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ABSTRACT: Isocyanides are the “Jekyll and Hyde” of organic
chemistry allowing for extremely interesting transformations that are
not only extremely odorous but also noxious. Therefore, an
isocyanide-less isocyanide-based multicomponent reaction (IMCR)
has been developed, and this protocol is expected to replace many of
the old procedures in the future not only in IMCR but in other areas
of organic chemistry as well.

I socyanides have been first described by Lieke in 1859 and
now form the basis of a large and very useful group of

reactions in organic chemistry, in particular in isocyanide-based
multicomponent reactions (IMCRs).1 Two decades ago,
IMCRs experienced a renaissance, and they are now regularly
used to produce diversity-oriented compound libraries for
pharmaceutical or material science.1 Isocyanides, exhibiting an
interesting reactivity toward both electro- and nucleophiles
adding onto the isocyanide-carbon, comprise a very unusual
functional organic group and undergo outstanding chemical
transformations.1,2 At the same time, the compound class of
isocyanides is notorious for its intensive stench. Early
isocyanide chemists used to work on the roofs of chemical
laboratories to avoid the isocyanide stench.3 Reports of
isocyanide toxicity complement the picture of a bad compound
class.4 One can speculate that this property severely hampers
progress in isocyanide chemistry. Although a few in situ
isocyanide formation IMCRs have been described, they are
rather limited in substrate scope and examples. For example, El
Kaim̈ et al. formed benzyl isocyanides from the benzyl halide by
treatment with AgCN and subsequently performed the Ugi
reaction in one pot.5 Fed́ou et al. have used an in situ epoxide to
isocyanide transformation in an MCR of very limited structural
diversity.6 Seebach et al. used one in situ generated isocyanide
by reacting a formamide with diphosgene and used it in the
Passerini reaction.7 Sharma et al. described a microfluidic
system to perform odorless isocyanide chemistry.8 Here we
introduce the general use of formamides to produce complex
IMCR products by in situ isocyanide formation and IMCR in
the same flask. This one-pot procedure is more general, leading
to more diverse product types and is supported by more
examples than any previously reported case.5−9 Moreover, we
report for the first time a modified Leuckart−Wallach

procedure to rapidly generate many different formamides
from aldehydes and ketones, the precursors of isocyanides. The
findings are significant as (1) the scope of IMCR is greatly
increased, (2) the isolation of toxic and bad smelling
isocyanides is avoided, and (3) the overall time to products is
considerably shortened, as several steps of conventional IMCR
procedures are deleted. The majority of isocyanide syntheses
use the classical 2-step sequence by Ugi: primary amine →
formamide → isocyanide.10 The Hoffman procedure of
carbene-mediated isocyanide formation directly from primary
amines is also popular, especially since the introduction of
phase transfer catalysis.11 The reductive amination of
oxocomponents 1 with formamide 2 and formic acid 3, also
known as the Leuckart−Wallach reaction, has however never
been established as a general synthesis pathway to iso-
cyanides.12 This is surprising, since often the oxocomponents
leading to an isocyanide via Leuckart−Wallach are much
cheaper than the corresponding primary amines used for the
classical synthesis pathways (Ugi, Hoffmann). Furthermore, the
structural diversity and accessibility of oxocomponents is higher
compared to primary amines. Here we show that the Leuckart−
Wallach reaction, using conventional heating and requiring
longer reaction times or using microwave and shorter reaction
times, can be used to produce formamides from virtually all
tested >50 oxocomponents in moderate to excellent yields
(Scheme 1, Supporting Information (SI)). The synthesis can be
easily performed in parallel using suitable metal block heaters
(SI movie). The reaction is scalable and has been performed on
a 50 g scale, for example, to produce 4.43 in good yields. The
formamides produced by the Leuckart−Wallach reaction can be
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used to produce unprecedented and otherwise difficult to
access isocyanides (SI Table 1).
For example, the primary amines for the formamides shown

in Scheme 1 are very expensive as compared to the oxo
precursor, difficult to access, or not commercially available.
However, we were interested to leverage the Leuckart−Wallach
produced formamides 4 to develop an in situ IMCR without
tedious synthesis and isolation of the foul smelling and toxic
isocyanides. Thus, we first optimized the reaction conditions by
testing different dehydrating agents, temperatures, and solvent
systems. After experimentation and screening conditions (SI
Tables 2,3), triphosgene (0.4 equiv) with Et3N (2.4 equiv) in
dichloromethane (0.5 M) proved to be the best dehydrating
system for the isocyanide formation and superior to the one
precedence in literature.7 Subsequent addition of the
complementary MCR components (each 1.3 equiv) in
methanol as a cosolvent gave good to excellent yields of the
MCR products in 24 h at room temperature in most of the
cases and were used as general reaction conditions. With these
optimized reaction conditions in hand, we have chosen six well
described IMCRs to test if the in situ isocyanide formation and
IMCR can be performed in one pot and provide a competitive
advantage (Scheme 2). Surprisingly, the unrelated MCRs
worked well using just one set of general reaction conditions.
For each of the six different scaffolds we selected diverse
starting materials to give realistic insight into the scope and
limitations.
The Passerini 3-CR is a well-established MCR with

applications for example in the field of natural product
synthesis, material science, or drug photocaging.13 Our in situ
procedure allows for diverse syntheses of products 5.1−5.5 in
yields between 48% to 58% (Scheme 3). The substrate scope
includes ketones, aldehydes, (hetero)aromatic aldehydes, and
functional groups such as phenols and tertiary amines.
The classical Ugi-4CR is the basis of an enormous number of

secondary scaffolds and has found widespread application

throughout the field of chemistry.14,1 In our hands, the
substrate scope of the in situ method is not distinguishable
from the procedure using the isolated isocyanides (Scheme 4),

affording 6.1−6.5 in 49−87% yield for example. Additionally,
2-pyridyl isocyanide derived product 6.4 which, using the
classical approach, is not very accessible, underscoring the
utility of the in situ procedure. Aniline derived, and especially
heteroaromatic, isocyanides are difficult to synthesize, very
unstable, and prone to polymerization. So far, they were only
isolated as complexes with copper(I) bromide and could thus
not be used in IMCR chemistry.15

The Ugi tetrazole variation (UT-4CR) recently became
popular in the search for bioactive compounds such as
inhibitors of γ-aminobutyric acid transporters.16 The substrate
scope includes diverse substituted aldehydes and ketones,
substituted formamides, and a multitude of primary and
secondary amines yielding the 1,5-disubstituted tetrazoles, e.g.
7.1−7.5 in yields of 39−64% (Scheme 5).

Scheme 1. Modified Leuckart−Wallach Formamide
Procedure and Representative Examples with Yields

Scheme 2. Isocyanide-less IMCRs Leading to Six Different
Scaffoldsa

aReactions and conditions: Triphosgene/Et3N in DCM at 0 °C and
then amine/oxo/acid component in MeOH (i) or DCM (ii) at rt for
24−48 h.

Scheme 3. Isocyanide-less Passerini 3-CR (P-3CR)

Scheme 4. Isocyanide-less Ugi 4-CR (U-4CR)
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The Ugi 5-center-4-component reaction (U-5C-4CR) of free
α-amino acids, aldehydes, an alcohol, and an isocyanide
stereoselectively yields yet another scaffold, iminodicarboxylic
acid monoamide monoesters.17 The IMCR is used for example
in the industrial syntheses of the clinical oxytocine receptor
antagonists Epelsiban and Atosiban.18 Moreover, it constitutes
the basis of several scaffolds now found in the screening decks
of the European Lead Factory library.19 The substrate scope of
our in situ variant is not distinct from the original procedure
using isolated isocyanides, e.g. 8.1−8.5 (Scheme 6). Stereo-
induction in the proline derivative 8.4 is excellent, and only one
diastereomer could be isolated.

The reaction of β-amino acids in the Ugi reaction yields
strained β-lactams and has found widespread applications in the
synthesis of β-lactam antibiotics.20 A wide variety of substrates
can undergo the reaction toward 9.1-9.5 in good yields ranging
from 49% to 90% (Scheme 7). The 3-aroyl or 3-aryl substituted

β-amino acids often have poor alcohol solubility, requiring
extended Ugi reaction times and often giving low yields. The in
situ procedure, however, is advantageous as considerable higher
yields of 9.4 and 9.5 could be isolated after only 24 h of
reaction times. When running the reaction for the derivative 9.4
under standard conditions with pure cyclohexyl isocyanide (1.0
mmol scale, 1 M solution), we obtained the product after 24 h
only in 42% yield as opposed to 77% with the current in situ
method. We believe that salt effects increase the solubility of
the β-amino acid and thus give higher yields of the β-lactam.
Lastly, we investigated the Gröbcke−Blackburn−Bienayme ́

variant GBB-3CR of the Ugi MCR.21 GBB-3CR products have
been recently described as GPCR ligands, M. tuberculosis
glutamine synthetase, kinase, and bromo domain inhibitors, just

to name a few applications.22 For the GBB-3CR, many different
catalysts are known and we used the initially described HClO4

to accelerate the reaction. We found that aromatic, as well as
aliphatic, formamides can be used as isocyanide precursors in
the in situ variant. Different heteroaromatic 5- and 6-membered
amidines reacted with aliphatic and aromatic aldehydes in
moderate to good yields (Scheme 8).

A “real life” application of the isocyanide-less U-4CR is
shown in Scheme 9 where we synthesized in one step, with very

good yield (88%) , an example of a recently discovered highly
potent class of antagonists of the protein−protein interaction
between p53 and MDM2.23 Gratifyingly, during this reaction
the product 6.6 precipitates and a simple filtration/washing
step is sufficient to obtain the product in excellent purity.
Another application of our in situ method is the protecting

group free access to photoinducible probe 7.6, a bioisostere of
the important neurotransmitter glycine. Photocleavable tetra-
zole was synthesized, via an UT-4CR, using the Leuckart−
Wallach accessible o-nitro formamide (Scheme 10).

It can be hypothesized that noxious and malodorous
properties are severely hampering progress in isocyanide
chemistry, a compound class highly under-used in organic
chemistry. Therefore, we developed the isocyanide-less
isocyanide-based multicomponent reaction (IMCR). We
described a rapid and highly diverse formamide synthesis via

Scheme 5. Isocyanide-less Ugi 4-CR Tetrazole Variation
(UT-4CR)

Scheme 6. Isocyanide-less Ugi 5-Center-4-Component
Reaction (U-5C-4CR)

Scheme 7. Isocyanide-less Ugi-β-lactam 3-CR (UBL-3CR)

Scheme 8. Isocyanide-less Gröbcke−Blackburn−Bienayme ́
3-CR (GBB-3CR)

Scheme 9. Example of an Application of the Isocyanide-less
U-4CR To Synthesize a Highly Potent p53-MDM2
Antagonist

Scheme 10. Example of an Application of the Isocyanide-less
UT-4CR To Synthesize a Photocleavable Tetrazole
Derivative
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a modified Leuckart−Wallach procedure, with conversion in
situ into isocyanides, which can be reacted in the same pot in
different isocyanide-based MCRs. The broad applicability of the
procedure is exemplified with multiple highly diverse examples
of six different unrelated MCR scaffolds. We found the yields
and substrate scope to be comparable, or superior, to the
original procedures using isolated isocyanides. Highly stereo-
selective transformations are also possible. This in situ
procedure comprises a major milestone in the rapidly advancing
field of isocyanide chemistry in general, and specifically in
IMCR, since it avoids the isolation of the unpleasant
isocyanides and reduces the time to the product without
compromising structural and scaffold diversity.
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