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Synthetic Mimics of Natural Catalytic Systems 

A General Introduction 
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1.1 Introduction 

The welfare of our society is based on the high level of technology human kind has 

developed since its origin. Among the different scientific disciplines on which the current 

technology relies, chemistry is definitely a crucial one: without an efficient chemical industry, 

there would be no abundant food, no accessible medicine, no energy, etc. However, the 

increase in the global population, the fast depletion of natural resources and the deterioration 

of the environment incites us to constantly improve the way we produce chemicals. Most 

industrial chemical transformations involve catalysis: by using appropriate catalysts, less 

energy is needed and less waste is produced. To achieve a sustainable chemical industry, 

tremendous efforts, both in academia and in industry, are made to develop catalysts that allow 

a more efficient use of available resources. For homogeneous catalysis, the search for an 

appropriate catalyst usually involves the optimization of the steric and electronic properties of 

the ligands coordinated to the catalytically active metal centre. Constant efforts are made by 

experimental and theoretical chemists to understand the mechanisms of catalyzed reactions. 

Sophisticated parameterization of the ligands has been developed, in order to rationalize the 

influence they have on reactivity. Despite the accumulated knowledge, the design of a new 

catalyst with optimal activity and selectivity still remains a challenge. Complementary 

approaches which would focus not only on the first coordination sphere of the metal, but 

would also consider the whole system in which catalysis takes place, would provide new tools 

for catalysis development. Nature can be a source of inspiration for new technologies. Living 

organisms are formidable chemical factories which are able to transform matter in a clean 

way at ambient temperature and pressure, using (directly or indirectly) the energy of the sun. 

For this reason, Nature inspired chemistry is believed to be one of the key approaches to meet 

tomorrow’s needs for sustainable development. 

The purpose of this chapter is to give an overview of the different interpretations which 

can be given to “synthetic mimics of enzymes”. In that respect, this chapter should be 

considered as an essay and not as a review. Because of the broadness of the literature dealing 

with this subject, only outstanding or representative examples will be given and most 

organocatalytic transformations will be omitted, as the focus is on metal catalyzed 

transformation. For detailed insights into sub-topics, the reader is asked to refer to the 

numerous reviews given in the references. 

1.2 Enzyme Duplicates 

Due to its inherent Complexity, mimicking life is not an easy task. Synthetic biology is a 

very old concept (1910)
1 

which has re-gained a lot of interest since the early 2000s among 

biologists, physicists, chemists and engineers.
2
 It is obvious that we are not yet able to 

produce functional “life” from scratch. A more realistic approach is the mimicking of 

elements of natural systems. For synthetic chemists, especially those working in the field of 

catalysis, the main element of interest are enzymes, since most bio-transformations are 

catalyzed by those proteins with “perfect” stereo-, regio- and chemioselectivity, along with 

superb activities. 
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1.2.1 Synthesis of Enzymes 

Polypeptide synthesis constantly developed since the first peptidic coupling attributed to 

Emil Fischer in 1901.
3
 The first synthetic duplicate of a Natural enzyme, ribonuclease A, has 

been produced by Merrifield in 1971 with his ground-breaking solid phase peptide synthesis 

technique awarded with a Nobel prize.
4
 Nowadays, the chemical industry widely uses 

enzymes,
5 

but they are typically produced by bio-engineering rather than chemical synthesis. 

The constantly improving
6
 synthetic methods are efficient only for the synthesis of small 

poly-peptides for which there is no folding issues. Despite the development of bio-

engineering, many enzymes remain inaccessible in quantities that are large enough for 

practical applications or they lack stability under operating conditions. What is more, their 

hyper-specialization often condemns them to a narrow substrate scope.
7
 A few enzymes, 

when placed in artificial conditions, can catalyze non-natural reactions. For example, lipases, 

which catalyze the hydrolysis of esters in living organisms, are widely used for 

transesterification.
8
 Very recently, it has been demonstrated that non-Natural enzymes, 

designed de novo with the help of computational tools, are able to catalyze reactions which 

are not present in Nature: Diels-Alder
9 

cyclization (Scheme 1), Kemp elimination
10

 and Retro-

Aldol reaction
11

. 

Scheme 1. Diene and dienophile undergoing a Diels-Alder cyclization. The transition state (center) is 

stabilized by the enzyme (red shape) having complementary hydrogen bond acceptor and donor 

groups. The binding pocket of the enzyme holds the two substrates in an orientation optimal for 

catalysis. 

1.2.2 Synthesis of Actives Sites 

 

Figure 2. Left: schematic representation of an enzyme; right: Iron porphyrin (heme) cofactor tightly 

bound to the enzyme succinate dehydrogenase. The iron is depicted by the red ball. The polypeptidic 

chain is depicted in “ribbon scheme”.
12
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Besides above mentioned limitations, we should be aware that enzymes are huge 

multifunctional molecules built with only 20 amino-acids as building blocks (Figure 2). Some 

enzymes (holoenzyme) also comprise a non-peptidic moiety taking part in the catalysis, which 

is called a cofactor. 

The polypeptide lacking its cofactor is called apoenzyme. Only a small part of the protein, 

the active site, is actually playing a direct role in catalysis: this is the place where the substrate 

binds and is transformed into the product. The rest of the enzyme can have indirect catalytic 

role, like allosteric sites
13

, or other functions unrelated to catalysis, like solubility modulation 

or signalling to degradation pathway. As enzymes are a result of Darwinian evolution, it is 

also expected that they possess useless vestigial moieties.
14

 In many cases (but not all), 

changing the amino-acid sequence will affect the activity of the enzyme only if it results in a 

significant change at the active site.
15

 From this observation, synthetic chemists can make 

more or less accurate models of the active site itself, without all the peptidic chain 

surrounding it.
16

 These active-site analogues have two main purposes: they can be models to 

have a better understanding on how the enzyme function
17

 or they can be used as catalysts. 

The synthesis of cofactor alone is particularly convenient as they do not require the tedious 

and sometimes impossible synthesis and folding of the polypeptide moiety. Mimics of the 

active sites can severely digress from their original model, and still be functional.
18

 From 

these observations, synthetic chemists can revise their approach of Nature inspired chemistry. 

Instead of trying to make a synthetic duplicate of catalysts, they can imitate the tricks Nature 

has developed to perform useful tasks in the most efficient way. 

1.3 Structural Imitation of Enzymes 

Some active sites devoid of the whole enzyme are not intrinsically functional. The 

structural roles of the peptidic chain surrounding the active site are multiple: (1) it selects 

particular substrate on the basis of size, shape and electrostatic complementarity, which 

prevents the access of other molecules, potential inhibitors, to the active site, (2) it increases 

the local concentration of substrates, (3) it preorganizes the substrate(s) prior to the catalytic 

reaction and (4) it lowers the energy barrier(s) corresponding to the transition state leading to 

one particular product.
19

 

1.3.1 Mimicking of the Confinement Effects 

More than four decades ago, Breslow was the first
20

 organometallic chemist who used the 

term “artificial enzyme” to describe his achievement: the encapsulation of a transition metal 

catalyst, an artificial “cofactor”, in a cyclodextrin, an artificial “apoenzyme” mimicking the 

hydrophobic properties of an enzyme cavity.
21

 His work was an important milestone in the 

field of biomimetic catalysis as he was the first to imitate a functional enzyme without trying 

to duplicate it (Figure 2.). 

His work has inspired generations of organometallic scientists, who used related 

approaches to perform various reactions with different transition metal catalysts and using 

different types of capsules (table 1).
22

 Those formed by supramolecular chemistry have 
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several advantages. (1) The capsules form by self-assembly from simple building blocks, 

which allows for a broad structural diversity of capsules and their easy synthesis (2) The 

dynamic nature of supramolecular bonds induces motion to the capsule, reminiscent of protein 

dynamics,
20

 which can allow substrates to enter the capsule and can play a role in catalysis.
23

  

 

Figure 2. Schematic representation of an 

active site: (a) peptidic chain surrounding 

the reactive functions of the active site, (b) 

substrate-specific access to the active site, 

(c) reactive function(s) of the active site, 

(d) preorganizing functions. 

 

Table 1. Non exhaustive list of cavities used in enzyme mimicking. 

type of cavity examples 

covalent macrocyclic molecules cyclodextrins, calixarenes, cyclophanes, crown ethers 

supramolecular objects micelles, coordination cages, hydrogen-bonded capsules, MOFs 

nano objects nanospheres, nanotubes 

biologic proteins, DNA 

In the vast majority of those examples, encapsulation results in the acceleration of a 

reaction, such as the hydrolysis of esters. However, the confinement effect shows all its value 

when it induces unprecedented selectivity for catalytic reactions which do not exist in Nature. 

For example, using an encapsulation approach, Reek and co-workers have developed a 

catalytic system for the regioselective hydroformylation of internal alkenes, a transformation 

that is not possible otherwise.
24

 The pyridylphosphines ligand coordinates to zinc templates, 

such as Zn
II
-porphyrins, through the pyridyl moieties, forming the ligand–template capsules, 

while the phosphine atoms can coordinate to the catalytically active rhodium metal. The 

resulting self-assembled rhodium catalyst 1 was shown to distinguish between two carbon 

atoms of internal aliphatic alkenes (Scheme 2). Further development of this system allowed 

for an enantioselective transformation.
25

 

 

 

 

 

Scheme 2. left: self-assembled encapsulated 

complex (pink elements represent zinc 

porphyrins); right: regioselective 

hydroformylation of an internal alkene (trans-

3-octene). 
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(b) 

(c) 

(d) 
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1.3.2 Mimicking of the Substrate Selection and Preorganization 

Besides confinement effects, enzymes display substrate orientation properties prior to and 

during the catalytic transformation. When a given reaction can lead to several enantio- or 

regioisomers, mimicking this aspect of enzymes is particularly interesting. Thanks to the 

development of supramolecular chemistry, the design of catalysts having functional group(s) 

able to make non-covalent (or dynamic covalent) bonds neighbouring the active center is now 

possible.
26

 Using such approach, it is even possible to reverse the selectivity observed in the 

absence of the binding site.
27

 Dydio and co-workers have developed a new family of ligands 

equipped with a binding pocket able to form strong and directional hydrogen bonds with 

substrates having a carboxylate function. Resulting complex 2 can be used for the selective 

formation of β-aldehydes from vinyl benzoate derivatives; in the absence of hydrogen 

bonding, α-aldehydes are major products (Scheme 3). 

Scheme 3. Left: DIMPhos ligand coordinated to rhodium; top right: the pocket of the DIMPhos ligand 

forming hydrogen bonds with a substrate molecule; bottom right: selective hydroformylation of 

hydrogen bonding substrate and lack of selectivity for non-hydrogen bonding substrates. 

As an interesting twist, Ward and others have used peptides as cages to encapsulate 

transition metal catalysts.
28

 The main difference with previous approaches is that these 

“cages” were extracted from natural sources or produced by bio-engineering. As such, it is 

possible to optimize the artificial cofactor and the biological host independently. 

Size and shape selection of substrates is not an easy task with conventional homogeneous 

catalysts. Metal-organic frameworks
29

 or supramolecular capsules
30

 functionalized with 

catalysts, are efficient tools to address this issue, since only substrates able to enter into their 

pores will be able to reach the catalytic centre and hence be converted. For example, Long 

and co-workers reported MOF 3 (Mn3[(Mn4Cl)3BTT8(CH3OH)10]2 (H3BTT = 1,3,5-

benzenetris(tetrazol-5-yl))), a material containing a three-dimensional pore structure, with the 

pore of 10 Å diameter equipped with two types of Mn(II) sites which function  as a 
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catalysts.
31

 This MOF was found to catalyze the Mukiyama-aldol reaction in a size-selective 

way (depicted on Figure 3).  

Figure 3. Left: representation of 3 and its active sites; right: size-selective condensation reaction. 

1.3.3 Use of Transition States Analogues 

It is generally accepted that some, if not all enzymes lower the energy of the transition 

state (TS) of the reaction they catalyze. This originates from the high affinity of the enzyme 

for the TS. An interesting approach to find a catalyst with a high affinity for the TS is the use 

of transition state analogue (TSA). TSAs are stable molecules having the same steric and 

electronic properties as the inherently unstable TSs. The TSA of a given transformation can 

be used as template to shape an artificial enzyme which will catalyze the specific reaction 

corresponding to this TS. Anti-bodies, imprinted polymers and dynamic combinatorial 

libraries (DCL) have shown interesting results for the implementation of this approach.
32

 As a 

representative example of DCL applied to catalysis, Nicholas and co-workers evaluated a 

dynamic library of metal complexes for the catalytic hydrolysis of pyridyl carboxyl esters.
33

 

Imine exchange was employed to produce sets of equilibrating imine-zinc complexes from 

aldehydes and amines. Exposing this library to an appropriate TSA allowed the identification 

of the most stable transition state analogue corresponding to the best imine-zinc catalyst 

accessible from the library. This example makes use of zinc as a Lewis acid catalyst; for TM 

catalyzed reactions, no successful system has been designed so far.
34

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4. Top: hydrolysis of pyridyl esters catalyzed by zinc complexes; bottom: identification of the 

best imine-zinc catalyst available from a dynamic library of ligand-building blocks. 
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1.4 Functional Imitations of Enzymes 

Usually, synthetic chemists tune the activity and selectivity of “traditional” organometallic 

catalysts by changing the steric and electronic properties of the ligands. For metaloenzymes, 

Nature makes use of so-called “cooperative effects” for which a single metal center is not the 

only part of the catalyst which is chemically involved during the catalytic cycle. Amino-acids 

or functional groups coordinating to, or surrounding the active metal can be involved in 

radical processes.
35

 Already in the sixties, it has been proposed that hydrogenases are able to 

split hydrogen in a bifunctional manner as they possess proton and hydride acceptor moieties 

(peptide residue and metal center respectively).
36

 The exact mechanism is still under debate,
37

 

but it is clear that for other transformations, amino-acid residues protonate or deprotonate the 

substrate.
38

 The term cooperativity is also employed when two (or more) metal centers are 

involved synergistically in a catalytic transformation, a situation which commonly occurs at 

the active site of enzymes.
39

 Despite a few interesting examples, bio-inspired bimetallic or 

multimetallic catalysis is still at its exploratory stage.
40

 

1.4.1 Redox Non-innocent Ligands 

The catalytic properties of transition metal complexes widely rely on their ability to change 

oxidation states. Intuitively, one would consider that redox transformations always take place 

at the metal center of transition metal complexes. This is not the case when so-called redox 

non-innocent ligands are involved: unpaired electrons can be localized at the ligand or 

delocalized over the metal center and the ligand (Scheme 5a). Already in the sixties, nitrogen 

monoxide has been considered as a “suspect” ligand.
41

 Since then, many redox active 

scaffolds have been reported: to the naturally occurring hemes and amino-acids, synthetic 

chemists have added quinones, dithiolenes, α-dimines, bis(imino)pyridines, diphenylamine, 

etc. Coordinated to transition metals, these ligands actively contribute to a plethora of useful 

catalytic transformations.
42

 

Scheme 5. Examples of cooperativity between ligands (L) and metals (M): redox non-innocent ligand 

assisting (a) 1 electron and (b) 2 electron transfer processes; proton responsive ligands assisting (c) 

dihydrogen splitting and (d) protic substrate activation; bimetallic substrate activation (d). 

Many important reactions are typically catalyzed by “noble” 2
nd

 and 3
rd

 row TM: 

hydroformylation and hydrogenation by rhodium complexes, couplings by palladium 

complexes, aminations by gold complexes, etc. As they are more abundant than noble TM, 

Nature makes use of 1
st
 row TM such as iron, nickel, manganese, copper or cobalt. Also these 

metals are cheaper and they tend to be less toxic, which encourages their use for industrial 

purposes. One of the main differences between noble and 1
st
 row TM is their redox chemistry, 

as 1
st
 row TM tend to perform 1 electron transfer while noble metals tend to perform 2 
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electron transfer reactions. It is important to note that a 2 e
-
 transfer occurs during oxidative 

addition and reductive elimination, which represent two crucial steps of many catalytic cycles 

involving noble TM. Non-innocent ligands can help to replace noble metals by cheap 1
st
 row 

TM, as they can be used as electron reservoir (Scheme 5b).
43

 An elegant example was 

provided by the group of Soper: they showed that a cobalt III complex with non-innocent 

amidophenolate ligands (4) can catalyze a cross-coupling reaction, a transformation typically 

catalyzed by palladium complexes (depicted in Scheme 6). The reaction proceeds without a 

change in oxidation state at the cobalt center since the ligands of 4 are oxidized and reduced 

during the catalytic cycle. 

Scheme 6. Cobalt catalyzed cross-coupling reaction. The two electron processes (oxidative addition 

and reductive elimination) are mediated by the redox non-innocent ligands. 

1.4.2 Proton Responsive Ligands 

The proton-responsive character of ligands originates from their acido–basic moieties that 

can be reversibly deprotonated during catalytic turnover, thereby allowing substrate activation 

and conversion (Scheme 5c and 5d). The interest in cooperative catalysis based on proton 

responsive ligands started to raise when Noyori unveiled an outer-sphere mechanism to be 

operative for transfer hydrogenation. Such system can be employed for important 

hydrogenation reactions, atom-efficient dehydrogenative couplings
44

 or activation of protic 

substrates (Scheme 5d). Another application of this family of ligands is the “base-free” 

dehydrogenation of methanol or formic acid, as those liquids can be used as a carrier for 

hydrogen storage. Oldenhof and co-workers have developed a base free catalytic system, in 

which it is proposed that the ligand plays a cooperative role in the clean conversion of formic 

acid to hydrogen and CO2 (depicted Scheme 7).
45

 

Scheme 7. Proposed mechanism for the cooperative dehydrogenation of formic acid with 

METAMORPHos-iridium complex 5. 
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1.5 Systems Imitating the Complex Nature of Natural Catalytic Systems 

1.5.1 What is Complexity? 

Natural enzymes are not isolated molecules. They are elements of Complex Systems 

performing tasks. The sustainability of living organisms rely on those countless tasks, which 

can be storage of energy, elimination of toxic compounds or destruction of parasite 

organisms. As a subcategory of the broad field of Complexity,
46

 Systems Chemistry is a new 

area whose outlines are not completely defined. Among others, the following definition can 

be given: 

“Systems chemistry seeks to combine the “classical” knowledge of chemistry, viz. the 

language of molecules, their structures, their reactions and interactions, together with the 

“classical” knowledge derived from existing forms of life.”
47

 

This definition questions the difference between chemistry and biology in terms of 

Complexity. Biology is an extensive science: the challenge is to unravel the Complexity of 

living organisms in order to understand and eventually use them. Some biologists aim at the 

identification of unnecessary (unproductive) layers of Complexity for the design of simplified 

but yet functional artificial catalytic systems.
14b

 On the opposite, chemistry is an intensive 

science: it is the science of fundamental laws which govern the interactions of atoms. 

Chemists could afford the luxury to work on simple or simplified systems, to fully understand 

the laws governing the molecular level. For a long time as powerful analytical and modelling 

tools were not available, chemists and biochemists had to adopt a “reductionist”
48

 approach to 

deal with Complexity: they had to consider that everything can be decomposed to simple 

systems. They had to rationalize unexplained phenomena by averaging, linearization, 

reasoning by analogy, drastic approximation or pure empiricism.
49

 Over the years, it became 

increasingly clear that not all biological events could not be described as just the sum of 

simple chemical events. Indeed, the limitations of reductionism are valid in all scientific 

fields. In the seventies, Anderson, a physicist said:
 
 

“The ability to reduce everything to simple fundamental laws does not imply the ability to 

start from those laws and reconstruct the universe”.
 50

 

Each component of a biological Complex System has a well-defined role and interacts with 

other components in a well-defined way. The challenge for synthetic chemists is to mimic this 

high level of organization, to achieve the emergence
51

 of new properties, such as the ability to 

perform reactions that are otherwise impossible. As supramolecular chemistry is the field 

dealing with dynamic and weak interactions on which inter-molecular organization is based, it 

is an important tool for the design of Complex Systems. Hydrogen bonds, ionic interactions 

and reversible covalent bonds (among other interactions) have already been successfully used 

to elaborate discrete supramolecular architectures with functional roles. Great care should be 

devoted to the identification and quantification of weak interactions arising in intricate 

mixtures of chemical species. Extremely weak interactions, when combined synergistically 

can have a major influence on the structure and thus on the properties of a given assembly.
52

 

As for catalysts, small structural change can give rise to small energy differences in the 

energy profile, which will have drastic influence on the reaction selectivity. For example, in 
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enantioselective catalysis, the small energy difference between the two transition states 

leading to the enantiomeric products can be as low as 1 kcal/mol. 

1.5.2 Multicomponent Reactions 

The design of multicomponent reactions (MCR) or multistep catalytic reactions is a rising 

subject.
53

 In such systems, a product is constructed by a cascade of elementary reactions. 

When MCRs are just one-pot combinations of several reactions that can be done separately, 

MCRs are not Complex (Scheme 8a). This is generally not the case: most MCRs are made of 

reaction equilibria, which all finally end with an irreversible step yielding the desired product 

(Scheme 8b); those MCRs cannot be decomposed into several reactions which could be 

performed separately.
54

 

Scheme 8. (a) Multicomponent reaction consisting in the one pot combination of two orthogonal 

reactions; (b) Complex multicomponent reaction. 

For the design of MCRs, it is crucial to avoid undesired interactions between the sub-

reactions as they can lead to undesired pathways. Compatibility between the sub-

transformations is often an issue for MCRs, but for catalytic multicomponent reactions,
55

 the 

lack of orthogonality becomes even more problematic since each catalyst can be inhibited by 

another as well as by the reaction intermediates.
56

 For organometallic chemists, recent efforts 

focused on the combined use of TM catalysts and enzymes. This is often a difficult task as 

most Natural enzymes are efficient only in physiological conditions (water, pH=7, 35°C, etc) 

while organometallic catalysts are typically used in organic solvents.
57

 As an exception, the 

dynamic kinetic resolution of alcohols catalyzed by lipase and organometallic complexes 

(usually ruthenium) proceed with minor mutual inhibition in organic solvents.
58

 Efforts have 

been devoted to the bio-engineering of artificial enzymes or modification of Natural enzymes 

to make them compatible with organic solvents and reagents. Organometallic complexes can 

be functionalized in order to be soluble in water.
59

 To achieve orthogonality, the physical 

separation of both catalysts is a powerful approach. This can be done by biphasic or 

heterogeneous reaction conditions,
60

 immobilization on solid support
61

 or supramolecular 

encapsulation.
62

 The immobilization of several catalysts in a precise way on a solid support 

was proven to be a good tool for optimization.
63

 The possibility to carry out temporal 

separation of catalytic events has recently been demonstrated.
64

 As a good example of 

orthogonalization, Raymond, Toste and co-workers showed that it is possible to encapsulate 

gold and ruthenium complexes within a supramolecular assembly, which prevents inhibition 

of lipase and esterase enzymes. This strategy has been applied to several tandem reactions in 

water such as kinetic resolution coupled with cyclization (Scheme 9).
62a 
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Scheme 9. Left: gold complex encapsulated in a gallium cage (pink spheres represent the Ga
3+

 ions); 

left: tandem stereospecific hydrolysis and cyclization. 

1.5.3 Allostery and Feed-back Loops 

In living organisms, the lack of orthogonality is a tool rather than a problem.
 
To stay alive, 

biological organisms need to keep many parameters constant: pH, temperature, glucose 

concentration, etc. These homeostatic parameters are regulated by feedback loops: when a 

parameter gets out of range, its detection triggers a process which will correct the deviation. 

On the enzymatic level, biologists use the term allosteric regulation to describe the chemical 

aspect of the triggering processes. Allostery relies on effectors, molecules that regulate the 

activity of enzymes by binding reversibly to the catalyst at a regulatory site (different from the 

binding site of the substrate). They are called allosteric activators when they increase the 

reaction rate or allosteric inhibitors when they decrease it. A few successful examples of 

allosteric control mimics in homogeneous catalysis have been reported.
65

 For example, Mirkin 

and co-workers designed a catalytic system which can be switched ON and OFF by allosteric 

regulation. The starting complex is composed of regulatory sites consisting in rhodium metals 

coordinated to phosphorus-sulfur chelates, and Lewis acidic catalytic sites consisting in zinc 

salens. Upon exposure to carbon monoxide and chloride anions, this inactive complex opens 

up to become an active catalytic species that converts the substrates readily (Scheme 10).
66

 

 

 

 

 

 

 

 

 

 

 

Scheme 10. Allosteric catalyst. Left: a slow background reaction occurs in the absence of effector (Cl
- 

and CO). Right: binding of effectors opens the cavity and allows substrate molecules to react. The 

pink shape represents zinc salen. 
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The most prominent kind of feed-back loops reactions is probably the family of 

autocatalytic reactions. For chemists, autocatalysis is neither new nor rare.
67

 A lot of 

biological processes are autocatalytic
68

 and result in oscillation of the homeostatic 

parameters.
69

 Some fully synthetic oscillatory reactions were found by serendipity: most of 

them involve oxyhalogen chemistry and remain curiosities,
70

 even if their use for pulsating 

drug delivery device was suggested.
71

 In most reported example, the allosteric effectors are 

added by the experimentalist to switch on/off the catalytic reaction. In living organisms, they 

are released by the system itself as chemical messengers for self-regulation. As an important 

proof of concept, Mirkin successfully designed a synthetic system with an allosteric feed-back 

loop: the product of a catalytic reaction is also an allosteric activator.
72

 

A wide branch of Systems Chemistry aims at understanding how life emerged from the 

“prebiotic soup”. All scientific theories dealing with the origin of life comprise autocatalytic 

feedback.
47,73

 Since asymmetric transformations are not trivial for synthetic chemists, the 

“perfect” enantioselectivity of biologic transformation remains fascinating. The question of 

the origin of asymmetry in bio-molecules is an intense research subject, since it can help to 

design synthetically useful asymmetric transformation.
74

 The Soai reaction, found by 

serendipity in the nineties, is the oldest example of synthetic asymmetric autocatalytic 

reaction.
75

 It allows the synthesis of highly enantiomerically enriched pyrimidyl alcohol from 

racemic reagents pyrimidyl aldehyde and dialkyl zinc. The exact mechanism of this reaction 

is still under debate,
76

 but it is obvious that it involves at least one asymmetric feed-back loop 

(Scheme 11). Very recently, more asymmetric (organo-) autocatalytic reactions have been 

unveiled.
77

 Besides these few examples of synthetic application autocatalysis, like allostery, is 

mainly used for detection purposes.
78

  

 

 

 

 

 

 

 

 

Scheme 11. Simplified representation of the Soai reaction. 

1.6 Conclusion 

 

Nature remains a wonderful source of inspiration for the scientific community. Since the 

discovery of enzymes, chemists have tried to duplicate or mimic them, in order to establish 

comparable efficiency for synthetic transformation. By mimicking the structure or the 

cooperative operational mode of enzymes, unprecedented transformations are now possible. 

More recently, Complexity became a “hot topic” in all the scientific fields. For chemists, the 

bottom-up design of synthetic methods based on Complexity remains difficult. In early years, 
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most Complex behaviors were found by serendipity and their Complex nature was established 

a posteriori. Today, the understanding of those behaviors, the knowledge accumulated in the 

fields of biochemistry and supramolecular catalysis as well as the development of powerful 

analytical and modeling tools allows the mimics of some aspects of Natural Complex 

Systems. Besides bringing new solutions to the needs of our societies, Natural Complexity is 

a formidable fuel for the creativity of scientists as it allows them to set a new conceptual 

framework, just like Supramolecular Chemistry did a few decades ago.
79

 

1.7 Aim and Outline of this Thesis 

In this thesis, several Nature-inspired catalytic systems have been studied and applied to 

synthetic transformations. Sulfonamidophosphorus (METAMORPhos) ligands have been 

used as a platform for those studies since (1) they possess moieties which can give rise to 

proton-responsive behaviors or (2) to hydrogen bonds in the close proximity of the 

coordinated metal (Scheme 12a)
80

 and (3) they allow the formation of dinuclear complexes 

that are able to activate hydrogen in a cooperative fashion (Scheme 12b).
81

 Efforts have been 

devoted to increase the complexity of catalytic systems based on those ligands, with a 

particular focus on the precise understanding of mechanisms and on the identification of 

interactions between sub-components. 

 

 

 

 

 

 

Scheme 12. (a) METAMORPhos ligand: in italics the acidic proton and in bold the hydrogen bond 

acceptors; (b) dinuclear complex based on METAMORPhos.  

In Chapter 2, we studied in detail a complex catalytic system for asymmetric 

hydrogenation based on METAMORPhos ligands and rhodium. These studies revealed chiral 

self-sorting of ligands at dinuclear complexes leading to homochiral complexes. We unveiled 

a very strong positive non-linear effect in asymmetric hydrogenation and unravelled its origin. 

The complexity of the system was further demonstrated by showing a feedback loop: the 

substrate influences the solubility of the racemate of homochiral complexes, which is crucial 

for the nonlinear effects observed. By understanding this system, high enantioselectivities 

could be obtained, even with ligands having low enantiomeric purity. 

In Chapter 3, the influence of its ionic environment on the performance of the dianionic 

binuclear Rh complex is investigated. The counter ion of the anionic METAMORPhos ligand 

can be modified without changing its coordination mode. However, the catalytic activity of 

the resulting complexes is highly dependent on the protic or aprotic character of the cations in 

solution. Experimental work and computational modelling were used to understand the way 

the cations influence the catalytic reaction: they are effector-like molecules which tune the 

properties of the catalyst by interacting with a binding site different from the catalytic site. 
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This study allows unprecedented activity and selectivity for the hydrogenation of challenging 

substrates. 

In Chapter 4, anionic METAMORPhos ligands and neutral amino-acid based ligands were 

used separately and as mixtures in the rhodium catalyzed asymmetric hydrogenation of 

industrially relevant substrates. Spectroscopic studies were performed in order to investigate 

which complexes form under catalytic conditions. The highly diverse library of complexes 

accessible with these ligands expands further the possibilities in combinatorial catalysis. 

In Chapter 5, the synthetic scope of proton-responsive METAMORPhos ligands is 

expanded further. These systems have been introduced in the coordination sphere of the 

ruthenium metal for the first time. Experimental proofs for the heterolytic cleavage of 

hydrogen by the METAMORPhos framework and the ruthenium metal are presented. 
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