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1. Multicomponent Reactions

Reactions in organic chemistry can be classified according
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Multicomponent Reactions, Union of
MCRs and Beyond

Tryfon Zarganes-Tzitzikas, Ajay L. Chandgude, and Alexander Démling*™

ABSTRACT: Multicomponent reactions (MCRs), which are located between one- and two-
component and polymerization reactions, provide a number of valuable conceptual and synthetic
advantages over stepwise sequential approaches towards complex and valuable molecules. To
address current limitations in the number of MCRs and the resulting scaffolds, the concept of
union of MCRs was introduced two decades ago by Démling and Ugi and is rapidly advancing, as
is apparent by several recently published works. MCR technology is now widely recognized for its
impact on drug discovery projects and is strongly endorsed by industry in addition to academia.
Clearly, novel scaffolds accessible in few steps including MCRs will further enhance the field of
applications. Additionally, broad expansion of MCR applications in fields such as imaging, mate-
rials science, medical devices, agriculture, or futuristic applications in stem cell therapy and
theragnostics or solar energy and superconductivity are predicted.

Keywords: drug discovery ¢ isocyanides * medicinal chemistry ® molecular diversity ® multicom-
ponent reactions

Dedicated to the 65th birthday of Prof. Julia Stephanidou-Stephanatou

definition, “MCRs are reactions with three and more starting

to the number of participating starting materials. There are
one-component reactions (1CRs), two-component reactions
(2CRs), multicomponent reactions (MCRs) and polymeriza-
tions (Figure 1). An example of a one-component reaction is
the classical Claisen rearrangement.! One-component reac-
tions involve one starting material and if necessary a catalyst
and yield one or two products. In a two-component reaction
two starting materials are combined into one product.””’ Reac-
tions involving three or more starting materials are known as
MCRs. Prototypical examples are the Mannich reaction and

13

the Ugi reaction.” According to a generally accepted
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materials where the majority of the atoms of the starting mate-
rials are incorporated into the product.”™ An important sub-
group of MCRs is the so-called unions of MCRs, where an
MCR is combined with a secondary reaction, e.g., an MCR, in
the same flask, enhancing the diversity and potential usefulness
of the reactions.”’ MCRs bridge one- and two-component
reactions with polymerizations, where one or several starting
materials combine repetitively to form a polymer of varying
length. The majority of organic textbook chemistry consists of
one- and two-component reactions and polymerizations. Sur-
prisingly, the wealth of MCRs is not adequately represented in
modern teaching of organic chemistry despite the many con-
temporary and important applications in chemistry. This short
review gives a personalized glimpse of modern MCRs with a
focus on higher MCRs and some intriguing recent applications
underscoring the immense potential of navigating the MCR
space.'

Wiley Online Library 981
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1.1. Classes of MCRs

Many of the classical MCRs are named reactions and all have
proven their wide applicability in chemistry with multiple
commercial products on the market (Table 1).

TaniaPhos for example is a commercial application of the
Mannich 3CR. It is a chiral ligand for a catalyst used in
asymmetric hydrogenations and can be synthesized from the
(R) Ugi amine in two steps.”’ The (R) Ugi amine can be
synthesized via a Mannich reaction between ferrocene,
dimethylamine and acetaldehyde (Table 1, entry 1).5!

o,0-Disubstituted amino acids have attracted increasing
attention as unnatural amino acid analogues due to their appli-
cations in peptidomimetics and the de novo design of proteins.
The Strecker 3CR was used for the synthesis of (S)-/V-
ethoxycarbonyl-o-methylvaline, where 3-methyl-2-butanone
and NaCN were treated with NH4Cl in the presence of
MgSO4 in NH3/MeOH at 30°C. Further steps involved
the formation of the tartrate salt and the preparation
of the (8)-2-ethoxycarbonylamino-2,3-dimethylbutyric acid
dicyclohexylamine salt (Table 1, entry 2)."

The Passerini reaction affords the fungicidal compound
mandipropamid in just two steps. The first step involves the
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Passerini reaction of an in situ synthesized isocyanide, an alde-
hyde and a carboxylic acid to form the a-acyloxycarboxamide.
The second step involves the alkylation with propargyl
bromide to yield Micora (mandipropamid) (Table 1, entry
3).[10]

Lidocaine (Xylocaine) is a very popular local anesthetic. Its
synthesis can be accomplished by the Ugi 3CR of formalde-
hyde, diethylamine and 2,6-dimethyl-phenylisocyanide. This
synthesis constitutes an early application of an MCR in the
production of a commercial drug (Table 1, entry 4).!"

Prostaglandins have antioxidant and ionophoric activities.
The Pauson—Khand 3CR has been used as the key step for the
regio- and stereoselective synthesis of prostaglandin B;. The
Pauson—Khand reaction involved a silyl-protected propargyl
acetylene, ethylene and octacarbonyl dicobalt as a carbon mon-
oxide source to afford the 3-zer~-butyldimethylsilyloxymethyl-
2-substituted-cyclopent-2-en-1-one at room temperature in
good yield (Table 1, entry 5).1'%

The p38 MAP kinase is involved in the inflammatory
pathway and its inhibitors have been widely investigated as
potential drugs. 1,4,5-Trisubstituted imidazoles were synthe-
sized as p38 MAP kinase inhibitors using the van Leusen 3CR
of an o-substituted tosylmethyl isocyanide, a primary amine
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Figure 1. Schematic representation of various reactions based on the number of starting materials.

and an aldehyde in the presence of a base. The reaction has
been reported on a 500 kg batch scale to provide enough
material for phase III clinical trials (Table 1, entry 6)."

The Gewald 3CR generally affords bioisosteres of anthra-
nilic acids. 2-Amino-3-carbonyl thiophene is the starting mate-
rial for the synthesis of several drugs, such as olanzapine
(Zyprexa), an atypical antipsychotic drug. This thiophene-
phenol bioisostere can be easily prepared by the Gewald 3CR
using cyanoacetamides, o-methylene active aldehydes or
ketones, and sulfur (Table 1, entry 7).

The Hantzsch 3CR was used for the synthesis of the
calcium channel blocker nifedipine (Procardia). Synthesis of
the dihydropyridine derivative involved condensation of a
2-nitrobenzaldehyde with two equivalents of methyl acetoac-
etate and ammonia (Table 1, entry 8).1")

Ezetimibe (Zetia) is a lipid-lowering compound that
selectively inhibits the intestinal absorption of cholesterol.

Chem. Rec. 2015, 15, 981-996
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It is synthesized by using the Staudinger 3CR as a key
reaction. The imine formed from p-fluoroaniline and
benzyloxybenzaldehyde was treated with methyl 5-chloro-5-
oxopentanoate in the presence of tributylamine and toluene to
form the B-lactam ring. This reaction involves the formation of
an intermediate ketene that undergoes a [2 + 2] cycloaddition
reaction with the imine to regioselectively form the p-lactam
ring, giving the trans isomer as the major product (Table 1,
entry 9).!¢

2. Multicomponent Reactions and
Subsequent Transformations

Many MCRs have been described in the past one and a half
centuries and recently many fundamental advances in finding
new MCRs have been made. A strategy to enhance the size and

www.tcr.wiley-vch.de 983
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Table 1. Examples of named MCRs and their application to the synthesis of commercial products.

Entry Named reaction Reaction Product
1 Mannich 3CRB”! R; R
H o 3 Ra
R
+ + — 1~
R Ry R3)LR4 RS\)J\RS ’T'MRG Ph,P
Ry Rs JH
= "NMe,
Fe PPhy
TaniaPhos®
2 Strecker 3CR! o s NC. NHR3 o
BIY + R3-NH, + HCN ——> -
R R2 R!”R? )]\ g
EtO” 'N” "CN
H
(S)-N-ethoxycarbonyl-a-methylvaline
3 Passerini 3CRI”! o ° j\ RIR? | Il
+ + R-NC — 3 ><WN\ 4
R1JLR2 RskOH RO R oy
cl © SN
Micora
(Mandipropamid®)
H [11] 4
4 Ugi 3CR o " . E o - o
+ + - —_—
RWJ\RZ R3 ’\LR4 R-NC R® %J\N’ NJK/NM
1 RZ H
Lidocaine
(Xylocain®)
5 Pauson—Khand 3CR? R Pauson-Khand o
| Reaction R? COOMe
ZJ + co + || ———— 1@ n
R R —
H om
OH
PPBy-in=7,m=1
PGB;n=6,m=4
Prostaglandin B1
6 Van Leusen 3CR! o Ts RLNIN N
+ R2-NHz + — >,_(
R1JLH R3J\NC R R3
P38 MAP Kinase Inhibitor
7 Gewald 3CR! 5 RL_S /
1 R ~ \ NH;
s + RO 4 g Son —
© R®  Ewe
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Olanzapine
(Zyprexa®)
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Table 1. continued

Entry Named reaction Reaction Product
8 Hantzsch 3CR! o R O
+ + -NH, —> N
1
ROH N MeOOC COOMe
R? | |
N
H
Nifedipine
(Procardia®)
H [16] 3
9 Staudinger 3CR o o) R OBn
Jo+ o NHy 4 —
; R cl N
RO R® R? R!

Ezetimibe
(Zetia®)

diversity of current MCR chemical space is the concept of
combining an MCR and a subsequent secondary reaction;

and the Ugi-
71 Herein, bifunc-

examples include postcondensations

deprotection—cyclization (UDC) strategy.
tional orthogonally protected starting materials are used and
cyclizations can take place in a secondary step upon
deprotection of the orthogonal functional groups. Many dif-
ferent scaffolds have been recently described using this strategy.
A recent example of such a postcondensation strategy is shown
in Scheme 1. It is based on a recently discovered variation of
the Ugi reaction of o-amino acids (1), oxo components (2),
and isocyanides (3), now including primary or secondary
amines (4), and can afford highly substituted isoindolones (5),
pytrolidinediones (6), and di- (7), tri- (8), and tetracyclic (9)
scaffolds reminiscent of the alkaloids quinocarcin and
notoamide B. The MCR is stereoselective as the chiral o-amino

acid can be used with stereoretention (Scheme 1).1'*

3. Union of Multicomponent Reactions

The term “union of MCRs” was coined by Démling and Ugi in
their publication “The Seven-Component Reaction” describ-
ing the one-pot combination of a modified Asinger 4CR"” and
the Ugi 4CR (Scheme 2)."

The union of MCREs is a strategy for the rational design of
novel MCRs combining two (or more) different types of
MCRs in a one-pot process. The presence of orthogonal reac-
tive groups in the product of the primary MCR, which is either
formed during the primary MCR or present in one of the
inputs, allows the union with the secondary MCR.?Y The

Chem. Rec. 2015, 15, 981-996
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union of MCRs is an intriguing concept to increase even more
the complexity and efficiency and provide new scaffold types.
Several new examples have been elaborated recently.

Besides various 5CRs and 6CRs, the first example of an
eight-component reaction, currently the highest number of
different compounds used in a one-pot procedure, was pub-
lished by the Orru group in 2009.%? This 8CR unifies three
different MCRs, with nine new bonds formed, creating highly
complex and structurally versatile drug-like compounds with
eleven points of diversity (Scheme 3).

In the first of the three MCRs, imidazoline intermediate
19 was formed through a three-component reaction utilizing
the sodium salt of glycine (18), which provided the carboxylic
acid handle the subsequent Ugi 4CR.” The
N-(cyanomethyl)amide intermediate 23 was accessed via a
second three-component reaction.”” Here the authors made
use of the difference in reactivity of the two isocyanides in
2,5-diisocyanopentanamide (20) to produce compound 23 in
good yield, carrying an isocyanide handle for the subsequent
MCR. Multicomponent products 19 and 23 could be formed

either in separate reaction vessels (sequential manner) or in a

for

single reaction vessel. In the case of a one-pot procedure, first
the formation of 19 was established, and then the second set of
starting materials was added to give intermediate 23. Finally,
the reaction mixture was neutralized to activate the carboxylic
acid, and a final set of reagents (i.e., the aldehyde and amine)
was added, generating the final product 24 in an impressive
24% vyield (85% yield per bond-forming step).

One of the first MCRs combining more than four differ-
ent components making use of an orthogonal functionality
was reported by Bienaymé in 1998.%) In a modified

985
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Scheme 1. Postcondensation examples involving an Ugi 5C-4CR reaction.
NaSH, NHs
)\ >( MeOH, 10 min
S t-BuNC
cHo B cHO N T \A'/ oM
10 1 42 6 days S N/QO
CO MeOH 1 /g\#NH
+ MeOH <—= d ‘B
: MeO)J\OH vBu
13 42% yield, dr 2:1

15

Scheme 2. “The seven-component reaction” (Asinger—Ugi 7CR).

Bredereck reaction, the secondary amine morpholine
(25), N-formylimidazole diethyl acetal (26) and methyl
isocyanoacetate (27) were reacted to produce the intermediate
isocyanide (28) exclusively as the (2) stereoisomer (Scheme 4).
After the subsequent addition of a carboxylic acid (e.g., benzoic
acid) and an aldehyde (e.g., cyclohexane carboxyaldehyde), a
Passerini 3CR takes place, resulting in the formation of
product 29 as a racemic mixture in a fair yield (30%), repre-
senting an 80% yield per bond-forming step (five new bonds).

The combination of a Petasis 3CR” and an Ugi 4CR
(Pt-U-6CR) was recently described by Portlock and co-workers
(Scheme 5).2” With six new bonds formed and the introduc-
tion of six points of diversity, dipeptide amides 34 could be

Chem. Rec. 2015, 15, 981-996
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obtained as 1:1 mixtures of racemic diastereomers with yields
ranging from 80 to 95% per bond-forming step. As shown in
Scheme 5, the amino acid 33, formed by the Petasis 3CR,
serves as the carboxylic acid component in the subsequent Ugi
4CR. Despite the readily achievable high structural diversity, a
solvent change was necessary for the second MCR to proceed,
hence limiting the applicability of this approach in the rapid
preparation of structurally diverse, drug-like compound librar-
ies. To overcome this drawback, the same authors showed that
this reaction sequence could be translated to a solid support,
thus allowing the exploration of a larger chemical space,
though at the cost of one point of diversity as a result of the
linkage to the resin.””

986
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Another interesting example of creating complexity and
structural diversity by the combination of two successive
MCRs was published recently by Al-Tel and co-workers
(Scheme 6).” By combining the Groebke-Bienaymé-
Blackburn reaction,” an acid-mediated isocyanide addition to
2-iminopyridines yielding fused pyridine-imidazoles (38), with
a Passerini 3CR or an Ugi 4CR, a 5CR or 6CR was developed,
generating structurally diverse (up to ten points of diversity),
highly substituted, drug-like heterocyclic compounds 39 and
40, respectively, in an efficient manner (>90% yield per bond-
forming step). The formylbenzoic acids 36 reacted with
2-aminopyridines 35 and isocyanides 37 selectively on the

o) o 2 2
M MeOJ\(NC HZNJ% Ne é
16 17 20 J/ + »
o CN o
HaN JJ\ONa [ j
18 NT 22
i
r.t., 2 days 60°C, 5h

BzNH, i-BuCHO

HCI/MeOH (1equiv)
MeOH, r.t., 18 h

7ﬁruWﬂ

CN O (0]
24

24% vyield, d.r. = 1:1:1:1

Scheme 3. Combination of three multicomponent reactions leading to an

8CR.

aldehyde group and the benzoic acid moiety was left intact.
Thus, the orthogonal reactivity of the carboxylic acid in the
Groebke—Bienaymé-Blackburn reaction was used as a func-
tional handle in the subsequent Ugi or Passerini MCRs.

4. Recent MCR Applications

Several interesting recent applications of MCR chemistry going
beyond simple combinatorial applications are discussed in the
following.

Large-Scale Pharmacophore-Based Virtual Screening of
MCR Libraries: AnchorQuery

Two decades ago, MCR chemistry was generally neglected in
the pharmaceutical and agrochemical industries. The knowl-
edge of these reactions was often low and it was generally
believed that MCR scaffolds were associated with a lack of
useful drug-like properties, e.g., absorption, distribution,
metabolism, excretion, and toxicity (ADMET). During the
time of combinatorial chemistry, however, MCRs offered a
major technology to reliably produce large compound libraries
to fill the screening decks. Nowadays, MCR technology is
widely recognized for its impact on drug discovery projects and
is strongly endorsed by industry as well as academia.”” These
examples show that pharmaceutical and agrochemical com-
pounds with preferred ADMET properties and superior activi-
ties can be engineered based on MCR chemistry. The very high
compound numbers per scaffold available via MCRs may be
regarded as a friend or foe. On the one hand, it can be fortu-
nate to have an MCR product as a medicinal chemistry starting
point, since a fast and efficient SAR elaboration can be accom-
plished; on the other hand, the known chemical space based on
MCRs is incredibly large and can neither be screened nor
exhaustively synthesized with reasonable efforts. The currently
preferred path to medicinal chemistry starting points in indus-
try, high-throughput screening (HTS), however, is an expen-
sive process with rather low efficiency, yielding hits often only
Modern
postgenomic targets often yield zero hits. Furthermore, the
initial hits are often not amenable to elaboration due to their

in low double-digit or single-digit percentages.

Chem. Rec. 2015, 15, 981-996
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Scheme 4. Combination of a Bredereck reaction and a Passerini 3CR.
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Scheme 5. Combination of the Petasis 3CR and Ugi 4CR.
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Scheme 6. Combination of the Groebke—Bienaymé-Blackburn 3CR with the Passerini 3CR or Ugi 4CR.

complex multistep synthesis. Thus, neither the screening of
even a very small fraction of the chemical space accessible by
the classical Ugi 4CR and other scaffolds nor the synthesis is
possible. Recent advances in computational chemical space
enumeration and screening, however, allow for an alternative
process to efficiently foster a very large chemical space. The free
web-, anchor-, and pharmacophore-based server AnchorQuery
(http://anchorquery.ccbb.pitt.edu/), for example, allows for the
screening of a very large virtual MCR library with over a billion
members.®? AnchorQuery builds on the role that deeply
buried amino acid side chains or other anchors play in protein—
protein interactions. Based on the efficient and convergent
nature of MCR chemistry, proposed virtual screening hits can
be instantaneously synthesized and tested. This software was
instrumental to the discovery of multiple potent and selective
MCR-based antagonists of the protein—protein interaction

Chem. Rec. 2015, 15, 981-996
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between p53 and Mdm?2 (Figure 2)."*3* Thus, computational
approaches to screen MCR libraries will likely play a more and
more important role in the early drug discovery process in the
future. An increasing amount of high-resolution structural
information on MCR molecules bound to biological receptors
is becoming available. With the advent of structure-based
design and fragment-based approaches in drug discovery, access
to binding information of MCR molecules to their receptors is
becoming crucial. Once the binding mode of an MCR mol-
ecule is defined, hit-to-lead transitions become more facile,
time to market can be shortened, and the attrition rate in later
clinical trials can be potentially reduced with the knowledge
to engineer the physicochemical properties of the target
compounds.

Active compounds were reported based on anchoring of a

6-chloroindole moiety onto Trp23 of p53 in the p53—-Mdm?2

988
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Figure 2. The use of AnchorQuery in structure-based drug discovery. Top: The endogenous interaction of p53 in
Mdm2 with the hot spot amino acids Phe19, Trp23 and Leu26. Middle: Pharmacophore modeling and screening of
a very large virtual library of MCR products allow for the efficient discovery of novel and potent scaffolds. Bottom:
Three MCR molecules mimicking the p53 interaction with Mdm2.

interaction, designed through special computational software
AnchorQuery and synthesized through Ugi and other multi-
component chemistry.”>** The most potent compounds were
41 (PDB: 3T7]2), 42 (PDB: 4MDQ), and 43 (PDB: 4MDN)
with 1Csg values of 400 nM, 1.2 uM, and 600 nM, respectively
(Scheme 7).

Compounds 41 and 42 mimic three distinct amino acids
of p53 (Phel9, Trp23, and Leu26), but compound 43 induced
an additional hydrophobic pocket on the Mdm?2 surface and
unveiled for the first time a four-point binding mode
(Figure 3).5")

Besides applications in structure-based drug design and
medicinal chemistry, MCR chemistry has recently also found
application in the design and synthesis of libraries with unusual
3D and physicochemical properties for applications in high-
throughput screening campaigns, such as the European Lead
Factory (https://www.europeanleadfactory.eu/).

Chem. Rec. 2015, 15, 981-996
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Natural Products

The use of MCRs in natural product synthesis is currently very
much underinvestigated, but several recent examples are dis-
cussed in the following.

While the Bucherer—Bergs and the related Strecker syn-
thesis are well-established methods for the one-pot synthesis
of natural and unnatural amino acids and provide some very
carly examples of MCR-triggered natural product syntheses,
the complex antibiotic penicillin was synthesized 50 years ago
in a highly convergent approach by Ivar Ugi using two
MCRs, the Asinger reaction and his own reaction
(Scheme 8).8%

Although early examples of the advantageous use of
MCRs in the deliberate total synthesis of complex natural
products led the way, their use has been neglected for decades
and only recently realized by a few organic chemists.***!
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Figure 3. A potent p53-Mdm2 antagonist comprising four pharmacophore points based on the Ugi 4CR, discovered
with AnchorQuery technology (PDB: 4MDN). The hot spots of the protein—protein interaction of p53 (green sticks)
on Mdm2 (reddish surface) are shown, with different ligand areas important for the ligand—protein interaction
projected onto the receptor surface and represented by different colors: isocyanide, blue; aldehyde, red; amine, green
and orange. The acid component (formic) does not make major contributions but rather points into solvent.
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Scheme 7. p53-Mdm2 inhibitors synthesized by the Ugi 4CR.
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Scheme 8. Penicillin synthesis via the union of the Asinger 4CR and the Ugi 4CR.

A novel MCR approach towards aspergillamide A (54)
was described by Démling et al. using an Ugi 4CR between
N-acetylleucine (50), methylamine (51), phenylacetaldehyde
(52) and (£/2)-3-(2-isocyanoethenyl)indole (53), and the

natural product was obtained in one step (Scheme 9).*

Chem. Rec. 2015, 15, 981-996
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The natural product and proteasome inhibitor omuralide
(59) has been synthesized in a stereocontrolled manner using
an intramolecular U-4CR of the ketocarboxylic acid 55 as a
key step (Scheme 10)."“! Here, a novel convertible isocyanide,
1-isocyano-2-(2,2-dimethoxyethyl)benzene (56), was used,
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Scheme 9. Synthesis of aspergillamide A via the Ugi 4CR.
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X
Z>COO0H 1-CHO A
R P-3CR AIBN
(0] 1 (@) 1
R%-NC R R
62 HN. R2 HN. R2
63 64
Scheme 11. Macromolecule synthesis via the Passerini 3CR.
8
0]
B Q fe)
NH NHPg l\I’
l\ + R 2 o+ JL + CN/\/ N%L
COOH R?7R? 68 2. Deprotection R‘I N /\‘]'NHI
65 66 67 . R? R:QH

B= adenine, cytosine, guanine,thymine

Scheme 12. MCR approach to PNA polymers.

which was introduced independently by two groups. The
p-methoxybenzylamine (57) is used as an ammonia surrogate.
The indole acyl of the intermediate 58 resulting from the
convertible isocyanide can be cleaved under very mild condi-
tions to produce the final product.

Chem. Rec. 2015, 15, 981-996
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Polymers—Materials

Another application of MCR chemistry far from being lever-
aged to its full extent is in materials science. Precise engineering
of macromolecular architectures is of utmost importance for
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designing future materials. Like no other technology, MCRs
can help to meet this goal. Recently, the synthesis of sequence-
defined macromolecules 64 without the utilization of any pro-
tecting group using a Passerini 3CR has been described
(Scheme 11).147

Another sequence-specific polymer synthesis with biologi-
cal applications is that of the peptide nucleic acids (PNAs),
which are metabolically stable and can recognize DNA and
RNA polymers. This can be accomplished by the Ugi 4CR
(Scheme 12).19

I,

/L COOH
NS0 © 70

H

Scheme 13. Ugi-modified stationary phase.

O
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+ - =
R/Q/\\O —

(dimer)
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(o
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rt,02M
>20:1dr

Yet another application of MCRs in materials science
might underscore the potential opportunities to uncover. Sta-
tionary phases modified with Ugi molecules have been recently
introduced to efficiently separate immunoglobulins (Igs).*”
Currently, more than 300 monoclonal antibodies (mAbs) are
moving toward the market. However, the efficient and high-
yielding cleaning of the raw fermentation brew is still a holy
grail in technical antibody processing. Thus, it is estimated that
approximately half of the fermentation yield of mAbs is lost
during purification. Ugi-modified stationary phases 70
(Scheme 13) have been found in this context to be far superior
to purification protocols based on natural Ig-binding proteins,
which are expensive to produce, labile, unstable, and exhibit
lot-to-lot variability.

Fluorescent pharmacophores were discovered by the
Groebke-Bienaymé-Blackburn = MCR  (GBB-3CR)  with
potential applications as specific imaging probes using a
droplet array technique on glass slides.®™ Another group
described the discovery of BODIPY dyes for the in vivo
imaging of phagocytotic macrophages and their assembly by
MCRs.BY

eptide
w\\\w
N.
o
H NH
R

o
73

R"
(o}

Scheme 14. Macrocycle synthesis via MCRs.
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Synthesis of Macrocycles

The structures of macrocyclic synthetic compounds and
natural products recently became en vogue due to their many
potential advantages over low-molecular-weight compounds.
Macrocycles can have improved binding to receptors and can
even target features of proteins that are otherwise difficult to
handle, such as protein—protein interactions, due to their large
and flat surface area. Moreover, some macrocycles show
enhanced transport properties due to their chameleon-like
behavior in hydrophobic and hydrophilic environments. This
behavior can be triggered by conformational changes induced
by a shift between intra- and intermolecular hydrogen
bonding.

Modular MCR chemistry is very well suited to the fast and
efficient synthesis of a diverse range of macrocycles. Pioneers
of using MCRs for the macrocyclization step were Failli
and Immer, who synthesized bioactive cyclic hexapeptides
via an Ugi MCR of N-C-terminal-unprotected linear
hexapeptides.”>?
macrocycle synthesis via MCRs. A recent outstanding example

Later many other groups contributed to

consists of the macrocycle synthesis of Yudin® involving
amphiphilic aziridinoaldehydes (71) in Ugi-type reactions
(Scheme 14).

The macrocycle synthesis is diverse in terms of ring size
and starting materials. An interesting application of the

macrocyclization in very small volumes has been recently
disclosed.”

Applications in the Pharmaceutical and
Agrochemical Industries

Other worthwhile applications of MCRs in medicinal chem-
istry are in routes scouting for shorter, convergent, and
cheaper syntheses. An excellent showcase example is the syn-
thesis of the recently approved HCV protease inhibitor
Incivek (telaprevir, 75). This complex compound is industri-
ally produced using a lengthy, highly linear strategy relying
on standard peptide chemistry that exceeds 20 synthetic
steps. Orru et al. were able to reduce the length and com-
plexity of the synthesis of Incivek by almost half using a
biotransformation and two MCRs as the key steps
(Scheme 15).5>**) Recently, Riva etal. reported a second
MCR approach towards Incivek using an enantioselective
enzymatic desymmetrization.”>’

Another example is the convergent synthesis of the schis-
tosomiasis drug Biltricide (praziquantel, 89) using key Ugi and
Pictet—Spengler reactions (Scheme 16).°¢ Clearly, more syn-
thetic targets are out there, which can be potentially accessed in
a more convergent and cheaper way using MCR chemistry,
thus potentially benefiting the patient.
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Scheme 15. MCR approach towards Incivek (telaprevir).

Clinical Candidates

Preterm labor is the major reason for neonatal morbidity and
occurs in 10% of all births worldwide. Currently, antagonistic
derivatives of the neurohypophyseal nonapeptide hormone
oxytocin are used to control preterm labors; however, they are
associated with the typical disadvantages of peptide drugs, such
as a lack of oral bioavailability, short half-life and potential
immunogenicity. The diketopiperazine (DKP) scaffold 94 was
discovered in a HTS campaign that, after further medicinal
chemistry optimization, developed into the first clinical class of
low-molecular-weight oxytocin antagonists retosiban (96) and
epelsiban (95), which are currently undergoing human clinical
trials. The latter is also the first oxytocin antagonist drug devel-
oped for the treatment of premature ejaculation in men

(Scheme 17).P"
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Scheme 17. Oxytocin antagonists produced via the UDC methodology.

Interestingly, they show superior activity for the oxytocin
receptor and selectivity toward the related vasopressin receptors
than the peptide-based compounds currently used clinically.
Perhaps against the intuition of many medicinal chemists, the
Ugi diketopiperazines are orally bioavailable, while the cur-
rently used peptide derivatives are i.v. only and must be stabi-
lized by the introduction of terminal protecting groups and
unnatural amino acids.

Because of the convergent and efficient nature of the
MCR chemistry, detailed SAR studies of the scaffold substitu-
ents could be performed, giving rapid access to all eight ste-
reoisomers of this Ugi DKP backbone in a landmark paper

involving Ugi chemistry."®

5. MCRs: Quo Vadis?

The immense scaffold diversity coupled with the ease of access
of many different compounds and the resulting straightforward
optimization protocols make MCR chemistry an almost

Chem. Rec. 2015, 15, 981-996

© 2015 The Chemical Society of Japan & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

perfect technology to solve many of the issues of modern life.
Whereas MCRs have recently found broad acceptance in
general organic and medicinal chemistry, other science and
technology domains still do not appreciate the outstanding
opportunities that MCRs offer. We predict MCRs to become
even more popular, especially if new applications become
introduced. Some foreseen new fields of MCR chemistry are
wordled in Figure 4.
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