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Multi-component reactions and

evolutionary chemistry
Lutz Weber

Multi-component reactions (MCRs) provide a new approach towards the
efficient synthesis of diverse compounds and compound libraries. MCRs
are evolving from being purely a chemistry curiosity to being recognized
as having increasing relevance for drug discovery in terms of lead discovery
and optimization. The combination of MCR-type chemistry-planning with
evolutionary in silico and in vitro prediction of drug potential or biological
properties is a new and powerful tool in drug discovery.
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product.

Examples of such an ‘experimental’ design
can be found in Nature, in which many build-
ing blocks of life are believed to be the result
of MCRs. For example, adenine may be formed
by the addition of five molecules of isocyanic
acid [2]. Although the history of MCRs dates
back to the 19th century with reactions such
as the Doebner or Strecker three-component
reactions, the more complex nature of MCRs
have prevented their wider application dur-
ing the past century. The outcome of an MCR
is often crucially dependent on the nature
of the solvents, catalysts, concentrations and
excess of reagents used, making the optimiz-
ation of ideal reaction conditions more
demanding when compared with sequential
reaction schemes. However, the unparalleled

atom efficiency as well as the often very mild
reaction conditions also mean that MCRs
are of interest for environmentally friendly,
large-scale production of chemical entities.
The recent demands in drug discovery for
more diverse small molecules and their effi-
cient synthesis has now shifted the attention
of the chemist to this as-yet largely unex-
plored area of chemistry. In the past few years,
a variety of novel MCRs has been discovered
and applied to the synthesis of biologically
active molecules [3,4].

Large compound libraries of diverse
molecules
The low diversity of traditional combinatorial
libraries in both biological and chemical
terms has been recognized, and has led to the
concept of ‘diversity oriented synthesis’, de-
veloped by Stuart Schreiber [5]. His method of
choice for generating increased chemical
diversity in fewer synthetic steps are MCRs.
Using this technique, more complex, natural-
product-like structures, leading to libraries
of up to two million compounds, have been
generated in fewer steps than was previously
possible (Fig. 1) [6]. Similarly, many biotech
and large pharma companies are now work-
ing to exploit MCR chemistry to generate
chemical diversity. Organic chemists are in-
creasing their efforts to obtain improved con-
trol of the outcome of MCRs by introducing
novel catalysts and reaction conditions [7].
Natural products have proved to be a rich
source of drug candidates in the past, as high-
lighted by comparing the ratio of known
natural products with synthetic molecules.
However, the ability to produce these com-
pounds synthetically was problematic for hits
found by the screening of either pure natural
products or natural-product mixtures. Often,
traditional classical synthesis schemes for
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Figure 1. Diversity-generating synthesis scheme using a
multi-component reaction and building ‘natural product-like’
molecules.

these molecules are too long or too expensive. MCRs can
provide an alternative to this problem, either by using
MCRs to synthesize the natural product, or by generating
molecules that are ‘artificial’ but that bear a similar high
density of the structural features that make natural prod-
ucts unique in the chemical universe of small molecules.
The latter concept yields natural-product-like molecules.

A recent comparison of the structural characteristics of
commerical drugs and natural products showed that the
latter tend to have fewer H-bond donors and fewer nitro-
gen atoms, but more oxygen atoms per molecule [8].
The discovery of novel MCRs clearly follows this idea, ex-
ploring methods to build such non-nitrogen-containing
molecules [9,10] (Fig. 2) to arrive at new chemical structure
spaces.

At the same time, more classical drug-like, heterocyclic
core structures can be created through MCR synthesis. For
example, butenolides are found in several natural products
as chemical core structures. Using a novel three-component
MCR (Fig. 3), it is now possible to synthesize these mol-
ecules that are either structurally close or more distant to
their natural progenies [11]. Recent research encompasses
many examples of the application of known and novel
MCRs in the synthesis of natural products [3].

In practical terms, MCRs also facilitate the generation
of very large compound libraries [12]. For example, by
using a particular four-component reaction and only 100
starting materials for each component, a library of 108
products can be generated, exceeding the size of all exist-
ing compound libraries. Several MCRs share the same
starting materials, offering the opportunity to create
different chemical scaffolds by reusing the same building
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Figure 2. Novel multi-component reaction synthesis of
carba-acetalization products and an intermediate for a
cholesterin ester transfer protein inhibitor yielding products
that do not contain nitrogen atoms.

blocks in different synthesis routes. This concept of
varying the reactions rather than the starting materials
enables simultaneous variation of both the chemical
scaffold and its substituents in the same chemical library;
something that has been impossible with previously used
combinatorial chemistry methods. For example, it is
possible to synthesize a variety of different chemical core
structures using different combinations of just nine starting
materials (Fig. 4).

This diversity-oriented approach is similar to building a
multi-dimensional crossword in which a letter (i.e. chemical
starting material) takes a different role in a different con-
text (i.e. chemical reaction). For example, using just nine
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Figure 3. The synthesis of natural-product-like butenolides was
achieved using a three-component Ugi-type multi-component
reaction and a subsequent cyclization step.
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starting materials it should be possible to build 27 different
chemical scaffolds using only three-component reactions.
Each of the 3 x 3 x 3 starting materials in this ‘chemical
Rubik’s Cube’ would participate in at least three different
MCRs. This chemical 3D crossword was proposed at the
the 1st International Conference on Multi Component
Reactions, Combinatorial and Related Chemistry (Munich,
Germany, 4-6 October 2000; http://www.mcr2000.0rg).

In summary, MCRs are of particular interest for three
reasons: efficiency, diversity and their large, unexplored
chemical space. The number of steps needed for generat-
ing a particular chemical structure or chemical diversity is
a measure of the efficiency of chemical synthetic. MCRs
have been shown to enable the most efficient approach to
a variety of chemical synthetic problems, especially for the
synthesis of natural-product-like molecules. The chemical
space that is available through MCRs is virtually unlimited.
However, drug discovery scientists realized that it is nei-
ther practical nor possible to synthesize all interesting mol-
ecules and put them into a large compound repository. The
high complexity of the MCR product space clearly requires
novel methods to select and synthesize the most promis-
ing candidates for biological screening in a way that
was neither possible nor required before. Ultimately, the
combination of the new opportunities of MCR chemistries
with the recent concept and developments of virtual
screening of compound libraries requires such an inte-
grated chemoinformatics approach.

In silico selection methods

Historically, productivity levels resulting from the gener-
ation of large compound libraries of small molecules for
lead discovery and optimization by combinatorial chem-
istry have been low, and this has stimulated the develop-
ment of in silico prediction methods for both biological
activity and drug potential. These methods enable large
libraries to be condensed into information-rich subsets
that can then be submitted for synthesis and testing. Given
the potential of MCRs to generate both larger and more
diverse compound libraries, such methods are required to
reduce the number of theoretical possibilities to a practical
level for synthesis and testing.

Several predictive in silico filtering methods has been de-
veloped in recent years. Reference [13] gives an excellent
overview of how these tools can be used to assess struc-
tural, physicochemical and pharmacological parameters,
including high-throughput docking methods (if the 3D
structure of the target is available), or quantitative structure—
activity relationships (if the 3D structure is not available)
[13]. These filter functions can then be applied for either:
(1) existing and available compound libraries that are often
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Figure 4. The principle of diversity oriented combinatorial
reaction chemistry. By using different combinations of just nine
starting materials a variety of chemical scaffolds can be produced,
all through different known reaction types (only three shown).

in the range of one million compounds; or (2) virtual
libraries of compounds that could be made in principle.

For evaluation of the hitherto unexplored space of
MCR-type products, the latter method is clearly of greater
interest for drug discovery. Considering the vast numbers
of small molecules that could possibly be made by MCR
chemistry, we are dealing with so-called very-large libraries:
libraries that are so large (>1010) that it is not possible, in
practical terms, to calculate their properties [14].

Evolutionary search methods

Finding a solution in a very-large search space is addressed
by heuristic, evolutionary methods [15,16]. The application
and development of such methods for drug design is an
emerging discipline, as described recently [17].

Evolutionary methods for screening virtual libraries
contain the following basic steps:

(1) Generate virtual molecules by a ‘synthesis algorithm’.
(2) Evaluate molecule fitness by a filter function.

(3) Select best molecules.

(4) Return to step (1), transfer of genomes (3).

A large variety of methods are possible by different im-
plementations of this technique. In its simplest form, a
large library of compounds is generated in silico and the
respective products are evaluated for desired properties.
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Only the best molecules are then subjected to synthesis
and biological screening. Most drug discovery companies
have set up such a discontinuous process for molecules
made in their chemistry departments.

More sophisticated methods are those in which the
virtual synthesis algorithm is influenced by the selection
process. These are ‘learning evolutionary algorithms’ and
depend heavily on the quality of the filter functions. In
addition, the practical feasibility of the virtual synthesis
algorithm is crucial. If the best virtual molecules cannot be
synthesized by an established, facile chemistry route, then
the likelihood of success becomes negligible.

Chemistry and evolutionary selection
Several methods have been developed to integrate aspects
of practical synthesis and in silico selection, and also aim
to lower the barriers between computational and syn-
thetic chemistry. These methods include NewLead [18],
MCDLNG [19], MCSS [20], LUDI [21] and GROW [22].
The considerations outlined previously render the inte-
gration of any easy-to-implement chemistry (such as MCRs
in virtual synthesis algorithms) with evolutionary in silico
selection methods ideal. In one example, a facile reductive
amination has been used to generate new products within
an enzyme active site to select only 10 molecules for
synthesis. All of the selected and synthesized molecules
showed activity down to the nanomolar range [23]. The
ability to generate diverse molecules
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Figure 5. A generalized representation of an evolutionary
system. New genotypes are generated according to the fitness
of the phenotypes of the first generation of genotypes by
mutation and crossover.

final product) with its 3D coordinates. Optimal parameters
(mutation and crossover rate) for the evolutionary algo-
rithm can be determined [25]. Using existing starting ma-
terials and a database of established MCRs and other basic
reaction chemistry, a first generation of products is synthe-
sized in silico and evaluated by a series of filter functions.
The starting materials and reactions of the best products
are then used as the parents of a new, mutated series of
products. Ultimately, products that have been found to
satisfy a series of criteria after several rounds of feedback
cycles, including, for example, predicted bioavailability,

with MCR-type chemistry, and to eval-
uate product properties for drug dis-
covery, has recently been introduced
by the new program MolMind [24].
MolMind combines chemical synthesis
planning with filter functions for
desired drug-like properties.

The principles of an artificial feed-
back-driven evolution of small molecules
can be generalized in a simplified
scheme that displays the basic elements
for its implementation (Fig. 5). In gen-
eral, new generations of genotypes with
better fitness are evolved, based on the
fitness of the phenotypes of previous
generations in a feedback loop. After
several rounds of evolution, the best
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surviving molecules can be submitted
to synthesis and biological testing.
In this context, a genotype represents
the respective starting material, and
the reactions and reaction conditions
are used to generate a phenotype (the
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Figure 6. MolMind (Morphochem; Munich, Germany) proposals for mimetics of AG7088
using a simple 2D similarity Tanimoto function and a polar surface area limit of 120 A.
The mimetics have a 2D similarity of 40-50% to the goal compound, and were found
after evaluating just 18 reactions and 1570 starting materials. Further expansion of the
reaction database and the use of all commercially available starting materials enables the
generation of even more similar proposals.
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biological activity or lack of toxicity, can be made quickly
and then subjected to biological testing.

Heuristic evolutionary methods are stochastic and each
run might produce a different result, providing a set of
good solutions instead of the best solution. Early examples
of evolutionary compound selection have selected new
polymeric molecules that mimic either a given target poly-
mer [26], or general molecules of all structural classes with
a genetic algorithm [27]. MolMind can be used in drug
discovery to mimic known biologically active molecules,
such as screening hits or natural products. Figure 6 details
MolMind-derived proposals for making analogues of
Agourons AG7088 human rhinovirus protease inhibitor
by using MCRs and standard reactions in just two steps,
which were evolved after 200 generations. A simple 2D
similarity Tanimoto function and a polar surface area of
120 A were used as the selection criteria.

Concluding remarks

Combinatorial chemistry is able to generate a systematic
chemical space and has found a complementary partner in
novel computational methods such as evolutionary in silico
selection algorithms. These novel methods promise to
yield small molecules with drug-like properties in a similar
way to biologicals such as phage-display libraries, or the
generation of antibodies using the mechanisms of Nature
for molecular evolution. The value of such molecules can
be viewed almost instantly when combined with auto-
mated synthesis and screening. Whether this technique
will yield drug candidates will become apparent in the next
few years, and will be dependent on a closer integration of
computation, synthesis, and screening in the drug discovery
process.
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