplished (Fig. 10). Boc removal
and cyclization with loss of water proceeds as a domino process via acid and heat
treatment [69]. On the other hand, benzimidazoles 55 can be obtained starting from
ortho-phenylendiamine derivatives [32, 70]. Fluorous Boc analogues and MW
irradiation have been employed to facilitate parallel synthesis [71]. Interestingly,
the analogous synthesis of imidazolines starting from mono-Boc-protected ethyle-
nediamines seems unfeasible [72].

Aromatic 5-membered heterocycles can be obtained by a Paal-Knorr cycliza-
tion, which involves the carboxylic derived C=0O and an additional carbonyl
suitably placed in one of the Passerini or Ugi component (Fig. 11). In this way

i RS R2 R3
R'-NC R2 YN H
NH(Boc) / N._,
RE-COH o, T . N R
4
R CHO RS_NHQ U-IMom[51[Cnael R4 530

2 R?

JL T oH 3 N
NH(Boc) R'-NC 3 N. R )\"/N\ |
e Ugi My N )\W R N :

NH, R2-

N NHRP-cHo 7 0

C/ R3-CO,H Boc/N\@ N@
X 2 54 \\R4 U-IMer5lMyagl] S

©)

R* R* 55

Fig. 10 Synthesis of imidazolines or benzimidazoles by condensation of an additional amine with
the carboxylic acid-derived carbonyl

R2

R'™-NC N=
cHo RP-CO-H S nR' HCO,NH, N 0
H
AP Passerini A~ O R2 A7 g N’R1
R RS RS

56 O 57 H
R™-NC P-PK[5][Ceag] R2

X

/

SN

R2 COZH N=
N-R3
| X cHO _~Nhg H’R HCOZNH4 | X N R
/ F / / A2 -R!
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Fig. 11 Synthesis of various heterocycles by IMCR followed by Paal-Knorr cyclizations
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Fig. 12 Oxazoline synthesis with the acid-derived amide acting as nucleophile

arylglyoxals have been converted, via Passerini reaction, into oxazoles 57 [73-75]
or, via Ugi reaction, into imidazoles 59 [76, 77].

The amide derived from the carboxylic acid in Ugi adducts is in most cases
tertiary, and therefore it cannot serve as nucleophilic partner in post-condensation
transformations, unless a post-Ugi rearrangement converts it into a free amine [52,
54]. An exception is represented by Ugi adducts derived from ammonia, which give
rise to two secondary amides, each of them potentially involved, as nucleophile, in
nucleophilic substitution processes. Four competitive pathways are in principle
possible (V- or O-alkylations of the two amides), and the reaction is mainly driven
by the stability of the formed rings. In the example shown in Fig. 12, O-alkylation
of the carboxylic-derived amide is favoured as it generates a 5-membered ring
(oxazoline 62), while the alternative cyclization modes would have formed 3- or
4-membered rings [49]. When R*CO,H is phthalic acid, however, acylaziridines
are formed instead via N-alkylation [49]. In both cases, the intramolecular Sy2
reactions takes place directly under the Ugi conditions.

2.4 Cyclization Exploiting the Aldehyde-Derived Carbon as
Nucleophile

Post-MCR cyclizations can be also driven by interaction between the additional
function and the central carbon atom of the classical peptidomimetic Ugi scaffold,
derived from the aldehyde carbonyl. This CH group is characterized by relative
acidity when the R? group is an aryl or heteroaryl substituent. In the example shown
in Fig. 13, the aryl fluoride of 64 undergoes an SyAr process, being displaced not by
the isocyanide-derived NH group, as expected, but by the aldehyde-derived CH
group, generating isoindolones 65 instead of benzodiazepinediones [78]. This
transformation was carried out in a “one-pot” manner.

Alternatively, the acidity of the aldehyde-derived CH or CH, group can be
enhanced by converting the isocyanide derived amide into an ester. According to
this principle, tandem Ugi—-Dieckmann was exploited in the context of carbapenem
synthesis, where the first 4-membered ring was built through an intramolecular Ugi
reaction of B-amino acid 66. Then, after a three-step manipulation of the carboxylic
appendages, a Dieckmann cyclization afforded, stereoselectively, the desired
carbapenem skeleton 67 [79].
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Fig. 13 Cyclization exploiting the aldehyde derived carbon as nucleophile

3 Two Additional Functional Groups

3.1 Nucleophilic Alkyl Substitutions

Cyclization through SN2 reactions requires the introduction of a leaving group in
one of the components and of a suitable nucleophile in another one. Of course,
halogens are good leaving groups, and they have been indeed employed for
the synthesis of ketopiperazines 68 [80], benzoxazinones 69 [81], macrocyclic
ansapeptoids 70 [82] and B-lactams 71 [83] (Fig. 14), exploiting, respectively,
N-, O- or C-nucleophiles. It should be noted that the synthesis of 69 has been
carried out as a “one-pot” process.

In all the processes reported to date, halides were always incorporated into
the carboxylic component. Probably the use of alkyl halides as electrophilic com-
ponents in this strategy is not fully general: for example, the preparation and use
of haloamines is expected to be problematic, whereas chiral a-haloaldehydes are
difficult to prepare in optically pure form and are configurationally poorly stable.
A more general approach is to use an alcohol as leaving group and Mitsunobu
(PPh3 + RO,C—N=N—-CO,R) or Mitsunobu-like conditions for cyclization. Figure 15
shows the various heterocyclic systems obtained through this strategy. Protection of
the alcoholic hydroxyl is not usually necessary, although in one case improved
yields have been obtained by using benzyl ethers and by performing a hydrogeno-
Iytic deblocking just before cyclization [84].

Starting from ethanolamines 72, benzoxazepinones 73 [84—86], benzodiazepi-
nones 74 [47, 86] and diazepanones 75 [47] have been produced depending on the
starting carboxylic components. In the last case, classical Mitsunobu conditions
gave unsatisfactory yields, and the conditions developed by Hanessian (SDI and
NaH) were used instead. Using a-hydroxyacids 76, both benzoxazinones 69 [55]
and benzoxazepinones 77 [55] have been accessed. The same compounds can also
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Fig. 14 Tandem Ugi-S\2 starting from o-halo acids

be generated using o-haloacids, but a-hydroxyacids are more easily generated in
enantiomerically pure form, and the Mitsunobu reaction was demonstrated to be
stereospecific. Finally, the alcoholic function was also introduced into the aldehyde
input, using glycolaldehyde dimer. In this case, an unexpected outcome was
observed during the cyclization reaction: benzoxazinones 78 resulting from a
formal cine substitution were obtained using modified Mitsunobu conditions [53].

3.2 Nucleophilic Aryl Substitutions

Several biologically useful medium-sized benzo-fused heterocycles have been
efficiently constructed by combining the efficiency of the Ugi condensation with
a post-condensation SyAr cyclization, using an internal amino or hydroxyl nucleo-
phile, and a nitrohalobenzoic acid 63 (Fig. 16). By introducing the additional
nucleophile into the amine component, benzodiazepinones 79 [72], benzodiazoci-
nones 80 [72], their benzo-fused counterparts 81 [72], benzoxazepinones 82 [72]
and their fused counterparts 84 [60] and finally benzoxazocinones 83 [72] have
been obtained. For the first two systems, the already described UDC strategy was
exploited, whereas for the oxa heterocycles, the alcoholic or phenolic hydroxyl did



14 L. Banfi et al.

3,
" g OO P
5
// XR COH COH X’RS
R‘-NC RZ-CHO R* R™-NC R?-CHO N Re
o (Ug) NH, () o
. 74 )
73 N 2) Mitsunobu 72 2) Mitsunobu 0 H R

R08 a1 HOLC g0 e

N\37 R1_NC RZ_CHO U'SN2[7][ANME]
gﬁ R® (Ugi)

N

d IRZ 2) SDI, NaH
75 o) ,R1
N

H
1) OH 1) OH
AP A NH, N
IS @I ot N S e
o R™-NC RZ-CHO RISNC R*-CHO AN\
co2

(Ugi) (Ugi) R o
- — — 2
69 R’ Nogr 2) Mitsunobu 2) Mitsunobu 77 RHN
.~

U-Sp2[6][MyAE] U-S\2(7]IMyAE]
OH

| R'-NC

CCl,, PPh,, ~ 0 H
S COH_RENH, [ N. o Eaoron [ ] N-gi
OH reflux R3 I'qzo
L J 0
U-S\2[6][ANCE]

Fig. 15 Synthesis of various heterocyclic systems through tandem Ugi—Mitsunobu processes

not need to be protected. Benzodiazepinones 85 have been generated by the UDC
strategy as well, this time positioning the protected additional amino nucleophile
into the aldehyde component [87].

Special dibenzoxazepinones 86, obtained through the general method described
in Fig. 16 and containing, as a third additional functionality, a triple bond, have
been further cyclized via a palladium-catalysed hydroamination reaction (Fig. 17)
[68]. In this way complex polycyclic systems 87 have been assembled in three
steps, taking advantage of the three additional functions embedded in the starting
component: the aryl fluoride, the phenol and the triple bond.

Many other possibilities can be conceived by positioning the aryl halide into
another component. Figure 18 shows the synthesis of dibenzoxazepines 90 starting
from o-aminophenols and from o-chloro-p-nitrobenzaldehyde 88 [60].

On the other hand, imidazoquinoxalines 94 or pyrazoloquinoxalines 95 have
been built starting from ortho-fluoroanilines 91 and imidazol- or pyrazol-carboxylic
acids 92 and 93. Interestingly, the presence of an electron-withdrawing group as the
R? substituent is not needed: in most entries R® was just hydrogen. Cyclization by
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Fig. 19 Synthesis of para-cyclophanes through tandem Ugi-SyAr processes

means of the pyrrole-type nitrogen which serves as the nucleophile requires,
however, high temperature. The use of microwave activation allowed for high
yields in short reaction times [88].

Finally, by introducing the aryl halide into the isocyanide component, as in 96,
various macrocyclic peptidomimetics containing a nonsymmetrical endo biaryl
ether bridge have been synthesized [89-91]. Aryl nucleophilic substitution also
takes place in this case under standard base-promoted conditions. The synthesis was
also carried out on solid phase. Selected examples are shown in Fig. 19, but also a
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Fig. 20 Synthesis of benzothiazinones by a sequence of Ugi-Sy2-SyAr

U-SNAr[15][Cnlg] process was implemented. These para-cyclophanes 97 and
98 are interesting from the stereochemical point of view because they generate
atropisomerism. Moreover, the stereogenic centres of the peptide backbone are
configurationally unstable under the cyclization conditions, affording, under ther-
modynamic control, only two diastereoisomers (atropisomers) instead of the
expected four.

A special case of SyAr is shown in Fig. 20. It actually involves a tandem Sy2-
SNAr process on an Ugi adduct containing both an alkyl and an aryl halide. In 99,
the acid-derived alkyl halide behaves therefore as a masked nucleophile. Treatment
with thiourea (Sn2) forms an intermediate thiouronium salt which, upon basic
hydrolysis, releases the required thiolate that undergoes the SyAr process. A library
of benzothiazepinones 100 was produced in this way [92].

As already seen in the first section, SNyAr processes may also be metal-catalysed.
This reaction involves milder reaction conditions and is not strongly dependent on
the electron-withdrawing properties of the substituents. Starting from an orto-
iodoaniline 101, the Ugi reaction gives intermediate 102 that can undergo two
different modes of cyclization. If the nucleophile is the isocyanide derived NH
group, the SyAr process (Buchwald—Hartwig reaction) affords quinoxalinones [45]
as already described in Fig. 8. On the contrary, if the nucleophile is the enolate
stemming from deprotonation of the carboxylic-derived amide, then indolones 103
are generated (Fig. 21). The choice of ligand diverges the two reaction pathways:
with BINAP, good yields of the indolones are obtained, whereas with Xphos,
quinoxalinones are exclusively obtained [61].

3.3 Nucleophilic Acyl Substitution

We have previously seen how cyclic lactams can be synthesized by installing a
protected amine in one of the Ugi or Passerini components, followed by cyclization
onto the isocyanide-derived amide, taking advantage of the particular reactivity of
“convertible” isocyanides. The same type of compounds can be accessed through
nucleophilic attack of the amine onto an ester moiety, suitably installed as additional
function into another component. This strategy has been widely used for the prepara-
tion of diketopiperazines 104 (Fig. 22), a typical privileged structure, starting with
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Fig. 22 Lactams formed by cyclization of an additional nitrogen into an additional ester

a-aminoesters (amine component) and protected a-aminoacids (carboxylic compo-
nents) as inputs [93-97]. This is another example of the so-called UDC strategy
(Ugi-DeBoc-Cyclize), although Fmoc protection has been employed too.
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Fig. 23 Lactones formed by cyclization of an additional hydroxyl into an additional ester or acid

Other types of diketopiperazines 105 and 106 were prepared by incorporating
the additional ester moiety into the carbonyl component (ethyl glyoxalate or
pyruvate) [98, 99]. By using similar routes, 1,4-benzodiazepine-2,5-diones, such
as 107, have been synthesized by inserting the additional primary amine group into
the carbonyl or carboxylic inputs either in a protected form [38, 98, 100] or masked
as a nitro group [101]. Finally, ketopiperazines 108 have been prepared by instal-
ling the Boc-protected amines into the carbonyl component [100]. Benzodiazepine
and ketopiperazine libraries have been generated on solid phase too [100].

Similarly, various types of lactones have been synthesized by incorporating an
additional alcohol (as such or in protected form) into one of the components
(Fig. 23). For example, diketomorpholines 109 were prepared in two steps starting
with a-hydroxy acids [94]. On the other hand, enantiomerically pure chiral pyrro-
line 110 was coupled with benzyl isocyanide and with an aspartic derivative in an
intramolecular Ugi variant. After removal of the two protecting groups, cyclization
took place in a remarkably high yield (81%) to give the unprecedented pyrroloox-
azocinediones 112 [38].

3.4 Condensations Leading to C=N Bond Formation

Cyclic imines or enamines are generated starting from Ugi adducts containing an
additional primary amine and an additional carbonyl group (Fig. 24). In this way
quinaxolinones 113 [71, 102], benzodiazepines 115 [103] and 117 [104] and
finally dibenzodiazocines 118 [105] have been prepared. The additional primary
amine needs to be protected or masked during the Ugi condensation. Three
strategies have been implemented: the amine was protected as Boc urethane
(a further example of UDC strategy) or replaced by two synthetic equivalents



20 L. Banfi et al.

Rl j\/RZ RL j\/RZ
R'-NC
D NH2+ j\ R-CHO
T m—czr
NH(Bo) NH R3

Boc U-IM¢o, i [BIIMNAE] 1 13

R2

CO,H R'-NC N )\/40 Fe, ACOH
N C
C[ ijH RE-CHO | o X
/
K Ugi R FZ NOZK"/ r
114
O (UM, [7IAME

1-
CO,H R-NC
X 2 O
DTS S
>N,  RYCHO 4 NH // NH

4 .
R* 1 g R R4z R3 y

U- IMform[7][ANCE]

O
>/LNH %NH
CO,H R™-NC N
C[ %NHQ RZ'CHO O _RS PPhs pRS
L P L F
R*
116 Nj RS Rs 118
U-IM;o,m[8I[ANME]
; R2 R2
R-NC ! ] ! ]
NH(Boc) /o R2-NH2 O N N weo Oy N
3J\ ~0 >_ CHO — —~ 3 oH - 3 | :
" ©0 H e RBOC/ : O\ \ i ’}l
119 U'ENform[e][ANCE] Boc 120

Fig. 24 Cyclic imines/enamines from post-Ugi cyclization of amino ketones or amino aldehydes

(a nitro group for 115 or an azide for 117 and 118). The latter case is particularly
convenient, since cyclization can be carried out under neutral conditions with
triphenylphosphine (aza-Staudinger reaction). As far as it concerns the additional
0X0 group, in most cases it is a ketone and does not need protection, thanks to the
lower reactivity in the Ugi condensation. In one case, an acetal-protected form of
glyoxal was used to give intermediate 119. Interestingly, under acid conditions
the acetal was cleaved first, leading to dihydropyrazinones 120, having an
enamine-like structure [106].

C=N bond formation has also been achieved starting from two additional
carbonyl functions properly installed in an Ugi component. Cyclization has been
accomplished in this case through a Paal-Knorr reaction of the dicarbonyl com-
pound generated by the Ugi condensation, leading to pyrazinones [107].
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3.5 Base-Promoted Condensations

Several interesting heterocyclic compounds have been obtained starting from
arylglyoxals 121 or other a-keto aldehydes or a-diketones, in conjuction with
carboxylic acids containing an electron-withdrawing group [108—111]. For exam-
ple, the tandem Passerini—Knoevenagel process depicted in Fig. 25 affords a series
of furanones (butenolides) 122. These products have also been easily converted into
the more stable methoxyfurans 123. Pyrroles 124 and 125 (EWG = CN) have been
obtained similarly this time by performing an Ugi reaction [112].

The required carbonyl group can also be introduced in other MCR components.
Amino ketones 126 and 128 have been used for the synthesis of another type of
pyrrolones 127 [113], as well as of quinolones 129 [114].
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Fig. 25 Five- and six-membered heterocycles from tandem IMCR-Knoevenagel
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Finally, by placing the additional carbonyl in the carboxylic component, a
synthesis of pyridinones 131 has been realized [115]. In this case, the nucleophilic
carbon is not the one derived from the acid, but the one initially embedded in the
starting aldehyde. Moreover, here a vinylogous Knoevenagel is operating, which is
clearly favoured over the reaction involving the carbon « to the amide, thanks to the
formation of a stable aromatic 6-membered ring.

Furanones 133 and pyrrolones 134 can be obtained, starting from arylglyoxals,
through tandem Passerini [116] or Ugi [117]/Horner—Wadsworth—Emmons (HWE)
(Fig. 26), using a-phosphonoacids 132. Using -ketoaldehydes instead of glyoxals,
pyridones can be obtained as well. This method has the advantage, compared
to tandem IMCR/Knoevenagel, to be able to introduce any type of R® group in
the final heterocycles (they do not need to be electron-withdrawing). By using
B-ketoaldehydes, pyridones also have been synthesized [117].

Furandiones 136 have been prepared by using this time an ester as additional
electrophile in a tandem Passerini—-Dieckmann process [118] (Fig. 27). It is inter-
esting to note that in this case it was unnecessary to have an electron-withdrawing
group in the carboxylic acid component.

Heterocyclic systems similar to those obtained by tandem Ugi-Sy2 may be
accessed also through tandem Ugi-Michael, provided that a component containing
an electron-poor double bond is used and a suitable nucleophile is introduced into
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another component. Masked amines 137 and 140 are perfectly suited for this task
(Fig. 28). Reduction of the nitro group in the intermediate Ugi adducts 138 and
141 and heating under microwave irradiation brings about cyclization through an
aza-Michael, leading to benzodiazepinones 139 and 142 [119].

Another interesting example of Ugi-Michael process is represented by the syn-
thesis of pyridones 145 (Fig. 28), which originate from an intramolecular domino
addition—elimination reaction of the active methylene group proceeding through
intermediate 144 [120].

3.6 Cycloadditions

Intramolecular Diels—Alder (IMDA) is a very powerful reaction, which converts
an acyclic system into a bicyclic one, often with high stereocontrol. By position-
ing a good dienophile (typically in the carboxylic component) and a highly
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Fig. 29 Tandem Ugi-IMDA processes that exploit heterocyclic dienes

reactive diene in another substrate of the IMCR, the intramolecular cycloaddition
leads to architecturally complex systems (Fig. 29). The most widely used acti-
vated dienes are furan [121-126], pyrrole [127] and tiophene [46]. With the
former the reaction takes place spontaneously at room temperature under the
MCR conditions, while with the other two heating is required. This strategy was
applied to the Ugi reaction, introducing the diene in the carbonyl [46, 121-127] or
in the amine [121] component.

The reactions that lead to 146 are usually highly stereoselective, giving only two
diastereoisomers in high diastereomeric ratio. In particular, the stereogenic centre
formed during the Ugi step seems to direct the attack of the diene onto one of the
two diastereotopic faces of the dienophile (the preferred stereoisomer is shown in
the figure). On the contrary, the synthesis of 147 was much less stereoselective.

Bicyclic systems 146 have been further elaborated into other natural product-
like structures by acid-promoted rearrangement, which affords fused tricyclic
systems [125], or by ring-opening/ring-closing metathesis processes [123, 126],
after installing allyl groups into the structure.

Also acetylenic dienophiles have been used, this time both in the Ugi [127, 128]
and in the Passerini MCRs [128]. The bicyclic compounds 148 (Z = NR2),
stemming from an Ugi reaction on furaldehyde, are somewhat unstable and can
be converted, under Lewis acid catalysis, into isoindolinones 149 [127, 128]. On the
contrary, compounds 148 (Z = O), coming from a Passerini reaction, are stable
under the same conditions and therefore are not converted into isobenzofuranones.
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Acetylenic dienophiles have also been used in conjunction with a different type
of diene (150) for the combinatorial synthesis of isoindolones 151 fused with furan,
pyrrole or thiophene rings (Fig. 30) [129]. In this case, the diene involved in IMDA
is not the 5-membered heterocycle itself, but the one including the exocyclic double
bond. The resulting dihydrobenzene is easily aromatized by oxidation with DDQ or
C/O,. The synthetic protocol is accomplished in a one-pot process.

Intramolecular [3+2] dipolar cycloadditions have also been employed as a post-
Ugi transformation to generate heterobicyclic structures, namely fused isoxazolines
[130], isoxazoles [130] and triazoles [131] (Fig. 31). Isoxazoles were obtained
through intramolecular nitrile oxide cycloaddition. The precursor of the nitrile
oxide (a nitro group) was introduced into the carboxylic component, while a triple
bond was positioned in the starting amine. Treatment of 152 with POCl3/Et;N gave
the intermediate nitrile oxide, which spontaneously cyclized to isoxazoles 153.
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Fig. 30 Tandem Ugi-IMDA processes that exploit exocyclic dienes
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The use of allylamine led to isoxazolines instead, whereas starting with y-nitrobu-
tanoic acid, the ring that fused to the isoxazole was 7-membered.

Fused triazoles were synthesized in a similar manner through the Huisgen azide—
alkyne cycloaddition, which was carried out by simple heating the Ugi adducts at
100°C. Five different fused triazole scaffolds 160-164 were obtained by placing the
additional functions in different components or changing the distance between them
and the Ugi-reacting group [131].

A new methodology for the construction of novel and uniquely shaped
3-azabicyclo[4.2.0]octan-4-one derivatives 166 by combining the Ugi multi-
component reaction with [2 4 2] enone-olefin photochemical transformations was
recently reported [132] (Fig. 32). The additional functional groups are in this case
an enone (165) and a C=C double bond. Although the overall sequence is capable of
creating up to five stereocentres, in most cases only two diastereomers are observed,
which are epimeric at the exocyclic stereogenic centre.

3.7 Ring-Closing Metathesis and Other Transition Metal-
Catalysed Processes

Ring-closing metathesis seems particularly well suited to be combined with
Passerini and Ugi reactions, due to the low reactivity of the needed additional olefin
functions, which avoid any interference with the MCR reaction. However, some
limitations are present. First of all, it is not easy to embed diversity into the two
olefinic components, because this leads in most cases to chiral substrates whose
obtainment in enantiomerically pure form may not be trivial. Second, some unsatu-
rated substrates, such as enamines, acrolein and [, y-unsaturated aldehydes cannot
be used as component for the IMCR, whereas o,3-unsaturated amides are not ideal
for RCM processes. Finally, the introduction of the double bond into the isocyanide
component is possible only if 9-membered or larger rings are to be synthesized (see
below). The smallest ring that has been synthesized to date is the 6-membered one
represented by dihydropyridones 167, obtained starting with allylamine and bute-
noic acid [133] (Fig. 33). Note that, for the reasons explained earlier, compounds
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167 entail only two diversity points. When ortho-halobenzaldehydes were used, a
three-step sequence of Ugi, RCM and Heck reactions produced bridged bicyclic
lactams 168.

Using again unsaturated amines and unsaturated carboxylic acids, 7-membered
lactams 169 (unsaturated Freidinger lactams) have been prepared on solid phase
[134]. Here a third diversity input was placed in the carboxylic acid as well, but this
brought about the presence of a stereogenic centre in the starting component and
hence the formation of a diastereomeric mixture of the products.

Bicyclic lactams 172 have been obtained by combining an intramolecular Ugi
reaction of ketoacid 170, which generates the first ring, and a post-condensation
RCM [135].

Introduction of one of the required double bonds into the isocyanide component
leads to efficient RCM only when the secondary amide prefers the s-trans rotamer
in the formed ring. This happens with ring size >8, as in the case of tetrahydroa-
zoninones 173 [136] (Fig. 34). 169, 172 and 173 can be considered conformation-
ally biased peptidomimetics. Tetrahydroazoninones 173 have been used as
“external reverse turn mimetics” [80] in cyclic peptides in the context of integrin
antagonists [137, 138]. Tandem Ugi-RCM was also used for embedding tripeptides
into a large ring [139, 140]. Compounds 174 are shown as an example, but other
aminoacids have been incorporated as well. The protocol leads to just one diaste-
reomer, thanks to the induction given by the chiral amine and to the fact that only
the major, all (S), diastereoisomer undergoes cyclization. Finally, macrocycles 175
have been prepared by combining RCM with the Passerini reaction [75].
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Fig. 34 Medium and large rings by tandem IMCR-RCM processes

As far as it concerns the geometry of the double bond, all the above quoted
compounds have been obtained with complete stereoselectivity (Z for 168, 169, 172
and 173 and E for 174 and 175).

Another powerful transition metal-catalysed process that has been combined
with the Ugi reaction to produce bicyclic systems is the Heck reaction. For
example, the synthesis of dihydroindoles through this approach has been reported
(Fig. 35). Compounds 176 were obtained starting with o,-unsaturated aldehydes.
When using formic acid as the carboxylic input, cleavage of the tertiary amide and
isomerization to the corresponding indoles took place under the Heck conditions
[141]. By introducing the double bond into the carboxylic component, a different
class of dihydroindoles 177 was synthesized [142]. The same compounds were also
obtained starting from ortho-aminophenols by converting the phenolic hydroxyl
into a triflate after the Ugi step and then submitting it to Heck cyclization [143].

Six- and seven-membered rings (dihydroisoquinolines 178, isoquinolinones 179,
180 and benzazepines 181) were obtained starting from ortho-halobenzaldehydes
or ortho-halobenzoic acids [144, 145]. In all the cases, the exo-trig cyclization
mode was strongly favoured. However, for 178 and 180, isomerization of the
double bond from exocyclic to endocyclic occurred spontaneously under the
Heck conditions.
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Fig. 35 Tandem Ugi—Heck processes

Benzodiazocines 182 and 183 were obtained through a sequence of Ugi-depro-
tection—carbonylation/intramolecular amidation using ortho-iodobenzaldehyde and
a bifunctional acid or amine [146] (Fig. 36). This cyclocarbonylation was carefully
optimized and succeeded in affording 8-membered lactams, which are typically
difficult to obtain, in good yields.

Starting with iodobenzoic acids or iodobenzaldehydes and anilines, also a tan-
dem Ugi-direct arylation (DAR) process is conceivable. In this manner, isoquino-
lines 184 and 185 have been prepared [147, 148] (Fig. 37). DAR has been exploited
also as a tertiary transformation following an Ugi and a Buchwald-Hartwig
N-arylation [62, 65].
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3.8 Others

The Pictet—Spengler reaction, involving the cyclization of electron rich aryl or
heteroaryl groups with iminium electrophiles, is a key step in the synthesis of
many alkaloids. If one of the Ugi component encompasses an additional carbonyl,
this can form an iminium species by interaction with the isocyanide-derived NH
group, which in turn can react with an electron-rich arene, suitably positioned into
the isocyanide structure. The result is the formation of a tricyclic system stemming
from the interaction of two additional groups plus the isocyanide-derived secondary
amide. Figure 38 shows the synthesis of alkaloid-type systems 186 [149], 187 [150]
and 188 [150]. It is worth noting that, while an additional keto group can be
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employed without protection in the Ugi reaction, thanks to its lower reactivity, an
additional aldehyde must be blocked. Also protection of the indole nitrogen was
beneficial. However, both acetal and Boc protections are cleaved under the same
acidic conditions required for Pictet—Spengler cyclization. Cyclization was poorly
stereoselective in both cases.

Highly functionalized 3,4-dihydroquinolin-2(1H)-ones 189 have been prepared
via sequential Ugi/acrylamide [6 wt] photocyclization (PhC) reaction with a prefer-
ential trans relationship between the substituents R* and R’ (Fi g.39) [151].
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Finally, a radical cyclization was accomplished taking advantage of the capabi-
lity of xanthates to stabilize a radical at the o-carbon atom. However, the xanthates
190 and 193, required for the ring forming step, could not be obtained directly by an
Ugi reaction. Therefore, the MCR was carried out with chloroacetic acid and the
xanthate moiety was introduced later through an SN2 reaction. Final cyclization
gave pyrrolidinones 191, piperidinones 192 or tetrahydroazepinones 194 depending
on the nature of the component that carries the C=C double bond. The reaction is
regioselective, forming only the products 191,192 derived from exo-trig attack
starting from 190, whereas unusual endo-trig product 194 was the only isolated
species starting from 193. The process was, however, poorly stereoselective [152].

In conclusion, the general strategy of combining IMCRs with post-condensation
transformations has produced so far several types of heterocyclic systems, in most
cases non-aromatic, including medium of large-sized ones. They have been
prepared efficiently in few steps and with the typical introduction of three or
more diversity inputs. However, the authors’ feeling is that we are only at the
beginning of a long story and that many other ring types and reaction types are still
waiting to be explored.
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Aminoazoles as Key Reagents in
Multicomponent Heterocyclizations

Valentin A. Chebanov, Katerina A. Gura, and Sergey M. Desenko

Abstract Because of the significant role in biological processes in living cells and
the diverse types of physiological activities, heterocyclic compounds are in focus of
intense investigations by academic and applied-oriented chemists. Considerably, a
scientific renaissance of heterocycles during the last decades is closely related to the
development of multicomponent approaches to their synthesis. Multicomponent
methodology fundamentally different from two-component or sequential processes
together with other innovative synthetic methods like microwave- and ultrasonic-
assisted reactions offer some new possibilities in constructing heterocyclic systems
with high level of molecular diversity and complexity. An overview of known
multicomponent heterocyclizations using aminoazoles as a key reagent and their
rich synthetic potential for obtaining five-, six-, and seven-membered heterocycles
is presented. A special attention is paid to the tuning of chemo- and regio- and
positional selectivity of some reactions as well as to the application of nonclassical
activation methods based on microwave and ultrasonic irradiation.
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1 Introduction

Binucleophiles of aminoazole-type are quite important reagents in modern hetero-
cyclic chemistry, and their reactions with electrophiles are the most widespread and
facile synthetic approach for obtaining diverse heterocyclic systems containing
azole moiety [1-3]. An interest on these heterocycles is attributed to their known
biological activities: analgetics, cardiovascular vasodilators, calcium channel block-
ing agents, potassium channel inhibitors, apoptosis-inducers, and so on [4—19]. On
the other hand, aminoazoles are usually polyfunctional compounds containing
several reactive centers, which make them challenging objectives for studying
mechanisms of organic reactions, tuning of their chemo- and regio-selectivity.

The most investigated area of aminoazole chemistry is their two-component
reactions with ketoesters, B-dicarbonyls, or o,-unsaturated aldehydes and ketones
yielding fused azoloazines. Besides numerous original articles, several books and
reviews were published in this field during recent decades [1-3, 20-24]. At the
same time, very promising for combinatorial and medicinal chemistry as well as for
diversity-oriented synthesis, multicomponent reactions (MCRs) based on aminoa-
zole building-blocks were covered in literature very restrictedly. Some individual
examples are provided, for example, in the following books [1, 21] and reviews
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Scheme 1 Two main groups of aminozole MCRs

[2, 25-31]. However, no comprehensive analysis of aminozoles MCRs has been
made till date, which afforded the ground for writing the present review.

Generally, multicomponent treatments of aminoazole can be divided into two
main groups (Scheme 1):

— Group A: aminoazoles as 1,3-binucleophiles (more diverse)
— Group B: aminoazoles as 1,1-binucleophiles (less diverse)

It should be noted that carbonyl compounds, more often aldehydes, are usual
second reagent in both the groups. Other building-blocks in these multicomponent
processes, leading to the formation of five-, six-, and seven-membered heterocycles,
can be numerous acids and their derivatives, B-dicarbonyl compounds or other
CH-acids, isocyanides, etc. At this, three-component reactions of ABC and ABB’
types [32] are the most typical for aminoazole, although some four-component
ABCC processes were also published.

2 Aminoazoles as 1,3-Binucleophiles

MCRs involving aminoazoles as 1,3-binucleophiles (group A) being the major part
of known processes of such type, in turn, can be divided into several additional sub-
groups (Scheme 2). The biggest one consists of the treatments of aminoazole with
synthetic precursors of o,B-unsaturated carbonyl compounds — aldehydes and CH-
acids (Sub-group A;). They usually lead to partially hydrogenated azolopyridines
(X = CH, Hantzsch-type reaction) or azolopyrimidines (X = N, Biginelli-type
reaction).

Another type of multicomponent processes is isocyanide-based Groebke hetero-
cyclization yielding fused imidazoles (Sub-group A,). This three-component
treatment is close analog of Ugi-reaction, being very promising for combinatorial
chemistry aims. And finally, the third and smallest sub-group (A3) includes other
types of MCRs giving rise to fused heterocycles.

In our review we present general and specific examples of all these three types of
MCRs, which involve aminoazoles as 1,3-binucleophile reagents. In the following
sub-chapters, the most part of published original articles and selected patents in this
topic will be observed and discussed.
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Scheme 3 MCR of aminoazoles and aldehydes with acetoacetic esters

2.1 Reactions with Synthetic Precursors of a,[3-Unsaturated
Carbonyls

2.1.1 Noncyclic CH-Acids

The traditional reagents having sufficient importance in multicomponent treatments
with aminoazoles and carbonyl compounds are acetoacetic acid and its derivatives.
Among these processes, Hantzsch- and Biginelly-type reactions giving highly
substituted azolopyridines and azolopyrimidines containing carboxylic, ester, or
carboxamide group are the focus of intense research for last decades.

One of the first results in this area concerning MCRs between 3-amino-1,2,4-
triazole or 5-aminotetrazole with aromatic aldehydes and acetoacetic esters was
published in 2003 independently by Fedorova et al. [33] and Desenko et al. [34].
Target 4,7-dihydroazolo[1,5-a]pyrimidines (Scheme 3) were easily obtained by
usual refluxing of the starting materials in ethanol with hydrochloric acid [33] or
in dimethylformamide (DMF) [34], however, in moderate yields. The authors of the
second publication noted influence of electronic nature of the aldehyde aryl substit-
uent on the reaction efficiency — a presence of strong electron-withdrawing groups
(e.g., Ar = 4-NO,CgH,) led to the decrease of the MCR’s yields.

It seems that initial stage of the treatment should be Knoevenagel reaction via
the formation of unsaturated derivatives 1 (Scheme 3). This sequence is considered
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as standard in the literature, although in several cases the first step of such MCRs
can be different, and some corresponding examples will be given below.

In several subsequent publications, this promising multicomponent synthetic
approach was used for the synthesis of certain types of biologically active hetero-
cyclic compounds. For instance, Boros and co-authors [35] reported application of
the three-component heterocyclization between bicyclic aminoazole 2, acetoacetic
acid derivatives 3, and aldehyde 4 to obtain compound 5 being aza-analog of known
[36] agonist of the calcetonine receptor (Scheme 4).

To synthesize azolopyrimidines 7, containing sulfonylamino-group and pro-
mising in agriculture as herbicides and plant growth regulators, the authors of
article [37] used three-component heterocyclization of 3,5-diamino-1,2,4-triazole,
benzaldehyde, and acetoacetic ester in boiling DMF (Scheme 5). The MCR at the
first stage yielded two compounds, which without separation in one-pot way
manner were treated with hydrazine hydrate to obtain pure intermediate 6. Further
sulfonylation and oxidation was carried out sequentially in pyridine and ethanol,
correspondingly, with separation of each reaction products.

MCRs of aminoazoles and aldehydes with acetoacetamides are also known. For
example, combinatorial-oriented synthesis of potentially pharmacologically active
dihydrotriazolopyrimidines 13 was described in [38].The authors considered that
carrying out S-alkylation at the last step of pathway “a” (Scheme 6) was more
convenient for the combinatorial procedure; however, all attempts to realize three-
component condensation of 3-amino-1,2,4-triazolo-5-thione 8 with aldehydes 9 and
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Scheme 5 Synthesis of azolopyrimidines promising in agriculture
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acetoacetamides 10 were unsuccessful — only the starting materials were reisolated
from the reaction mixture quantitatively.

As an alternative, initial S-alkylation of aminoazole 8 with appropriate alkyl-
bromides (R3;CH,Br) was performed. Then 3-amino-5-alkylthio-1,2,4-triazoles 11
were introduced into the MCRs with aromatic aldehydes and acetoacetamides
(pathway “b”). To sufficiently increase yields of target heterocycles 13, the cyclo-
condensations were performed under microwave irradiation in ethanol at 120°C.

In some cases synthesis of starting materials for MCRs is also a difficult task,
which sometimes complicates greatly application of procedures involving commer-
cially inaccessible reagents. In the previous example, both acetoacetamides and
animoazole building-blocks were hardly available by synthetic methods. In this
context, to avoid laborious stage of acetoacetamide synthesis, Shaabani et al. [39]
suggested four-component procedure for obtaining similar carboxamide deriva-
tives. It was shown that room temperature treatment of equimolar mixture of
primary amines, diketene, 5-amino-1,3-diphenylpyrazole and aldehydes, contain-
ing both electron-withdrawing and electron-donating substituents, in CH,Cl, in the
presence of p-TSA gave pyrazolo[3,4-b]pyridine-5-carboxamides 14 in good yields
(Scheme 7). In this MCR acetoacetamide formed in situ by the addition of amine to
diketene molecule.

This procedure can be used for the MCRs based on other 1,3-binucleophiles.
For example, the same authors applied it to form pyrido[2,3-d]pyrimidine-6-
carboxamide derivatives from 6-aminouracile [40].

However, the main disadvantage of the new multicomponent procedure consists
in a very long duration of the treatment to reach the required level of conversion.
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Thus, reaction of 5-aminopyrazole should be carried out for 4-7 days, while in the
case of 6-aminouracile the process lasts even longer — up to 13 days.

In some cases special synthetic methodologies were applied to increase
reactions yields or to satisfy “green chemistry” requirements. For example, Yao
and co-authors [41] successfully carried out solvent-free three-component reaction
of 5-aminotetrazole, aromatic aldehydes, and acetoacetic acid in the presence of
inexpensive and commercially available sulfamic acid as catalyst. The yields of
the MCRs were rather low but the whole procedure was facile, economic, and
eco-friendly.

Over the last decades in organic chemistry and, particularly, in heterocyclic
synthesis, the popularity of nonclassical activation methods has been growing
continually. Microwave-assisted methodologies are the most promising among
them and intensively used in different fields of up-to-date chemistry [42—45]. In
the most cases, the combination of multicomponent approaches with microwave
technologies and “green chemistry” solvents and catalytic systems gives a possibil-
ity to reach high criteria of “ideal synthesis” [46].

In addition to the abovementioned results consisting only the increasing yields
(Scheme 6) [38], another example of effective microwave-assisted synthesis of
azolopyrimidine carboxamides should be described. Tu et al. [47] reported eco-
friendly three-component reaction of 2-aminobenzimidazole, aromatic aldehydes,
and some B-dicarbonyl compounds under microwave irradiation (Scheme 8). It was
shown that the treatment of the starting materials can be most efficiently carried out
at 90°C (200 W MW power) in water medium instead of traditional organic
solvents like ethanol, acetic acid, or DMF.

Nonclassical synthetic methods can also be used for tuning MCRs selectivity,
and several successful examples will be reflected somewhat lower in our review.

Generally, MCRs based on aminoazoles and synthetic precursors of o,f3-
unsaturated carbonyl compounds proceed via a sequence of Knoevenagel-type
condensation, which was already mentioned (see Scheme 3), Michael-like addition,
cyclization, and water elimination. For example, the authors of [47] considered the
following mechanism (Scheme 9).

Some steps of the sequence proposed, of course, may be others, but key stages
including formation of a,B-unsaturated dicarbonyl derivative 16, cyclization into
tetrahydropyrimidine 17, and dehydration are common in the most cases.

It should be noted that in the most cases MCRs of aminoazoles with CH-acids
and aldehydes and linear reactions including preliminary synthesis of o,f3-
unsaturated carbonyl compounds like 16 yield the same reaction products.

H
N R
Ry H,0, MW, 90 °C
: />_NH2 + \:O + e )ji”\
N \(g]/\g/ 6 min J\

15, 84-94%,
19 examples

Scheme 8 Eco-friendly MW-assisted MCR of aminobenzimidazole, aldehydes and 1,3-dicarbonyls
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However, there are numerous examples when both these synthetic approaches give
different heterocyclic systems, which lets additional powerful tool for tuning of
reactions selectivity.

When R, substituent is flourocontaining alkyl group, the transformation 17 — 18
becomes hindered and its proceeding requires some special methods. For example,
in [48] Biginelli-like cyclocondensations based on three-component treatment
of 3-amino-1,2,4-triazole or 5-aminotetrazole with aldehydes and fluorinated 1,3-
dicarbonyl compounds were investigated. It was shown that the reaction can
directly lead to dihydroazolopyrimidines 20, but in the most cases intermediate
tetrahydroderivatives 19 were obtained (Scheme 10). To carry out dehydration
reaction, refluxing of tetrahydroderivatives 19 in toluene in the presence of
p-TSA with removal of the liberated water by azeotropic distillation was used.
The same situation was observed for the linear reaction proceeding via the forma-
tion of unsaturated esters 21.

It is interesting that hindered elimination of water for the MCR of flourocontain-
ing acetoacitic acid derivatives was not observed in [36].

Another example of the formation of hydroxyl-containing tetrahydropyrimi-
denes was described by Shaabani et al. in their publication concerning “green
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chemistry” matters [49]. It was established that three-component reaction of some
CH-acids and aromatic aldehydes with 3-amino-1,2,4-triazole in water at room
temperature allowed isolation of triazolopyrimidines 22, as sole diastereomere,
which were not able to eliminate water during their heating in EtOH with HCI1
(Scheme 11).

On the other hand, similar treatment of flourocontaining dicarbonyl compound
gave up no tetrahydropyrimidine, as it was expected, but noncyclic reaction product
23 was isolated. The formation of compound 23 is in good correlation with the
mechanism offered in [47] (Scheme 9). However, we should note that structure of
compounds 22, established in [49] by means of IR, NMR, and mass-spectra, can be
wrong. In several other works, it was shown that similar MCRs had another
positional direction with the formation of compounds type 24 [50-54].

For instance, Chen and co-authors [50] reported MCRs of 3-amino-5-alkylthio-
1,2,4-triazole with aromatic aldehydes and B-ketoesters. For the development of
regioselective and eco-friendly procedure to the Biginelli-like tetrahydropyrimi-
dines they applied water medium and p-TSA catalysis. It was surprisingly estab-
lished that conventional heated or microwave-assisted reaction of the starting
materials both in water and in organic solvents yielded a mixture of two heterocy-
clic compounds 25 and 26 in various ratios (Scheme 12). The structures of the
reaction products were proven by X-ray analysis and NMR study.

To elaborate selective approach to the compounds 25 and to increase their
yields, the authors of [50] applied microwave-assisted reaction in ethanol as
described earlier in [38] (see Scheme 6). However, the selective procedure for the
synthesis of the heterocycles 26 was not published in this article. It was achieved by
other authors [54] with the help of ultrasonication, being equally with microwave-
assisted synthesis as one of the most facile tool in the modern organic chemistry
[55-57]. It was established that three-component reaction of 3-amino-5-alkylthio-
1,2,4-triazole with aldehydes and acetoacetamides under ultrasonic irradiation at
room temperature led exclusively to tetrahydrotrialopyrimidines 27, while the same
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Scheme 12 Controlled MCRs of 3-amino-5-alkylthio-1,2,4-triazoles

treatment in microwave field at higher temperatures yielded “classical” Biginelli-
like heterocycles 28 (Scheme 12). Moreover, compounds 27 can be easily con-
verted into 28 by heating in ethanol.

Generally, an application of room temperature reactions carried out under
ultrasonication or high-temperature heating proceeding in microwave field can be
a very powerful methodology for tuning chemo-, regio-, or positional selectivity of
organic reactions. Precise control of the reaction parameters within these technol-
ogies gives a possibility to direct process along kinetically or thermodynamically
controlled pathways, which allows in obtaining different reaction products selec-
tively. In addition to the above-mentioned works [51-54], several examples of the
application of this strategy were recently published [S8—61] and will be discussed in
this review.

For example, an application of this strategy was successful for a three-compo-
nent reactions involving pyruvic acids, aldehydes, and 3-amino-1,2,4-triasole,
which allowed to develop preparative and high-selective procedures for the synthe-
sis of three different classes of heterocycles [51-53, 62]. Thus, heterocyclization of
pyruvic or arylpyruvic acids with 3-amino-1,2,4-triazole and aromatic aldehydes in
acetic acid at room temperature under ultrasonication gave triazolopyrimidine
carboxylic acids 29 [51] (Scheme 13). It is interesting that the same reaction with
5-aminotetrazole cannot be carried out. On the other hand, MCRs of both amino-
triazole or aminotetrazole with aldehydes and arylpyruvic acid at 170°C under
microwave irradiation yielded exclusively triazolylpyrrolones 31 [51], while the
high-temperature treatment involving pyruvic acid led to other heterocyclic system
— dihydroazolopyrimidines 30 [62].

Very similar directions of the MCRs were found for another starting aminoazole
— 5-amino-N-aryl-1H-pyrazole-4-carboxamide [52]. Its ultrasonic-assisted treat-
ment with phenylpyruvic acid and aldehydes at room temperature gave partially
hydrogenated azolopyrimidines 32 (Scheme 13). Heating of the same starting
materials up to 170°C in microwave field allowed isolating pyrrolones 33.

The formation of tetrahydropyrimidines 29 and 32 is reversible and their heating
at ca. 50°C for 30 min leads to decomposition into starting compounds, while
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Scheme 13 MCRs under kinetic and thermodynamic control

refluxing in acetic acid yields (depending on R substituent) ether carboxylic acids
30 (R = H) or pyrrolones 31, 33 (R = Ph) [51-53].

As described earlier for compounds 22 (Scheme 11), attempts to carry out
dehydration of tetrahydropyrimidines 29, 32 were unsuccessful under various
reaction conditions.

Chen and co-authors in their work [50] offered key stages for mechanism of
heterocyclization leading to compounds 25 and 26 (Scheme 12). The reaction
sequence for azolopyrimidines 25 formation is very similar to that published in
[47] and presented in Scheme 9. Pathway to tetrahydroderivatives 26, in opinion of
[50], also includes at the beginning Knoeveganel condensation. Further step of the
reaction in this case should be the addition of exocyclic NH, group of aminoazole to
enone fragment of unsaturated ester, with subsequent cyclization of the adduct
formed into final tetrahydropyrimidine (Scheme 14).

However, in MCRs based on pyruvic acids no formation of o,B-unsaturated
carbonyl compounds was observed. Instead of Knoeveganel condensation, the first
step of the process was the formation of the corresponding azolmethine 34, which
when treated with enole form of pyruvic acid gave adduct 35. The final stage was
cyclization into compounds 29 or 32 [51, 53] (Scheme 14).

Generally, MCRs of pyruvic acids with nitrogen containing binucleophiles are
challenging objectives for detailed study. On the one hand, heterocycles formed in
such reactions can possess numerous types of biological activities [4, 63—67] and
their synthesis is very promising from the viewpoint of medicinal chemistry.
Moreover, as it follows from the several abovementioned publications, these
multicomponent processes yielding diverse heterocyclic systems are very interest-
ing for the development of strategy for chemo- and regio-selective organic reac-
tions — even just changing temperature regime gives a possibility to obtain several
different final products (Scheme 13).
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In some cases a choice of multicomponent or linear protocol for the treatment of
pyruvic acids, aminoazole, and aldehydes allows obtaining different heterocycles.
For instance, MCR involving 5-aminopyrazoles or sequence pathway via prelimi-
nary synthesis of arylidenpyruvic acids led to positional isomers 36 and 37,
respectively (Scheme 15) [4, 61, 68]. It is interesting to note that the same strategy
applied to 3-amino-1,2,4-triazole or to amino-N-aryl-1H-pyrazole-4-carboxamide
reactions gave no effect and the final compound for both the protocols were the
same [52, 61, 62].

Different products of the three-component and linear treatments in the case of
5-aminopyrazole can be the evidence that this MCR follows independent pathway
without formation of in situ o,B-unsaturated carbonyl compound.

The direction of MCR involving pyruvic acid, aldehyde, and 1-aryl substituted
1,2,4-triazole-3,5-diamine was different from the directions of all other processes
that were discussed earlier. It was established [53] that this treatment yielded 3-
(5-amino-1H-1,2,4-triazol-3-ylamino)furan-2(SH)-one 39 instead of triazolopyri-
midine carboxylic acids 38 (Scheme 16).

This unusual direction of the MCR is connected with the loss of aromaticity
following the pathway, giving carboxylic acids 38. It can lead to the increase in the
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transition states energy or to the decrease in thermodynamic stability of the final
heterocycles. Both these factors should favor formation of furanones 39.

As CH-acids in the MCRs with aldehydes and aminoazoles, other classes of
organic compounds were used as well. Cyanoacetic acid derivatives, acetoyl(aroyl)
acetonitriles, ketosulfones, acetophenones, and other reagents were successfully
introduced into these three-component heterocyclizations. For example, synthesis of
pyrazolo[3,4-b]pyridine-5-carbonitriles 40 was carried out as the multicomponent
treatment of 5-aminopyrazole, aldehyde, and benzoylacetonitriles solvent-free by
fusion either in ammonium acetate at 120°C or in boiling ethanol with Et;N
(Scheme 17) [69]. The second approach gave the worst results from the viewpoint
of yields and purity of the target compounds.

To carry out the similar MCR involving 5-amino-3-methyl-1-phenylpyrazole,
aromatic aldehydes, and 3-cyanoacetyl indoles, Zhu et al. [70] used microwave-
assisted synthesis in glygol at 150°C. Application of other solvents was less effective
and gave either no reaction products (water medium) or led to the sufficient yield
decreasing (EtOH, HOAc, DMF). Microwave irradiation was also used by Quiroga
et al. [71] to synthesize ether 4-aryl-5-cyano-6-phenylpyrazolo[3.4-b]pyridine-3-ones
or their dihydroderivatives under argone atmosphere.

The mechanism of these MCRs, according to [70], should include formation of
unsaturated nitrile, its treatment with aminopyrazole and cyclization following with
water elimination and, sometimes, oxidation (Scheme 17).

Three-component treatments of ketosulfones and aldehydes with 2-aminobenzi-
midazole or 3-amino-1,2,3-triazole were carried out in microwave reactor as well
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Scheme 19 Elimination of 4-dimethylaminophenyl substituent

(Scheme 18) [72]. It is interesting to note that this MCR involving 5-aminotetrazole
was unsuccessful and only the starting materials were reisolated from the reaction
mixture. An explanation for this unreactivity could be the decrease in nucleophilicity
comparing 3-amino-1,2,4-triazole and 2-aminobenzimidazole with 5-aminotetrazole.
The same observations regarding the reactivity characteristics for these amino-
azoles have already been reported before [73].

Three-component treatment of ketosulfones and related CH-acids with alde-
hydes and 5-aminopyrazoles was also patented by Han and Hu [74]. They used
stirring of the starting materials in THF at 70°C and HPLC purification to synthe-
size biologically active pyrazolopyrimidines containing sulfonic group.

Hantzsch-type reaction between 5-amino-3-methyl-1-phenylpyrazole, 4-dimethyl-
aminobenzaldehyde, and 2-aroylbenzimidazole is followed by elimination of
4-dimethylaminophelyl substituent [75]. The treatments that were carried out
in boiling glacial acetic acids for 2 h yielded pyrazolopyridines 44 when R##4-
NO,C¢H,4 (Scheme 19).

Similar elimination of electron-rich aryl substituents was also described for
other heterocyclic systems [76-78].

In some cases, the question of positional and regioselectivity arises for MCR
based on aminoazole. Regioselectivity problem concerning the presence of non-
equivalent reaction centers in 1,3-binucleophile molecule is more specific for
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reactions of cyclic CH-acids and will be discussed in Sect. 2.1.2. However, there are
several examples for noncyclic active methylene compounds.

For example, the formation of mixtures of 4,5- and 4,7-dihydroisomers 45 and
46 was observed by Werman and Hartman [79] in the reaction of 3-amino-1,2,4-
triazole with two equivalents of methylarylketone in the presence of ZnCl, as a
catalyst (Scheme 20). The ratios between two position isomers were from 50:50 to
74:26. However, Desenko et al. [80] established that treatment of the same starting
compounds under acidic catalysis (acetic or mineral acids) yielded only 4,5-dihy-
droderivatives 46 and heterocycles 47 [81]. In the latter case, the third component
of the multicomponent condensation was the solvent — DMF. It is worth noting that
heterocyclic compounds 46 were also the products of the reaction between 3-
amino-1,2,4-triazole with o,B-unsaturated ketones 48 (Scheme 20).

It is possible to suggest at least three mechanisms to explain different directions
of the abovementioned MCRs (Scheme 21) [1, 79, 80]. It should be noted that the
reaction passing according to pathway I is not an independent method for the
formation of the dihydroazine system and corresponds to the normal treatment of
o,B-unsaturated carbonyls, because the generation of the latter occurs in situ. On the
contrary, reaction pathways II and III follow different mechanisms leading to
compounds like 45, which are hard to synthesize by other methods.

The results describing formation of regioisomers in the case of MCR involving
3-amino-1,2,4-triazole, aldehydes, and pyruvic acid were also published [62]. The
treatment was carried out in boiling DMF and a mixture of two regioisomeric
compounds 30 and 49 (Scheme 22) were isolated and characterized (49 without
separation).

It is important to note that the formation of heterocycles with participation of
endocyclic nitrogen in position 4 of 3-aminol,2,4-triazole (azolopyrimidines 49) is
quite unusual, and there are only several references in literature concerning similar
reaction products [1, 2]. It should be also mentioned again that the same reaction in
acetic acid yielded solely carboxylic acid 30 [62] (Scheme 13).
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2.1.2 Cyclic CH-Acids

MCRs of Hantzsch and Biginelli-types with participation of aldehydes, aminoa-
zoles, and cyclic CH-acids, first of all 1,3-diketones and Meldrum acid, as well as
the treatments discussed in the previous sub-chapter, are in the focus of interest due
to high biological activity of their products. However, on the other hand, in many
cases these processes can give several final heterocycles with different position or
regiodirection. Moreover, sometimes for the same reactions carried out under
similar conditions contradictory facts were published with high level of credibility.

For example, it was reported in several independent articles that multicomponent
treatment of 5-amino-3-methylpyrazles with 1,3-cyclohexandiones and aldehydes
under refluxing in EtOH [82, 83], in DMF with methanol [84], or with application of
continuous-flow microwave-assisted procedure in DMSO [85] yielded exclusively
pyrazoloquinolinones 50 (Scheme 23). On the other hand, the treatment of 3-unsub-
stituted 5-aminopyrazoles with cyclic B-diketones or ketosulfones gave mixtures of
Hantzsch dihydropyridines 51 and Biginelly dihydropyrimidines 52 in different
ratios [86].

The data about MCRs involving 5-amino-3-arylpyrazoles are more discrepant.
Quiroga et al. [82] reported three-component treatment of this pyrazole with dime-
done and aromatic aldehydes in boiling ethanol, yielding only pyrazoloquinolinones
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53. In another article, however, [59] it was shown that in the most case this
reaction gave mixtures of two heterocycles 53 and 54. To develop procedures
allowing regioselective synthesis of both heterocyclic systems, the authors of
[59] studied an influence of temperature regime and catalyst type on the direc-
tion of this MCR. With application of ultrasonication and microwave irradiation
it was established that the reaction studied can pass under kinetic and thermo-
dynamic control.

It was reported [59] that temperature in combination with the choice of catalyst
is, indeed, the main factor in controlling the direction of this MCR. Under ambient
and neutral conditions, the reaction between S5-amino-3-phenylpyrazole, cyclic
diketones, and aromatic aldehydes yielded Biginelli-type dihydropyrimidines 54
(Scheme 24). Increase in the reaction temperature with simultaneous addition of
triethylamine allowed the reaction to proceed along the thermodynamically con-
trolled pathway with formation of dihydropyrazolopyridines 53.

It is worth to be noted that Biginelli-like compounds 54 were also obtained by
using trimethylsilylchloride as a reaction mediator in combination with acetonitrile
as solvent under microwave irradiation [59].
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The optimization of regioselective synthesis of quinolinones 53 and the search
for the most favorable catalyst for this transformation resulted also in the discovery
of a novel MCR involving the ring-opening and recyclization of diketone fragment
with subsequent formation of unusual pyrazoloquinolizinone 55 [59] (Scheme 24).
It was established that microwave-assisted condensation of the starting materials
in ethanol or tert-butanol at 150°C in the presence of an equimolar amount of
sodium ethoxide or potassium tert-butoxide led to novel heterocycles 55, being
similar to some natural alkaloids. The preliminary report about this new MCR was
made in [60].

Chebanov et al. in [59] offered the key stages of all these three MCRs. According
to their hypothesis at room temperature under ultrasonication, the reaction passed
via kinetically controlled intermediate 56 with the formation of quinazolinones 54
(Scheme 25). The high-temperature protocol allowed the reaction following via
thermodynamically preferable tricyclic intermediate 57.

The transformation of intermediate 57 was recognized as one of the critical steps
defining passing of the reaction either in sub-direction By or in sub-direction B,
[59]. The nature of the base and its strength plays an important role at this
bifurcation. Tertiary bases like triethylamine are not capable to promote C—C
bond cleavage and therefore cannot lead to an opening of the cyclic diketone ring
and its recyclization. In the presence of such strong bases as sodium ethoxide and
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Scheme 25 Key stages for MCRs between 5-aminopyrazoles, aldehydes and cyclic 1,3-diketones
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potassium tert-butoxide, the cyclic 1,3-dicarbonyl fragment in 57, after nucleo-
philic attack of the base to the carbonyl group, undergoes ring-opening in accor-
dance with the known mechanisms for the cleavage of -diketones [87, 88].

The mechanism of the formation of tricyclic intermediates 56 and 57 is also the
important and conflicting matter. For example, Quiroga et al. [83] showed that these
MCRs, the most probable, proceed via preliminary Knoevenagel condensation and
Michael addition (Scheme 26). At the same time they rejected another pathway
including the generation of enamine 60, because no reaction was observed between
it and aromatic aldehyde when their mixture was refluxed in ethanol.

Similar conclusions about mechanism, though without experimental evidences,
were made by Shao et al. [89] when they studied microwave-assisted MCR of
2-aminobenzimidazole, aldehydes, and some cyclic 1,3-diketones in water medium
(Scheme 27).

On the other hand, Lipson and co-authors in their publications described numerous
MCRs of cyclic B-dicarbonyl compounds and aldehydes with 5-amino-3-methylpy-
razole [84], 3-amino-1,2,4-triazole [90], 3-amino-5-methyltio-1,2,4-triazole [91],
2-aminobenimidazole [92], and 2,5-diamino-1,2.4-triazole [93]. It was shown that
multicomponent treatments studied in the case of these aminoazoles should proceed
via preliminary formation of corresponding enamines, which were isolated and
subsequently transformed into target heterocycles (Scheme 28). Intermediates
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derived from Knoevenagel condensation were not isolated or even observed in these
articles.

Besides the different regiodirections described earlier for the MCRs involving
amizoazoles and cyclic CH-acids, a problem of positional selectivity in some cases
also arises. In the most reactions analyzed, the formation of fused heterocycles with
linear polycyclic structure is described, while angular products (such as compound
45 at Scheme 20) were not observed. In some publications an absence of such
heterocycles was noted especially [84, 90-93].

One of the first mentions about reaction products with angular structure was
published by Desenko and co-authors in [94]. It was shown that multicomponent
treatment of 3-amino-1,2,4-triazole with two equivalents of cyclohexanone yielded
spiroheterocycles 61 (Scheme 29).

Further, in [95] it was shown that, in the MCR of aminotriazole with benzaldehyde
and benzocycloalkanones, in addition to the major product — 4,7-dihydro-1,2,4-
triazolo[1,5-aJpyrimidines 62 in yields of 15-25% — isomeric compounds 63 and
products of their dehydrogenation 64 were also isolated (Scheme 29).

Lipson et al. in several publications [91-93] in the reactions of dimedone and
aromatic aldehydes with 2-aminobenzimidazole, 3,5-diamino-1,2,4-triazole, and
3-amino-5-methyltio-1,2,4-triazole described a formation of angular tri- and four-
cyclic heterocycles as minor reaction products. However, aldehydes did not
participate in these MCRs and the solvent (DMF) acted as a carbonyl component
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(see, e.g., compound 66, Scheme 29). In the opinion of the authors of [91-93], these
multicomponent treatments proceeded via enamines of type 65.

Interesting reagents for such MCRs from the viewpoint of selectivity tuning are
5-aminopyrazoles containing carboxamide substituent. In the first article concerning
the behavior of these aminozoles in the reactions with cyclic 1,3-diketone and
aldehydes, it was found that only one direction of the treatment leads to tricyclic
Biginelli-like heterocycles 67 (Scheme 30) [96].

However, further a possibility of the formation of several different reaction
products in similar processes was reported [97-99]. With the help of microwave
irradiation and ultrasonication, the problem of selectivity was also touched in these
communications. It was found that three-component reaction of equimolar mixture
of 5-amino-N-arylpyrazole-4-carboxamides, aldehydes, and cyclic B-diketones in
DMF under conventional thermal heating or under microwave irradiation at 150°C
yielded pyrazoloquinazolines 68. The treatment at room temperature under ultra-
sonication gave the same reaction products, although addition of catalytic amounts
of hydrochloric acid changed direction and positional isomeric quinazolines 69
were only isolated in this case.

It is very important that this preparative procedure allowed selective synthesis
of Biginelli-like fused dihydropyrimidines of type 69 having angular structure.
As everyone can see from the other publications cited above in other cases,
these heterocycles were usually minor reaction by-products. The third direction
discovered in [97-99] led to acridinediones 70 (Scheme 30).

1
Ar R (0] -N
i N
S. HN 3 o
«o PR NEt,, 140 - 150 °C )§8> S\A 67, 54-58%
T\ + R X0 + — N r 3 examples
'R NH H NH
N 2 o O:(
H
R
DMF, A, 15 min or R, O
DMF, MW, 150 °C, 15 min N-
HOAc, US, r.t, 45 min y N | R 68, 64-92%
_— —
N A 23 examples
o H
NH
R R
45 o =N
B o US, rt., 45 min NN R
NNH DMF/HCI or EtOH/HCI o P2 69, 63-78
YNH? + R O HN | R 5 examples
0
07 NH R R, O
R, o R O
DMF/HCI, A or
DMF/HCI, MW, 150°C R | R 70,30-35%
P> 68 + R N R 3examples

HN-p,

Scheme 30 Tuning of selectivity of MCRs involving carboxamide containing 5-aminopyrazoles



62 V.A. Chebanov et al.

To carry out MCRs of aminoazoles with aldehydes and cyclic CH-acids, the
methods of “green chemistry” were also applied. For example, treatments of 3-
methylisoxazol-5-amine and aromatic aldehydes with 1,3-cyclohexanedione,
dimedone, 1,3-indanedione, or titronic acid were proceeded in water under micro-
wave irradiation at 120°C [100] (Scheme 31). As a result, clean, efficient, and
convenient procedures for the generation of polycyclic-fused isoxazolo[5,4-b]
pyridines 71 were developed. An interesting fact is that, in the case of 1,3-cyclo-
hexanedione, dihydropyridines were obtained while in all other cases only hetero-
aromatized derivatives were isolated. No reason for this experimental fact was
discussed in the article.

Quiroga and co-authors [101] also reported eco-friendly solvent-free approach
to the synthesis of fused benzo[f]pyrazolo[3,4-b]quinolines 72 by three-component
reaction of 5-aminopyrazoles, aldehydes, and B-tetralone accomplished by fusion
procedure (Scheme 32). However, this method was found inapplicable for the
similar reaction of o-tetralone — multicomponent procedure allowed obtaining
only bispyrazolopyridines 74 instead of benzo[h]pyrazolo[3,4-b]quinolines 73.
According to these experimental results, the latter were generated via preliminary
synthesis of arylidentetralones 75.
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Barbituric acid and its derivatives are other cyclic 1,3-dicarbonyl reagents
playing significant role in medicinal-oriented chemistry as well as in material
science. Fused heterocyclic compounds having pyrazole, pyridine and pyrimidine
moieties simultaneously showed wide spectrum of application such as antimyco-
bacterial, fungicidal, anticancer, antihistamic and anticonvulsant agents [102-106],
colorants [107, 108], and photographic couplers [109]. Some derivatives of pyr-
azolopyridopyridines have also been found to be useful in agriculture [110].

The first positive results in the synthesis of these heterocyclic compounds by
MCR of aminoazoles, aldehydes, and barbituric acids were published in 2008
by Shi et al. [111]. They also used “green chemistry” methodology and carried
out treatment of the starting materials in water under microwave irradiation. The
temperature optimization procedure and search for the best catalytic system
allowed selecting one equivalent of p-TSA and 140°C as optimum conditions for
the synthesis. With application of the procedure elaborated 24 novel pyrazolopyr-
idopyrimidines 76 were generated (Scheme 33).

Water-based “green” protocol under conventional heating was used in another
publication [112] to carry out three-component treatment between 3-substituted
5-aminopyrazoles, barbituric acids, and several isatines. The reaction gave up
required spiroheterocycles 77 in excellent yields and purity (Scheme 33).

The detailed study of the MCRs involving barbituric acids and 5-aminopyrazoles
was published by Muravyova et al. [58]. The article describes the development of
chemoselective cyclocondensations with help of microwave and ultrasonic irradia-
tion. It was established that the temperature was the main factor in controlling the
direction of the MCRs studied.

At high temperatures (170-190°C) the starting materials reacted in two differ-
ent ways. Surprisingly, it was found that substituent in the position 1 of amino-
pyrazoles sufficiently influenced the structure of the reaction products. In the
case of N-substituted aminopyrazoles (both with electron-withdrawing and with
electron-releasing R;-groups), the reaction yielded pyrazolopyridopyrimidines 79
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Scheme 33 MCRs involving barbituric acids
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(Scheme 34). When R; = H, MCRs under high temperature in DMF always gave
dihydroderivatives 78. Another interesting facts concerned microwave-assisted
treatment. Application of controlled MW irradiation (temperatures from 150 to
190°C) to carry out MCR involving N-unsubstituted pyrazoles did not give any
positive result and led to complicated mixture of several inseparable products.
However, using microwave field to promote the reaction when R; # H was
successful. The most preferable microwave-assisted procedure for the synthesis
of compound 79 from the viewpoint of their yields and purity consisted in the
treatment of the starting building-blocks in DMF under microwave irradiation at
190°C for 3 min.

On the other hand, unexpectedly it was additionally established that the same MCR
at room temperature under ultrasonication or with the help of simple stirring yielded
novel type of spirocompounds 80 in 63-98% yields (Scheme 34). Biginelli-type
dihydropyrimidines observed in similar processes involving cyclic 1,3-diketones
[59] (Scheme 24) were not isolated.

To avoid the main limitation of the new four-component reaction — the impossi-
bility to introduce two different substituents R; in positions 4 and 6 of heterocycle —
additional two-component procedure consisted in the reaction of corresponding
arylidenbarbituric acids and azomethines was developed (two-component method,
Scheme 35) [58]. However, this method requested a preliminary synthesis of two
starting compounds, making the procedure less efficient and facile. For reasons
given, two three-component approaches to target compounds 81 were additionally
offered and optimized. The spiroheterocycles were obtained by the treatment of
azomethines with barbituric acids and corresponding aromatic aldehydes (three-
component method 1, Scheme 35) or by the reaction of arylidenbarbituric acids,
5-aminopyrazoles, and aldehydes (three-component method 2, Scheme 35).

In MCRs involving aminoazoles and carbonyl compounds, Meldrum’s acid can
also be used as reagent. The comprehensive review of the application of Meldrum’s
acid in the synthesis of pyridine and pyrimidine derivatives including reactions with
aminoazoles was recently published [113]. In this connection, further we give only
few selected facts concerning positional selectivity of such reactions.
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Significant contribution in the studying of the MCRs based on aminoazoles,
aldehydes, and Meldrum’s acid was made by Lipson and co-authors in their
publications [114—119]. It was established that in some cases these multicomponent
treatments can yield positional isomers. For example, refluxing of 3-amino-1,2,4-
triazole with aldehydes and Meldrum’s acid gave only triazolopyrimidinones 82
[114] (Scheme 36). On the other hand, MCRs involving 3-amino-5-methylthio-
1,2,4-triazoles in boiling DMF yielded solely 5-pyrimidinones 83, while the
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treatment in ethylacetate with catalytic amounts of pyridine led to positional
isomeric 7-pyrimidineos 84 in mixture with 83 [116].

In the case of 3,5-diamino-1,2,4-triazole, the situation was different: refluxing in
DMF gave two isomers 85 and 86 while application of methanol or iso-propanol as
reaction medium allowed obtaining only one reaction product — heterocycles 85
(Scheme 36) [115]. Selective MCR with the formation of corresponding 7-pyrimi-
dinenone was also observed when 3-amino-1,2,4-riazoles and Meldrum’s acid
reacted with ketones instead of aldehydes.

5-Aminopyrazoles and other aminoazoles having CH-nucleophilic center in
MCRs with Meldrum’s acids and aldehydes in boiling primary alcohols, DMF,
or nitrobenezene [119, 120] as well as in glycol [121] or in water [100] under
microwave irradiation yielded exclusively azolopyrimidineones of type 87
(Scheme 37).

The mechanism of these MCRs involving Meldrum’s acid should include
Knoevenagel condensation and Michael addition cascade process [100, 113]
(Scheme 37). To form positional isomeric reaction product, arylliden derivatives
of Meldrum’s acid are attacked by exocyclic NH,-group instead of endocyclic
nucleophilic center.

Some other publications and patents are also devoted to the MCRs of aminoa-
zoles and carbonyl compounds with cyclic CH-acids and concern particular matters
of this chemistry. For example, Drizin and co-authors dealt with medicinal-oriented
synthesis based on three-component reactions of cyclic 1,3-diketones, aminopira-
zoles, and aldehydes [86, 122, 123]. To study anticancer activity of indenopyr-
idines, Manpadi et al. [124] carried out numerous three-component reactions of
indane-1,3-dione with aldehydes and different aminozoles in diverse solvents.
Among other significant synthetic and biological results, they described the forma-
tion of target heterocycles with participation of nitrogen atom in position 4 of
3-amino-1,2,4-triazole. However, no strong evidence of this unusual direction was
given in the article.
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Scheme 37 Possible mechanism of MCRs involving Meldrum’s acid
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2.2 Groebke-Type Heterocyclizations

In the 1998, Groebke [125], Blackburn [126], and Bienayme [127] independently
reported an efficient method for the synthesis of imidazo[1,2-aJannulated hetero-
bicyclic compounds.

By carrying out the Ugi-reaction with a large number of isonitrils, aldehydes,
carboxylic acids, and amines, it was found that formation of different products of
the reaction occurred depending on the structure of the amines used. Thus, 3-
aminoimidazoles 88 were isolated when aldehyde reacted with isocyanide and
heterocyclic aromatic 2-aminoazine as primary amine (Scheme 38).

This new three-component condensation was performed in the presence of either
Brgnsted (e.g., perchloric [127] or glacial acetic acid [125]) or Lewis acids [126] in
methanol at room temperature giving the desired fused imidazoles in good yields
and was defined as Ugi-type 3-CR or Groebke reaction [128].

The formation of bicycles 88 occurred through the iminium intermediate 89, in
the similar manner as Ugi-reaction. But in contrast to the four-component classical
Ugi-reaction, the protonated Schiff base 89, containing both nucleophilic and
electrophilic centers, undergoes [4+1] cycloaddition with isonitrile to the bicyclic
adduct 90 followed by rearomatization via 1,3-H shift (Scheme 39).

However, this method possesses several disadvantages such as long reaction
time and complicated work-up procedure. For example, in the case of Sc(OTf);-
catalyzed reaction, the treatment required 72 h to get completed at the ambient
temperature. After that a pure product was isolated from the reaction mixture by the
capture of the solid phase by using strongly acidic cation exchange resin, followed
by washing of the solvent and final treatment of resin with 2 M methanolic
ammonia.

Later, to improve this powerful MCR synthetic methodology on the way to the
combinatorial arrays of therapeutic important moieties, nonclassical approaches
were applied. The reactions were carried out under microwave irradiation in the
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NH LA or BA
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Scheme 38 Geoebke-type heterocyclizations
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Scheme 39 Mechanism of Groebke-type heterocyclizations



68 V.A. Chebanov et al.

presence of Sc(OTf); [129]. Solvent-free microwave facilitated version on the clay
(Montmorillonite K10) was also reported [130]. In addition, to disfavor the forma-
tion of unwanted side-products, Groebke reaction has been performed using non-
polar solvent [131, 132] and involving environment-friendly reagents such as water
[133] and ionic liquids [134]. Interesting results were achieved in the field of solid-
supported synthesis of fused imidazoles by the application of resin linker, anchored
with any of the three components [135-137].

Among the Groebke reaction products, the diversity imidazo[1,2-a]Jannelated
azoles were synthesized. An interest on these bicycles is closely related due to their
known pharmacological properties. For instance, it has been reported that com-
pounds containing imidazo[2,1-b][1,3]thiazole moiety possess anthelmintic, fungi-
cidal, herbicidal, antitumor, antihypertensive activities [133 and references therein]
while imidazo[1,2,4]triazole derivates have been used as antiflammatories, anti-
fungicides, antimicrobial agents and analgesics [138 and references therein].

Several imidazo[2,1-b][1,3]thiazoles based on 2-aminothiazoles were success-
fully prepared by stirring in methanol at ambient temperature in the presence of
HCIO, as a catalyst [127]. Additionally, it was shown that Groebke reaction
involving 2-aminopyrazoles, 2-aminooxazoles, and 3-amino-5-unsubstituted-
1,2,4-triazoles also led to the desired products 91-93 (Scheme 40).

The authors noted about the influence of electronic nature of 2-aminoazoles on
the reaction efficiency. By the treatment of electron-deficient aminoazoles such as
2-aminothiadiazoles or 2-aminooxazoles, the low conversion of the reaction was
observed. As an explanation of this outcome they supposed that the reactions in
these cases occurred very slowly and the competing reaction processes did not take
place. As a result the formation of side-products is favored, one of which might be
the compound 94 (Scheme 41).

Indeed, the application of less nucleophilic solvent than methanol (e.g., trifluor-
oethanol) was found to be successful for the improvement of the reaction conversion
level and helped to prevent the side-reactions.
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However, attempts from the authors of [125] to synthesize fused imidazoles
involving isoxazols, pyrazols, or 1,3,5-triazols as primary amines in the presence of
catalytic amounts of glacial acetic acid were unsuccessful and led either to the
formation of complex product mixtures or even to the formation of Ugi-type four-
component condensation compounds in low yields.

The problem of the reduced reaction conversion was discussed in [129] when the
attempts to promote the reaction of 2-aminothiazole with benzylisocyanide and
naphthaldehyde by microwave irradiation coupled with catalyst were undertaken.
But the desired imidazothiazole 95 was obtained only in 33% within 10 min at
160°C (200 W MW power) in methanol (Scheme 42).

Another example of imidazo[2,1-b][1,3]thiazole formation was reported by
Adib et al. in their publication concerning eco-friendly catalyst-free MCR in the
water [133]. Reaction of cyclohexyl isocyanide with diverse aromatic aldehydes
and 2-aminothiazoles in water at 70°C allowed the isolation of heterocycles 96 in
good-to-excellent yields (Scheme 43). According to the spectral data, compounds
96 were determined as single products of the MCR.

On the way to the investigation of the structure—activity relationship Huang et al.
[138] performed the MCRs involving diverse-substituted 3-amino-1,2,4-triazoles,
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aromatic aldehydes, and tertbutylisonitrile. The desired imidazo[1,2-b]-1,2,4-triazol-
6-amines 97 were synthesized according to the known procedure [127] with moder-
ate-to-good yields (Scheme 44).

The results obtained showed that both the electron nature of the substituents in
3-amino-1,2,4-triazoles and a space effect of substituents in the aldehyde had an
influence on the MCRs’ yields. Thus, the presence of electron-donating groups in
imidazoles (e.g., R = CH; compared to the R = H) led to a slight increase in the
reaction conversion level. At the same time the electron-deficient groups (e.g.,
Ce¢Hs, 4-HalCgHs) accumulate the reactivity of aminotriazoles. On the other hand,
the higher yields of heterocycles 97 in the case of o-substituted aryl aldehydes
compared to the m- and p-substituted were explained only through the bulky effect
disregarding the electron effects. However, moving out of the published results, it is
not so obvious.

In addition, we should note that data of 1H, 13C NMR spectroscopy, mass-
spectra, and elemental analysis given in [138] did not contradict the structure of
compound 98, being regioisomer of 97. The similar situation had already been
shown in the synthesis of 3-aminoimidazo[1,2-a]pyrimidines [139]. Mandair et al.
carried out the model MCRs of 2-aminopyrimidine with several aldehydes and
isonitrile components in the methanol under the ambient temperature with the
various catalysts. As a result, 3-aminoimidazo[1,2-a]pyrimidine and position iso-
meric 2-aminoimidazo[1,2-a]pyrimidines were isolated from the reaction mixture
in different ratio (Scheme 45). The structures of the isomers obtained in this case
were confirmed by the X-ray diffraction analysis, as well as the structures of the
side-products isolated.

Later Parchinsky et al. [131] showed that Groebke reaction promoted by ammo-
nium chloride as mild catalyst, often employing the Ugi-reaction, in the non-
nucleophilic aprotic solvent (e.g., toluene) led to the formation of exclusively one
product of the reaction — 3-alkylamino-substituted imidazo[1,2-a]pyrimidines,
while the formation of unwanted side-products was excepted in this method.
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In continuation, the same authors published the similar efficient method for the
synthesis of imidazo[1,2-b][1,2,4]triazoles, an example of which had already been
known and discussed before [140]. A number of aliphatic nitriles were reacted with
3-amino-1,2,4-triazole and diverse benzaldehydes in methanol under refluxing for
15 h in the presence of ammonium chloride (Scheme 46).

Additional dilution with water followed by the simple filtration of the resulting
precipitate and recrystallization yielded the oxidized product of Groebke reaction
N-alkylideneimidazotriazoles 100, whose structure was confirmed with the help of
X-ray diffraction analysis. The authors supposed that removal of two hydrogen
atoms at the N-H and C—H bonds occurred due to the air-oxidation of the benzylic
group of the initial MCR’s product 99.

However, when simple aliphatic isonitriles (e.g., isobutyl- or 2-(methoxy)ethyl-
isonitriles) were introduced in the reaction, the complex mixtures of several products
were obtained without the possibility of individual compound isolation.

On the way to the 2-unsubstituted 3-aminoimidazo[1,2-a]heterocycles, Lyon and
Kercher [141] suggested interesting approach involving glyoxylic acid as formalde-
hyde equivalent in the three-component reaction. According to the standard protocol,
glyoxylic acid was introduced either in solution or captured on the macroporous
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polysterene carbonate resin and left in both cases the similar yields of the reaction,
which allowed for the versatile experimental application of this method.

Among binucleophiles used in this reaction 3-amino-1,24-triazole and
2-aminothiazole were also selected. However, in the reaction of the latter with
phenyl isonitrile and formaldehyde, only the moderate yields of the target product
101 were observed by the LC-MS analysis of the crude reaction mixture. In case of
aminotriazole, any product of the reaction was failed to be detected (Scheme 47).

2.3 Other Types of Heterocyclizations

Here we discuss several examples of the multicomponent processes involving
aminoazoles, aldehydes, and other organic components such as mercaptoacids,
haloacetic acids and their ester, o,f-unsaturated imines, etc., which were not
incorporated into the previous two sections of the review.

The previously published results [142, 143] devoted to the synthesis of thiazolo
[3,2-a]imidazol-2-ones attracted attention of Krasovskii et al. [144] to synthesize
corresponding ylidene derivates and to investigate biological activities, promising to
be interesting for the medicinal chemistry. By heating 2-aminothiazoles with ethyl
bromacetate and a variety of aromatic aldehydes at the appropriate temperature
(either 80°C or reflux) in the glacial acetic acid with anhydrous sodium acetate,
ylidene derivates of structures 102—104 were isolated (Scheme 48).

The key step of this MCR according to the opinion of the authors is an interaction
of bromacetic ester with aminoazole via ring nitrogen atom to the 3-carboxymethyl-
2-iminothiazoline 105, also isolated as a product in the steps-sequence reaction
(Scheme 49). Further cyclization of 105 leads to the formation of thiazolo[3,2-a]
imidazol-6-one 106, which then reacts with aldehyde affording the desired ylidene in
moderate-to-good yields.
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In addition, the results of biological tests of the compounds synthesized showed
that only one possessed the high antiviral activity against adenovirus type 23 and
several of them had moderate-to-week activities towards Gram-positive bacteria
and pathogenic fungi, whereas the rest of compounds were inactive.

Mercaptoacids were successfully applied in the MRCs with aminozoles on the
way to the novel sulfur containing seven-membered heterocycles [145—147]. Thus,
condensation of 5-aminopyrazoles with mercaptoacetoacid and aromatic ketones or
aldehydes resulted in the formation of pyrazolothiazepines 107 (Scheme 50).

Swett et al. [145] suggested the reaction that most likely occurred through the
formation of intermediate 108 though they were unable to isolate it. However,
the authors of [148] by the step-sequel performance of the same reaction obtained
the imine 108 as a sole product of the treatment. Its rapid condensation with
mercaptoacetoacid led to the desired 7-membered bicycle 107.

Hozien et al. in their publication [149] studied the Mannich-type cyclization of
5-aminopyrazoles with formaldehyde and diverse amines. It was shown that treat-
ment of 5-aminopyrazoles with primary aliphatic amines and formaldehyde in the
ethanol under the ambient temperature gave 1,3,5-trisubstituted tetrahydropyrazolo
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[3,4-d]pyrimidines 109 in good yields. However, when 5-aminopyrazoles were
introduced in the Mannich reaction using aromatic primary amines, compounds of
structure 110 were isolated (Scheme 51). The authors suggested the formation of 110
through the second condensation of intermediate 111 with formaldehyde and ethanol,
methanol, or propanol, which were used as solvents for this reaction.

In addition, an interesting treatment of in situ-generated o,3-unsaturated imines
with aminoazoles was described in [150]. This one-pot procedure yielded the antici-
pated pyrazolo[1,5-a]- and imidazo[1,2-a]pyrimidine derivates 112 (Scheme 52).
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The authors noted the regeoselective character of this treatment — only one
regioisomer was always isolated from the reaction mixture. Furthermore, a precise
temperature control and solvent choice are decisive factors for the successful
outcome of the reaction.

The abovementioned transformation proceeds via initial formation of o,-unsat-
urated imines 114 from the starting aromatic nitriles, which then undergo the
further nucleophilic attack at C; atom by the exocyclic amino group of aminoazole
followed by the cyclization and aromatization and yielding the observed products
113 (Scheme 53).

3 Aminoazoles as 1,1-Binucleophiles

As it has been already mentioned in the Introduction, aminoazoles besides the
role of 1,3-binucleophiles can take part in the MCRs as 1,1-binucleophiles with
participation of exclusively exocyclic NH,-group. Usual products of such multi-
component interaction are five-membered heterocycles having azole ring as a
substituent.
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Other reactants incorporated in this type of reactions are generally carboxylic
acids or their derivates and aldehydes. There are also several publications con-
cerning the MCRs involving aminoazoles as 1,1-binuclephiles, CH-acids, and
carbonyl compounds passing in alternative to those previously discussed pathways
[51, 52, 151].

One of the most studied and well described reactions involving 2-aminoazoles as
1,1-binucliophile lead to the 3-substituted thiazolidin-4-ones which are well known
in medical chemistry as a fragment of natural products or as pharmaceutical
substances having wide range of pharmacological activities [152—161]. On the
other hand it is known that some aminoazoles also possess some types of activities,
for example against tumors [162, 163]. Thus, idea to combine both biological active
fragments in one novel drug-like scaffold has attracted attention of several chemical
groups over the world.

Attempts to perform synthesis of 3-substituted thiazolidinones by the MCR of
2-aminoazoles with mercaptoacetic acid and aldehydes were described by Grasso
et al. [164—166].

For instance, the treatment of 2-aminothiazole or 2-amino-1,3,4-thiadiazole with
a equimolar amounts of appropriate (hetero)aromatic or aliphatic aldehydes in the
presence of an excess of mercaptoacetic acid under refluxing in anhydrous benzene
gave diverse 2-substituted 3-(2-thiazolyl)- and 3-[2-(1,3,4-thiadiazolyl)]-4-thiazo-
lidinones 115a or 115b, respectively (Scheme 54).

Formation of compounds like 115 seems to have occurred in the similar way as it
was established for anilines and other primary amines [167]. The initial step of this
reaction is treatment of aldehyde with aminozole giving Schiff base 116. Further,
nucleophilic attack of imine carbon by mercapto moiety of the acid leads to the
intermediate 117 and its subsequent cyclization via gem-diol 118 yields target
heterocycles 115 (Scheme 55).

This mechanism of heterocycles 115 formation is in good correlation with data
of other publications [168—171].

According to the results obtained from the biologic studies, several SAR ten-
dencies were established [167]. By the evaluation of anticancer activities towards
tumor cells, the authors found that thiazolyl derivates were generally less active in
comparison with thiadiazolyl-containing compounds. The introduction of alkyl
fragments in the position 2 of 4-thiazolidinone ring to increase the lipophilicity of
the molecule seems to influence the activity negatively.

XN PEN OH _ dry benzene, 1t /Zig\ A
R1/<s)\NHz " RS0 Hsﬁo( 21048 h R N 8
Ve
X=CH,N 115a, X =CH; 15-52%, 6 examples

115b, X =N; 20-92%, 54 examples

Scheme 54 Synthesis of azolyl-4-thiazolidinones
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Scheme 56 Microwave-assisted solid-supported of some analogs of fungitoxic dibenzyles

In addition, several 3-thiadiazolyl-4-thiazolidinones were prepared by refluxing
of the corresponding starting compounds in dry toluene during 24 h and then
evaluated for possessing anti-HIV-1 properties by the comparison of their ability
to bind to the alosteric side of the reverse transcriptase (RT) and to inhibit enzyme
activity [172, 173]. The results of in vitro tests showed that several compounds had
higher HIV-1-RT activity with minimal toxicity as well as higher selectivity index
compared to the reference molecule (thiobenzimidazole). It was associated with a
flexible conformation of thiadiazolyl derivative, allowing the more efficient binding
to the non-nucleoside TR inhibitory binding pocket [172].

To decrease the reaction time required for the conventional treatment (from 2 up
to 48 h) and to improve the conversion level of the reaction, microwave irradiation
was successfully applied for obtaining 4-thiazolidinones substituted with azole
ring. Siddiqui et al. [174] reported the efficient microwave-assisted solid-supported
approach for one-pot diastereoselective synthesis of some analogs of fungitoxic
dibenzyles.

To reach this target, bis-aminothiazoles, aromatic aldehydes, and 2-mercapto-
propionic acid or 2-mercaptosuccinic acid were adsorbed on the neutral alumina
support and were microwave-irradiated under solvent-free conditions (Scheme 56).
The authors reported the high level of the reaction conversion, which gave the
desired products 119 in excellent yields for a rather short time (up to 7 min).
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Additionally, it was noted that this MCR had diastereoselective character — only the
one trans-diastereomer was isolated in all the experiments performed.

In another publication [81], the treatments of 3-formyl chromones with 2-amino-
5-methyl-1,3,4-thiadiazoles and mercaptoacitic acids leading to compounds 120
were carried out both with the application of microwave techniques and by the
conventional parallel synthesis.

The liquid-phase microwave-assisted approach allowed the dramatic decrease in
reaction time and enhancing level of the conversion. The reaction mixture of the
starting building blocks in benzene in the presence of catalytic amounts of
p-toluene sulfonic acid was exposed in microwave field for 5 min, which gave
the target compounds in 90-92% yields (Scheme 57). The conventional thermal
methods required 9 h of heating and allowed yields 76-77%. Additionally, the
authors mentioned about the influence of electronic nature of 3-formyl chromone R
substituent on the reaction efficiency — a presence of strong electron-withdrawing
groups led to the decreasing of the MCR’s yields.

Another interesting example is the synthesis of N-(2-thiazolyl)-nortropinon 121.
Stoll and co-authors [175] described the synthesis of this drug-like product via the
legendary first total synthetic approach proposed by Robinson in 1917 [176] for the
natural alkoloid tropinone, also well known as a good example of biomimetic
reaction. In this tandem treatment, 2-aminothiazole was reacted with succinaldehyde
and acetonedicarboxylic acid yielding N-(2-thiazolyl)-nortropinon 121 in moderate
yields (Scheme 58).

Along with the formation of dihydropyrimidine derivatives, an unusual direc-
tions of multicomponent treatment of 2,4-dioxobutanoates with aldehydes and
several aminoazoles were described by Gein and co-authors [151]. Thus, fusion
of carbonyl compounds with 3,5-diamino-1,2,4-triazole gave as usual for this type

\

N
O ) | Sﬁ;l\\l
| + N-N OH  method A or B
I\ + HS —_—— N
R% A S, T . o
O O (0] S

120, R = H; 77% (A), 92% (B)

method B: p-TSA, Na,SO,, dry benzene, reflux, 9h R = CH;; 76% (A), 90% (B)
method A: p-TSA, MW, 90-150W, 5 min

Scheme 57 Optimization of MCRs using microwave-assisted synthesis
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Scheme 58 Synthesis of nortropinon derivative
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of interaction triazolopyrimidines 122, while similar reaction with ethyl 5-amino-
1H-imidazole-4-carboxylate yielded imidazolylpyrrolones 124 (Scheme 59).

Such direction with the formation of heterocyclic compounds 123 was also
observed for the MCR of 2,4-dioxobutanoates and aldehydes with 5-amino-1-
methyl-tetrazole. The authors did not discuss the reasons for different pathways
of these MCRs.

Similar results were reported by Sakhno et al. in their recent publications
[51, 52]. As it was already mentioned in this review (see Scheme 13) depending
on reaction conditions, MCRs of arylpyruvic acids with 3-amino-1,2,4-triazoles
or 5-amino-N-aryl-1H-pyrazole-4-carboxamides can yield different heterocyclic
systems. For example, microwave-assisted treatment of the starting materials at
170°C gave corresponding azolylpyrrolones, that is, aminoazole played a role of
1,1-binucleophile, while ultrasonication at room temperature led to the formation
tetrahydroazolopyrimidine fragment, that is, aminoazole acted as 1,3-binucleo-
phile. These different directions at room and high temperatures were connected in
[51, 52] with kinetic and thermodynamic controls of the reactions.

4 Concluding Remarks

Comprehensive review of the literature data dealing with the MCRs of aminoazols
has been made, and cyclocondensations being important for combinatorial,
medicinal, and biologically oriented chemistry yielding diverse five-, six-, and
seven-membered heterocycles have been described. Such reactions can pass in
two main directions, leading either to fused heterocyclic system, when aminoazoles
act as 1,3-binuclephile, or to azolyl-substituted compounds, when aminoazole plays
arole of 1,1-binucleophile. Selectivity of these multicomponent heterocyclizations
can be effectively controlled with the help of several basic methods, including
nonclassical approaches like microwave and ultrasonic irradiation.
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The Piperazine Space in Isocyanide-based
MCR Chemistry

Yijun Huang, Kareem Khoury, and Alexander Domling

Abstract Piperazines and its congeners, (di)keto piperazines are valuable tools in
drug discovery, providing a natural path for the process peptide > peptidomimetic
> small molecule also called depeptisation. Moreover, they can provide molecular
probes to understand molecular pathways for diseases of unmet medical need.
However, in order to better understand the design of such value added compounds,
the detailed understanding of scope and limitation of their synthesis as well as their
3D structures and associated physicochemical properties is indispensables. Isocya-
nide multicomponent reaction (MCR) chemistry provides a prime tool for entering
the chemical space of (di)(keto)piperazines since not less then 20 different ways
exist to access a diversity of related scaffolds.
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1 Piperazines in Chemistry, Medicine, and Biology

Piperazine is a functional group that consists of a six-membered ring containing two
opposing nitrogen atoms. A broad range of chemical compounds with important
pharmacological properties contains a core or “side-chain” piperazine. The repre-
sentative piperazine scaffold types and the distributions of commercial available
derivatives are shown in Fig. 1. Notably, 73 drug entries of piperazine derivatives
are deposited in the Drug Bank [2]. Piperazine was first introduced as an anthel-
mintic in 1953, especially useful in the treatment of partial intestinal obstruction
[3]. The piperazine ring is a privileged structure shown in a number of drugs, such
as cyclizine, dapiprazole, flunarizine, olanzapine, and pirenzepine. Ketopiperazines
and piperazine scaffolds fused with bi- and tricyclic ring systems also exist in drug
entries, such as piperacillin and praziquantel. Therefore, piperazine scaffolds can be
considered as privileged structures for lead discovery and optimization.
Piperazine derivatives have been intensively investigated in structural biology
studies due to their unique scaffolds. According to a substructure search in Relibase
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Fig. 1 Basic piperazine and ketopiperazine scaffolds and the number of commercial available
derivatives according to substructure search from eMolecules [1]
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Fig. 2 X-ray co-crystal structure of diketopiperazine-chitinase complex (PDB ID: 1W1P). Dike-
topiperazine inhibitor is shown as yellow sticks, and the receptor binding site is shown as
transparent surface. The hydrogen bonding with the key Trp97, Tyr214, and water (cyan ball)
is shown as yellow dots

[4], 1,011 ligands containing piperazine motif were found in Protein Data Bank.
Some of the ligands serve as molecular probes of proteins, as well as leads of small
molecular weight inhibitors. For example, chitinase inhibitors in complex with
chitinase B reveal that the common cyclo-(Gly—Pro) substructure is sufficient for
binding [5]. The co-crystal structure of piperazine lignad/protein complex is shown
in Fig. 2. Two carbonyl groups of the diketopiperazine scaffold 1 form hydrogen
binding network with the target protein amino acid residues.

A recent literature survey revealed >3,000 piperazine substructure containing
compounds accessed by isocyanide-based MCRs. Many of these piperazines are of
commercial interest and therefore are described in patents as a primary literature
source. Moreover, 430,000 piperazine derivatives are commercially available
(according to a substructure search in eMolecules) [1]. Inspecting the general
scaffold types in the database of the commercially available piperazine derivatives,
it can be speculated that a considerable fraction of them were made by MCR
technology. Some examples of piperazine derivatives via isocyanide-based MCRs
from patent literature are listed in Table 1.

Isocyanide-based MCR was also applied for the total synthesis studies of natural
products containing piperazine substructure. For example, trabectedin (also known
as ecteinascidin 743 or ET-743) is undergoing clinical trials for the treatment of
breast, prostate, and pediatric sarcomas. Ecteinascidin 743 (2) is an extremely
potent antitumor agent isolated from a marine tunicate, Ecteinascidia turbinate
[12]. Fukuyama et al. developed the total synthesis of ecteinascidin 743 from a Ugi
reaction [13]. The reaction of p-methoxyphenyl isocyanide 3 gave Ugi product 7,
which was cyclized to DKP intermediate 8 (Scheme 1).
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Table 1 Patent examples of isocyanide-based MCRs for the assembly of piperazine scaffolds in
medicinal chemistry and their use

Example Use (target, indication) Company  References
Me Me Intermediate of HIV protease Merck & [6, 7]
inhibitor Co Inc.

l
N\
MeO N \_ CFs
Oxytocin receptor antagonist GSK [8-10]
R1
///,
% -
o
H Melanin concentrating hormone Amgen, Inc. [11]
[N j receptor antagonist
N
N
N
‘7
N=N

The piperazine scaffold and the isocyanide part are shown in red and blue, respectively

OMOM
OMOM NHBoc
<> CH4CHO ""9%3” \’0
BocHN ° TBDPSO
OTBDPS OBn
COZH OMe
7
HO
OMe
i) TBAF, THF, rt, 89%
i) Ac,0O, pyridine, DMAP, rt, 93%
iii) TFA, anisole, DCM, rt
iv) EtOAc, reflux, 87% (2 steps) Bn
OMe
8 Ecteinascidin 743 (2)

Scheme 1 Ugi reaction as a central step in the total synthesis of Ecteinascidin 743 by Fukuyama et al.
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~_-OCOzPh
MeO” ~CHO cN ~_0COPh
OMe HN ; -
10 1" ii) CSA, quinoline, PhMe OAc
f6) reflux, 73% (2 steps)
OMe * i) CF3CH,0OH MeO NHBoc iii) KO'Bu, MS4A, THF Z > NBoc
AL NG e
NHBoc Are N M W) NaBH,, THF-H,0 (3:1) - N |
W v) TBAF, THF; Ac,0, Py
NH, HO,C o 68% (3 steps) o
MeO OTBDPS Ohc
OMs 13
OTBDPS 14 15

12

N
(-)-Lemonomycin (9) -~ >

Scheme 2 Ugi reaction for the synthesis of (—)-lemonomycin intermediate 15

Recently, the piperazine intermediate 15 for the total synthesis of (—)-lemon-
omycin (9) was reported by Fukuyama et al. [14]. (—)-Lemonomycin possesses
interesting antibiotic activity against methicillin-resistant Staphylococcus aureus
and vancomycin-resistant Enterococcus faecium, as well as cytotoxicity against the
human colon tumor cell line HCT-116 [15]. The reaction of 2-isocyanoethyl phenyl
carbonate 11 gave Ugi product 14, which was further transformed to a piperazine
intermediate 15 (Scheme 2).

The reader is further directed to the excellent reviews of Fischer and Hortan et al.
on the chemistry and biology of the privileged structure of the piperazine scaffold
[16, 17]. Moreover, Dinsmore et al. and Martins et al. provided a systematic,
comprehensive, and contemporary overview on the synthetic methods to DKP
with a focus on the classical sequential syntheses [18, 19].

2 The MCR Piperazine Space

Generally, one can distinguish two distinct strategies to assemble the piperazine
moiety in target molecules according to the synthetic aspects. Strategy one intro-
duces the piperazine substructure via one of the starting materials of the MCR. In
the second strategy, the piperazine substructure is assembled in the course of the
MCR. Both strategies are very powerful and have been widely used. Representative
examples of piperazine synthetic aspects are shown in Scheme 3.

For instance, basic piperazine scaffold can be introduced via MCR into the
following two strategies. The first strategy, either piperazine or isocyanide, contain-
ing piperazine substructure was used as starting material of the MCR [20, 21]. The
second strategy, the piperazine ring, is formed via MCR. Piperazine-2-carboxamide
18, for example, is prepared by a one-pot, four-component Ugi condensation among
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A

Strategy one:
H
N

NC
MeOH O\ o N
© + ACOH + HCHO + ( j e m/U\/N\)
16

Iz

CF4CH,OH )I\/Nm)\/s
O + HSCHLCHO + |\ “Nep %» (N

o o -

Strategy two: R!
|
1
[NHR MeOH,H,0 N
3 2 —_—
+ CICH,CHO + RNC + RZCOOH NaHCO, [ NHR
NH, N
19 20 o
21 22 R, fo)

18

Scheme 3 Synthetic aspects of two conceptually different strategies for the introduction of
piperazines via isocyanide based MCRs and two representative 3D conformations of 18A (blue)
and 18B (cyan). An intramolecular hydrogen bond in compound 18B was shown in red dots

an N-alkylethylenediamine 19, chloroacetaldehyde 20, an isonitrile 21, and a
carboxylic acid 22 [22].

A particular fruitful way to arrays of piperazine moiety containing isocyanides
has been recently described [23]. This efficient, scalable, and versatile procedure
comprises the simple solventless mixing of a suitable o-amino acid methylester-
derived isocyanide 23 with an aliphatic amine 24 (such as a substituted piperazine),
filtration and washing of the resulting precipitate. Thus the array of isocyanides 25
shown in Scheme 4 was synthesized on a multigram scale mostly derived from
achiral glycine and exemplary of other amino acids as well. These piperazine
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Fig. 3 a-Isocyanoamides as the starting materials for a plethora of combinatorial scaffolds. The
isocyanide borne moiety in the scaffolds is marked blue

building blocks are invaluable because the corresponding isocyanides are very
versatile starting materials for a plethora of scaffolds (Fig. 3).

The piperazine scaffolds based on MCR chemistry and some of their physico-
chemical properties are summarized in Fig. 4. Such scaffolds are suitable for lead
generation in terms of drug-like properties (molecular weight, H-bond acceptors
and donors, and sp” character). In the following, the different piperazine scaffolds,
their 3D structures, and the synthetic approaches are discussed.

3 Monocyclic Piperazines

3.1 Piperazine

The first multicomponent reaction of a piperazine was described by Rossen et al.
[22]. It was achieved by a four-component Ugi condensation in a one-pot reaction
among a mono-N-alkylethylendiamine, a chloroacetaldehyde, an isocyanide, and
a carboxylic acid to give a resulting piperazine (Scheme 3). This reaction is
performed by adding equimolar amounts of all four components, with one equiva-
lent of sodium bicarbonate in methanol for 2 days. The reaction works well with a
variety of different starting materials and gives yields in the range of 30—-100%.
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Fig. 4 The piperazine scaffold space offered by IMCR. (Above) The relationship of 16 different
piperazine scaffolds based on different heterocyclic systems and also including hydrogen bond
donor—acceptor features and sp® character is depicted (right column). (Below) Several piperazine
scaffolds are shown with their immanent 2D hydrogen bond donor—acceptor propensity (blue and
red arrows, H-bond acceptors and donors, respectively)

This procedure can be used to synthesize the key intermediate 34 of Merck’s
HIV protease inhibitor Crixivan 35 (Fig. 5) [25]. This reaction is done using
dichloroacetaldehyde 26 instead of chloroacetaldehyde, forming the classical Ugi
product 30. This intermediate is then treated with triethylamine to obtain the
corresponding vinylchloride 31. Cyclization with KO'Bu followed by stereoselec-
tive hydrogenation using the chiral catalyst Rh-BINAP afforded the Crixivan
intermediate 34. (Scheme 5) The classical way to make this intermediate requires
five steps, and thus makes the MCR route more attractive [25].
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™

Fig. 5 HIV protease inhibitor Crixivan 35 (yellow) bound to HIV protease (grey) [24]. The
piperazine moiety of Crixivan comprises scaffolding as well binding qualities as depicted by the
piperazine hydrogen bonds (PDB ID: 1SDU)

Boc BocHN_ CI BocHN_ CI
\ 0 Tol I Et;N I
NH C‘ﬁ) + J< + foluene A
CN OH MeOH Evaporatlon \|<
NH, Cl Aq.wash
26 27 28 29
THF
KOtBu
60%
for3steps)

Boc Boc Boc
NHzNHz [N H Rh-BINAP ENI Y
[ j\r \'< e Nj\r'\‘\ﬁ ™ NJYN\|<
(for 2 steps) O/) 0 o/) o}
32

33

Scheme 5 Asymmetric MCR synthesis to piperazine intermediate (34) of the Merck HIV protease
inhibitor Crixivan (BINAP: 2,2'-bis(diphenylphosphino)-1,10-binaphthyl; COD: cyclo-octadiene)

Keung et al. describes the optimization of 2-imino-piperazines using Lewis acids
to catalyze the multicomponent a-amino amidine synthesis to make piperazines 39
(Scheme 6) [26]. N,N'-dimethylethylenediamine 36 was used with an aldehyde
37 and isocyanide 38 in methanol with scandium (III) trifluoromethane sulfonate
(Sc(OTf)3) as a catalyst to obtain the piperazine 39 in 57% yield.
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Scheme 6 Use of Lewis acid | /\
catalyst for 3-CR 2-imino- [NH . . O MeOH —N <N—
piperazine synthesis and NH oN Sc(0Tf) N
representative 3D I 57%
conformations of the cis- and 36 a7 8 39

trans-stereoisomer 39 are

shown. Two 3D structures of ﬂ“‘
the cis- and trans- %
stereoisomer 39 are shown

H
S CHyCN NC N
R omen
NC” “NH, NC” N7 ON-
40 41 42 a3 "

Scheme 7 Synthesis of 1,6 dihydropyrazine derivatives and two representative 3D conformations
of 43A (cyan) and 43B (blue)

Shaabani et al. developed a one-pot MCR for the synthesis of 1,6 dihydropyr-
azine derivatives from condensation reactions among diketene 42, an isocyanide
40, and 2,3-diaminomaleonitrile 41 (Scheme 7) [27].

Faggi et al. describes the synthesis of a 1,6-dihydro-6-oxopyrazine-2-carboxylic
acid derivative via the Ugi four-component reaction (Scheme 8) [28]. Arylglyoxals
44, an amine 45, benzoylformic acid 46, and an isocyanide 47 afforded the Ugi
intermediate 48, which was cyclized in a [5+1] fashion with ammonium acetate to
give the final product 49 in good yields.

3.2 Ketopiperazine

Cheng et al. describes an efficient solution phase and solid phase synthesis of
2-oxopiperazines [29]. These reactions involve a novel Ugi condensation-N-acylimi-
nium condensation reaction (Scheme 9). A carboxylic acid 50, an aldehyde 51,
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Scheme 8 Synthesis of a 1,6-dihydro-6-oxopyrazine-2-carboxylic acid derivatives via the Ugi
four-component reaction and two representative 3D conformation of 49A (cyan) and 49B (blue).
Yield shown represents yield over all steps

[e]
" OEt MeOH |
v RCHO 4y B T R Ao
R'” TOH OEt Ugl reaction EtO HN DCM
R \/NsR(;

OEt
50 51 52 53 55
o, Bens Ef
OMe
75% 68%
55A 55B

Scheme 9 Solution phase synthesis of oxopiperazine with Ugi intermediate and two representa-
tive 3D conformations of 55A (blue) and 55B (cyan). Yield shown represents yield over all steps

aminoacetaldeyde diethyl acetal 52, and an isocyanide 53 are added to a mixture of
methanol and chloroform for 24 h at room temperature. After this reaction is com-
plete, the intermediate Ugi product 54 is treated with 50% TFA in dichloromethane.
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Scheme 10 Use of a bi-functional N-sulfonyl-N-(2-oxoproply) glycines for the 3CR synthesis of
ketopiperazines and two representative 3D conformations of S9A (cyan) and 59B (blue)

The cyclization completes within 2—4 h, and the purified product 55 is obtained
in 65-75% yield. The solid phase synthesis is conducted with the same starting
materials; however, resin bound isocyanide is used and yields are greater than 90%
based on the resin loading.

Ilyin et al. reported the first example of using the Ugi reaction of a bis-
functional sulfonoamide ketoacids 56 with an amine 57 and an isocyanide 58
to construct S5-carbamoyl-4-sulfonyl-2-piperazinones 59 (Scheme 10) [30]. This
scaffold differs from other piperazine moieties due to its high steric congestion
surrounding the N1. This reaction took place in a methanolic solution in which the
product precipitated out after 8 h and therefore requires no chromatographic
purification. This procedure afforded the synthesis of a 218 member library of
this scaffold, all of which had yields in the range of 45-75%. The sulfonoamide
ketoacids were prepared from ethyl glycinate involving sequential sulfonylation,
alkylation, and ester hydrolysis.

Hulme et al. describes the novel use of ethyl glyoxalate in the Ugi-4CR to
create ketopiperazines [31]. N-alkylated/Boc-protected ethylene diamines 60
reacted with an isocyanide 61, a carboxylic acid 62, and ethyl 2-oxoacetate 63
in stoichiometric ratio of 1/1/1/1.25 in methanol. Deprotection and cycliza-
tion is completed using TFA and MP-carbonate (a macroporous polystyrene
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Scheme 11 3-CR synthesis of ketopiperazines using ethyl glyoxalate and two representative 3D
conformations of 65A (cyan) and 65B (blue). Yield shown represents yield over all steps

anion-exchange resin), respectively, and yields varied from 50-89% (Scheme 11).
The same reaction was prepared as a one step procedure using a non-alkylated,
non-Boc-protected ethylene diamine. Even though this afforded products with
roughly the same yield, and only took one step, it offers one less variability point
then the previous example.

Hulme et al. describes the use of a convertible isonitrile for the generation of a
ketopiperazine library (Scheme 12) [32]. Using a mono-N-Boc diamine 68 in the
classical Ugi reaction followed by Boc deprotection and base-facilitated cyclization
(3 steps, 1 pot) afforded the ketopiperazine 72 in relatively high yields.

Convertible isocyanide reagent 66 allows a mild and chemoselective in situ post-
Ugi activation of the isonitrile born amide with simultaneous deprotection of the
nucleophilic amine, that is, liberation and activation of two Ugi-reactive groups, if
desired also under subsequent lactam formation [33]. Another recently introduced
convertible isocyanide, 1-isocyano-2-(2,2-dimethoxyethyl)-benzene 73, was shown
effective by Rhoden et al. In the course of this short sequence, a hydrolytically
labile N-acylindole 78 is formed, which is displaced intramolecularly by the amine
portion of the former Boc-protected amino acid 75 (Scheme 13).
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Scheme 12 Use of a convertible isocyanide for synthesis of DKP’s. Two examples of ketopiper-
azines derived from use of convertible isocyanide and two representative 3D conformations of
72A (blue) and 72B (cyan). Yield shown represents yield over all steps

3.3 2,5-Diketopiperazine

N,N,C-trisubstituted 2,5-DKP 85 have been described by Bossio et al. by reacting
chloroacetic acid 80, primary amines 81, aldehydes 82, and isocyanides 83 in an
Ugi-4CR [34]. The intermediate Ugi product can be cyclized under basic conditions
and using ultrasound via a Sn?2 reaction to give good yields of 2,5-DKP. The Ugi
reaction tolerates many aldehydes; however, the secondary ring closure can be
performed only with aromatic benzaldehydes (Scheme 14). This backbone is also
accessible using classical stepwise chemistry starting from o-amino acid amides
and chloroacetylation thereof and subsequent cyclization. Clearly the MCR approach
is advantageous in terms of facile reaction conditions, scope of the starting mate-
rials, broadness of synthetic variations, and synthetic efficacy.
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This scaffold comprises two hydrogen bond acceptors and no hydrogen bond
donor. The molecular weight of the scaffold is low (MW = 156). Two of the
residues exit the scaffold in plane, whereas the aldehyde emerging substituent is
attached to a sp> carbon (Fig. 6).

Substructure search of this backbone (smiles O = C(IN(C)CIC)CN(C)C1=0)
reveals several hundreds commercially available compounds, which likely have
been synthesized by the above synthetic route [1]. This backbone can also be
considered as a peptide mimetic by using o-amino acid derived isocyanide and
amine components and will be of value for biological studies and for the discovery
of hydrolysis resistant and biologically active peptide fragments (Fig. 6).

Wyatt et al. describes the use of C- and N-protected amino acids to synthe-
size DKPs (Scheme 15) [35]. An N-protected amino acid 87, an aldehyde 88, a
C-protected amino acid 89, and an isocyanide 90 are used to form the Ugi interme-
diate 91, followed by deprotection and cyclization with TFA and triethylamine.

This scaffold recently gained high attention since compound GSK-221149A
currently underwent advanced clinical trials as an oxytocin receptor antagonist
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Scheme 14 Two-step MCR synthesis of N,N,C-trisubstituted 2,5-DKPs with two representative
3D conformations of 85A (blue) and 85B (cyan). Yield shown represents yield over all steps

Fig. 6 2D and 3D structure of a peptidomimetic 2,5-DKP. The scaffold can undergo two
intermolecular hydrogen bond, thus rendering it conformationally rigid

[36]. In an HT-screening, compound 108 was discovered as an oxytocin receptor
antagonist hit. To investigate SAR, all eight possible stereoisomers had to be syn-
thesized separately on a preparative scale. In an expeditious undertaking, several
strategies have been devised to synthesize all eight stereoisomers in a stereose-
lective manner and using three different Ugi MCR strategies (Scheme 16). This
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representative 3D conformations of 92A (blue) and 92B (cyan). *Yields not reported

example nicely underscores the usefulness of alternative MCR approaches to a
particular piperazine scaffold.

Extensive medicinal chemistry optimization of potency, selectivity pharmaco-
kinetic, and pharmacodynamic properties finally led to potent, selective, and orally
bioavailable GSK-221149A, which is synthesized as shown on Scheme 17 [35, 37,
38]. Peptidic oxytocin receptor antagonists are currently used to treat preterm labor,
the main reason for infant death. The peptide derivatives by their nature are not
orally bioavailable but must be administered i.v. Surprisingly, the peptide deriva-
tives are less potent and less selective against several related receptors than GSK-
221149A with half the molecular weight [39].

GSK-221149A is believed to mimic Tyr2 and Ile2 of oxytocin (Fig. 7). The role
of the exocyclic side chain is speculated to reduce the rotational degrees of freedom
of the Ile side chain at the DKP scaffold. DKP derivatives lacking this side chain are
inactive [38].

Habashita et al. reported the discovery of a spirodiketopiperazine, which can be
used as a potent and selective CCRS antagonist [40]. CCRS is a chemokine, which
are large families of small cytokines that selectively control adhesion, chemotaxis,
activation of various leukocyte populations, and have been shown to be involved in
the initiation and progress of inflammation during allergic diseases. Human immu-
nodeficiency virus (HIV) has been shown to bind to CCRS5, which leads to the
infection of its target cells by HIV. Interference with this receptor may open new
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Scheme 17 Synthesis of the clinical candidate GSK221149A 108. Yields not reported

avenues for the development of a novel class of anti-inflammatory drugs, anti-
allergic drugs, immunosuppressants, and most importantly as antiviral drugs for
HIV infection. This reaction made use of Ugi MCR on solid phase followed by
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Fig.7 Stereopicture of the alignment of the key oxytocin amino acids Tyr2 and Ile3 (green sticks,
PDB ID: 1XY2) with the Ugi-DKP compound GSK-221149A (cyan sticks)

cyclative cleavage from the resin. The reaction of either Rink-isonitrile resin or
methylene-isonitrile resin 112 with amine 110, piperidone 109, and Boc-protected
N-alkylated amino acid 111 was done in methanol, followed by deprotection
with either trimethylsilyl trifluoromethanesulfonate (TMSOTTY) and 2,6-lutidine (for
Rink-isonitrile resin) or TFA (for methylene-isonitrile) in dichloromethane and
cyclization via AcOH in toluene (Scheme 18). This afforded yields in the range
of 72-97%. From this Habashita et al. was able to identify several potent CCRS5
antagonists. An advanced optimized compound out of this series did undergo clinical
trials.

A similar reaction (Scheme 19) was used to create a thiol-containing DKP
as a novel inhibitor of matrix metalloprotease (MMPs) [41]. The MMPs are a
family of zinc dependent enzymes involved in the construction and degrada-
tion of the cellular matrix. They have been shown to be important therapeutic
targets in cancer and arthritis. Szardenings et al. describes the creation of a
library of thiol-containing DKPs where potency was improved from 15 uM to
30 nM. Instead of solid support being done on the isonitrile, solid support was
put on the amine component 115 of the Ugi reaction using TentaGel S-OH or
ArgoGel-OH.

Cho et al. describes an alternative synthesis (Scheme 20) of the 2,5 DKP scaffold
92 = 123 via a bifunctional dipeptide 120, an aldehyde 121, and an isocyanide 122
[42]. These commercially available starting materials were added in equimolar
amounts to trifluoroethanol at —40°C under nitrogen. The reaction was brought to
room temperature and allowed to complete. The standard Ugi workup was used
followed by column chromatography. Yields were shown in the range of 21-87%.
When this reaction was done in a microwave, time taken for the reaction to
complete was decreased significantly and yields increased by a factor of 4. The
substitution pattern of this and the previously described (in Scheme 15) are identi-
cal; however, the reactions use different types of starting materials, for example,
dipeptide vs. N- and C-protected amino acids. Thus different stereochemical out-
comes can be expected for the two syntheses.
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Scheme 18 Solid phase synthesis of spirodiketopiperazine CCRS inhibitors with two representa-
tive 3D conformations of 114A (blue) and 114B (cyan). Yield shown represents yield over all steps

Tryptophan DKPs have shown to be an attractive subclass of this reaction with
many active compounds including tryprostatin B and fumitremorgin B (Fig. 8),
which are potent inhibitors of mammalian cell progression at the G2/M transition.
Rhoden et al. describes the synthesis of a library of trypophan containing DKPs
[43]. In this reaction (Scheme 21) N-protected tryptophan 124 with different
combinations of amines 126, isocyanides 127, and aldehydes 125 were combined
in methanol and heated. The reaction was heated either via reflux or by microwave;
though yield did not increase significantly, time was reduced by 50-fold when
reaction was heated via microwave. These reactions proved to be fast, scalable,
and allow for extensive variation.

A similar reaction was performed by Szardenings et al., however, as a solid
phase Ugi reaction (Scheme 22) with the amine component on the resin 126 [44].
In this case either tentagel S-OH or PAM resin was used. The same synthetic
operations were used as in previous solid phase DKP and yields were shown to
be 28-91%. Previous attempts to make these compounds took six steps, resulted in
single digit yields, and still contained impurities [44]. The Ugi route proves to be a
much better access to those compounds.
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Scheme 19 Synthesis of thiol containing 2,5-DKP’s for use in MMP inhibition. Solid support was
done using TentaGel S OH or ArgoGel-OH. (Trt = triphenylmethyl, TES = triethylsilane). Two
representative 3D conformations of 119A (blue) and 119B (cyan). Yield shown represents yield
over all steps

Lin et al. describes the generation of a library of high purity DKPs using
small molecule macroarray synthesis [45]. This has several advantages over solid
phase synthesis; the compound arrays are straightforward to manipulate, inexpensive,
and amenable to numerous screening applications, where the array compounds are
either bound to or cleaved from the planar support. Lin et al. was also able to show
that microwave-assisted reaction of the macroarrays accelerated the library synthesis.
This reaction used amino-derived cellulose support 138, an aldehyde 139, an amino
protected amino acid 140, and a convertible isocyanide 141 (Scheme 23). The
combination of these compounds in water is followed by deprotection, cyclization,
and release from the microarray. This same reaction can be done via solution phase
synthesis in reasonable yields as shown by Hulme et al. [46].

Another macroarray study was described by Campbell et al. using an amino acid
bound to the support via the carboxyl group 143 (Scheme 24) [47]. This allows for
two more points of diversity as opposed to the above scaffold; allowing for
a substitution on the amino acid as well as an isocyanide, as the convertible
isocyanide is no longer needed. Isolated yields were in the range of 82-99%.
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130 131

Fig. 8 Tryptophan moiety (magenta) containing piperazine natural products tryprostatin B 130
and fumitremorgin 131 are two inhibitors of mammalian cell progression at the G2/M transition

3.4 2,6-Diketopiperazine

2,6-DKP as opposed to 2,5-DKPs are rather rarely described by isocyanide-based
MCRs. Ugi et al. describes the only 2,6-DKP synthesized by isocyanide MCR
[48]. This reaction (Scheme 25) uses the well known five-center-four-component
reaction (U-5C-4CR) of an o-amino acid, an aldehyde or ketone, an isocyanide,
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137A (blue) and 137B (cyan). Yield shown represents yield over all steps
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Scheme 25 The only known synthesis of 2,6-DKPs using isocyanide-based MCR chemistry with
two representative 3D conformations of 153A (blue) and 153B (cyan). Yield shown represents
yield over all steps

and methanol. The intermediate Ugi 152 is then treated with K'BuO in THF to
afford 153.

4 Condensed Bicyclic Piperazines

Compared with monocyclic piperazine scaffolds, bicyclic piperazines often provide
platforms with even more points of diversity compared to monocyclic piperazines.
Condensed bicyclic piperazines enlarge the chemical space of piperazine scaffolds,
as well as the family of target proteins. For example, bicyclic piperazinones were
prepared and evaluated in vitro and in vivo as thrombin inhibitors [49]. The co-
crystal structure of a bicyclic piperazinone inhibitor 154 with thrombin was shown
in Fig. 9. So far, chemists have developed many MCR methods to synthesize a
variety of bicyclic piperazine scaffolds.

Preparation of diketopiperazine as part of a bicyclic system was developed by a
one-pot Ugi-4-center-3-component reaction (U-4C-3CR) [50]. A 3-keto or aldo
acid 155 was used as bifunctional educt for an intramolecular Ugi reaction forming
a five-membered ring. The application of C-protected amino acids 156 as amine
components enables an intramolecular cyclization forming 2,6-piperazinediones
158 (Scheme 26).

A bicyclic diketopiperazine 159 as a potential peptide B-turn mimetic was
developed via solid-supported synthesis [51]. The Ugi reaction among the resin
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154 NH,

Fig. 9 X-ray structure of bicyclic piperazinone inhibitor with thrombin (PDB ID: 1G37). Piper-
azinone inhibitor is shown as yellow sticks, and the receptor binding site is shown as transparent
surface. The extensive hydrogen bonding network with receptor and water is shown as yellow dots

ester of a-N-Boc-diaminopropionic acid 160 (an amine input), 2,6-dimethylphenyl
isocyanide 161, hydrocinnamaldehyde 162, and o-bromo acetic acid 163 is the key
step in this protocol (Scheme 27). The Ugi product 164 was transformed to 159 in
five steps, which was isolated in overall 20% yield.

The scope and limitations of the solid-supported synthesis of bicyclic diketopi-
perazines 165 as peptide B-turn mimetic were further investigated by Golebiowski
et al. [52]. The four-component Ugi reaction of o-N-Boc-diaminopropionic acid
resin ester 160 (an amine input) and optically active a-bromoacid 163 with various
isocyanides 166 and aldehydes 167 yields a series of bicyclic diketopiperazines 165
(Scheme 28).

A solution phase synthesis of an array of biologically relevant quinoxalinones
168 was developed by Nixey et al. in a simple two-step procedure [53]. The Ugi
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products 173 were obtained by the reaction of glyoxylic acids 169 and mono-Boc
protected ortho-phenylene diamine 170 with various aldehydes 171 and isocya-
nides 172 (Scheme 29). Subsequent acid treatment and evaporation afford quinox-
alinones 168 in good to excellent yields.
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Scheme 28 Variations of bicyclic diketopiperazines 165. Two representative diastereomers of
165A are drawn in blue and cyan and intramolecular hydrogen bonds are shown in red dots

The synthesis of chiral pyrroloketopiperazines 174 was achieved via diastereo-
selective Ugi reaction, with chiral 2-(2-formyl-1H-pyrrol-1-yl)acetic acids 175
conveniently derived from a-amino acids [54]. The reaction proceeds with moder-
ate diastereoselectivity (frans:cis, up to 4:1) to give the target compounds 174 in
good yields (Scheme 30). Noteworthy, the mixture of diastereomeres was separated
by column chromatography and could be isolated as single diastereomeres.

Umkehrer et al. developed the synthesis of tetrazolopiperazine building blocks
178 via Ugi five-center-four-component reaction (U-5C-4CR) of primary amines
179, aldehydes 180, trimethylsilylazide 181, and 2-isocyanoethyltosylate 182 [54].
The in situ generated secondary amine finally gets alkylated by the toluenesulfo-
nate, leading to the expected fused tetrazoles 178 (Scheme 31). The primary amines
and the aldehydes can be varied broadly, which allows to produce products with
two potential diversity points.

A library of piperazine containing fused azepine-tetrazoles 183 was built by
Nixey et al. via Ugi reaction in the solution phase [55]. This library comprises an
example of a building block introduced piperazine (Scheme 32). The reaction of
N-Boc-a-amino aldehyde 184, methyl isocyanoacetate 185, substituted piperazines
186, and trimethylsilylazide 181 in methanol, followed by acid treatment, proton
scavenging, and reflux affords bicyclic azepine-tetrazoles 183. This efficient pro-
tocol with three diversity points can be used to generate arrays of biologically
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dots

(o) 2
1
Rﬁ)j\OH eon JL,,
N + RNH, + RNC . ,
175 176 177 174 trans 174 cis

(o} [ :
©/\ N N:/ro fBuHN f
H
/ N '"'CH N ‘SBu ‘1 SBy

68% (d.r.:1.8:1) 61% (d.r.:3.1:1) 65% (d.r.:4.0:1)
174A 174B 174C

Scheme 30 Synthesis of pyrroloketopiperazines 174. Two representative diastereomers of 174C
are drawn in blue and cyan



The Piperazine Space in Isocyanide-based MCR Chemistry 115

RZ
R'Q )\/N
N =\
MeOH N
R'NH, + R2CHO + TMSN; *+ Tso/\/NC - > K/N‘r\?
179 180 181 182 178

CO,Me

OMe
Q Pr OMe
N O)\/\ N N
MeO,C N =\ Me! N = \N N =N
N K/ N< N
N N N

MeO,C K/ Ne

75% 67% 56%
178A 178B 178C
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Scheme 33 Synthesis of fused tetrazole-ketopiperazines 187 and two representative 3D confor-
mations of 187A (blue) and 187B (cyan)

relevant small molecules. Such piperazino tetrazoles are known to preferentially
interact with GPCRs, the major drug target class [11].

A library of fused tetrazole-ketopiperazines 187 was obtained by Nixey et al. via
Ugi four-component reaction in the solution phase [56]. The reaction of an oxo
component 188, primary amine 189, methyl isocyanoacetate 190, and trimethylsi-
lylazide 181 in methanol at reflux affords bicyclic tetrazole-ketopiperazines 187 in
good yield (Scheme 33). The cyclization to afford the tetrazole-ketopiperazines is
performed spontaneously under the reaction conditions.

The synthesis of tetrazolopiperazines 191 was achieved by Bienaymé et al. via
Ugi reaction of primary amines 192, aldehydes 193, hydrazoic acid 194, and
Schollkopf isocyanide 195 [57]. This transformation was used to prepare large
arrays of drug-like molecules (Scheme 34). Overall yields for this highly efficient
process were fair to good.

Libraries of highly substituted 3,4-dihydroquinoxaline-2-amine derivatives
196 including spirocyclic compounds were synthesized by Neochoritis et al. and
Shabaani et al. employing a three-component condensation [58, 59]. The reaction of
o-phenylenediamines 197, diverse carbonyl compounds 198, and isocyanides 199
in the presence of a catalytic amount of p-toluenesulfonic acid provides 196 in good
to excellent yields (Scheme 35). Compounds based on this scaffold have recently
attracted considerable attention as agonists for the glucagon-like peptide 1 receptor,
as novel anti-diabetic experimental drugs [60].
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Benzopiperazinones 200 were prepared by Erb et al. via the Ugi four-component
reaction followed by palladium-catalyzed intramolecular N-arylation [61]. XPhos
was used as a supporting ligand to afford the 3,4-dihydroquinoxalin-3-ones 200
(Scheme 36). Microwave irradiation was found to be determinant on the reaction
efficiency.

Dihydropyrazolo[1,5-a]pyrazine-4,7-diones 205 were synthesized by Nikulnikov
et al. using fert-butyl isocyanide 209 as a convertible isocyanide [62]. The Ugi
reaction of tert-butyl isocyanide and pyrazole-3-carboxylic acids 208 with various
aldehydes 206 and amines 207 yields fert-butyl amides 210, which undergo cycli-
zation into glacial acetic acid under microwave irradiation (Scheme 37).

S Polycyclic Fused Piperazines

Piperazine fused polycyclic ring systems are unique in terms of structures and
properties. Praziquantel 211 is the primary medication for human schistosomiasis,
for which it is usually effective in a single dose treatment. As shown in Fig. 10,
praziquantel consists of a ketopiperazine fused ring system. A co-crystal of prazi-
quantel and glutathione-S-peroxidase of the helminth Schistosoma japonica was
known [63]. Praziquantel binds in a channel joining the two xenobiotic substrate
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Fig. 10 X-ray co-crystal structure of praziquantel 211 and glutathione-S-peroxidase complex
(PDB ID: 1GTB). Praziquantel is shown as yellow sticks and the receptor binding site is shown
as hydrophobic surface

binding sites of the dimer due to its hydrophobic nature. The mode-of-action of
Praziquantel, however, likely involves other target(s).

Many syntheses to praziquantel and derivatives have been discovered by inge-
nious chemists after the first synthesis in 1977 [64]. Until recently, the synthesis
of praziquantel was developed by Domling et al. in three steps from bulk starting
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materials using MCR technology [65]. As shown in Scheme 38, 2-phenylethyliso-
cyanide 212 reacts with paraformaldehyde 213, aminoacetaldehyde dimethylacetal
214, and cyclohexylcarboxylic acid 215 to quantitatively yield the precursor 216.
Praziquantel was then obtained by the treatment of the Ugi product 216 with
methanesulfonic acid in a Pictet—Spengler cyclization.

A general strategy towards praziquantel derivatives 217 was developed by Liu
et al. based on an Ugi four-component condensation (Ugi-4CR) followed by a
Pictet—Spengler cyclization (PS-2CR) [66]. The variations of the groups and sub-
stitutents in these scaffolds arise from the four starting materials: isocyanide 218,
aldehyde 219, amine 214, and carboxylic acid 220 (Scheme 39). This process
produces ketopiperazine fused ring systems that mimic the scaffold of praziquantel.
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Combination of MCR with the Pictet—Spengler cyclization also leads to different
types of scaffolds with ketopiperazine fused ring systems. Tetrahydro-f-carboline
scaffold 221 was prepared in a convergent, two-step procedure [67]. An array of
indole derivatives was prepared by the reaction of tryptophan derivative 222,
aldehyde 223, carboxylic acid 224, and bifunctional amine 214 (Scheme 40).

Moreover, polycyclic indole alkaloid-type molecules 225 with a ketopiperazine
were prepared by Wang et al. using Ugi-Pictet—Spengler process [68]. Ketocar-
boxylic acids 227 were used as bifunctional substrates in Ugi reaction to yield
lactams of varying ring sizes (Scheme 41). A diastereomer of hexacyclic indole
derivative was crystallized and yielded X-ray diffraction suitable crystal to assign
the stereochemistry.

Another example of Ugi/Pictet—Spengler two-step procedure was employed by
El Kaim et al. to prepare polycyclic 1,4-diketopiperazines 228 [69]. The four-
component Ugi reaction of homoveratryl isocyanide 229 and a-ketocarboxylic
acids 230 allows the formation of Ugi products, which were treated with trifluor-
oactic acid to afford tricyclic 2,5-diketopiperazines 228 in a Pictet—Spengler-type
cyclization (Scheme 42).

The imidazo[ 1,2-a]quinoxaline scaffold 233 was developed by Krasavin et al.
via two isocyanide-based multicomponent reactions sequentially introducing four
diversity elements to the final products [70]. The first step involves the synthesis of
quinoxalines 237 from o-phenylenediamines 234 and followed by the Groebke—
Blackburn-Bienayme multicomponent reaction (Scheme 43). The described meth-
odology provides a tool to construct the medicinally relevant heterocycles.
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6 Conclusion

Piperazines and derivatives are archaetypical scaffolds and can be considered as
efficient, however, structurally simple peptidomimics. The scaffolds combine con-
formational rigidity with peptide-like spacial placement of amino acid side chains
or isosteres thereof. Moreover, piperazines can be used to confine compounds with
beneficial properties such as water solubility. Piperazines are therefore in the center
of synthetic interest and many different synthetic pathways have been designed
[16-19]. A preferred way to synthesize different piperazine scaffolds with plenty of
variability provides MCR chemistry. Several piperazine scaffolds are currently
only accessible by isocyanide-based MCR. Likely they could be assembled by
sequential synthesis as well; however, the synthetic efficiency, the diversity, and the
size of the alternative chemical space will be inferior. The application of
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isocyanide-based MCRs is one of the best and versatile methods for the synthesis of
many different (keto)piperazine scaffolds, owing to the high yields, the simplicity
of the synthetic procedure, and the mild reaction conditions. Like no other method
in organic chemistry, IMCR gives access to a very large chemical space for the
everlasting search for compounds to find cures in areas of unmet medical need.
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Abstract The exceptional reactivity connected to isocyanides, as discussed here, is
unrivaled by other functional groups and has led to many synthetically useful novel
reactions. This chapter deals with multicomponent reactions (MCRs) involving
isocyanides as one of the inputs for the synthesis of heterocycles. We focus on the
a-acidic isocyanides, which are an appealing class of versatile building blocks. Their
use has led to a range of versatile isocyanide-based MCRs (IMCRs), as will become
clear from this chapter. From a set of only three different types of o-acidic
isocyanides, sometimes inspired by the early work of Schollkopf and van Leusen,
a wide range of novel reaction paths were discovered in the last decade. In this way a
plethora of mainly heterocyclic scaffolds can be synthesized in a straightforward
fashion. The IMCRs discussed are usually robust reactions that can be easily
combined in very short sequences with other complexity-generating processes,
like cycloadditions or even additional MCRs, leading to yet other classes of hetero-
cyclic motifs. This offers exciting opportunities for library design of highly functio-
nalized heterocyclic scaffolds employing diversity-oriented synthesis approaches.
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Abbreviations

Ac Acetyl

Ar Aryl

bmim 1-Butyl-3-methylimidazolium

Bn Benzyl

Bu Butyl

chex Cyclohexyl

CR Component reaction

d Day(s)

DABCO 1,4-Diazabicyclo[2.2.2]-octane

DBU 1,8-Diazabicyclo[5.4.0]-undec-7-ene

DCM Dichloromethane
DHOP Dihydrooxazolopyridine
DMF Dimethylformamide

DOS Diversity-oriented synthesis
e.g. exempli gratia (for example)
eq. Equivalent(s)

Et Ethyl

EWG Electron withdrawing group
h Hour(s)

ie. id est (that is)

iBu Isobutyl

IMCRs  Isocyanide based multicomponent reactions
iPr Isopropyl

MCR Multicomponent reaction
Me Methyl

nBu Normal butyl
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NHC N-heterocyclic carbene

NMR Nuclear magnetic resonance
Ph Phenyl

Pr Propyl

py Pyridine

RT Room temperature

SRR Single reactant replacement
TBAF Tetrabutylammonium fluoride
Bu tert-Butyl

THF Tetrahydrofuran

TMS Trimethylsilyl

Tol Tolyl, 4-methylphenyl
TosMIC  p-Toluenesulfonylmethyl isocyanide
Ts Tosyl, 4-toluenesulfonyl

vL-3CR  van Leusen 3-component reaction

1 Introduction

During the past 160 years, multicomponent reactions (MCRs) [1-12] developed from
isolated reaction examples to key methods in natural product synthesis, in diversity-
oriented synthesis (DOS), and in the construction of focused libraries of bioactive
compounds both in the pharmaceutical and agrochemical industry. By definition,
MCRs are one-pot processes in which at least three substrates react to a single product
that contains essentially all the atoms of the starting materials. Ideally, the substrates
can be mixed simultaneously, resulting in a single-operation procedure. Despite early
examples of MCRs like the Strecker (1850) [13, 14], Hantzsch (1882) [15], Biginelli
(1891) [16, 17], and Mannich reaction (1912) [18], true cornerstone examples of
MCRs were introduced only much later with the reports of the Passerini (1921) [19,
20] and Ugi reactions (1959) [21, 22]. The latter are the most prominent representa-
tives of a subclass of MCRs, the isocyanide-based MCRs (IMCRs) [11] (Figs. 1 and 2).
Since their first isolation (Lieke, 1859 [23]), exceptional reactivity has been
observed for isocyanides. For example, their easy formation of radicals and their
ability to react both as a nucleophile and as an electrophile at the same atom
(o-addition) is unrivaled by other functional groups. Although they are overall in the
minority, IMCRs are considered to be more versatile and diverse than other MCRs.
A third property that characterizes the reactivity of isocyanides is their o-acidity.
Introduction of an electron withdrawing group (EWG) at the a-position of isocya-
nides considerably lowers the pK,-value of the a-hydrogens. Consequently, a-acidic
isocyanides have, besides the already unusual reactivity of the isocyanide functional
group, an additional nucleophilic center upon proton abstraction. This opens different
reaction paths towards a range of interesting products, including heterocycles.
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Fig. 2 The Passerini and Ugi reaction, the most prominent examples of the isocyanide-based
multicomponent reactions

Among the o-acidic isocyanides, isocyano esters (1) (for the first isolated example of
a-acidic isocyano ester see [24]), isocyano amides (2) (for the first isolated example
of a-acidic isocyano amide see [25]), and arylsulfonyl methyl isocyanides (3) (for the
first report of TosMIC see [26]) have been studied predominantly, and therefore this
mini review will mainly focus on the MCRs involving these species.

2 Synthesis of a-Acidic Isocyanides

Several synthetic routes for the construction of a-acidic isocyanides (1-3) have been
reported. The most general methods are depicted in Fig. 3. For example, because of
the acidity of the a-protons, a-substituted a-acidic isocyanides can be prepared from
their (commercially available) o,o-unsubstituted analogs (4) by deprotonation
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Fig. 3 General methods for the preparation of isocyano esters (1), isocyano amides (2), and
arylsulfonyl methyl isocyanides (3) (R = alkyl and/or H)

followed by alkylation under basic conditions (path A). Although dialkylation is a
problem often observed for all three classes of a-acidic isocyanides [27-29], several
methods for the selective formation of monoalkylated derivatives have been
described in literature. For arylsulfonyl methyl isocyanides (3), phase transfer catal-
ysis using tetraalkylammonium halides and NaOH in DCM is often the method of
choice, although this method is reported only for the use of primary halides [30].

Monoalkylation of isocyano amides can be accomplished by a Michael reaction
with an o,B-unsaturated ketone in the presence of a catalytic amount of tetrabuty-
lammonium fluoride (TBAF) in THF, as indicated by Ito in 1989 [31]. In addition,
Zhu recently reported the selective monoalkylation of isocyano amides by using
CsOH-H,O (1.5 eq.) in MeCN at 0°C [32]. A slight excess of alkylating agent
(1.2 eq.) can be used under the optimized conditions, which generates the mono-
alkylated products for a wide range of primary halides (X = Br or I) after 24 h.

Monoalkylation of a-isocyano esters by using tert-butyl isocyano acetate
(R' = rBu) has been reported by Schollkopf [28, 33]. Besides successful examples
using primary halides, 2-iodopropane has been reported to produce the a-alkylated
product (1) as well by this method (KO7Bu in THF). In the years 1987-1991, Ito
reported several methods for the monoalkylation of isocyano esters, including the
Michael reaction under TBAF catalysis as described earlier [31], Claisen rearran-
gements [34], and asymmetric Pd-catalyzed allylation [35]. Finally, Zhu recently
reported the first example of the introduction of an aromatic substituent by means of
a nucleophilic aromatic substitution (CsOH-H,0, MeCN, 0°C) in the synthesis of
methyl o-isocyano p-nitrophenylacetate [36].

Arylsulfonyl methyl isocyanides (3) and isocyano esters (1) can also be prepared
by the deprotonation of alkylisocyanides (5) by strong bases (nBuLi or NaH)
followed by the addition of TosF and dialkyl carbonates or ethyl chloroformate,
respectively (path B) [37, 38]. However, the use of “small” and foul-smelling alkyl
isocyanides makes this route less attractive.
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Like isocyanides, in general, a-acidic isocyanides can be synthesized from the
corresponding formamides (6) by the usual methods reported for dehydration ( path
C, e.g., (tri)phosgene or POCl; under basic conditions). In the case of arylsulfonyl
methyl isocyanides, the corresponding formamides can be generated using a 3-CR
between sulfinates (or sulfinic acids), aldehydes, and formamide while heating in
formic acid. Using this procedure, first reported in 1972 by Olijnsma [39], a wide
range of (optically pure) sulfinates can be converted to their corresponding aryl-
sulfonyl methyl isocyanides (3) [39-41]. The scope according to the aldehyde
input, however, remained limited to formaldehyde and benzaldehyde. Using a
modified method reported in 1996 by Sisko (+TMSCI, solvent = toluene:MeCN
(1:1),50°C, 5 h), the reaction is reported to work well for a wide range of aldehydes,
generating the formamides in multikilogram scale [42].

Formamido esters and amides can be generated in two steps starting from
(natural) a-amino acids (7). Owing to the wide availability of optically pure
formamides, the synthesis of optically pure a-substituted a-acidic isocyano amides
(2) and esters (1) has been envisioned using the dehydration route.

Although the synthesis of optically active a-chiral a-acidic isocyano esters has
been reported in literature by the dehydration of the corresponding formamides
using POCI; [43], phosgene [44, 45], diphosgene [46—50], or triphosgene [51], the
isolation of such compounds is not trivial. Limited information about the enantio-
meric excess of the a-chiral center is generally provided, although racemization
during the dehydration step is known to cause major problems [52]. In 2009, the
research group of Danishefsky compared several procedures and confirmed that the
traditional method using triphosgene and NMM at —78 to —30°C gave optimal
results (POCI5/Et;N gave full racemization) [53]. Using this mild protocol, several
a-alkyl substituted isocyano esters could be synthesized in high yield, with enan-
tiomeric ratios up to >99:1.

The synthesis of a-chiral isocyano amides has also been reported using various
dehydration methods [47, 53—-66]. Because of the lower acidity of the a-proton in
a-isocyano amides, high stereoinductions can be obtained using relatively harsh
dehydration methods (POCI;/Et;N, —20°C) [62]. However, the triphosgene/NMM
protocol remains the method of choice [53].

Finally, isocyano esters can be converted to the corresponding amides upon
treatment with an amine (typically just stirring in MeOH) [32, 43, 47, 67-71].
Although this procedure (path D) works well for o,a-unsubstituted isocyano esters
and for a wide variety of primary and secondary amines, steric bulk around both the
a-carbon and the amine component should be avoided.

3 Reactivity of a-Acidic Isocyanides

a-Acidic isocyanides of type 1, 2, and 3 (for an excellent review on the synthetic
use of tosylmethyl isocyanide (Tos-MIC) see[72]) have found widespread applica-
tion in the construction of heterocyclic compounds (Figs. 4 and 5). Most examples



a-Acidic Isocyanides in Multicomponent Chemistry 135

RS
R* O 0
4
R R3 R1 N/> JI /> R3 o
Lo " 3 os L0~ L
2 ¢} S L R0, N 1
R R! R
M N
) o o I o
0 R“ a |t Ho o | R o R O>
H LG oAl R20,8 —~”

N\Ra U

A R*-COCI o .
mN_o o )/ "CO,Me Rt R b
| >~ , B~ X=CHN g3
H N NH R R3 Y =C-Br,N ] 2
O, | R4 ’ A
4 N O r =Y
w R oy X, RN
4 V. | > . H
(RY N o, N/ N | Q
R R s
X Y R N R

Fig. 5 Selected examples for the formation of heterocycles starting from either isocyano amides
(2) or sulfonylmethyl isocyanides (3)



136 N. Elders et al.

reported in literature involve [3 + 2] cycloadditions with carbon heteroatom
double bonds under (highly) basic conditions. For example, cycloadditions of
deprotonated isocyano esters (for a review on applications of a-metalated isocya-
nides see [73]) (Fig. 4) with C=0, C=N, or C=S double bonds yield oxazolines (A)
[74, 75], imidazolines (C) [76-79], and thiazolines (F) [80] ring systems, res-
pectively. The corresponding aromatized heterocyclic ring systems B (oxazoles)
[81-85] and D (imidazoles) [86—88] can be obtained when the leaving groups are
attached to the carbon heteroatom double bonds. In addition, imidazoles of type E
can be obtained by the cycloaddition of the anion of 1 with other isocyanides [89—
91], although the number of diversity points via this procedure is reduced to two.
Thiazoles (G) can be obtained by the treatment of 1 with isothiocyanates, under
basic conditions [92-94].

Cycloadditions of deprotonated 1 with electron deficient alkenes as dipolaro-
philes yielding pyrroles (H) could be performed using isocyanoalkenes [95-97],
nitroalkenes [98-102], o,B-unsaturated sulfones [103-106], and o,B-unsaturated
nitriles [107]. Even alkynes [108—110] could be used to give the pyrrole (H) ring
system. Similar cycloadditions of 1 with activated olefins yielding pyrrolines (I
and J) is accomplished upon Cu,O catalysis [74], AgOAc catalysis [89, 111], or
organocatalysis [111], although the uncatalyzed reaction using [60]fullerene has
also been reported [112].

Finally, treatment of a-acidic isocyano esters (1) with base in the absence of other
reagents is reported to furnish 5-alkoxy oxazoles (K) via ring closure [113, 114].

As in the case of isocyano esters (1, Fig. 4.), isocyano amides (2) and arylsulfo-
nyl methyl isocyanides (3) have also found widespread application in the construc-
tion of heterocyclic compounds (Fig. 5).

For arylsulfonyl methyl isocyanides (3), [3 + 2] cycloadditions with aldehydes
yielding 4,5-disubstituted oxazoles (N) have been reported [115]. The cycloaddi-
tion takes place in the same manner as with the use of isocyano esters (A, R? = H);
however, owing to the facile elimination of RSO,H, the reaction typically does not
stop at the trisubstituted oxazoline (M) stage [115, 116]. With the use of ketones,
however, elimination of RSO,H is blocked and consequently the corresponding
oxazolines (O) can be isolated instead [40, 117]. Monosubstituted oxazoles of type
(L) can be obtained by using glyoxylic acid [118]. Imidazoles (P) and pyrroles (Q)
can be obtained by using aldimines [119] and alkenes [115, 120, 121], respectively.
Finally, azopyrimidine derivatives (R) could be obtained by the unprecedented
reactivity of arylsulfonyl methyl isocyanide toward N-protected bromomethyla-
zoles under phase transfer conditions [122].

For isocyano amides (2), [3 + 2] cycloadditions with carbonyl compounds yield-
ing oxazolines (S) [123, 124] and oxazoles (T) [125] have been reported. In addition,
the formation of pyrroles (U) starting from nitro ([98, 100]; for examples using
Weinreb amides see [126]) or isocyanoalkenes [97] have been reported. In addition
to the [3 + 2] cycloadditions described earlier, intramolecular ring closures of a-
acidic isocyano amides (2) have also been described. For example, unsubstituted
isocyano amides (R' = H) readily cyclize via the amide oxygen, resulting in the for-
mation of 2H-5-aminooxazole (V) [127], while the addition of an isocyanate results
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in the formation of the 2-amido analog W [128]. Cyclization via the amide nitrogen
(R? = H) results in the formation of imidazolin-5-one (X) [129, 130], where an addi-
tional substituent may be added at C4 upon alkylation. When the additional substitu-
ent is not introduced, addition of an acid chloride provides Y [130].

4 MCRs Involving a-Acidic Isocyanides

Besides numerous applications of o-acidic isocyanides in classical IMCRs, such as
the Ugi and Passerini reaction, the presence of an a-acidic proton enables other
reaction paths and, subsequently, the development of novel MCRs. Here we focus
on novel MCRs involving a-acidic isonitriles that have been described in literature
since 1998.

4.1 van Leusen Imidazole MCR

The first MCR involving the explicit use of a-acidic isonitriles was reported in 1998
by Sisko [131]. The reaction involves the cycloaddition of a TosMIC derivative (8)
to an (in situ-generated) imine (10) followed by the elimination of p-toluenesulfinic
acid (TsH) as described in 1977 by van Leusen for preformed imines (Fig. 5,
scaffold P) [119]. Although several potential pitfalls for the conversion of the
traditional van Leusen [3 + 2] cycloaddition to the so-called “van Leusen three-
component reaction (vL-3CR)” of imidazoles were expected by the author,' simply
stirring the aldehyde and amine for 20 min followed by addition of the TosMIC
derivative and base resulted in the isolation of the corresponding imidazole (9) in
high yield [131].

Removal of water from the reaction mixture by adding MgSO, of molecular
sieves did not have a major effect on the reaction outcome. Further optimization
studies indicated that the reaction works well in a wide range of common organic
solvents (EtOAc, THF, MeCN, DMF, DCM, and MeOH) and only a mild base like
piperazine, morpholine, or K,CO; is required to promote the reaction. A wide
variety of functional groups are tolerated, including alcohols, esters, alkenes, and
even additional aldehydes, without the need of protecting groups. In addition to the
broad scope regarding the amine and carbonyl input, various a-aryl (and biaryl)-
substituted TosMICs (8) could be used in the vL-3CR. Remarkably, despite their
successful application in the stepwise [3 + 2] cycloaddition [119], experiments
using a-alkyl-substituted TosMICs R'= alkyl) and TosMIC itself (8a, R'=H)
showed to be quite unreactive in the multicomponent approach (In the original

'Initially, the presence of water and competition between the aldehyde and imine were expected to
cause problems in the reaction setup.



138 N. Elders et al.

©) 3
\ //O ®///C R2 B
S Y N 0 R3 mild base N
L A i
R H R1 N
8 9
base | -H,O —TosH
—base
2
10 PN R R re R
+ \ - > H N —_— H
© e D
@//C Ts N TS\J N
Ts \@(N ® R' ® R'
+ baseH + baseH + base
L R an 11 12 J

Fig. 6 Two representative examples of the application of the van Leusen 3-CR in the synthesis of
biologically active compounds

3 + 2 cycloaddition, NaH as a base was found to be essential [119]. Recently, allyl
TosMIC was found to give the desired oxazole although the yield was moderate
(32%); see [132]), probably due to the increased pK, of the a-proton.

The broad substrate scope for vL-3CR for the synthesis of imidazoles (9) in
combination with the easy and straightforward reaction setup resulted in several
examples of this MCR as a key step in the development of biologically active
compounds. For example, Sisko initially developed the vL.-3CR for the synthesis of
9a [131], which is a representative of a general class of compounds that exhibit
potent binding affinities for p38 MAP kinase, a protein kinase that appears to be
involved in an inflammation regulatory pathway [133]. In addition, the construction
of a focused library of about 60 bioactive trisubstituted imidazoles by Démling
resulted in the design of novel a-helix mimetics in a single reaction step [134].
Initial screen results indicated the disruption of the interaction between Bcl-w and
Bak-BH3 peptide, which could constitute an effective and selective way for the
treatment of cancer, making this novel class of lead molecules interesting and well
suited compounds for further optimization (Fig. 7).

4.2 2,6,7-Trisubstituted Quinozaline MCR

In 2009, the MCR between o-phenylenediamines (13), aldehydes, and TosMIC (8a)
which yields 2,6,7-trisubstituted quinozalines (14) has been described [135].
The mechanism probably proceeds via the initial attack of deprotonated TosMIC
at the in situ-generated imine affording intermediate 16 (Fig. 8). Apparently, attack
of the secondary amine in 16 at the terminal isonitrile C-atom that yields the
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Fig. 8 Reaction mechanism for the van Leusen 3-CR toward imidazoles

corresponding imidazole (vL-3CR, Fig. 6) is not favored in this case. Instead, Sn2
substitution of Ts by the NH, at the a-carbon followed by elimination of HCN and
oxidation under the reaction conditions used afforded product 14. Unfortunately,
only reaction entries using aromatic aldehydes and the parent TosMIC input have
been reported. However, isolation of the otherwise difficult-to-access quinozaline
derivatives in moderate-to-high yield (46-91%) in combination with the unusual
reactivity of TosMIC (contributing only CH to the reaction) makes this MCR
appealing for further investigations.

4.3 4,5-Disubstituted Oxazole MCR

Also in 2009, an elegant combination of two original van Leusen reactions was
reported, leading to a MCR toward 4,5-disubstituted oxazoles (19) [136]. The MCR
involves the base-induced mono-alkylation of TosMIC (8a) followed by the formal
cycloaddition with an aldehyde (Fig. 9). Although dialkylation is a problem often



140 N. Elders et al.

S 2
O\\ 7 D_c i R 0
S N~ (0] mild base
M I ——
R R2”>H  [bmim]Br, RT r1” N
8a 18 19

base —TsH
—base

9 R!
+ baseH 18 Y \) + baseH 20 +base

Fig. 9 MCR between TosMIC (8a), aliphatic halides (18), and aldehydes which yields 4,5-
disubstituted oxazoles (19)

observed with TosMIC, selecting K,COj3 as the base while performing the reaction
in an ionic liquid resulted in the clean conversion to the monoalkylated TosMIC
derivative in 12 h. Owing to the similar basic reaction conditions requirement for
the van Leusen synthesis of oxazoles, the second reaction step could be performed
in the same pot, which gives the 4,5-disubstituted oxazole (19) in high yields
(>75%). The scope of compatible aldehyde inputs turned out to be very broad,
including aliphatic, aromatic, and heteroaromatic carbonyl entries. Both primary
and secondary aliphatic halides (X = Cl, Br, 1) could be used, but naturally, the
Sn2-type reaction using tertiary halides proved to be unsuccessful. Absolute anhy-
drous conditions were found not to be necessary, which simplifies the experimental
procedure. In addition, the ionic liquid could be reused at least 5 times with only a
slight decrease in the reaction yield after each run.

4.4 Nitropyrrole MCR

The reactivity of TosMIC and a-acidic isocyano esters toward nitroalkenes, devel-
oped by van Leusen [120, 121] and Zard [98, 100], respectively, has also been
modified to a 3-CR in 2009 (Fig. 10) [137]. In this MCR approach toward nitro-
pyrroles (23), TosMIC is treated with 2.0 eq. of nBuLi” at —78°C followed by the
addition of a carbonochloridate (21) generating deprotonated 2-isocyano-2-tosyla-
cetate (24). Reacting 24 with the nitroalkene 22 (RT, 2-4 days) resulted in the
formation of the corresponding nitropyrrole via intermediate adduct 25, ring
closure, and TolSO,Li elimination. Unfortunately, only ethyl carbonochloridate

%2.0 eq nBuLi seems important to suppress cyclodimerization of TosMIC see [121] for reference.
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Fig. 10 MCR approach toward nitropyrroles (23)

(21a, R' = Et) and aromatic 2-nitrovinyl compounds (R? = Ar) were investigated;
however, the corresponding nitropyrroles could be isolated in good yields (63—
88%) using a polymer-assisted catch-and-release work-up.

4.5 2,4,5-Trisubstituted Oxazoles

The MCR toward 2,4,5-trisubstituted oxazoles (27) starting from o-isocyano
amides (2), amines, and carbonyl components was first reported in 2001 by the
research group of Zhu [138]. Since then, this MCR proved to be the basis of various
multicomponent approaches toward very diverse heterocyclic scaffolds [138—148].
Initially, the reaction was well studied for the use of tertiary isocyano amides,
where morpholine was typically chosen as the NR’R’ group, although other
dialkylamino groups can be used as well. The mechanism of this MCR probably
involves the attack of the terminal NC carbon atom at the (preformed) imine,
leading to intermediate 29 followed by intramolecular ring closure and o-proton
abstraction (or visa versa; see [149]). The R? substituent of the isocyanide can be
varied from the electron-withdrawing Ph group to H and even the electron-donating
groups like Me, Bn, and iPr. Both aldehydes and ketones can be used as the
carbonyl input. The 5-aminooxazole MCR is accessible for both primary and
secondary amines, although in the case of primary amines the isolated yields are
typically lower (40-75% compared to 51-96% for secondary amines). In contrast to
most other MCR involving a-acidic isonitriles, the reaction can be accelerated by
the presence of weak Brgnsted acids like NH4Cl, Py-HCI, or Et;N-HCI. This can be
explained by the faster formation of iminium ion 28 (with the use of secondary
amines) or the activation of the aldimine (in case of primary amines), resulting in a
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Fig. 11 The trisubstituted oxazole MCR

more facile attack of isonitrile 2. Both toluene and MeOH were found to be excel-
lent solvents and the substrates can be mixed in equimolar amounts to simplify the
workup procedure.

Interestingly, when primary isocyano amides were used (31) under otherwise
identical conditions, the corresponding oxazoles could not be obtained. Instead, a
MCR toward N-(cyanomethyl)amides (32) was observed [150]. The unexpected
formation of 32 could be rationalized by the attack of the isocyanide terminal C
atom on the in situ-generated iminium ion (28) followed by cyclization and proton
abstraction to form 5-iminooxazoline intermediate 33 (Fig. 12). Intermediate 33
could, in principle, undergo tautomerization to form the aromatic primary 5-amino-
oxazole, but instead, proton abstraction at the exocyclic imine nitrogen and
subsequent ring opening occurs to give 32.

Zhu and coworkers reported the first examples of the successful application of an
isocyano ester in the MCR toward 2,4,5-trisubstituted oxazoles in 2007. Stirring the
highly acidic methyl a-isocyano para-nitrophenyl acetate (34a,R' = p-NO,) in the
presence of an amine and carbonyl component gave 5-methoxyoxazole product 35
(Fig. 13) [36]. Again, a wide variety of aldehydes and amines could be used in this
MCR, affording the corresponding oxazole (35, R' = p-NO,) in moderate to
excellent yield (23-97%). Reaction optimization by our research group extended
the isocyano inputs in the MCR toward 5-methoxyoxazoles to less acidic a-aryl
isocyano esters (34b—f) by switching to DMF as the solvent (Fig. 13) [151]. In
addition, ketones proved to be successful entries and preformation of the imine was
found to be unnecessary. Unfortunately, when the pK, of the a-proton becomes too
high (34g, R' = o, p-dimethoxyphenyl), no reaction is observed [151]. In addition,
the MCR toward 5-methoxyoxazoles seems to be limited to the use of a-aryl
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Fig. 13 Scope of isocyano esters in the MCR toward trisubstituted oxazoles

isocyanoesters, as the reaction of a-alkyl isocyanoesters, amines, and carbonyl
components tends to yield the corresponding 2H-2-imidazolines (see below) [152].

4.5.1 Oxazole MCR Variations

In 2003, the research group of Ganem used the S-aminooxazole MCR in their single
reactant replacement (SRR) approach for developing variants of known MCRs (for
an overview of strategies for innovation in multicomponent reactions see [153]).
Substituting the amine input by a trialkylsilylchloride in the reaction of o,0-unsub-
stituted isocyanoamides (36) under Zn(OTf), promotion led to the isolation of 2,5-
disubstituted oxazole 37 (Fig. 14a) [143]. Increasing the dimensionality by addition
of an acid chloride after 12 h even led to the development of a four-component
approach toward 2.4,5-trisubstituted oxazoles 38 [144]. In addition, the MCR
toward 2,5-disubstituted oxazoles 40 using TMSCI had previously been described
using ethyl isocyanoacetate (39) by the same research group (Fig. 14b) [154].
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In 2007, Tron and Zhu reported the multicomponent synthesis of 5-iminoox-
azolines (42) starting from o,u-disubstituted secondary isocyano amides (41),
amines, and carbonyl components (see Fig. 15) [155]. The reaction presumably
follows a similar mechanism as in the 2,4,5-trisubstituted oxazole MCR (described
in Fig. 11); however, because of the absence of a-protons at the isocyano amide 41,
the nonaromatized product is obtained. As in the 2,4,5-trisubstituted oxazole MCR,
toluene was found to be the optimal solvent in combination with a weak Brgnsted
acid. The reaction was studied for a range of aldehydes and secondary amines. In
addition, a variety of functionalities such as acetate, free hydroxyl group, carba-
mate, and esters are tolerated. Clean conversions were observed for this MCR as
indicated by NMR analysis of the crude products (isolated yield 50-68%). The
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Fig. 16 Synthesis of macrocyclodepsipeptides from 5-imiooxazolines

moderate isolated yields compared to the conversion could be explained by partial
degradation during purification. Unfortunately, the MCR seems to be limited to the
use of secondary o,a-disubstituted a-isocyanoacetamides (R* and R® # H); only
complex reaction mixtures were obtained with the use of a-monosubstituted iso-
cyano amides.

WithR! = CR’R®CO,Me and R® = (CH,);.,0H, the obtained 5-iminooxazolines
42a could be converted into macrocyclodepsipeptides of type 46 as shown in Fig. 16.
Saponification of the ester with KOH in MeOH/H,O followed by protonation of the
exocyclic imine and attack of the neighboring carboxyl oxygen led to the formation
of spirolactone 48. Attack of the tethered OH and fragmentation generated the
desired 14-, 15-, and 16-membered macrocycles in 27-54% yield [155].

4.5.2 Oxazole MCR + In Situ Tandem Processes

The structural diversity (and complexity) of the products obtained by the MCR
between tertiary isocyano amides, aldehydes, and amines could be increased to
various heterocyclic scaffolds by combining the initial 2,4,5-trisubstituted oxazole
MCR with in situ intramolecular tandem processes (Fig. 17). Most tandem pro-
cesses reported are based on the reactivity of the oxazole ring toward C=C or C=C
bonds in hetero Diels—Alder reactions followed by ring opening reactions generat-
ing the rather complex heterocyclic products with high degrees of variation.

For example, pyrrolo[3,4-b]pyridine-5-ones (50) could be obtained by a four-
component tandem process using an acryloyl chloride derivative (49) as an
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acylating agent. Preformation of an imine by stirring a primary amine and an
aldehyde for 30 min followed by the addition of the isocyanide (2) generated the
intermediate oxazole 27 upon heating at 60°C. When the initial MCR was finished,
the acylating agent 49 was added at 0°C followed by heating at 110°C for 12 h,
initially forming intermediate 51, which subsequently undergoes an intramolecular
aza-Diels—Alder reaction generating bicyclic 52 (Fig. 18). Proton abstraction at
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Fig. 19 Suggested reaction mechanism for the construction of furopyrrolones (55) and hexasub-
stituted benzenes (57) based on the trisubstituted oxazole MCR

intermediate 52 followed by ring opening and amine elimination (retro-Michael
reaction) furnished intermediate 53, which isomerizes to the corresponding pyrrolo
[3,4-b]pyridine-5-one (50) [138, 140, 147].

When propiolyl chlorides (54, or pentafluorophenyl esters) are used as acylating
agent under similar reaction conditions, furopyrrolones (55) are accessible
(Fig. 19). Acylation of the intermediate oxazole 27 (see: Fig. 18) furnished 58,
which is able to undergo an aza-Diels—Alder reaction generating intermediate 59.
A retro-Diels—Alder reaction finally generates the furopyrrolone (55). Although the
furopyrrolones obtained by this triple domino sequence can be isolated (one
example 55a: NRZR? = morpholine, R* = cHex, R’ = nBu, R® = Ph; >95%), a
second domino sequence toward hexasubstituted benzene derivatives (57) could be
initiated by the addition of an alkene (Diels—Alder reaction, dehydration). Because
of the similar reaction conditions in the formation of 55 and 57, a novel 5-CR
toward hexasubstituted benzene derivatives 57 involving two consecutive domino
processes was developed [142].

By the introduction of aza-dienophile at the isocyanoacetamide component 2,
6-azaindolines (61) are accessible (Fig. 20) [156]. Preformation of the imine in
toluene at room temperature for 1 h followed by the addition of highly functiona-
lized isocyano amide 2 and heating at reflux temperature resulted in the formation
of oxazole intermediate 27. This is able to undergo the intramolecular aza-Diels—
Alder reaction, generating oxa-bridged intermediate 63. Subsequent (nitrogen-
assisted) fragmentation yielded the corresponding 6-azaindolines 61. When primary
amines are used in combination with R® = CO,Me, tricyclic 6-azaindolines (62)
could be isolated due to a facile intramolecular transamidation under the reaction
conditions used.
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based on the trisubstituted oxazole MCR

4.6 2H-2-Imidazoline MCR

In 2003, we reported a multicomponent approach toward highly substituted 2H-2-
imidazolines (65) [157]. This 3CR is based on the reactivity of isocyano esters (1)
toward imines as was studied in detail by Schéllkopf in the 1970s [76]. In our
reaction, an amine and an aldehyde were stirred for 2 h in the presence of a drying
agent (preformation of imine). Subsequent addition of the o-acidic isocyanide 64
resulted in the formation of the corresponding 2H-2-imidazolines (65) after 18 h in
moderate to excellent yield. The mechanism for this MCR probably involves a
Mannich-type addition of a-deprotonated isocyanide to (protonated) imine (66)
followed by a ring closure and a 1,2-proton shift of intermediate 68 (Fig. 21).
However, a concerted cycloaddition of 66 and deprotonated 64 to produce 65
cannot be excluded.

The reaction is reported to work well with methyl a-phenyl isocyanoacetate (1,
R =Ph) and 9-fluoroenylisocyanide (69) in combination with a wide range of
aldehydes and amines using DCM as the solvent [157]. Further reaction optimiza-
tion [150, 151, 158, 159] indicated that ketones are reactive inputs as well, and
preformation of the imine was not required. In addition, the three-component
reaction can be performed in a wide range of solvents, and a wide range of
functional groups in the inputs are tolerated (terminal alkene, free OH, esters,
aliphatic isocyanides). In addition, the scope of compatible isocyanide inputs
could be increased to para-nitrobenzylisonitrile (70) [158] and a wide range of
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Fig. 21 Proposed reaction mechanism for the 2H-2-imidazoline MCR

other (less acidic) a-substituted isocyano acetates (1, R = H, Me, iBu, iPr) [159].
Silver(I) salts (AgOAc) were found to accelerate the reaction, probably by coordi-
nation of the terminal NC carbon atom to Ag', which increases the a-acidity and NC
electrophilicity (Fig. 22). Remarkably, unlike most other reactions reported with
a-acidic isonitriles, no additional base or acid is required for the three-component
coupling to 2H-2-imidazolines 65. Most likely, the intermediate imine is basic
enough to deprotonate the isocyanide.

The scope of isocyanide inputs was further increased to tertiary isocyano amides
(2) and primary isocyano amides (31, see Fig. 22). As discussed earlier, these
isocyanide entries typically yield 2,4,5-trisubstituted oxazoles (27, Fig. 11) [138—
148] and N-(cyanomethyl)amides (32, Fig. 12) [150], respectively. However,
addition of only 2 mol% AgOAc (or Cul) in combination with the slow addition
of the isocyanide to the imine gave the corresponding 2H-2-imidazoline (65) in
moderate to very good yield (39-91%, Fig. 22). The increased formation of 2H-2-
imidazoline under these reaction conditions can be explained by an increased
concentration of the (silver-coordinated) isocyanide anion 71 (reactive species).
In addition, AgOAc may block the oxazole (27) and N-(cyanomethyl)amide (32)
formation by coordination of the isocyanide carbon to Ag', thus reducing its
nucleophilicity. Unfortunately, all attempts in using o-alkyl-substituted isocyano
amides (2 or 31, R" = alkyl) were unsuccessful, probably due to the increase in pK,
of the a-proton. However, by careful selection of the substrates and of the described
experimental procedures, the MCR between a-acidic isocyano amides, aldehydes
or ketones, and primary amines could be directed towards three alternative reaction
paths, addressing considerable chemical diversity: At least four diversity points in
three distinct scaffolds can be addressed.
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Fig. 22 Possible reaction paths for the reaction between a-acidic isocyano amides (2 or 31),
primary amines, and carbonyl components, including the Ag' catalyzed formation of 2H-2-
imidazolines (65)

The MCR toward 2H-2-imidazolines (65) has found application in the construc-
tion of N-heterocyclic carbene (NHC) complexes (74). Alkylation of the sp> N-atom
with an alkyl halide followed by abstraction of the proton at C2 with a strong base
(NaH, KOrBu) resulted in the formation of the free carbene species, which could be
trapped and isolated as the corresponding metal complexes (Ir or Rh) [160]. The
corresponding Ru-complexes were shown to be active and selective catalysts for the
transfer hydrogenation of furfural to furfurol using iPrOH as hydrogen source [161].

Although the MCR affords highly substituted 2-imidazolines (65, R'-R?), vari-
ation at C2 is not possible. To overcome the limitation of substituent variation at
C2, a versatile route towards C2-arylated 2-imidazolines (75) has been developed.
Key steps involve oxidation at C2 and Liebeskind—Srogl cross-coupling of cyclic
thioureas with boronic acids. The final products investigated contain Nutlin-like
[162] backbones and could be prepared in good overall yields (23—-35%). The high
overall yields and the diversity of the products that could be obtained make this
procedure amenable to library synthesis of potential p53-hdm?2 interaction inhibi-
tors [163, 164] (Fig. 23).
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4.6.1 2H-2-Imidazoline MCR in the Union of MCRs

Because of the high functional group tolerance and high conversions generally
observed (>90%), the 2H-2-imidazoline MCR could be combined with other
MCRs in the same pot, generating higher order MCRs (union of MCRs — combina-
tion of MCRs in a single pot performed either as a one-pot process (true novel
MCR) or as a short sequence (tandem); see [165] and references cited therein. For
the first examples of union of MCRs see [166, 167]). In addition, the broad solvent
compatibility observed for the 2H-2-imidazoline MCR allows selection of the
optimal solvent for the follow-up MCR. The most straightforward approach to
such combinations of MCRs is the incorporation of a functional group in one of
the inputs of the primary MCR that does not participate in the reaction, but does
react as one of the components in the secondary MCR. For example, when an amino
acid acts as amine input (R> = CHR®CO,H) in the 2H-2-imidazoline MCR, an
imidazoline carboxylate (65, R’ = CHR(’CO[) is formed as intermediate under
basic conditions, which can be used as carboxylic acid component in a subsequent
Ugi 4-CR after protonation [168]. The united 2H-2-imidazoline U Ugi products
(76) generated by this formal 6CR could be isolated in 38—-62%, which is excellent
considering the number of bond formations (93% yield per bond formation).
Moreover, this approach allows variation on no less than nine positions in a single
reaction step (Fig. 24).

The same approach turned out to be successful using levulinic acid as carbonyl
component, allowing the isolation of the corresponding intermediate 2H-2-imida-
zoline (65, R® = Me, R* = (CH,),CO,H) combined with Ugi 4CRs (77) or a
Passerini 3CR (78) (32-58%). Introduction of an aliphatic isocyanide functional
group by using a diisocyanide (R? = (CH,);NC) allowed the union with Ugi,
Passerini, and other IMCRs at the C4 position of the 2H-2-imidazoline (79-82,
41-78%). Beside the 2H-2-imidazolines (65) MCR, the N-(cyanomethyl)amide
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Fig. 25 One pot 8CR based on three sequential MCRs

(32) MCR also tolerates the aliphatic isocyanide functionality [150], thus allowing
the union with various IMCRs. Finally, we developed the first example of a triple
MCR process (8CR toward 83) based on our 2H-2-imidazoline (65) and N-(cyano-
methyl)amide (32) MCRs united with the Ugi-4CR (Fig. 25).
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4.7 Dihydropyridone MCR

In 2006, our research group reported a novel MCR based on the reactivity of
a-acidic isocyano esters (1) toward 1-azadienes (84) generated by the 3CR between
phosphonates, nitriles, and aldehydes [169]. Remarkably, the dihydropyridone
products (85) for this 4CR contained the intact isonitrile function at C3. The
exceptional formation of the 3-isocyano dihydropyridone scaffold can be explained
by the Michael-attack of the o-deprotonated isonitrile (1) to the (protonated)
1-azadiene (84), followed by lactamization via attack of the ester function by the
intermediate enamine. Although in principle the isocyano functionality is not
required for the formation of the dihydropyridone (85) scaffold, all attempts
using differently functionalized esters (e.g., malonates, a-nitro, and o-cyano esters)
gave lower yields of the dihydropyridone analogs [170] (Fig. 26).

The scope of the aldehyde inputs includes a wide range of (hetero)aromatic
aldehydes as well as o,pB-unsaturated aldehydes. With the use of aliphatic alde-
hydes, side products due to aldol condensations could be observed. Allowed
a-substituents at the isocyano acetate (1) includes R* = Ph, H, Me, Et, Bn, iBu,
iPr. The scope according to the nitrile input includes aromatic, heteroaromatic, and
aliphatic nitriles. However, the use of primary aliphatic nitriles should be avoided.

Because of the retained isocyano functionality, the dihydropyridone MCR
product 85 can be used in various follow-up (multicomponent) reactions. For
example, the Passerini reaction between 85, a carboxylic acid, and an aldehyde or
ketone produces a series of dihydropyridone-based conformationally constrained
depsipeptides 86 [171]. The subsequent Passerini reaction could also be performed
in the same pot, resulting in a novel 6CR toward these complex products containing
up to seven points of variation. Reaction of 85 with an aldehyde or ketone and
amine component resulted in the isolation of dihydrooxazolopyridines (DHOPs, 87)
[172] via a similar approach as the 2,4,5-trisubstituted oxazole variant toward 42
reported by Tron and Zhu (Fig. 15) [155]. The corresponding DHOPs (87), which
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EtO~|':l\/R1 o R3 MeO | R ‘H“
P Bul i 1 .
EtO ﬂ n-BuLi R ~ R | NC
R THF, -78°C to RT, 6h ~ THF,RT,18n  R2” °N" YO
RZ—=N R2” "NH H
84 85
Dihydropyridones
\ / (Et0),PO,Li J ]—MeOH
R® R
EtO- 'J o H NCO
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|
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U OMe 2

Fig. 26 Proposed reaction mechanism for the dihydropyridone 4-CR
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Fig. 27 Application of 3-isocyano dihydropyridones (85) in the multicomponent approaches
toward conformationally constrained depsipeptides (86), dihydrooxazolopyridines (87), and con-
formationally constrained peptidomimetics (88)

represent a new synthetic scaffold, could be isolated in a good-to-excellent yield
(62-100%) for a wide variety of reaction inputs. In addition, because of their
structural similarities, DHOPs can be considered promising alternatives for the
bioactive oxazolopyridines.

Unfortunately, direct Ugi reaction of 85 predominantly led to the formation of
DHOPs (87) [172]. However, by applying a MCR-alkylation-MCR strategy, the
Ugi products (88) could be isolated in high yields [173]. The obtained conforma-
tionally constrained peptidomimetics allow for unprecedented diversification and
were ultimately evaluated for their turn-inducing properties, indicating an open turn
structure for 88a (Fig. 27).

5 Conclusion

The exceptional reactivity of isocyanides, as discussed here, is unrivaled by other
functional groups and has led to many synthetically useful novel reactions. Espe-
cially, MCRs involving isocyanides as one of the inputs receive an ever-growing
attention by the synthetic community. An appealing class of these versatile building
blocks is the a-acidic isocyanides. Their use has led to a range of versatile IMCRs,
as has become clear from this chapter. From a set of only three different types of
a-acidic isocyanides, sometimes inspired by the early work of Schollkopf and van
Leusen, a wide range of novel reaction paths were discovered in the last decade. In
this way a plethora of mainly heterocyclic scaffolds can be synthesized in a
straightforward fashion. The IMCRs discussed are usually robust reactions that
can be easily combined into very short reaction sequences with other complexity-
generating reactions, such as cycloadditions or even additional MCRs, leading to
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yet other classes of heterocyclic motifs. This offers exciting opportunities for
library design of highly functionalized heterocyclic scaffolds employing diver-
sity-oriented synthetic approaches. We envision that these MCRs employing
a-acidic isocyanides will find widespread application in medicinal chemistry, in
chemical biology as well as in catalysis.
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Microreactor Technology as an Efficient Tool
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Abstract Multicomponent reactions are an important tool in organic synthesis as
they often allow the circumvention of multistep procedures by combining three or
more molecules into one structure in a single step. An additional asset of the
approach is the significant increase of the combinatorial possibilities, since a
modification of the final product is easily accomplished by implementing minor
changes in the reaction setup; this obviously allows considerable savings in time
and resources. These advantages are of particular interest in pharmaceutical
research for the construction of libraries. In order to increase the sustainability of
chemical processes, the field is intensively explored, and novel reactions are
frequently reported.

Microreactor technology also offers a contemporary way of conducting chemi-
cal reactions in a more sustainable fashion due to the miniaturization and increased
safety, and also in a technically improved manner due to intensified process
efficiency. This relatively new technology is implemented in novel and improved
applications and is getting more and more used in chemical research.

The combination of the benefits from the two approaches clearly presents an
attractive reaction design, and this chapter presents an overview of the reported
examples in which the microreactor technology and the multicomponent approach
are combined, usually with dramatically improved results compared to those previ-
ously reported.
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id. Internal diameter

MACOS Microwave-assisted continuous flow organic synthesis
Me Methyl

MNTS N-Methyl-N-nitroso-p-toluenesulfonamide

MR Microreactor

MW Microwave

PEEK Polyether ether ketone

PFA Poly(fluoroacetate)

PMP p-Methoxy-phenyl

PS-BEMP  Polymer-supported 2-tert-butylimino-2-diethylamino-1,3-dimethyl-
perhydro-1,3,2-diazaphosphorine

PSP Polymer-supported tetra-N-alkylammonium perruthenate
PS-PIFA Polymer-supported (ditrifluoroacetoxyiodo)benzene
PTFE Polytetrafluoroethylene

TEMPO 2,2,6,6-Tetramethylpiperidine-1-oxyl

TMSCN Trimethylsilyl cyanide

TOF-MS Time-of-flight mass spectrometry

TTMSS Tris(trimethylsilyl)silane

USYNTAS  Miniaturised synthesis and total analysis system

1 Introduction

Multicomponent reactions are recognized as an important tool in organic synthesis.
The benefits of the approach are obvious: when three or more molecules react to
form a single compound, multistep procedures are avoided and combinatorial
possibilities are built in a simple and elegant manner. The idea of multicomponent
reactions is not new: Strecker, Hantzsch and Biginelli reactions were first reported
in the nineteenth century, the Mannich reaction in 1912, the Passerini reaction
in 1921, etc. [1-5]. All these reactions have been further modified and various
adaptations are being reported over the years. Novel multicomponent reactions are
also being reported frequently. Especially with the current trends in chemistry that
stresses process efficiency and sustainability, multicomponent reactions are gaining
a renewed significance and interest in research [6-9]. Probably the most important
field for multicomponent reactions is the research in the pharmaceutical industry,
where the number of combinatorial possibilities dramatically decreases the time
needed for the production of libraries of biologically active chemical compounds.

Microreactor technology is a relatively young field: the first microreactor system
was described in a German patent from 1986 [10]. A microreactor is generally
defined as a device containing microstructured features, in which chemical reac-
tions are performed in a continuous manner [11]. Microreactors offer a plethora
of advantages over classical batch processes: miniaturization obviously leads to
the use of smaller quantities of materials, providing economical and environmental
benefits and easier control of the reactions’ safety; flow conditions ensure good
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mixing of the reagents and strictly respected stoichiometry. Continuous processes
furthermore allow faster processing of unstable intermediates and avoid serious
drawbacks of the batch productions, such as, for example, delays due to reaction
work-up. Another important convenience of the technology is the increased surface-
to-volume ratio and the heat-exchange efficiency, which allows better thermal control
of the reactions and makes microreactors suitable for exothermic reactions, some-
times even eliminating the need for external cooling and thus decreasing the overall
process energy demands. Additionally, thanks to the enhanced temperature distribu-
tion, it is also possible to reduce the reaction time under carefully controlled condi-
tions by increasing the temperature while avoiding the formation of side products.
The main asset of microreactor technology adding an industrially important signifi-
cance is its scalability: this is due to the favourable surface-to-volume ratio that
reduces the number of steps needed in the transfer from lab to pilot and industrial
scale (often mentioned “scale-out” instead of “scale-up”). Practically, the only serious
drawback of the technology is the formation of solids during the reaction; insoluble
particles can easily clog the fine routes stopping the flow and creating difficulties in
conducting the reaction. Another problem can be the formation of gasses during
the reaction, which can cause instability of the flow, thus demanding a strict control of
the pressure in the device. However, when these risks are avoided or controlled, the
microreactor technology is considered very advantageous for various applications
in the fine chemical and the pharmaceutical industry [12, 13].

The combination of the two approaches that have obvious advantages therefore
presents an attractive reaction design with added value in the inventions and
optimizations of existing processes. We hereby give an overview of current achieve-
ments in this field. However, there is a rather limited number of published data on
strictly defined multicomponent reactions in which all the reactants are added at
once to the reaction mixture, due to the technical characteristics of the systems (e.g.
number of inlets) or the possible complications due to side reactions; such reactions
are conducted in a multistep mode or employ preformed intermediates. These
reactions are also taken into account on the condition that the process is conducted
continuously without purification of the intermediates and that the final product
contains scaffolds originating from three or more starting molecules.

2 Multicomponent Reactions Under Microreactor Conditions
(Sensu Stricto)

2.1 The Passerini Reaction

The manufacturer of the commercially available Syrris Africa system [14] reports
on the optimization of several multicomponent reactions: Passerini, Biginelli and
Ugi reaction. However, only the details of the three-component Passerini reaction
were available [15].
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Scheme 2 The Passerini reaction as performed at Syrris [15]

The Passerini reaction is a condensation between a carbonyl, a carboxylic acid
and an isocyanide to form an a-acyloxycarboxamide (Scheme 1) [5].

A significant improvement in the conduction of this reaction was reported under
microflow conditions in comparison with batch mode. Batch conditions involved a
reaction time of 60 h at room temperature to afford the final product in a 62% yield.
Under optimized microreactor conditions, the online HPLC-determined yield was
91% in a 60 min reaction time (Scheme 2). Note that the microreactor setup allowed
the reaction temperature to be higher than the atmospheric boiling point of the
solvent.

2.2 The Formation of Tetrasubstituted Imidazoles

The imidazole ring is often found in biologically active molecules and is as such
important in medicinal chemistry [16]. An interesting route for the production
of substituted imidazoles is the Debus—Radziszewski reaction. This is a three-
component reaction of a diketone, an amine and an aldehyde to form trisubstituted
imidazoles (Scheme 3).

A modification of this reaction by Orru et al. [16] included an a-diketone, an amine
and an aldehyde that react with ammonia to afford a tetrasubstituted imidazole
(Scheme 4). Microwave heating was used to substantially decrease the reaction time.

However, microwave-assisted reactions are not easy to scale-up to industrial
dimensions. In the attempt to make this reaction more interesting for industrial
applications, microreactor conditions were evaluated in a cooperation of the
Stevens and the Orru research groups [17].
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Scheme 3 The Debus—Radziszewski reaction
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Scheme 4 Model reaction of the imidazole synthesis via the modified Radziszewski method to
afford tetrasubstituted imidazoles [16]
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Scheme 5 Modified Radziszewski reaction performed under microreactor conditions [17]

The microreactor system used was the commercial CYTOS College System [18].
The reactor is made of stainless steel, has 100 um channels and 2 ml volume. It has
two inlets operated by two piston pumps. An additional 45 ml residence time unit
(RTU) is connected to the system after the reactor itself to increase the reaction
time. The parts of the device are connected by polytetrafluoroethylene (PTFE)
tubings.

Reagents were injected in pairs. After a series of trials with different flows,
concentrations, solvents and temperatures, the reaction was optimized at 120°C and
a 118 min residence time (Scheme 5).

Conversions were comparable to those previously reported in a batch mode with
microwave heating [16] and the yields were in the range between 18 and 78%, with
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productivities in the range of 5.5-40 g/day depending on the molar mass of the
product. Purification of the final products by column chromatography was in some
cases necessary due to the incomplete conversions and the formation of side
products. However, it was shown that the technology is applicable to this reaction,
in which the results are similar to those of reaction in batch using microwave
heating.

2.3 Production of Isochromenones and Ring Closure
to Isochromeno([3,4-dlimidazol-5-ones

Opatz and Ferenc [19] produced a small library of 3-amino-4-(arylamino)-
1H-isochromen-1-ones from 2-formylbenzoic acid, potassium cyanide and a series
of anilines. The reaction is based on a Strecker mechanism (Scheme 6).

These compounds have a possible biological activity as anti-cancer drugs due
to their expected ability to form Watson—Crick-type base pairs with guanine [19]
(Fig. 1).

The Stevens group [20] performed the reaction under microreaction conditions
using the previously mentioned CYTOS College System [18]. The main problem
with this setup is the formation of crystals (as the final products are crystalline)
that leads to clogging of the system. This was circumvented by injection of a
fluorinated inert solvent (Fluorinert FC-70) after the micromixing unit and before
the RTU, which prevented the clogging and allowed the authors to collect the
desired compounds easily by phase separation.

After the process optimisation (Scheme 7), the final results gave similar yields to
the ones reported in batch trials [19]. The overall conclusion was positive as the
continuous reaction procedure afforded more constant yields, a safer handling of

Ar, .R Ar< .R Ar\N,R
KCN H-OAc NH NH
Ho o N AcOH \\( N
OH " Ar R - o- o e}
0 0 o) 0

Scheme 6 Proposed mechanism for the formation of 3-amino-4-(arylamino)-1H-isochromen-
1-ones [19]

of isochromenone structures
with guanine [19]

0. o
0. H N N
Fig. 1 Possible base pairing \\H )\\ | \>
"N” N7 N
H H
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Scheme 7 Production of 3-amino-4-(arylamino)-1H-isochromen-1-ones and subsequent ring clo-
sure to 1H-isochromeno|[3,4-d]imidazol-5-ones [20, 21]

the HCN produced in the reaction and resulted in an easy scale-up, a common
advantage of continuous flow microreactor setups.

In a further step, the authors performed a ring closure to the corresponding
imidazole moiety affording isochromeno[3,4-d]imidazol-5-ones; it was not possible
to afford the 1H-isochromeno[3,4-d]imidazol-5-ones directly from the 3-amino-
4-(arylamino)-1H-isochromen-1-one precursors, but the reaction from purified iso-
chromenone was successful with yields of up to 96% [21].

2.4 Tetrahydropyrazolo Quinolinones

A three-component reaction to form tetrahydropyrazolo[3,4-b]quinolin-5(6H)-ones
by a reaction of dimedone (1,3-cyclohexanedione), 5-amino-3-methyl-1H-pyrazole
and substituted benzaldehydes, carried out in batch, was recently reported [22-24].
Bremner and Organ [25] have performed this reaction in a microfluidic system
under microwave heating (MACOS, microwave-assisted continuous flow organic
synthesis). The system consisted of three capillary inlets (internal diameter 1.2 mm)
fed by integrated syringe pumps, a stainless steel mixing chamber and a glass
reaction capillary connected to an outlet via PTFE tubing (Fig. 2).

The system proved suitable containing microfluidic conversions over 90%
obtained in a matter of seconds instead of previously reported prolonged refluxing
in different solvents. Reactions performed in the absence of MW irradiation gave
very low conversion with only traces of the products detected; the authors assumed
that this is due to the absence of the turbulent flow induced by microwaves and the
poorer mixing in the laminar flow in the tubings. Separate inlets optimized the
system flexibility and the combinatorial efficiency. In all trials, the conversions
were in the range of 91-100%, and after purification on column and recrystalliza-
tion, the yields were 55-94%. Productivities are dependant on the molar mass of the
product and are in the range of several hundreds of milligram per hour (determined
on a half hour run of the system, Scheme 8).
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Fig. 2 A schematic view of
MACOS setup [25]
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Scheme 8 Microwave-assisted continuous flow process to form quinolinones [25]

The authors applied the similar methodology for a three-component reaction of
dimethyl acetylenedicarboxylate, cyclohexyl isocyanide and several substituted ben-
zaldehydes to obtain a small library of aminofurans (Scheme 9). Batch conversions
reported in previous work required refluxing in benzene for 2-9 h [26] to achieve
similar yields as reactions in dimethylformamide (DMF) under capillary flow using
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Scheme 9 A three-component reaction to yield tetrasubstituted furans [25]

microwave irradiation in a matter of seconds [25]. Additional purification on column
was performed after product collection.

2.5 Carbonylation Reactions

Organocatalysed carbonylations of arylhalogenides are an interesting way of
synthesizing carboxylic acids and their derivatives. They are usually carried out
with the use of pressurized CO at elevated temperatures [27-29].

Pd-catalysed aminocarbonylations of arylhalogenides were performed by sev-
eral research groups under microreactor conditions on various systems. The Long
research group [30] used glass microplates of 5 x 5 cm with channel dimensions of
200 x 75 pm and system volumes of about 75 pl. The Jensen and the Buchwald
research groups [31] used silicon/glass plate with nearly the same volume (78 pl).
Both research groups noticed the formation of an o-ketoamide derivative and
attributed the double carbonylation to the effect of the electron-rich substituents
on the aromatic ring [30] and to the increased CO pressure [31] (Scheme 10).

A short comparison of the two reported procedures is presented in Table 1.

The Csajagi research group used a commercial X-Cube continuous flow reactor
system [32] to perform similar reactions. The reactor is made of stainless steel,
capable of reaching pressures of up to 150 bar, and equipped with preloaded
catalyst cartridges. Monoamides of aryldicarboxylic acids are obtained in a reaction
over a tetrakis(triphenylphosphine)palladium catalyst using N-methylpyrrolidone as
base [33]. Terephtalic acid was reported as the byproduct, but not the a-ketoamide.
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Scheme 10 Carbonylations of arylhalogenides [30, 31]

Table 1 Overview of aminocarbonylation reactions performed under microreaction conditions

Flow Residence ~ CO T R' R’ R’ X Yield Yield Source
(ul/min)  time input [{©) amide (%) o-ketoamide
(min) (%)
5-20 <2 2 ml/min 80 H, N, Bn H LBr  10-58 0-28 [30]
OCH;
12 ca. 4 2.7-148  109-160 CN, (CH,),0(CH,), I, Br  32-83 0-65 [31]
bar OMe (morpholine)
(0] (0]
HO{ R supported Pd catalyst HO*<
| A 1
SIEENLES . O
— R2 y ar = N.
X 0.5 ml/min, 1.5 min R?
0.02M 0.03 M 0
Teq 1.5eq 25-81%

X = o0-, m-, p-, Br
amine = proline, cyclohexylamine, benzylamine, azepane,
tert-butylamine, azepane, 1-(4-nitro-phenyl)-piperazine

Scheme 11 The aminocarbonylation reaction performed in a microflow reactor [33]

R toluene, base
+ HN 0.2 ml/min o) 1
X R? ’ supported Pd catalyst B
-100° R N.
0.05M  005-1M 80-100°C N R2

X=1,Br

R' = H; R? = n-Bu, CH,=CHCH,

R'/R? = (CH,); (cyclohexylamine)
(CH,),0(CHy,), (morpholine)

40 bar

Scheme 12 Carbonylation of iodobenzene and formation of side products [34]

Flow conditions clearly proved superior to the batch conducted trials; the
temperature and pressure conditions from the flow trials repeated in an autoclave
even resulted in the lowest conversions and selectivities (84% vs. 52% in batch and
12% in autoclave, determined by the analysis of the reaction mixture, Scheme 11).
The final yields were reported after purification by preparative HPLC.

In a later work by Skoda-Foldes et al. [34], the same microreactor X-Cube
system [32] was employed to perform the double carbonylation of iodobenzene
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over the same Pd(PPh;), catalyst. After a series of 47 trials with various results,
the optimum temperature was set at 80°C; at higher temperatures, the monocarbo-
nylation reaction leading to the amide was favourized and the formation of side
products was observed. Batch conditions led to lower conversions and higher
formation of side products (Scheme 12).

Ruy et al. have performed a similar reaction under microreactor conditions in a
multiphase solvent system containing an ionic liquid as the catalyst carrier and
reaction promoter [35]. Their system consisted of two T-shaped micromixers (i.d.
1,000 and 400 pm) and a capillary stainless steel tube as an RTU (1,000 pum i.d. and
18 m length, giving a 14.1 ml volume), equipped with pumps and control valves.
Under the optimized conditions, Pd-catalysed carbonylation of aromatic iodides in
the presence of a secondary amine provided only the double carbonylated product,
a-ketoamide, while the amide obtained by the single carbonylation was observed in
high quantities only when the reaction was performed in batch (Scheme 13).

A palladium-catalysed carbonylative Sonogashira coupling was successfully
carried out in the same setup [35]. Aryl iodides and phenylacetylene were submitted

15-20 atm
co 0.25 ml/min
Pd catalyst 0.5 mol% Samimin 0 )O]\
BMIMIPF. 17 ml .14 ml/min 80°C NEt
[ IPFg ERLLEN )J\”/ 2+ Ar” UNEt,
34 min
(e}
i 68 - 85%
Ar—l + Et;NH 0.04 ml/min
14 mmol 70 mmol Ar = Ph, p-MePh
5eq

Scheme 13 Pd-catalysed double carbonylation of aryl iodides [35]

3-5atm
co 1 ml/min
Pd catalyst 1 mol% N O
[BMIm[PFg 17 ml  0.14 mi/min 120°C = Ph + Ar—==—Ph
12 min /
Ar
- Et3N 3.6 eq 72 -92%
Ar—l + Ph—= 0.04 m/min
7 mmol 8-142mm°| Ar = Ph, p-(OMe)Ph, o-MePh, p-F
2eq

Scheme 14 Pd-catalysed carbonylative Sonogashira coupling [35]
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to the reaction with pressurized CO to give exclusively the carbonyl product, while
on the contrary, reactions performed in batch generally led to the formation of the
Sonogashira byproduct in significant amounts of 16-60% (Scheme 14).

The same research group has further performed radical carbonylation reactions on
the same microreactor system [36]. First, alkyl halides were initiated and effectively
reacted with pressurized carbon monoxide to form carbonyl compounds. The prin-
ciple was subsequently successfully extrapolated to the multicomponent coupling
reactions. 1-Iodooctane, carbon monoxide and methyl vinyl ketone were reacted in
the presence of 2,2'-azobis(2,4-dimethylvaleronitrile) (V-65) as an initiator and
tributyltin hydride or tris(trimethylsilyl)silane (TTMSS) as catalyst (Scheme 15).

Reactions were conducted at 80°C and at different CO pressures with a reaction
time of 29 to 30 minutes. Two different carbonyl compounds were produced by a
three-component reaction setup. The yields were determined by GC analysis from the
outlet flow.

2.6 Curtius Rearrangement Followed by Nucleophilic Protection

Curtius rearrangement is a well-known reaction of azides to form isocyanates [37].
It is taken into account in this overview, since in the example the azides are
produced and reacted with a nucleophile in situ (in one flow), and thus the final
product is composed from three starting components.

V-65 0.1 eq and BuzSnH 1.5 eq (a) or

| V-65 0.3 eq and (TMS)3SiH 1.2 eq (b)
C/V + TR 0
4eq(a) oo R
0.017 M (a) or €dta) or 0~
0.025 M( ()b) 1.2eq(b) 29 min (a)

co _ Otamimin | 30mn®
0.35 - 0.38 ml/min R = COCHj; 78% (a) and 92% (b)
80 atm (a) or 20 atm (b) R=CN 83% (b)

Scheme 15 A three-component condensation including a radical carbonylation [36]

(0]
RJ\OH Nuc-H ——
1.1eq + 1-3eq
H
EtsN MeCN [ | ) _N__Nuc
2eq 0.2 - 0.5 ml/min CcFe resins R \n/
20 - 50 min 120°C (0]
0 75 - 95%
PhO-P< N
PhO"™ N3
1eq

Scheme 16 Curtius rearrangement as performed in the continuous flow [39]
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On a commercially available Vapourtec R2+/R4 combination module [38], the
Ley research group performed a Curtius rearrangement on a series of carboxylic acids
capturing the isocyanates with suitable nucleophiles (Scheme 16) [39]. A similar
reaction was performed earlier, with an intermediate separation of the reactants [40].

The microreactor system consists of a pumping module (R2+) and a four-
channel heated component (R4). Two independently conducted flow streams are
mixed in a T-piece and driven through a convection-flow coil (CFC, volume 10 ml)
made of poly(fluoroacetate) (PFA). After the CFC, the flow is guided through
Omnifit glass columns [41] packed with immobilized scavengers.

Diphenylphosphoryl azide (DPPA) was used as an azide source. The reaction
was performed on a range of aromatic and aliphatic carboxylic acids. Acyl azides
were formed quickly at room temperature; however, elevated temperatures were
necessary for the rearrangement step. A variety of nucleophiles were successfully
used to obtain a library of 29 products. Both one-flow and two-flow approaches
were successful (all reactants injected via one or via two inlets). After the reaction,
the resulting stream was purified by passage through columns containing a tri-
methylamine resin (Amberlyst 21) to remove the excess of the diphenylphosphonic
acid formed in the activation step as well as the unreacted carboxylic acid, and a
sulfonic acid resin (Amberlyst 15) to remove the triethylamine base from the
reaction. After this step, the solvent was evaporated from the resulting flow,
which was enough to obtain the products in sufficient purity (>90%) and in the
yields of >75%.

Alternatively, microwave heating to 120°C was used for the synthesis of Boc-
protected aniline because of the lower nucleophilicity of terz-butanol.

2.7 Formation of Triazoles Using the Bestmann—Ohira Reagent

In another series of experiments, the Ley research group [42] has used a Bestmann—
Ohira reagent (dimethyl 1-diazo-2-oxopropylphosphonate [43]) to synthesize vari-
ous alkynes and triazoles starting from aldehydes in the same Vapourtec system
[38] combined with Omnifit glass columns [41].

In the initial trials, a library of alkynes was synthesized from various aldehydes
(Scheme 17). On the exit of the convection-flow coil, the flow was guided through a
series of resin-filled glass cartridges to remove the side products and the unreacted
materials and to afford the end stream with sufficient purity (>95%).

o (0] Q KOtBu
N )S(,B\_o 0.12 M in MeOH -CFC - Re— 1
+ p——
R 'H (0] h 0.3 ml/min
N, | 30 min 65 -84 %
0.13-0.15M 100°C

0.1 M

Scheme 17 Flow synthesis of terminal alkynes using the Bestmann—Ohira reagent [42]
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Scheme 18 A three-component formation of triazoles from aldehydes [42]
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Scheme 19 A three-step synthesis of triazole using Bestmann—Ohira reagent starting from an
alcohol [42]

After the optimization of these conditions, by adding an azide to the input stream it
was possible to synthesize a range of substituted triazoles in a heterogeneously
catalysed three-component reaction (Scheme 18). After the CFC, the stream was
passed through a column containing a resin-immobilized copper-based catalyst,
which was used in a previous work by the same authors to successfully catalyze
the formation of triazoles from alkynes and azides [44]. An immobilized thiourea-
containing cartridge was subsequently used to remove any leached Cu catalyst.
In a similar way as for the alkynes production, the series of resins was used to
purify the product.

An alternative approach consisted of the use of an alcohol as aldehyde precursor
since aldehydes are less stable (prone to overoxidation, polymerization or formation
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of hydrates) and thus less suitable for this reaction. In this case, a polymer-supported
TEMPO in a glass column was added in front of the rest of the columns containing
resins and catalyst to selectively oxidize the alcohol to aldehyde. Similar flow
conditions yielded the product in >95% purity after crystallization (Scheme 19).
This combined multicomponent multistep approach, including the elegantly
solved issues of heterogeneous catalysis and product purification, thus proved
successful on a small sample with the possibility of producing larger libraries.

2.8 The Mannich Reaction

The condensation between an aldehyde, an amine and an active methylene
compound, named after Carl Mannich, was first published in 1912 [4]. The pro-
ducts of the reaction, o-amino ketones or Mannich bases are important compounds
with numerous applications in the synthesis of pharmaceuticals and of natural
products [7].

In 1994, Strauss et al. [45] reported a continuous flow microwave-assisted setup
to perform a range of synthetic reactions (Fig. 3).

The system was composed from PTFE tubings with a 3 mm internal diameter,
which allowed the use of a pressure of 1,400 kPa and a temperature of 200°C. The
volume of the reaction coil alone was ca. 85 ml and of the whole system around
110 ml. In this system, the residence times were 1-2 min and flows of 15 ml/min
were employed.

Pressure sensor

v

Pressure sensor

v
Microwave cavity ’—>( Heat exchanger )—Pél—

Pump >

Reaction Product
mixture mixture
O

Fig. 3 A continuous-flow microwave-assisted setup [45]
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Scheme 20 A microwave-assisted Mannich reaction performed in a continuous flow millireactor [45]
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Various processes were tested, and among others, a Mannich-type reaction was
performed (Scheme 20). The yield was modest but the reactor design was appealing
and the methodology was further applied in the research group [46].

3 Multicomponent Multistep Reactions Performed
in Microreactors

3.1 The Strecker Reaction

First published in 1850 [1], the Strecker reaction (Scheme 21) is a convenient tool
for the synthesis of a-amino acids. Originally it was reported as a condensation of
an aldehyde, ammonia and a cyanide source in buffered aqueous medium to form an
a-amino nitrile, which is then hydrolysed to an o-amino acid [47, 48].
Alternatively, the nitriles can be further converted to a range of other molecules
[49, 50]; yet, the synthesis of the o-amino acids (especially non-proteinogenic
amino acids) remains the most important industrial application of this reaction
because of its simplicity and the availability of the starting materials [47, 51].
Various adaptations of the original procedure have been reported over the years,
with variations in catalysts and conditions [7, 8, 52]. However, most of these
procedures still encounter a range of shortcomings: the need for elevated reaction
temperatures, extended reaction times, expensive homogeneous catalysts or an
excess of the cyanide source, variable yields and most notably competing cyanohy-
drin formation that can occur (Scheme 22) [48]. This problem is usually bypassed,

2 (6] 1 ’R2 H* R

R - 1_N

u + M+ HON —> R N><0N — R N><COzH
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Scheme 21 The Strecker reaction

0 NH, N/\/© HN/\/@
©N TMSCN
H > H - \\N
Br Br Br

TMSCN
OTMS OH
Br Br

Scheme 22 The model Strecker condensation and the side reaction of cyanohydrin formation
[48, 53]
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also in industry, by the pre-formation of imines, thus by the indirect performance of
the reaction [52]. However, this additionally complicates the process because the
first step of the reaction, the imine formation, needs to be monitored and controlled.
Because of the facile reaction control and modification of the conditions, micro-
reactor technology offers a convenient solution to this problem.

Wiles and Watts [48, 53] have reported the use of a rather successful heterogenic
catalytic system to carry out these reactions. They have tested a borosilicate glass
microreactor (dimensions: 3.0 x 3.0 x 0.6 cm) consisting of two etched layers
with two inlets, mixing channels, a larger etched region and the outlet. A solid-
supported catalyst was dry-packed in this structure (Fig. 4).

In a first series of trials, trimethylsilyl cyanide (TMSCN) was used as the cyanide
source and polymer-supported (ethylenediaminetetraacetic acid) ruthenium(III)
chloride as the Lewis acid catalyst (Scheme 23). After the optimisation of the
conditions on a model reaction, a small library of compounds was produced, proving
the concept by obtaining 100% yields in 2.5 h reaction time. Using flow rates of

. Inlets
A B ~ /
—C
Fig. 4 The microreactor Outlet =
assembly for the Strecker T
reaction conducted under Supported
continuous flow [48, 53] catalyst
(0]
L, A
R "H
0.4 M
2
R2. R3 B Q-Ruc rs _R
N’R — QSc(0T; N
T ——
10 - 40 pl/min R1)\\
04M MeCN, t SN
—Sl*i‘CEN <1s 99.6 - 100%
02M
Scheme 23 The Strecker R! = Ph, di-m-OMePh, p-BrPh, p-CIPh, p-COOCH,Ph

2 _ -0 -
reaction as performed by RS = Ph(CZH2)3”’ n=0-3 )
Waits et al. [48, 53] RY=H; RYR" = (CHy), (proline)



Microreactor Technology as an Efficient Tool for Multicomponent Reactions 179

10 pl/min, the productivities were in the range of 17.2-19.7 mg/h. After solvent
evaporation, no additional purification was needed. Reactions were conducted at
room temperature since the initial heating to 40°C caused the leaching of Ru metal
from the catalyst. Doubling the flow rate, the output (expressed in gram per hour)
was increased by approximately 50%.

Alternatively, the authors have evaluated the polymer-bound scandium(III) bis
(trifluoromethanesulfonate) as catalyst, and it proved to be slightly more active than
the previous one. In a series of runs, the authors have re-evaluated the method and
produced a library of 50 o-aminonitriles starting from aliphatic and aromatic
aldehydes. In all runs, the reported yields were >99.6%.

In this way, the authors have proven several significant advantages of the
reactions performed in a microreactor: shorter reaction times, improved atom
efficiency, excellent product yields and purities, efficient catalyst recycling and
the increased safety of the reaction, thanks to the closed system which prevents the
release of the cyanide.

3.2 The Ugi Four-Component Condensation

First reported in 1959 [54], this four-component reaction involves a carbonyl com-
pound, an amine, an isocyanide and a carboxylic acid to form a diamide (Scheme 24).

2
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Scheme 24 The four-component Ugi reaction
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Scheme 25 Ugi reaction protocol applied in a pSYNTAS system [57]
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Since its first introduction, the reaction proved useful for a number of applica-
tions, and a large number of variations have been reported; it is especially useful in
medicinal chemistry for the synthesis of a range of active compounds [55].

De Mello et al. have constructed a so-called pSYNTAS (miniaturized synthesis
and total analysis system). The system was used to perform an Ugi-type reaction to
form several o-aminoacetamides from amines, isocyanates and formaldehyde in
the presence of water (Scheme 25) [56-58]. The reported system consists of a
glass/silicon nanoreactor [59] in connection to a TOF-MS for the real-time online
analysis of the reaction stream. Reactions were conducted in the 600 nl volume chip
under continuous flow of 20-2 pl/min flow rate. Reduced flow rates resulted
in increased outputs. The analyzed outlet flow showed high yields of the desired
products with small quantities of starting materials and intermediates (no exact
yields were reported).

The miniaturized conditions provided a suitable setting for this reaction, afford-
ing several important benefits. First, in microreactor environment this highly exo-
thermic process demanded no additional cooling, whereas the reaction in batch
needs to be conducted at 0°C. In addition to this, instant TOF-MS analysis proved
the formation of the nitrilium cation intermediate, thus proving the reaction
mechanism that was speculative until then. Another advantage of the reactor
directly connected to the analyzer is the convenience and the speed of the reaction
optimization.

3.3 Trisubstituted Oxadiazoles

1,2,4-Oxadizole-containing structures are commonly found in biologically active
molecules and are used in several drugs and drug precursors [60]. Typically, the
production route leading to these scaffolds consists of two steps: in the first one,
arylnitriles and hydroxylamine react to afford the corresponding amidoxime; in a
second step, the amidoxime is cyclized using an acid chloride (Scheme 26) [61].
The final step poses difficulties to the process since it requires long reaction
times and often needs to be performed in a sealed tube. Recently, improvements of
the process were reported, including the use of microwaves [62]. However, micro-
waves-promoted reactions are not suitable for a convenient scale-up at the moment.

o =
&y Gl )
| N —
c NH sealed tube
NC o
Py QAO
CN

@ NH,OH x HOI [ 7oh N~
I > NH
N7 >CN NacA)Hé OEr:OH N~ oy | O’N
Ho 1

CN

Scheme 26 Batch synthesis of disubstituted 1,2,4-oxadiazoles [61]
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Scheme 27 The synthesis of disubstituted 1,2,4-oxadiazoles in a microreactor setup [60]

Cosford et al. [60] have used a commercial Syrris Africa system [14] to synthe-
size a library of 1,2,4-oxadiazoles (Scheme 27). By a multistep procedure using
connected microreactors in a single sequence, the procedure was performed in an
efficient way: the intermediate product purification was avoided and the reaction
time was considerably reduced from several days to 30 min.

The steps were initially followed in order to optimize the conditions. In the
preliminary experiments, the conversions to amidoximes (first step) were complete
within 6 min at 150°C. The second step, cyclization to the final product, was
finished after 10 min at 200°C and 7.5-9.0 bar. The stream of the intermediate
amidoxime needed to be cooled before the reaction with the acid chloride, and this
is achieved by introducing a cooling loop at 0°C.

This general procedure was applied to a variety of scaffolds to produce a small
library of compounds. After the work-up and preparative HPLC, the final yields
were in the range of 40—63%, which is comparable to the previously reported batch
procedures. A typical 35 min run finally gave 0.5 mmol of the product that afforded
40-80 mg after the HPLC purification; this accounts to approximately 80—-160 mg/h
productivity.

A similar procedure was applied in the production of 3-(3-aryl-1,2,4-oxadiazol-
5-yl)propanoic acids; succinic anhydride was used instead of the acid chloride and
the yields of these reactions were similar to the previous trials (46—-62%).
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Scheme 28 Sequential reactions of o-dibromobenzene with two different electrophiles [63]

3.4 Electrophilic Substitution on Benzene Ring

Yoshida et al. [63] applied microreaction technology for the sequential synthesis
and the disubstitution of o-bromophenyllithium (Scheme 28). Lithiation of
o-dibromobenzene in batch leads to the formation of the highly reactive benzyne
and to the further creation of various side products; thus this reaction needs to be
conducted at —100°C and below to avoid this problem. This reaction was optimized
under microreactor conditions for the production of o-bromophenyllithium and for its
further reaction with methanol to determine the yield of bromobenzene. Microreac-
tors were set up of stainless steel tubes with an internal diameter of 250—1,000 pm.

After the optimization of the conditions for the production of o-bromophenyl-
lithium to —78°C with a 0.8 s residence time, the scope was extended to sequential
Br-Li exchange of both bromine substituents on the benzene ring and the reaction
with electrophiles to form o-disubstituted benzene rings. This was done in a four-
step reaction in one flow using four-linked microreactors (MR;_y4). For the second
lithiation, the temperature of 0°C was sufficient, which was expected since the
aryllithium intermediate is more stable than o-bromophenyllithium.

In this way, the authors proved that microreactor technology is a useful tool
in handling highly unstable intermediates in a way that is easy to control. The
reactions were conducted using less harsh conditions (higher temperatures were
possible due to the thermal efficiency of the system) and in short reaction times.

Further, the authors were able to perform similar reactions on p- and m-dibro-
mobenzenes at 20°C, which is a significant improvement in comparison to batch
mode conditions that demand temperatures below —48°C. They have applied the
same four-membered system for sequential introduction of two lithium atoms to the
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aromatic core and their substitution with a range of electrophiles, with yields
similar to the previously reported o-disubstituted derivatives [64].

The same system is further applied to various dibromobiaryls and resulted in the
successful production of unsymmetrically substituted biaryls [65].

3.5 Diarylethenes

Following similar trials with the formation of diarylbenzenes [63—65], the same
research group has reported a multistep synthesis of photochromic diarylethenes
using a microflow system that contained two linked micromixers and microreac-
tors (MR _,) [66]. Similarly to the previously reported linked microreactors, the
reactors used in this setup were made of stainless steel tubes and T-shaped
micromixers. Initial experiments were conducted in two steps in a continuous
sequence to afford symmetrical octasubstitued diarylhexafluoro cyclopentene
(Scheme 29).

Analogously to the previous work, a significant improvement was achieved
using much shorter reaction times (seconds instead of hours) and less stringent
conditions in comparison to the previously reported batch procedures: a tempera-
ture of 0°C was sufficient to perform the reaction successfully, while in batch a
temperature of —78°C was necessary to avoid the formation of numerous side
products. Also, the batch reaction demanded the intermediate isolation of the
monosubstituted derivative before the second reaction with the aryllithium, as the
main reaction product was the monosubstituted derivative, while under
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Scheme 29 Initial trials affording symmetrical diarylethenes [66]
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Scheme 30 Synthesis of an unsymmetrical diarylethene using a multistep microflow system [66]

microreactor conditions it was possible to perform the reaction in one step using
two mole equivalents of an aryllithium (Scheme 30).

The reaction scope is further enlarged to unsymmetrically disubstituted deri-
vatives. Using one mole equivalent of two different aryllithium precursors at
a time in a sequence of four micromixers and microtube reactors (MR;_y), it
was possible to obtain an unsymmetrically disubstituted final diarylethene. The
yield was determined after solvent evaporation and sample purification on the
column.

3.6 Azo-Dyes

Azo-dyes are important in medicinal chemistry in the treatment of Crohn’s disease
and ulcerative colitis [67], and the Sudan series of azo-dyes are commonly used as
microbial stains [68]. Diazonium salts are intermediates in the production route of
these useful structures. Diazonium salts are instable and explosive, which imposes
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Fig. 5 A monolithic Inlet A Inlet B
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Scheme 31 The production of diazo compounds in a two-step continuous flow [68]

the need of high security levels in the industrial environments dealing with these
processes. Microreactor technology offers a simple control of this hazard, thanks to
the small scale and the flow conditions.

De Mello et al. [68] have produced several azo-dyes by the conversion of an
aromatic amine to a diazonium salt and its reaction with B-naphtol in a monolithic
nanoreactor (Fig. 5).

The reactor consisted of two inlets with a serpentine delay section and an
additional inlet to perform the addition of the reagent in the second step. Channels
were of 150 um width and 50 pum depth. The amine and sodium nitrite solutions
were injected separately at a rate of 3.5 pl/min, and B-naphtol was added via the
third inlet at a flow rate of 7 pl/min (Scheme 31).
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Scheme 32 Multistep synthesis of MNTS and the in situ liberation of diazomethane [70]

Reactions were conducted at room temperature. The monolithic design of
the device led to the increased safety of the process. The authors assigned the
variable yield of the reaction to the non-optimized conditions. However, they
have proved the principle of conducting the reactions containing diazonium salts
in a safe way at room temperature, which is not possible on macroscale and batch
conditions.

3.7 N-Methyl-N-Nitroso-p-Toluenesulfonamide

N-Methyl-N-nitroso-p-toluenesulfonamide (MNTS) is an important precursor for
the production of diazomethane. Diazomethane is then further converted to a
range of useful molecules in the pharmaceutical and fine chemical industry [69].
Production of MNTS is a highly exothermic process and includes the presence of
the extremely toxic materials. Stark et al. [70] have explored the application of
microreactor technology for the production of this industrially valuable material,
assuming that due to the efficient heat exchange and the closed system, microflow
conditions provide a safer environment for these hazards.

After initial batch optimization of the solvent, concentrations and molar quan-
tities of the reagents, the transfer to a continuous setup was conducted. The
microreactor was a commercially available glass unit from Little Things Factory
GmbH [71], of dimensions 1.4 x 1.8 x 125 mm and of internal volume 0.12 ml,
consisting of four layers with mixing elements distributed over the whole length.
The glass units were combined with the PTFE capillaries connected to a PTFE
micromixer to form a set up of four micromixers (M;_y).

After the first step of the N-methyl-p-toluenesulfonamide production, the sul-
fonamide containing organic solvent stream is gravimetrically separated from the
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waste containing the water layer and is continuously fed without intermediate
purification into mixer M3 where it is submitted to nitrosation. Overall yields of
the whole process are in the range of 70-80% (Scheme 32).

MNTS produced in this way is further converted to diazomethane in a micro-
reactor setup as reported previously by the same research group [72].

3.8 Trisubstituted Imidazoles by a Bifurcated Pathway
to 5-Aminothiazoles

A base-mediated condensation of an isocyanide and an isothiocyanate gives
4,5-disubstituted thiazoles, as first reported by Matsumoto et al. in 1982 [73].
In subsequent work by Solomon et al., a regioisomeric imidazole was observed as
a side-product due to the flexibility of the route that allows facile introduction of a
substituent on the exocyclic nitrogen atom [74]. Baxendale et al. [75] explored this
reaction under microflow conditions (Scheme 33).

The system was assembled from HPLC pumps and a micromixer chip from
Syrris [14] combined with Omnifit glass columns [41] containing polymer-supported
catalysts, reagents or scavengers. The Vapourtec R4 module [38] was used to
control the reaction temperature, and the progress of the reaction was followed
by an online assembled UV-unit. In a typical procedure, ethyl isothiocyanate
and 4-bromophenyl isothiocyanate in a MeCN solution were mixed in a chip and
injected in a glass column containing a polystyrene-immobilized phosphazene base
(2-tert-butylimino-2-diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine,

jl/ . /,/C 0.05 ml/min
//\o N

(0]
0.75M —% N
1
| MeCN ™ yr chip ) B
S
HN

Q—BEMP
N 0, 1.6 eq, 55°C
R ~ C\\S 0.05 ml/min 2) a = ‘
s Br NN
R1
0.75 M
R? 48-97%
0.75M o)

MeCN
5 /[/jIN>
A\
> N

R' = p-Cl, p-Br, p-OMe, m-F, m-OMe, S
0-OMe, di-m-CF3 m,p-Cl, p-NO, 4 \
R? = OMe, Br, H, CN
~ X 1
R
R2
0-48%

Scheme 33 Synthesis of 4,5-disubstituted imidazoles [75]
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PS-BEMP). The reaction gave 4,5-disubsituted isothiazole in 58% yield. What
was interesting was that an additional washing of the immobilized base with an
electrophile (in a typical setup, 2,4’-dibromoacetophenone) gave the corresponding
1,4,5-trisubstituted imidazole in 38% yield and >95% purity. Additional efforts
were done to produce only the imidazole structure by using the premixed electro-
phile and ethyl isothiocyanate, however, without success.

Technically, the 1,4,5-trisubstituted imidazoles are the side products of the
above mentioned isothiazoles production. However, the results are reproducible
(confirmed in a series of trials) and the reported bifurcation is an interesting method
of extrapolating the microflow applications.

3.9 Multistep Synthesis of Oxomaritidine

The Ley research group [76] developed a flow process for the multistep synthesis of
(£)-oxomaritidine, an alkaloid found in the Amaryllidaceae family, known to have
antineoplastic activity (Scheme 34) [77, 78]. The route does not involve interme-
diate purification of the products, which is necessary in the previously reported
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Scheme 34 A continuous flow synthesis of (£)-oxomaritidine [76]
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syntheses [79], and it also affords an important saving in time as it requires less
than a day of operation as opposed to four days required for the multistep batch
operations due to the necessary purification of intermediates.

The sequence includes several synthetic steps over polymer-supported catalysts
in directly coupled commercially available Omnifit glass reaction columns [41]
using a Syrris Africa microreactor system [14], Thales H-Cube flow hydrogenator
[32] and a microfluidic chip. The process affords the alkaloid in 90% purity after
solvent evaporation, but in a moderate 40% yield. After a closer investigation it was
concluded that this is due to the poor yield of 50% in the phenolic oxidation step.
On condition that this is resolved with the use of a more effective supported agent,
the route would provide satisfactory yields and purities of the product.

The route is, however, important as it shows the possibility of passing from
multistep sequences in batch that usually require intermediate isolation and purifi-
cation in between steps to a continuous sequence using flow chemistry that pro-
duces the desired molecules requiring a minimum purification at the end and
providing important savings in time and resources.
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Scheme 35 Direct and indirect Mannich reaction [52]
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Scheme 36 Mannich reaction as performed by Odedra and Seeberger [84]



190 A. Cukalovic et al.

4 Multicomponent Reactions Using Preformed Intermediates

4.1 The Mannich Reaction

When performing a Mannich reaction in its initial three-component design, the
selectivity is sometimes difficult to obtain due to the competition with the side
processes, primarily the auto-aldol condensation [52, 80]. A common solution for
this problem is the pre-formation of an imine or the enolate, or both and thus the
sequential (indirect) performance of the reaction (Scheme 35) [52].

The problem of competitive reactions can also be overcome by the use of
specific catalysts; proline and its derivatives proved to be effective and enantio-
meric-specific organic catalysts [80-83].

Odedra and Seeberger [84] have successfully applied microreactor technology
for the asymmetric aldol condensation between acetone and various aromatic alde-
hydes catalysed by a proline derivative, 5-(pyrrolidin-2-yl)tetrazole (Scheme 36).
A glass microreactor with 1.0 ml capacity was used in these experiments. Proline-
catalysed aldol condensation is generally a long reaction, taking up to several
days, and requires heavy catalyst loading, up to 35% [82, 84]. Under microreactor
conditions, the initial screening showed that it was possible to keep the yields while
reducing the reaction time by increasing the temperature. Because of the better
thermal profile of the microreactor, the enantiomeric purities of the products were
retained as well. Reduced catalyst loading (5%) resulted in maintained yields and
purities.

After the initially performed aldol condensations and the process optimisation,
the scope of the reaction was further extended to an enantiomeric Mannich reaction.
The authors started from N-PMP-protected a-imino ethyl glyoxylate and cyclohex-
anone in the presence of 5% catalyst loading. In 10 min at 60°C, the conversions
were complete and the B-aminoketone was obtained in 91% yield and >95% ee
after purification on column.
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Scheme 38 The first reported three-component aza-Baylis—Hillman reaction [91]
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4.2 Aza-Baylis—Hillman Reaction

The phosphine-catalysed reaction between an aldehyde and an acrylate yielding
B-hydroxy-o-methylene structures was first described by Morita et al. in 1968
(Scheme 37) [85]. In 1972, Baylis and Hillman [86] used a tertiary amine as catalyst
and improved the yield of this reaction.

The aldehyde can be replaced by an imine and the reaction is then called the
aza-Baylis—Hillman reaction [87, 88]. f-Amino-a-methylene structures obtained in
this way could further be converted to a range of biologically important molecules,
such as -amino acids [89]. First reaction of this kind was published in 1984 [90].
Tosylimines and ethylacrylate reacted in the presence of DABCO as catalyst to give
B-aminoesters. First three-component aza-Baylis—Hillman reaction was published
in 1989 by Bertenshaw and Kahn [91], with imine formation in situ from an
aldehyde and an amine. In the presence of triphenylphosphine as catalyst, the
reaction with methylacrylate led to the formation of the B-amino-o-methylene
esters and ketones in good yields (Scheme 38).

The conversion rate in aza-Baylis—Hillman reactions is generally low, which
leads to extended reaction times [87]. Heating is normally used to increase the
reaction speed; however, it also promotes the formation of side products. Alter-
natively, microwave heating was successfully used as a way of promoting the
reaction [92]. However, microwaves-promoted reactions are not easy to scale-
up. Guided by this, the Stevens research group [89, 93] used the commercial
CYTOS College System [18] to perform these reactions on a microscale in a
continuous manner in order to improve the reaction rates and make it industrially
more applicable.

RT 118 min o
0.4 ml/min
0.6M H,O/DMSO 1/1 82%

0 [ﬁj He

NH,Tos
batch

N _Tos [@j Tos. NH O

0.05 - 0. 075 M (1 eq) O/ )
+
/Q)k W RT 118 min M
O,N

0.4 ml/min
DMF
0.05-0.075 M 0.15-0.225 M (3 eq) 30%

Scheme 39 Baylis—Hillman (1) and aza-Baylis—Hillman reaction (2) [89]
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Initial experiments were performed with a Baylis—Hillman setup, with
p-nitrobenzaldehyde and methyl acrylate, in the presence of DABCO as catalyst
(Scheme 39). Optimized conditions with a 118 min residence time (30% faster
than the required time under batch conditions) at room temperature and 0.4 ml/
min flow resulted in encouraging conversions and yields (up to 93 and 82%,
respectively).

The scope was then extrapolated to the two-step three-component aza-Baylis—
Hillman setup to obtain f-amino-o-methylene structures. A two-step approach was
chosen to avoid the competition between the aldehyde and the imine for the reaction
with the enolate, that would lead to mixtures of Baylis—Hillman and aza-Baylis—
Hillman adducts, that is B-hydroxy and B-amino esters [87].

Unfortunately, starting from the preformed imine and acrylate under conditions
optimized for the Baylis—Hillman reaction, the authors could not reproduce the
results from the Baylis—Hillman trials: they obtained only conversions up to 46%
and yields of up to 30% (Scheme 39) [89].

R1
=0 + HN-RS A
J 2
R
OR* R' OR*
p=0 | SNH—-P=0
* H-P=0 —> R :
OR® R2 ORS
R1 RS
=N
R? B

Scheme 40 Formation of o-aminophosphonates by a three-component (a) or a two-component (b)
route [97]

_R? H. .R?
N 2 s MeOH N
T
R H 3 R PO(OR
OR 78 min ! ( )2
20 mass % 1eq 0.6 ml/min 68 - 91%

R' = Ph, 2-phenylethenyl, c-Hex, i-Pr, 2-furyl
R? = i-Pr, allyl
R3 = Me

Scheme 41 Synthesis of a-aminophosphonates [98]
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(6]
H (1) MeOH, 50°C H\NJ\
(2) EtOH, 70°C
—_m ————
. 118 min PO(OCHs),
20 mass % 0.4 ml/min
0 (1) 49%
+ H-P-OCH; —— (2) 48%

NH, OCHs;
1eq 2eq

Scheme 42 The three-component Kabachnik—Fields reaction in the microreactor setup [89]

4.3 «a-Aminophosphonates

a-Aminophosphonates are an important class of organic compounds showing
various pharmacological activities [7]. Several methods have been suggested for
their production [7]. The classical method is a three-component reaction between a
carbonyl compound, an amine and a dialkyl phosphite, usually known as the
Kabachnik—Fields reaction. The reaction was independently reported in 1952 by
both Kabachnik [94] and Fields [95]. An alternative method is the so-called
Pudovik reaction, in which the corresponding imine reacts with a dialkylphosphite
(Scheme 40) [96].

Lewis acids are usually used as catalysts for the Pudovik reaction [97]. On
the contrary, the Stevens group [98] performed the reaction in a microreactor
and proved that it can be successfully performed in the absence of any catalyst.
The authors were guided by the reaction as reported by Fields in 1952 (performed in
the absence of catalysts and also solvents), but certain modifications had to be
applied to make the process suitable for continuous flow microreactor conditions,
that is the use of methanol as a reaction promoting solvent.

The commercial CYTOS College System [18] was used in this work. The imine
was preformed in batch. After the optimisation, similar yields in comparison to the
batch conditions were obtained with productivities of 8.2—-10.7 g/h (Scheme 41).

Using the optimized system for the two-component reaction, the same group [89]
tested the three-component reaction, starting from an aldehyde, an amine and a
phosphite (Scheme 42). An orthoester (trialkyl orthoformate, methyl or ethyl) was
added to remove the formed water and to promote the imine formation, which was
beneficial for the reaction; however, these trials afforded maximally 49% yield due
to the low conversions and low selectivities towards the desired aminophosphonates.

5 Conclusion

The concept of multicomponent reactions performed under microreactor conditions
presents a very promising direction in the exploration of novel production routes in
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chemical research, especially in drug discovery. Multiple combinatorial possibili-
ties and the ease of process control and optimization allow significant savings in
time and materials. An overview of the current achievements in the combination
of the two approaches, given in this chapter, confirms the expected benefits and
the improvement of the chemical processes in a large majority of investigated
applications. It has to be noted that this is a relatively new area of research, and
thus the amount of published work is still limited; however, having in mind the
advantageous possibilities of the technology and the intensive research focused on
new application of microreactors in organic synthesis, an exponential increase in
published work is expected in the very near future.
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Cyclic Peptidomimetics and Pseudopeptides
from Multicomponent Reactions

Ludger A. Wessjohann, Cristiano R.B. Rhoden, Daniel G. Rivera,
and Otilie Eichler Vercillo

Abstract Multicomponent reactions (MCRs) that provide in the final product
amides are suitable to produce peptides and peptide-like moieties. The Passerini
and Staudinger reactions provide one amide bond, and the Ugi-four-component
reaction generates two amides from three or even four (or more) components,
respectively. The Ugi-reaction thus is most important to produce peptides and
peptoids while the Passerini reaction is useful to generate depsipeptoid moieties.
In order to produce cyclic peptides and pseudopeptides, the linear peptidic MCR
products have to be cyclized, usually with the help of bifunctional or activatable
building blocks. Orthogonal but cyclizable secondary functionalities that need no
protection in isonitrile MCRs commonly include alkenes (for ring closing metathe-
sis), azide/alkyne (for Huisgen click reactions) or dienes and enoates (Diels-Alder)
etc. If MCR-reactive groups are to be used also for the cyclisation, monoprotected
bifunctional building blocks are used and deprotected after the MCR, e.g. for Ugi
reactions as Ugi-Deprotection-Cyclisation (UDC). Alternatively one of the former
building blocks or functional groups generated by the MCR can be activated. Most
commonly these are activated amides (from so-called convertible isonitriles) which
can be used e.g. for Ugi-Activation-Cyclisation (UAC) protocols, or most recently
for a simultaneous use of both strategies Ugi-Deprotection/Activation-Cyclisation
(UDAC). These methods mostly lead to small, medicinally relevant peptide turn
mimics. In an opposing strategy, the MCR is rather used as ring-closing reaction,
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thereby introducing a (di-)peptide moiety. Most recently these processes have been
combined to use MCRs for both, linear precursor synthesis and cyclisation. These
multiple MCR approaches allow the most efficient and versatile one pot synthesis
of macrocyclic pseudopeptides known to date.

Keywords Cyclopeptides - Depsipeptides - Peptoids - Macrocycles - Diketopiper-
azines - Benzodiazepines - Ugi-reaction - Polycyclic compounds - Orthogonal
reactivity - Sequential reactions - Iteration - Bifunctional building blocks - Medium
sized rings - Beta-turn motif
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1 Cyclic Peptides

Cyclic peptides are important biologically active compounds that combine peptide
properties with conformational bias and often improved serum stability and
membrane penetration [1-3]. Depsipeptides are similar compounds, but they
contain as part of their backbone one or more hydroxylated amino acid residues
that add ester or lactone moieties to the peptide (Fig. 1) [4-6]. Cyclo- and

Cyclopeptide Cyclodepsipeptide

Sansalvamide A

Fig. 1 Sansalvamide A and peptide analog (left)
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depsipeptides have been found in many natural environments and are widely
investigated for therapeutic uses. Their flexible or rigid scaffold (e.g., macro-
molecular receptors or B-turn mimics), bioavailability (e.g., membrane permeability)
[7, 8], and protease stability can be tuned by substitution, N-alkylation (e.g.,
peptoids), or other modifications leading to pseudopeptides, natural or artificial.
Crucial, however, is cyclization to avoid the linear peptides N and C termini [9-11].
Details can be found in [1-11].

The widespread occurrence of cyclic peptides and depsipeptides in natura makes
the research on the development of rapid and efficient approaches for their genera-
tion mandatory. The rational design of synthetic cyclic peptide analogs, focused on
biological activities that imitate natural structural motifs (turns, helices, etc.), can
help to increase their native properties and to adapted them for human applications,
for example, in medicine [12—-14].

One way to gain fast access to complex structures are multicomponent reactions
(MCRs), of which especially the isocyanide-based MCRs are suitable to introduce
peptidic elements, as the isonitrile usually ends up as an amide after the reaction is
complete. Here the Ugi-4 component reaction (Ugi-4CR) is the most suitable one as
it introduces two amide bonds to form an N-alkylated dipeptide usually (Fig. 2).
The Passerini-3CR produces a typical element of depsipeptides with ester and
amide in succession, and the Staudinger-3CR results in B-lactams. The biggest
unsolved problem in all these MCRs is, however, that it is still close to impossible
to obtain products with defined stereochemistry. On the other hand, this resistance,
particularly of the Ugi-reaction, to render diastereo- and enantioselective processes
allows the easy and unbiased synthesis of libraries with all stereoisomers present,
usually in close to equal amounts.

The combination of pept(o)id-introducing MCRs with subsequent and efficient
post-condensation transformations, especially ring-closing protocols, is an efficient
concept to produce (cyclic) pseudopeptides. The most important versions make use
of protected or convertible functional building blocks to allow later condensation,
specially cyclization. Most relevant are Ugi—deprotection—cyclization (UDC), Ugi—
activation—cyclization (UAC), and the Ugi—deprotection—activation—cyclization
(UDAC), which take advantage of the diverse functionalities incorporated into
the previously synthesized MCR-adduct as bi- or polyfunctional building block
(Fig. 3) [15, 16].

Of course, such deprotection/activation and cyclization protocols are concep-
tually not limited to Ugi-MCRs, but these are the most suitable ones toward (pseudo)
peptide moieties as pointed out earlier (Figs. 2 and 3). The ring-forming steps
following the MCR can lead either to small rings, usually five- to seven-membered
ring heterocycles, or in recent time increasingly also to medium-sized or macrocy-
clic rings. A wide variety of reactions including condensations, ring-closing meta-
thesis (RCM), cycloadditions, peptide and aryl couplings, amidations, intramolecular
SNAr reactions, nucleophilic substitutions, and macrolactonization have been com-
bined with MCRs. They provide a plethora of peptidomimetic or pseudo-peptidic
cyclic scaffolds relevant in medicinal chemistry and biology. The ring-closing
reaction itself may, finally, be an MCR too.
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Fig. 2 Selected multicomponent reactions (MCRs) producing peptidic substructures, with the
Ugi-4 component reaction (Ugi-4CR) as most commonly used one

This review will focus on the use of MCR approaches to cyclic peptides, cyclic
peptidomimetics, or cyclic pseudopeptides, including small or medium-sized hete-
rocycles as mimics of peptide motifs and macrocycles with amino acid or peptide
moieties.

2 Cyclic Peptides and Their Mimetics from MCR/Cyclization
Strategies

2.1 Diketopiperazines

Diketopiperazines (DKPs) are the smallest naturally occurring cyclic peptides.
They are folded head-to-tail and conformationally constrained by a six-membered
ring with the side chains orientated in a spatially defined manner. The DKP core
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Fig. 3 The three most common modes to activate linear Ugi-products for cyclization, especially if
the cyclization involves Ugi-reactive groups (e.g., acid, oxo-compound, or amine). Activation is
mostly achieved with convertible isonitriles, i.e., activated amides (see text). Other MCRs follow
similar concepts. With orthogonal second functionalities for cyclizations such deprotection and/or
activation is not required (see below, e.g., RCM or cycloadditions)

Simultaneousl

shares three different isomers distinguished by the position of the oxo groups in the
piperazine-backbone (Fig. 4).

DKPs possess properties that are useful for medicinal chemistry, such as resis-
tance to proteolysis, mimicry of peptidic pharmacophoric groups, and conforma-
tional rigidity (for reviews and books see [17—19]). They can form hydrogen bonds
as donor or acceptor. DKPs have been employed as selective colagenase-1 inhibi-
tors, bradykinin antagonists [20], opioid receptor agonists and antagonists [21],
antifungal [22, 23] and antibacterial agents [24, 25], inhibitors of mammalian DNA
topoisomerase I, and suppressors of tumor cell growth [26]. They are not only
potent and selective ligands for a wide variety of further biological targets [27-30],
but, like asparagines, are also the source of the bitter taste in some foods such as
coffee, beer, cacao, and chocolate [31, 32]. Furthermore, DKPs often possess
favorable pharmacological parameters and are amenable to combinatorial synthesis.

One of the pioneer works in the synthesis of DKPs through MCRs was reported
by Hulme and coworkers in a three-step solution phase protocol based on UDC
[33, 34]. They have obtained a series of different DKPs by reacting Armstrong’s
convertible isocyanide with aldehydes, N-Boc-protected amino acids as bifunc-
tional acid component containing a protected internal amino nucleophile, and
amines in methanol at room temperature. After Ugi-reaction, the isonitrile-derived
amide is activated with acid (UAC) and allows cyclization to the DKP with the
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Scheme 2 El Kaims synthesis of DKPs using an Ugi/Pictet—Spengler combination

liberated amino function. In a variation, they have used ethyl glyoxylate as a
bifunctional carbonyl component affording the N-Boc-protected Ugi-adduct.
Subsequent deprotection with TFA furnished the desired DKP in yields of 63-95%
(Scheme 1). In this case, the glyoxylate ester acts as the electrophilic carbonyl for
cyclization.

Recently, new strategies and improvements to the already known and previously
reviewed articles appeared [17-19]. In this section, a small update on MCRs
leading to DKPs and related compounds is given.

El Kaim and coworkers introduced a new variation for the formation of polycy-
clic DKPs via Ugi/Pictet—Spengler multicomponent combination [35]. The reaction
of homoveratryl isocyanide with different aldehydes, amines, and a-keto acids
leads to the expected Ugi-adducts, which are not isolated. Addition of trifluoroacetic
acid promotes a cyclodehydratation affording the tricyclic DKPs (Scheme 2).

Andreana and Santra have investigated the influence of the solvent on the
generation of molecular diversity arising from a set of MCR substrates under
microwave irradiation [36]. They have found that by using water as solvent, both
2,5-DKPs and 2-azaspiro[4.5]deca-6,9-diene-3,8-diones were obtained through
aza-Michael reaction and 5-exo Michael cyclization, respectively. Nevertheless,
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Scheme 4 Tryptophane derived diketopiperazines by microwave vs. conventional heating

when dichloromethane was employed, an intramolecular Diels—Alder reaction took
over, affording a tricyclic lactam instead (Scheme 3).

Wessjohann’s group reported a one-pot synthesis of tryptophane DKPs [37].
This combination of two biologically highly active moieties was achieved in a
one-pot variation of the UDC protocol (Scheme 4). It was shown that, assisted by
microwave irradiation, the reaction times can be reduced significantly and that the
formation of DKPs occurs even without the necessity to activate the ester. By
employing microwave (dielectric) heating, the reaction times were reduced sub-
stantially.

The synthesis of steroidal 2,5-DKPs was reported by Bruttomesso and coworkers
in a two-step-based strategy from a steroidal carboxaldehyde and chloroacetic acid
in combination with several amines and isocyanides by employing Ugi-4CR [38].
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Scheme 7 Hulmes UDC approach to DKPs with common isonitriles. The intermediate amide is
activated as leaving group by acid and microwave (MAOS) heating

The N-substituted steroidal DKPs were obtained under ultrasound irradiation in
the presence of KOH with high stereoselectivity (Scheme 5).

Krasavin et al. described the synthesis of dihydropyrazol pyrazine diones via
Ugi-4CR, employing tert-butyl isocyanide as a convertible reagent [102]. The
authors reported that, under microwave irradiation, the tert-butyl isocyanide
behaves similar to Armstrong’s isocyanide, furnishing the DKPs in good yields.
It is noteworthy that the low priced isonitrile applied may be helpful for developing
large-scale syntheses in the future (Scheme 6).

A similar approach was recently reported by Hulme and coworkers. They
published an Ugi-reaction-based DKP synthesis that does not require special isoni-
triles but uses simple linear ones like N-butyl isocyanide. The corresponding
Amide-Ugi-products usually do not cyclize well, but under microwave conditions,
good yields were obtained (Scheme 7) [39].

Recently, a combination of the UAC and UDC protocols was reported by
Wessjohann’s group [40]. In this work, the acid-activated, well-behaved 1-iso-
cyano-2-(2,2-dimethoxyethyl)-benzene was employed as convertible isocyanide
in an Ugi-4CR [41]. The advantage of this one-pot procedure is the in situ
deprotection of the N-protected amino acid along with the simultaneous activation
of the isonitrile-born carboxylate, enabling the nucleophilic attack of the free amine
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Scheme 8 Diketopiperazines by UDAC procedure. The simultaneous deprotection of BOC to
liberate the amino nucleophile, and active amide (acylindole) formation is achieved with mild acid
only

to the carbonyl moiety to afford the desired peptide—peptoid diketoperazines
(Scheme 8).

2.2 Further Six-Membered and Seven-Membered Ring
Heterocycle Mimics of Peptide-Turn Motifs

In addition to the many MCR-based methodologies available for DKPs, versatile
procedures for other types of pseudo-peptidic six-membered cyclic ring scaffolds
of interest for drug-discovery research have been reported recently. Among the
peptidomimetics currently available, peptide isosteres such as ureidopeptides and
azapeptides have found therapeutic applications [42—45]. Although these linear
oligomeric backbones are mostly obtained by procedures not including MCRs,
there are promising possibilities for the MCR/cyclization strategy. They can become
an important alternative for small heterocyclic mimics of peptide-turn motifs. The
groups of Marcaccini and Torroba reported an interesting sequential approach
towards 6-oxo-[1,2,4]-triazines, a new type of dipeptidyl urea scaffold [46]. As
shown in scheme 9, the procedure comprises the realization of a 3-CR (similar as
an Ugi-4CR) incorporating phenylglyoxalic acid and, for the first time in Ugi-like
reactions, semicarbazones as the imino-component. Cyclization was achieved by
treatment of the linear MCR product with sodium ethoxide in ethanol. A new class of
pseudo-peptidic 1,2,4-triazines 9a was obtained in 40-70% overall yield.

An alternative six-membered ring dipeptidyl platform is the one featuring the
4-acyl-quinoxaline-2-one skeleton accessible by a sequential Ugi-4CR/N-arylami-
dation process [47]. Again, improvements of this Ugi-4CR/Buchwald—Hartwig
strategy were achieved by utilizing microwave heating for the ring-forming
N-arylamidation step. As depicted in scheme 9, the use of 2-bromoanilines as the
amino component in the Ugi-4CR followed by intramolecular amidation furnished
the desired 4-acyl-quinoxaline-2-ones 9b in 25-50% yield. As demonstrated by the
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Scheme 9 Ugi-4CR + cyclization approaches to six-membered pseudo-peptidic scaffolds

authors, this strategy enables the rapid access to a wide variety of pharmaceutically
relevant scaffolds by simply tuning the nature of the Ugi component located in
ortho-position to the halogen. Accordingly, not only quinoxaline-2-ones but also
indol-2-ones [48, 49] and the very important benzodiazepine-2-ones are readily
available by this Ugi-4CR/ Buchwald—Hartwig strategy (Scheme 9b). Benzodiaze-
pines will be discussed in more detail in the following.

Benzodiazepines comprise a family of small peptide mimics with a wide variety
of pharmaceutical and biological applications [103, 104, 105]. These privileged
scaffolds are known to exhibit good drug-like properties and have been recognized
as relative potent small-molecule inhibitors of protein—protein interactions [5S0-54].
It has been proposed that the ability of benzodiazepines either to act as selective
protein ligands or to disrupt protein—protein interactions derives from their capacity
of mimicking different types of B-turn motifs [55-58]. Several Ugi-4CR/cycliza-
tion approaches have been reported over the last two decades to provide benzodi-
azepine platforms with potential pharmaceutical applications. Among these appear
the classical UDC strategy both in solution and on solid-phase, the use of convert-
ible isocyanides as carboxy-activator for the ring-forming step and the versatile
Ugi-4CR/SNAr strategy, which have been systematically reviewed elsewhere [15,
16]. In the following we will focus on illustrating the most recent MCR-based
procedures towards these seven-membered pseudo peptides and B-turn mimics.
The first example shows the general strategy introduced by Zhu and co-workers,
which makes use of 2-bromobenzoic acid in the Ugi-4CR with the subsequent
N-arylamidation protocol to furnish 3-substituted benzodiazepine-2,5-diones 10a in
25-50% yield (Scheme 10a) [47]. The groups of Marcaccini and Torroba have
implemented alternative I-MCR/post-condensation cyclization protocols to access
benzodiazepines encompassing diverse substitution patterns [S9—61]. Their recent
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motifs

approaches rest on the use of an initial Ugi-4CR that incorporates benzoic acids that
are ortho-substituted with an amino precursor group (e.g., nitro as shown in
Scheme 10b). If another component bears an additional electrophilic or oxo-function
at a suitable distance, this enables the spontaneous cyclization after liberation or
generation of the amino group. Scheme 10b and ¢ show two variations of this
protocol by utilizing 2-nitro- and 2-azido-benzoic acids along with another bifunc-
tional reagent that takes part in the subsequent ring-forming step. The resulting
benzodiazepine skeletons 10b and ¢ are obtained in good yields of 48-99% and
exhibit different substitution patterns, depending on the choice of the bifunctional
reagents employed. Interestingly, it was demonstrated that the 3-carboxamide-
benzodiazepines ¢ superimpose quite well in both solid state and solution with
varied types of B-turn motifs, thereby illustrating the potential of this MCR-based
approach to access rigid scaffold mimics of small peptide motifs.

Some related cyclic scaffolds, such as the azepines, were obtained by Ugi-4CR/
RCM combinations (Fig. 5a) [61], and fused benzodiazepine/triazole frame-
works were derived from sequential Ugi-4CR/alkyne—azide dipolar cycloaddition
(Fig. 5b) [62]. Both are considered as interesting B-turn mimics. Similarly, bicyclic
systems featuring fused DKP rings (Fig. 5c) have been reported to mimic the ten-
membered pseudo-cycle of type I B-turns [63, 64].
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3 Medium-Sized Cyclic Peptidomimetics

Several groups tried to access medium-sized rings (ca. 8—12 membered) with
peptide-like moieties. Most prominent is the -MCR/RCM strategy [15, 16]. As
shown in Scheme 11. 12-Membered cyclic peptidomimetics were reported by
Oikawa and co-workers who used initial Ugi-4CRs performed in excellent yields,
followed by functionalization of the resulting Ugi-platform to introduce the desired
alkene functionalities [65]. RCM with the second generation Hoveyda—Grubbs
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Scheme 11 Synthesis of conformationally restricted cyclopeptides and cyclic peptidomimetics by
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catalyst furnished the desired cyclic structures 11a, with the trans-double bond
isomer as the major compound. The group of Banfi and Riva achieved a remarkable
result by implementing this versatile protocol to provide one of the few available
entries for a nine-membered cyclopeptide-like compound b [66]. The scope of this
approach lies in the possibility to produce short peptide stretches with restricted
conformational freedom. Such elements were incorporated into macrobicyclic
architectures [67]. Scheme 11 highlights the ready access to conformationally
restricted pentapeptide ¢ by a sequence of the Ugi-4CR/RCM protocol as the key
step. Accordingly, a short N-alkylated dipeptide moiety of the macrocyclic peptide
appears incorporated into an unsaturated nine-membered cyclolactam skeleton,
produced as diastereomeric mixture. Interestingly, only peptide b with cis configu-
ration at the attachment points was capable to cyclize in good yield, a feature that
confirms the strong conformational restriction introduced to the system by the
formation of the medium-sized ring. Structural studies suggested the superposition
of this pre-organized cyclic scaffold with type II turns, an important feature
regarding pharmaceutical applications. An extension of this strategy was proven
to be suitable to provide biologically active cyclopeptides containing the RGD
tripeptide sequence [67]. Cyclic peptidomimetics including this motif with defined
conformation are strong ligands of o5 and a5 integrins, proteins involved in
important processes such as tumor-induced angiogenesis [68]. Banfi et al.
employed their strategy to produce a cyclopentapeptide as selective ligand of
oy Ps, that unfortunately displayed a lower potency then some previously intro-
duced peptidomimetics [106].

4 Macrocyclic Peptidomimetics and Pseudopeptides

Macrocycles, especially cyclopeptide-like ones, can be considered as privileged
molecules in medicinal chemistry because they can combine flexibility and confor-
mational bias. This allows them structural adaptations for binding as ligands to
proteins, as hosts to internal guests, or for a chimaric behavior improving cell
penetration [5]. At the same time, they can have an improved overall energy term
while binding compared to their linear counterparts, as the latter usually need more
folding energy to achieve a binding conformation. This renders macrocycles per-
fectly suitable for applications in (organo)catalytic, supramolecular, or biological
chemistry. In the latter case, they usually show improved metabolic stability too,
lacking a terminal group commonly required for efficient catabolic processes (e.g.,
by exo-proteases or beta-oxidation routes). Their potential biological and chem-
ical success is not only based on their intrinsic features, but also on the chemists
capability to devise efficient strategies toward their synthesis. Here MCR strategies
are likely to play a dominant role in the future. There are two main routes to achieve
macrocycles that include MCRs. The first one is to synthesize the linear precursor
by MCRs and later cyclize them by regular cyclization methods such as macro-
lactonization, macrolactamization, or ring-closing metathesis [69]. The still less
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common way is to obtain a linear precursor by other methods and later cyclize it
using a MCR [70]. Included in this route is the possibility to construct the linear
precursor and cyclize the compound both with MCRs [70, 71].

4.1 MCR-Precursor + Macrocyclization

Armstrong and coworker reported the synthesis of Motuporin (Scheme 12) [72],
where a MCR was employed in the preparation of a linear precursor. Ugi-4CR was
used to achieve fragment 12b that was coupled with fragments a and ¢ to give a
linear precursor that was cyclized with the peptide condensation reagent HATU to
yield Motuporin. The coupling of functionalized acid d, aldehyde e, methylamine f,
and cyclohexenylisocyanide (Armstrong’s convertible isocyanide g) gave a cyclo-
hexenamide that was converted to compound b after hydrolysis with HCI.

Riva and coworkers obtained conformationally restricted cyclic peptidomimetics
13a and b by a tandem Ugi-4CR/RCM procedure as reported before (Scheme 13).
The initial N-alkylated dipeptide moiety was formed in the Ugi reaction of N-Boc

0. _.OCH; o
CN
ChaHN OH + \)LH + NH,CH, + ‘O
0 OBn
d e f g
Ugi-4CR [/ Activation
o >L
0. _.OCH
* CH o ? NH
OCH; " OH I{I o N 2
H oAy *+ CbzHN J)LDH +
NHBoc (o]
o s
a ‘OBn 0O~ "OCH,
b c
CH3 CH,

Motuporin & \N/II

Scheme 12 Motuporin synthesis with an MCR-derived central building block
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Scheme 13 Cyclic peptidomimetics by Ugi-4CR and RCM

glycines 13a, isocyanide 13b, and imine 13c, which after the RCM reaction
rendered the functionalized nine-membered lactam as a diasteromeric mixture.
This latter mixture was coupled to diglycine methyl ester, followed by removal of
the protecting groups and final peptide coupling with HATU to furnish the cyclic
peptidomimetics. Of the two diastereomers d and f, only d with a cis configuration
at the ring junctions was capable to cyclize in good yield to 13e.

The Joullie, Zhu, and Wessjohann groups reported the synthesis of different
N-alkyl ansa-cyclopeptides and the corresponding ansa-cyclopeptoids. These are
inspired by natural cyclopeptide alkaloids. The first approaches to combine the Ugi
reaction with a macrocyclization toward cyclopeptide alkaloids was done by Joullie
and coworkers [73-75].

In more recent works, Zhu and coworkers synthesized a variety of para-
cyclophanes and biarylether containing macrocycles (14¢ and d) using a reaction
sequence consisting of an Ugi reaction followed by an intramolecular SyAr
cyclization (Scheme 14) [76-78]. Many linear precursors (14a and b) were
achieved with the Ugi reaction by employing varied primary amines. This synthetic
planning allowed the introduction of four points of diversity within the resulting
scaffolds, thus producing a small library of cyclopeptoids.

A similar type of compounds, without the nitro group, was achieved by Wessjohann
and coworkers (Scheme 15) [79]. Their approach also uses the Ugi reaction to
build the linear peptoid intermediates, but a nucleophilic substitution is employed
for the ring closure, which is a difficult task with a strained phenolate. A small
library of macrocycles with general formula 15a was prepared, including also some
15-membered ansa-cycles (not shown).

Domling and coworkers described the synthesis of natural product-inspired
macrocycles using a Passerini reaction with two bifunctional starting materials
containing terminal alkenes (a and ¢, Scheme 16) [80]. The resulting linear
precursor d was cyclized by RCM. With access to a diversity of olefin-bearing
isocyanides and carboxylic acids, this strategy was used for the syntheses of
macrocycles h and k with a peptide (mimicking) moiety.

Dipolar cycloadditions are among the most efficient and amenable transforma-
tions to produce macrocycles via MCR/cyclization strategies. The functionalities
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Scheme 15 Mimics of natural cyclopeptide alkaloids by Ugi-4CR + SN2 cyclization

required for a successful intramolecular post-condensation cycloaddition are com-
pletely orthogonal to most MCR-type functionalities. As previously mentioned,
this concept was originally described to furnish fused benzodiazepine/triazole
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Scheme 16 Passerini-3CR and RCM approach toward macrocycles

frameworks derived from a sequential Ugi-4CR/alkyne—azide dipolar cycloaddition
[61], and recently it has been applied to afford macrocycles, including both oxazole
and triazole moieties within large rings [81]. The approach towards this class of
natural product-like macrocycles involves an initial a-isocyano acetamide-based
three-component reaction (Zhu-3CR) to produce oxazole moieties in excellent
yields [82, 83]. By an appropriate selection of bifunctional building blocks includ-
ing azide and alkyne functionalities, a sequence encompassing the MCR followed
by a copper-catalyzed intramolecular [3 + 2] dipolar cycloaddition (the Huisgen-
type click reaction) was successfully implemented to afford cyclic pseudopeptides
endowed with oxazole/triazole macrocyclic cavities (Scheme 17). One straight-
forward variation rests on functionalizing the isocyano-acetamide component with
an alkyne group and the amino component with an azido group. The resulting
Zhu-3CR product leads to cyclic peptidomimetics of type 17b after Cu-activation.
The same approach also enables the use of bifunctional oxo-components containing
either azido or alkyne group, as well as an easy tuning of the functionality incor-
porated into the bifunctional amino or isocyano-acetamide components.

Scheme 18 shows a remarkable approach towards cyclodepsipeptides that
includes Zhu-3CR as the key step of a tandem deprotection/cyclization strategy
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Scheme 18 Synthesis of cyclodepsipeptides by a domino MCR/deprotection/activation/cycliza-
tion strategy

[84]. The method is based on the use of 5-amino-oxazoles [81] of type 18a as key
intermediates, which upon consecutive treatment with base and acid allows a
“guided” macrolactonization. Again the use of a bifunctional building block
enables a later cyclization of a (linear) precursor to be cyclized after deprotection
(cf. UDC-protocols) to give macrocycle 18b in good yield and without the need of
an external carboxylate activator. The overall sequential process starts by convert-
ing the oxazole-containing structure a into the lithium salt, followed by protonation
of the oxazole by treatment with TFA. This activates the neighboring carboxylate,
presumably by trapping it into an intermediate spirolactone moiety. Final nucleo-
philic attack of the internal alcohol leads to cyclodepsipeptides. This strategy
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was later employed to construct a parallel library of cyclodepsipeptides of type
18c, d, and e [85].

Kazmaier and coworker described a simple approach to several cyclic peptido-
mimetics containing a N-alkylated amino acid via Ugi reaction and a RCM
(Scheme 19) [86, 87]. N-terminally protected Aloc amino acids ¢ and allyl iso-
cyanides d were used in an Ugi-4CR to give the linear precursors e in good yields
(72-96%); these were cyclized to the macrocycles f by a subsequent RCM.

A rapid synthesis of cyclodepsipeptides containing sugar moieties was reported
by Zhu and coworkers (Scheme 20) [88]. A three-component reaction of a sugar
amino acid derivative 20a, an aldehyde b, and a dipeptide isocyanide ¢, followed by
saponification and trifluoroacetic acid-promoted macrocyclization was employed to
afford the cyclic amino sugar cyclopeptides d. This approach allows to systemati-
cally modify the amino acids and the carbohydrate residue, as well as the size of
the macrocycle. Again, the only reagents used to mediate the formation of the
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Scheme 19 The Kazmaier approach to cyclic peptidomimetics
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Scheme 20 Cyclodepsipeptides containing sugar amino acids
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Scheme 21 Macrocyclodepsipeptides from 5-iminooxazolines formed by MCR

macrocycles are trifluoroacetic acid and lithium hydroxide. None of the fancy
condensation reagents usually applied for macrocyclization was required.

Zhu’s group also developed an ammonium chloride-promoted three-component
synthesis of 5-iminooxazole and subsequent transformation to a macrocyclodepsi-
peptide [89]. In this approach, a three-component reaction of an o,a-disubstituted
a-isocyanoacetamide 21a, an aldehyde, and an amino alcohol b afforded the
5-iminooxazole ¢, which was cyclized after saponification under acidic conditions
to furnish the macrocyclodepsipetides d (Scheme 21).

More recently, Aitken and coworkers described a short and convergent formal
total synthesis of cyclotheonamide C using a process that involves a Passerini
reaction, amine deprotection, and an acyl migration (PADAM sequence, Scheme 22)
[90]. The key linear pentapeptide 22e is obtained by a Passerini reaction of iso-
cyanide a, Fmoc-amino aldehyde b, and Boc-dipeptide acid e followed by Fmoc
removal and consequently O,N-acyl migration [91]. The macrocyclization was
achieved with TBTU and HOBt after Boc and /Bu removal in good yield (52%)
to furnish intermediate f.

4.2 Linear (Pseudo) Peptides + MCR-Cyclization

There are only a few records of macrocycle synthesis where the linear precursor
was cyclized by a MCR. The first one to observe an MCR-macrocyclization by
coincidence were Failli et al. who tried to couple oligoglycines [92].

Wessjohann and coworkers described the design and synthesis of cyclic RGD
pentapeptoids and related derivates by consecutive Ugi reactions (Scheme 23) [93].
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The cyclic pentapeptoid skeleton 23a was assembled after three consecutive
U-4CRs, two of them to prepare the linear precursor b and the final one for the
ring closure. The approach has been shown to be straightforward and opens the
possibility for a combinatorial strategy toward a wide range of cyclic oligopeptoids.
This was the first report where the peptoid backbone and the macrocycle closure
were performed by consecutively employing MCRs.

The same approach was recently used for the synthesis of a cyclopeptoid
as potential inhibitor of the Tat/TAR complex of the HIV-1 virus (Scheme 24)
[94, 95]. Two Ugi reactions were used to prepare fragment b that was coupled to
fragment a to afford linear precursor ¢. The macrocyclic peptidomimetic d was
obtained after cyclization employing Ugi reaction of amino acid ¢ with paraformal-
dehyde and #-butyl isocyanide.

Another approach to cyclize macrocycles employing MCRs is the multiple
multicomponent macrocyclization including bifunctional building blocks (MiB).
This synthetic strategy, developed in the Wessjohann group, proved suitable
for the one-pot diversity-oriented synthesis of varied macrocycles (Scheme 25)
[71, 96, 107]. Toward pseudopeptides, the MiB-approach using Ugi-4CR is the
most suitable one, but also Passerini- and Staudinger-3CR—MiBs provide (depsi)
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peptidic elements within macrocycles [97]. In this concept, macrocyclization
is achieved by combining two (or more) Ugi reactions with at least two bifunc-
tional building blocks, whereby both functionalities are unprotected Ugi-reactive
groups (e.g., a bis-isonitrile or an amino acid). The methodology is very
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Scheme 26 Macrobicycles synthesized by the MiB strategy

straightforward, versatile, and generates libraries of macrocyclic pseudo peptides
with unprecedent functional and skeletal diversity. For example, natural product-
inspired biaryl ether-cyclopeptoid macrocycles were obtained by this methodol-
ogy [98, 99].

The same strategy can be used with polyfunctional building blocks, and a variety
of peptoid-based cryptands, cages, and cryptophanes was synthesized (Scheme 26)
[100].
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Scheme 27 Igloo-shaped tetramacrocyclic pseudopeptides with 20 amide bonds in a defined
three-dimensional arrangement synthesized by the MiBs strategy in one-pot

These complex macrobicycles were assembled by the incorporation of eight
more building blocks, forming 12-24 new bonds in a one-pot reaction. The more
complex three-dimensional multi-macrocyclic pseudopeptides like the igloos might
in principle be considered mimics of internally disulfide bridged crumpled proteins
like the knottins (Scheme 27) [101].
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B-Diketo Building Blocks for MCRs-Based
Syntheses of Heterocycles

Maria del Mar Sanchez Duque, Christophe Allais, Nicolas Isambert,
Thierry Constantieux, and Jean Rodriguez

Abstract In the context of sustainable chemistry, because of economic and
ecological increasing pressure, domino multicomponent reactions (MCRs) consti-
tute a central academic and industrial investigation domain in diversity-oriented
synthesis of functionalized heterocycles. Although isocyanide-based MCRs gener-
ally predominate nowadays, the use of 1,3-dicarbonyls as substrates, proposed as
early as 1882 by Hantzsch, proved to be highly efficient, but have been relatively
unexplored until recently. In the last few years, such transformations received a
growing attention as new useful methodologies valuable for the selective direct
access to highly functionalized small organic molecules of primary synthetic and
biological value. This review focuses on the more significant recent developments
on the use of B-diketo building blocks for MCRs published in the last 5 years.

Keywords 1,3-Dicarbonyls, Biginelli reaction, Hantzsch reaction, Heterocyclic
chemistry, Knoevenagel condensation, Mannich reaction, Michael addition, Multi-
component reactions
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MW Microwave
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rt Room temperature

TBAF Tetrabutylammonium fluoride
TEBA Triethylbenzylammonium chloride
THF Tetrahydrofurane

TMAH  Tetramethylammonium hydroxide
TMSCl  Trimethylsilyl chloride

Yb Ytterbium

1 General Introduction

The development of rapid and selective synthetic routes toward focused libraries of
functionalized heterocyclic building blocks is of great importance to both medicinal
and organic chemists, and still constitutes a challenge from academic and industrial
points of view. In modern organic chemistry, because of economic and ecological
increasing pressure, investigations are now directed to the discovery of methods
that largely take into account the criterion of sustainable chemistry [1]. In this
context, multicomponent reactions (MCRs) [2] involving domino processes [3],
combining at least three different substrates in a one-pot operation, have emerged as
powerful tools and complementary substrate-directed synthetic alternatives to other
well-known methods [4-7]. Moreover, these transformations combine classical
concerns such as efficiency, selectivity, molecular complexity and diversity [8, 9],
with current preoccupations such as atom- and step-economy [10-12], and environ-
mentally benign reactions, thus approaching quite closely the concept of an ideal
synthesis [13]. Since the first MCR reported by Strecker in 1850, this concept has
been extensively explored, and isocyanides became one of the most popular
reactant, especially as a key component in the well-known Passerini and Ugi
reactions [14, 15]. However, one of the first substrate classes involved in a MCR
was that of B-ketoesters, with Hantzsch’s dihydropyridines (DHPs) and Biginelli’s
dihydropyrimidinones (DHPMs) synthesis appearing as early as 1882 and 1893,
respectively (Scheme 1).

In 2004, we reported an overview of the high synthetic potential of MCRs
involving the specific reactivity of easily accessible 1,3-dicarbonyl derivatives
[16]. In the last few years, such transformations received a growing worldwide
attention because of their ability to selectively furnish a direct access to highly
functionalized small organic molecules of primary synthetic and biological value.
In this review, on the basis of selected examples, we focus only on the recent
developments of B-diketo building blocks-based MCRs published in the last 5
years. In each chapter, examples are organized with respect to the nature of both
the reaction and the heterocyclic ring formed during the process. The discussion is
limited to the use of organocatalysts or Lewis acid catalysts, thus no transforma-
tions involving the utilization of transition-metal catalysts will be presented.
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Scheme 1 Hantzsch’s dihydropyridines and Biginelli’s dihydropyrimidinones synthesis

2 Hantzsch Heterocyclic Synthesis

2.1 The Hantzsch Reaction

2.1.1 Synthesis of 1,4-Dihydropyridines

1,4-DHPs and their derivatives are important classes of bioactive molecules in the
pharmaceutical field [17] and constitute also interesting biomimetic reducing
agents [18, 19]. 1,4-DHPs are generally synthesized using the four-component
Hantzsch reaction, which involves the one-pot cyclocondensation of an aldehyde,
two equivalents of a B-ketoester and ammonia, or a synthetic equivalent (Scheme 2).
The reaction proceeds through the condensation of in situ formed alkylidene
malonate and enaminoester derivatives, followed by a cyclodehydration affording
the symmetric heterocycles.

Cyclic 1,3-diketones can also participate in this MCR. Thus, utilization of two
equivalents of 1,3-cyclohexanedione or dimedone instead of B-ketoesters led to
hydrogenated acridine derivatives. However, when only one equivalent of cyclic
1,3-dicarbonyl is used in combination with one equivalent of B-ketoester, unsym-
metric 1,4-DHPs may be obtained (Scheme 3). For example, this reaction was
applied to the synthesis of ZD0947, a potassium channel opener [20].

Over the years, the great biological importance of these various symmetric or
unsymmetric 1,4-DHPs has prompted the development of new improved methodol-
ogies for their synthesis. According to the original procedure described by Arthur
Hantzsch in 1882, the reaction is conducted either in acetic acid or in refluxing
alcohols for long reaction times, but these rather harsh conditions typically lead to
low yields. Aiming at developing more efficient and environmentally benign
Hantzsch reactions, some procedures involving different activating modes such as
microwave irradiations [21, 22], ultrasonic irradiations [23, 24], or even use of solar
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Scheme 3 Acridines and unsymmetric 1,4-DHPs via Hantzsch reaction

energy as a free energy source [25] have been reported. Conventional organic
solvents have also been replaced by water [26] or reusable fluoroalcohols [27].
One example of the synthesis of polyhydroquinolines was also described under
solvent-free conditions on grinding [28]. Alternatively, task-specific ionic liquids
were used as soluble support on which the -ketoesters were bounded [29].

The standard Hantzsch procedure does not involve the use of additive or
reagent, but to improve reaction time and yield, the use of a large variety of
catalysts has been developed, which makes possible to operate at room tempera-
ture in some cases. In the last few years, particular efforts have been devoted to the
utilization of low cost, nontoxic, environmentally benign and reusable catalysts
[22, 29-40].

The initial harsh conditions have made the development of an asymmetric route
a challenge. Very recently, an organocatalyzed version of this reaction was reported
with good yields and excellent enantiomeric excesses (ee’s). Thus, the enantiose-
lective synthesis of polyhydroquinolines was achieved in the presence of a catalytic
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Scheme 4 Enantioselective four-component Hantzsch reaction

amount of a BINOL-phosphoric acid derivative, at room temperature, with ee’s up
to 99% (Scheme 4) [41]. These products are not only DHPs of medicinal interest,
but also interesting reagents for enantioselective hydrogenation reactions [42—-44].
It is important to note that only aromatic aldehydes gave enantioenriched products.
Reactions with alkyl aldehydes proceeded in good yields but no enantioselectivity
was observed. In these cases, the size of the appended functionality appeared to
dictate the outcome.

2.1.2 Synthesis of Pyridines

The oxidation of 1,4-DHP into pyridines was easily performed using well-known
oxidative reagents [45, 46]. The oxidizing agent can be directly introduced into the
reaction media after formation of the 1,4-DHP for a one-pot sequence [34, 47].
However, there are two recent examples for the direct synthesis of pyridines
involving an in situ spontaneous oxidation. Indeed, the sequence involving 1,3-
indanedione, aromatic aldehydes, ammonium acetate, and acetophenones in the
place of 1,3-dicarbonyl in dimethylformamide (DMF) under microwave irradia-
tions is of particular interest (Scheme 5) [48]. This methodology allowed the high
yielding formation of various aryl-substituted 4-azafluorenones, which are common
skeletons in natural products and molecules of pharmacological interest.

More recently, Shen et al. reported on a green and efficient three-component
one-pot synthesis of 2-aryl-pyridines with the same starting materials as the Hanztsch
reaction, under solvent-, catalyst-, and heat-free conditions. This methodology does



B-Diketo Building Blocks for MCRs-Based Syntheses of Heterocycles 233

0 Ar!
o MW Q
+ AfcHo + I+ NH0Ac —— | A
Ar?” "Me o ~
120°C ARTON
(0 6-15 min
57-89 %

Scheme 5 Microwave-assisted four-component synthesis of 4-azafluorenone derivatives
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not require the use of any additional oxidant; the initially formed 1,2-DHP inter-
mediates being in situ oxidized by air (Scheme 6) [49].

2.2 Modified Hantzsch Reaction

In classical Hantzsch procedure, an enaminocarbonyl is formed in situ by conden-
sation of ammonia source onto the 1,3-dicarbonyl substrate. But many groups have
used a three-component modified-Hantzsch protocol in which the preformed
enamine is introduced as a partner. Thus, utilization of cyclic or acyclic 1,3-
dicarbonyl compounds, aldehydes, and acyclic or cyclic enamines has been
reported, leading regioselectively to diversely substituted 1,4-DHP derivatives
(Scheme 7). The sequence involving such starting materials was performed in
numerous efficient systems, and more particularly in the following: (1) micro-
wave-assisted reaction in acetic acid [50], DMF [51], or an acetic acid/DMF system
[52]; (2) sonification in ethylene glycol [53]; and (3) use of ionic liquids such as
[bmim]BF, [54].

Dondoni and co-workers have successfully extended this strategy to form
functionalized 1,4-dihydropyridinylalanines using either aldehydes or -ketoesters
derived from amino acids and sugar derivatives (Scheme 8) [55]. More recently,
the same group reported the first organocatalyzed version of this Hantzsch-like
reaction using C-glycosyl aldehydes [56]. This L-proline-catalyzed three-compo-
nent process occurred with high diastereoselectivity to furnish symmetrically and
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Scheme 9 First organocatalyzed asymmetric three-component variant of Hantzsch reaction

unsymmetrically substituted DHP C-glycoconjugates of great biological interest
(Scheme 9).

This modified-Hantzsch approach has recently been exploited for the syntheses
of pyrazoloquinolinones [57], pyrazoloquinolizinones [58], and dihydropyridopy-
rimidinones [59]. In the first two cases, Kappe’s group showed that a mixture of
dimedone, aminopyrazole, and aromatic aldehydes in ethanol could regio- and
chemoselectively conduce to these fused heterocyclic skeletons depending on the
base employed under microwave irradiations (Scheme 10). The relative basicity
and the nucleophilicity of the base is crucial. Thus, with triethylamine, the reaction
occurred probably via a Knoevenagel/Michael addition/cyclodehydration sequence.
But when a strong bulky base such as potassium fert-butoxide was used, the
reaction proceeded apparently through a ring-opening step followed by an intra-
molecular transamidation leading to angular fused systems.
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Scheme 11 Ecocompatible three-component synthesis of dihydropyridopyrimidinone derivatives

Dealing with the synthesis of dihydropyridopyrimidinones, the procedure was
quite similar to the precedent, involving 2,6-diaminopyrimidin-4(3H)-one as
enaminocarbonyl partner, various 1,3-dicarbonyl derivatives, and either aliphatic
or aromatic aldehydes in water under microwave irradiations (Scheme 11). Inter-
estingly, the guanidine system was unreactive, and a library of tri- and tetracyclic
dihydropyridopyrimidinone derivatives was chemoselectively synthesized in high
yields and short reaction times from this environmentally friendly procedure.

Finally, when the enamine partner is replaced by a guanidine system, the
modified MCR evolves through a Knoevenagel-aza-Michael sequence, leading to
nitrogen-containing polyheterocycles of biological interest. This is the case with
both 3-amino-1,2,4-triazole and 2-aminobenzimidazole combined with aromatic
aldehydes and 1,3-dicarbonyl substrates (Scheme 12) [60]. The environmentally
benign catalyst-free reaction was performed either in water at room temperature
with 3-amino-1,2,4-triazole to furnish the corresponding hemi-aminal or upon
heating at 90°C with 2-aminobenzimidazole, leading to the corresponding dehy-
drated tricyclic ring systems.
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Scheme 13 General scheme of the Biginelli reaction

3 Biginelli Heterocyclic Synthesis

3.1 The Biginelli Reaction

The Biginelli reaction, discovered by Pietro Biginelli in 1893, is a multicomponent
reaction allowing the synthesis of DHPMs by reacting urea, a dicarbonyl derivative,
and an aldehydic component (Scheme 13). As described in the initial work, this
reaction requires harsh conditions, that is, use of protic or Lewis acids and generally
high temperatures. An increased interest has been shown during the past few years;
the main goal of recent investigations aims at performing the MCR under milder
conditions, increasing the yields and opening the scope of the different partners.
An abundant literature covers all these aspects including a recent compilation of
catalytic systems [61], which we will complete here with some recent selected
examples. Concerning the mechanistic aspects, the key N-acyliminium intermedi-
ate identified by Kappe in 1997 has been recently confirmed by combined experi-
mental and theoretical data [62].

3.1.1 Synthesis of Hydropyrimidinone Derivatives

As summarized recently [61], a large scope of Brgnsted and Lewis acids catalyze
this multicomponent reaction to promote the DHPM formation. The heterocyclic
Biginelli scaffold has also been obtained under eco-friendly conditions, as illustrated
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Scheme 14 Three-component synthesis of hexahydropyrimidine derivatives

Table 1 Conditions for the three-component synthesis of hexahydropyrimidine derivatives

Z Catalyst Solvent Conditions Yield Ref.
OEt BnEt;N*, CI™ None 100°C, 2 h 65-70% [70]
OEt Sml, None 100°C 71% [80]
OEt None None MW irradiation 78-85% [82]
CF; [bmim]BF, None 100-125°C, 6 h 34-92% [68]
OEt, Me, Ar, CF3 TMSCI DMF rt, 2448 h 69—-85% [83]

DMF reflux, 30 min 80-87% [84]

by the use of water [63] or ionic liquids [64—71] as solvent. Alternatively, the
reaction may be conducted under solvent-free conditions [72, 73] or under micro-
wave irradiation [74, 75]. Finally, among other activating catalysts, Baker’s yeast
[76], iodine [77], Zeolite [78], and ion exchange resin [79] may be outlined.

It is interesting to note that when the dicarbonyl partner is a trifluoromethyl-
ketone derivative, the dehydration is not observed and the corresponding hexa-
hydropyrimidines are obtained in good yields [70, 80-82], regardless of the reaction
conditions involving various catalytic systems, different medium, and thermal
activation modes (Scheme 14 and Table 1). The different observations based on
the isolation of these hydroxylated products allowed to corroborate the acyliminium
ion mechanism [62].

When the 1,3-dicarbonyl substrate reacts twice via its activated methylene due to
the presence of heteroatoms blocking the enolization process on other positions,
spiranic systems are formed in the presence of two equivalents of aldehyde and an
equivalent of urea (Scheme 15) [85]. The reaction can be promoted either in acetic
acid as solvent or neat under microwave irradiations or in the presence of
H;PW,04¢ as catalyst. Finally, this technique for generating spiroheterocyclic
products has been transferred to solid-supported methodology by immobilizing
the 1,3-dicarbonyl partner onto a resin [86].

3.1.2 Synthesis of Cyclic Guanidine Derivatives

Guanidine moiety is a very important functional group with interesting biological
and synthetic properties that are also found in several natural products (saxitoxin,
tetrodotoxin, or batzelladine F). An interesting approach to cyclic guanidines was
proposed by Overman et al. using guanylating agents instead of ureas in a Biginelli-
type multicomponent reaction (Scheme 16) [87]. Pyrazole carboxamidines and
triazone-protected guanidines proved to be efficient substrates in the presence of
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Scheme 17 Synthesis of 4-aryl-2-cyanoimino-3,4-dihydro-1H-pyrimidine derivatives

NaHCOs;, leading to the expected 2-aminopyrimidines in moderate to good yields
(43-91%).

In the same context, successful utilization of cyanamide allowed the incorpora-
tion of the cyanoimino moiety of potential pharmacological properties (Scheme 17)
[88]. In this case, the in situ hydrolysis of cyanamide into urea constitutes the corner
stone of this four-component Biginelli-like reaction.

3.2 The Asymmetric Biginelli Reaction

DHPMs obtained through a Biginelli reaction contain a stereogenic center, and the
absolute configuration has a considerable influence on the biological activity.
Indeed, the two individual enantiomers may perform different or even opposite
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activities [89, 90]. Thus, the development of representative methods to approach
enantiomerically enriched DHPMs is a task of primary importance [91]. Initially,
chemical resolutions [92] and enzymatic strategies [93] were the methods of choice.
Attempted synthesis of optically active DHPMs were also conducted through
auxiliary-assisted asymmetric synthesis, using chiral starting materials such as
C-glycosyl aldehydes [94] or (-)-menthol-derived acetoacetate [93]. A few years
later, significant advances were made in the synthesis of optically active DHPMs
with the use of catalytic amounts of chiral metal complexes. In 2005, Zhu and
co-workers described a highly enantioselective multicomponent Biginelli reaction
using a recyclable Yb triflate coordinated with a novel chiral hexadentate ligand
bearing tertiary amine, phenol, and pyridine functional groups (Scheme 18) [95].
The products were obtained in high yields with enantiomeric excesses up to 99%.

Finally, a highly efficient organocatalytic asymmetric approach was described
by Gong et al. in 2006, using chiral phosphoric acids as catalysts. These results
opened a window for the development of new optically active DHPMs synthesis
(Scheme 19) [96, 97]. More recently, chiral organocatalysts such as Cinchona

Ar

Yb(OTf)s, L* (10 mol%)  EtO,C _H
EtO,C ® 2 N’

L ) HQNI)Q( /&

B
&

Scheme 18 Chiral ytterbium triflate-catalyzed enantioselective Biginelli reaction
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Scheme 19 Chiral phosphoric acid organocatalyzed Biginelli reaction
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alkaloids [98] or substituted tetrazoles [99] have also found interesting applications
in asymmetric Biginelli transformations.

4 MCRs Based on the Mannich Reaction

4.1 The Mannich Reaction

The Mannich reaction consists on the condensation of a CH-activated compound
with a primary or a secondary amine and a non-enolizable aldehyde or ketone to
afford f-aminocarbonyl derivatives known as Mannich bases (Scheme 20). This
sequence is of great use for the construction of heterocyclic targets, as illustrated for
example by the Robinson-Schopf synthesis of tropinone in 1937 or by the prepara-
tion of some azabicyclo[3.3.1]nonanones or pyranocoumarine derivatives (Fig. 1)
[100]. In the following, representative recent examples of the formation of five- to
seven-membered ring heterocycles will be presented.

4.2 Five-Membered Heterocycles

4.2.1 Pyrrolidine Derivatives

The three-component reaction of sodium ethyl oxalacetate with ammonia or pri-
mary amines with an aromatic aldehyde in ethanol or acetic acid results in the

acid (cat.) or O R4 RS
o \ o} R6 base (cat.) R7
R1J]\(R LAY VR R’ N’
R* "R ‘R7 solvent s
R2 —H,0 R® R R
Rl=H, alkyl, aryl, OR Ré=H, alkyl, OH, NH»
R2-3= H, alkyl, aryl R7=H, alkyl
R4-5=H, alkyl, aryl solvent= ROH, H,0, AcOH

Scheme 20 General scheme of the Mannich reaction

MB\N

o z-x

RO,C CO,R NHR
N
O n

Fig. 1 Examples of (poly)heterocycles available through Mannich condensations
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Scheme 22 Synthesis of 2-oxo-5-(hetero)arylpyrroles from 2,3-dioxopyrrolidines

formation of 2,3-dioxopyrrolidine derivatives (Scheme 21) [101]. These com-
pounds can easily be converted into the corresponding 2-oxopyrroles through
consecutive reduction of the enol, mesylation of the secondary alcohol, and elimi-
nation with concomitant isomerization of the double bond (Scheme 22). This
methodology allowed the preparation of a small library of original 2-oxo-5-(hetero)-
arylpyrroles, compounds of which the various synthetic and biological potentialities
have been largely investigated.

4.2.2 Pyrazole Derivatives

Substituted pyrazole derivatives have attracted much attention due to their
biological activities, making these products increasingly important agricultural
chemicals and pharmaceutical agents. Among the different methods reported for
the synthesis of fully substituted pyrazoles, the most general and applicable
one consists on the cyclization of 1,3-diketones with substituted hydrazines. How-
ever, this methodology suffers from poor regioselectivity when unsymmetrical 1,3-
diketones are employed. To circumvent this drawback, an efficient and selective
three-component alternative has been proposed with the development of an ytter-
bium perfluorooctanoate-catalyzed coupling of aldehydes, phenylhydrazine, and
1,3-dicarbonyl compounds under solvent-free conditions (Scheme 23) [102]. The
catalyst is not only highly efficient and easy to prepare, but also recyclable for
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Scheme 24 BDMS-catalyzed multicomponent access to functionalized piperidines

subsequent runs. The methodology has been successfully extended to the synthesis
of trifluoromethyl-containing pyrazoles starting from ethyl trifluoroacetoacetate,
but it is noteworthy to highlight that in this case the three-component reaction
stopped at the formation of the corresponding pyrazolines, and a subsequent
oxidation with IBX was necessary to obtain the desired pyrazoles [103].

4.3 Six-Membered Heterocycles

4.3.1 Piperidine Derivatives

A vast array of piperidine containing cores, both natural and synthetic, are of
biological and medicinal interest. These heterocyclic scaffolds have been the
subjects of considerable synthetic efforts, especially for the construction of opti-
cally active compounds. In this context, Khan et al. reported a catalytic bromodi-
methylsulfonium bromide (BDMS) three-component reaction of 1,3-dicarbonyls
with aromatic aldehydes and aromatic amines for a facile access to highly functio-
nalized piperidines (Scheme 24) [104]. This strategy is an interesting illustration of
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quite rarely exploited potentialities of P-ketoesters to react both at o- and
y-positions with electrophiles for C—C bond formations [105].

4.3.2 Quinoline Derivatives

In view of the importance of benzoquinoline and its derivatives in various fields of
chemistry, biology, and pharmacology, many efforts have been devoted to their
synthesis. A highly selective and operational simple procedure was reported on the
basis of a three-component reaction of arylaldehydes, 2-amino-naphtalene, and
either ketones or B-ketoesters, using 5 mol% of iodine acting as a mild Lewis
acid catalyst (Scheme 25) [106]. Iodine is involved not only in the first step of the
sequence as activator of the Schiff base during the Mannich reaction, but also as a
promoter of an intramolecular Friedel-Craft cyclization leading, after dehydration,
to a dihydroquinoline derivative. The latter compound is oxidized in situ by air,
giving the aromatized benzo[f]quinoline.

Partially hydrogenated quinoline cores are also present in some important
bioactive compounds. For example, the 4-aza-analogs of Podophyllotoxin, a plant
lignan that inhibits microtubule assembly, revealed to be more potent and less toxic
anticancer agents. In 2006, Ji’s group reported a green multicomponent approach to
a new series of these derivatives, consisting of the reaction of either tetronic acid or
1,3-indanedione with various aldehydes and substituted anilines in water under
microwave irradiation conditions (Scheme 26) [107]. For this efficient and eco-
friendly transformation, the authors proposed a mechanism quite similar to the one
that was postulated for the synthesis of tetrahydroquinolines in the precedent
section.

Finally, the tetrahydroquinoline subunit is present in various natural alkaloids
and synthetic pharmaceuticals [108], and the development of methods for the
preparation of products containing this skeleton has been the subject of intense

o)
o) NH o 7
2 0 O 5 mol% I,
Ar)LH " M THF N
Me z |
~
Z=Me, OMe go-9a% N A
l2
QOH o}

Scheme 25 I,-catalyzed three-component synthesis of benzo[f]quinoline derivatives
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Scheme 27 Multicomponent synthesis of 3-spirosubstituted-1,2,3,4-tetrahydroquinolines

investigations. Although access to two- and four-substituted tetrahydroquinolines is
well-documented in the literature [109, 110], the synthesis of three-substituted
derivatives remains a challenge. In this context, Kadutskii reported a three-compo-
nent reaction of cyclic B-diketones, formaldehyde, and substituted anilines, leading
efficiently to 3-spirosubstituted 1,2,3,4-tetrahydroquinolines (Scheme 27) [111].
From a mechanistic point of view, the Mannich base, formed by the reaction of
B-diketone with amine and formaldehyde, undergoes a rearrangement leading to the
formation of an aminodiketone. Finally, an intramolecular Mannich reaction takes
place, giving the final tricyclic product in good yields.
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4.4 Seven-Membered Heterocycles

4.4.1 1,4-Diazepane Derivatives

Seven-membered ring systems with 1,4-diazepane skeleton are scaffolds of high
biological interest. Kita’s team and our own group reported independently, but
quite at the same time, a one-pot access to these heterocycles by a cyclodehydrative
three-component reaction of 1,3-dicarbonyls with aromatic aldehydes and 1,2-
diamines. The reaction involves the formation of an intermediate with imine and
enamino ester functionalities, which then evolves to the final product via an
intramolecular Mannich-type condensation. The latter step of the sequence corre-
sponds to a y-functionalization of the starting 1,3-dicarbonyl (Scheme 28). The
reaction may be conducted either in refluxing 1,2-dichlorethane in the presence of
para-toluene sulfonic acid (method A) [112] or 4 A molecular sieves (method B)
[113] as catalyst or under solvent- and catalyst-free conditions (method C) [114].
The latter conditions were particularly efficient when B-ketoamides were used as
substrates. It is noteworthy that 1,2-phenylenediamine was not effective in this
multicomponent reaction, but the access to the corresponding 1,5-benzodiazepine
derivatives were made possible by the development of a sequential one-pot protocol
involving the preliminary acid-catalyzed formation of an enamino ester from the
1,2-diamine and a 1,3-dicarbonyl [115].

O O fj\ ‘/I’~\“
é)kz Ar H method A, N NH O
* Pl N
HzN/ \NHz B,orC Ar Z
—Hy0 H
' ) \ .
HNK\ NH O )Nl NH OH
VRS
N z Ar = z
Ar
Z= OEt,NHPh o -

method A: p-TSA (10 mol%), DCE, reflux
method B: 4A MS, DCE, reflux
method C: neat, 120 °C

Scheme 28 Three-component synthesis of 1,4-diazepane derivatives
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5 MCRs Based on the Knoevenagel Reaction

5.1 The Knoevenagel Reaction

The Knoevenagel reaction consists in the condensation of aldehydes or ketones
with active methylene compounds usually performed in the presence of a weakly
basic amine (Scheme 29) [116]. It is well-known that aldehydes are much more
reactive than ketones, and active methylene substrates employed are essentially
those bearing two electron-withdrawing groups. Among them, 1,3-dicarbonyl deri-
vatives are particularly common substrates, and substances such as malonates,
acetoacetates, acyclic and cyclic 1,3-diketones, Meldrum’s acid, barbituric acids,
quinines, or 4-hydroxycoumarins are frequently involved. If Z and Z' groups are
different, the Knoevenagel adduct can be obtained as a mixture of isomers, but the
reaction is thermodynamically controlled and the major product is usually the more
stable one.

Thanks to its mild reaction conditions, its simplicity, and the availability of the
substrates, the Knoevenagel condensation became a more and more attractive
synthetic method. Water being the only by-product, this methodology is an environ-
mentally friendly procedure, which has been combined with other classical methods
resulting in some very efficient Knoevenagel-initiated multicomponent sequences.
Indeed, Knoevenagel products are highly reactive compounds because of their low-
energy LUMOs, and so they can act either as Michael acceptors or as Diels—Alder
heterodienes. By this way, five- and six-membered heterocyclic rings can be formed,
resulting in a considerable gain of molecular complexity in a single operation as
illustrated in the following paragraphs.

5.2 Five-Membered Heterocycles

5.2.1 Synthesis of Dihydroindolone Derivatives

Indole derivatives such as dihydroindolone are scaffolds of potentially biological
interest. Thus, the development of such functionalized skeletons has been
approached by a MCR involving cyclic 1,3-diketones, cyclohexyl isocyanide,
aromatic aldehydes, and ammonium acetate in the presence of catalytic amount
of KHSO, in refluxing acetonitrile (Scheme 30) [117]. In this strategy, the imine
derived from the Knoevenagel adduct reacts with cyclohexyl isocyanide to give the

Scheme 29 General scheme 0 . ZXZI base z
of the Knoevenagel 1J]\ 2

. R R HH 1 2
condensation R R
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Scheme 31 Catalyst-free three-component synthesis of functionalized imidazolones

desired product after tautomerization. The study of this methodology was limited to
the use of aromatic aldehydes and no other isocyanides were tested.

5.2.2  Synthesis of Imidazolone Derivatives

It is well-known that nitrogen-containing compounds such as pyrimidines and imid-
azole derivatives are of widespread interest in pharmacology. Thus, a catalyst-free
three-component transformation combining both heterocycles was developed
involving 1,3-dimethylbarbituric acid, arylglyoxals, and dimethylurea in methanol
heated at reflux to furnish imidazolylpyrimidinone scaffolds (Scheme 31) [118].
Mechanistic investigations were in accordance with a Knoevenagel-initiated pro-
cess followed by an aza-Michael addition of urea moiety and cyclodehydration.

5.2.3 Synthesis of Dihydropyrazole Derivatives

Dihydropyrazole derivatives containing phthalazide nucleus showed in the past
some interesting pharmacological and biological properties, and high-throughput
synthetic methods were logically developed. Among them, the three-component
condensation of phthalazide with cyclohexane-1,3-dione derivatives and aromatic
aldehydes in CH3;CN/DMF media in the presence of trimethylsilyl chloride led to a
tetracyclic indazolophtalazide-triones library (Scheme 32) [119]. The silicon-based
catalyst is not only highly efficient but also environmentally benign and not
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Scheme 33 Four-component synthesis of functionalized bispiropyrrolidines

expensive. In the proposed mechanism, TMSCI played a Lewis acid role, which
activated aromatic aldehyde and catalyzed the formation of the Knoevenagel
adduct. Then, subsequent aza-Michael addition of phthalazide moiety followed
by cyclodehydration gave the desired products.

5.2.4 Synthesis of Bispiropyrrolidine Derivatives

Knoevenagel reaction has also been combined with 1,3-dipolar cycloaddition to
allow the formation of challenging bispiropyrrolidine derivatives. A mixture of 1,3-
indanedione, an aldehyde, sarcosine, and a cyclic 1,2-dione was heated in refluxing
ethanol without any catalyst to give bispiropyrrolidine derivatives as a single diaste-
reomer (Scheme 33) [120]. This highly regio- and stereoselective four-component
Knoevenagel-Huisgen cycloaddition sequence is of great interest for the synthesis
of such spiropyrrolidines, which are potential antileukemic and anticonvulsant
agents possessing antiviral properties. A reasonable mechanism involved a twofold
role of sarcosine, which acted both as an efficient catalyst for the Knoevenagel
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condensation and as a key partner with isatin or acenaphtylene-1,2-dione for in situ
formation of the dipolarophile. It was noteworthy that employed aldehydes were
either aliphatic, heteroaromatic, or aromatic ones, and in the latter case, there was
no electronic effect of the substituent on the reaction yields.

5.3 Six-Membered Heterocycles

5.3.1 Synthesis of Pyran Derivatives

4H-Pyran and its derivatives are heterocycles of primary interest owing to their
biological and pharmaceutical activities. The reaction of arylidenemalononitriles
with activated acyclic methylene compounds in the presence of organic bases
allows the formation of 5-substituted-2-amino-4-aryl-3-cyano-6-methyl-4H-pyr-
ans, which have found important applications in the treatment of neuro degenera-
tive diseases. A three-component version of this reaction has been studied in the last
few years; the arylidenemalonotrile being generated in situ via a Knoevenagel
reaction between malononitrile and an aromatic aldehyde. In this context, and
with the aim to develop environmentally friendly methodologies, Peng and Song
conducted this MCR in a mixture of catalytically active ionic liquid and water
(Scheme 34, method A) [121], and Lingaiah and co-workers reported the use of a
heterogeneous strong basic Mg/La mixed oxide catalyst in methanol (Scheme 34,
method B) [122]. Compared to the utilization of more classical solvents and organic
bases, these strategies combine advantages in efficiency such as shorter reaction
times and higher yields, with ecological advantages in terms of recovery and
reusability of the catalyst.

This approach has been extended to cyclic 1,3-dicarbonyls for the synthesis of
tetrahydrobenzopyrane derivatives, also known as tetrahydrochromenes, which
have attracted much attention due to their wide range of biological properties.
Thus, a mixture of an aromatic aldehyde, dimedone, and malonitrile in aqueous
media catalyzed either by (S)-proline [123] or tetramethylammonium hydroxide
(TMAH) [124] gave the bicyclic heterocycle in excellent yields (Scheme 35).

o H/g O Ar

0 method A or CN
EtO
EtO)‘l + (CN method B ||

Me”™ O 'NH,

method A: [2-aemim]PF g, H,O, MW, 100°C 81-83%
method B: Mg/La mixed oxide, MeOH, 65°C 35-92%

Scheme 34 Green methodologies for the three-component synthesis of 4H-pyran derivatives
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Scheme 36 Three-component synthesis of spirooxindole-containing tetrahydrochromene
derivatives

Interestingly enough, a closely related protocol was successfully proposed for
the synthesis of spirooxindoles-containing tetrahydrochromene skeletons when
aromatic aldehydes were switched for isatin derivatives. This high-yielded reaction
was performed with dimedone, 4-hydroxycoumarin, or barbituric acids in water
using triethylbenzylammonium chloride (TEBA) as catalyst (Scheme 36) [125].
A Knoevenagel condensation occurred first between isatin and malonitrile derivative,
followed by Michael addition of 1,3-dicarbonyl substrates and cyclization to the
cyano moiety.
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Scheme 37 Three-component synthesis and reactivity of hemi-ketal tetrahydrochromene
derivatives

Alternatively, under specific conditions, using an aromatic aldehyde and two
different 1,3-dicarbonyl substrates in ethanol with catalytic amount of triethyl-
amine, the dehydration step did not occur and challenging cyclic hemi-ketals
were isolated in moderate to good yields (Scheme 37) [126]. Even if the reaction
can be performed with various amine catalysts, the best results were obtained with
triethylamine and further chemical transformations were made, leading to dehy-
drated compounds (i.e., tetrahydrochromenes) or hexahydroquinolinone derivatives
upon treatment with p-TSA or NH4OAc, respectively. In this paper, there was no
discussion about the diastereoselectivity and no mechanistic investigations were
proposed to determine which Knoevenagel adduct was involved in the reaction. It
was also noteworthy that aliphatic aldehydes as well as ortho-substituted arylde-
hydes were unreactive under these conditions.

An interesting entry to functionalized dihydropyrans has been intensively
studied by Tietze in the 1990s using a three-component domino-Knoevenagel
Hetero-Diels—Alder sequence. The overall transformation involves the transient
formation of an activated heterodienophile by condensation of simple aldehydes
with 1,3-dicarbonyls such as barbituric acids [127], Meldrum’s acid [128], or
activated carbonyls. In situ cycloaddition with electron-rich alkenes furnished
the expected functionalized dihydropyrans. Two recent examples concern the
reactivity of 1,4-benzoquinones and pyrazolones as 1,3-dicarbonyl equivalents
under microwave irradiation. In the first case, a new three-component catalyst-free
efficient one-pot transformation was proposed for the synthesis of pyrano-1,4-
benzoquinone scaffolds [129]. In this synthetic method, 2,5-dihydroxy-3-undecyl-
1,4-benzoquinone, paraformaldehyde, and alkenes were suspended in ethanol and
placed under microwave irradiations to lead regioselectively the corresponding
pyrano-1,4-benzoquinone derivatives (Scheme 38). The total regioselectivity was
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Scheme 39 Example of heptacyclic bis-pyrano-1,4-benzoquinone derivative

explained by the fact that the in situ formed electron-poor heterodiene is more
reactive in the inverse electron demand Hetero-Diels—Alder reaction.

This sequence has been successfully extended to the regioselective multicompo-
nent construction of bis- pyrano-1,4-benzoquinone derivatives when unsubstituted
2,5-dihydroxy-1,4-benzoquinone is used (Scheme 39) [130]. Depending on the
alkene moiety, the reaction yielded only the linear tri-, penta-, or heptacyclic
product in a 1:1 diasteromeric ratio, as illustrated with indene.

More recently, a catalyst-free aqueous version of this strategy was proposed with
simple acyclic 1,3-dicarbonyls, formaldehyde, and styrene or anilines derivatives
(Scheme 40) [131]. In the first case (Scheme 40), the very reactive 2-methylene-
1,3-dicarbonyl intermediate reacts smoothly at 80°C with a variety of substituted
styrenes to give the corresponding dihydropyrans in moderate to good yields.
Remarkably, when styrenes were replaced by N-ethylaniline, a novel five-compo-
nent reaction involving twofold excess of both formaldehyde and 1,3-dicarbonyl
selectively occurred (Scheme 41). The result is the formation of complex fused
pyranoquinolines following a Friedel-Craft alkylation — dehydration sequence to
furnish the quinoline nucleus, which suffers the Hetero-Diels—Alder cyclization in
synthetically useful yields.
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Scheme 41 Catalyst-free aqueous MCR from formaldehyde, 1,3-dicarbonyl and aniline derivative

5.3.2 Synthesis of Tetrahydrobenzoxanthenone Derivatives

A Knoevenagel-type-initiated multicomponent process was described for the syn-
thesis of benzoxanthene derivatives, which are important biologically active
heterocycles, by mixing B-naphtol, an aromatic or aliphatic aldehyde, and a 1,3-
dicarbonyl substrate (Scheme 42). Several groups related various Lewis acid
systems such as (1) solvent-free with indium(III) chloride or phosphorus pentoxide
as catalyst [132]; (2) tetrabutyl ammonium fluoride in water [133]; (3) para-toluene
sulfonic acid in ionic liquid [bmim]BF, [134]; (4) solvent-free with iodine [135];
(5) sodium hydrogenosulfate on silica gel in dichloromethane [136]. From a
mechanistic point of view, instead of the regular Knoevenagel adduct, all these
authors are in accordance to propose the in situ regioselective formation of an
ortho-quinone methide on electron-rich C-1 position of B-naphtol as first step of the
sequence. This intermediate could then undergo a Michael addition followed by a
cyclodehydration (Scheme 43).
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Scheme 42 General scheme of the three-component synthesis of tetrahydrobenzoxanthenone
derivatives
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Scheme 43 Proposed mechanism for the synthesis of tetrahydrobenzoxanthenone derivatives
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Scheme 44 Three-component synthesis of chromenone derivatives from Meldrum’s acid

As demonstrated by Gao and co-workers [133], this methodology was applied to
the synthesis of chromenone scaffolds when Meldrum’s acid was used as 1,3-
dicarbonyl partner (Scheme 44). The reaction evolves via an intramolecular
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nucleophilic substitution with concomitant decarboxylation and loss of acetone. In
this interesting process, Meldrum’s acid may be regarded as a ketene equivalent
involved in a formal [4+2] heterocyclization. It was noteworthy that the use of
TBATF in water gave the expected product in excellent yields and the catalyst could
be recycled four times with no loss of efficiency.

5.3.3 Synthesis of Dihydropyranopyrazole Derivatives

Although polyheterocycles can be obtained from well-chosen starting materials, a
Knoevenagel-based reaction was recently reported for the simultaneous construc-
tion of two different fused heterocycles from acyclic precursors. In fact, a four-
component Knoevenagel-Michael addition-cyclization sequence has been studied
for the synthesis of dihydropyranopyrazole derivatives from hydrazine hydrate, a
malonitrile, a B-ketoester, and an aldehyde or a ketone. The reaction was described
under catalyst- and solvent-free conditions [137] and using piperidine in ultrapure
aqueous media [138], both at room temperature (Scheme 45). But this methodology
was intensively developed by Shestopalov and co-workers since they used a wide
range of aldehydes, ketones, and -ketoesters to form a series of these fused hetero-
cyclic skeletons, even if substituted hydrazines were unreactive in this protocol
[139]. Use of ketones led to spiro-compounds, and interestingly enough, when a
bulky aromatic aldehyde such as 2-methoxynaphtaldehyde was used, two atropo-
isomers were isolated in a 2:1 ratio (Fig. 2).

_NH 2
HNT 2 i EtOH R' RZR®
3 EtsN CN
(0] (6] ' " Ccl)\j reflux HN, t |
J I 15 min N™07 "NH,
R! OEt CN 47-79 %

Fig. 2 Atropoisomers NH
formed from _ 2 _
2-methoxynaphtaldehyde Sp-isomer ap-isomer
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Scheme 46 Multicomponent synthesis of aminochromenes

More recently, an adaptation of this four-component transformation in water was
proposed as a green combinatorial synthesis of novel aminochromenes derivatives
bearing an hydroxymethyl pyrazole functional group in the four-position, instead of
a fused skeleton. In this unexpected transformation, 2-hydroxybenzaldhyde plays a
crucial role by reacting selectively with malonitrile to form the chromene interme-
diate (Scheme 46) [140].

6 MCRs Based on the Michael Reaction

6.1 The Michael Addition

In its original form, the Michael addition consisted on the addition of diethyl
malonate across the double bond of ethyl cinnamate in the presence of sodium
ethoxide to afford a substituted pentanedioic acid ester. Currently, all reactions that
involve a 1,4-addition of stabilized carbon nucleophiles to activated m-systems are
known as Michael additions. Among the various reactants, enolates derived from
B-dicarbonyl compounds are substrates of choice due to their easy deprotonation
under mild conditions. Recently, Michael addition-based MCRs emerged as highly
potential methodologies for the synthesis of polysubstituted heterocycles in the
five- to seven-membered series.

6.2 Five-Membered Heterocycles

6.2.1 Synthesis of Pyrrole Derivatives

The development of new and simple methods for the synthesis of diversely poly-
substituted pyrroles from readily available building blocks still remains an open
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Scheme 47 InCl;-catalyzed three-component synthesis of 2-pyrrolo-3'-yloxindoles
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Scheme 48 Lewis acid-catalyzed three-component synthesis of 3,3'-bipyrroles

area of investigations for organic chemists. In this context, Perumal’s group
reported an InCls-catalyzed MCR of 3-phenacylideneoxindole with ammonium
acetate and various B-ketoesters for the efficient synthesis of 2-pyrrolo-3'-yloxin-
doles (Scheme 47) [141]. This sequence involves the Michael addition of the enol
form of the 1,3-dicarbonyl onto the 3-phenacylideneoxindole affording a 1,4-
dicarbonyl intermediate, which then undergoes a Paal-Knorr condensation with
ammonium acetate.

In recent years, polypyrroles have been extensively studied as organic materials
with particularly good conducting properties. Bipyrroles are not only known for
their physical properties, but also for their broad range of biological activities. The
Indian group of Jaisankar recently reported a very efficient chiral route to 3,3'-
bipyrroles via a Lewis acid-catalyzed three-component double Michael addition
sequence between diaroyl acetylenes, ammonium acetate, and appropriate 1,3-
dicarbonyls (Scheme 48) [142]. Reaction of diaroyl acetylenes with one equivalent
of the 1,3-dicarbonyl derivative and ammonium acetate resulted in the formation of
the first pyrrole unit, which underwent a second Michael addition and nitrogen
insertion for the bipyrrole formation. The atropoisomers were separated on a chiral
column and fully characterized.

Many natural products contain a pyrrole subunit as the basic core. Of particular
interest is the remarkable diversity of biological activity associated to the
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Scheme 49 Four-component synthesis of 4,5-dihydro-1H-pyrrol-3-carboxamide derivatives

3,4-disubstituted 1H-pyrrole scaffold. From a synthetic point of view, pyrroles
substituted in positions 3 and 4 are difficult to prepare, most of the reactivity
being concentrated at the a-position of the pyrrole. As an interesting alternative
to multistep approaches, Alizadeh et al. developed a four-component route to 4,5-
dihydro-1H-pyrrol-3-carboxamide derivatives, involving the reaction between two
primary amines and diketene in the presence of dibenzoylacetylene (Scheme 49).
The reaction was conducted under neutral conditions at room temperature for 6 h to
afford the desired products with high yields ranging from 85 to 95% [143].

6.3 Six-Membered Heterocycles

Pyridine and its partially or totally unsaturated derivatives such as tetrahydropy-
ridines, DHPs, and piperidines are ubiquitous cores found in numerous natural
product skeletons and in synthetic compounds of primary interest for synthetic
chemistry, agrochemistry, or pharmacology. Among the various methodologies
available for the synthesis of these compounds, multicomponent approaches have
attracted much attention in the last few years. Most of these sequences are initiated
by a Michael addition.

6.3.1 Synthesis of Tetrahydropyridines

In 2008, Lhommet and co-workers, by extrapolation of a previously described
polycyclic version [144], proposed the three-component condensation of acrolein,
(8)-2-phenylglycinol, and various acyclic 1,3-dicarbonyls in toluene in the presence of
4 A molecular sieves for the preparation of chiral, bicyclic functionalized tetra-
hydropyridines (Scheme 50) [145]. These heterocycles may be used as chiral
building blocks for the synthesis of alkaloids, as illustrated by the total enantiose-
lective synthesis of (—)-lupinine in five steps and 29% overall yield.

More recently, Menendez et al. reported a closely related four-component access to
tetrahydropyridines, the amino alcohol being replaced by a primary amine and
analcohol. Thus, the cerium(IV) ammonium nitrate (CAN)-catalyzed reaction between
primary aliphatic amines, 1,3-dicarbonyls, o,f-unsaturated aldehydes, and alcohols
resulted in the formation of 6-alkoxy-2-methyl-1,4,5,6-tetrahydropyridines with
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Scheme 51 CAN-catalyzed four-component synthesis of tetrahydropyridine derivatives

high yields (Scheme 51) [146]. From a mechanistic point of view, a Michael additio-
n occurs between the enamino ester derived from the 1,3-dicarbonyl and the
unsaturated aldehyde, followed by an intramolecular cyclization leading to a
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2-hydroxytetrahydropyridine derivative. The latter compound is finally transformed
into the observed product by nucleophilic displacement of the hydroxy group by the
alcohol. These products were then easily converted into homoquinolizine derivatives in
only two steps. Finally, the same group also demonstrated that these 2-alkoxytetrahy-
dropyridine derivatives, by treatment with neutral alumina suspended in refluxing
acetonitrile, afforded 1,4-DHPs in excellent yields [147].

6.3.2 Synthesis of 1,4-Dihydropyridines

As previously reported in Sect. 2, the best known procedure for the synthesis of 1,4-
DHPs is the classical Hantzsch synthesis or its variants. However, these well-
established multicomponent transformations do not allow the preparation of some
important biologically active derivatives such as Cs—Cg-unsubstituted 1,4-DHPs,
for example. To circumvent these drawbacks, the three-component Michael addi-
tion-based reaction between o,B-unsaturated aldehydes, substituted anilines, and
B-ketoesters (Scheme 52) has been developed and studied by several groups. Thus,
the group of Menendez reported that the reaction may be conducted under mild
conditions, using CAN as catalyst in water [148]. More recently, a solvent-free
variant of this MCR involving small molecules such as amino acids or cinchona
alkaloids as organocatalysts was also proposed [149]. Some heterogeneous cata-
lysts such as sulfonic acid functionalized silica [150] or nanocrystalline copper(Il)
oxide [151] are also efficient, offering the advantage of being recycled and reused
several times.

Recently, an asymmetric version of this reaction has been reported by Gong and
co-workers, allowing an efficient access to highly enantiomerically enriched 4-aryl-
substituted 1,4-DHPs [152]. Thus, the use of chiral phosphoric acids as catalysts
allowed the preparation of the desired products with enantiomeric excesses up to
97% (Scheme 53). To illustrate the importance of this asymmetric cyclization
reaction, the authors developed the synthesis of some optically active heterocycles

o}
R ﬁ\ORZ R! 0
= + 07 “Me catalyst ] OR?
— _—_—
o} NH, solvent N~ "Me
RS R3
RG R4 RG R4
R5 RS

Scheme 52 Michael-addition-based MCR for the synthesis of Cs—Ce-unsubstituted 1,4-dihydro-
pyridines
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Scheme 53 Organocatalyzed synthesis of enantiomerically enriched 1,4-dihydropyridines

from the resulting chiral DHPs through 1,3-dipolar cycloaddition and subsequent
diastereoselective reduction.

6.3.3 Synthesis of Pyridine Derivatives

Functionalized pyridines are one of the most important nitrogen heterocycles found
in numerous natural products and synthetic pharmaceutical agents. Thus, the
synthesis of highly substituted and specifically functionalized members of this
heterocyclic family is a continuing challenge in modern organic chemistry. Back
in 1957, Bohlmann and Rahtz reported the preparation of polysubstituted pyridines
by a two-step sequence consisting in a Michael addition of an enaminoester onto an
alkynone to give an enaminodienone intermediate that is subsequently cyclodehy-
drated to the final product. The group of Bagley intensively revisited this transfor-
mation and proposed a more direct and efficient approach towards pyridines based
on the three-component condensation of a 1,3-dicarbonyl, an alkynone, and an
ammonium acetate, the so-called three-component Bohlmann—Rahtz reaction. In
2005, they illustrated the potentialities of this methodology with the synthesis
of dimethyl sulfomycinamate (Scheme 54) [153]. More recently, similar three-
component approach has been developed by Gree and co-workers starting from
optically active propargylic fluorides for the synthesis of chiral pyridines with a
fluor atom in the benzylic position [154].

Another example of a MCR-based strategy for the synthesis of pyridines was
reported by Kantevari et al. in 2007. Thus, the three-component condensation of
enaminones, 1,3-dicarbonyls, and ammonium acetate in the presence of a catalytic
amount of a tangstocobaltate salt as heterogeneous catalyst, either in refluxing
solvent or under solvent-free conditions, allowed the regioselective formation of
2,3,6-trisubstituted pyridines and 2,7,7-trisubstituted tetrahydroquinolin-5-ones
(Scheme 55) [155]. This methodology combines shorter reaction times and
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Scheme 55 Multicomponent synthesis of substituted pyridines and tetrahydroquinolinones

practical work-up procedure with respect to more classical procedures. Moreover,
the catalyst exhibited remarkable reusable activity.

Our own group is also involved in the development of domino multicomponent
reactions for the synthesis of heterocycles of both pharmacologic and synthetic
interest [156]. In particular, we recently reported a totally regioselective and
metal-free Michael addition-initiated three-component substrate directed route
to polysubstituted pyridines from 1,3-dicarbonyls. Thus, the direct condensation
of 1,3-diketones, B-ketoesters, or B-ketoamides with o,B-unsaturated aldehydes or
ketones with a synthetic equivalent of ammonia, under heterogeneous catalysis by
4 A molecular sieves, provided the desired heterocycles after in situ oxidation
(Scheme 56) [157]. A mechanistic study demonstrated that the first step of the
sequence was a molecular sieves-promoted Michael addition between the
1,3-dicarbonyl and the o,B-unsaturated carbonyl compound. The corresponding
1,5-dicarbonyl adduct then reacts with the ammonia source leading to a DHP
derivative, which is spontaneously converted to the aromatized product.



B-Diketo Building Blocks for MCRs-Based Syntheses of Heterocycles 263

0
0o o R 4AMS R3
L, )\fo + NH,OAc B R2
R1 R2 toluene, 110°C =
R R N7 OR!
44-70%
A Michael
AAMS | 2 ddition

Q 9Q 0 -
in situ
R’ R2 NH4OAc RSW:\/EL R2 oxidation
R3 ||
—2H0 RN R
4 (0] H
R

Scheme 56 Regioselective 4 A MS-promoted three-component synthesis of pyridines

O O 4A MS R, O

Ry~ 0} ;
activated carbon, O,
R1)I\/u\ Z \/Y AN Z

toluene/CH3COLH (4/1)
reflux Z7 N° Ry

\

NH4OAC
47-92%
Z=0R, NHR, NR»
Z'=CO3R, C(O)NHR, C(O)NH,, P(O)(OR),

Scheme 57 Use of a-ketocarbonyls in the multicomponent synthesis of 2,4-disubstituted
pyridines

However, this methodology was limited to the use of B-unsubstituted aldehydes
and ketones, probably because of the reversibility of the Michael addition with
hindered substrates, preventing any access to four-substituted pyridines and limit-
ing the functional diversity at the strategic two-position. These major drawbacks
were circumvented by the use of activated Michael acceptors such as f3,y-unsatu-
rated-o-keto carbonyls [158]. Under optimized heterogeneous oxidative conditions,
we managed to obtain the corresponding 2,4-disubstituted pyridines with good to
excellent yields (Scheme 57) [159].

6.4 Seven-Membered Heterocycles

Heterocyclic seven-membered ring systems are present in various natural and
synthetic bioactive compounds and pharmaceuticals. Therefore, the development
of new approaches to these heterocycles with total regio- and stereocontrol is of
great importance to both medicinal and synthetic chemists, and still constitutes an
exciting synthetic challenge. For this purpose, we recently invented a base-induced
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anionic domino three-component transformation of 1,3-dicarbonyls, named the
MARDI cascade, for the stereoselective construction of heterocyclic seven-mem-
bered ring in the aza-, oxa-, and thia-series (Scheme 58) [160—162]. This reaction is
based on a Michael addition-Aldolisation-Retro-Dieckmann sequence involving
the solvent as a third component and constitutes a formal two-carbon ring expan-
sion of heterocyclic cyclopentanones. This methodology allows the formation of
diversely substituted and functionalized seven-membered heterocycles, with the
control of up to five newly created stereocenters. Moreover, the products are
obtained under user and environmentally friendly conditions from easily available
substrates.

6.5 Polycyclic Heterocycles

In the course of our studies on Michael addition-initiated MCRs, we developed a
three-component domino reaction between 1,3-dicarbonyls, ,B-unsaturated alde-
hydes or ketones, and nucleophilic (hetero)functionalized primary amines,
providing a one-pot access to polyheterocyclic compounds of both synthetic and
biological interest. This molecular sieves-promoted sequence allows the direct
formation of two fused rings and evolves through an intramolecular trapping of
an in situ formed ene-iminium intermediate as the key step. As a first illustration of
the potentialities of this methodology, we described the synthesis of original and
highly functionalized pyrido[1,2-a]benzimidazoles from various cyclic and acyclic
B-ketoesters (Scheme 59) [163]. The domino sequence afforded an aminal interme-
diate, which was in situ oxidized by air in the presence of activated carbon. The two
heterogeneous catalysts were then eliminated by simple filtration. Therefore, this
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Scheme 59 Multicomponent synthesis of [1,2-a]-fused benzimidazoles

economical and environmentally friendly approach was a good alternative to
previously reported multistep metal-catalyzed reactions for the synthesis of [1,2-a]-
fused benzimidazoles.

Heterocycles with a 1,2,3,4-tetrahydropyrrolo[1,2-a]pyrazine core are also
available through this multicomponent reaction. Compounds with a related struc-
ture are of high interest either for synthetic applications or for biological purposes.
For the first time we were able to propose a one-pot access to pyrrolopiperazine and
azasteroide-type scaffolds, illustrating the potential of this ecocompatible sequence
to create molecular complexity and diversity from simple and readily available
substrates (Scheme 60) [164]. In this case, the primary amine partner bears a
pyrrole nucleophile, which neutralizes the transient iminium intermediate to form
anew C—C bond via an intramolecular Pictet—Spengler-type cyclization.

Finally, the highest level of complexity for this three-component reaction was
reached when B-ketoamides were used as substrates. We demonstrated that these
particular 1,3-dicarbonyls could be involved not only as substrates but also as
nucleophilic partners through the highly diastereoselective synthesis of scaffolds
containing an original 2,6-diazabicyclo[2.2.2]octane skeleton (2,6-DABCO) [165].
In this transformation, two different iminium intermediates were successively
generated and trapped by two different nucleophiles, one being the substrate itself
and the other one resulting from the heterofunctionalization of the amine partner
(Scheme 61).

7 Miscellaneous

As part of our efforts to develop new efficient one-pot methodologies to access
novel heterocyclic structures, we also reported an efficient synthesis of spiro[4,6]-
lactones and lactames by sequential multicomponent reaction/metal-catalyzed carbo-
cyclizations from simple five-membered cyclic B-ketoesters and B-ketoamides,
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Scheme 63 Three-component synthesis of 2,3-dihydropyran([2,3-c]pyrazoles

respectively [166]. Thus, the combination of the three-component o, y-difunctiona-
lization of 1,3-cyclodicarbonyl compounds with either diene- and enyne-ring clos-
ing methatesis (RCM), or palladium-catalyzed Heck carbocyclizations, afforded an
easy and modular entry to original functionalized spiroheterocycles with good
yields over the two steps (Scheme 62).

Alternatively to the direct use of 1,3-dicarbonyls, pyrazol-2-ones, which consti-
tute masked 1,3-dicarbonyls, have been involved in a microwave-assisted
organocatalytic MCR with aromatic aldehydes and ethyl vinyl ether leading to
2,3-dihydropyran[2,3-c]pyrazoles (Scheme 63) [167].

Finally, other a-activated carbonyl compounds such as a-nitroketones have been
used successfully in very interesting and novel MCRs. Our group proposed an
unprecedented reactivity of a-nitroalkanones towards two-substituted acroleins
under aqueous conditions, with participation of water as third component [168].
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This three-component sequence led to the one-pot synthesis of hitherto unknown
functionalized bridged bicyclic lactones containing 10-, 11-, 13-, and 15-membered
rings, with a high stereocontrol of the two newly created adjacent stereogenic
centers (Scheme 64). One of the key steps of this one-pot process consists of the
fragmentation of the initial Michael adduct through a retro-Claisen-type reaction,
initiated by water. It is interesting to note that such new heterocyclic structures can
be considered as lactones derived from a tertiary alcohol, which are difficult to
make by other methods.

More recently, Tietze’s group adapted the well-known domino Knoevenagel-
Hetero-Diels—Alder MCR to the efficient synthesis of the deoxyaminosugar (+)-D-
Forosamine starting from nitroacetone, aqueous formaline, and ethyl vinyl ether
(Scheme 65) [169]. The expected racemic dihydropyran was obtained in 37% yield
and further transformed to the optically pure product in eight steps in chiral
resolution with chiral HPLC.

8 Conclusion

This selection of diverse MCRs developed in the last 5 years clearly illustrates the
high synthetic potential of 1,3-dicarbonyl derivatives in heterocyclic chemistry.
These very easily accessible and versatile substrates can be accommodated in many
original synthetic pathways. Therefore, they have found numerous applications,
especially for the synthesis of complex heterocyclic structures, allowing the facile
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and selective construction of highly functionalized small organic molecules of high
synthetic and biological value. Further developments of the specific reactivity of
1,3-dicarbonyls in MCRs will constitute a challenging investigation area, which
could be complementary to the utilization of isonitriles.
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Acenaphthylene-1,2-dione, 249
Acid-derived carbonyl, 9
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Acyl substitution, nucleophilic, 17
Acylaziridines, 11
4-Acyl-quinoxaline-2-ones, 208
Aldehyde-derived carbon, nucleophile, 11
Alkaloids, cyclopeptide, 214
lupinine, 258
Pictet—Spengler reaction, 30
6-Alkoxy-2-methyl-1,4,5,6-
tetrahydropyridines, 258
5-Alkoxy oxazoles, 136
N-Alkyl ansa-cyclopeptides, 214
Alkyl substitutions, nucleophilic, 12
Alkylisocyanides, 133
Alkyne hydroamidation, post-Ugi
transformation, 15
Alkynes, terminal, flow synthesis, 174
Amino acids, synthesis (Strecker), 177
Aminoacetamides, 180
3-Amino-4-(arylamino)-1H-isochromen-
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2-Amino-4-aryl-3-cyano-6-methyl-
4H-pyrans, 5-substituted, 249
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Aminoazoles 41, 47, 66
1,1-binucleophiles, 75
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Aminochromenes, 256
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o-Amino ketones (Mannich bases), 21, 176

fB-Amino-o-methylene, 191

5-Amino-3-methylpyrazoles, 56

Aminonitriles, 179
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o-Aminophosphonates, 192, 193

5-Aminopyrazoles, 66
Mannich reactions, 74

5-Aminothiazoles, trisubstituted
imidazoles, 187

3-Amino-1,2,4-triazole, 56

3-Amino-1,2,4-triazolo-5-thione, 45

3-(5-Amino-1H-1,2 4-triazol-3-ylamino)
furan-2(5H)-one, 52

Ansapeptoids, macrocyclic, 12

Armstrong convertible isocyanides, 4

4-Aryl-2-cyanoimino-3,4-dihydro-1H-
pyrimidines, 238

4-Aryl-5-cyano-6-phenylpyrazolo[3,4-b]
pyridine-3-ones, 53

Aryl iodides, double carbonylation, 172

3-(3-Aryl-1,2,4-oxadiazol-5-yl)propanoic
acids, 181

Aryl substitutions, nucleophilic, 13

Aryldicarboxylic acids, monoamides, 170

Arylglyoxals, 11, 21

Arylhalogenides, carbonylations, 171

2-Aryl-pyridines, 232

Arylsulfonyl methyl isocyanides, 132, 136

Asparagines, 204

Aza-Baylis—Hillman reaction, 190, 191

3-Azabicyclo[4.2.0]octan-4-ones, 26

279



280

1-Azadienes, 153
4-Azafluorenones, 232
6-Azaindolines, 147
2-Azaspiro[4.5]deca-6,9-diene-3,8-diones,
205
Azepine-tetrazoles, 113, 115
Azo-dyes, nanoreactor, 184
Azolmethine, 51
Azoloazines, 42
Azolopyridines, 43
Azolopyrimidineones, 66
Azolopyrimidines, 43
Azolyl-4-thiazolidinones, 76, 77

B
Bak-BH3 peptide, 138, 139
Barbituric acids, 63, 246
Baylis—Hillman reaction, 191
Bcl-w, 138, 139
Benzazepines, 28
Benzene, hexasubstituted derivatives, 147
Benzimidazoles, 10
Benzo[f]quinoline, 243
Benzodiazepinediones, 4, 8, 11
1,4-Benzodiazepines, 4, 19, 199, 209
1,5-Benzodiazepines, 245
Benzodiazepinones, 12-14, 23
Benzodiazocines, 29
Benzodiazocinones, 13
Benzo-fused heterocycles, 8
Benzopiperazinones, 118
Benzopyrazolo[3,4-b]quinolines, 62
Benzoquinolines, 243
Benzothiazepinones, 17
Benzothiazinones, 17
Benzoxazepinones, 12, 13
Benzoxazinones, 12, 13
Benzoxazocinones, 13
Benzoxazoles, 9
Benzoylacetonitriles, 53
Bestmann—Ohira reagent, 174
Beta-turn motif, 199
Biarylether-containing macrocycles, 214
Biarylether-cyclopeptoid macrocycles, 222
Biaryls, unsymmetrically substituted, 183
Bifunctional building blocks

(MiB), 199, 220
Biginelli dihydropyrimidines, 56

Index

Biginelli heterocyclic synthesis, 236
Biginelli reaction, 131, 227, 236
asymmetric, 238
Bispiropyrrolidines, 248
Bohlmann—Rahtz reaction, 262
Bradykinin antagonists, 204
Bromacetic ester, 72
o-Bromophenyllithium, 182
Butenolides, 21
tert-Butyl urethane, 5

C
C=N bonds, condensations, 19
Calcetonine receptor, 45
5-Carbamoyl-4-sulfonyl-2-piperazinones,
97
Carbapenem, 11
Carbonylation reactions, 170
Carbonyls, acid-derived, 9
o, p-unsaturated, 44
CCRS antagonist, 102
Cephalotaxines, 8
Chloroamides, 5
Chromenones, Meldrum’s acid, 254
Colagenase-1 inhibitors, 204
Combinatorial chemistry, 1
Condensations, base-promoted, 21
Continuous flow, 161
Crixivan, 93
Crohn’s disease, azo-dyes, 184
Curtius rearrangement, 173
continuous flow, 173
N-(Cyanomethyl)amides, 142
Cyclizine, 86
Cycloadditions, 23
Cyclodepsipeptides, 217
1,3-Cyclohexandiones, 56
Cyclohexenylisocyanide, 213
Cyclopeptides, 199
alkaloids, 214
Cyclophanes, 16, 17
p-Cyclophanes, 214
Cyclotheonamide C, 220

D
Dapiprazole, 86
Debus—Radziszewski reaction, 165
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Depeptisation, 85
Deprotection/activation, 201
Depsipeptides, 199, 200
conformationally constrained, 153
DHPMs, 238
Diabetes, anti-diabetic experimental
drugs, 116
Dialkylphosphite, 193
Diarylbenzenes, 183
Diarylethenes, 183
1,4-Diazepane, 245
Diazepanones, 12
Diazomethane, 186
Diazonium salts, 184
Dibenzodiazocines, 19
Dibenzoxazepinones, 14
1,3-Dicarbonyls, 227
Dienes, heterocyclic, 24
Dienophiles, acetylenic, 25
4,7-Dihydroazolo[1,5-a]pyrimidines, 44
Dihydroazolopyrimidines, 47
Dihydroindoles, 28
Dihydroindolones, 246
Dihydroisoquinolines, 28
4,7-Dihydro-1,2,4-triazolo[1,5-a]
pyrimidines, 60
Dihydrooxazolopyridines, 153
1,6-Dihydro-6-oxopyrazine-2-carboxylic
acids, 96
Dihydropyranopyrazoles, 255
Dihydropyrazinones, 20
Dihydropyrazol pyrazine diones, 207
Dihydropyrazoles, phthalazide nucleus, 247
Dihydropyrazolo[1,5-a]pyrazine-4,7-
diones, 118, 119
Dihydropyrazolopyridines, 57
1,4-Dihydropyridines, 230, 260
1,4-Dihydropyridinylalanines, 233
Dihydropyridones, 26, 153
Dihydropyridopyrimidinones, 235
Dihydropyrimidinones, 229
3,4-Dihydroquinolin-2(1H)-ones, 31
3,4-Dihydroquinoxalin-3-ones, 118
3,4-Dihydroquinoxaline-2-amines, 116, 117
Dihydroquinoxalinones, 4
Dihydrotriazolopyrimidines, 45
Diketomorpholines, 19
1,3-Diketones, cyclic, 56
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2,5-Diketopiperazine, 99
peptidomimetic, 101
2,6-Diketopiperazine, 107
Diketopiperazines (DKPs), 4, 5, 17, 85,
199, 202
coffee, beer, cacao, chocolate, 204
synthesis, steroidal, 207
tryptophane-derived, 206
Dimethyl 1-diazo-2-oxopropylphosphonate,
174
Dimethyl sulfomycinamate, 261
4-Dimethylaminophenyl substituents,
elimination, 54
2,4-Dioxobutanoates, 79
Diversity-oriented synthesis (DOS), 1, 129

E

Ecteinascidia turbinata, 87
Ecteinascidin 743 (ET-743), 87
Ethanolamines, 5, 12

Ethyl glyoxalate, 97
Ethylenediamines, 10

F

Flunarizine, 86

Fluorinated 1,3-dicarbonyls, 47
Formamido esters, 134
Fumitremorgin B, 105, 107
Furandiones, 22

Furanones, 21, 22

Furans, tetrasubstituted, 170
Furopyrrolones, 147

G

Geoebke-type heterocyclizations, 67
Glucagon-like peptide 1 receptor, 116
Glutathione-S-peroxidase, 118
Guanidines, cyclic, 237

H

Hantzsch dihydropyridines, 56

Hantzsch heterocyclic synthesis, 230

Hantzsch reaction, 131, 227, 230
modified, 233

Heterocycles 1ff
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chemistry, 227 convertible, 5

nitrogen-containing, 1 electron withdrawing group
N-Heterocyclic carbene (NHC) (EWG), 131

complexes, 150 a-acidic, 132, 137
Heterocyclizations, 41 Isocyano amides, 132

Groebke-type, 67 Isocyano esters, 132
Hexahydropyrrolodiazepines, 4 1-Isocyano-2-(2,2-dimethoxyethyl)-
HIV, CCRS, 102 benzene, 98

protease inhibitor, 93 Isoindolinones, 24

Tat/TAR complex, 220 Isoindolones, 11, 25
Hydropyrimidinones, 236 Isoquinolines, 29

Isoquinolinones, 28
Isoxazoles, 25

Isoxazolines, 25
Isoxazolo[5,4-b]pyridines, 62
Iteration, 199

1

IMCRs (isocyanide-based multicomponent
reactions), 2

Imidazo[1,2-a]quinoxaline, 121, 123

Imidazoazoles, 68

Imidazoles, 136 K
4,5-disubstituted, 187 Kabachnik-Fields reaction, 193
tetrasubstituted, 165 Ketopiperazines, 4, 5, 12, 19, 85, 95
van Leusen, 137 Ketosulfones, aminoazoles, 53
Imidazolines, 10, 136 Knoevenagel condensation, 21, 44, 59,
2H-2-Imidazolines, 148 66, 227, 246
Imidazolones, 247 Knottins, 223

Imidazolylpyrimidinones, 247
Imidazolylpyrrolones, 79

Imidazoquinoxalines, 14 L

Imidazotriazoles, 68, 70 Lactams, 4, 7, 8, 12, 18

Imines, van Leusen, 137 bicyclic, 27

Imines/enamines, cyclic, 20 Lactones 4, 19

5-Iminooxazolines, 144 Lemonomycin, 89
macrocyclodepsipeptides, 145 Lupinine, 258

Indazolophthalazide-triones, 247
Indol-2-ones, 8

Indole alkaloid-type compounds, 122 M
Indolones, C-arylation, 17, 18 Macrobicycles, 223
Intramolecular Diels—Alder (IMDA), 23 Macrocycles, 199
Iodobenzene, carbonylation, 171 Macrocyclization, 213
Isatin, 249 Macrocyclodepsipeptides,
Isobenzofuranones, 24 5-iminooxazolines, 219
Isochromeno|3,4-d]imidazol-5-ones, 167 Mannich reaction, 131, 176, 190, 227, 240
Isochromenones, guanine base pairing, MARD:I cascade, 264
167 Matrix metalloprotease (MMPs), 104
ring closure, 167 MCRs, cyclization, 219
Isocyanide-based MCRs (IMCRs), 129 Knoevenagel reaction, 246
Isocyanide-derived amide, electrophile/ Mannich reaction, 240
nucleophile, 4, 6 Michael reaction, 256

Isocyanides, 1, 85, 129 microreactor conditions, 164
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piperazine space, 89
precursor, 213
Medicinal chemistry, 85
Meldrum acids 56, 64, 66
Methanesulfonate, 6
Methoxyfurans, 21
N-Methyl-N-nitroso-p-toluenesulfonamide,
186
Michael addition, 227, 256
Microreactors, 161
Microwave irradiation, 41
Molecular probes, 85
Morita—Baylis—Hillman reaction, 190
Motuporin, 213
Multicomponent reactions (MCRs) 1ff
multistep, microreactors, 177
Miinchnone intermediate, 5

N

Neurodegenerative diseases, 249
Nitropyrroles, 140

Nortropinon derivative, 78
Nucleophilic acyl substitution, 17
Nutlin analogs, 151

(0

Olanzapine, 86

Oligoglycines, 219

Opioid receptor, 204

Orthogonal reactivity, 199

Oxadiazoles, disubstituted, 180
trisubstituted, 180

Oxazoles, 11, 136
2,4,5-trisubstituted, 141
4,5-disubstituted, 139, 140

Oxazolines 11, 136

Oxazolopyridines, 154

Oxetanones, 4

Oxomaritidine, continuous flow
synthesis, 188

2-Oxopiperazines 9, 95

Oxytocin receptor antagonist, 100-102

P

p38 MAP kinase, 138, 139
Paal-Knorr cyclization, 10
Passerini reactions, 1, 132, 164
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Peptides, cyclic, 200
Peptide-turn motifs, six-/seven-membered
ring heterocycle mimics, 208
Peptidomimetics, 27, 85
conformationally contrained, 154
cyclic, 199, 214
medium-sized, 211
macrocyclic, 16, 212
Ugi scaffold, 11
Peptoids, 199
o-Phenylenediamines, 138
Pictet—Spengler reaction, 30
Piperazine-2-carboxamide, 89
Piperazines, 85, 86
bicyclic, condensed, 110
monocyclic, 92
polycyclic, fused, 118
Piperazinones, bicyclic, 110
Piperidines, 242
Pirenzepine, 86
Podophyllotoxin, 243
Polycyclic heterocycles, 199, 264
Polyfunctional building blocks, 222
Polyhydroquinolines, 231
Polypyrroles, 257
Post-condensation transformations, 1, 9
Post-Ugi cyclization, 6
Praziquantel, 118-120
Pseudopeptides, cyclic, 202
linear, 219
macrocyclic, 200, 212
Pseudopeptidic 1,2,4-triazines, 208
Pyran derivatives, 249
Pyrazinones, 20
Pyrazoles, 241
Pyrazolines, 242
Pyrazolo[3,4-b]pyridine-5-carbonitriles, 53
Pyrazolo[3,4-b]pyridine-5-carboxamides,
46
Pyrazolopyridine carboxylic acids, 52
Pyrazolopyridines, 54
Pyrazolopyridopyrimidines, 63
Pyrazoloquinolinones, 56, 234
Pyrazoloquinolizinones, 234
Pyrazoloquinoxalines, 14
Pyrazolothioazepinons, 74
Pyridines, 232
2,3,6-trisubstituted, 261
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Pyridinones, 22

Pyrido[1,2-a]benzimidazoles, 264

Pyrido[2,3-d]pyrimidine-6-carboxamide
derivatives, 46

Pyrrole derivatives, 256

Pyrroles, 21

Pyrrolidinediones (tetramic acids), 5

Pyrrolidines, 240

Pyrrolidinones, 4

Pyrrolo[3,4-b]pyridine-5-ones, 145

2-Pyrrolo-3’-yloxindoles, 257

Pyrroloketopiperazines, 113, 114

Pyrrolones, 21, 22

Pyrrolooxazocinediones, 19

Pyruvic acid, 56

Q

Quinolinones, microwave-assisted
continuous flow, 169
regioselective synthesis, 58
Quinolones, 21
Quinoxalinones, 8, 17, 19, 111, 114
Quinozalines, 2,6,7-trisubstituted, 138, 139

R
Radziszewski reaction, 165
Ring-closing metathesis (RCM), 26, 201

S

Sansalvamide A, 200
Selectivity, 41

Sequential reactions, 199
Sonogashira coupling, 172
Spirodiketopiperazine, 102
Spiroheterocycles, 60

Strecker reaction, 131, 77
Sulfonoamide ketoacids, 97
Sulfonylmethyl isocyanides, 135
N-Sulfonyl-N-(2-oxoproply) glycines, 97
Sulfuryl diimidazole (SDI), 6
Sustainable processes, 161

T
Tetrahydroazolopyrimidines, 52
Tetrahydroazoninones, 27

Index

Tetrahydrobenzoxanthenones, 253
Tetrahydropyrazolo quinolinones,
168
Tetrahydropyridines, 258
Tetrahydropyrimidine, 47
Tetrahydroquinolines, 243
Tetrahydroquinolinones, 261, 263
Tetrahydrotrialopyrimidines, 49
Tetrahydro-f-carboline, 121
Tetralones, aminoazoles, 62
Tetrazole-ketopiperazines, 116
Tetrazolopiperazine, 113, 115-117
3-Thiadiazolyl-4-thiazolidinones, 77
Thiazolidin-4-ones, 3-substituted, 76
Thiazolines, 136
Thiazolo[3,2-a]imidazol-6-one, 72
N-(2-Thiazolyl)-nortropinon, 78
Thrombin inhibitors, 110
TosMIC, 137
Tosylmethyl isocyanide, 134
Trabectedin, 87
Transition metal catalysis, 26
Triazoles, Bestmann—Ohira reagent, 174
fused, 26
Triazolopyrimidine carboxylic acids,
50, 52
Triazolopyrimidinecaroxamides, 46
Triazolopyrimidines, 79
Triazolylpyrrolones, 50
Trimethylsilyl trifluoromethanesulfonate,
104
Tryprostatin B, 105, 107

U
UDC (Ugi-deBoc-Cyclize), 18
Ugi reactions/products, 1, 43, 85,
132, 199
Ugi-2+-2 cycloaddition, 26
Ugi-4-center-3-component reaction
(U-4C-3CR), 110
Ugi-4-component condensation (Ugi-4CR),
179, 201, 202
Ugi—activation—cyclization (UAC), 201
Ugi-cyclocarbonylation, 30
Ugi-deBoc-cyclization (UDC), 5, 205
Ugi—deprotection/activation—cyclisation
(UDAC), 199, 201
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Ugi-deprotection-cyclization (UDC), Ulcerative colitis, azo-dyes, 184
199, 201 Ultrasonic irradiation, 41
Ugi-direct arylation (DAR), 29
Ugi-Heck, 29 A4
Ugi-IMDA, 24 van Leusen products, 85
Ugi-Michael processes, 23 van Leusen three-component reaction

Ugi/Pictet-Spengler, 31, 122, 205 (VL-3CR), 137
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