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Abstract
A truly 4-component reaction! In analogy to a galaxy consisting of millions of stars a
multicomponent reaction scaffold can result in millions of compound variations. The MCR of α-
amino acids, oxocomponents, isocyanides and primary or secondary amines is such a high-number
high-diversity reaction providing an enormous potential for drug discovery or catalyst screening.
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To Ivar Ugi, the father of modern multicomponent reaction chemistry

Multicomponent reaction technology (MCR) is now widely recognized for its impact on
drug discovery projects and is strongly endorsed by industry in addition to academia.[1]

Thus an increasing number of products based on MCRs are marketed or in development.
Recent examples include boceprevir,[2] retosiban[3] or mandipropamide,[4] just to name a
few. While the number of described MCRs is enormous, only a small number has a wide
breath in all classes of educts and allows for the quasi infinite variation of all starting
materials.[5] The size of the chemical space of the different MCR scaffolds, however, has
major implications on the usefulness of the particular MCR. For example, the classical Ugi
four component reactions allows for the simultaneous variation of four very common
starting materials (amine, oxo-component, carboxylic acid and isocyanide, which is derived
from a primary amine).[6] Thus the number of synthesizable products is very large.[7] On the
other hand, the three component reaction of sulfur, carbon monoxide and epoxides yielding
oxathiolan-2-ones, although synthetically very useful can yield only a rather limited number
of products.[8] Different strategies for the design of molecular complexity using MCR
chemistry have been devised.[9] We would like to report here on a novel stereoselective Ugi-
type reaction of the four highly variable starting materials α-amino acid, oxo-component,
isocyanide and primary or secondary amine, thus comprising a novel true 4-CR.
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15 Years ago Ugi et al. described the first time the discovery of a novel variant of his
reaction in this journal (Scheme 1).[10] The reaction was termed U-5C-4CR (5-center-4-
component) because of the use of bireactive α-amino acids, oxo-components, isocyanides
and alcohol as a solvent and reactant. The reaction proved to be versatile and several reports
document their usefulness.[11] Remarkably, this reaction also lead to the first orally available
potent, selective and non peptide oxytocin antagonist, currently undergoing clinical trials for
preterm birth.[3, 12]

This reaction, however only comprises a MCR where three components show a great
variability: the α-amino acid 1, the oxo-component 2 and the isocyanide 3. The variability of
the alcohol component 4, which is also the solvent, is rather restricted towards low
molecular weight liquids, e.g. MeOH and EtOH. The restriction is a result of the poor
solubility of the amino acids in higher alcohols and their reduced nucleophilic reactivity.

The key reaction intermediate is the six-membered α-adduct of the α-amino acid, the oxo-
component and the isocyanide which is reacting to the linear product 5 by the nucleophilic
attack of the solvent methanol 4 (Scheme 2). We envisioned that an N-nucleophile, a
primary or secondary amine 6, could potentially also work as a nucleophile and successfully
compete with the alcohol solvent to attack the 6-membered α-adduct leading to the
iminodicarboxamide derivative 7. The outcome of the projected reaction however was a
priori unclear since the amino acid amine and the external primary or secondary amine could
compete for the oxo-component and result into different types of Ugi or Passerini products
(e.g. via U-5C-4CR, U-4CR, U-3CR or P-3CR) or mixtures thereof. We hypothesized
however, that an intramolecular reaction involving the Schiffbase of the bifunctional α-
amino acid as opposed to an intermolecular reaction of the Schiffbase or enamine formed by
the additional primary or secondary amine should be more favorable and would
preferentially form the cyclic α-adduct leading to the new scaffold vs. the acyclic α-adduct
leading to the intermolecular classic Ugi reaction respectively. Additionally a reaction
funneling into the projected reaction pathway would be of high value since this would
comprise one of the very few four component reactions which are truly variable in all
components.

To test our MCR hypothesis we first reacted leucine (1{7}), 2-fluorobenzaldehyde (2{16}),
benzyl isocyanide (3{1}), and morpholine (6{14}) and surprisingly found the expected
compound (7{7,16,1,14}) as the major product. Extensive optimization was performed
including the parameter solvent, temperature, w/o microwave, reaction time and catalyst and
their influence on different combinations of starting materials. In previous Ugi type
reactions where intramolecular cyclization of the α-adduct occurs trifluoroethanol (TFE) or
similar solvents were advantageously used due to their reduced nucleophilicity.[13]

Unexpectedly when TFE was attempted in this reaction it was found to produce a significant
amount of trifluoroethylester 5’ as side product. An optimal solvent mixture was found to be
MeOH/water 4/1, which is a compromise in solubility for the different classes of starting
materials. Due to the poor solubility of most amino acids we attempted to speed up the
reaction via microwave conditions, from 60–120 °C for anywhere from 30min to 2 hours.
While under these conditions the amino acid completely solubilized in the reaction mixture,
however no increase in yield was found. Also due to the formation of unwanted side
products, and therefore an increased difficulty in separation the benefit from the time gained
by using microwave conditions was outweighed by the amount of extra time spent
optimizing separation conditions; instead room temperature for 3 days was used.

Next we investigated the scope of the reaction by using representative starting materials of
each class and synthesizing a library of iminobisamides (Figure 1). Not surprisingly it was
found that the identity of the starting materials and their specific combinations played a role
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for the overall yields and selectivity of the reaction. We successfully used virtually all
natural α-amino acids and some non natural ones (1), including hindered 1{3} or oxidation
labile 1{9} and 1{16}. It was found that while use of Tyr (1{13}) gave the desired product,
(7{13,7,9,17}); using tert-butyl protected Tyr (1{14}) gave product (7{14,7,9,17} in much
better yields (25% vs 47% respectively). Similar results were seen between Ser (1{5}) and
tert-butyl protected Ser (1{10}) for products 7{5,5,4,3} and 7{10,5,4,3} (23% and 40%
respectively). Therefore amino acids with reactive side chains (e.g. Ser, Glu, Asp, Lys) were
used in their side chain protected form. As oxo-components (2) we often used symmetrical
ketones for the sake of formation of only one stereoisomer, however either aldehydes or
ketones worked equally well in this reaction. Cyclic ketones, cyclobutanone (2{3}),
cyclopentanone (2{4}), and cyclohexanone (2{5}) worked well in the reaction, while
cycloheptanone (2{6}) and ketones of higher ring size worked with sub-optimal yields, e.g.
(7{14,6,5,9}, 23%). Different isocyanides were used including aromatic, heteroaromatic,
aliphatic and bulky ones (3) and worked generally well. Primary and secondary amines were
used as the forth component (6), and generally worked well including functionalized,
heterocyclic, aromatic and heteroaromatic ones. As part of the NIH roadmap initiative, a
project aiming to address roadblocks to research and to transform the way biomedical
research is conducted by providing a large and diverse publicly available compound library
for the discovery of molecular probes, we synthesized up to now more than 400 compounds
based on this reaction.[14] Yields of representative compounds are summarized in Table 1.

All reactions were performed on a 0.5 mmol scale and the products were purified to their
enantiomers by efficient and fast supercritical fluid carbon dioxide (SFC) technology. The
yields in most cases are satisfactory taking into account the complexity of the reaction,
between 40 and 60% after chromatographic separation.

Next we asked the question of the stereochemical integrity of the formed products. Thus all
reactions performed were investigated by chiral supercritical fluid chromatography (SFC,
SI). We investigated the influence of the amine component on the integrity of the amino acid
stereocenter. We found that primary amines lead to retention of the stereochemical integrity
of the amino acid stereocenter, whereas secondary amines are leading to partial
racemization. This can be rationalized by the typical 1–2 units higher pKB of secondary
amines. For example use of aldehyde 2{17} with L-Ala 1{2}, benzyl isocyanide 3{1} and
morpholine 6{14}, for examples lead to the formation of 4 stereoisomers which however
have been conveniently separated using chiral SFC; when 2-morpholinoethylamine 6{15}
was used only 2 stereoisomers were found. Racemic D,L-Ala in these reactions was used as
a control (SI Fig 1–4). As a further proof of the structures we solved several compounds in
molecular detail using single crystal x-ray analysis; 7{15,4,3,13} is shown in Figure 2. An
example of a noteworthy combination is the use of phenylacetaldehyde 2{13}, Phe 1{12},
iso-butyl isocyanide 3{5} and iso-butyl amine 6{16} which is leading to C2 and Cs
symmetrical products in a ratio of 6:1 (Fig. 1). Such, otherwise difficult to access, C2
symmetrical compounds could potentially serve as chiral tridental ligands for catalytic
organic transformations.

In another attempt to explore the potential of this 4-component reaction we used bifunctional
starting materials to cyclize the initially formed Ugi products. Thus we performed
cyclization based on the Pictet-Spengler reaction, and deprotective cyclization.
Representative examples (8 – 10) are shown in Scheme 3. Remarkably those cyclization can
be performed without purification of the initial Ugi product.

Iminodicarboxamides are a particular useful class of scaffold and have been reported
annotated with divers biological activities, including factor Xa,[15] HIV-1 protease,[16]

renin[17], thrombin,[18] and most recently p53/mdm2 inhibition.[19] Our herein reported one-
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pot synthesis towards this scaffold comprises a major advancement and is superior to
reported stepwise sequential or MCR approaches, in terms of yield, time, effort,
stereochemistry and breath of useful starting materials.[20] The scope of the extended Ugi 4-
CR is good in all investigated starting materials and a very large number of products are
theoretically accessible. This is significant since recent trends in drug discovery using MCR
chemistry more and more leverage the usage of virtual screening tools.[19, 21] Towards this
end we introduced a freely accessible virtual compound library of ~5 million compounds
based on this backbone in the recently published ANCHOR.QUERY software for the
discovery of protein-protein interaction antagonists.[19] In conclusion we described a novel
and rare case of a 4CR where all four starting material classes can be widely combined
which each other.
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Fig 1.
The new 4CR and the investigated starting material classes
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Fig 2.
Left: Example of Cs and C2 symmetrical products conveniently formed by the new 4CR.
Right: ORTEP style plot of compound 7{15,4,3,13} in the solid state.
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Scheme 1.
The Ugi-5-C-4CR.
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Scheme 2.
Proposed key intermediate and two competing reaction pathways
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Scheme 3.
Example of products of backbone cyclization conveniently formed from suitable
intermediates of the new 4CR. The newly formed bonds of the cyclization are indicated in
red.
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Table 1

Products of the 4CR {amino acid, ketone or aldehyde, isocyanide, 1° or 2° amine} and their yields.

Compound Yield [a] Compound Yield [a]

7{2,11,9,6} 54 7{12,13,5,16} 40

7{9,5,9,10} 50 7{7,15,9,19} 34

7{14,7,9,17} 47 7{10,5,4,3} 40

7{15,6,1,16} 43 7{19,4,2,20} 41

7{1,10,4,17} 42 7{12,4,3,13} 38

7{6,3,1,3} 54 7{15,4,3,13} 37

7{11,2,4,19} 40 7{12,5,9,12} 63

7{15,9,5,10} 51 7{17,5,9,18} 62

7{15,2,8,6} 52 7{12,5,9,11} 30

7{14,5,7,16} 47 7{7,5,3,13} 48

7{10,7,3,7} 41 7{7,5,3,3} 46

7{11,2,2,6} 45 7{14,14,5,2} 31

7{18,5,1,8} 41 7{2,16,2,14} 32

7{6,4,6,5} 33 7{2,16,2,15} 28

7{4,5,9,2} 54 7{15,2,10,15} 38

7{7,8,4,9} 44 7{3,12,5,9} 30

7{6,9,2,1} 51 7{1,12,10,4} 41

7{4,8,1,4} 53 7{8,8,5,3} 40

7{15,5,4,9} 47 7{16,5,4,15} 34

[a]
isolated yields after preparative SFC purification (SI)
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