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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). 

substrate 
(b) 

(c) 

(d) 

(a) 
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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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2.1 Introduction 

Nature has been a source of inspiration for scientists as billion years of evolution have 

resulted in magnificent examples of how processes can be controlled efficiently. In the field 

of supramolecular catalysis, enzymes have been the major source of inspiration. As such, 

many synthetic systems have been prepared to mimic certain aspects of enzymes, with a 

strong focus on connecting catalytically active sites to cavities or binding sites having affinity 

for the substrate.
1,2

 Although such approaches have resulted in interesting new tools to control 

selectivity
3–5

, we are not nearly close to the abilities of Nature to control chemical 

transformations. One of the major differences between Nature and synthetic approaches is that 

in biological systems, chemical processes take place in a complex out-of-equilibrium 

environment.
6
 In a cell, many chemical transformations occur simultaneously or in controlled 

sequence, involving an impressive number of different components. An important challenge 

for biologists is to understand how this organized complexity leads to emerging properties. As 

a result, new fields such as systems biology
7
 including non-equilibrium thermodynamics

8 

have been developed. Synthetic chemists traditionally aim for systems that are as clean and 

pure as possible
9
, and it is only recently that complexity in chemical systems received 

attention.
10–12

 Despite the interesting perspectives, complexity in homogeneous catalysis has 

not been a research focus in itself, although many aspects related to complexity have been 

reported. Product inhibition and catalyst poisoning are relevant to complex chemistry as they 

imply processes with feedback loops. Dynamic catalyst libraries and combinatorial catalysis 

require selection procedures
6,13

, and nonlinear effect (NLE) in asymmetric catalysis
14-16

 can 

lead to emerging properties. With this in mind we decided to study in detail NLE using 

dinuclear hydrogenation catalyst C that has four chiral ligands. Application of non 

enantiopure ligands can lead to formation of heterochiral complexes (with more than 2 chiral 

ligands) with different properties and these complexes can theoretically be more active and 

selective than their homochiral analogues.
16

 Catalytically active complexes with 4 chiral 

ligands are rare, and complex C is, to the best of our knowledge, the only example for 

hydrogenation. The use of a racemic ligand could lead to the formation of 10 stereoisomers of 

C (Figure 1). 

Figure 1. The [Rh2(L)4] complex C and a schematic representation of the 10 potential complexes 

forming from a racemic mixture (pink represents the ligand in R configuration and blue the S). For L1, 

R= 4-n-butylphenyl, for L2, R=CF3 and for L3, R=CH3. 
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Herein we report the self-sorting of chiral ligands at these bimetallic complexes and the in 

situ enantiopurification of the system caused by the relative insolubility of the racemate of 

homochiral complexes. As a result, in asymmetric hydrogenation using non-pure ligands 

(S:R=70:30) the product can be formed in high enantiopurity (90% ee). The outcome, 

however, is strongly dependent on starting conditions (concentration, incubation, substrate) as 

intermediate complexes towards the formation of C are not self-sorted and yet active in 

hydrogenation. 

The METAMORPhos family, a new class of sulfonamide-phosphorus ligand was recently 

disclosed.
17-19

 Their coordination to rhodium gives rise to unique complexes consisting of two 

metal centers and four METAMORPhos ligands [Rh2L4] (C). Two deprotonated ligands form 

a bridge between the two metals and two ligands coordinate in a P-O chelating fashion. These 

complexes display unrivaled high selectivity in asymmetric hydrogenation of benchmark 

substrates and challenging cyclic enamides.
19

  

2.2 Results and Discussions
†
 

2.2.1 Coordination Studies 

Studies on the coordination chemistry of enantiopure ligands revealed that C is formed 

from the precursor [Rh(nbd)2]BF4 in three steps (Scheme 1). One equivalent of ligand (L1, L2 

or L3) reacts with the rhodium precursor to yield A [Rh2L2(nbd)2], a bimetallic complex 

where two METAMORPhos ligands form a bridge between the metals, and each rhodium 

atom is chelated by an nbd ligand. This dimeric complex reacts with two additional ligands 

(one per rhodium) to give the momomeric complex B [RhL2(nbd)]. The monomeric nature of 

this complex is evident from the mass spectrum and the doublet in the 
31

P NMR spectrum, 

indicating a symmetric complex with one rhodium and two ligands. The structure of this 

complex is similar to the precatalyst synthesized from monodentate phosphorus ligands, such 

as the well-studied MONOPhos.
20

 The final dimeric complex C [Rh2L4] quantitatively forms 

when 5 bars of hydrogen is applied to this monomer, which effectively removes the nbd 

ligands. 

 

 

 

Scheme 1. 

Coordination of the 

METAMORPhos ligands 

to rhodium in three steps 

to form the final 

dinuclear complex C. 

 

 

 
†
 In this Chapter, the protonation state of the ligands (coordinated or not) is sometimes ambiguous. 

Conventionally, B and C will be considered as neutral. This matter is thoroughly discussed in Chapter 3. 
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We explored the coordination of racemic ligands under the same conditions for the 

formation of the three complexes A-C. When a racemic mixture of the ligand is used, three 

diastereomers of A can be formed: [Rh2((R)-L)2(nbd)2], [Rh2((S)-L)2(nbd)2] and [Rh2((R)-

L)((S)-L)(nbd)2]. Surprisingly, the 
31

P NMR of A is identical for complexes based on (R)-L1 

and (rac)-L1, suggesting that only homocomplexes [Rh2((R)-L)2(nbd)2] and [Rh2((S)-

L)2(nbd)2] are formed. Indeed the diastereoisomer is expected to give a different signal in the 

NMR.  To confirm this self-sorting behaviour, the experiment was repeated using pseudo-

enantiomers (S)-L1 and (R)-L2, mirror image ligands that have a different R group on the 

sulfur atom. In this experiment also only homochiral complexes [Rh2((S)-L1)2(nbd)2] and 

[Rh2(R)-L2)2(nbd)2] can be seen in the phosphorus NMR spectra (Figure 2). Control 

experiments show that the substituents on the sulfur are not responsible for this chiral self-

recognition.
19, 21

 

Figure 2. 
31

P NMR spectrum of A synthesized from (a) (S)-L1, (b) (R)-L2 and (c) a mixture of (S)-L1 

and (R)-L2 . 

The reaction of [Rh(nbd)2]BF4 and (rac)-L2 also resulted in the formation of self-sorted 

homochiral complexes, as showed by 
31

P NMR and further confirmed by X-ray analysis 

(Figure 3). The homocomplexes A [Rh2((R)-L2)2(nbd)2] and [Rh2((S)-L2)2(nbd)2] crystallize 

as racemate of homochiral complexes. Notably, the ligands have the same coordination mode 

and the complex has the same conformation as previously established by NMR studies and 

DFT calculation.
19

 

In contrast to what is observed for complex A, if (rac)-L1 (or (rac)-L2) is used to form 

complex B, 
31

P NMR shows two doublets in a 1:1 ratio indicating the formation of two 

diastereomeric complexes. One of the doublets corresponds to the previously observed 

homochiral complex [Rh(L)2(nbd)], whereas the other indicates the formation of a meso 

heterochiral complex. X-ray diffraction confirmed the monomeric nature of the complex. Just 

as observed for complex A, B crystallizes as racemate of homochiral complexes (crystals of 

the heterochiral complex were not obtained). 

When two equivalents of (rac)-L1 were reacted with [Rh(nbd)2]BF4 under hydrogen 

pressure to form complex C, the 
31

P NMR spectrum of the solution was identical to the very 

characteristic AA’BB’XX’ pattern observed for the homochiral complex C prepared from 

(R)-L1 (see experimental section.). This suggests that C forms with a high fidelity chiral self-
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sorting: only [Rh2((R)-L1)4] and [Rh2((S)-L1)4] are present in solution. To confirm these 

findings, we used pseudo-enantiomers consisting of (S)-L1 and (R)-L2. This strategy allowed 

us to distinguish the pseudo-diastereomers by mass spectrometry and to have a better 

separation of the 
31

P NMR signals. Again, mostly homochiral complexes were formed, but 

now the self-sorting was not perfect and at least three doublets of doublets could be 

distinguished as minor side-products (see Figure 13 in the experimental section). Control 

experiments show that the substituent on the sulfur is not responsible for self-sorting. Using a 

mixture of (S)-L1 and (S)-L2 to form complex C leads to a multitude of signals in 
31

P NMR 

consistent with a statistical mixture of complexes (see Figure 7c). The use of the structurally 

more similar ligands (R)-L2 and (S)-L3 showed strong self-sorting behaviour, as only 

homochiral complexes could be seen in the 
31

P NMR spectrum (Figure 3). In line with this, in 

the MS-spectra only homocomplexes could be identified. 

Figure 3. 
31

P NMR spectrum of Rh2L4 (C) synthesized from (a) (R)-L2, (b) (S)-L3 and (c) a mixture 

of (R)-L2 and (S)-L3. 

 The reaction of 2 equivalents of (rac)-L2 with [Rh(nbd)2]BF4 under hydrogen pressure 

yielded a compound that is very poorly soluble in dichloromethane. Analysis by NMR was 

prohibited by the low solubility, but X-ray structure determinations on isolated crystals 

demonstrated that the solid state consisted of the racemate of the homochiral complexes C 

(see Figure 4). Like for complex A, these crystal structures confirmed the coordination mode 

of the ligands, previously established by NMR studies, as well as the boat-shaped 

conformation, previously proposed on the basis of DFT calculations. A noticeable difference 

between the previously proposed structure and the crystallized complex is that the P-O 

coordinated ligands are deprotonated by triethylamine in the solid state (see Chapter 3 for a 

better insight into this matter). 

Figure 4. Crystal structures
22

 of A, B and C synthesized from (rac)-L2. Hydogen atoms, solvent and, 

in the case of C, triethylamonium counterion are omitted for clarity. 

Rh2((R)-L2)2(nbd)2 
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2.2.2 Mechanism and Driving Force of the Self-sorting of A and C 

Self-sorting processes are driven by several “molecular codes” such as size and shape 

complementarity, steric effects and stabilizing weak interactions.
23

 Most of the time, fast 

exchange of the building blocks leads to the formation of the most thermodynamically stable 

products. However, kinetic self-sorting
23

 and competition between kinetic and thermodynamic 

self-sorting
24

 have been reported. 

To investigate what leads to the self-sorting of A, we checked first if the ligands are in fast 

exchange. It had been reported that by using (R)-L1 and (R)-L2, a statistical mixture 

consisting of [Rh2((R)-L1)2(nbd)2], [Rh2((R)-L2)2(nbd)2] and [Rh2((R)-L2)((R)-L2)(nbd)2] is 

obtained.
19

 The same complexes are observed in the same proportions when preformed 

[Rh2((R)-L1)2(nbd)2] and [Rh2((R)-L2)2(nbd)2] are mixed. This observation points towards a 

thermodynamic self-sorting. 

Figure 5. 
31

P NMR spectrum of [Rh2L2(nbd)2] synthesized (a) from (R)-L1, (b) from (R)-L2 and (c) 

by mixing [Rh2((R)-L1)2(nbd)2] and [Rh2((R)-L2)2(nbd)2]. 

In the crystal structure of A, the binaphthol (BINOL) moieties and the Rh-P-N-Rh-P-N 

ring are pseudo-coplanar (Figure 4): the BINOLs are as far as possible from the nbd ligands, 

which minimizes steric repulsion. 

Importantly, the Rh-P-N-Rh-P-N ring of the crystallized structure is in a twist boat 

conformation. The boat itself can be chiral: α and β (depicted in Figure 6) are not 

superimposable and interconversion by ring flipping is expected to be high in energy. In 

addition to that, the twist induces chirality: even in the simple case of cyclohexane, a twist 

boat is chiral (however, at room temperature, the ring flips rapidly, and the chair conformation 

is the most stable). In Figure 6, the twists are noted 1 and 2. Combined with the R/S chirality 

of the two BINOL moieties of the two bridging ligands, the boat-shaped complex A has 4 

elements of symmetry: it represents 16 structures that can be reduced to 6 diastereomers (8 

enantiomeric relations and 2 meso structures).   

Figure 6. Chiral elements of the Rh-P-N-Rh-P-N ring. 
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We modeled all the possible diastereomeric boat-shaped complexes A (with L2 as a 

ligand) plus the chair conformations γ and we evaluated their relative energy by DFT 

calculations (see structures in Figure 16 and energy values in Table 1). As expected, the 

complex corresponding to the crystallized structure (β1RR) has the lowest energy. The 

energy of structure β2RR (with the opposite twist) could not be determined as it converged to 

β1RR; this result suggests that the energy barrier between 1 and 2 is very low. The β 

structures with S configurations at each BINOL are > 7 kcal/mol higher in energy: this is due 

to steric repulsion between the BINOL moieties and the nbd ligands for β1SS and steric 

repulsion between both BINOL moieties for β2SS. As reported previously,
19

 the chair 

conformation γRR is 11 kcal/mol higher in energy than the most stable structure. γRS is only 

1.3 kcal/mol higher in energy: like for β1RR, the naphthyl cycles point away from the Rh-P-

N-Rh-P-N cycle. The boat-shaped complexes with BINOL moieties of opposite chirality are > 

6 kcal/mol higher in energy: it explains the self-sorting behavior of A. 

Table 1. Relative (uncorrected) free energy of each diastereomer of A. 

structure (enantiomer) ΔG (kcal/mol) 

β1RR (α2SS) 0 

β2RR (α1SS) nd
[b] 

β1SS (α2RR) 7.7 

β2SS (α1RR) 10.6 

γRR (γSS) 11.5 

β1RS
[a]

  (α2RS
[a]

) 6.1 

β2RS
[a]

 (α1RS
[a]

) 7.9 

γRS
[a] 

1.3 

[a] meso structures, [b] not determined: converged to β1RR. 

We were curious to know if C presents a fast exchange too. If a 1:1 homochiral mixture of 

L1 and L2 is used for the synthesis of C, 10 combinations are possible (Figure 7 (i)). 
31

P 

NMR supports this number, as a very complicated spectrum was recorded (Figure 7 (c)). In a 

separate experiment, preformed [Rh2((R)-L1)4] and [Rh2((R)-L2)4] were mixed. For mixtures 

of phosphoramidite-rhodium complexes, ligand exchange is usually fast and reversible.
28

 

Thus we expected either a complete scrambling leading to the 10 combinations (Figure 7 (ii)) 

or an exchange of the chelating ligands leading to 6 combinations (Figure 7 (iii)). The 

resulting 
31

P NMR was much less complicated, as only the complex [Rh2((R)-L1)2((R)-L2)2] 

is present, together with the starting complexes (Figure 7 (d), assignment in the experimental 

section). This is in agreement with a rearrangement which involves the dissociation of the 

dimer into a monomer (Figure 7 (iv) and (v)) due to the breaking of the Rh-N bonds of the 

dinuclear complex. 
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Figure 7. top: 
31

P NMR spectrum of [Rh2L4] complexes synthesized (a) from (R)-L2, (b) from (R)-

L1, (c) from a mixture of (S)-L1 and (S)-L2  and (d) by mixing [Rh2((R)-L1)4] and [Rh2((R)-L2)4]; 

right: shematic representation of the possible outcomes by mixing [Rh2((R)-L1)4] and [Rh2((R)-L2)4]: 

(ii) complete scrambling, (iii) exchange of the chelate ligand,  (iv)-(v) dissociation-reassociation of the 

dimer.  

 
 

 
d(O-centroid) smallest d(C-O) 

  
A

[a]
 B

[b]
 A

[a]
 B

[b]
 

X-ray 

structures 

of C
[c] 

Ochelate - πbridge 
3.15 3.02 3.28 3.25 

/ 3.04 / 3.21 

Obridge – πchelate 
3.21 3.19 3.07 3.04 

3.35 3.22 3.08 3.06 

litterature average
26

 3.38 / 

sum of O and C vdW radii / 3.22 

Figure 8. Left: lone-pair-π interactions between neighbouring BINOLs in the crystal structure of C; 

right: distances in the structures and comparison with data from the litterature (in Å). [a] Complex C 

crystallized in nitromethane (procedure A in exp. section); [b] complex C crystallized in 

dichloromethane (procedure B in exp. section); [c] since C has a pseudo-C2 symmetry in the solid 

state, two values for each distance are given (except for A due to disorder). 
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As the phosphorus atoms of the ligands are bound to the rhodium centers in a cis-position, 

the BINOL moieties are very close to each other. We initially thought that the only reason 

why heterochiral complexes do not form is because it would lead to steric repulsion. A careful 

study of the two X-ray structures of A not only confirmed that the steric factors are necessary 

for the self-sorting, but also revealed outstanding lone-pair-π interactions between the 

neighbouring BINOL moieties (Figure 8). The distance between the oxygen of one BINOL 

and the centroid of the aryl ring of the neighbouring BINOL are among the smallest 

reported.
25

 The smallest C-O distance is significantly lower than the sum of the van der Walls 

radii (Figure 8, table). When the complex was modeled by DFT calculations, the oxygen-aryl 

distance was much longer than in the crystal structure as DFT calculations do not take into 

account van der Waals interactions. Using empirical dispersion correction allowed us to 

satisfactorily model this weak interaction (see values in Table 2 in section 2.4.3). 

If significant in solution, the lone-pair-π interactions may be responsible for the abscence 

of ligand exchange at the same rhodium. 

As C has 8 elements of symmetry (ring β and α, twist 1 and 2, chirality of the sulfur of the 

2 P-O chelated ligands
27

 and chirality of each four BINOLs), the number of diastereomeric 

complexes is too big to allow the modelling of each of them. However, the relative energies 

of the diastereoisomers of A and the obvious steric incompatibility between neighbouring 

heterochiral ligands tend to indicate that the crystallized diasteroisomer of C is the lowest in 

energy. In that respect, the self-sorting of C is essentially thermodynamic, even if all the 

components of the system are not in fast exchange. 

2.2.3 Effect of the Self-sorting on Asymmetric Hydrogenation 

Before evaluating nonlinear effects in the hydrogenation of the benchmark substrates 

dimethyl itaconate 4 and methyl 2-acetamido acrylate 5 we first determined the solubility of 

the racemate of homochiral complexes based on the ligand L2 in pure dichloromethane and in 

the presence of typical amounts of the substrates (substrate/Rh ratio of 25 and initial Rh 

concentration of 25 mM), as this plays a role in the anticipated nonlinear effects. In the 

absence of substrate, the solubility of the racemic self-sorted complex is 0.64 mM. 

Interestingly, the presence of substrate 4 reduces this solubility to 0.41 mM whereas 5 

increases it to 1.58 mM. We first hydrogenated 4 using complexes based on ligands L2 with 

an enantiopurity of the ligand varying between 0 and 100%. At high catalyst concentration 

([Rh]=25mM), when the complexes are preformed prior to substrate addition, precipitation of 

the racemate occurs, leaving in solution homochiral complexes of the ligand that is in excess. 

Subsequent addition of substrate 4 enhances this enantiopurification of the reaction mixture 

by lowering the solubility of the racemate even further. This explicit reservoir effect
14,16

 leads 

to a very strong positive nonlinear effect. Lowering of the enantiomeric excess of the ligand 

from 100 to 40%, leads to a drop of the ee of the product of only 7% (Figure 9). Importantly, 

the same experiments but without incubation, which allows this self-sorting process and 

precipitation to occur, result in the opposite effect. Instead of a positive nonlinear effect, a 

strong negative nonlinear effect is observed. This suggests that under these conditions, 

catalysis happens before self-sorting and subsequent precipitation has completed. The kinetic 
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complexes formed before the metal-ligand system reaches a thermodynamic equilibrium are 

responsible for most of the conversion. 

Figure 9.  NLE curves for the hydrogenation of 4 with 2 as a ligand (20 bars H2, 14h at RT in 

CH2Cl2). 

Similar hydrogenation experiments of 4 were done under more diluted conditions ([Rh] = 

2mM), again with and without complex preformation prior to substrate addition. The same 

results are obtained in both these experiments, as expected, as under these dilute conditions no 

precipitation spontaneously occurs after incubation. The small deviation from linearity for the 

curve of eeproduct as a function of eeligand may be due to imperfect self-sorting (as also observed 

in the NMR experiment using (S)-L1 and (R)-L2). We attempted to record the 
31

P NMR of 

the reaction mixture (with a racemic ligand) under these catalysis conditions to see these 

heterocomplexes arising from incomplete self-sorting. Unfortunately, even after an overnight 

acquisition, the signal-to-noise ratio was too small and only the signals for the homochiral 

complexes could be observed. In the NMR tube, crystals of the self-sorted racemate had 

appeared during the NMR experiment, of which the nature was confirmed by X-ray crystal 

structure determination. Apparently, the amount of non-self-sorted complexes is very small, 

yet they have an influence on the outcome of the reaction. 

Similar studies on the nonlinear behaviour of the complexes were performed using 

substrate 5. For [Rh]=25mM the results were comparable as those observed for 4. However, 

the nonlinear effect observed after incubation is less pronounced (Figure 10), likely due to the 

substrate induced higher solubility of the racemate of self-sorted complexes. This shows that a 

feedback loop operates, wherein the substrate, by influencing the solubility of complexes, 

affects the outcome of its own hydrogenation. For [Rh]=2mM, the results with and without 

complex preformation were significantly different showing that for this substrate, 

hydrogenation is significantly faster than the formation of the self-sorted complexes (see 

Figure 18 in the experimental section). Like observed for the hydrogenation of 4 (at 

[Rh]=25mM) the kinetically formed active complexes give different selectivity than the 

thermodynamic self-sorted complexes. The exact nature of those complexes remains elusive, 

as they convert very fast to the stable dimer and no direct observation could be made. In 

analogy with well-known systems, we expect solvated bis-coordinated monomers to be active 
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intermediates.
20

 As they are formed from the non-self-sorted intermediate B, they are not self-

sorted either, and the weakly coordinated solvent molecules make them very reactive towards 

hydrogen and substrates. 

Figure 10.  NLE curves for the hydrogenation of 5 with 2 as a ligand (20 bars H2, 14h at RT in 

CH2Cl2). 

2.3 Conclusion 

We studied in detail a catalytic system for asymmetric hydrogenation based on 

METAMORPhos ligands and rhodium as a complex chemical system. These studies revealed 

self-sorting of ligands at dinuclear complexes leading to homochiral complexes, which is not 

observed for the mononuclear complexes that form during the incubation phase of 

hydrogenation experiments. We confirmed the nature of the dimeric and mononuclear 

complexes with their X-ray structure. An uncommon lone-pair-π interaction between 

neighbouring BINOL moieties was observed in the crystal structures of [Rh2(L2)4]. 

Experimental work and computational modelling show that the self-sorting of the dimers is 

thermodynamically driven. The racemate of the self-sorted homochiral complex [Rh2(L2)4] 

synthesized from the racemic ligand was found to be very insoluble. This property leads to a 

very strong positive nonlinear effect in asymmetric hydrogenation, with a high ee obtained for 

the product while the ligand is present in low enantiopurity (40%). This is, however, only 

observed when the substrate is introduced after an incubation time in which the self-sorted 

complexes are formed. Addition of the substrates from the beginning of the experiment gives 

completely different effects showing that intermediate complexes, which form before the 

thermodynamic equilibrium of the ligand-metal system is reached, are catalytically active. 

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 

important for the nonlinear effects observed. The substrate thus influences the extent of 

nonlinear effect. This is the first example of self-sorted ligation at dinuclear complexes that 

are active in asymmetric hydrogenation. Detailed information as presented here is relevant for 

process optimization and development of more complex catalytic systems that may play an 

important role in future processes.  
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2.4 Experimental Section 

Methyl-2-acetamidoacrylate (MAA), phosphorustrichloride and methanesulfonamide were purchased 

from Aldrich; R-(+)-1,1’-Bi-2-naphtol ((R)-BINOL) and S-(+)-1,1’-Bi-2-naphtol ((S)-BINOL) from 

Reuter Chemische Apparatbau; (rac)-1,1’-Bi-2-naphtol ((rac)-BINOL) from Acros; dimethyl 

itaconate (DMI) and bis(norbornadiene)rhodium(I) tetrafluoroborate ([Rh(nbd)2]BF4) from Alfa-

Aesar; 4-butylbenzene-1-sulfonamide from Maybridge. 

All reactions were carried out in dry glassware under nitrogen atmosphere. Every solution addition or 

transfer was performed via syringes or in a glovebox. The ligands and the metal precursor were 

weighed under air. 

All solvents were dried and distilled according to standard procedures. 

Nuclear Magnetic Resonance experiments were performed on a Varian Inova spectrometer (
1
H: 500 

MHz, 
31

P: 202.3 MHz) or a Bruker AMX 400 (
1
H: 400.1 MHz, 

13
C: 100.6 MHz and 

31
P: 162.0 MHz). 

19
F NMR experiments were performed on a Varian Mercury (

1
H: 300 MHz, 

19
F: 282.4 MHz) 

Chemical shifts are referenced to the solvent signal (5.320 ppm in 
1
H and 54.00 ppm in 

13
C NMR for 

CD2Cl2). Conversions and enantiomeric excess for the asymmetric hydrogenation of Methyl-2-

acetamidoacrylate and dimethyl itaconate were determined by Gas Chromatography (GC) on an 

Interscience Focus GC Ultra (FID detector) with a Supelco ß-dex 225 column (30 m x 0.25 mm). 

2.4.1 Ligand Synthesis 

Ligands (S)-L1, (R)-L2 and (S)-L2 were synthesized according to reported procedures.
19 

The same procedure was used for the synthesis of (rac)-L1, (rac)-L2 and (S)-L3. 

(rac)-L1 and (rac)-L2 have identical characterization spectra as (S)-L1 and (R)-L2 respectively, 

except for the proton NMR: H
a
 and H

b
 are equivalent when racemic BINOL is employed. 

(rac)-L1 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ  (ppm): 10.194 (broad s., 1H, Et3NH

+
); 7.981-6.776 (aromatic 

area); 2.731 (t., 7.6 Hz, 2H, CH3-CH2-CH2-CH2-Ar); 2.436 (q., 
3
JCH2-CH3 = 7.3 Hz, 6H, CH3CH2-NH of 

Et3NH
+
), 1.678 (m., 2H, CH3-CH2-CH2-CH2-Ar); 1.413 (m., 2H, CH3-CH2-CH2-CH2-Ar); 0.969 (t., 

7.4 Hz, 3H, CH3-CH2-CH2-CH2-Ar); 0.741 (t., 
3
JCH3-CH2 = 7.3 Hz, 9H, CH3CH2-NH of Et3NH

+
) 

(rac)-L2 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ (ppm): 8.669 (broad s., 1H, Et3NH

+
); 8.016-7.244 (aromatic area); 

2.439 (q., 
3
JCH2-CH3 = 7.3 Hz, 6H, CH3CH2-NH of Et3NH

+
); 0.755 (t., 

3
JCH3-CH2 = 7.3 Hz, 9H, CH3CH2-

NH of Et3NH
+
) 

(S)-L3 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ (ppm): +172.19 (broad s) 

1
H NMR (400 MHz, CD2Cl2, r.t.) δ (ppm): 10.042 (broad s., 1H, Et3NH

+
); 7.992-7.234 (aromatic 

area); 3.030 (s., 3H, SO2CH3);  2.605 (broad d.q., 
3
JHa-CH3 = 7.3 Hz, 

2
JHa-Hb ≈ 13.9 Hz, 3H, CH3CH

a
H

b
-

NH of Et3NH
+
); 2.260 (broad d.q., 

3
JHb-CH3 = 7.3 Hz, 

2
JHb-Ha ≈ 13.9 Hz, 3H, CH3CH

a
H

b
-NH of Et3NH

+
); 

0.790 (d.d., 
3
JCH3-Ha = 

3
JCH3-Hb = 7.3 Hz, 9H, CH3CH

a
H

b
-NH of Et3NH

+
) 

H
a
 and H

b
 are unequivalent because of the chiral environment, like in the case of L1 and L2.

19
 

13
C{

1
H} NMR (101 MHz, CD2Cl2, r.t.): δ (ppm): 150.285 (broad s., aromatic C

a
quat-O-P); 150.001 (d., 

2
JC-P = 3.9 Hz, C

b
quat-O-P); 133.435 (Cquat); 133.319 (Cquat); 131.850 (Cquat); 131.175 (Cquat); 130.593 

(CH); 129.508 (CH); 128.893 (CH); 128.724 (CH); 127.115 (CH); 126.741 (CH), 126.617 (CH), 

126.570 (CH); 125.196 (CH); 125.019 (CH); 124.897 (d., JC-P = 5 Hz, Cquat); 124.659 (CH); 124.329 

(d., JC-P = 2.3 Hz, Cquat); 122.769 (CH); 45.528 (d., 
3
JC-P = 3.1 Hz, CH3); 45.107 (s.; CH2 of NH-CH2-

CH3 of Et3NH
+
); 8.293 (s. CH3 of NH-CH2-CH3 of Et3NH

+
). Note: because of rotational constraints 

around the P-N bond, the ligand is not C2 symetric and each carbon (of the the BINOL moiety) have a 

distinct signal. 

MS (FAB+): m/z calcd. for C21H17NO4PS (no triethylamine adduct): [MH]
+
: 410.0616; obsd.: 

410.0606 (Δ = - 2.4 ppm). 
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2.4.2 Complex Preparation and Characterization, Complexation Experiments 

Complex A [Rh2L2(nbd)2] 

Ligand L1, L2 or a mixture of ligands (0.0175 mmol in total, 1eq.) was dissolved in 0.7 mL of  

CD2Cl2 and mixed with [Rh(nbd)2]BF4 (0.0175 mmol, 1 eq.) resulting immediately in the formation of 

a very dark purple solution. 
31

P NMR yield: quantitative in every case 

[Rh2((R)-L1)2(nbd)2] and [Rh2((R)-L2)2(nbd)2] were fully characterized previously.
19

 

Self-sorted [Rh2((S)-L1)2(nbd)2] + [Rh2((R)-L1)2(nbd)2] 

Prepared with 1 eq (rac)-L1. 

This mixture have identical characterization spectra as [Rh2((S)-L1)2(nbd)2] prepared from (S)-L1, 

except for the proton NMR: CH2 of the triethylammonium is a simple quadruplet when racemic 

BINOL is employed. The multiplicity of this signal of [Rh2((R)-L1)2(nbd)2] has been previously 

explained by a coupling with NEt3H
+
.
19 

The spectrum of [Rh2((R)-L1)2(nbd)2] + [Rh2((S)-L1)2(nbd)2] 

shows that the chiral environment is responsible for this patern. 
1
H NMR (500 MHz, CD2Cl2, r.t.) δ (ppm): 8.170 – 6.679 (aromatic area); 6.261 (broad s.); 5.914 

(broad s.); 4.628 (broad s.); 3.985 (broad s.); 3.538 (m.); 3.387 (broas s.); 3.095 (q., J = 7.2 Hz, CH2 

from triethylammonium); 2.557 (broad s.); 2.421 (m.); 1.956 (broad s.); 1.428 – 1.333 (alkyl area); 

1.292 (t., J = 7.2 Hz, CH3 from triethylammonium); 1.090 (m.), 0.696 (t, J = 7.4 Hz). 

Self-sorted [Rh2((S)-L1)2(nbd)2] + [Rh2((R)-L2)2(nbd)2]  

Prepared with 0.5 eq (S)-L1 and 0.5 eq (R)-L2 (for 1 eq [Rh(nbd)2]BF4) 
31

P NMR showed a 1:1 mixture of [Rh2((S)-L1)2(nbd)2] and [Rh2((R)-L2)2(nbd)2] (see Figure 2) 

Self-sorted [Rh2((S)-L2)2(nbd)2] + [Rh2((R)-L2)2(nbd)2]  

Prepared with 1 eq (rac)-L2. 

All characterization data were identical to [Rh2((S)-L2)2(nbd)2] prepared from (S)-L2 (even the 
1
H 

NMR signals of the triethylammonium). 

No heterochiral complexes could be detected by 
31

P NMR (
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.). 

Crystallization procedure 

The solvent of the solution used for the NMR experiment (self-sorted [Rh2((S)-L2)2(nbd)2] + 

[Rh2((R)-L2)2(nbd)2] with an initial Rh concentration of 25 mM) was slowly evaporated. After 1 week 

at room temperature, very dark violet crystals formed. 

X-ray crystal structure determination 

C56H40F6N2O8P2Rh2S2 · 1.5CH2Cl2, Fw = 1442.17, dark needle, 0.89 x 0.28 x 0.18 mm
3
, monoclinic, 

C2/c (no. 15), a = 23.2816(18), b = 12.8308(10), c = 19.4444(8) Å,  = 97.263(4) º, V = 5761.9(7) Å
3
, 

Z = 4, Dx = 1.663 g/cm
3
,   = 0.92 mm

-1
. The diffraction experiment was performed on a Bruker 

Kappa ApexII diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) at a 

temperature of 150(2) K. The crystal appeared to be cracked into two fragments and was consequently 

integrated with two orientation matrices. 50948 Reflections were measured up to a resolution of (sin 

/)max = 0.65 Å
-1

. Intensity data were integrated with the Eval15 software 
29

. Absorption correction 

and scaling was performed based on multiple measured reflections with TWINABS
30

 (correction 

range 0.55-0.75). 6639 Reflections were unique (Rint = 0.050), of which 5358 were observed [I>2(I)]. 

The structure was solved with Direct Methods using the program SHELXS-97
31

. Least-squares 

refinement was performed with SHELXL-97
32

 against F
2
 of all reflections. Non-hydrogen atoms were 

refined freely with anisotropic displacement parameters. Hydrogen atoms were introduced in 

calculated positions and refined with a riding model. The CH2Cl2 solvent molecule was refined with a 

partial occupancy of 0.75. 380 Parameters were refined with one restraint for the C-Cl distances in the 

solvent molecule. R1/wR2 [I > 2(I)]: 0.0421 / 0.1091. R1/wR2 [all refl.]: 0.0552 / 0.1166. S = 1.067. 

Residual electron density between -0.59 and 1.60 e/Å
3
. Geometry calculations and checking for higher 

symmetry was performed with the PLATON
  
program

32
. 

[Rh2((R)-L1)((R)-L2)(nbd)2] 

[Rh2((R)-L1)2(nbd)2] and  [Rh2((R)-L2)2(nbd)2] in CD2Cl2 are prepared in two separate shlenk flasks. 

The two solutions are mixed. 
31

P NMR shows the immediate formation of a statistical mixture: [Rh2((R)-L2)((R)-L2)(nbd)2] / 

[Rh2((R)-L1)2(nbd)2] / [Rh2((R)-L2)2(nbd)2] (50:25:25). [Rh2((R)-L2)((R)-L2)(nbd)2] has been 

previously characterized.
 19 
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Complex B [RhL2(nbd)] 

Ligand L1, L2, or a mixture of ligands (0.0125 mmol, 2eq.) was dissolved in 0.5 mL of  CD2Cl2 and 

mixed with [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.). The solution becomes purple and then orange-yellow 

within 1 to 5 minutes. 
31

P NMR yield: quantitative in every case 

[Rh((S)-L1)2(nbd)] 
1
H NMR (500 MHz, CD2Cl2, r.t.) δ (ppm): 8.041-6.749 (aromatic region); 5.223 (broad s.); 4.788 

(broad s.); 3.566 (broad s.); 3.510 (broad s.); 2.762 (d.q., J = 14.4, 7.2 Hz); 2.635 (d.q., J = 14.2, 7.2 

Hz); 2.509 (t., J = 7.8 Hz); 1.962 (broad s.); 1.499 (m.); 1.402 (broad s.); 1.292 (m.); 0.925-0.883 

(alkyl region) 
31

P{
1
H} NMR (202 MHz, CD2Cl2, r.t.) δ (ppm): 136.56 (d, JP-Rh = 247.5 Hz) 

MS (FAB
+
): m/z calcd. for C60H52O8P2RhS2N2 ([Rh((S)-L1)2(nbd)] minus nbd): [M]

.+
): 1157.1695; 

obsd.: 1157.1703 +0.6ppm). m/z calcd. for C73H76O8P2RhS2N3 ([Rh((S)-L1)2(nbd)] plus 

triethylammonium): [MHNEt3]
.+

): 1351.3604; obsd.: 1351.3616 +0.9ppm). 

[Rh((S)-L2)2(nbd)] 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ (ppm): 8.083 - 7.179 (aromatic region); 6.749 (m.); 5.512 (broad 

s.); 4.786 (broad s.); 3.663 (broad m.); 3.566 (m.); 2.830 (broad m.); 1.961 (t, J = 1.7 Hz); 1.444 

(broad s.); 1.011 (t., J = 7.3 Hz) 
31

P{
1
H} NMR (202 MHz, CD2Cl2, r.t.) δ (ppm): 134.73 (d, 

1
JP-Rh = 251.3 Hz) 

MS (FAB
+
): m/z calcd. for C42H26F6O8P2RhS2N2 ([Rh((S)-L2)2(nbd)] minus nbd): [M]

.+
): 1028.96; 

obsd.: 1028.95 (-4.1ppm). m/z calcd. for C55H49F6O8P2RhS2N3 ([Rh((S)-L2)2(nbd)] plus 

triethylammonium): [MHNEt3]
.+

): 1222.14; obsd.: 1222.14 (-0.8ppm). 

[Rh((S)-L1)(R)-L1)(nbd)] 

Synthesized from 2 eq (rac)-L1. 
31

P NMR shows the formation of a statistical mixture: [Rh((R)-L1)(S)-L1)(nbd)] / [Rh((S)-L1)2(nbd)] 

/ [Rh((R)-L1)2(nbd)] (50:25:25). 
1
H NMR (500 MHz, CD2Cl2, r.t.) δ (ppm): 8.045-6.747 (aromatic region); 5.229 (broad s.); 4.794 

(broad s.); 4.517 (broad s.); 3.566 (broad m.); 3.519 (broad m.); 3.043 (broad s.); 2.773 (q., J = 7.3 

Hz); 2.638 (t., J = 7.8 Hz); 2.515 (t., J = 7.7 Hz); 1.961 (broad s.); 1.601 (m.); 1.503 (m.); 1.409 (broad 

s.); 1.386-1.270 (alkyl region); 1.052 (broad s.); 0.984-0.878 (alkyl region) 
31

P{
1
H} NMR (202 MHz, CD2Cl2, r.t.) δ (ppm): 136.56 (broad d., J = 246.3 Hz, homochiral 

complexes), 128.55 (broad s., heterochiral complex) 

[Rh((S)-L2)(R)-L2)(nbd)] 

Synthesized from 2 eq (rac)-L2. 
31

P NMR shows the formation of a statistical mixture: [Rh((S)-L2)(S)-L2)(nbd)] / [Rh((S)-L2)2(nbd)] 

/ [Rh((R)-L2)2(nbd)] (50:25:25). 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ (ppm): 8.082-7.210 (aromatic region); 6.749 (broad s.); 5.512 

(broad s.); 5.170 (broad s.); 4.779 (broad s.); 3.662 (broad m.); 3.568 (m., J = 1.8 Hz); 2.827 (q, J = 

7.3 Hz); 1.961 (broad s.); 1.435 (broad m.); 0.994 (t., J = 7.3 Hz)
 

31
P{

1
H} NMR (162 MHz, CD2Cl2, r.t.) δ (ppm): 137.45 (d, 

1
JP-Rh = 247.5 Hz, heterochiral ligand), 

134.73 (d, 
1
JP-Rh = 251.3 Hz, homochiral ligands) 

Crystallization procedure 

Under nitrogen atmosphere, 1 mL of diethylether was layered on the solution used for the NMR 

measurements (Initial Rh concentration of 25 mM) in the NMR tube. After 2 weeks at room 

temperature, orange crystals formed. 

X-ray crystal structure determination 

[C49H32F6N2O8P2RhS2](C6H16N) + disordered solvent, Fw = 1221.93
[*]

, red needle, 0.70 x 0.30 x 0.28 

mm
3
, monoclinic, P21/c (no. 14), a = 13.7706(7), b = 23.0956(7), c = 18.5506(6) Å,  = 103.595(2) º, 

V = 5734.5(4) Å
3
, Z = 4, Dx = 1.415 g/cm

3 [*]
,   = 0.50 mm

-1 [*]
. 79791 Reflections were measured on 

a Bruker Kappa ApexII diffractometer with sealed tube and Triumph monochromator ( = 0.71073 Å) 

at a temperature of 150(2) K up to a resolution of (sin /)max = 0.65 Å
-1

. Intensity data were integrated 

with the Eval15 software.
29

 Absorption correction and scaling was performed based on multiple 

measured reflections with SADABS
30

 (correction range 0.38-0.43). 13136 Reflections were unique 

(Rint = 0.022), of which 11219 were observed [I>2(I)]. The structure was solved with Direct Methods 

using the program SHELXS-97
31

. Least-squares refinement was performed with SHELXL-97
31

 

against F
2
 of all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
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parameters. Hydrogen atoms were located in difference Fourier maps and refined with a riding model. 

The structure contains large voids (795 Å
3
 / unit cell) filled with severely disordered CH2Cl2 solvent 

molecules. Their contribution to the structure factors was secured by back-Fourier transformation 

using the SQUEEZE routine of the PLATON software
 32

 (319 electrons / unit cell). 697 Parameters 

were refined with no restraints. R1/wR2 [I > 2(I)]: 0.0331 / 0.0878. R1/wR2 [all refl.]: 0.0391 / 

0.0905. S = 1.073. Residual electron density between -0.46 and 0.94 e/Å
3
. Geometry calculations and 

checking for higher symmetry was performed with the PLATON
  
program

32
. 

[*] Derived parameters do not contain the contribution of the disordered solvent molecules. 

Complex C [Rh2L4] 

Ligand L1, L2, L3 or a mixture of ligands (0.0125 mmol in total, 2eq.) was dissolved in 0.5 mL of  

CD2Cl2 and mixed with [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.). The solution becomes purple and then 

orange-yellow within 1 to 5 minutes. The solution was then submitted to 5 bars of H2 gas, leading 

immediately to (the) bimetallic species [Rh2L2] as the only complex present in solution (red to 

brownish-red solution). 
31

P NMR yield: quantitative in every case. 

[Rh2((R)-L1)4] was fully characterized previously.
19 

[Rh2((R)-L2)4] 

Synthesized from 2 eq (R)-L2 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ (ppm): 8.258 - 6.229 (aromatic region); 4.606 (s.); 2.744 (m.); 

2.187 (broad m.); 1.494 – 1.452 (alkyl region); 1.191 – 1.154 (alkyl region); 1.004 (t, J = 7.3 Hz) 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ (ppm): 140.84 (dd., 

1
JP-Rh = 288.7, 

3
JP-P’ = 35.0 Hz, P of the 

chelating ligands), 116.91 (AA’BB’XX’ broad half spectrum, 
1
JP’-Rh ≈ 332 Hz, other couplings not 

extractable, P’ of the bridging ligands). 

MS (FAB+): m/z calcd. for C84H50N4F12O16P4Rh2S4 [Rh2((S)-L3)4]: [M].
+
: 2055.8974; obsd.: 

2055.9062 (Δ = + 4.3 ppm). m/z calcd. for C90H65N5F12O16P4Rh2S4 [NEt3.Rh2((S)-L3)4]: [NEt3.M].
+
: 

2157.0178; obsd.: 2157.0212 (Δ = + 1.6 ppm). m/z calcd. for C96H80N6F12O16P4Rh2S4 [2NEt3.Rh2((S)-

L3)4]: [2NEt3.M]
.+

: 2259.1414; obsd.: 2259.1409 (Δ =-0.2 ppm). 

[Rh2((S)-L3)4] 

Synthesized from 2 eq (S)-L3 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ (ppm): 8.375 - 6.442 (aromatic region); 5.990 (t., J = 1.9 Hz); 

5.925 (d., J = 8.8 Hz); 4.605 (s.); 3.511 (s.); 3.004 (s.); 2.883 (s.); 2.607 (m.); 2.184 (broad m.); 1.610 

(m.); 1.485 – 1.458 (alkyl region); 1.293 (m.); 1.191 – 1.072 (alkyl region); 0.930 (t., J = 7.2 Hz) 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ (ppm): 142.81 (d.d., 

1
JP-Rh = 276.1, 

3
JP-P’ = 43.7 Hz, P of the 

chelating ligands); 114.9 (AA’BB’XX’ broad half spectrum, 
1
JP’-Rh ≈ 327 Hz, other couplings not 

extractable, P’ of the bridging ligands). 

MS (FAB+): m/z calcd. for C84H62N4O16P4Rh2S4 [Rh2((S)-L3)4]: [M]
.+

: 1840.0104; obsd.: 1840.0184 

(Δ = + 4.3 ppm). Note: The chelating ligands are here in their protonated form. 

Self-sorted [Rh2((R)-L1)4] + [Rh2((S)-L1)4]  

Synthesized from (rac)-L1 

This mixture have identical characterization spectra as [Rh2((S)-L1)4] prepared from (S)-L1, except 

for the proton NMR: CH2 of the triethylammonium is a simple quadruplet when racemic BINOL is 

employed. 
1
H NMR (500 MHz, CD2Cl2, r.t.) δ (ppm): 8.94 – 6.40 (aromatic area); 6.359 (d., J = 8.8 Hz); 6.258 

(m.); 5.903 (broad d., J = 8.2 Hz); 5.756 (d., J = 8.8 Hz); 4.606 (s.); 3.050 (t., J = 7.6 Hz); 2.664 (q., J 

= 7.3 Hz); 2.401 (m.); 2.342 (broad s.); 2.281 – 2.222 (alkyl region); 2.189 (m.); 1.963 (m.); 1.628 

(m.); 1.486 – 1.122 (alkyl region); 0.932 – 0.886 (alkyl region). 

Full conversion and no traces of other complexes could be detected by 
31

P NMR (
31

P{
1
H} NMR (162 

MHz, CD2Cl2, r.t.). 

Partial self-sorting: formation of [Rh2((S)-L1)4] + [Rh2((R)-L2)4] + other complexes 

Synthesized from 1 eq (R)-L1 and 1 eq (S)-L2 (for 1 eq [Rh(nbd)2]BF4) 
31

P{
1
H} NMR (202 MHz, CD2Cl2, r.t.) δ (ppm): 151.86 (d., J = 46.5 Hz); 150.30 (d., J = 47.2 Hz); 

148.35 (d., J = 86.9 Hz); 146.93 (d., J = 83.5 Hz); 145.39 (d.d., 
1
JP1-Rh = 286.9, 

2
JP1-P1’= 38.8 Hz, 

chelating ligands of [Rh2((S)-L1)4]); 140.84 (d.d., 
1
JP2-Rh = 288.7, 

3
JP2-P2’ = 35.0 Hz,  chelating ligands 

of [Rh2((R)-L2)4]); 140.83 (d., J = 47.1 Hz); 139.42 (d., J = 46.7 Hz); 133.79 (d.m.), 132.05 (d.m.); 

116.9 (AA’BB’XX’ broad half spectrum, 
1
JP2’-Rh ≈ 332 Hz bridging ligands of [Rh2((R)-L2)4]); 116.1 

(AA’BB’XX’ broad half spectrum, 
1
JP1’-Rh ≈ 323 Hz bridging ligands of [Rh2((S)-L1)4]) 
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The ratio self-sorted species / non 

self-sorted species were found to be in 

the range of 80:20, according to the 

integration in phosphorus NMR. 

See experimental profile (
31

P{
1
H} 

NMR (202 MHz, CD2Cl2, r.t.)). 

 

 

Figure 13. Top: 
31

P{
1
H} NMR of 

[Rh2((R)-L2)4]; middle: 
31

P{
1
H} NMR of 

[Rh2((S)-L1)4]; bottom spectrum: partial 

self-sorting. 

 

 

 

Mixture of complexes [Rh2((R)-L1)n((R)-L2)(4-n)]; n = 0 to 4 

Synthesized from 1 eq (R)-L1 and 1 eq (R)-L2 (for 1 eq [Rh(nbd)2]BF4) 

Control experiment showing that the substituent on the sulfur is not responsible for the self-sorting. 

No complex could be clearly identified. However, the signals in the region 140 – 146 ppm can be 

assigned to chelating ligands; the signals in the region 111 – 121 ppm to bridging ligands. The large 

quantity of signals is coherent with a mixture of 10 different complexes. The experimental profile 

corresponds to Figure 7(c). 

Self-sorted [Rh2((R)-L2)4] + [Rh2((S)-L3)4]  

Synthesized from 1 eq (R)-L2 and 1 eq (S)-L3 (for 1 eq [Rh(nbd)2]BF4) 
31

P{
1
H} NMR (202 MHz, CD2Cl2, r.t.) δ (ppm): 142.81 (d.d., 

1
JP2-Rh = 276.1, 

3
JP2-P2’ = 43.7 Hz, 

chelating ligands of [Rh2((R)-L2)4]); 140.84 (d.d., 
1
JP3-Rh = 288.7, 

3
JP3-P3’ = 35.0 Hz, chelating ligands 

of [Rh2((S)-L3)4]);), 116.9 (AA’BB’XX’ broad half spectrum, 
1
JP2’-Rh ≈ 332 Hz bridging ligands of 

[Rh2((R)-L2)4]); 114.9 (AA’BB’XX’ broad half spectrum, 
1
JP3’-Rh ≈ 332 Hz bridging ligands of 

[Rh2((S)-L3)4]).  

Mass spectroscopy showed only homochiral complexes (FAB+), as displayed on the experimental 

profile below.  

Figure 14. Mass spectrum of [Rh2((R)-L2)4] + [Rh2((S)-L3)4] and assignment. 
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Mixture of complexes [Rh2((S)-L2)n((S)-L3)(4-n)]; n = 0 to 4 

Synthesized from 1 eq (S)-L2 and 1 eq (S)-L3 (for 1 eq [Rh(nbd)2]BF4) 

Mass spectroscopy (FAB+) showed all the possible combinations, as displayed on the experimental 

profile below. 

Figure 15. Mass spectrum of [Rh2((S)-L2)n((S)-L3)(4-n)]; n = 0 to 4. 

Signals assignment: 

a [Rh2(L3)4]: [M]
.+

 

b [Rh2(L2)(L3)3]: [M]
.+

  

c [Rh2(L2)(L3)3] minus H
+
 plus Na

+
: [MNa]

.+
 

d [Rh2(L2)2(L3)2]: [M]
.+

  

e [Rh2(L2)2(L3)2] minus H
+
 plus Na

+
: [MNa]

.+
 

f [Rh2(L2)3(L3)]: [M]
.+

  

g [Rh2(L2)3(L3)] minus H
+
 plus Na

+
: [MNa]

.+
 

h [Rh2(L2)2(L3)2] plus triethylamine: [MNa]
.+

 

i [Rh2(L2)2(L3)2] plus triethylamine minus H
+
 plus Na

+
: [MNa]

.+
 

j [Rh2(L2)3(L3)] plus triethylamine: [MNa]
.+

 

k [Rh2(L2)3(L3)] plus triethylamine minus H
+
 plus Na

+
: [MNa]

.+
 

l [Rh2(L2)4]: [M]
.+

  

m [Rh2(L2)4] minus H
+
 plus Na

+
: [MNa]

.+ 

Self-sorted [Rh2((R)-L2)4] + [Rh2((S)-L2)4]  

Synthesized from (rac)-L2 

The complex immediately precipitated after formation and no NMR was possible. 

Crystallization procedure A 

The solvent was removed using a syringe and the precipitate was washed with 1 mL of dry 

dichloromethane. It was dissolved in 0.5 mL of nitromethane at 80°C. When the solution cooled down, 

big red crystals formed that were found suitable for X-ray diffraction. 

X-ray crystal structure determination 

[C84H48F12N4O16P4Rh2S4](C6H16N)2 · 2CH3NO2 + disordered solvent, Fw = 2381.68
[*]

, red block, 0.75 

x 0.29 x 0.21 mm
3
, triclinic, P 1   (no. 2), a = 13.8434(3), b = 16.9625(5), c = 28.6470(6) Å,  = 

80.878(1),  = 86.264(1),  = 66.980(1) º, V = 6112.9(2) Å
3
, Z = 2, Dx = 1.294 g/cm

3 [*]
,   = 0.47 mm

-
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1 [*]
. 241328 Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube and 

Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin 

/)max = 0.65 Å
-1

. Intensity data were integrated with the Eval15 software
29

. Absorption correction 

and scaling was performed based on multiple measured reflections with SADABS
30

 (correction range 

0.36-0.43). 28035 Reflections were unique (Rint = 0.023), of which 24121 were observed [I>2(I)]. 

The structure was solved with the program SHELXT
33

. Least-squares refinement was performed with 

SHELXL-97
31

 against F
2
 of all reflections. Non-hydrogen atoms were refined freely with anisotropic 

displacement parameters. Hydrogen atoms were included in calculated positions and refined with a 

riding model. One binaphthyl group was refined with a disorder model. Additionally to the ordered 

CH3NO2 molecules, the structure contains large voids (1503 Å
3
 / unit cell) filled with severely 

disordered solvent molecules. Their contribution to the structure factors was secured by back-Fourier 

transformation using the SQUEEZE routine of the PLATON software
32

 (427 electrons / unit cell). 

1514 Parameters were refined with 1008 restraints (flatness, distances and angles in the naphthyl 

groups; distances and angles in CH3NO2 and isotropic behaviour of disordered groups). R1/wR2 [I > 

2(I)]: 0.0346 / 0.0947. R1/wR2 [all refl.]: 0.0417 / 0.0998. S = 1.040. Residual electron density 

between -1.75 and 0.68 e/Å
3
. Geometry calculations and checking for higher symmetry was performed 

with the PLATON
  
program

32
. 

[*] Derived parameters do not contain the contribution of the disordered solvent molecules. 

Crystallization procedure B 

A high pressure NMR tube were charged with 1 mmol [Rh(nbd)2]BF4 (1 eq), 2 mmol (rac)-L2 and 25 

mmol substrate 4. The powders were dissolved in 0.5 mL CD2Cl2 and the solution was submitted to 5 

bars of hydrogen; no spontaneous precipitation was observed. The NMR tube was placed in the NMR 

machine for an overnight acquisition (
31

P). Only self-sorted products could be observed, with a 

mediocre signal to noise ratio. In the bottom of the tube, red crystals had formed that were found 

suitable for X-ray diffraction. 

X-ray crystal structure determination  

[C84H48F12N4O16P4Rh2S4](C6H16N)2 · 2.5CH2Cl2 + disordered solvent, Fw = 2471.91
[*]

, red block, 0.38 

x 0.18 x 0.11 mm
3
, triclinic, P 1   (no. 2), a = 19.4282(11), b = 24.6321(17), c = 25.8679(19) Å,  = 

108.856(2),  = 93.042(1),  = 107.766(2) º, V = 10997.1(13) Å
3
, Z = 4, Dx = 1.493 g/cm

3 [*]
,   = 0.64 

mm
-1 [*]

. 296820 Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube 

and Triumph monochromator ( = 0.71073 Å) at a temperature of 150(2) K up to a resolution of (sin 

/)max = 0.61 Å
-1

. Intensity data were integrated with the Eval15 software
29

. Absorption correction 

and scaling was performed based on multiple measured reflections with SADABS
30

 (correction range 

0.64-0.75). 41433 Reflections were unique (Rint = 0.071), of which 26928 were observed [I>2(I)]. 

The structure was solved with the program SHELXS-97
31

. Least-squares refinement was performed 

with SHELXL-97
31

 against F
2
 of all reflections. Non-hydrogen atoms were refined freely with 

anisotropic displacement parameters. Hydrogen atoms were included in calculated positions and 

refined with a riding model. The refinement was hampered by disorder and correlations due to pseudo-

translational symmetry. Additionally to the ordered CH2Cl2 molecules, the structure contains large 

voids (1458 Å
3
 / unit cell) filled with severely disordered solvent molecules. Their contribution to the 

structure factors was secured by back-Fourier transformation using the SQUEEZE routine of the 

PLATON software
32

 (539 electrons / unit cell). 2656 Parameters were refined with 2643 restraints 

(flatness, distances and angles in the naphthyl groups; distances, angles, and isotropic behaviour in 

CH2Cl2/C6H16N). R1/wR2 [I > 2(I)]: 0.0750 / 0.2031. R1/wR2 [all refl.]: 0.1133 / 0.2317. S = 1.043. 

Residual electron density between -1.35 and 2.73 e/Å
3
. Geometry calculations and checking for higher 

symmetry was performed with the PLATON
  
program

32
. 

[*] Derived parameters do not contain the contribution of the disordered solvent molecules. 

[Rh2(((R)-L1)2(R)-L2)2] 

[Rh2((R)-L1)4] and  [Rh2((R)-L2)4] in CD2Cl2 are prepared in two separate high pressure NMR tubes. 

The two solutions are mixed. 
31

P NMR shows the immediate formation of a mixture of [Rh2((R)-L1)4], [Rh2((R)-L2)4] and 

[Rh2((R)-L1)2((R)-L2)2]. Upon keeping the reaction mixture at room temperature for 3 days, no new 

signals appeared. 

In addition to the signals of [Rh2((R)-L1)4] and [Rh2((R)-L2)4]: 
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31
P{

1
H} NMR (202 MHz, CD2Cl2, r.t.) δ (ppm): 144.2 (dd, 

1
JP-Rh = 281 Hz, 

1
JPL1(chelate)-PL1(bridging) = 35 

Hz, chelate L1), 141.9 (dd, 
1
JPL2(chelate)-PL2(bridging) = 293 Hz, 

1
JP-Rh = 33 Hz, chelate L2), 117.7 (dm, 

1
JP-

Rh = 327 Hz, bridging L2), 114.6 (dm, 
1
JP-Rh = 323 Hz, bridging L1). 

2.4.3 Computational Modeling 

All geometry optimizations were carried out with the Turbomole program
34

 coupled to the PQS Baker 

optimizer.
35

 Geometries were fully optimized as minima at the (ri-)BP86
36

 level using the SV(P) basis 

set
37

 on all atoms. All stationary points (minima) were characterized by vibrational analysis (analytical 

frequencies). To optimize C ([Rh(L3)4]), empirical dispersion corrections (disp3)
38

 have been applied 

when indicated. C has been modelled as a neutral complex. 
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Figure 16. Model of the diastereomeric structures of  [Rh2(nbd)2(L3)2]. 
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Table 2. Distances extracted from the models of [Rh2(L3)4] and comparison with experimental values. 

 d(O-centroid) (Å) 

 Ochelating ligand – πbridging ligand Obridging ligand – πchelating ligand 

values for the X-ray structure of C (procedure B)
 

3.04 3.02 3.22 3.19 

Model with dispersion correction 2.97 2.96 2.99 2.97 

Δd -0.07 -0.06 -0.23 -0.22 

Model without dispersion correction 4.00 3.96 3.64 3.65 

Δd +0.96 +0.94 +0.42 +0.46 

2.4.4 Solubility Evaluation by UV-Vis 

Solution preparation and 

measurements were done at r.t. 

under N2 atmosphere. The path 

length was 2 mm; the wavelength 

used was 460 nm. The solvent used 

was dichloromethane. 

The calibration curve were done 

with the homochiral complex 

[Rh2((R)-L2)4]. 

 

Figure 17. Calibration curve for the 

determination of the concentration of  

[Rh2(L3)4]. 

 

Solutions preparation 

Saturated solution of self-sorted [Rh2((R)-L2)4] + [Rh2((S)-L2)4]: the complexes were synthesized as 

described previously. The solution was shaken for 12h and then filtered with a HPLC filter. 

Saturated solution of self-sorted [Rh2((R)-L2)4] + [Rh2((S)-L2)4] in the presence of substrate: the 

complexes were synthesized as described previously (same amount in mmol but in 0.3 mL 

dichloromethane). After 1h, the H2 pressure  was released and the solution was further degased by 

sonication for 15min. 25 eq of substrate (for 1 eq of [Rh(nbd)2]BF4) were added and the volume of the 

solution were adjusted to 0.5 mL by adding solvent. The solution was shaken for 12 h, filtered with a 

HPLC filter and dissolved by a factor x. 

Table 3. Concentration of  [Rh(L3)4] in the presence or absence of substrates 4 and 5. 

entry solution x absorbance concentration (mmol/L) 

A saturated solution 1 0.2815 0.6382 

B saturated solution + 4 2.5 0.1063 0.4102 

C saturated solution + 5 6.25 0.0929 1.5769 

2.4.5 Asymmetric Hydrogenation 

The hydrogenation experiments were carried out in a stainless steel autoclave (250 ml) charged with 

an insert suitable for 14 reaction vessels (2 mL vials equipped with Teflon mini stirring bars) for 

conducting parallel reactions.  

The charged autoclave was purged three times with 20 bar of dihydrogen and then pressurized at 20 

bar H2. 

General procedure for the asymmetric hydrogenation with incubation 

A 2 mL vial equipped with a stirring bar was charged in a glovebox under N2 atmosphere. 

First, a volume VR  of a solution SR of ligand (R)-L2 at a concentration CR in dichloromethane and a 

volume Vrac of a solution SR of ligand (rac)-L2 at a concentration Crac in dichloromethane are 

introduced in the vial (VR + Vrac = 0.8 mL; VR / Vrac is chosen according to the eeligand required (see 

Figure 5 and 6)). 

The content of the vial was stired for 5 min. 
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Then 0.1 mL of a solution SRh of [Rh(nbd)2]BF4 at a concentration CRh in dichloromethane was added 

to the vial. 

The content of the vial was stired for 5 min. 

Then the solution was stirred under a 20 bars atmosphere of H2 at room temperature for 1h. 

After depressurization, under a stream of N2, 0.1 mL of a solution SSub of the substrate at a 

concentration CSub in dichloromethane was added to the vial. 

The content of the vial was stired for 5 min. 

Then the solution was stirred under a 20 bars atmosphere of H2 at room temperature for 14h. 

General procedure for the asymmetric hydrogenation without incubation 

A 2 mL vial equipped with a stirring bar was charged in a glovebox under N2 atmosphere. 

First, a volume VR  of a solution SR of ligand (R)-L2 at a concentration CR in dichloromethane and a 

volume Vrac of a solution SR of ligand (rac)-L2 at a concentration Crac in dichloromethane are 

introduced in the vial (VR + Vrac = 0.8 mL; VR / Vrac is chosen according to the eeligand required (see 

Figure 5 and 6)). 

The content of the vial was stired for 5 min. 

Then 0.1 mL of a solution SRh of Rh(nbd)2BF4 at a concentration CRh in dichloromethane was added to 

the vial. 

The content of the vial was stired for 5 min. 

Then 0.1 mL of a solution SSub of the substrate at a concentration CSub in dichloromethane was added 

to the vial. 

The content of the vial was stired for 5 min. 

Then the solution was stirred under a 20 bars atmosphere of H2 at room temperature for 14h. 

General remarks 

Conversions and eeproduct were determined by chiral GC (equipped with Supelco ß-dex 225column). 

Full conversion were observed in all cases. For methyl-2-acetamido acrylate (with a 140°C plateau), 

the retention times for the substrate, the (S)-product and the (R)-product were, respectively 5.6 min, 

6.1 min and 6.6 min. For dimethyl itaconate (with a 92°C plateau),the retention times for the (+)-

product, the (-)-product and the substrate were, respectively 15.4 min, 16.0 min and 18.3 min. 

Calibrated micropipette were used to transfer the solutions and measure the volumes. 

All the vials corresponding to the same curve (in Figure 5 and 6) were prepared and hydrogenated 

simultaneously. 

Concentration were chosen as followed: 

(CR + Crac) / CRh = 2.2 

CSub / CRh = 25 

CRh = 250 mM for “high concentration hydrogenation” and CRh = 20 mM for “low concentration 

hydrogenation” (so that the final concentration in the vial is respectively 25 mM and 2 mM for a 

reaction mixture volume of 1 mL). 

Figure 18. NLE curves for substrate 5 (MAA) 
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3.1 Introduction 

The increase in the global population, the fast depletion of resources and the degradation of 

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

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

way at ambient temperature and pressure. This is why Nature-inspired chemistry is believed 

to be one of the keys to meet tomorrow’s needs. Catalysts found in Nature, enzymes, operate 

within Complex Systems,
1
 very different from the reaction mixtures designed by chemists, 

who usually aim for systems as pure and simple as possible. In a natural reaction mixture, 

among the large number of various chemical species, biochemists identified additives-like 

molecules which contribute to the activity of enzymes. They can be divided in two categories: 

cofactors
2,3

 and effectors.
1,2

 Cofactors bind close to the active site and assist the catalytic 

transformation. They can be chemically transformed during the reaction before being 

regenerated. Effectors typically bind far away from the active site of the enzyme, changing 

their shape and thus their activity, in a reversible manner. 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
4,5

 and cofactor assisted transformation
6
 in 

homogeneous catalysis have been reported. 

Bimetallic rhodium complexes with four sulfonamidophosphoramidite METAMORPhos 

ligands
7
 (Scheme 1, top) have recently emerged as powerful catalysts for asymmetric 

hydrogenation.
8 

Noticeably, the challenging tetrasubstituted enamide S3 (Scheme 1, bottom) 

could be hydrogenated with 99% enantioselectivity, but the activity of the complex was 

modest (56% conversion). Initial in-situ characterization of the resting state of the catalytic 

cycle suggested the formation of a neutral bimetallic complex consisting of two rhodium (I) 

centers bridged by two deprotonated P-N ligands and two chelating protonated P-O ligands 

(scheme 1, structure 2(H)2). In a more recent study,
9
 crystal structures of the “resting state” 

complex were obtained. They confirm the coordination modes of the ligand, but the bond 

lengths unambiguously correspond to a dianionic complex with chelating ligands 

deprotonated by triethylamine (scheme 1, structure 1A2). The anionic character of the 

complex was further established by ESI
-
 mass spectrometry.

10
 

 

Scheme 1. Top: METAMORPhos ligand 1A, proposed neutral dinuclear structure of the catalytically 

active species 2(H)2, and crystallized structure 2A2 (binaphthol on the phosphorus have been omitted 

for clarity); bottom: catalytic hydrogenation of cyclic enamide substrates. 
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In homogeneous catalysis, especially in asymmetric hydrogenation, counterions are usually 

designed to be non-interacting with the transition metal, in order to leave additional vacant 

sites for the substrates and the desired ligands.
11

 However, counterions can also be employed 

to steer activity and selectivity: interesting anion effects are observed in gold catalysis,
12

 and 

chiral ions can be designed to induce enantioselectivity.
13,5

 The ionic character of 2
2-

 gives us 

additional handles to control its catalytic properties and integrate it into a synthetic Complex 

System. As a prerequisite, it is crucial to determine if these counterions are orthogonal,
14

 

promotors or inhibitors for the transformations catalyzed by this bimetallic complex. To 

elucidate the role of these ions, three strategies were implemented: a) modification of the 

ligand by replacing the original triethylammonium counterion by various cations, b) use of 

various salts as additives for catalysis and c) computational modeling. 

3.2 Results and discussions 

Ligand 1
-
 is conveniently synthesized as a triethylammonium salt 1A (Scheme 2). The 

triethylammonium A
+
 can be replaced by various cations such as quaternary ammonium B

+
 

and C
+
 , phosphonium D

+
 and bis(triphenylphosphine)iminium E

+ 
by ion metathesis. Adding 

two equivalents of 1A or 1D to [Rh(nbd)2]BF4 under hydrogen atmosphere results in the 

formation of the same dianionic complex: the phosphorus NMR spectrum of this new 

complex 2D2 is identical to the characteristic spectrum of 2A2 (see figure 17 in the 

experimental section).  

Scheme 2. Left: ligand synthesis and modification; right: cations used for the ligand modification. 

Unfragmented 2D2
+
 could be detected by mass spectrometry, which confirms the dinuclear 

nature of the complex and shows that the cationic counterions D
+
 are strongly associated to 1

2-
 

(see Figures 15 and 16). 

We were curious to know the impact of the change of counterion on the catalytic properties 

of the complex. When complexes based on ligands 1B-E are used for the asymmetric 

hydrogenation of selected cyclic enamide substrates, the conversion is lower than when the 

complex based on the initial ligand 1A is used. 1B-D based complexes give similar results 

while 1E based complex (bulky PNP counterion) give intermediate conversions (Table 1). In 

all cases, the enantiomeric excess (ee) of the products hydrogenated by those modified 

complexes slightly decreases compared to the ee obtained with the reference complex 2A2. 

On the opposite, when an excess of the initial counterion A
+
 (protonated triethylamine) is 
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added to the reaction mixture as its BF4
¯
 salt, the conversion increases significantly for all 

substrates, and also the ee increases substantially (Table 1, entries 6 and 7). Notably, the 

difficult substrate S3 could be quantitatively hydrogenated for the first time, without affecting 

the enantioselectivity (ee >99%).  

Table 1. Asymmetric hydrogenation of cyclic enamides using modified ligands or HNEt3BF4 as an 

additive. 

no. 
p 

(bars) 
ligand 

S1
c 

S2
c
 S3

d
 

conv.(%) ee (%) conv. (%) ee (%) conv. (%) ee (%) 

1
a 20 1A 53 82 80 87 28 99 

2
a 20 1B 21 79 43 82 7 87 

3
a 20 1C 23 78 42 81 6 71 

4
a 20 1D 27 74 47 75 8 74 

5
a 20 1E 43 71 70 64 13 71 

6
b 20 1A 85 89 91 91 78 >99 

7
b 

50 1A / / / / >99 >99 
a
 Conditions: [Rh(nbd)2]BF4 / ligand / substrate = 1:2.2:100; [Rh] = 0.001 M; 14 h. 

b
 Same conditions 

as entry 1 except that HNEt3BF4 is added, HNEt3BF4 / ligand = 100:1. 
c
 Conversions and ee were 

determined by chiral GC. 
d
 Conversions were determined by GC, ee by HPLC. 

The hydrogenation of S1 with various amounts of HNEt3BF4 revealed that the activity 

increases with the additive to ligand ratio (Figure 1). The use of small quantities of the 

additive increases the ee from 80 to 90%, and from 50 equivalents of HNEt3BF4, the ee 

reaches a plateau.
15

 No change in the characteristic phosphorus NMR spectrum of the 

bimetallic complex is observed when an excess of HNEt3BF4 (up to 100 equivalents per 

ligand) is added to 2A2, indicating that the coordination mode of the ligand is retained in the 

presence of this additive (see Figure 18 in the experimental section). 

Figure 1. Dependency of the conversion and the enantiomeric excess on the additive to ligand ratio 

for the hydrogenation of S1;
 
Conditions: [Rh(nbd)2]BF4 / 1A / substrate = 1:2.2:100; [Rh] = 0.001 M; 

20 bar H2; 1.5 h. 

A series of control experiments was carried out to elucidate the role of the ammonium ion 

in the catalytic hydrogenation. If HNEt3BF4 is replaced by the non-protic NBu4BF4 salt as 

additive in the hydrogenation of S1 with 2A2 as ligand, the conversion decreases significantly. 

This shows that the tetrafluoroborate anion is not responsible for the conversion enhancement, 
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but that the protic cation A
+
 is (Table 2, entries 1 vs. 2). Next we checked if the 

triethylammonium ion activates the substrate rather than the catalyst: we hydrogenated S1 

with a rhodium complexe made of the BINAP ligand. The results in presence and in absence 

of salt are similar (Table 2, entries 3 vs. 4). This result clearly establishes that A
+
 has a 

cofactor or effector role, specifically on the Rh-METAMORPhos complex. When deuterium 

gas is used instead of hydrogen for the reduction of S1 in the presence of 100 equivalent of 

HNEt3BF4 (with respect to the substrate), only the deuterated product is observed. This result 

rules out all mechanisms involving proton shuttling or a proton responsive ligand
16

 and 

reveals that A
+
 plays the role of an effector rather than a cofactor. 

Table 2. Control experiments (hydrogenation of S1) 

no. ligand additive conv. (%) ee (%) 

1
a 

1A NBu4BF4 5 79 

2
a 

1A none 13 75 

3
b 

BINAP HNEt3BF4 25 14 

4
b 

BINAP none 22 16 
a
 Conditions: [Rh(nbd)2]BF4 / ligand / substrate / additive = 1:2.2:100:100; [Rh] = 0.002 M; 20 bar H2; 

1.5h. 
b
 Conditions: [Rh(nbd)2]BF4 / ligand / substrate / additive = 1:1.05:100:100; [Rh] = 0.001 M; 10 

bar H2; 1h. 

Next, we investigated the effect of other protic ammonium salts as additives for the 

hydrogenation of substrate S1 (Table 3.). All tertiary and primary alkylamines show similar 

effects as the triethylamine salt: under the same conditions, an average increase of the 

conversion of 10% and an increase of the ee of 5% compared to the system without additive is 

observed. The pKa of the cations does not seem to be an important parameter except for 

lutidinium (HLut
+
) and anilinium: those acidic additives (pKa < 5) are detrimental to the 

hydrogenation as no conversion is observed in their presence. Secondary amines give better 

results both for conversions and enantioselectivities: 79 % conversion and 96% ee are 

obtained when H2NEt2BF4 is used.  

Table 3. Effect of various additives for the hydrogenation of S1
a 

Additive 
pKa 

(DMSO) 
conv. (%) ee (%) 

none / 22 87 

HNEt3BF4 (ABF4) 9.0
17 

30 90 

HNBnMe2BF4 7.6
18 

35 91 

HNEt
i
Pr2BF4 /

 
33 93 

HNMe3BF4 8.4
19 

35 92 

H2NEt2BF4 (FBF4) 10.5
19 

79 96 

H2NOct2BF4 / 66 96 

H3NBuBF4 11.1
17 

37 93 

H3NOctBF4 / 38 93 

H3NPhBF4 3.8
17 

<1 / 

HLutBF4 4.46
20

 <1 / 
a
 Conditions: [Rh(nbd)2]BF4 / 1A / substrate / additive = 1:2.2:100:10; [Rh] = 0.001 M; 20 bar H2; 5h. 
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The effect of the best additive of Table 3 (H2NEt2BF4) on the complex 2A2 was studied by 

spectroscopic techniques. Adding H2NEt2BF4 to 2A2 does not change the coordination mode 

of the ligand as indicated by the 
31

P NMR spectra. 2F2
+
, together with its F

+
 and A

+
 adducts 

could be detected by mass spectrometry (see Figure 19 in the experimental section). The 

detection of larger aggregates (2F3BF4
+
, 2F2ABF4

+
, 2FA2BF4

+
, 2F4 (BF4)2

+
 and 2F3A (BF4)2

+
) 

can be attributed to the ability of F
+
 to make two ionic hydrogen bonds and the tendency of 

BF4
-
 to make (strong) penetrated ion pairs with alkylamines.

11 

The effect of one of the worst additives (HLutBF4) on the complex 2A2 was studied by 

NMR spectroscopy as well. 2A2 reacts with lutidinium tetrafluoroborate to selectively form a 

new species 3. The same complex 3 is produced when 1A, [Rh(nbd)2]BF4 and HLutBF4 are 

mixed under hydrogen atmosphere. 
1
H and 

1
H{

31
P} (selective and full decoupling) NMR 

experiments revealed the formation of a bimetallic species with one bridging hydride (Scheme 

3). Control experiments with D2 instead of H2 yielded the same complex 3, revealing that the 

bridging monohydride stems from the lutidiunium salt, and is not formed by oxidative 

addition of dihydrogen. As this monohydridic complex is inactive in hydrogenation, it 

explains the deactivation of 2A2 by moderately strong acids.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Top: protonation of 2A2 to form 3; bottom left: phosphorus NMR of 2A2 (a) and 3 (b); 

bottom right: proton NMR of 3: not decoupled (c), decoupled from the 
31

P signal at 125 ppm and fully 
31

P decoupled (e). 

To quantify the dependence of the reaction rate on the ionic environment, we performed 

gas-uptake experiments at a constant pressure of 20 bars with (a) catalyst 2A2, (b) catalyst 

2D2, (c) catalyst 2A2 and additive HNEt3BF4 and (d) catalyst 2A2 and additive H2NEt2BF4. 

Detailed analysis of the curves (displayed in figure 3) shows that reactions (a), (c) and (d) 

have an order of 1.1 in substrate (see Figures 6, 10 and 12 in the experimental section). The 

order in substrate for reaction (b) is not constant in time (average 1.5; see Figure 8), which 

suggests that the catalyst does not keep its integrity during the whole conversion. The 
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turnover frequency (TOF) was determined for each system at 5% conversion with the 

derivatives of the fitted curves (see Figure 3 and the experimental section). In line with the 

low conversions observed when 1D is used as a ligand, the aprotic system is the slowest (TOF 

of 16 molsubstrate/molRh/h). The fastest reaction occurs when H2NEt2
+
 is used as an additive 

(TOF of 117 molsubstrate/molRh/h). Importantly, these data show that a more than fivefold 

increase of the activity of the catalyst is possible just by adding an effector to the solution. 

Figure 3. Conversion of S1 as a function of time determined by gas-uptake (at constant pressure and 

temperature) with (a) 1A as ligand
a
, (b) 1D as ligand

a
, (c) 1A as ligand with HNEt3BF4 as additive

a,b
, 

(d) 1A as ligand with H2NEt2BF4 as additive
a,b

. Respective TOFs
c
 and relative TOFs

d
. (

a
 Conditions: 

[Rh(nbd)2]BF4 / 1A / substrate = 1:2.2:100; [Rh] = 0.004 M; 20 bar H2; 5h; 30˚C. 
b
 additive / 

[Rh(nbd)2]BF4 = 50. 
c
 at 5% conversion, in molsubstrate/molRh/h. 

d
 TOF / TOF of (a). 

With these experimental data in hand, we decided to investigate the influence of the 

protonation state of the chelating ligands on the energy profile of the proposed catalytic cycle 

(Figure 4).
8,21

 Dianionic (path I) and neutral (path II) complexes were optimized with DFT at 

the BP86 level of theory.
22

 We used a simplified model of 2
2-

 in which the binaphthol units of 

the ligands were replaced by smaller -OCH2CH2O- fragments and we used ethylene as a 

model substrate. We also modeled dianionic complexes hydrogen-bonded to dimethylamine 

(structures i and iv to ix): they converge to dianionic, monoanionic or neutral complexes, 

depending on the intermediate (see Figure 23 in the experimental section). This variability 

suggests that the proton can easily hop from the protonated complex to the hydrogen-bonded 

amine and vice versa. 

It should be noted that in our model, for path II, the highest energy barrier corresponds to 

TS2 (oxidative addition of H2). This contradicts a pseudo 1
st
 order in substrate. However, 

since the substrate used in the kinetic experiments is more bulky and hence should bind more 

weakly to rhodium than the model substrate (ethene) the energies corresponding to the 

structures vii to TS4 are underestimated (in both pathways). 

The protonation state has an impact on the geometry of the boat shaped complexes: during 

the whole catalytic cycle, the Rh-Rh distances are shorter for path II than for path I (see 

Figure 24 in the experimental section). The rhodium-oxygen distance is elongated when the 

chelating ligand is protonated. The differences between I and II do not significantly affect the 
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energy level of the transition states TS1 and TS2 (ΔΔGi-TS < 2 kcal/mol), but the migratory 

insertion is easier for path II (ΔΔGi-TS3 = 2.7 kcal/mol). As the alkyl-Rh intermediate x is 

significantly lower in energy than i in path I (ΔGi-x = -5.8 kcal/mol), the actual energy barrier 

corresponding to TS4 (14.3 kcal/mol) is significantly higher than in path II (ΔΔGx-TS4 =3.8 

kcal/mol). This can be rationalized by the difference in electronic properties of the ligands. 

The structures viii and ix correspond to 18 electron complexes. As such, they are destabilized 

by the more electron-donating anionic ligands of path I and stabilized by less electron-

donating protonated ligands of path II. On the opposite, the 16 electron complex x is 

destabilized in path II (less electron-donating ligands) and stabilized in path I (more electron-

donating ligands). 

These DFT calculations suggest that delocalization of the proton from the counterions to 

the chelating ligands of the dinuclear complex stabilizes the migratory insertion (TS3) and 

destabilizes the alkyl-Rh intermediate (x) by modulating the electronic properties of the 

ligand. 

Figure 4. DFT calculated mechanistic pathway (top) and corresponding energy profile (bottom). 
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3.3 Conclusion 

We demonstrated that the dinuclear anionic complex consisting of 4 METAMORPhos 

ligands and 2 rhodium centers has an allosteric relation with protic cations in solution when it 

is used as catalyst for the asymmetric hydrogenation reactions. In reaction mixtures lacking 

proton donnors, the catalyst is less active. If strong acids are used, irreversible deactivation of 

the catalyst is observed, a result of the formation of an inactive bridging hydride complex. 

Secondary ammonium salts were found to be the best additives since they can make two 

hydrogen bonds with the negatively charged complex, which increases the proximity of the 

effector and favors the delocalization of protons from the counterion to the catalyst. 

Computational modelling show that energy barriers are affected to some extent by the 

presence of an effector and suggest that the effectors destabilize the last catalytic intermediate 

and thus lower the highest energy barrier of the catalytic cycle. In that sense, our system is 

different from reported examples of synthetic allosteric catalyst where the effector typically 

lowers transition states or triggers a switch of the catalyst from a dormant state to an active 

state.
5
 The use of mild acids as allosteric effector additives results in a more than fivefold 

increase of the turnover frequency and improved the enantioselectivity. By using the proper 

effector, challenging tetrasubstituted enamides could be hydrogenated quantitatively for the 

first time in 99% enantioselectivity. 

3.4 Experimental section 

3.4.1 General 

[Rh(nbd)2]BF4 were purchased from Alfa. Ligands and substrates were synthesized according to 

literature procedures.
8,23

 All reactions were carried out in dry glassware under argon or nitrogen 

atmosphere. Every solution addition or transfer was performed via syringes or in a glovebox. All 

solvents were dried and distilled with standard procedures. The water content of dichloromethane was 

tested with a Karl-Fisher titrator (the value was always below 4 ppm). Nuclear Magnetic Resonance 

experiments were performed on a Varian Inova spectrometer (
1
H: 500 MHz, 

31
P: 202.3 MHz, 

13
C: 

125.7 MHz). Chemical shifts are referenced to the solvent signal (7.27 ppm in 
1
H and 77.0 ppm in 

13
C 

NMR for CDCl3). High resolution ESI (electrospray ionization) mass spectra were obtained on a time-

of-flight JEOL AccuTOF LC-plus mass spectrometer (JMS-T100LP) equipped with an ESI source. 

Unless otherwise stated, all reactions were done at room temperature (21-22˚C). 

3.4.2 Ion metathesis 

Typical procedure: 0.2 mmol (1 eq.) 1A and 0.4 mmol (2 eq.) of the chloride salt of the desired 

counterion is stirred overnight in THF. The solution is filtered on a small plug of basic alumina. The 

plug is subsequently washed with 5 mL of THF. THF phases are combined and evaporated to dryness. 

The modified ligand was obtained in close to quantitative yield in all case. 

The absence of Cl
-
 is tested with silver nitrate. The absence of triethylammonium is assessed by proton 

NMR. 

1B 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ(ppm):

 
168.40 (q, q, 

4
JP-F  = 11.0 Hz). 

1
H NMR (400 MHz, CD2Cl2, r.t.) δ(ppm): 7.94-7.08 (aromatic region, 17H), 3.74 (s, 2H, CH2 of 

benzyl-N), 2.70 (m, 6H, CH2 of Et-N), 0.94 (t, 
3
JH-H = 7.3 Hz, 9H, CH3 of Et-N). 

1C 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ(ppm): 168.52 (q, 

4
JP-F = 11.1 Hz). 

1
H NMR (400 MHz, CD2Cl2, r.t.) δ(ppm): 7.97-7.14 (aromatic region, 12H), 2.68 (m, 8H, CH2 of Et-

N), 0.84 (m, 12H, CH3 of Et-N). 
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1D 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ(ppm):

 
168.10 (q, 

4
JP-F = 10.3 Hz), 23.12 (s, phosphonium 

cation). 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ(ppm): 7.95-7.17 (aromatic region) 

1E 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ(ppm): 170.03 (q, 

4
JP-F = 10.4 Hz, anionic ligand), 22.96 (s, 

bis(triphenylphosphine)iminium cation) 
1
H NMR (400 MHz, CD2Cl2, r.t.) δ(ppm): 7.92-7.12 (aromatic region) 

3.4.3 Ammonium tetrafluoroborate salts 

General procedure: 10 mmol of amine (or lutidine) was dissolved in 5 mL of Me-THF (under air). 10 

mmol of HBF4 (48% in water) was added dropwise under magnetic stirring. The stirring is continued 

for 5 min and the solvents are subsequently evaporated. To remove all water, the residue is 

azeotropped 3 times (or more) with anhydrous Me-THF. The residue is washed with anhydrous THF 

(if not soluble) and then diethylether (if not soluble) or pentane. The salts were obtained in quasi-

quantitative yield. 

The absence of free base or excess of acid was checked by dissolving a small amount of salt in water 

and checking the neutrality of the solution with pH paper. 

3.4.4 Asymmetric hydrogenation 

General 

All data belonging to the same figure or table were done simultaneously with the same stock solutions 

to minimize sources of uncertainties (small change in temperature, concentration of stock solutions, 

stirring rates or pressure) 

Typical procedure 

Stock solutions of ligands, rhodium precursor, substrates and additives were prepared in DCM, in a 

glovebox. A 2 mL vial equipped with a stirring bar was subsequently charged, under inert conditions, 

with 0.25 mL of ligand stock solution, 0.25 mL [Rh(nbd)2]BF4 stock solution, 0.25 mL of substrate 

stock solution and 0.25 mL of additive stock solution (if applicable) at the required concentrations (see 

footnotes of respective tables in the main text). If the solubility of the additive in DCM is not 

sufficient (it is the case for H2NEt2BF4, H3NBuBF4 and H2NPh.HBF4), the additive is loaded as a solid 

prior to aliquot addition. If required, 0.25 mL of DCM is added to the vial to have a 1 mL reaction 

mixture. The resulting solution was then stirred at room temperature for 5 minutes. The solution was 

then exposed to H2 atmosphere, and left to stir at room temperature (magnetic stirring: 500 rpm) for 

the appropriate amount of time. 

NB: For the Figure 1 (dependency towards the amount of additive), HNEt3BF4 was added as a solid 

for a better accuracy. 

Analysis 

Conversions were determined by chiral GC for all substrates (Interscience Focus GC Ultra with FID 

detector and with a Chiralsil DEX-CB column (25m x 0.32mm)). Enantioselectivities were determined 

by the same chiral GC for substrates S1 and S2. Enantioselectivities were determined by chiral HPLC 

for substrated S3 (AD column, detection 254 nm). 

GC method and retention times for S1: 160˚C, 1˚C/min until 190˚C, 5˚C until 220˚C. Substrate 26.4 

min, first enantiomer 19.3 min, second enantiomer 19.6 min. 

GC method and retention times for S2: 160˚C, 1˚C/min until 190˚C, 40˚C until 220˚C. Substrate 26.9 

min, first enantiomer 17.0 min, second enantiomer 19.4 min. 

GC method and retention times for S3: 190˚C, 1˚C/min until 212˚C, 40˚C until 220˚C. Substrate 20.9 

min, first enantiomer 19.4 min, second enantiomer 19.5 min (ee determination impossible). 

HPLC method and retention time for S3: Heptane/iPrOH (90:10), 0.6mL/min. Substrate 14.9 min, first 

enantiomer 19.8 min, second enantiomer 21.3 min. 

3.4.5 Turnover frequency determination 

The experiments were carried out in the AMTEC SPR16 equipment
24

 consisting of 16 parallel reactors 

equipped with internal temperature and pressure sensors, and a mass flow controller. The apparatus is 

suited for monitoring gas uptake profiles during the catalytic reactions. Prior to catalytic experiments, 
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the autoclaves were heated to 110°C and flushed with argon (22 bar) five times. Next, the reactors 

were cooled to room temperature and flushed again with argon (22 bar) five times. Then, the 

autoclaves were charged with solutions of the rhodium precursor [Rh(nbd)2]BF4, ligand, substrate, 

additive (if desired) in CH2Cl2 (8ml) with concentrations and ratios as follow: [Rh] = 0.004 M, 

[Rh(nbd)2]BF4/ [ligand] / [substrate] = 1:2.2:100, and [Rh(nbd)2]BF4 / additive = 50 (if applicable). 

The reactors were pressurized with H2 (20 bars) and heated up to 30°C. The pressure was kept 

constant during the whole reaction, and the gas uptake was monitored and recorded for every reactor. 

After catalysis (typically 20h) the pressure was reduced to 2.0 bar, the reactor was flushed with argon, 

and samples were taken for further analysis. Final conversions were determined by GC analysis. 

The gas consumption vs. time (raw data) were converted to conversion vs. time (conversion at t = gas 

uptake at t / final gas uptake * measured final conversion). These curves are presented in Figure 2 

(main text). 

To determine the TurnOver Frequency (TOF), the conversions vs. time were smoothed, to minimize 

the noise inherent in the integral measurements (to capture important patterns in the data, while 

leaving out noise) with the Origin 8.0 software, applying the exponential mode 

(A1*e
(t/t1)

+A2*e
(t/t2)

+A3*e
(t/t3)

+y0) (see table 4 and figure 5). The correctness of the model used was 

evaluated and confirmed by the analysis of the residuals of the fitting (calculated as: (experimental 

conversion – model conversion) / experimental correction * 100 (see figure 6). 

 

Table 4. Data and constants for the model cresponding to the gaz-uptake experiments. 

 

 

Figure 5. Experimental and modeled conversion as a function of time for each reactor. 

 

  

Reactor 
Conversion in the 

end of the run 

Measured gas 

uptake in the end 

of the run 

models 

y0 A1 t1 A2 t2 A3 t3 

(a) 96.35% 76.88 mL 101.4953 -1.97883 -0.14684 -70.2908 -4.28317 -28.7207 -10.8899 

(b) 81.57% 63.64 mL 86.2445 -41.5869 -6.4116 -2.68512 -0.35344 -41.9016 -6.41147 

(c) 99.82% 81.82 mL 102.4587 -7.09652 -18.4544 -86.8341 -2.52165 -7.79352 -0.45739 

(d) 100% 69.89 mL 99.55972 -83.355 -0.98069 -3.25345 -0.05679 -12.8372 -2.62346 
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Figure 6. Residuals of the fitting for each reactor (% residual as a function of % conversion). 

 

 

Figure 7. ln(rate) as a function of ln[S1] between 10 and 90% conversion for reactor (a). 
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 Figure 8. ln(rate) as a function as a function of ln[S1] between 10 and 80% conversion for reactor (b). 

Figure 10. ln(rate) as a function of ln[S1] between 10 and 80% conversion for reactor (c). 

Figure 11. ln(rate) as a function of ln[S1] between 10 and 90% conversion for reactor (d). 
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Figure 13. TOF at any conversion (calculated from the derivative of the fitting function (d(conversion)/d(time)). 

Table 5. Absolute and relative TOF
a
 at 5, 10, 15, 20 and 25% conversion. 

 (a) (b) (c) (d) 

initial TOF (mol/mol/h) 32 21 52 144 

relative initial TOF 1 0.7 1.6 4.5 

TOF at 5% conv. (mol/mol/h) 22 16 48 117 

relative TOF at 5% conv. 1 0.7 2.2 5.3 

TOF at 10% conv. (mol/mol/h) 18 13 43 94 

relative TOF at 10% conv. 1 0.7 2.4 5.2 

TOF at 15% conv. (mol/mol/h) 16 11 39 83 

relative TOF at 15% conv. 1 0.7 2.4 5.2 

TOF at 20% conv. (mol/mol/h) 15 10 36 76 

relative TOF at 20% conv. 1 0.7 2.4 5.1 

TOF at 25% conv. (mol/mol/h) 14 10 32 69 

relative TOF at 25% conv. 1 0.7 2.3 4.9 
a
 Relative TOF = TOF / TOF of (a) at a given conversion. 

3.4.6 In-situ spectroscopic studies 

Complex 2A2 was prepared according to a reported procedure
9
. All spectroscopic measurements were 

in agreement with previous data. ESI (negative mode) was measured to confirm its negative charge. 

MS (ESI-): m/z calcd. for C84H49F12N4O16P4Rh2S4 (2
2-

 plus H
+
: [MH]

-
): 2054.9; obsd.: 2054.3 

Figure 14. Top: experimental MS spectrum of 2A2; bottom: simulated MS spectrum. 
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Complex 2D2 was prepared like 2A2: Ligand 1D (0.025 mmol, 2 eq.) was dissolved in 0.5 mL of  

CD2Cl2 and mixed with [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.). The solution becomes purple and then 

orange-yellow within a few minutes. The solution was then submitted to 5 bars of H2 gas, leading 

immediately to (the) bimetallic species 2D2 as the only complex present in solution. 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ(ppm): 141.8 (dd, 

1
JP-Rh = 281.2, 

2
JP-P 37.0 Hz, chelating 

ligand), 116.3 (dm, 
1
JP-Rh = 348.1 Hz, bridging ligand), 23.08 (s, PPh4 couter ion). 

MS (ESI+): m/z calcd. for C132H88F12N4O16P6Rh2S4 (2D2: [M]
.+

) : 2733.2; obsd.: 2733.1 

Figure 15. Top: simulated MS spectrum of 2D2; bottom: experimental MS spectrum.Top: simulated MS 

spectrum, bottom: experimental MS spectrum. 

Figure 16. Top: simulated MS spectrum of 2D2; bottom: experimental MS spectrum. 
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Figure 17. Top:  
31

P{
1
H} NMR of 2A2; bottom: 

31
P{

1
H}  NMR of 2D2. 

Effect of additive ABF4 on 2A2 

Ligand 1A (0.025 mmol, 2eq.) and [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.) were dissolved in 0.25 mL 

CD2Cl2 and added to H2NEt2BF4 (2.5 mmol, 100 eq.). The resulting thick solution (≈ 0.7 mL) was then 

submitted to 5 bars of H2 gas, leading immediately to a bimetallic species as attested by the 

characteristic pattern on the phosphorus 

NMR spectrum (the signals were slightly 

shifted compared to the signals of the 

bimetallic 2A2 complex which was 

previously fully characterized
1
, but the 

coupling constants were unchanged). 

Despite le extremely high concentration of 

HNEt3BF4 (> 3.5 M), all the solids 

dissolved. 

 

Figure 18. Top:  
31

P{
1
H} NMR of 2A2; bottom: 

31
P{

1
H}  NMR of 2A2 with 100 eq. of 

HNEt3BF4. 

 

Effect of additive FBF4 on 2A2 

Ligand 1A (0.025 mmol, 2eq.) and [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.) were dissolved in 0.5 mL 

CD2Cl2 and added to H2NEt2BF4 (0.25 mmol, 10 eq.). The resulting solution was then submitted to 5 

bars of H2 gas, leading immediately to a bimetallic species as attested by the characteristic pattern on 

the phosphorus NMR spectrum (the signals were slightly shifted compared to the signals of the 

bimetallic 2A2 complex which was previously fully characterized,
9
 but the coupling constants were 

unchanged). 

H2NEt2BF4 did not completely dissolved (presence of a colorless solid), however, its presence in 

solution is attested by the change in proton NMR (additional signals corresponding to the ethyl 

fragment of H2NEt2
+
) and by mass. 

Figure 19. Experimental profile of the MS analysis of 2A2 + FBF4. 
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Table 6. Assignment of the signals in the mass spectrum (ESI+) of 2A2 + FBF4. 

species formula calculated m/z observed m/z 

2F2
+
 C92H72F12N6O16P4Rh2S4 2203.1 2203.3 

2AF
+
 C94H76F12N6O16P4Rh2S4 2231.1 2231.2 

2A2
+
 C96H80F12N6O16P4Rh2S4 2259.1 2259.4 

2F3BF4
+
 C96H84BF16N7O16P4Rh2S4 2364.2 2364.4 

2F2ABF4
+
 C98H88BF16N7O16P4Rh2S4 2392.2 2392.4 

2FA2BF4
+
 C100H92BF16N7O16P4Rh2S4 2420.2 2420.4 

2F4(BF4)2
+
 C100H96B2F20N8O16P4Rh2S4 2524.3 2524.5 

2F3A2(BF4)2
+
 C102H100B2F20N8O16P4Rh2S4 2552.3 2552.5 

Figure 20. Top left: 
31

P{
1
H} NMR of 2A2; bottom left : 

31
P{

1
H} NMR of 2A2 with 100 eq. of H2NEt2BF; top 

right: 
1
H NMR of 2A2; bottom right: 

1
H NMR of 2A2 with 100 eq. of H2NEt2BF4. 

Complex 3 

Method A: Ligand 1A (0.025 mmol, 2eq.) was dissolved in 0.5 mL of  CD2Cl2 and mixed with 

[Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.) and lutidinium tetrafluoroborate (0.0625 mmol, 5eq.). The 

resulting solution was then submitted to 5 bars of H2 gas. Complex 3 quantitatively formed overnight 

(increasing the amount of lutidinium tetrafluoroborate reduces the formation time). 

Method B: Ligand 1(H) (protonated version of 1
-
 reported in ref 8) (0.025 mmol, 2eq.) was dissolved 

in 0.5 mL of  CD2Cl2 and mixed with [Rh(nbd)(acac)] (0.0125 mmol, 1 eq.). The resulting solution 

was then submitted to 5 bars of H2 gas. Complex 3 quantitatively formed overnight. 
31

P{
1
H} NMR (162 MHz, CD2Cl2, r.t.) δ(ppm): 125.11 (broad d, 

1
JP-Rh = 240.1 Hz), 108.05 (dm, 

1
JP-Rh 

= 267.9 Hz). 
1
H NMR (400 MHz, CD2Cl2, r.t.) (method B) δ(ppm): 8.28-6.13 (aromatic area), 5.50 (s, 

acetylacetone, enol form), 4.61 (s, dissolved H2), 3.62 (s, acetylacetone diketone form), 2.63- 0.75 

(alkyl region), -11.92 (ddt, 
1
JH-Rh≈

2
JH-P ≈

2
JH-P’ ≈ 22 Hz). 

3.4.7 Computational studies 

General 

All geometry optimizations were carried out with the Turbomole program
25

 coupled to the PQS Baker 

optimizer.
26

 Geometries were fully optimized as minima or transition states at the (ri-)BP86
27,28,

 level 

using the SV(P) basis set
29

 on all atoms. All stationary points (minima and transition states) were 

characterized by vibrational analysis (analytical frequencies); ZPE and gas phase thermal corrections 

(entropy and enthalpy, 298 K, 1 bar from these analyses were calculated according to standard 

formulas of statistical thermodynamics. Roughly estimated condensed phase (1 L mol
-1

) free energies, 

entropies and enthalpies were obtained from these data by subsequent correction for the condensed 

phase reference volume (SCP= SGP+R*ln(1/24.5). All energy values presented in the text and in the 

graphs are corrected values. 
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An approximation of the transition states TS1 was found by exploring the reaction coordinate energy 

profiles through constrained geometry optimizations from the respective intermediates with fixed bond 

distances towards the transition states. Transition states corresponding to TS2, TS3 and TS4 in ref 8 

were taken as approximations. Accurate transition states were found from those approximations by 

unconstrained full transition state searches. The identity of the transition states was confirmed by 

following the single negative eigenvalue vibration in both directions (IRC), followed by unconstrained 

geometry optimizations, which confirmed the connection between the transition states and the 

respective intermediates. 

Influence of the substituent at the sulfur atom (path II) 

In accordance to what is experimentally observed,
8
 energy barriers are significantly lowered when 

trifluoromethyl substituted ligands are used instead of the methylated one:
30

 the energies 

corresponding to transition states TS2, TS3 and TS4 respectively decrease from 16 to 14, 23 to 11 and 

15 to 10 kcal/mol. 

The structures with a methyl substituent at the sulfur were taken from ref 8 and reoptimized.
31

 

 

 

 

 

Figure 21. Top left: structure used in our study (path II); top right: structure used in ref 8; bottom: energy profile 

obtained for path II with both structures. 

Energy profile of path III 

For this model, dimethylammonium ions were added to the structures of path I, in close proximity to 

the chelating ligands. The relevance of the energy profile that we obtained can be questioned, as 

solvation effects (which are not explicitly included in our gas phase model) are expected to play a 

major role for ionic species. Nonetheless, the results obtained show that the pKa of the protonated 

complex is very close to the pKa of dimethylammonium and that the protons of the counterions can 

easily hop between the ammonium ion and 2
2-

. 

Figure 22. Energy profile of path III. 
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structure protonation state of the complex 
 i bis protonated 

iv mono protonated 

v (TS2) mono protonated 

vi deprotonated 

vii mono protonated 

viii (TS3) deprotonated 

ix mono protonated 

x deprotonated 

xi (TS4) mono protonated 

Figure 23. Left: protonation state of the complex in each step of the catalytic cycle (path III); right: 

dimethylamine/dimethylammonium hydrogen bonded to the a chelate of the compelex. 

Structural differences between path I, II and III 

Figure 24. Rh-Rh distance for each complex, for each path. 
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4.1 Introduction 

Biologically active compounds are often produced in one enantiomeric form by the 

fragrance, pharmaceutical and crop protection industries.
1,2

 Following the academic 

pioneering work of Horner, Kagan, Knowles and Noyori on asymmetric hydrogenation, the 

first industrial scale synthesis of optically enriched drug (L-dopa) was implemented in the 

early 70s.
3
 Many other commercial successes were subsequently achieved, and today 

homogeneous asymmetric hydrogenation is one of most used techniques to obtain 

enantiomerically pure molecules on multi-tons scale as exemplified by the recent launch of a 

new L-menthol production unit of BASF (20 000 tons/year).
4, 1b

 Despite the multitude of 

publications reporting studies about asymmetric hydrogenation, we are far from being able to 

rationally design the best catalyst for a given substrate. It is still difficult to predict which 

mechanistic pathway (Halpern
5a

, anti-Halpern
5b

, dinuclear
5c

, ligand assisted
5d

, etc.) a catalytic 

system will follow. For this reason, high-throughput screening is often the method of choice 

to find a system that will yield the product in sufficiently high enantiomeric excess (ee), with 

sufficient turnover number for industrial application.
6 

Complexes with a cationic rhodium 

center and one bidentate or two monodentate neutral phosphorus ligands are often the most 

efficient for the asymmetric hydrogenation of carbon-carbon double bonds. Bidentate ligands 

generally form more rigid well-defined complexes and were therefore long thought to be 

superior to their monodentate counterparts. However, monodentate ligands are often easier 

and more cost effective to synthesize and to fine-tune. In addition to that, they are particularly 

suitable for high-throughput combinatorial catalysis:   monodentate ligands can give rise 

to          unique combination consisting in   “homocomplexes” (complexes with twice 

the same ligand) and          “heterocomplexes” (complexes with 2 different ligands). 

When two different ligands (L1 and L2) are combined with a metal precursor, a mixture of 

three complexes can be formed: two homocomplex [(L1)2Rh] and [(L2)2Rh] and one 

heterocomplex [(L1)(L2)Rh]. They are often obtained in a 1:1:2 ratio as a statistical mixture.
7
 

As these systems are usually in a thermodynamic equilibrium, better results for asymmetric 

hydrogenation are only obtained when the heterocomplex is more active and selective than the 

homocomplexes. Supramolecular bidentate ligands are based on two ligand-building blocks 

that form a bidentate ligand by self-assembly. Such systems combine the advantage of an easy 

synthesis of the building blocks and the rigidity of bidentate ligands. If sufficiently strong 

supramolecular interactions are used, selective heterobidentate ligands are formed by just 

mixing the two building blocks and the metal precursor in solution. To form such 

supramolecular bidentate ligands, different strategies
8
 have been applied, such as hydrogen 

bonding
9
, metal-ligand interaction

10
 or ionic interactions.

11
 Strategies based on hydrogen 

bonding have shown good results, even in hydrogen-bonding solvents.
9f

 For some systems, it 

has been shown that a single hydrogen bond can be sufficient to achieve efficient self-

assemblies.
14b 

Metal-ligand interaction is a strong tool for the formation of rigid well-defined 

self-assemblies and resulting catalysts display interesting results, however, the preparation of 

the ligands-building blocks can be tedious. Ionic interactions, called salt bridges in the field of 

biology, bring crucial stabilization in the folding of proteins. Inspired by those natural 
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systems, ionic self-assembly strategies are common for the construction of supramolecular 

structures.
12

 However, they have been used much less than other design concepts in 

supramolecular catalysis. Van Leeuwen and co-workers were the first to introduce ionic 

interactions as a tool for the assembly of supramolecular bidentate ligands.
11d

 To the best of 

our knowledge, their system, consisting of anionic and cationic ligands coordinated to a 

transition metal cation, has not been used in catalysis. Later on, similar systems have been 

implemented in catalysis.
11a-c

 More recently, the group of Pfaltz made a small library of 

phosphites and phosphoramidites covalently equipped with non-interacting anions that they 

used in combination with neutral ligands and a cationic rhodium precursor for asymmetric 

hydrogenation.
11e

 They showed that resulting neutral heterocomplexes were favoured over 

anionic or cationic homocomplexes and that in some cases, they were more stereoselective. 

This approach is particularly interesting since only one ligand needs to be functionalized with 

an anionic moiety; the second ligand can virtually be any neutral monodentate ligand. 

In 2009, our group introduced BINOL based METAMORPhos ligands as efficient anionic 

ligands for asymmetric hydrogenation.
13a,b

 METAMORPhos can be seen as phosphorus 

ligands covalently equipped with weakly interacting sulflonamide anions.  Recently, it was 

shown that dinuclear Rh complexes are dianionic in the resting state: 4 negative charges are 

located on ligands, 2 positive charges are located on the metal centers and 2 positive charges 

on triethylammonium counterions
 
(Scheme 1a).

 13c
 These complexes display high efficiency 

for a limited number a substrates like methyl-2-acetamidoacrylate, but also for challenging 

cyclic enamides. They show unrivalled selectivity for the hydrogenation of difficult 

tetrasubstituted cyclic enamides.
13a,d

 More recently, experimental work and DFT calculations 

revealed that neutral dinuclear homocomplexes of METAMORPhos are more active that their 

anionic counterparts.
13d

 

Herein we expand the scope of application of METAMORPhos ligands (Lan
-
) by using 

them in combination with neutral amino-acid based ligands
14

 (Lneu) (Scheme 2), modular 

derivatives of MONOPhos type ligands.
15 

Depending on the characteristics of the 

METAMORPhos ligands and phosphoramidite ligands used, various mono and dinuclear 

complexes can form in solution, further expanding the tools for combinatorial catalysis. The 

catalytic properties of the new complexes are compared with the pure mono- and dinuclear 

analogues for the hydrogenation of industrially relevant substrates. We demonstrate that for 

most substrates, the mixtures outperform the systems having only one type of ligand. 
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Scheme 1. (a) Negatively charged dinuclear complexes arising from the coordination of 

METAMORPhos ligands Lan
-
 to [Rh(nbd)2]BF4, (a’) Negatively charged mononuclear complexes 

arising from the coordination of bulky METAMORPhos ligands Lan
-
 to [Rh(nbd)2]BF4, (b) Cationic 

complexes arising from the coordination of amino-acid based phosphoramidite ligands Lneu to 

[Rh(nbd)2]BF4, (c) Complexes that can be formed when [Rh(nbd)2]BF4 is exposed to a mixture of Lan
-
 

and Lneu. 
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4.2 Results and Discussion 

4.2.1 Ligand Synthesis 

Triethylammonium salts of METAMORPhos ligands Lan1
-
 to Lan5

-
 were synthesized in 

both enantiomeric forms by simple condensation of 1,1′-binaphthyl-2,2′-diyl 

phosphorochloridate (BINOL P-Cl) with sulfonamide in the presence of triethylamine 

according to reported procedures.
5c, 18a

 The electronic properties of the ligand were varied by 

changing the substituent on the sulfur atom (from electron-donating 4-butylphenyl to 

electron-withdrawing trifluoromethyl) and the steric properties were tuned by changing the 

BINOL moiety. 

The neutral ligands Lneu1 to Lneu5 were synthesized from BINOL P-Cl and 

commercially available amino acids ((R) and (S) leucine, valine, glycine and phenylalanine) 

according to reported procedures.
14 

Scheme 2. Anionic “METAMORPhos” ligands Lan
-
 and neutral ligands Lneu used in this study. The 

BINOL moiety of Lan1
-
, Lan4

-
, Lneu1, Lneu2 and Lneu3 is in the (R) form. The other ligands were 

used in both enantiomeric forms. 

4.2.2 Spectroscopic Investigations 

Before applying mixtures of these ligands in catalysis, we first explored their coordination 

chemistry under various conditions. The coordination behaviour of unfunctionalized BINOL-

METAMORPhos ligands (Lan1
-
 and Lan2

-
) is well established (Scheme 1a).

5c, 13
 When 

Lan1
-
 (or Lan2

-
) is mixed with [Rh(nbd)2]BF4 under hydrogen atmosphere, dinuclear 

complexes are selectively formed. The phosphorus NMR spectra of such complex display 

characteristic signals consisting of a doublet-of-doublet at ~135 ppm (chelating ligand) and a 

AA’BB’XX’ pattern at ~115 ppm (bridging ligand). The crystal structures of those dinuclear 

complexes exhibit very short distances between the BINOL moieties connected to geminal 

phosphorus atoms. Both in the solid state and in silico, lone pair-π interactions between the 

oxygen atoms and the arene of the BINOL are observed (the oxygen-carbon distance is 

smaller than the sum of their van der Waals radii).
16

 This interaction has not been observed in 

solution to date, but it is expected to give additional stabilization to the bimetallic structure.
13f

 

Because of their proximity in the dinuclear structure, we expect that functionalization of the 

BINOL moieties should disturb the formation of such complexes. Indeed, steric bulk on the 

3,3’ positions of the BINOL unit (ligand Lan3
-
) leads to the formation of a mononuclear 
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complex (Scheme 1a’) as only a doublet can be seen in 
31

P NMR (see Figure 4 in the 

experimental section). The use of octahydro-BINOL (ligand Lan4
-
) having similar bulk as the 

parent BINOL results in a dinuclear complex (Scheme 1a) as evidenced by the pattern in 
31

P 

NMR (Figure 1a). 

Coordination of Lneu ligands to [Rh(nbd)2]BF4 yields mononuclear cationic complexes, as 

expected for phosphoramidite ligands (Scheme 1b) and as evidenced by the doublets observed 

in 
31

P NMR (see Figure 4 in the experimental section for [Rh(Lneu3)2(nbd)]
+ 

or Figure 1b for 

[Rh(Lneu3)2]
+
). 

Next, we studied the complexes formed when a 1:1 mixture of various Lneu and Lan
-
 

ligands are employed, under N2 atmosphere. The phosphorus NMR spectrum of the 

precatalyst made from a mixture of (R)-Lan4
-
 and (R)-Lneu3 shows two doublets of 

doublets, indicating the formation of the heterocomplex [Rh(Lan4)(Lneu3)(nbd)]. These 

signals integrates for approximately 75%, the signals of [Rh(Lan4)2(nbd)]
-
 and 

[Rh(Lneu3)2(nbd)]
+
 integrate for 1.5 and 3%, respectively. Three non-assigned doublets, 

which do not appear in the homocombinations are also present (see Figure 4 in the 

experimental section). Next, we investigated the complexes that form when the nbd 

complexes are submitted to 10 bars of H2. Under these conditions, a mononuclear 

heterocomplex is the major species, as indicated by the two doublet of doublet at 149.8 and 

134.4 ppm (see Figure 1). The spectrum displays a typical JP-P coupling of 45.5 Hz, in line 

with a complex in which the phosphorus atoms are cis to each other. Mass spectrometry 

confirm the formation of a mononuclear heterocomplex: the triethylammonium adduct 

HNEt3[Rh(Lan4)(Lneu3)(nbd)]
+
 is clearly visible in the spectrum (m/z = 1120.2). A 

dinuclear species can also be identified by mass: [Rh2(Lan)3(Lneu)](H)2
+
 and its acetonitrile 

adduct (eluent used for MS measurements) were detected. This species may be present in 

small amount in solution as barely noticeable signals can be seen in the 
31

P NMR spectrum 

(~140 and ~155 ppm on Figure 1c). In the 
1
H NMR spectrum of the heterocombination, 

hydridic signals which do not appear in the spectra of the homocombinations are observed. 

These hydrides are present in very small amount (~ 1%) according to the relative integration. 

 

 

Figure 1. 
31

P{
1
H} NMR (under 10 

bars of hydrogen) of (a) the 

dinuclear homocomplex 

(HNEt3)2[Rh2((R)-Lan4)4], (b) the 

homocomplex [(Rh(R)-

Lneu3)2]BF4 and (c) the 

mononuclear heterocomplex 

[Rh((R)-Lneu3)((R)-Lan4)]. 
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We performed the analogous studies of complexes made from a 1/1 mixture of Lan
-
 and 

Lneu ligands bearing opposite chirality at their BINOL moieties ((S)-Lan3
-
 and (R)-Lneu3). 

Under nitrogen atmosphere, the homocomplex [Rh(Lan)2(nbd)]
-
 is present in small amount 

(4%) and [Rh(Lneu)2(nbd)]
+
 cannot be detected. 6 other signals corresponding to 3 different 

heterocomplexes are present in the phosphorus spectrum: 3 doublets of doublets, a doublet 

and a doublet of triplet. This doublet of triplet indicates a complex with 3 (or 4) phosphorus 

ligands on one Rh atom: the nbd ligand is displaced even in the absence of hydrogen; this has 

not been observed for the homocombinations and reflects the difference in steric properties of 

the heterocomplexes compared to the homocomplexes. When 10 bars of hydrogen is applied 

to this mixture, both homocomplexes [Rh(Lan)2]
-
 and [Rh(Lneu)2]

+
 are formed, together with 

heterocomplexes. The broadness of the signals and the fact that they are partially 

superimposed prevent a proper interpretation of the spectrum. According to the relative 

integrations, the ratio homocomplexes / heterocomplexes is roughly 1:1. It should be noted 

that two broad doublets are present at 118.7 and 113.3 ppm (JP-Rh = 231 and 201 Hz 

respectively), which are typical shifts for bridging METAMORPhos ligands (see for example 

Figure 1a).
5c, 13b-f

 The existence of mononuclear [Rh(Lneu)(Lan)] and dinuclear 

[Rh2(Lan)2(Lneu)2] heterocomplexes complexes was confirmed by mass spectrometry (see 

experimental section). 

These coordination chemistry experiments highlight the potential of our system to give rise 

to diverse sets of complexes. The nuclearity and the charge of the complexes present in 

solution highly depend on the steric properties of the ligands.  

4.2.3 Choice of the Substrates 

To explore the potential in asymmetric hydrogenation of the ligand mixtures based on 

METAMORPhos ligands, we chose a diverse library of industrially relevant substrates with 

various functional groups and coordination abilities (depicted on scheme 3). A is a 

trisubstituted anionic substrate, a precursor for chiral carboxylic acid derivatives reported as a 

building block for the synthesis of an antitumoral prodrug
17a

 and several adenosine 

antagonists
17b

. The hydrogenation product of B (known as the Roche ester) is a broadly 

applicable synthon, for example to make the antitumoral drugs tedanolide
17e

 and 

discodermolide
17f

. Cyclic enamides C and D belong to the important class of aminotetralin 

precursors. They are used for the synthesis of many drugs such as Sertraline (antidepressant), 

Rotigotine (treatment of Parkinson's disease) and Tametraline (a catecholamine reuptake 

inhibitor). Enamide E is a precursor for the synthesis of CGP-55845, a GABA-B antagonist. 

F, G and H are precursors for beta-amino acids, potential building blocks for beta-peptides 

which can be as active as regular (alpha) peptides, but with a higher in-vivo stability. H is also 

precursor for the synthesis of VLA-4 antagonist S9059 (treatment of Relapsing Multiple 

Sclerosis). 
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Scheme 3. Industrially relevant substrates subject to asymmetric hydrogenation. 

4.2.4 Initial Automated Ligand Evaluation 

For the initial evaluation, we performed experiments in which 6 various ligand 

combinations based on 2 different anionic ligands and 1 neutral ligand were applied. The 

anionic ligand Lan2
-
 was used in its two enantiomeric forms. Relatively high catalyst 

concentration (2 mM) and low substrate to catalyst ratio were used as initial interest was in 

the determination of the enantioselectivity of the catalyst. Aliquot distribution, hydrogenation 

(20 bars) and sampling for analysis were done by an Accelerator SLT workstation of 

Chemspeed Technologies (48 experiments in total). As expected, the results are strongly 

influenced by the type of ligand employed; the ligand effect depends strongly on the substrate 

(table 1). 

Substrate A is converted with the highest ee with the heterochiral heterocombination of 

(S)-Lan2
-
 and (R)-Lneu1. The enantiomeric form of the product is determined by the BINOL 

chirality of ligand Lan2
-
 as the mixture (S)-Lan2

-
 / (R)-Lneu1 leads to 21% ee and the 

mixture (R)-Lan2
-
 / (R)-Lneu1 leads to -43% ee. The use of the neutral ligand leads to the 

lowest conversion, along with no enantioselectivity. The homocomplex of (R)-Lan1
-
 is as 

selective as the homocomplex of (R)-Lan2
-
, but it is much less active: the conversion is 20% 

lower with (R)-Lan1
-
. 

For substrate B, all combinations give full conversion. The homocomplexes give poor ee 

(<10%). Interestingly, the heterocombination of (S)-Lan2
-
 and (R)-Lneu1 leads to the highest 

ee, while the combination of (R)-Lan2
-
 and (R)-Lneu1 leads to a racemic product. 

For the hydrogenation of C, the combination of (R)-Lan2
-
 and (R)-Lneu1 leads to the 

highest ee with full conversion. The other entries show good conversions and low ee (25% or 

less). 

For the hydrogenation of substrate D, the homocombination of the neutral ligand leads to 

the highest ee by far (-88 %). The anionic complexes give very low ee and the 

heterocombinations lead to intermediate results. 

In the case of E, the three homocomplexes give similar ee and all the heterocombinations 

lead to poor ee, indicating more active but less enantioselective heterocomplexes. 

For substrate F, the highest selectivity is obtained with heterocombination of anionic and 

neutral ligands having BINOL moieties of the same enantiomeric form ((R)-Lan2
-
 / (R)-
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Lneu1). The homocomplex of  Leu1 gives good ee too, and anionic ligands lead to the worst 

ee.  

Substrate G is hydrogenated with the highest conversion and the highest ee by the 

homocomplexes of the neutral ligand. The use of pure anionic ligands leads to the worst ee 

and conversions. 

For the hydrogenation of substrate H, the highest ee is obtained with a mixture of (R)-

Lneu1 and (R)-Lan2
-
 and the highest conversion with a mixture of (R)-Lneu1 and (S)-Lan2

-

. Homocombinations of the anionic ligands lead to racemic products; homocombination of the 

neutral ligand lead to the product with a modest ee and low conversion. 

Table 1. Initial hydrogenation results. 

Conditions: [Rh] = 2 mM, [L]total = 4.4 mM, [S] = 50 mM, reaction time = 18 h, pressure = 20 bars, 

solvent = CH2Cl2. 
a)
 determined by chiral GC after methylation (see experimental section 4.4.3). 

b)
 

determined by chiral GC. 
c)
 determined by chiral HPLC. 

4.2.5 Focussed Ligand Optimization 

Iterative procedures in combinatorial catalysis are typically used to converge rapidly to an 

active and selective catalyst.
6a,18

 We were curious to know if our system could be employed in 

such an evolutionary approach. We extended the ligand library by structural change on the 

BINOL moiety for the anionic METAMORPhos ligand. The neutral ligands were 

systematically varied at their amino-acid moiety. The robotic workstation was used to perform 

94 hydrogenations in parallel, but the solution preparation was done in a glovebox to 

minimize catalyst decomposition by air. For this second run, the catalyst concentration was 

lowered to 1 mM and  the substrate concentration increased to 100 mM while other 

parameters were kept constant. Neutral and anionic ligands of opposite chirality at the BINOL 

were used for the hydrogenation of substrates A and B; ligands with the same chirality at the 

BINOL were used for C, F and H. As the substrates D, E and G were hydrogenated more 

efficiently with homocombinations of ligands for the first run, they were not considered for 

this optimization run. 
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(R)-Lan1
- 80 18 >99 -7 85 3 >99 2 >99 -43 97 -8 29 1 73 -2 

(R)-Lan1
- 

(R)-Lneu1 98 20 >99 20 91 13 >99 -26 >99 -4 >99 -43 51 -5 7 20 

(R)-Lan2
- >99 17 >99 -10 90 18 >99 7 >99 -43 98 -4 12 -5 49 <1 

(R)-Lan2
- 

(R)-Lneu1 >99 21 >99 2 >99 64 >99 -33 >99 6 96 -76 56 -58 49 50 

(S)-Lan2
- 

(R)-Lneu1 >99 -43 >99 52 94 <1 >99 -33 >99 24 96 -57 43 -37 78 29 

(R)-Lneu1 50 1 >99 -6 99 25 >99 -88 >99 -43 93 -72 89 -76 4 10 
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substrate A substrate B     
 

 
(S)-Lan2 (S)-Lan3 (S)-Lan5 (R)-a4 (S)-Lan2 (S)-Lan3 (S)-Lan5 (R)-Lan4 

  
0-25  

(R)-Lneu1 -46 (93) -67 (62) 33 (12) 
  

69 (>99) 86 (>99) 76 (>99) 
    

25-50  
 

(R)-Lneu2 -48 (89) -73 (53) 31 (8) 
  

73 (>99) 91 (>99) 83 (>99) 
    

50-75  
 

(R)-Lneu3 -44 (92) -71 (47) 17 (8) 
  

74 (>99) 94 (>99) 82 (>99) 
    

75-90  
 

(R)-Lneu4 -36 (91) -51 (45) 24 (5) 
  

49 (>99) 89 (>99) 72 (>99) 
    

90-95  
 

(R)-Lneu5 -40 (89) -61 (39) 22 (7) 
  

83 (>99) 95 (>99) 78 (>99) 
    

95-100  
 

(S)-Lneu4 
      

39 (81) 
      

25 (>99) 
 

ee % (conv %)  
 

(S)-Lneu5 
      

51 (90) 
      

13 (>99) 
  

substrate C substrate F substrate H 

 
(R)-Lan2 (R)-Lan3 (R)-Lan4 (R)-Lan5 (R)-Lan2 (R)-Lan3 (R)-Lan4 (R)-Lan5 (R)-Lan2 (R)-Lan3 (R)-Lan4 (R)-Lan5 

(R)-Lneu1 84 (89) 61 (68) 90 (97) -21 (6) -82 (>99) -79 (67) -75 (>99) nd (3) 88 (40) 72 (30) 87 (44) 71 (10) 

(R)-Lneu2 73 (79) 55 (61) 83 (93) -27 (8) -84 (>99) -72 (69) -83 (>99) nd (3) 87 (55) 66 (20) 89 (53) 58 (10) 

(R)-Lneu3 74 (84) 63 (26) 84 (93) -31 (5) -85 (>99) -74 (40) -81 (>99) nd (<1) 88 (57) 55 (18) 90 (53) nd (3) 

(R)-Lneu4 72 (72) 72 (71) 83 (87) -22 (12) -80 (>99) -76 (74) -78 (>99) nd (<1) 69 (32) 51 (25) 70 (30) nd (3) 

(R)-Lneu5 71 (74) 63 (43) 80 (86) -13 (10) -81 (>99) -75 (35) -80 (98) nd (5) 87 (39) 62 (11) 88 (41) nd (3) 

Figure 2. Results of the focussed ligand optimization. For each ligand combination, the ee is given on 

the left in %, the conversion on the right in brackets in %; [Rh] = 1 mM, [L] = 2.2 mM, [S] = 100 mM, 

reaction time = 18 h, pressure = 20 bars, solvent = CH2Cl2. 

The results presented in Figure 2 establish that varying the amino acid moiety allows the 

fine-tuning of the catalytic system, while changing the BINOL of the METAMORPhos ligand 

has the biggest influence on the catalytic outcome. 

For substrate A, changing the unfunctionalized BINOL of METAMORPhos for its 

methylated version Lan3
-
 improves the ee (from <50 to 73%), however, the conversion 

decreases (from >89 to <62%). This effect can be attributed to a more difficult access of the 

substrate to the metal center. In line with this, when the bigger trimethylsilyl functionalized 

ligand Lan5
-
 is used, the conversion drops to less than 12%. As for the neutral ligands, Lneu4 

gives the lowest ee, Lneu5 the lowest conversion, Lneu2 the highest ee and Lneu1 the 

highest conversion (combined to Lan2
-
 or Lan3

-
). 

In the case of substrate B, Lan3
-
 also gives better results in terms of enantioselectivity, but 

no loss of activity is observed. The bulky Lan5
-
 also gives reasonable ee and full conversion, 

which can be attributed to the fact that B is a less hindered geminally di-substituted alkene. In 

combination with Lan2
-
, Lneu5 gives better results; in combination with Lan3

-
, Lneu5 and 

Lneu3 lead to the highest ee (94-95%). Lneu4 leads to the lowest ee when combined with 

Lan2
-
. For the hydrogenation of C, the use of METAMORPhos with a octahydro-BINOL 

backbone Lan4
-
 leads to the highest enantioselectivity and conversion (90% ee and 97% 

conversion when combined with Lneu1); the selectivity with this ligand is in average 10% 

higher than with with the parent BINOL ligand (Lan2
-
) at similar conversion. Surprisingly, 

Lan5
-
 gives the product of opposite chirality (-13 to -31% ee), a result which cannot be due to 

the homocomplex of the amino acid based ligand, as the homocomplex of Lneu1 leads to the 

product with + 25% ee (see table 1). For the hydrogenation of C, the best neutral ligand is 

Lneu1, both in combination with Lan2
-
 and Lan4

-
.  

Both Lan2
-
 and Lan4

-
, in combination with any neutral ligand, give full conversion for the 

hydrogenation of substrate F. The use of Lan2
-
 leads to the highest ee (-80 to -85%), followed 

by Lan4
-
 (-75 to -83%). Lan3

-
 is slightly less selective (72 to 79% ee) and significantly less 

active. The strong influence of the bulkiness of the BINOL on the conversion of this substrate 
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is further illustrated by the poor conversion obtained with the trimethylsillyl-BINOL based 

ligand. Changing the neutral ligand only has a minor influence on the ee when Lan2
-
 is used 

as anionic ligand. When used in combination with Lan4
-
, the choice of the neutral ligand 

shows a more profound effect: Lneu1 gives -75% ee and Lneu2 gives -83% ee. 

The use of Lan2
-
 and Lan4

-
 gives the highest ee and conversions for the hydrogenation of 

substrate H. The amino-acid moiety has a strong influence on the activity of the catalyst: in 

combination with Lan2
-
 and Lan4

-
, the use of Lneu2 and Lneu3  lead to the highest 

conversion (>53%), the use of Lneu1 and Lneu5 lead to intermediate results (≈ 40% 

conversion), and the use of Lneu4 lead to the lowest conversion (30-32%). Except for Lneu4 

which leads to lower ee (by ~20%), the choice of the neutral ligand does not have a major 

impact on the ee when combined to Lan2
-
 and Lan4

-
: 87 or 88% ee are obtained with Lan2

-
 

and 87-90% ee are obtained with Lan4
-
. 

4.2.6 Ligand Ratio Study 

When mixtures of monodentate phosphorus 

ligands are used, a statistical mixture of complexes 

is expected. As such, the optimal ratio to favour 

the occurrence of heterocombination is 1/1. For 

this reason, in most combinatorial studies, the 

ligand ratio is 1/1. However, if the mixture of 

complexes is not statistical or if one homocomplex 

is significantly more active than the 

heterocomplex, the optimal ratio to obtain the 

highest selectivity can be far from this 1/1 ratio.
6a, 7

 

Moreover, for our system, as observed in the 

spectroscopic studies, 2 dinuclear heterocomplexes 

can be formed ([Rh2(Lan)2(Lneu)2] and 

[Rh2(Lan)3(Lneu)]
-
) which maximal occurrence 

should be at a 1/1 and 1/3 ratio respectively (if a 

statistical mixture is obtained). To get insight in 

these aspects, we performed the catalysis with 

various ligand ratios. For each substrate, we used 

the ligand combination that gave the highest ee 

and conversion  (Figure 2): (R)-Lneu1 / (S)-Lan3
-
 

for A, (R)-Lneu3 / (S)-Lan3
-
 for B, (R)-Lneu1 / 

(R)-Lan4
-
 for C, (R)-Lneu3

-
 / (R)-Lan2

-
 for F 

and (R)-Lneu3 / (R)-Lan4
-
 for C. 

 

Figure 3. Results of the ligand ratio optimization. 

[Rh]=0.5mM, [L]total=2.2[Rh], [S]=200[Rh], reaction 

time=18h, pressure=20bars, solvent=CH2Cl2. 
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The results presented in Figure 3 show, for each substrate, the ee and the conversion as a 

function of the proportion of ligand La
-
 (the total concentration of ligand [Lan

-
]+[Lneu] was 

kept constant). The plot obtained for substrate A shows a maximum ee between 20 and 70% 

of Lan
-
. Also the conversion shows a broad maximum around the 1:1 ratio of Lan

-
 and Lneu. 

These results clearly indicate that for this catalytic system, the heterocombination is 

significantly more active and selective as the results are relatively insensitive of the ligand 

proportion used.  The plot obtained for substrate B is substantially different: whereas the ee is 

high between 40 and 70% of Lan
-
, below 40% the ee drops rapidly. This suggests that the 

homocomplex of Lneu, which has a reverse selectivity, has a significant activity compared to 

the heterocombination. In the case of C, the plot shows that the homocomplex of Lneu has a 

poor selectivity and a negligible activity compared to the heterocombination.
20

 Already from 

10% of Lan
-
, the ee reaches a plateau of ~90% ee. The heterocombination is also more active 

than the homocomplex of Lan
-
 as the maximum conversion were obtained between 50 and 

70% Lan
-
. 

The plot obtained for substrate F shows full conversion for all experiments, except when 

the homocomplex of Lan
- 

is employed. The maximum ee is obtained as a plateau at 

proportion of Lan
-
 between 40 and 90%, indicating that the heterocombination is more active 

and selective. For the hydrogenation of  H, the homocomplex of Lneu is significantly more 

active than the heterocombination and the homocomplex of Lan
-
 is almost inactive. Since the 

homocomplex of Lneu gives poor enantioselectivity, the highest ee for a mixture of complex 

is obtained when [Rh(Lneu)2]
+
 is virtually absent in the mixture. This occurs already when 

the Lan
-
/Lneu ratio is 1 and suggests that the formation of the heterocombination is strongly 

favoured. 

4.3 Conclusion 

In this chapter, the potential of METAMORPhos ligands in combinatorial catalysis has 

been demonstrated. These ligands can form both mononuclear [ML2] and dinuclear [M2L4] 

complexes that are active in asymmetric hydrogenation. Here we expanded the application of 

METAMORPhos ligands and neutral phosphoramidite ligands as a new combinatorial 

strategy to arrive at a diverse set of catalysts. In-situ spectroscopic studies show the formation 

of various mononuclear and dinuclear heterocomplexes. When Lan and Lneu have the same 

chirality, mononuclear neutral heterocomplexes are by far the major species, though 

monoanionic dinuclear heterocomplexes have also been detected. When Lan and Lneu have 

opposite chirality, mixtures of complexes are obtained. Because of their modularity, 

METAMORPhos ligands are highly suitable for iterative procedures, which are commonly 

used in high-throughput screening. For most substrates hydrogenated in this study, the 

heterocombinations were more enantioselective than the cationic and anionic 

homocomplexes. 
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4.4 Experimental Section 

4.4.1 General 

[Rh(nbd)2]BF4 was purchased from Alfa, substrate A was purchased from Merck. All other substrates 

and ligands were synthesized according to literature procedures.
5c, 14, 18a

  

All reactions were carried out in dry glassware under argon or nitrogen atmosphere unless otherwise 

stated. Every solution addition or transfer was performed via syringes or in a glovebox unless 

otherwise stated. All solvents were dried and distilled using standard procedures. 

The water content of dichloromethane was tested with a Karl-Fisher titrator (the value was always 

below 4 ppm). 

Nuclear Magnetic Resonance experiments were performed on a Varian Inova spectrometer (
1
H: 500 

MHz, 
31

P: 202.3 MHz, 
13

C: 125.7 MHz). Chemical shifts are referenced to the solvent signal (7.27 

ppm in 
1
H and 77.0 ppm in 

13
C NMR for CDCl3). 

High resolution ESI (electrospray ionization) mass spectra were obtained on a time-of-flight JEOL 

AccuTOF LC-plus mass spectrometer (JMS-T100LP) equipped with an ESI source. 

4.4.2 Asymmetric hydrogenation 

All reactions were carried out at room temperature (air-condition at 21-22˚C). 

All hydrogenation reactions were done at 20 bars for 18h. 

4.4.2.1 Initial automated ligand screening  

Stock solutions of the ligands (8.8 mM), catalyst precursor [Rh(nbd)2]BF4 (8 mM), and substrate (0.2 

M) in dry dichloromethane were prepared manually under nitrogen. The rest of the procedure were 

carried out in a Chemspeed Accelerator robot equipped with high pressure blocks. 0.3 mL of each 2 

ligands stock solution were combined. The resulting solution was stirred (vortex stirring) for 5 min. 

0.3 mL of the Rh precursor solution was subsequently added. The resulting solution was stirred 

(vortex stirring) for 5 min. 0.3 mL of the substrate solution was subsequently added. This procedure 

resulted in catalyst and substrate concentrations of 0.05 and 0.002 M respectively, in the reaction 

mixture (substrate to Rh ratio is 25, ligand to Rh ratio is 1.1 for each ligand). The hydrogenation was 

carried out under vortex stirring (20 bars, 18 h). 

4.4.2.2 Focussed ligand optimization 

Stock solutions of the ligands (4.4 mM), catalyst precursor [Rh(nbd)2]BF4 (4 mM), and substrate (0.4 

M) in dry dichloromethane, as well as the reaction mixtures were prepared in a glovebox. 0.2 mL of 

each two ligands stock solution were combined. The resulting solution was shaken until it became 

homogeneous. 0.2 mL of the Rh precursor solution was subsequently added. The resulting solution 

was shaken until homogeneous. 0.2 mL of the substrate solution was subsequently added. This 

procedure resulted in catalyst and substrate concentrations of 0.1 M and 1 mM respectively in the 

reaction mixture (substrate to Rh ratio is 100, ligand to Rh ratio is 1.1 for each ligand). The 

hydrogenation was carried out under vortex stirring (20 bars, 18 h) in the Chemspeed Accelerator 

robot equipped with high pressure blocks. 

4.4.2.3 Ligand ratio study 

Stock solutions of the ligands (1.375 mM), catalyst precursor [Rh(nbd)2]BF4 (5 mM), and substrate (1 

M) in dry dichloromethane, as well as the reaction mixtures were prepared in a glovebox. The reaction 

mixtures were prepared in a glovebox as well. Various volume (see table below) of each ligands stock 

solution were combined 2 by 2 (total volume of 0.4 mL). The resulting solution was magnetically 

stirred for 1 min. 0.05 mL of the Rh precursor solution was subsequently added. The resulting solution 

was magnetically stirred for 1 min. 0.05 mL of the substrate solution was subsequently added. This 

procedure resulted in catalyst and substrate concentrations of 0.1M and 0.5 mM respectively, in the 

reaction mixture (substrate to Rh ratio is 200, total ligand to Rh ratio is 2.2). The hydrogenation was 

carried out under magnetic stirring (20 bars, 18h) in an autoclave. 

4.4.3 GC and HPLC methods 

The sign of the enantiomeric excesses is arbitrary and does not reflect the rotary power. 
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All conversions were determined by Gas Chromatography on an Interscience Focus GC Ultra (FID 

detector) with a Chiralsil DEX-CB column (25m x 0.32mm). Enantiomeric excesses were determined 

by the same GC for the substrates A to F and by HPLC for substrates G and H. 

For A, conversions and ee were determined after derivatization of the products and the unreacted 

substrate to their methyl esters. Typical procedure: after hydrogenation, the reaction mixture was 

diluted twice with methanol. Trimethylsilyldiazomethane was subsequently added dropwise under 

vigorous magnetic stirring until the solution remains pale yellow. Acetic acid was subsequently added 

dropwise under vigorous magnetic stirring until the solution remains transparent. 

4.4.3.1 GC methods 

Table 3. GC methods 

substrate methods retention times (min) 

 

initial 

temperature 

(˚C) 

ramp (˚C/min) 
temperature 

(˚C) 

ramp 

(˚C/min) 

final 

temperature 

(˚C) 

substrate 
first 

enantiomer 

second 

enantiomer 

A 90 0.2 100 40 220 52.4 46.2 47.3 

B 90 
isothermal 

15min 
90 40 220 13.1 11.6 12.4 

C 160 0.1 163 40 220 29.3 13.7 14.3 

D 160 1 182 40 220 21.2 14.4 15.5 

E 150 0.5 168 40 220 39.9 33.7 35 

F 100 0.5 130 40 220 60 22.2 24.6 

G 155 0.2 162 40 220 25.7 22.1 22.3 

H 170 0.5 195 40 220 38.5 41.2 

4.4.3.2 HPLC methods 

Table 4. HPLC methods 

substrate HPLC method retention times (min) 

 

temperature 

(˚C) 
eluent flow substrate 

first 

enantiomer 

second 

enantiomer 

G 30 10% isopropanol in heptane 0.9 mL/min 16.4 13.5 15.0 

H 30 12% isopropanol in heptane 0.9 mL/min 39.2 24.7 30.6 

4.4.4 Complex preparation and characterization 

General procedure for the (nbd) complexes 

Ligand HNEt3Lan, Lneu or a 1:1 mixture of ligands (0.035 mmol in total, 2eq.) was dissolved in 0.7 

mL of  CD2Cl2, homogenized and subsequently added to [Rh(nbd)2]BF4 (0.0175 mmol, 1 eq.). The 

reaction was complete within 5 min. 

[Rh((R)-Lneu3)2(nbd)]BF4 
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ (ppm): 154.53 (d, JP-Rh = 186.3 Hz) 

HR-MS (ESI+): m/z calcd. for C59H56N2O8P2Rh ([Rh((R)-Lneu3)2(nbd)]BF4 minus BF4
-
): 1085.26; 

obsd.: 1085.35 

m/z calcd. for C52H48N2O8  P2Rh ([Rh((R)-Lneu3)2(nbd)]BF4 minus nbd minus BF4
-
): 993.19; obsd.: 

993.21 

HNEt3[Rh((R)-Lan4)2(nbd)]  
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ 128.82 (d, JP-Rh = 251.5 Hz). 

HR-MS (ESI+): m/z calcd. for C55H65F6N3O8P2RhS2 (HNEt3[Rh((R)-Lan4)2(nbd)] plus H
+
): 1238.26; 

obsd.: 1238.30 

m/z calcd. for C61H80F6N4O8P2RhS2 (HNEt3[Rh((R)-Lan4)2(nbd)] plus HNEt3
+
): 1339.38; obsd.: 

1339.42 

m/z calcd. for C54H72F6N4O8P2RhS2 (HNEt3[Rh((R)-Lan4)2(nbd)] minus nbd plus HNEt3
+
): 1247.32; 

obsd.: 1247.36 

HNEt3[Rh((S)-Lan3)2(nbd)] 
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ 122.41 (d, JP-Rh = 261.0 Hz). 
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HR-MS (ESI+): m/z calcd. for C65H72F6N4O8P2RhS2 HNEt3[Rh((S)-Lan3)2(nbd)] plus HNEt3
+
): 

1379.32; obsd.: 1379.36 

m/z calcd. for C58H64F6N4O8P2RhS2 HNEt3[Rh((S)-Lan3)2(nbd)] minus nbd plus HNEt3
+
): 1287.26; 

obsd.: 1287.30 

[Rh((R)-Lan4)((R)-Lneu3)(nbd)] 

NB: HNEt3[Rh((R)-Lan4)2(nbd)], [Rh((R)-Lneu3)2(nbd)]BF4 and unidentified species are also 

formed. 
31

P{
1
H} NMR (162 MHz, CD2Cl2) δ 140.41 (dd, JP-Rh = 256.1, JP-P = 61.5 Hz), 129.77 (dd, JP-Rh = 

233.5, JP-P = 61.5 Hz). 

Figure 4. Top: 
31

P{
1
H} NMR spectrum of [Rh((R)-Lneu3)2(nbd)]

+
; middle: 

31
P{

1
H} NMR spectrum of 

[Rh((R)-Lan4)2(nbd)]
-
; bottom: 

31
P{

1
H} NMR spectrum of [Rh((R)-Lan4)((R)-Lneu3)(nbd)]. 

Complexation of HNEt3(S)-Lan3 and (R)-Lneu3 to [Rh(nbd)2]BF4 “[Rh((S)-Lan3)x((R)-

Lneu3)y(nbd)z]” 

NB: HNEt3[Rh((S)-Lan3)2(nbd)] is contaminated by free ligand (quadruplet at 163 ppm). 

Figure 5. Top: 
31

P{
1
H} NMR spectrum of [Rh((R)-Ln3)2(nbd)]

+
; middle: 

31
P{

1
H} NMR spectrum of [Rh((S)-

La3)2(nbd)]
-
; bottom: 

31
P{

1
H} NMR spectrum of [Rh((S)-La3)x((R)-Ln3)y(nbd)z] 

General procedure for the in-situ complex characterization 

Ligand Lan, Lneu or a mixture of ligands (0.0125 mmol in total, 2eq.) was dissolved in 0.5 mL of  

CD2Cl2 and mixed with [Rh(nbd)2]BF4 (0.0125 mmol, 1 eq.). The solution was subsequently 

transferred to a high pressure NMR tube and submitted to 5 bars of H2 gas. 

[Rh((R)-Lneu3)2]BF4 
31

P NMR (162 MHz, CD2Cl2) δ 150.93 (d, JP-Rh = 305.6 Hz). 
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HR-MS (ESI+): m/z calcd. for C52H48N2O8P2Rh ([Rh((R)-Lneu3)2]BF4 minus BF4
-
): 993.19; obsd.: 

993.20 

(HNEt3)2[Rh2((R)-Lan4)4] 
31

P NMR (162 MHz, CD2Cl2) δ 135.65 (dd, JP-Rh = 289.0, JP-P = 33.4 Hz, chelate ligands), 115.07 (d, 

JP-Rh = 344.0 Hz, bridging ligands). 

HR-MS (ESI+): m/z calcd. for C96H113F12N6O16P4Rh2S4 ((HNEt3)2[Rh2((R)-Lan4)4] plus H
+
): 2292.40; 

obsd.: 2292.44 

m/z calcd. for C90H98F12N5O16P4Rh2S4 ((HNEt3)2[Rh2((R)-Lan4)4] minus NEt3 plus H
+
): 2191.28; 

obsd.: 2191.31 

HNEt3[Rh((S)-Lan3)2] 
31

P NMR (162 MHz, CD2Cl2) δ 137.79 (d, JP-Rh = 303.5 Hz). 

HR-MS (ESI+): m/z calcd. for C58H64F6N4O8P2RhS2 (HNEt3[Rh((S)-Lan3)2] plus HNEt3
+
): 1287.26; 

obsd.: 1287.29 

m/z calcd. for C52H49F6N3O8P2RhS2 (HNEt3[Rh((S)-Lan3)2] plus H
+
): 1186.14; obsd.: 1186.16 

[Rh((R)-Lneu3)((R)-Lan4)] 
31

P NMR (162 MHz, CD2Cl2) δ 149.83 (dd, JP-Rh = 332.3, JP-P = 45.5 Hz), 134.36 (dd, JP-Rh = 285.9, JP-

P = 45.5 Hz). See spectra in the main text (Figure 1). 

HR-MS (ESI+): m/z calcd. for C53H60F3N3O8P2RhS ([Rh((R)-Lneu3)((R)-Lan4)] plus HNEt3
+
): 

1120.26; obsd.: 1120.24 

Figure 6. Mass spectrum of [Rh((R)-Lneu3)((R)-Lan4)]. Even if it is not observed in solution (by NMR), 

[Rh((R)-Lneu3)2]BF4 minus BF4
-
 is detected. Since it is a cationic complex, it is not surprising that it “flies”more 

easily, even if it is present in trace amount. 

NB: Even if it is not observed in solution (by NMR), ([Rh2((R)-Lneu3)((R)-Lan4)3] plus 2H
+
) and its 

acetonitrile adduct is detected by mass. 

HR-MS (ESI+): m/z calcd. for C89H86F9N4O16P4Rh2S3 ([Rh2((R)-Lneu3)((R)-Lan4)3] plus 2H
+
): 

2064.21; obsd.: 2064.35 

m/z calcd. for C91H89F9N5O16P4Rh2S3 ([Rh2((R)-Lneu3)((R)-Lan4)3] plus acetonitrile plus 2H
+
): 

2105.24; obsd.: 2105.41 

Note: A well-defined dihydride is present at -28.8 ppm (JRh-H = 26.1 Hz). Due to a very small 

abundance of this species (approximately 1% according to integrations), a full characterization was not 

possible. It should be noted that in the same conditions, when Lan3
-
 is used alone, no hydride is 

observed; when only Lneu is utilized, a doublet at -9 ppm can be seen, but this species is not present 

in the hereocombination.  
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1
H NMR hydride region (500 MHz, CD2Cl2) δ -21.83 (ddd, JRh-H = 25.9, 13.1, 6.0 Hz, 1H).  

Figure 6. 
1
H NMR spectrum of [Rh((R)-Lneu3)((R)-Lan4)]; top: 

1
H {

31
P} NMR spectrum; bottom: 

1
H NMR 

spectrum without decoupling. 

Figure 5. Mass spectrum of [Rh2((R)-Lneu3)((R)-Lan4)3] and its acetonitrile adduct. 

Complexation of HNEt3(S)-Lan3 and (R)-Lneu3 to [Rh(nbd)2]BF4 under H2 pressure [Rhx((S)-

Lan3)y((R)-Lneu3)z] 

HR-MS (ESI+): m/z calcd. for C104H96F6N5O16P4Rh2S2 ([Rh2((R)-Lneu3)2((S)-Lan3)2] plus HNEt3
+
): 

2179.33; obsd.: 2179.33 

m/z calcd. for C98H81F6N4O16P4Rh2S2 ([Rh2((R)-Lneu3)2((S)-Lan3)2] plus H
+
): 2078.21; obsd.: 

2078.19 

m/z calcd. for C55H56F3N3O8P2RhS ([Rh((R)-Lneu3)((S)-Lan3)] plus HNEt3
+
): 1140.23; obsd.: 

1140.22 

m/z calcd. for C49H41F3N2O8P2RhS ([Rh((R)-Lneu3)((S)-Lan3)] plus H
+
): 1039.11; obsd.: 1039.10 
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Figure 7. Top: 
31

P {
1
H} NMR of  [Rh((R)-Lneu3)2]

+
; middle: 

31
P {

1
H} NMR of [Rh((S)-Lan3)2]

-
; bottom: 

31
P 

{
1
H} NMR of [Rhx((S)-Lan3)y((R)-Lneu3)z]. 
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* Part of this work has been published: F. G. Terrade, M. Lutz, J. I. van der Vlugt, J. N. H.  Reek, Eur. 

J. Inorg. Chem. 2013, doi: 10.1002/ejic.201301215. 
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5.1 Introduction 

Since Noyori et al. unveiled an outer-sphere mechanism to be operative for transfer 

hydrogenation with particular aminoamide chelate ligands,
1
 proton-responsive ligands have 

attracted much attention as reactive scaffolds for selective bond-activation processes and 

cooperative catalysis.
2
 The proton-responsive character is brought about by acidic/basic 

moieties that can be reversibly deprotonated during catalytic turnover, thereby allowing 

bioinspired bifunctional substrate activation and conversion.
3
  

More recently, dehydrogenations and dehydrogenative coupling reactions based on the 

same proton-responsive nature of suitable bifunctional metal-ligand combinations have been 

developed. In those reactions, the basic ligand abstracts a proton, and the metal center 

abstracts a hydride from the substrate. The catalytic cycle is then closed by release of 

hydrogen and regeneration of the initial complex. Such catalysts have been used for various 

atom-efficient conversions.
4
 Proton-responsive ligands can also be used for “hydrogen-

borrowing” reactions wherein the substrate is dehydrogenated by the catalyst, undergoes a 

coupling reaction to form an intermediate which is then hydrogenated.
5
  

Scheme 1. Top: proton-responsive behaviour of known Ru-systems
1-6

 toward H2; bottom: envisioned 

reactivity of METAMORPhos ligands. 

The proton-responsive feature might involve temporary dearomatization of functionalized 

pyridines,
6
 the interconversion between amino/amido units within the ligand framework,

7
 or 

pH-responsive pyridonate fragments.
8
 In addition, some other concepts have been explored as 

well.
9
 Most of these ligands currently lack a high degree of modularity to effectively tune the 

proton response for specific (catalytic) purposes. Hence, the applicability of these systems to 

address different types of conversions or substrate classes is limited. Moreover, the 

possibilities to introduce elements of chirality for asymmetric transformations are often 

hampered by cumbersome synthetic procedures. 

Sulfonamidophosphorus “METAMORPhos” ligands were recently introduced as a family 

of highly versatile and modular building blocks for late-transition-metal complexes.
10

 Their 

ability to act as (chiral) proton-responsive ligands in Rh-catalyzed (asymmetric) 

hydrogenation of functionalized alkenes was demonstrated (Scheme 1).
10a-d

  

A novel cooperative mechanism for the activation of molecular dihydrogen was proposed 

(Scheme 2, a).
10a

 The unique self-sorting behavior among complexes bearing chiral 

derivatives have been described in chapter 1.
11

 Furthermore, Ir-METAMORPhos complexes 

were used for the base-free dehydrogenation of formic acid (Scheme 2, b).
10d

 Besides the 
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proton-responsive character of this ligand, which allowed it to act as internal base, its ability 

to function as hydrogen-bond acceptor was found to be crucial for catalyst activity.
10d

 Also 

noteworthy is the complete inorganic PNSO backbone of these ligands in these constellations. 

Encouraged by these results, we decided to thoroughly investigate and optimize the synthetic 

procedures for a range of METAMORPhos ligands to establish a broader acido-basic scope 

and to study the coordination behavior of selected systems with ruthenium, which is often the 

metal of choice for catalytic transformations that involve proton-responsive ligands.
12

 

Scheme 2. METAMORPhos as proton-responsive ligand for hydrogen splitting (a) and formic acid 

dehydrogenation (b). 

5.2 Results and Discussion 

5.2.1 Ligand Synthesis 

METAMORPhos ligands 1A-K have been obtained by condensation of readily available 

chlorophosphorus compounds (chlorophosphines or chlorophosphites) with sulfonamides 

(Scheme 3). As the latter are essential building blocks for biologically active molecules, a 

plethora of primary sulfonamides is commercially available. In principle, this could enable the 

(high-throughput) synthesis of many ligands, thereby allowing fine-tuning of their proton-

responsive identity. So far, only a limited number of ligands of class have been reported.
10-

11,13
 Depending on the substituents on phosphorus and sulfur, different condensation products 

are typically obtained (Scheme 3). 

Scheme 3. Condensation of chlorophosphorus compounds with sulfonamides to give species 1
H
 (as 

the P
III

 or P
V
 tautomer) or the deprotonated PN

-
 derivative thereof and/or 2 depending on reaction 

conditions and the specific substitution patterns at phosphorus and sulfur. 
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When sulfonamides are coupled to chlorophosphites in the presence of triethylamine, the 

deprotonated ligand 1
-
 (PN

-
) is formed (as the triethylammonium salt) as the sole product, 

regardless of the electronic properties of the sulfonamide (Table 1, entries I-K). This tendency 

of phosphoramidite-based METAMORPhos systems to form strong ion pairs, which is related 

to the enhanced acidity of the -NH group due to the electron-withdrawing binaphthol 

(BINOL) auxiliary, and the resulting dinucleating nature of the PN
-
 scaffolds was previously 

exploited (chapters 2 to 4).
10b,11

 In contrast, employing chlorophosphines typically results in 

neutral METAMORPhos ligands with reduced overall acidity at nitrogen (Table 1, entries A-

H). These phosphines show tautomerism due to prototropic behavior: the proton either resides 

on the nitrogen (P
III

) or on phosphorus (P
V
). Electron-donating isopropyl or tert-butyl groups 

at phosphorus (Table 1, entries F-H), stabilize the high-oxidation-state P
V
 tautomer, which is 

the only detected tautomer in solution. For chlorodiarylphosphines (Table 1, entries A-E), 

both tautomers can be observed by 
31

P NMR spectroscopy, with the P
III

/P
V
 ratio strongly 

depending on the nature of the sulfonamide R group, but also on the solvent and 

concentration. Electron-donating fragments favor the regular P
III

 tautomer, while the electron-

withdrawing bis(trifluoromethyl)phenyl group leads to enhanced acidity at nitrogen, resulting 

in almost complete tautomer reversal to P
V
 as the major component in solution. 

Table 1. Condensation between chlorophosphorus species and sulfonamides. 

 R1 R2 Product(s) (crude)
[a] Product (isolated) 

major (minor) 

A phenyl p-butylphenyl 1 P
III

 (P
V
) 

B phenyl p-tolyl 1 P
III

 (P
V
) 

C phenyl p-methoxyphenyl 1 and 2 P
III

 (P
V
) 

D phenyl m-bis(trifluoromethyl) phenyl 1 and 2 2 

E o-tolyl m-bis(trifluoromethyl) phenyl 1 and 2 P
V
 (P

III
) 

F isopropyl p-butylphenyl 1 and 2
[b] 

P
V 

G isopropyl trifluoromethyl 1 and 2 P
V
 

H tert-butyl trifluoromethyl 1 P
V
 

I BINOL methyl 1 PN
- 

J BINOL p-butylphenyl 1 PN
-
 

K BINOL trifluoromethyl 1 PN
- 

[a] after 16h reaction. [b] trace amount. 

When the sulfur atom carries an electron-withdrawing organic substituent such as 

bis(trifluoromethyl)phenyl, the double condensation product 2 is also obtained as a byproduct 

or even the main product.
13,14

 Bulky phosphorus substituents prevent (Table 1, entries F and 

G) or suppress (Table 1, entry H) the occurrence of 2. In most cases, removal of this 

diphosphorus compound was facile, but treatment of ClPPh2 with bis(trifluoromethyl)phenyl 

sulfonamide provided a mixture of 1D and 2D from which only 2D was obtained after 

purification, thus indicating a low energy barrier for self-condensation and potentially higher 

stability of 2D (Table 1, entry D). Fortunately, replacement of the phenyl substituent by more 

bulky o-tolyl groups on phosphorus and higher temperature for the coupling reaction favored 

http://onlinelibrary.wiley.com/doi/10.1002/ejic.201301215/full#tbl1
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the formation of neutral monophosphine 1
H

. Compound 1E
H

 could be isolated in reasonable 

yield without any contamination of 2E. 

5.2.2 Coordination to a Ru
II

 Precursor Bearing an Internal Base 

To date, the coordination chemistry of METAMORPhos ligands has only been disclosed 

for group 9 metals with multiple geometries already established. The ligand can act as a 

neutral monodentate P donor, as bidentate monoanionic P,O chelate or as monoanionic 

bridging P,N ligand.
10,11 

Deprotonation of the -NH unit can be enforced by the addition of an 

external base during complexation or through the use of a metal precursor bearing an internal 

base such as the acetylacetonate (acac) ligand in [Ir(acac)(cod)] (cod = cyclooctadiene).
10d

 We 

sought to expand this “intramolecular” deprotonation strategy and to enforce irreversible 

deprotonation, as acetylacetone was found to induce isomerization of dimeric structures due 

to reversible proton-transfer phenomena under certain reaction conditions.
10d

 Removal of the 

“conjugate acid” from the reaction mixture should eliminate this process. We thus opted to 

investigate a metal-hydride precursor that would result in highly volatile H2 as “conjugate 

acid”. This concept also underlies recent applications for dehydrogenative coupling reactions. 

When ligand 1F
H

 was treated with [Ru(H)(Cl)(PPh3)3(CO)] in toluene under reflux 

conditions (Scheme 4), two sets of two doublets were observed in a 1:1.7 ratio in the 
31

P 

NMR spectrum, each corresponding to one METAMORPhos [δ = 100.0 (JP,P = 25.5 Hz) and 

97.7 ppm (JP,P = 24 Hz)] and one PPh3 ligand [δ = 39.1 (JP,P = 24.0 Hz) and 37.4 ppm (JP,P = 

25.5 Hz)]. No hydride or -NH signal was apparent in the 
1
H NMR spectrum, thus indicating 

the release of H2. The two species are proposed to be isomers given the strong resemblance in 

their spectral features. The mass spectrum of these species suggested the formation of dimers 

[{Ru(Cl)(CO)(PPh3)(1F)}2]. 

Scheme 4. Coordination of 1F
H
 to [Ru(H)(Cl)(PPh3)3(CO)] to generate 3 (and/or isomeric 4/5) 

concomitant with hydrogen release. The chirality at sulfur, induced by ligand coordination to Ru, is 

highlighted. 
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Single crystals suitable for X-ray diffraction could be obtained by slow diffusion of diethyl 

ether into a dichloromethane solution. Surprisingly, the molecular structure (see Figure 1) was 

found to be that of chloride-bridged dimer 3, which features the METAMORPhos ligand as 

anionic P,O chelate. Coordination of the oxygen atom leads to desymmetrization of the 

sulfonamide fragment and induces chirality at the sulfur atom.
15

 The dimer has exact 

crystallographic C2 symmetry with both sulfur atoms of equal chirality, but the unit cell 

possesses an inversion center as the complex crystallizes as a true racemate. The P1-Ru-P2 

angle of 100.154(15)° as well as the O1-Ru-C17 angle of 174.02(5)° exemplify the distorted-

octahedral geometry around Ru. The P1-Ru-O1 angle is small at 82.39(3)°. The N-S bond 

length of 1.5435(14) Å indicates double-bond character.
16

 The S-O1 [1.4911(11) Å; formal S-

O] and S-O2 [1.4416(12) Å; S=O] bond lengths differ significantly as a consequence of the 

coordination of O1 to the metal. The spectroscopically observed second species is suggested 

to correspond to a Ru dimer with ligands of opposite chirality at the sulfur atom, either with a 

pseudo-C2 axis (structure 4) or a center of inversion (structure 5).  

5.2.3 Formation of Ru Complexes with Piano-Stool Geometry 

Because a reproducible high-yielding synthesis of 3 turned out to be cumbersome due to 

purification problems, we resorted to [{RuCl(cymene)(μ-Cl)}2] as an alternative Ru 

precursor. Coordination of 1A
H

 with this cymene dimer in THF in the presence of 

triethylamine led to quantitative formation of a single product, according to 
31

P NMR 

spectroscopy, with concomitant precipitation of triethylammonium chloride. The cymene 

fragment is preserved within the coordination sphere of ruthenium, as deduced from the 
1
H 

NMR spectrum, which suggests a piano-stool geometry for complex 6 (Scheme 5). 

Scheme 5. Synthesis of piano-stool complexes 6-9. 

This geometry was unambiguously corroborated by X-ray crystal-structure determination; 

the molecular structure is depicted in Figure 2. Like for 3, the METAMORPhos ligand is 

deprotonated and acts as a P,O chelate. The P-R-O1 angle of 80.20(4)° is even smaller than in 

dimer 3, whereas the Ru-P bond is marginally longer at 2.3240(5) Å. The N-S bond length of 

1.5478(18) Å indicates double-bond character. Again, the S-O1 [1.5027(13) Å; formal S-O] 

and S-O2 [1.4412(15) Å; S=O] bond lengths differ significantly due to coordination to Ru. 

Coordination of the anionic oxygen donor induces desymmetrization of both the sulfur and 

ruthenium center. Interestingly, only one diastereoisomer is observed (Ru
S
S

S
 and its 

enantiomer Ru
R
S

R
) in the racemic crystal structure as the complex crystallizes as a true 

racemate. In solution, the configuration of at least one of the two chiral centers is retained (on 

the NMR spectroscopic timescale), because the two phenyl groups on phosphorus showed 
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distinct signals in the 
13

C NMR spectrum. Piano-stool complexes with ligands 1B
H

, 1C
H

, and 

1D
H

 could be synthesized using this protocol, thus exemplifying the possibility to fine-tune 

such complexes with electron-donating (7 and 8) or -withdrawing groups (9) at the sulfur 

atom. 

Figure 1. Solid-state structure of 3. Hydrogen 

atoms have been omitted for clarity. Selected 

bond lengths (Å) and angles (°): Ru-P1 

2.3096(4); Ru-P2 2.3467(5); Ru-O1 

2.1484(11); Ru-C17 1.8292(16); Ru-Cl 

2.4673(4); P1-N 1.6597(15); N-S 1.5435(15); 

S-O1 1.4911(13); S-O2 1.4416(14); P1-Ru-P2 

100.15(2); P1-Ru-Cl 168.32(2); P2-Ru-Cl 

86.78(1); O1-Ru-C17 174.02(6); P1-Ru-O1 

82.39(3); P2-Ru-O1 93.55(3); N-S-O1 

112.92(7); N-S-O2 113.44(8); Ru-C17-O3 

176.64(15); P-N-S 119.30(9). 

Figure 2. ORTEP plot (50% probability 

displacement ellipsoids) of piano-stool 

complex 6, [RuCl(1A)(η
6
-cymene)]. Hydrogen 

atoms omitted for clarity. Selected bond 

lengths (Å) and angles (°): Ru-P 2.3240(6); 

Ru-Cl 2.3943(6); Ru-O1 2.1419(15); P-N 

1.651(2); N-S 1.548(2); S-O1 1.5028(16); S-

O2 1.4412(17); P-Ru-Cl 86.83(2); P-Ru-O1 

80.20(4); O1-Ru-Cl 86.61(4); P-N-S 

117.69(12); N-S-O1 111.29(10); N-S-O2 

114.23(11); Ru-O1-S 121.48(9). 

5.2.4 Heterolytic Splitting of Dihydrogen 

In analogy to the activity displayed by Noyori's complex and related reversible amido-to-

amino switchable ligands,
7
 we were curious as to whether the combination of a Lewis acidic 

metal and a Brønsted basic ligand would result in direct heterolytic H2 cleavage. It should be 

noted that there is a pronounced difference in both Ru-amide geometry (equatorial/meridional 

versus piano-stool) and Ru-amide character (inner-sphere coordination versus two-bond 

separation), which might have pronounced differences for amide protonolysis (Scheme 1 top-

left vs. bottom-right). When complex 7, a close analogue of 6 that features ligand 1B
H

, was 

kept under 5 bar of H2 in [D8]THF, a doublet was obtained at δ = -8.34 ppm (JP,H = 52 Hz) in 

the 
1
H NMR spectrum (33 % conversion after 18 h on the basis of 

31
P NMR spectroscopy: δ = 

87.7 ppm (JP,H = 52 Hz)), which is strongly suggestive of heterolytic hydrogen splitting and 

reprotonation of the METAMORPhos ligand. Full conversion to the hydride complex could 

be reached at higher H2 pressure, thereby allowing the isolation and full characterization of 

this stable compound. The corresponding expected -NH signal was observed at δ = 7.57 ppm, 

identified by its coupling with phosphorus (JP,H = 10.9 Hz). The addition of KPF6 (1 equiv.) 
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while applying H2 pressure led to the same NMR spectroscopic features with no indication of 

the PF6 anion (by 
31

P and 
19

F NMR spectroscopy in CD2Cl2). Hence, complex 10 is 

formulated as the neutral complex [Ru(H)(Cl)(7
H

)]. This was evident from HRMS data (ESI: 

m/z 666.034 for [M + K] and 592.103 for [M - Cl]). We postulate that the Ru-Cl bond is 

sufficiently labilized in polar solvent (KPF6 might further assist in labilizing the chloride 

ligand) to allow coordination of molecular hydrogen and its subsequent heterolytic cleavage. 

Presumably, initial interaction of the Ru-O bond with H2 occurs, thus leading to the transient 

[Ru(H)(κ
2
-O

H
,P)] species 10′ that undergoes intramolecular proton shuttling to afford 10″, 

which bears the P
III

 tautomer within the Ru coordination sphere as neutral P,O chelate. The 

weakly coordinating oxygen of the protonated chelating ligand is then displaced by a chloride 

(KCl is partially soluble in THF) to give neutral complex 10 (Scheme 6). Addition of an 

excess amount of HCl (1 M solution in diethyl ether) to 7 also led to smooth reformation of 

the coordinated neutral P
III

 tautomer: the -NH signal was observed at δ = 6.68 ppm (JP,H = 

11.0 Hz). By chloride abstraction with AgBF4 after the H2-splitting process we were also able 

to identify the cationic comp lex 10″BF4, which could be characterized in solution by 
1
H and 

31
P NMR spectroscopy. Interestingly, 10″ was observed as an equimolar mixture of both 

diastereoisomers, with the Ru and S atoms as stereogenic centers. Notably, the use of 

complex 9, which bears the electron-poor bis(trifluoromethyl)phenyl sulfonamide derivative, 

neither resulted in full conversion nor in clean formation of a single hydridic species. After 18  

h at 50 bar, two hydrides could be observed at δ = -7.26 (JP,H = 45 Hz) and -8.05 ppm (JP,H 

= 52 Hz) in a ratio of 1:8 and 1:1.7 with respect to the remaining starting complex, as well as 

a cymene species bearing no hydride. Although we did not characterize this mixture further, 

the incomplete conversion might indicate the establishment of an equilibrium with this 

particular system that features a more acidic METAMORPhos ligand. This not only supports 

the active involvement of the METAMORPhos framework in cleavage of the H-H bond, but 

also provides clear indications of the tunable character of this PNSO scaffold relative to other 

types of proton-responsive systems. 

Scheme 6. Heterolytic activation of H2 by piano-stool complex 7. 
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5.2.5 Substitution Reactions on Piano-Stool Complex 7 

Recently, the group of Bruneau reported arene-free complexes based on a 

phosphinosulfonate ligand that were generated from similar piano-stool complexes as 6-9.
17

 

Replacement of the cymene fragment by acetonitrile molecules led to higher catalytic activity 

in the hydrogenation of ketones. Consequently, we were curious to establish similar 

substitution chemistry on piano-stool complexes bearing the related monoanionic 

METAMORPhos scaffold. Stirring complex 7 in acetonitrile with NaPF6 for 2 days at room 

temperature (or for one hour at 50°) yielded complex 11 in almost quantitative yield. 
1
H NMR 

spectroscopy clearly illustrated complete dissociation of the cymene fragment after reaction, 

and the 
31

P NMR spectrum showed only a singlet at δ = 73.5 ppm (and the PF6
-
 ion). X-ray 

crystal-structure analysis confirmed the displacement of the cymene ligand by four 

acetonitrile molecules as well as complete exchange of the chloride for PF6
-
 (Figure 3, left). 

The Ru-N bond length varies from 1.9991(13) Å for the NCMe trans to the oxygen atom to 

2.1248(13) Å for the NCMe trans to P, which follows the same trend as reported for related 

compounds.
17

 There is slight out-of-plane bending of the two axial NCMe units away from 

the PNSO side, which might be related to slight steric hindrance [N2-Ru-N4 175.11(5) Å, Ru-

N2-C20 174.81(15) Å].  

Scheme 7. Synthesis of cymene-free complex 11, [Ru(1B)(NCMe)4]PF6, and derivative 12 bearing 

two METAMORPhos ligands. 

At least part of the weakly coordinated acetonitrile ligand set is easily displaced, as 

complex 11 reacted almost instantaneously at room temperature with one additional 

equivalent of 1B
H

 to yield complex 12, [Ru(1B)(1B
H

)(NCMe)3]PF6 (Scheme 7). The 

exogenous METAMORPhos ligand remained protonated at nitrogen, because a doublet was 

observed in the 
1
H NMR spectrum at δ = 6.96 ppm (

2
JP,H = 15.1 Hz) for the -NH group. At 

room temperature, two doublets are detected in the 
31

P NMR spectrum at δ = 74.2 and 70.8 

ppm (
2
JP,H = 15 Hz). The -NH group is potentially involved in intramolecular hydrogen 

bonding with the anionic oxygen donor of the P,O chelate between the two ligands, as 

previously suggested for analogous rhodium complexes.
10a

 This is supported by the 

observation of coalescence using 
31

P variable-temperature (VT) NMR spectroscopy, which 

indicates two equal P donors and consequently fast intramolecular proton shuttling. Single 

crystals suitable for X-ray crystallographic analysis were grown by slow diffusion of methyl 

tert-butyl ether (MTBE) into a CH2Cl2 solution of 12. Instead of the anticipated monocationic 

complex, the resulting molecular structure showed neutral complex 13, which contained two 

deprotonated, anionic METAMORPhos ligands (Figure 3, right). The molecule is located on 

an exact, crystallographic inversion center and bears two axial NCMe ligands and two P,O 
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chelates, with the strong O donors in a mutually trans configuration. The P-Ru-O1 angle is 

slightly smaller [81.31(5)°] than in parent species 11. 

Figure 3. Solid-state structures of 11 and 13. Hydrogen atoms and PF6 counterion (for 11) have been 

omitted for clarity. Selected bond lengths (Å) and angles (°), for 11: Ru-P 2.2637(5); Ru-O1 

2.1211(11); Ru-N2 2.0200(13); Ru-N3 1.9991(13); Ru-N4 2.0175(12); Ru-N5 2.1247(13); P-N 

1.6719(13); N-S 1.5545(13); S-O1 1.4995(11); S-O2 1.4482(11); P-Ru-O1 83.87(3); P-Ru-N2 

93.27(4); P-Ru-N3 96.87(4); P-Ru-N5 171.22(4); N2-Ru-N4 175.11(5); O1-Ru-N3 178.70(5); P-N-S 

116.65(8); N1-S-O1 112.65(6); N1-S-O2 112.05(6); Ru-O1-S 117.44(6); Ru-N2-C20 174.81(13). For 

13: Ru-P 2.3229(6); Ru-O1 2.1334(16); Ru-N2 2.0112(19); P-N 1.671(2); N-S 1.553(2); S-O1 

1.4978(18); S-O2 1.439(2); P-Ru-O1 81.31(5); P-Ru-N2 90.41(6); N2-Ru-N3 P’-Ru-O1 98.69(5); O1-

Ru-N2 89.55(7); P-N1-S 115.40(13); N1-S-O1 113.35(11); N1-S-O2 113.02(12); Ru-O1-S 

118.55(10). 

We speculate that the formation of 13 originates from an autoprotonolysis process between 

two molecules of 12, as depicted in Scheme 8, which results in formation of dication 14 and 

neutral species 13 that was characterized in the solid state. The proposed equilibrium might be 

influenced by solvent polarity, but this has not been further investigated to date. Only 

complex 12 could be detected by HRMS spectrometry. 

 

 

 

 

 

 

Scheme 8. Proposed auto-protolysis of 11 to generate neutral complex 13, [Ru(1B)2(NCMe)2]. 

Upon addition of phosphoramidite-based METAMORPhos derivative [HNEt3][1K] (1 

equiv.), which bears a chiral binaphthol auxiliary, to complex 11, we observed the formation 

of two diastereomers (15a and 15b) in the 
31

P NMR spectrum due to the presence of a chiral 

sulfur atom as well as the atropisomeric chirality of the binaphthyl unit. This implies that the 

chirality at the sulfur center is kinetically stable under these ligand substitution conditions, 

which could hold promise as an additional ligand design element for applications in 

asymmetric catalysis. 
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5.3 Conclusion 

In summary, we have successfully synthesized a range of METAMORPhos ligands by 

coupling sulfonamides with chlorophosphorus reagents. The introduction of electron-donating 

or -withdrawing substituents is possible at phosphorus and sulfur independently, thus creating 

a versatile library of these proton-responsive ligands. The presence of steric bulk at 

phosphorus strongly favors formation and isolation of METAMORPhos ligands over the 

diphosphorus (PPN) compound 2, which results from double condensation. The prototropic 

behavior of the METAMORPhos ligand family is tuned by the electronic character of both P 

and S substituents, but to a varying extent. The use of dialkylchlorophosphines leads to 

exclusive formation of the P
V
 tautomer, which features a P-H unit, whereas for 

chlorodiarylphosphines the ratio between the P
III

 (N-H) and P
V
 (P-H) tautomers is strongly 

dependent on the nature of the organic group at sulfur. The coordination of these 

METAMORPhos ligands to ruthenium was investigated by using two different Ru precursors. 

The first piano-stool-type complexes with METAMORPhos ligands were prepared and fully 

characterized, including X-ray crystal-structure determination (for 6). Exclusive coordination 

as the monoanionic P,O chelate was observed for a range of complexes in the solid state, 

whereas the corresponding solution phase also indicated coordination as neutral monodentate 

P donor. Upon coordination of the ligand platform as P,O chelate, the sulfur atom becomes 

chiral, and this chirality is retained during subsequent substitution reactions at Ru, as 

evidenced by the conversion of [Ru(1B)(NCMe)4]PF6. This feature was not observed for Rh-

METAMORPhos complexes due to their dynamic coordination behavior. The heterolytic 

splitting of dihydrogen occurs in a bifunctional manner, thereby resulting in reprotonation of 

the anionic P,O chelate and formation of the neutral species [Ru(H)(Cl)(L
H

)] with only P-

coordination. Tuning of the proton-responsive character allows for modulation of the rate of 

H2 splitting with these piano-stool Ru species. 

5.4 Experimental Section 

5.4.1 General 

All reactions were carried out under an atmosphere of nitrogen using standard Schlenk techniques. 

Reagents were purchased from commercial suppliers and used without further purification. 

[Ru(H)(Cl)(PPh3)3(CO)],
18

 1A, 1I, 1J and 1K were prepared following literature procedures.
10a,11  

THF, pentane, hexane and Et2O were distilled from sodium benzophenone ketyl. CH2Cl2 and 

acetonitrile were distilled from CaH2, toluene from sodium under nitrogen. NMR spectra (
1
H, 

1
H{

31
P}, 

31
P{

1
H} and 

13
C{

1
H}) were measured on a Varian INOVA 500 MHz, a Bker AV400 or a Varian 

MERCURY 300 MHz spectrometer. High resolution ESI (electrospray ionization) mass spectra were 

obtained on a time-of-flight JEOL AccuTOF LC-plus mass spectrometer (JMS-T100LP) equipped 

with an ESI source. Calculated spectra were obtained with JEOL Isotopic Simulator (version 1.3.0.0). 

High resolution FAB (Fast Atom Bombardment) mass spectra were recorded on a JEOL JMS 

SX/SX102A four sector mass spectrometer. 

5.4.2 Ligand synthesis 

Ligand 1B: Commercially available p-tolyl sulfonamide (10 mmol, 1 eq.) was placed in a Schlenk 

flask under nitrogen. The compound was azeotropically dried with toluene and then dissolved in THF 

(20 mL) and triethylamine (25 mmol). Distilled chlorodiphenylphosphine (10 mmol, 1.0 eq) was 

added dropwise under strong magnetic stirring at room temperature. After stirring overnight, the 
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solution was filtered under nitrogen atmosphere to remove insoluble triethylammonium chloride salt. 

The solvent was removed in vacuo to yield a white solid. The product was washed with diethylether 

(50 mL) and dissolved in dichloromethane (5 mL). The resulting solution was filtered over a short 

plug of silica gel with dichloromethane as an eluent (25 mL). Dichloromethane was evaporated to 

afford the product as a white powder in 94% yield.   
1
H NMR (400 MHz, CD2Cl2): δ 8.01 (d, 

1
JP-H = 490 Hz, P

V
 tautomer, PH), 7.79-7.12 (aromatic 

region), 5.63 (br. s, P
III

 tautomer, NH), 2.43 (s, P
III

 tautomer, CH3), 2.41 (br. s, P
III

 tautomer, CH3). 
31

P NMR (162 MHz, CD2Cl2): δ 33.2 (s, P
III

 tautomer), 4.3 (d, P
V
 tautomer, 

1
JP-H = 495 Hz). P

III
 is the 

major component, on 
31

P and 
1
H integration. 

13
C{

1
H} NMR (101 MHz, CD2Cl2): δ 144.2, 144.2, 139.3, 138.1, 133.1 (d, J = 3.0 Hz), 131.9 (br. d., J 

= 22.3 Hz), 131.1 (d, J = 11.7 Hz), 130.2, 130.2 (br. d., J = 19.1 Hz), 129.4 (d, J = 12.7 Hz), 129.2, 

127.2, 126.8, 21.8. NB: some signals of the minor tautomer (especially quaternary carbons) may be 

missing due to their low intensity compared to the noise and/or when they are broad. Only one signal 

for the CH3 protons is observed, probably due to overlap. Overlapping may also occurs for aromatic 

signals, especially when they are broad. 

HR-MS (ESI+): m/z calcd. for C19H19NO2PS: [M+H]
+
: 356.08741; obsd.: 356.08754. 

Ligand 1C: was obtained via the same procedure as compound 1B, starting from commercially 

available p-methoxyphenyl sulfonamide, in 91% yield. 
1
H NMR (400 MHz, CD2Cl2): δ 8.08 (d, 

1
JP-H = 488 Hz, P

V
 tautomer), 7.85-6.78 (aromatic region), 

5.53 (d, 
1
JP-H = 6.3 Hz, P

III
 tautomer), 3.86 (s), 3.80 (s). 

31
P NMR (162 MHz, CD2Cl2) δ 32.9 (s, P

III
 tautomer), 4.14 (d, 

1
JP-H = 490 Hz, P

V
 tautomer). P

III
 is the 

major component, on 
31

P and 
1
H integration. 

13
C{

1
H} NMR (101 MHz, CD2Cl2): δ 163.5 (CO), 138.1 (d, J = 13Hz), 133.9, 131.8 (d, J = 22 Hz), 

130.3, 129.4, 129.2 (d, J = 7 Hz), 129.0, 114.7, 114.6, 56.2. NB: some signals of the minor tautomer 

(especially quaternary carbons) may be missing due to their low intensity compared to the noise. Only 

one signal for the CH3 protons is observed, probably due to overlap. Overlapping may also occurs for 

aromatic signals, especially when they are broad. 

HR-MS (ESI+): m/z calcd. for C19H19NO3PS: [M+H]
+
: 372.08233; obsd.: 372.08429. 

Compound 2C was observed as a minor by-product and only characterized by in-situ 
31

P NMR 

spectroscopy. 
31

P NMR (121 MHz, THF): δ 49.1 (d, 
1
JP-P = 282 Hz), 9.6 (d, 

1
JP-P = 282 Hz). 

Compound 2D was obtained via the same procedure as compound 1B, starting from commercially 

available 3,5-bis(trifluoromethyl)phenyl sulfonamide. 
31

P NMR (121 MHz, THF): δ 45.4 (d, 
1
JP-P = 

272 Hz), 10.6 (d, 
1
JP-P = 272 Hz). 

Ligand 1E: Commercially available 3,5-bis(trifluoromethyl)phenyl sulfonamide (1 equiv., 10 mmol) 

was placed in a Schlenk flask under nitrogen. The compound was azeotropically dried with toluene 

and then dissolved in THF (15 mL) and triethylamine (25 mmol). A solution of bis(2-

methylphenyl)chlorophosphine (10 mmol, 1.0 equiv.) in THF (5 mL) was added dropwise under 

strong magnetic stirring at room temperature. After stirring overnight at 60 °C, the solution was 

filtered under a nitrogen atmosphere to remove the insoluble triethylamonium chloride salt. The 

solvent was removed under vacuum to leave a viscous oil. This residue was triturated with diethyl 

ether (50 mL) and subsequently filtered. After one day under dynamic vacuum, the oil solidified to 

yield a white solid that still contained triethylamine and traces of solvent (55 % yield). 
1
H NMR (400 

MHz, CD2Cl2): δ = 8.69-7.16 (aromatic region), 2.76 (q, 
3
JH,H = 7.3 Hz, CH2 of NEt3), 2.17 (s), 1.12 (t, 

3
JH,H = 7.3 Hz, CH3 of NEt3) ppm. 1E

H
 to NEt3 ratio of 5 based on proton integration. 

13
C{

1
H} NMR 

(101 MHz, CD2Cl2): δ = 142.2 (s, Cquat), 142.0 (s, Cquat), 133.8 (s, CH), 133.0 (d, JP,C = 3 Hz, CH), 

132.9 (s, CH), 132.8 (s, CH), 132.7 (s, Cquat), 132.4 (s, Cquat), 132.0 (s, Cquat), 131.9 (br. s, CH), 131.4 

(d, JP,C = 3 Hz, CH), 127.1 (br. m, CH), 124.9 (br. m, CH), 124.7 (s, Cquat), 122.0 (s, Cquat), 20.6 (s, 

CH3), 20.4 (s, CH3) ppm. 
19

F NMR (282 MHz, CD2Cl2): δ = -63.2 (s) ppm. 
31

P NMR (162 MHz, 

CD2Cl2): δ = 9.5 (s, P
III

 tautomer), 1.0 (d, 
1
JP,H = 497 Hz, P

V
 tautomer) ppm. P

III
 is the major 

component, on 
31

P integration. HRMS (ESI+): m/z calcd. for C28H34F6N2O2PS (NEt3 adduct): [M + 

HNEt3]
+
: 607.19828; found 607.19790. 

Compound 2E was observed as a minor by-product and only characterized by in situ 
31

P NMR 

spectroscopy.
31

P NMR (121 MHz, THF): δ 17.7 (d, 
1
JP-P = 292 Hz), -32.5 (d, 

1
JP-P = 292 Hz). 

Ligand 1F: Obtained by means of the same procedure as compound 1B, starting from commercially 

available chlorodiisopropylphosphine and p-butylphenyl sulfonamide in 75 % yield. 
1
H NMR (400 
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MHz, CDCl3): δ = 7.82 (d, 
3
JH,H = 8 Hz, 2 H), 7.21 (d, 

3
JH,H = 8 Hz, 2 H), 6.36 (dt, 

1
JH,P = 441, 

2
JH,H = 

4 Hz, 1 H, PH), 2.63 (t, 
3
JH,H = 7 Hz, 2 H, Ar-CH2-CH2-CH2-CH3), 2.23 (m, 2 H, CH isopropyl), 1.58 

(m, 2 H, Ar-CH2-CH2-CH2-CH3), 1.33 (m, 2 H, Ar-CH2-CH2-CH2-CH3), 1.24 (m, 12 H, CH3 

isopropyl), 0.91 (t, 
3
JH,H = 7 Hz, 3 H, Ar-CH2-CH2-CH2-CH3) ppm. 

13
C{

1
H} NMR (101 MHz, CDCl3): 

δ = 145.8 (s), 142.9 (s), 128.2 (s), 125.6 (s), 34.2 (d, 
1
JP,C = 211 Hz), 23.8 (s), 23.1 (s), 22.1 (s), 16.4 

(s), 15.4 (d, 
2
JP,C = 4 Hz), 13.8 (s) ppm. 

31
P NMR (162 MHz, CDCl3): δ = 36.9 (m, 

1
JH,P = 441 Hz) 

ppm. 

Compound 2F was observed as minor by-product and only characterized by in situ 
31

P NMR 

spectroscopy. 
31

P NMR (121 MHz, THF): δ 49.4 (d, 
1
JP-P = 325 Hz), -5.8 (d, 

1
JP-P = 325 Hz). 

Ligand 1G: was obtained via the same procedure as compound 1B, starting from commercially 

available chlorodi(isopropyl)phosphine and trifluoromethyl sulfonamide, in 75% yield. 
1
H NMR (400 MHz, CD2Cl2): δ 6.36 (dt, 

1
JH-P = 453 Hz,  

2
JH-H  = 4 Hz, 1H, PH), 2.31 (m, 2H, CH), 

1.31 (dd, 
2
JH-H = 7.2 Hz, 

3
JH-P = 18 Hz,  6H), 1.30, (dd, 

2
JH-H = 7.2, 

3
JH-P = 21 Hz, 6H). 1b is the only 

observed tautomer. 
31

P NMR (162 MHz, CD2Cl2) δ 42.7  (dm, 
1
JH-P = 453 Hz). 

19
F NMR (282 MHz, CD2Cl2) δ -78.8 (s). 

13
C{

1
H} NMR (101 MHz, CD2Cl2)) δ 23.8 (d, 

1
JP-C = 63 Hz), 16.6 (s), 15.5 (d, 

2
JP-C = 4 Hz). 

HR-MS (ESI+): m/z calcd. for C7H16F3NO2PS: [M+H]
+
: 266.05915; obsd.: 266.05842. 

Compound 2G was observed as minor by-product and only characterized by in situ 
31

P NMR 

spectroscopy.
31

P NMR (121 MHz, THF): δ 56.2 (d, 
1
JP-P = 343 Hz), -5.3 (d, 

1
JP-P = 343 Hz). 

Ligand 1H: was obtained with the same procedure as compound 1B starting from commercially 

available chlorodi(tertbutyl)phosphine and trifluoromethyl sulfonamide in 90% yield. 
1
H NMR (400 MHz, CD2Cl2): δ 6.13 (d, 

1
JH-P = 442 Hz, 1H), 1.36 (d, 

3
JH-P = 17.3 Hz, 18H). 

31
P NMR (162 MHz, CD2Cl2): δ 50.6 (m, 

1
JH-P = 442 Hz). 

13
C{

1
H} NMR (101 MHz, CD2Cl2): δ 34.6 (d, 

1
JP-C = 57.0 Hz), 26.5 (d, 

2
JP-C = 2 Hz). 

19
F NMR (282 MHz, CD2Cl2) δ -78.8 (s). 

HR-MS (ESI+): m/z calcd. for C9H20F3NO2PS: [M+H]
+
: 294.09045; obsd.: 294.09000. 

5.4.3 Complex synthesis 

Synthesis of 3 (mixture of diastereoisomers): Ligand 1F (1 equiv., 0.15 mmol) and 

[Ru(H)(Cl)(PPh3)3(CO)] (1 equiv., 0.15 mmol) were heated at reflux overnight in toluene (5 mL) 

under nitrogen. The solvent was removed by vacuum and the residue was dissolved in diethyl ether (2 

mL). Hexane (8 mL) was added and the solution was kept at -20 °C overnight, thus leading to a yellow 

precipitate that was filtered and washed with hexane (10 mL). Complex 3 was obtained in 35 % yield. 

Slow evaporation of a saturated solution of complex 3 in diethyl ether resulted in the formation of 

yellow crystals suitable for X-ray analysis after one week at room temp. 
1
H NMR (400 MHz, CDCl3): 

δ = 8.21-6.94 (aromatic region, 38 H), 2.71-2.53 (4 H, Ar-CH2-CH2-CH2-CH3 both diastereoisomers), 

2.20-2.02 (alkyl region, 2 H), 1.67-0.67 (alkyl region, 42 H) ppm. 
31

P{
1
H} NMR (162 MHz, CDCl3): δ 

= 100.0 (d, 
2
JP,P = 25.5 Hz, diastereoisomer a), 97.7 (d, 

2
JP,P = 24.0 Hz, diastereoisomer b), 39.1 (d, 

2
JP,P = 24.0 Hz, diastereoisomer b), 37.4 (d, 

2
JP,P = 25.5 Hz, diastereoisomer a) ppm. Ratio of 

diastereoisomer a/b = 1.7 After purification, based on 
31

P integrals. HRMS (ESI+): m/z calcd. for 

C70H86Cl2N2O6P4Ru2S2: 1512.23418 [M
·
]

+
; found 1512.23667. 

General Synthesis of Piano-Stool Complexes: Ligand 1 (2 mmol, 1 equiv.) and [{RuCl(cymene)(μ-

Cl)}2] (1 mmol, 0.5 equiv.) were dissolved in THF (20 mL) at room temperature. Triethylamine (1 

mL) was added, and the solution was stirred at room temperature for 2 h. The solution was filtered, 

and the THF was evaporated. The residue was dissolved in dichloromethane (5 mL) and diethyl ether 

(35 mL) was added dropwise, which lead to the formation of an orange precipitate which was filtered 

and washed with diethyl ether (10 mL). 

Complex 6: Obtained in 93 % yield from ligand 1A. For crystallization, a solution of 6 (20 mg) in 

THF (0.2 mL) was layered with diethyl ether (1 mL) to give a red crystalline material (suitable for X-

ray analysis) after two weeks of slow diffusion at room temp. 
1
H NMR (400 MHz, CDCl3): δ = 7.86-

7.36 (12 H), 7.08 (d, 
3
JH,H = 8.3 Hz, 2 H, CH), 5.68 (d, 

3
JH,H = 6.3 Hz, 1 H, Arcymene CH), 5.40 (d, 

3
JH,H 

= 6.4 Hz, 1 H, Arcymene CH), 5.26 (m, 
3
JH,H = 5.8 Hz, 1 H, Arcymene CH), 4.83 (m, 

3
JH,H = 5.7 Hz, 1 H, 

Arcymene CH), 2.59 (m, 1 H, iPrCymene CH), 2.54 [t, 
3
JH,H = 7.0 Hz, 2 H, Ar-CH2-(CH2)2-CH3], 2.12 (s, 3 

H, CH3 cymene), 1.50 (m, 2 H, Ar-CH2-CH2-CH2-CH3), 1.32-1.18 [8 H, isopropyl cymene CH3 and Ar-
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(CH2)2-CH2-CH3] 0.87 (t, 
3
JH,H = 7.3 Hz, 3 H, butyl CH3) ppm. 

13
C{

1
H} NMR (101 MHz, CDCl3): δ = 

146.7 (s, Cquat, butylphenyl), 142.2 (d, 
1
JP,C = 60.0 Hz, Cquat, phenyl), 139.1 (d, 

3
JP,C = 3.6 Hz, Cquat, 

butylphenyl), 133.1 (d, 
1
JP,C = 67.3 Hz, Cquat, phenyl), 132.2 (d, JP,C = 11.3 Hz, CH, phenyl), 130.627 

(d, JP,C = 2.7 Hz, CH, phenyl), 130.4 (d, JP,C = 11.4 Hz, CH, phenyl), 130.047 (d, JP,C = 2.8 Hz, CH, 

phenyl), 128.7 (d, JP,C = 10.8 Hz, CH, phenyl), 128.7 (s, CH, butylphenyl), 128.0 (d, JP,C = 11.8 Hz, 

CH, phenyl), 127.9 (s, CH, butylphenyl), 105.090 (s, Cquat, cymene), 94.614 (d, 
2
JP,C = 6.2 Hz, CH, 

cymene), 93.4 (s, Cquat, cymene), 86.5 (d, 
2
JP,C = 6.9 Hz, CH, cymene), 86.0 (d, 

2
JP,C = 3.2 Hz, CH, 

cymene), 83.2 (d, 
2
JP,C = 3.2 Hz, CH, cymene), 35.6 (s, CH2, butyl), 33.4 (s, CH2, butyl), 30.7 (s, CH, 

cymene), 22.4 (s, CH3, CH3-CH cymene), 22.3 (s, CH2, butyl), 22.3 (s, CH3, CH3-CH cymene), 18.7 

(s, CH3, CH3-Ar cymene), 14.0 (s, CH3, butyl) ppm. 
31

P{
1
H} NMR (162 MHz, CDCl3): δ = 73.5 (s) 

ppm. HRMS (FAB+): m/z calcd. for C32H38ClNO2PRuS: 668.1093 [M + H]
+
; found 668.1097. 

Complex 7: Obtained in 98 % yield from ligand 1B. 
1
H NMR (400 MHz, CD2Cl2): δ = 7.82-7.39 

(aromatic region, 12 H), 7.11 (d, 
3
JH,H = 8.0 Hz, 2 H, tolyl aromatic CH), 5.70 (m, 

3
JH,H = 6.3 Hz, 1 H, 

Arcymene CH), 5.42 (d.m., 
3
JH,H = 6.3 Hz, 1 H, Arcymene CH), 5.230 (d.m., 

3
JH,H = 5.8 Hz, 1 H, Arcymene 

CH), 4.80 (m, 
3
JH,H = 5.8 Hz, 1 H, Arcymene CH), 2.49 (m, 1 H, isopropyl cymene CH), 2.31 (s, 3 H), 

2.07 (s, 3 H), 1.24 (d, 
3
JH,H = 6.9 Hz, 3 H, isopropyl CH3), 1.16 (d, 

3
JH,H = 6.9 Hz, 3 H, isopropyl CH3) 

ppm. 
31

P{
1
H} NMR (162 MHz, CD2Cl2): δ = 73.3 (s) ppm. 

13
C{

1
H} NMR (101 MHz, CD2Cl2): δ = 

142.5 (d, 
1
JP,C = 59.5 Hz, Cquat, phenyl), 142.4 (s, Cquat, tolyl C-Me), 140.0 (d, 

3
JP,C = 3.7 Hz, Cquat, C-

S), 134.0 (d, 
1
JP,C = 67.4 Hz, Cquat, phenyl), 132.4 (d, JP,C = 11.2 Hz, CH, phenyl), 130.9 (d, JP,C = 2.9 

Hz, CH, phenyl), 130.6 (d, JP,C = 11.2 Hz, CH, phenyl), 130.4 (d, JP,C = 2.7 Hz, CH, phenyl), 129.3 (s, 

CH, tolyl), 129.1 (d, JP,C = 10.9 Hz, CH, phenyl), 128.4 (d, JP,C = 11.7 Hz, CH, phenyl), 127.9 (s, CH, 

tolyl), 105.7 (s, Cquat, cymene), 95.3 (d, 
2
JP,C = 6.3 Hz, CH, cymene), 94.0 (s, Cquat, cymene), 86.9 (d, 

2
JP,C = 6.9 Hz, CH, cymene), 86.1 (d, 

2
JP,C = 3.3 Hz, CH, cymene), 82.6 (d, 

2
JP,C = 2.9 Hz, CH, 

cymene), 31.1 (s, CH, cymene), 22.6 (s, CH3), 22.2 (s, CH3), 21.6 (s, CH3), 18.8 (s, CH3, CH3-Ar 

cymene) ppm. HRMS (ESI+): m/z calcd. for C29H32ClNO2PRuS: 626.06234 [M + H]
+
; found 

626.06409. 

Complex 8: Obtained in 97% yield from ligand 1C. 
1
H NMR (400 MHz, CD2Cl2): δ 7.82-7.34 (12H), 6.80 (m, 

3
JH-H = 8.8 Hz, 2H, anisyl CH), 5.71 (m, 

3
JH-H = 6.3 Hz, 1H, Arcymene CH), 5.43 (m, 

3
JH-H = 6.3 Hz, 1H, Arcymene CH), 5.23 (m, 

3
JH-H = 5.8 Hz, 

1H, Arcymene CH), 4.80 (m., 
3
JH-H = 5.8 Hz, 1H, Arcymene CH), 3.77 (s, 3H, anisyl CH3), 2.49 (m, 1H, 

isopropyl cymene CH), 2.07 (s, 3H, cymene Ar-CH3), 1.24 (d, 
3
JH-H = 7.0 Hz, 3H, isopropyl cymene 

CH3), 1.16 (d, 
3
JH-H = 6.9 Hz, 3H, isopropyl cymene CH3). 

31
P{

1
H} NMR (162 MHz, CD2Cl2): δ 73.0 (s). 

13
C{

1
H} NMR (101 MHz, CD2Cl2): δ 162.5 (s, C-O), 142.6 (d, 

1
JP-C = 59.3 Hz, Cquat, phenyl), 134.7 

(d, 
3
JP-C = 4.0 Hz, Cquat, C-S), 134.0 (d, 

1
JP-C = 67.5 Hz, Cquat, phenyl), 132.5 (d, JP-C = 11.1 Hz, CH, 

phenyl), 130.9 (d, JP-C = 2.9 Hz, CH, phenyl), 130.7 (d, JP-C = 11.2 Hz, CH, phenyl), 130.5 (d, JP-C = 

2.9 Hz, CH, phenyl), 130.0 (s, CH, aromatic anisyl), 129.1 (d, JP-C = 10.9 Hz, CH, phenyl), 128.4 (d, 

JP-C = 11.6 Hz, CH, phenyl), 113.8 (s, CH, aromatic anisyl), 105.7 (s, Cquat, cymene), 95.3 (d, 
2
JP-C = 

6.5 Hz, CH, cymene), 94.1 (s, Cquat, cymene), 86.9 (d, 
2
JP-C = 7.0 Hz, CH, cymene), 86.1 (d, 

2
JP-C = 3.1 

Hz, CH, cymene), 82.7 (d, 
2
JP-C = 2.9 Hz, CH, cymene), 56.0 (s, CH3, C-O), 31.1 (s, CH, cymene), 

22.6 (s, CH3, cymene), 22.3 (s, CH3, cymene), 18.8 (s, CH3, CH3-Ar cymene). 

HR-MS (ESI+): m/z calcd. for C29H32ClNO3PRuS: [M+H]
+
: 642.05725; obsd.: 642.05485. 

Complex 9: Obtained in 89% yield from ligand 1D. This complex is soluble in toluene and partly 

soluble in diethylether. Its purification procedure was different than for complexes 6-8: After filtration 

and evaporation of solvent, the residue was dissolved in toluene (3 mL) and pentane (10 mL) was 

added dropwise, leading to an orange-red precipitate that was washed with pentane (5 mL).  
1
H NMR (400 MHz, CD2Cl2): δ 8.17-7.12 (11H), 5.65 (m, 

3
JH-H = 6.2 Hz, 1H, Arcymene CH), 5.35 (m, 

3
JH-H = 5.9 Hz, 1H, Arcymene CH), 5.22 (m, 

3
JH-H = 6.1 Hz, 1H, Arcymene CH), 4.98 (m, 

3
JH-H = 5.8 Hz, 

1H, Arcymene CH), 2.51 (m, 1H, isopropyl cymene CH), 2.20 (s, 3H), 2.16 (s, 3H), 2.01 (s, 3H), 1.24 (d, 
3
JH-H = 6.9 Hz, 3H, isopropyl cymene), 1.17 (d, 

3
JH-H = 6.9 Hz, 3H, isopropyl cymene). 

31
P{

1
H} NMR (162 MHz, CD2Cl2): δ 68.5 (s). 

13
C{

1
H} NMR (101 MHz, CD2Cl2): δ 147.3 (d, JP-C = 3.0 Hz, Cquat), 143.0 (s, Cquat), 139.6 (d, JP-C = 

54.7 Hz, Cquat), 138.8 (d, JP-C = 11.8 Hz, Cquat), 138.8 (d, JP-C = 26.4 Hz, CH), 132.6 (d, JP-C = 10.4 Hz, 

CH), 132.3 (d, JP-C = 9.1 Hz, CH), 131.9 (d, JP-C = 11.3 Hz, CH), 131.8 (s, CH), 131.456 (d, JP-C = 33.9 

Hz, Cquat), 131.2 (d, JP-C = 2.7 Hz, CH), 130.8 (d, JP-C = 61.6 Hz, Cquat), 128.5 (m, CH), 127.2 (d, JP-C = 
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10.2 Hz, CH), 124.9 (m, CH), 124.9 (d, JP-C = 16.7 Hz, CH), 122.1 (s, Cquat), 105.8 (s, Cquat, cymene),  

94.2 (s, Cquat, cymene), 94.2 (m, CH, cymene), 88.7 (d, 
2
JP-C = 4.0 Hz, CH, cymene), 84.4 (d, 

2
JP-C = 

3.2 Hz, CH, cymene), 84.1 (d, 
2
JP-C = 4.7 Hz, CH, cymene), 105.8, 94.2, 88.7 (d, J = 4.0 Hz), 84.4 (d, 

J = 3.2 Hz), 31.3 (s, CH, cymene), 23.3 (d, 
4
JP-C = 5.0 Hz, CH3, tolyl), 22.9 (s, CH3, CH3-CH cymene), 

21.9 (s, CH3, CH3-CH cymene), 21.6 (d, 
4
JP-C = 3.4 Hz, CH3, tolyl), 18.6 (s, CH3, CH3-Ar cymene). 

19
F NMR (282 MHz, CD2Cl2): δ - 63.5 (s).\ 

HR-MS (ESI+): m/z calcd. for C32H32ClF6NO2PRuS: [M+H]
+
: 776.05276; obsd.: 776.05099. 

Heterolytic Cleavage of H2 Using 7 to Yield Complex 10: Method A: Complex 7 (1 equiv., 12.5 

μmol), KPF6 (10 equiv., 125 μmol), and [D8]THF (0.5 mL) were charged in a high-pressure NMR 

spectroscopy tube. The tube was pressurized with hydrogen (10 bar), stirred, and sonicated for 4 days. 
1
H NMR (400 MHz, [D8]THF): δ = 7.94 (m, 2 H, phenyl C-H), 7.85 (d, 

3
JP,H = 10.7 Hz, 1 H, N-H), 

7.79 (m, 2 H, phenyl C-H), 7.42-7.32 (6 H, phenyl C-H), 6.96 (d, 
3
JH,H = 8.2 Hz, 2 H, tolyl C-H), 6.89 

(d, 
3
JH,H = 8.2 Hz, 2 H, tolyl C-H), 5.63 (d, JH,H = 6.2 Hz, 1 H, Arcymene C-H), 5.39 (d, JH,H = 5.8 Hz, 1 

H, Arcymene C-H), 4.72 (d, JH,H = 6.2 Hz, 1 H, Arcymene C-H), 4.54 (s, dissolved H2), 4.39 (d, JH,H = 5.8 

Hz, 1 H, Arcymene C-H), 2.25 (s, 3 H), 1.84 (m, 1 H, isopropyl cymene C-H), 1.80 (s, 3 H), 0.98 (d, 
3
JH,H 

= 5.0 Hz, 3 H, isopropyl cymene CH3), 0.96 (d, 
3
JH,H = 5.0 Hz, 3 H, isopropyl cymene CH3), -8.34 (d, 

J = 52.5 Hz, 1 H) ppm. 
31

P NMR (162 MHz, [D8]THF): δ = 87.7 (m, JP,H = 52 Hz) ppm. Method B: 

Complex 7 (1 equiv., 125 μmol) and KPF6 (2 equiv., 250 μmol) were suspended in THF (2 mL). The 

solution was charged into an autoclave and submitted to H2 (50 bar) for 10 h. After depressurizing to 

ambient conditions, the solution was filtered and the solvent was evaporated. The residue was 

dissolved in dichloromethane and filtered with an HPLC filter. The solvent was evaporated to yield 

complex 10 in quantitative yield. Method C: Complex 7 (1 equiv., 12.5 μmol) was dissolved in THF 

(0.5 mL) and submitted to an atmosphere of H2 (50 bar) in an autoclave/NMR spectroscopy tube for 

10 h. After depressurizing to ambient conditions, the solvent was evaporated to yield complex 10 in 

quantitative yield. 
1
H NMR (400 MHz, CD2Cl2): δ = 7.92 (dd, JP,H = 11.5, JH,H = 7.5 Hz, 2 H, phenyl 

C-H), 7.76 (dd, JP,H = 12.0, JH,H = 7.1 Hz, 2 H, phenyl C-H), 7.57 (d, 
2
JP,H = 10.9 Hz, 1 H, N-H), 7.48-

7.35 (6 H), 6.96 (d, 
3
JH,H = 8.2 Hz, 2 H, tolyl C-H), 6.91 (d, 

3
JH,H = 8.2 Hz, 2 H, tolyl C-H), 5.61 (d, 

JH,H = 6.2 Hz, 1 H, Arcymene C-H), 5.36 (d, JH,H = 5.9 Hz, 1 H, Arcymene C-H), 4.69 (d, JH,H = 6.2 Hz, 1 

H, Arcymene C-H), 4.28 (d, J = 5.8 Hz, 1 H, Arcymene C-H), 2.28 (s, 3 H), 1.83 (s, 3 H), 1.81 (m, 1 H, 

isopropyl cymene C-H), 0.99 (d, 
3
JH,H = 7.0 Hz, 6 H), -8.45 (d, 

2
JP,H = 52.0 Hz, 1 H) ppm. 

31
P NMR 

(162 MHz, CD2Cl2): δ = 89.2 (m, 
2
JP,H = 52.0 Hz) ppm. 

13
C{

1
H} NMR (75 MHz, CD2Cl2): δ = 143.1 

(s, Cquat, tolyl C-Me), 139.5 (s, Cquat, tolyl C-Me), 136.0 (d, 
1
JP,C = 44.3 Hz, Cquat, phenyl), 135.2 (d, 

1
JP,C = 65.3 Hz, Cquat, phenyl), 133.6 (d, JP,C = 13.1 Hz, CH, phenyl), 133.1 (d, JP,C = 12.5 Hz, CH, 

phenyl), 131.4 (d, JP,C = 2.2 Hz, CH, phenyl), 131.1 (d, JP,C = 2.5 Hz, CH, phenyl), 129.4 (s, CH, 

tolyl), 128.4 (d, JP,C = 5.7 Hz, CH, phenyl), 128.2 (d, JP,C = 6.3 Hz, CH, phenyl), 126.4 (s, CH, tolyl), 

110.0 (s, Cquat, cymene), 103.2 (s, Cquat, cymene), 93.2 (d, 
2
JP,C = 3.8 Hz, CH, cymene), 90.5 (d, 

2
JP,C = 

6.6 Hz, CH, cymene), 89.10 (d, 
2
JP,C = 5.5 Hz, CH, cymene), 82.40 (d, 

2
JP,C = 3.0 Hz, CH, cymene), 

31.4 (s, CH, cymene), 24.6 (s, CH3), 22.0 (s, CH3), 21.7 (s, CH3), 19.0 (s, CH3, CH3-Ar cymene) ppm. 

HRMS (ESI+): m/z calcd. for C29H33ClKNO2PRuS: 666.03425 [M + K]
+
; found 666.03437; m/z calcd. 

for C29H33NO2PRuS: 592.10203 [M - Cl]
+
; found 592.10311. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Top: 
1
H NMR spectrum of 10; 

bottom: 
1
H{

31
P} NMR of 10; (CD2Cl2) 
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Figure 5. Top: 
31

P NMR spectrum of 10; bottom: 
31

P {
1
H} NMR of 10; (CD2Cl2) 

In Situ Synthesis and Characterization of Complex 10’’BF4: Complex 10 (1 equiv., 17.5 μmol), 

AgBF4 (17.5 μmol), and CD2Cl2 (0.7 mL) were stirred for 2 h under nitrogen. The solution was 

filtered and introduced into a screw-cap NMR spectroscopy tube for direct measurement (
31

P yield: 

87.5 %). 
1
H NMR (500 MHz, MHz, CD2Cl2): δ = 7.88-7.24, 6.40 (br., Arcymene C-H), 6.33 (d, J = 4.5 

Hz, Arcymene C-H), 6.26 (d, J = 6.0 Hz, Arcymene C-H), 6.18 (br., Arcymene C-H), 6.11 (br., Arcymene C-H), 

5.82 (br., Arcymene C-H), 5.68 (d, J = 6.5 Hz, Arcymene C-H), 5.52 (br., Arcymene C-H), 2.50-0.09 (alkyl 

region), -9.06 (d, 
2
JP,H = 37.8 Hz), -9.16 (d, 

2
JP,H = 35.1 Hz) ppm. 

31
P{

1
H} NMR (202 MHz, CD2Cl2): 

δ = 100.4, 97.1 ppm. Complex 10″ was formed as a 1:1 mixture of diastereoisomers (the eight cymene 

signals and both hydride signals integrate for 1H each; both phosphorus signals integrate for 1P). The 

phosphorus-hydride coupling was not observed in the 
31

P NMR spectra due to broadened signals. 

Complex 10’’’: 17.5 µmol of complex 7 (1 eq) and 0.1 mL of a solution of HCl in diethylether (1M, 

100 µmol, 5.7 eq) were stirred in dichloromethane (1 mL) for five minutes under nitrogen. The solvent 

was evaporated and the residue was dissolved in CD2Cl2 for NMR analysis. 
1
H NMR (400 MHz, CD2Cl2): δ 7.94-7.43 (10H, phenyl), 6.98 (d, 

3
JH-H = 7.9 Hz, 2H, tolyl C-H), 6.92 

(d, 
3
JH-H = 7.9 Hz, 2H, tolyl C-H), 6.68 (d, 

2
JP-H = 11.0 Hz, 1H, N-H), 5.27 (br, 1H, Arcymene C-H), 5.11 

(br, 1H, Arcymene C-H), 2.47 (br, 1H, isopropyl cymene C-H), 2.29 (s, 3H), 1.86 (s, 3H), 0.75 (d, 
3
JH-H = 

6.2 Hz, 6H). 
31

P NMR (162 MHz, CD2Cl2): δ 64.3 (s). 

Complex 11: Complex 7 (1 equiv., 0.8 mmol) and KPF6 (1.05 equiv., 0.84 mmol) were suspended in 

acetonitrile (50 mL). The reaction mixture was stirred for 2 h at 50 °C. The solvent was removed 

under vacuum, and the residue dissolved in dichloromethane (5 mL). The solution was filtered through 

an HPLC filter and dried. The residue was dissolved in dichloromethane (1 mL), and diethyl ether (10 

mL) was added dropwise while stirring, thus leading to a pale yellow precipitate that was filtered and 

washed with diethyl ether (10 mL). Complex 11 was obtained in quantitative yield. For crystallization, 

a solution of 11 (17.5 μmol) in CD2Cl2 (0.7 mL) was filtered with an HPLC filter and layered with 

methyl tert-butyl ether (1 mL) to result in pale yellow crystals after two weeks of slow diffusion at 

room temp. 
1
H NMR (400 MHz, CD2Cl2): δ = 7.82-7.73 (4 H), 7.59 (d, 

3
JH,H = 8.2 Hz, 2 H, tolyl), 

7.51-7.40 (6 H), 7.17 (d, 
3
JH,H = 8.2 Hz, 2 H, tolyl), 2.59 (s, 3 H), 2.51 (s, 3 H), 2.35 (s, 3 H), 1.98 (s, 3 

H), 1.77 (s, 3 H) ppm. 
13

C{
1
H} NMR (101 MHz, CD2Cl2): δ = 142.3 (s, Cquat, tolyl), 142.2 (d, 

3
JP,C = 

3.7 Hz, Cquat, tolyl), 138.6 (d, 
1
JP,C = 62.8 Hz, Cquat, phenyl), 136.4 (d, 

1
JP,C = 61.2 Hz, Cquat, phenyl), 

131.2 (d, JP,C = 11.6 Hz, CH, phenyl), 131.0 (d, JP,C = 2.5 Hz, CH, phenyl), 130.5 (d, JP,C = 11.7 Hz, 

CH, phenyl), 130.3 (d, JP,C = 2.9 Hz, CH, phenyl), 129.5 (s, CH, tolyl), 129.1 (d, JP,C = 11.1 Hz, CH, 

phenyl), 128.9 (d, JP,C = 11.0 Hz, CH, phenyl), 127.8 (s, Cquat, NCCH3), 126.5 (s, CH, tolyl), 125.1 (s, 

Cquat, NCCH3), 124.3 (s, Cquat, NCCH3), 122.6 (d, 
3
JP,C = 15.4 Hz, Cquat, NCCH3), 20.8 (s, CH3, tolyl), 

4.0 (s, CH3, NCCH3), 3.3 (s, CH3, NCCH3), 3.1 (s, CH3, NCCH3), 2.7 (s, CH3, NCCH3) ppm. 
31

P{
1
H} 

NMR (162 MHz, CD2Cl2): δ = 87.5 (s), -142.3 (PF6) ppm. HRMS (ESI+): m/z calcd. for 

C27H29N5O2PRuS: 620.08296 [M + H]
+
; found 620.08594. 
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Complex 12: Complex 11 (1 equiv., 20 μmol) and ligand 1B (20 μmol) were dissolved in 

dichloromethane (1 mL). The solution was stirred for 5 min at room temperature, and the solvent was 

evaporated. 
1
H NMR (400 MHz, CD2Cl2): δ = 7.93-6.96 (28 H), 6.96 (dd, 

2
JP,H = 15.1, 

4
JP,H = 3.4 Hz, 

1 H, N-H), 2.39 (s, 3 H, CH3), 2.35 (s, 3 H, CH3), 2.30 (s, 3 H, CH3), 1.64 (s, 3 H, CH3), 1.25 (s, 3 H, 

CH3) ppm. 
13

C{
1
H} NMR (101 MHz, CD2Cl2): δ = 144.2 (s, Cquat, tolyl), 142.8 (d, 

3
JP,C = 2.7 Hz, Cquat, 

tolyl), 142.5 (s, Cquat, tolyl), 139.2 (s, Cquat, tolyl), 137.9 (dd, 
1
JP,C = 48.0, 

3
JP,C = 9.7 Hz, Cquat, phenyl), 

135.5 (dd, 
1
JP,C = 47.6, 

3
JP,C = 10.3 Hz, Cquat, phenyl), 134.0 (dd, 

2
JP,C = 11.9, 

4
JP,C = 2.3 Hz, CH, 

phenyl), 133.5 (dd, 
2
JP,C = 11.7, 

4
JP,C = 2.2 Hz, CH, phenyl), 132.0 (br. d, JP,C = 12.1 Hz, CH, phenyl), 

131.6 (dd, 
2
JP,C = 11.3, 

4
JP,C = 2.8 Hz, CH, phenyl), 131.3 (br. d, JP,C = 1.2 Hz, CH, phenyl), 130.5-

130.4 (br., CH, overlapping signals), 129.9 (s, Cquat, NCCH3), 129.7 (s, CH, tolyl), 129.5 (s, CH, tolyl), 

129.4 (d, JP,C = 10.7 Hz, CH, phenyl), 129.1 (d, JP,C = 9.9 Hz, CH, phenyl), 128.9 (d, JP,C = 10.3 Hz, 

CH, phenyl), 128.6 (dd, 
1
JP,C = 14.2, 

3
JP,C = 7.1 Hz, Cquat, phenyl), 128.9 (d, JP,C = 10.1 Hz, CH, 

phenyl), 128.1 (d, 
1
JP,C = 7.1 Hz, Cquat, phenyl), 127.3 (s, Cquat, NCCH3), 126.5 (s, CH, tolyl), 126.2 (s, 

CH, tolyl), 126.1 (s, Cquat, NCCH3), 21.7 (s, CH3, tolyl), 21.6 (s, CH3, tolyl), 4.7 (s, CH3, NCCH3), 3.5 

(s, CH3, NCCH3), 2.9 (s, CH3, NCCH3) ppm. 
31

P{
1
H} NMR (162 MHz, CD2Cl2): δ = 74.2 (d, 

2
JP,P = 

342 Hz), 70.8 (d, 
2
JP,P = 342 Hz), -146.7 (PF6) ppm. HRMS (ESI+): m/z calcd. for C44H44N5O4P2RuS2: 

934.13640 [M - PF6]
+
; found 934.13248. 

Figure 6. 
31

P{
1
H} variable temperature NMR spectra of 12. 

Complex 13: A solution of 12 (17.5 µmol) in CD2Cl2 (0.7 mL) was filtered with a HPLC filter and 

layered with methyl tert-butylether (1 mL, resulting in pale yellow crystals after four weeks of slow 

diffusion at r.t. Dissolution of the crystals in CD2Cl2 and NMR analysis showed 12 as the only 

complex in solution. 

Synthesis and in situ characterization of complex 15 (mixture of diastereoisomers): 8.75 µmol of 

complex 11 (1 eq.) and 8.75 µmol of ligand 1K were dissolved in 0.7 mL CD2Cl2. 
1
H NMR (400 MHz, CD2Cl2): δ 8.08-6.82 (52H), 3.04 (m, 12H, triethylamine CH2), 2.58 (s, 3H), 2.56 

(s, 3H), 2.36 (s, 3H), 1.97 (s, 3H, free CH3CN), 1.94 (s, 3H),1.68 (s, 3H), 1.21 (t, 18H, triethylamine 

CH3), 0.51 (s, 3H), 0.41 (s, 3H). 
31

P {
1
H} NMR (202 MHz, CD2Cl2):  δ 142.3 (d, 

2
JP-P = 516.5 Hz), 141.7 (d, 

2
JP-P = 516.9 Hz), 75.1 (d, 

2
JP-P = 516.9 Hz), 72.1 (d, 

2
JP-P = 516.5 Hz), -146.5 (m, PF6). 

Phosphorus and proton integrations show a 1:1 ratio between both diastereoisomer. 
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5.4.4 X-ray crystallography 

X-ray Crystallography: Reflections were measured on a Bruker Kappa ApexII diffractometer with 

sealed tube and Triumph monochromator ( = 0.71073 Å). The reflections were integrated with the 

Saint
19

 (compound 1) or EVAL15
20

 (2) software. Absorption corrections based on multiple measured 

reflections were performed with SADABS.
21

 The structures were solved with Direct Methods using 

SIR-97
22

 (1) or SHELXS-97
23

 (2). Refinement was performed with SHELXL-97 against F
2
 of all 

reflections. Non-hydrogen atoms were refined freely with anisotropic displacement parameters. 

Hydrogen atoms were introduced in calculated positions. The hydride H-atom of 2 was refined freely 

with an isotropic displacement parameter. The PF6 anion in 2 was disordered over two orientations and 

was refined with restraints for the F-P-F angles and to approximate isotropic behavior. Geometry 

calculations and checking for higher symmetry was performed with the PLATON program.
24

 

Details for complex 3: C70H84Cl2N2O6P4Ru2S2, Fw = 1510.43, yellow block, 0.10  0.12  0.35 mm
3
, 

monoclinic, C2/c (no. 15), a = 19.7290(14), b = 15.7433(7), c = 24.2947(7) Å,  = 112.309(2)º, V = 

6981.1(6) Å
3
, Z = 4, Dx = 1.437 g/cm

3
,  = 0.712 mm

-1
. 70085 Reflections were measured up to (sin 

/)max = 0.65 Å
-1

. 8031 Reflections were unique (Rint = 0.025), of which 7292 were observed 

[I>2(I)]. 410 Parameters were refined with no restraints. Disorder. R1/wR2 [all refl.]: 0.0223 / 

0.0536. S = 1.08. Residual electron density between -0.38 and 0.39 e/Å
3
.  

Details for complex 6: C32H37ClNO2PRuS•C4H8O, Fw = 739.28, yellow block, 0.08  0.08  0.19 

mm
3
, triclinic, P 1  (no. 2), a = 10.8517(5), b = 12.6578(5), c = 14.2014 (6) Å, α = 66.6399(12),  = 

76.7719(13), γ = 76.8088(13)º, V = 1722.53(13) Å
3
, Z = 2, Dx = 1.425 g/cm

3
,  = 0.676 mm

-1
. 3839 

Reflections were measured up to (sin /)max = 0.65 Å
-1

. 7840 Reflections were unique (Rint = 0.029), 

of which 6749 were observed [I>2(I)]. 401 Parameters were refined with no restraints. Disorder. 

R1/wR2 [all refl.]: 0.0284 / 0.0703. S = 1.03. Residual electron density between -0.48 and 0.62 e/Å
3
. 

Details for complex 11: C27H29N5O2PRuS•FP6•C2H2Cl2, Fw = 849.55, yellow block, 0.10  0.43  

0.75 mm
3
, monoclinic, P21/n (no. 14), a = 8.54233(16), b = 17.4864(3), c = 23.5628(3) Å,  = 

90.988(1)º, V = 3519.16(10) Å
3
, Z = 4, Dx = 1.604 g/cm

3
,  = 0.814 mm

-1
. 65984 Reflections were 

measured up to (sin /)max = 0.65 Å
-1

. 8071 Reflections were unique (Rint = 0.013), of which 7848 

were observed [I>2(I)]. 446 Parameters were refined with no restraints. Disorder. R1/wR2 [all refl.]: 

0.0223 / 0.0563. S = 1.05. Residual electron density between -0.54 and 0.55 e/Å
3
. 

Details for complex 13: C42H40N4O4P2RuS2, Fw = 891.91, yellow block, 0.07  0.13  0.19 mm
3
, 

monoclinic, P21/c (no. 14), a = 11.6446(4), b = 10.6632(3), c = 16.2043(5) Å,  = 100.382(1)º, V = 

179.13(11) Å
3
, Z = 2, Dx = 1.497 g/cm

3
,  = 0.631 mm

-1
. 31132 Reflections were measured up to (sin 

/)max = 0.65 Å
-1

. 4550 Reflections were unique (Rint = 0.031), of which 3747 were observed 

[I>2(I)]. 252 Parameters were refined with no restraints. Disorder. R1/wR2 [all refl.]: 0.0327 / 

0.0907. S = 1.05. Residual electron density between -0.52 and 0.55 e/Å
3
. 

CCDC-960163 (for 3), CCDC-960164 (for 6), CCDC-960165 (for 11), and CCDC-960166 (for 13) 

contain the supplementary crystallographic data for this chapter. These data can be obtained free of 

charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 
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Summary 

The manufacturing of most man-made goods involves the use of chemicals or chemical 

processes. Approximately 80 to 90% of all industrial chemical transformations include at least 

one catalytic step, as catalysis allows the reduction of waste and reduces the energy 

consumption. Driven by economic and environmental concerns, academic and industrial 

chemists are making constant efforts to develop ever-more efficient catalytic systems. 

Enzymes, catalysts found in living organisms, are great sources of inspiration for scientists as 

they are able to catalyze chemical reactions in a clean way at ambient temperature and 

pressure, using directly or indirectly solar energy. Many efforts have been devoted to the 

mimic of certain aspects of enzyme catalyzed transformations. For example, catalysis in 

confined spaces, substrate pre-orientation or redox non-innocent ligands are successful 

approaches derived from the imitation of enzymes. Recently, Complexity has emerged as a 

new subject for scientists. By understanding how the relationships between components of a 

given system give rise to a collective behaviour, it becomes possible to design new Complex 

system with useful features. Contrary to “traditional” synthetic catalysts, natural enzymes are 

not isolated molecules, but they are elements of Complex Systems, namely, living organisms. 

Each part of a biologic Complex System has a well-defined role and interacts with other parts 

in a well-defined way. The challenge for synthetic chemists is to mimic this high level of 

organization, in order to achieve the emergence of new properties or of new catalytic 

reactions that would be otherwise impossible, or to improve known catalyzed transformation. 

Chapter 1 gives an overview of the different interpretations which can be given to 

“synthetic mimics of enzymes”: from duplicates, to structural and functional imitations, to the 

design of artificial Complex Catalytic Systems. 

The research described in this thesis deals with several Nature-inspired catalytic systems, 

and focuses on the understanding of the mechanisms and on the identification of interactions 

between the different components of those systems. 

In Chapter 2, we described in detail a catalytic system for asymmetric hydrogenation 

based on racemic and scalemic METAMORPhos ligands, which form various complexes: 

mononuclear complexes [RhL2(nbd)] and dinuclear complexes [Rh2L2(nbd)2] and [Rh2L4].  

The coordination studies of these complexes, under various conditions, revealed self-

sorting of the ligands at dinuclear complexes [Rh2L2(nbd)2] and [Rh2L4], leading to 

homochiral complexes. In contrast, such behaviour is not observed for mononuclear 

complexes [RhL2(nbd)]. We confirmed the nature of each species by X-ray crystallography. 

Unusual lone-pair-π interactions between neighbouring binaphthol (BINOL) moieties were 

observed in the crystal structures of [Rh2(L2)4]. Together with steric effects, these 

supramolecular interactions seem to contribute to the observed self-sorting phenomenon. 

Furthermore, experimental work and computational modelling suggest that the self-sorting of 

the dinuclear complexes is thermodynamically driven. 
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Scheme 1. Coordination of the METAMORPhos ligands to rhodium in three steps to form the final 

dinuclear complex. 

The racemate of the self-sorted homochiral complex [Rh2(L2)4] was found to be poorly 

soluble. This property leads to a very strong positive non-linear effect (NLE) in asymmetric 

hydrogenation, with a high ee obtained for the product while the ligand is present in low 

enantiopurity (e.g. 90% of ee of product at 40% ee of the ligand). This is, however, only 

observed when the substrate is introduced after an incubation time during which the self-

sorting occurs. If the substrates are added from the beginning of the experiment, a (moderate) 

negative NLE is obtained. This behaviour shows that non-self-sorted monomeric intermediate 

complexes, which form before the thermodynamic equilibrium of the ligand-metal system is 

reached, are also catalytically active. Besides this, the substrate influences the solubility of 

[Rh2(L2)4], which has consequences on the nonlinear effects observed: the dimethyl itaconate 

substrate lowers the solubility of the racemate, increasing the strength of the positive NLE, 

while methyl 2-acetamido acrylate has the reverse effect. Since the substrate has an influence 

on its own catalyst, this behaviour constitutes a feedback loop. 

Figure 1. Schematic representation of the system studied in Chapter 2. 

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

binuclear Rh complex [Rh2(L2)4] is reported. The counterion of the anionic METAMORPhos 

ligand 1 can be modified without changing its coordination mode. Importantly, the catalytic 

activity of the resulting complexes is highly dependent on the protic (or aprotic) character of 
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the cations in solution. When aprotic counterions like PPh4
+
 are used, the TOF decreases 

significantly, while the reaction is significantly faster when protic ammonium salts are used as 

counterions. The highest rates were obtained when an excess of mildly protic ammonium salt 

is added to the reaction mixture. When more acidic lutidinium or anilinium salts are used, the 

complex is deactivated by irreversible protonation of the metals as evidenced by NMR 

spectroscopy. DFT calculations suggest that temporary protonation of the chelating ligands of 

the dimer by mild acids moderately affects the energy of the transition states and significantly 

destabilizes the last catalytic intermediate. 

Since protic cations enhance the properties of the catalyst and change the outcome of the 

reaction by interacting with a moiety different from the active site of the complex, they follow 

the definition of an effector, a molecule that triggers allosteric response of enzymes. With this 

approach, the difficult tetra-substituted enamide 2 could be quantitatively hydrogenated for 

the first time, with 99% enantiomeric excess. 

 Figure 2. Relative and absolute Turnover Frequencies (in molsubstrate/molRh/h) for the hydrogenation 

reaction (depicted on the right) with (a) HNEt3.1 as a ligand and no additive, (b) PPh4.1 as a ligand and 

no additive, (c) HNEt3.1 as a ligand and HNEt3.BF4 as additive and (d) HNEt3.1 as a ligand and 

H2NEt2.BF4 as additive. 

In Chapter 4, a new approach for combinatorial catalysis has been proposed. Anionic 

METAMORPhos ligands and neutral amino-acid based ligands were used separately and as a 

mixture for rhodium catalyzed asymmetric hydrogenation of eight industrially relevant 

substrates. Spectroscopic studies show that under catalytic conditions, the mononuclear 

heterocombination is the main complex in solution when both anionic and neutral ligands 

have the same chirality. When the neutral ligand and the anionic ligand bear opposite chirality 

on the phosphorus atom, monomeric and dimeric heterocomplexes could be detected by NMR 

and mass spectrometry.  

Figure 3. Hydrogenation of olefins using various ratio of anionic and neutral ligands. 

For the majority of the substrates evaluated, higher enantioselectivities were obtained with 

complexes resulting from the heterocombination of an anionic and a neutral ligand compared 

to respective homocombinations. Higher TON and enantioselectivities could be easily 
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obtained by focussed ligand optimization. The superior properties of the hetero system are 

highlighted by its robustness: significant divergence from a 1:1 ratio between the ligands does 

not lower the selectivity of the catalyst. As our approach allows the easy preparation of highly 

diverse sets of catalysts - monometallic or bimetallic, anionic, cationic or neutral - it 

establishes a new dimension in the search for the best catalysts.  

In Chapter 5, the synthetic scope of sulfonamidophosphorus ligands is expanded and 

design principles for the selective formation of particular tautomers, ion pairs, or double 

condensation products are elucidated. These ligands have been introduced in the coordination 

sphere of the ruthenium metal for the first time, thereby enabling their coordination as 

monoanionic P,O chelates. Depending on the ruthenium precursor employed, halide-bridged 

dinuclear species or cymene-derived piano-stool complexes are isolated and characterized. 

The METAMORPhos framework is shown to play a role in the heterolytic cleavage of H2, 

since piano-stool complexes can be converted into neutral monohydrides upon exposure to 

hydrogen. Substitution chemistry with cymene complexes has also been examined, thereby 

giving rise to tetrakis(acetonitrile) adducts. Solid-state structures of four ruthenium-

METAMORPhos complexes establish the precise bonding mode of the inorganic PNSO 

framework. This study enables the development of further catalytic systems which could take 

advantage of the proton-responsive nature of the METAMORPhos ligand. 

 

 

 

 

Scheme 2. Heterolytic activation of H2 by a piano-stool complex of METAMORPhos. 

The contributions reported in this thesis represent further steps towards the mimicking of 

some aspects of natural catalytic systems, especially their Complex behaviors. This work 

shows that by embracing the notion of Complexity, new approaches can be defined which 

results exceed those of traditional approaches. As the subject of Complexity barely overlaps 

with chemistry yet, we believe this thesis will contribute to the establishment of a better 

defined conceptual framework for Complexity in catalysis. It is anticipated that in the future, 

a bigger importance will be given to the understanding and the design of increasingly 

Complex synthetic catalytic systems enabling cleaner technologies for a sustainable industry. 
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Door de mens-gemaakte goederen worden geproduceerd vanuit chemicaliën en/of 

chemische processen. Ongeveer 80-90% van alle industriële chemische processen maakt 

gebruik van minstens één katalytische stap, aangezien katalytische processen minder 

chemisch afval produceren en minder energie gebruiken. Academisch en industrieel 

onderzoek, gedreven door economische belangen en milieu-aspecten, is constant gericht op 

het verbeteren van katalytische systemen. Enzymen, de katalysatoren van levende 

organismen, maken (in)direct gebruik van zonnenenergie en zijn een bron van grote inspiratie 

voor wetenschappers vanwege hun grote katalytische activiteit bij relatief lage temperaturen 

en drukken. Veel inspanningen worden geleverd om aspecten van enzym-gekatalyseerde 

processen na te bootsen. Bijvoorbeeld, katalyse in beperkte ruimte substraat-organisatie en 

redox-actieve liganden zijn voorbeelden van succesvolle strategieën om enzymen te imiteren. 

Recentelijk is complexiteit onstaan als nieuw onderwerp voor wetenschappers. Door het 

begrijpen van de individuele interacties tussen verschillende componenten in een systeem 

verschaft men een beter begrip van het collective systeem. Dit geeft de mogelijkheid 

systemen te ontwikkelen met nuttige eigenschappen. In tegenstelling tot “traditionele” 

gesynthetiseerde katalysatoren zijn enzymen geen geïsoleerde moleculen maar elementen uit 

een complex systeem, namelijk levende organismen. Elk onderdeel van een biologisch 

complex systeem heeft een goed gedefineerde rol en interactie met andere andere delen van 

het systeem. De uitdaging voor scheikundigen is dit geordende systeem na te bootsen en 

hiermee nieuwe systemen te ontwikkelen met reactiviteit die zonder deze complexiteit niet 

mogelijk is of die van bestaande systemen overtreft. Hoofdstuk 1 omschrijft verschillende 

interpretaties van “synthetische imitaties van enzymen”: van complete nabootsing tot 

gedeeltelijke structurele and functionele imitaties en het ontwikkelen van een kunstmatig 

complex katalytisch systeem. Het wetenschappelijk onderzoek omschreven in dit proefschrift 

behandelt verschillende natuur-geinspireerde katalytische systemen en richt zich op inzichten 

in mechanismen en identificatie van interacties tussen verschillende componenten in die 

systemen. In hoofdstuk 2, wordt in detail een katalytisch systeem gebaseerd op racemische en 

non-racemische METAMORPhos liganden voor asymmetrische hydrogenering beschreven. 

De liganden vormen een variatie aan complexen: mononucleaire complexen [RhL2(nbd)] en 

dinucleaire complexen [Rh2L2(nbd)2] en [Rh2L4]. De coordinatie in deze complexen is 

bestudeerd onder verschillende condities, waarbij zelf-sorteer gedrag werd gevonden bij 

complexen [Rh2L2(nbd)2] en [Rh2L4] dat leidt tot homo-chirale complexen. Dit werd niet 

gevonden voor de mono-nucleaire complexen [RhL2(nbd)]. Alle complexen zijn 

gekarakteriseerd door middel van X-ray kristallografie. Ongebruikelijke lone-pair-π 

interacties tussen binaphthol (BINOL) groepen werden geobserveerd in de kristalstructuur 

van [Rh2(L2)4]. Deze supramoleculaire interacties lijken, samen met sterische effecten, bij te 

dragen aan het geobserveerde zelf-sorteer gedrag. Experimenteel werk en computer-

simulaties suggereren bovendien dat het zelf-sorteren van de dinucleaire complexen een 

thermodynamische grondslag heeft. 
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Scheme 1. Coordinatie van METAMORPhos liganden aan rhodium in drie stappen en de vorming van 

het viervoudig geligeerde dinucleaire complex. 

Het zelf-gesorteerde racemaat van het homochirale complex [Rh2(L2)4] heeft een lage 

oplosbaarheid. Deze eigenschap leidt tot een groot non-lineair effect (NLE) in asymmetische 

hydrogenering, waarbij hoge enantioselectiviteit kon verkregen met een relatief lage ligand 

enantio-zuiverheid (bijv. 90% ee van product met 40% ee van het ligand). Dit is alleen 

geobserveerd wanneer het substraat wordt geintroduceerd na een incubatietijd waarin de zelf-

sortering plaats vindt. Als de substraten bij het begin van het experiment worden toegevoegd 

wordt er een (gematigd) negatief NLE verkregen. Dit laat zien dat het niet-zelf-gesorteerde 

monomere intermediaire complex, wat vormt voordat het thermodynamische evenwicht zich 

heeft ingesteld, ook katalytisch actief is. Daarnaast beïnvloedt het substraat de oplosbaarheid 

van [Rh2(L2)4], wat invloed heeft op de NLEs die geobserveerd worden: het substraat 

dimethylitaconaat verlaagt de oplosbaarheid van het racemaat, waardoor het NLE effect 

toeneemt, terwijl methyl 2-acetamidoacrylaat het tegenovergestelde effect heeft. Aangezien 

het substraat invloed heeft op de katalysator kunnen we spreken over een feedback loop. 

Figure 1. Schematische afbeelding van het systeem bestudeerd in hoofdstuk 2. 

In hoofdstuk 3 wordt de invloed van het ionische milieu op de prestatie van een 

dianionisch binucleair Rh complex [Rh2(L2)4] beschreven. Het tegenion van het anionische 

METAMORPhos ligand 1 kan worden gewijzigd zonder dat de coordinatie ervan verandert. 
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De katalytische activiteit van de resulterende complexen is afhankelijk van de protische (of 

aprotische) eigenschappen van de kationen in oplossing. Als aprotische tegenionen zoals 

PPh4
+
 worden gebruikt, neemt de TOF significant af, terwijl de reactie significant sneller 

wordt met het gebruik van protische ammonium-zouten als tegen-ionen. De hoogste 

reactiesnelheden werden verkregen met het toevoegen van een kleine overmaat van milde 

protische ammonium zouten aan het reactie-mengsel. Als zuurdere lutidinium of anilinium 

zouten gebruikt worden, deactiveert het complex door middel van niet-reversibele protonatie 

van het metaal, zoals geobserveerd met NMR spectroscopie. DFT berekeningen suggereren 

dat tijdelijke protonatie van de chelerende liganden van het dimeer met milde zuren de 

energie van de overgangstoestand minimaal beinvloeden, terwijl het laatste katalytische 

intermediar significant gedestabiliseerd wordt.. Aangezien protische kationen de 

eigenschappen van de katalysator verbeteren en de uitkomst van de reactie doen veranderen 

d.m.v. interacties met een andere deel van het complex dan de actieve site, kunnen we spreken 

over een effector, een molecuul dat een allosterische respons in enzymen ontketent. Met deze 

benadering is voor het eerst het tetra-gesubstitueerde enamine 2 volledig gehydrogeneerd met 

99% enantiomere overmaat. 

Figure 2. Relatieve en absolute Turonover Frequenties (in molsubstrate/molRh/h) voor de 

hydrogeneringsreactie (rechts aangegeven) met (a) 1.HNEt3 als ligand en geen additief, (b) 1.PPh4 als 

ligand en geen additief, (c) 1.HNEt3 als ligand en HNEt3.BF4 als additief en (d) 1.HNEt3 als ligand en 

H2NEt2.BF4 als additief. 

In hoofdstuk 4 wordt een nieuwe benadering voor combinatoriale katalyse voorgesteld. 

Anionische METAMOPhos liganden en neutrale amino-zuur gebaseerde liganden werden 

apart en als mengsels gebruikt in rhodium gekatalyseerde assymetrische hydrogenering van 

acht industrieël-relevante substraten. Spectroscopische studies onder katalytische condities 

tonen aan dat de mononucleaire heterocombinatie als hoofdproduct in de oplossing aanwezig 

is wanneer anionische en neutrale liganden dezelfde chiraliteit hebben. Wanneer het neutrale 

en anionische ligand verschillende chiraliteit rond het fosfor atoom hebben, werden er 

monomeren en dimeren heterocomplexen gedetecteerd met NMR en massa spectrometrie.  

Figure 3. Hydrogenering van olefinen met verschillende ratios van anionische en neutrale liganden. 
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Met het merendeel van de bestudeerde substraten werd een hogere enantioselectiviteit 

verkregen met de hetero-complexen van een anionisch en neutraal ligand in vergelijking tot 

de homo-complexen. Hogere TONs en enantioselectiviteit konden gemakkelijk worden 

verkregen door middel van ligand optimalisatie. Het hetero systeem biedt superieure 

eigenschappen aangezien significante afwijkingen van de 1:1 ratio tussen liganden de 

selectiviteit van de katalysator niet beïnvloeden. Het systeem maakt een diverse set van 

katalysatoren toegankelijk – monometallisch of bimetallisch, anionisch, kationisch of neutraal 

– waarmee een nieuwe dimensie in de zoektocht voor de beste katalysator kan worden 

onderzocht. 

In hoofdstuk 5 wordt het synthetische bereik van sulfonamidofosfor liganden vergroot en 

de principes van selectieve formatie van tautomeren, ion paren en dubbel-condensatie 

producten belicht. Deze liganden zijn voor het eerst geintroduceerd als monoanionische P,O 

chelaten in de coordinatie-sfeer van ruthenium. Afhankelijk van welk ruthenium 

uitgangsmateriaal gebruikt wordt, zijn halogeen-gebrugde dinucleaire complexen of cymeen-

pianokruk complexen geisoleerd and gekarakteriseerd. Er wordt aangetoond dat het raamwerk 

van het METAMORPhos ligand een rol speelt in het heterolytisch splitsen van H2, aangezien 

de pianokruk complexen reageren tot neutrale monohydrides wanneer ze worden blootgesteld 

aan waterstofgas. Substitutie van het cymeen ligand is ook onderzocht en verschillende 

tetrakis(acetonitril) adducten werden verkregen. Door de opheldering van vier 

kristalstructuren van ruthenium-METAMORPhos complexen is inzicht verkregen in de exacte 

koordinatie van het anorganische PNSO-geraamte. Deze resultaten tonen de verdere 

mogelijkheden van dit katalytische systeem met betrekking tot het proton-responsieve 

karakter van het ligand aan. 

 

 

 

 

Scheme 2. Heterolytische activatie van H2 met een METAMORPhos pianokruk complex. 

De bijdragen gepresenteerd in dit proefschrift tonen de stappen richting het nabootsen van 

aspecten van natuurlijke katalytische systemen aan, in het bijzonder hun complexe gedrag. Dit 

werk laat zien dat door middel van het omarmen van het idee complexiteit er nieuwe 

benaderingen kunnen worden gedefineerd waarvan de resultaten de traditionele benaderingen 

kunnen overtreffen. Aangezien het onderwerp complexiteit weinig overlap heeft met de 

huidige chemie geloven wij dat dit proefschrift zal bijdragen aan een beter begrip van het 

concept Complexiteit in katalyse. Het is voorzien dat in de toekomst het begrip en ontwerp 

van complexere synthetische katalytische systemen van groter belang wordt en toegang geeft 

tot technologieën voor een duurzame industrie. 

 



Résumé 

La fabrication de la plupart  des biens créés par l’Homme implique l’utilisation de produits 

chimiques ou bien de procédés chimiques. Approximativement 80 à 90% de toutes les 

transformations chimiques au niveau industriel comprennent au moins une étape de catalyse, 

car celle-ci permet de réduire la production de déchets et la consommation d’énergie. Poussés 

par des impératifs économiques et environnementaux, les chimistes tant académiques 

qu’industriels font des efforts constants pour développer des catalyseurs toujours plus 

efficaces. Les enzymes, des catalyseurs présents dans les organismes vivants, sont une grande 

source d’inspiration pour les scientifiques, car elles sont capables de catalyser des réactions 

chimiques de manière propre, à température et pression ambiante, en utilisant directement ou 

indirectement l’énergie solaire. De nombreux efforts ont été fournis afin de reproduire 

certains aspects des transformations catalysées par les enzymes. Par exemple, la catalyse en 

milieu confiné, la pré-orientation des substrats ou l’utilisation de ligands non-innocents sont 

des approches inspirées par les enzymes qui ont été couronnées de succès. Récemment, la 

Complexité a émergé comme un nouveau sujet d’investigation pour les chercheurs. En 

comprenant comment les interactions entre les éléments d’un système donnent lieu à un 

comportement collectif, il devient possible de concevoir de nouveaux systèmes Complexes 

ayant des propriétés utiles. Contrairement aux catalyseurs synthétiques « traditionnels », les 

enzymes naturelles ne sont pas des molécules isolées, mais les éléments d’un système 

Complexe, à savoir, d’un organisme vivant. Chaque élément d’un système Complexe 

biologique a un rôle bien défini et interagit avec les autres éléments de manière bien précise. 

Le défi, pour les chimistes de synthèse, est d’imiter ce haut degré d’organisation dans le but 

de faire émerger de nouvelles propriétés ou de nouvelles réactions catalytiques qui seraient 

impossibles autrement, ou bien d’améliorer des réactions connues. 

Le Chapitre 1 ce cette thèse de doctorat donne une vue d’ensemble des différentes 

interprétations qui peuvent être données à « l’imitation synthétique des enzymes » : copies, 

imitations structurelles ou fonctionnelles, ou bien conception de systèmes catalytiques 

Complexes artificiels. 

Les recherches décrites dans cette thèse abordent différent systèmes catalytiques inspirés 

par la Nature, et se focalisent sur la compréhension de mécanisme et sur l’identification des 

interactions entre les différents éléments de ces systèmes. 

Dans le Chapitre 2, un système catalytique pour l’hydrogénation asymétrique est décrit en 

détail. Celui-ci est basé sur des ligands « METAMORPhos » racémiques ou scalémiques, qui 

donnent lieu à la formation de différents complexes : des complexes mononucléaires tel 

[RhL2(nbd)] ou dinucléaires tels [Rh2L2(nbd)2] et [Rh2L4]. L’étude de coordination de ces 

complexes, dans différentes conditions, a révélé l’auto-organisation des ligands pour les 

complexes dinucléaires, menant à des espèces homo-chirales [Rh2L2(nbd)2] et [Rh2L4]. Au 

contraire, un tel comportement n’a pas été observé pour les complexes [RhL2(nbd)] 

mononucléaires. La nature de chaque espèce a été confirmée par cristallographie aux rayons 
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X. Une interaction inhabituelle entre les doublets libres et les systèmes π des fragments 

binaphtol (BINOL) voisins ont été observés dans les structures cristallines de [Rh2L4]. 

Accompagnés d’effets stériques, ces interactions supramoléculaires semblent contribuer au 

phénomène d’auto-organisation. De plus, des données expérimentales et des modèles 

informatiques suggèrent que l’auto-assemblage est de nature thermodynamique. 

 

 

 

 

 

 

 

 

 

 

 

Schéma 1. Coordination du ligand METAMORPhos au rhodium en trois étapes pour former le 

complexe dinucléaire final. 

Il a été observé que le racémate du complexe homochiral auto-organisé [Rh2(L2)4] est très 

peu soluble. Cette propriété mène à un effet non linéaire (ENL) très fort pour l’hydrogénation 

asymétrique, avec un excès énantiomérique élevé obtenu pour le produit, même quand les 

ligands utilisés ont une pureté énantiomérique médiocre (par exemple, 90%  ee pour le produit 

avec un ee de 40% pour le ligand). Ceci n’est cependant observé que lorsque le substrat est 

introduit après une période d’incubation pendant laquelle l’auto-organisation a lieu. Si le 

substrat est introduit au début de l’expérience, un ENL modéré est obtenu. Ce comportement 

montre que le complexe mononucléaire non auto-organisé qui se forme avant que l’équilibre 

thermodynamique du système métal-ligand soit atteint, est également actif en catalyse. De 

plus, le substrat influence la solubilité de [Rh2(L2)4], ce qui a des conséquences sur l’ENL 

observé : le substrat dimétyl itaconate diminue la solubilité du racémate, ce qui augmente 

l’amplitude de l’effet non linéaire positif, alors que le substrat méthyl 2-acétamido acrylate a 

l’effet inverse. Puisque le substrat a une influence sur son propre catalyseur, ce système 

présente une boucle de rétroaction. 

 

 

Figure 1. Représentation schématique du 

système étudié dans le Chapitre 2. 
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Le Chapitre 3 rend compte de l’influence de son environnement ionique sur les 

performances du complexe dinucléaire dianionique [Rh2(L2)4]
2-

. Le contre-ion du ligand 

anionique METAMORPhos 1 peut être modifié sans changer son mode de coordination. 

Cependant, il est important de noter que l’activité catalytique des complexes résultants est 

hautement dépendant du caractère protique (ou aprotique) des cations en solution. Quand des 

contre-ions aprotiques, tel PPh4
+
 sont utilisés, la fréquence catalytique diminue de manière 

significative, alors que la réaction est bien plus rapide quand des ammoniums protiques sont 

utilisés. Les vitesses de réaction les plus élevées sont obtenues quand un excès de sels 

d’ammonium faiblement acides est ajouté au milieu réactionnel. Si des sels plus acides, tels 

que l’anilinium ou le lutidinium, sont ajoutés, le complexe est désactivé par une protonation 

irréversible, comme constaté par spectroscopie RMN. Des calculs de DFT suggèrent que la 

protonation temporaire des ligands chélatés du complexe par des acides faibles, affecte 

modérément les énergies de transition et déstabilise significativement le dernier intermédiaire 

du cycle catalytique. 

Puisque les cations protiques améliorent les propriétés du catalyseur et changent l’issue de 

la réaction en interagissant avec un groupe fonctionnel étranger au site actif du complexe, ils 

suivent la définition d’un effecteur, une molécule qui enclenche la réponse allostérique des 

enzymes. Par cette approche, le difficile énamide tétra substituée 2 a pu être hydrogéné pour 

la première fois de manière quantitative, avec un excès énantiomérique de 99%. 

 

 

 

 

 

Figure 2. Fréquences de turnover relatives et absolues (en molsubstrate/molRh/h) pour la réaction 

d’hydrogénation (représentée à droite) avec (a) HNEt3.1 comme ligand sans additif, (b) PPh4.1 comme 

ligand sans additif, (c) HNEt3.1 comme ligand avec HNEt3.BF4 comme additif et (d) HNEt3.1 comme 

ligand et H2NEt2.BF4 comme additif. 

Dans le Chapitre 4, une nouvelle approche pour la catalyse combinatoire a été proposée. 

Des ligands METAMORPhos anioniques et des ligands neutres basés sur des acides aminés 

ont été utilisés séparément et en mélange pour l’hydrogénation asymétrique au rhodium de 

huit substrats d’intérêt industriel. Les études spectroscopiques montrent que sous les 

conditions catalytiques, un complexe hétéroleptique mononucléaire est majoritaire en solution 

quand les ligands anioniques et neutres ont la même chiralité. Quand les ligands neutres et 

anioniques ont des chiralités opposées sur l’atome de phosphore, des complexes 

mononucléaires et dinucléaires ont pu être détectés par RMN et spectrométrie de masse. Pour 

la majorité des substrats qui ont été évalués en catalyse, une énantiosélectivité plus élevée a 

été obtenue avec les complexes résultants du mélange de ligands anioniques et neutres, en 

comparaison avec les systèmes comportant uniquement des ligands anioniques ou neutres. 

Des nombres de turnover et des énantiosélectivités élevés ont pu être obtenus facilement par 

une optimisation focalisée des ligands. La supériorité du système faisant appel à un mélange 

de ligands est confirmée par sa robustesse : une divergence significative par rapport à un ratio 
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de 1 pour 1 entre les différents ligands ne diminue pas la sélectivité du catalyseur. Puisque 

notre approche permet la préparation facile d’un jeu diversifié de catalyseurs – 

monométallique, bimétallique, anioniques, cationiques ou neutres – elle établit une nouvelle 

dimension pour la recherche du catalyseur le plus adéquat. 

 

 

 

 

 

 

 

 

 Figure 3. Hydrogénation d’oléfines avec l’utilisation de différents ratios de ligands neutres et 

anioniques. 

Dans le Chapitre 5, l’accès à de nouveaux ligands sulfonamidophosphore a été établi, et 

les raisons de la formation de tautomères particuliers, de paires d’ions, ou de produits de 

double condensation ont été définis. Ces ligands ont été introduits dans la sphère de 

coordination du ruthénium pour la première fois, permettant leur coordination comme chélate 

monoanioniques. Selon le précurseur de ruthénium employé, des espèces dinucléaire 

comportant des halogénures pontants ou des complexes « demi-sandwich » dérivés du 

cymène ont pu être isolés et caractérisés. Il a été montré que le ligand METAMORPhos joue 

un rôle dans le clivage hétérolytique du dihydrogène, puisque les complexes « demi-

sandwich » peuvent être convertis en monohydrure neutre quand ils sont exposés au H2. La 

chimie de substitution sur les complexes dérivés du cymène a aussi été étudiée, ce qui a 

permis la synthèse d’adduits de l’acétonitrile. Les structures cristallines de quatre complexes 

ruthénium-METAMORPhos établissent avec précision le mode de liaison de la structure 

PNSO. Cette étude permet le développement ultérieur de systèmes catalytiques qui peuvent 

mettre à profit la nature acido-basique du ligand METAMORPhos. 

 

 

 

Schéma 2. Activation hétérolytique du H2 par un complexe “demi-sandwich” de METAMORPhos. 

Les contributions présentées dans cette thèse constituent des avancées vers l’imitation de 

certains aspects de systèmes catalytiques naturels, en particulier leurs caractères Complexes. 

Ce travail montre qu’en adoptant la notion de Complexité, il devient possible de définir de 

nouvelles approches dont les résultats excèdent ceux des approches traditionnelles. La Chimie 

et la Complexité, en tant que sujets académiques, ont été peu confrontées l’une à l’autre. Nous 

sommes convaincus que cette thèse contribuera à l’élaboration d’un cadre conceptuel pour 

l’utilisation de la Complexité en catalyse. A l’avenir, une importance grandissante sera 

donnée à la compréhension et l’élaboration de systèmes catalytiques synthétiques de plus en 

plus complexes, qui permettront la mise en place de technologies propres pour une chimie 

durable. 
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