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Dynamic Combinatorial Chemistry for Catalytic 

Applications 
 

 

 

 

 
Abstract: We discussed the potential of dynamic combinatorial chemistry (DCC) in the field of 

catalysis through a few examples, providing first proofs of principle. For both cage type catalysts as 

well as transition metal complexes the DCC approach could have significant advantages above 

rational design or traditional combinatorial strategies. We mainly focused on the principles, the 

different concepts to design targets and selection procedures allowing the amplification and the 

selection of the best catalyst among a mixture. 
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6.1 Introduction 
 

The use of Dynamic Combinatorial Chemistry (DCC) can be considered as a paradigm shift in 

chemistry as it involves dynamic mixtures of compounds rather than pure entities that were 

traditionally aimed for in the area of chemistry.1 In analogy to natural systems, new properties can 

emerge from these mixtures, validating the recent interest in this new area of research. Dynamic 

mixtures of compounds become particularly valuable if they can be combined with a proper selection 

process with which a specific compound with desired properties can be identified. In a traditional 

combinatorial approach a large library of analogue compounds is synthesized and subsequently 

evaluated in a parallel fashion. In a dynamic combinatorial approach, only a small number of building 

blocks are generally synthesized, from which a large virtual (dynamic) library can be constructed. A 

proper selection pressure is required to shift the equilibrium of the dynamic library and to select and 

amplify a member with the desired properties. Especially in research areas where rational design has 

met limited success and progress is based on trial-and-error and combinatorial approaches, DCC can 

provide new tools to find solutions for standing problems. Initially the approach was developed for 

identification of novel receptor molecules. The selector in these examples is obviously the target for 

which a receptor is desired. Along with this development, novel analytical tools have been developed 

as well as theoretical understanding, and the DCC field has shifted to many different applications. 

One of the underdeveloped fields of applications of DCC so far is catalysis. 

 

 In this chapter we will discuss the potential of DCC in the field of catalysis and introduce 

the different concepts related to the development of libraries and selection procedure in homogeneous 

catalysis. Catalysts accelerate a reaction without being consumed, and there are many different types 

of catalysts that have different modes of action. In the area of supramolecular chemistry many 

“supramolecular catalysts” have been developed.2 Generally their working principles are strongly 

related to receptor molecules; they both can host a substrate or several substrates, but in a 

supramolecular catalyst they are converted within the cavity of the receptor. Transition metal 

catalysts on the other hand generally create a new reaction pathway that is not available in the 

absence of the metal catalyst, via elementary steps that occur at the metal site (oxidative addition, 

trans-metallation, migration, elimination, reductive elimination, to mention a few).3 Although the 

application of DCC to supramolecular catalysts seems easier, the implications of the DCC with 

transition metal catalysis are much larger, as it may directly result in practical applications. 

Theoretically there is no difference in finding the best catalysts from a dynamic library of transition 

metal catalysts and supramolecular catalysts, as we will see. For an efficient selection of catalysts via 

DCC you need:  
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1) A dynamic library of catalytic systems from a limited number of building blocks. 

2) An adaptive or responsive library to additives. 

3) A proper selection procedure. This in principle implies that an additive should be found to 

which the dynamic library responds. From the response the best catalyst(s) (in terms of 

activity or selectivity) should present itself. 

 

 Finding the proper selection procedure is clearly a challenge. If one considers an energetic 

pathway for a chemical transformation as depicted in Figure 1, the objective is to lower the energy 

barrier of this reaction. This can be achieved by stabilizing the transition state and / or elevating the 

energy level of the intermediate (or substrates) prior to this step.  The overall effect in both cases 

would be a lower overall energy barrier and thus a higher reaction rate. Ideally the selection 

procedure should be done with the transition state, but the inherent instability makes this impossible. 

Therefore a transition state analogue (TSA) should be designed that closely resembles the transition 

state structure. Selection procedures can also be envisioned using the intermediate of a reaction, in 

which case an inverse correlation between the stability and the reactivity is expected. The more stable 

the intermediate-complex, the larger the energy barrier of the reaction and the slower the reaction. 

 

 

Figure 1.  A general energy profile of a reaction path. 

 

 Marcus theory describes the reaction pathway as the result of two intersecting parabola,4 the 

transition state being on the intersection of these. If the reaction goes via an early transition state, the 

transition state is substrate-like (or similar to intermediate 1), whereas a late transition state is more 

product-like (or intermediate 2). This difference has consequences for the design of the selection 

procedure, as will be explained below. In this explanation we focus on activity, but the extension to 

selectivity is a matter of comparison of two competing pathways. If the reaction proceeds via an early 

transition state, its stabilization implies also significant stabilization of the intermediate (Figure 2.a). 
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The decrease of the energy barrier depends on the difference of energy between the two stabilized 

species, which is expected to be small. In contrast, if the reaction proceeds via a late TS, the transition 

state stabilization will hardly affect the intermediate 1 (figure 2.b), and is anticipated to be very 

effective. The stabilization of a late transition state (Figure 2.b) leads also to the stabilization of the 

product (or intermediate 2), which may lead to selection of catalysts that show product inhibition, 

detrimental for the reaction rate. A selection procedure which is based on stabilization of a TSA is 

therefore most effective for reactions that proceed via a late transition state. 

 

 A selection procedure based on the reaction intermediate (or an analogue) is based on the 

destabilization of the intermediate with respect to the transition state. In an early transition state 

reaction path, the destabilization of the transition state will be close to that of the intermediate, and is 

therefore less effective as the difference in overall energy barrier will be small (Figure 2.c). The same 

strategy applied to a reaction that proceeds via a late transition state (Figure 2.d), is expected to be 

more effective as this destabilization has a reduced effect on the transition state energy. 

 

 

Figure 2. Selection procedures based on transition state analogues (a and c) and intermediates (b and 

d) in reactions that proceed via early (a and b) or late (c and d) transition states.  
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6.2 Dynamic combinatorial approaches to cage catalyst 
 

Enzymes, Nature’s catalysts,5 encapsulate multiple functionalities within their cavity where the 

catalytic conversion takes place, and they can be extremely active and selective for a range of 

chemical reactions. Therefore, enzymes have served as the major source of inspiration for 

supramolecular catalysis, but at the same time the working principles of enzymes are still subject to 

debate. Already in 1948 Pauling6 proposed that enzymes stabilize transition states to a larger extent 

than reagents in their (vibrational) ground state by means of noncovalent interactions between the 

functional groups in the enzyme cavity and the compounds inside the cavity. These initial ideas have 

inspired many scientists from various fields to explore similar approaches for synthetic systems. The 

main focus in the area of supramolecular catalysis has been on host-guest catalysis2 in which a 

substrate is bound in a cavity next to the catalytically active center. In addition, cage compounds have 

been used as hosts for substrate molecules. This approach has resulted in numerous interesting 

examples of supramolecular catalysts. Most of these cage catalysts work by 1) positioning of 

substrates (or bringing substrates together for a bimolecular reaction) 2) transition state stabilization 

(by pre-organization of substrates or interaction).7 Since there were precedents for selecting the best 

cage-receptor for certain guest molecules and similar cages had been applied as catalysts, it is no 

surprise that the first examples in the area of Dynamic Combinatorial Catalyst Selection come from 

this approach. 

 

 

6.2.1 Libraries of cage molecules and dynamic selection of hosts / guests 
 

Molecular cages and molecular capsules are a special class of host molecules with a well-defined 

three-dimensional structure, including a hollow interior which under judicious conditions could 

engage in ‘binding’ of guest molecules by encapsulation within the enclosed internal space, i.e. the 

cavity. Besides mere physical entrapment, it can be easily envisioned that additional attractive forces, 

e.g. hydrophobic interactions, �-� interactions or weak coordinative interactions can aid in the 

selective encapsulation of particular guest molecules. The difference between capsule and cage 

compounds is somewhat arbitrary, but in general guest molecules can exchange from cage 

compounds without changing the structure of the cage, whereas for capsules a deformation or partial 

disassembly is required for exchange. Two types of nanometer-sized molecular capsules can be 

distinguished; the covalent based capsules and the non-covalent based capsules i.e. self-assembled or 

supramolecular capsules.8 The latter consists of (not necessarily identical) components that, upon 

self-assembly, lead to the formation of the capsule. Initial research in this area was on covalent 

capsules such as hemicarcerands, calixarenes and CTV (cyclotriveratrylene) based capsules. For 
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details on molecular capsules and catalysis with these we refer to some reviews,9 here we will only 

discuss a few examples relevant for the current topic.  

 

 Otto et al.10 developed macrocycles formed by reversible disulfide covalent bonds, leading 

to a dynamic mixture of cage receptors. The formation of the constituents of the library is under 

thermodynamic control; its composition is governed by their relative free energies, while molecular 

recognition of added templates through host-guest interactions induces a shift in the composition of a 

dynamic library of macrocycles. Indeed, the exposure of two different guests as templates to the 

library resulted in the amplification of two different hosts which were verified to be good receptor 

molecules for these specific guests (Figure 3).  

 

Figure 3. HPLC analyses of the DCL made from dithiols (A) in the absence of any template; (B) in 

the presence of 1 inducing the amplification of host 3; and (C) in the presence of morphine derivative 

2 leading to the amplification of host 4.  

 

 Rebek has constructed a variety of molecular capsules that self-assemble on the basis of 

hydrogen bonds. In a typical approach concave building blocks are utilized with self-complementary 

binding motifs. For example, the resorcinarene displayed in Figure 4 has been functionalized with 
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imide functional groups and upon dimerization via hydrogen bonds it forms a cylinder shaped cavity 

that can encapsulate guests.11  In a similar manner, glycoluril based building blocks have been 

prepared, that form capsules by assembly of four of these units. In order to create a dynamic library of 

capsules seven different building blocks were prepared, with various substituents on the aromatic 

ring. 12 A mixture of two different building blocks gives rise to the formation of six capsules, and 7 

different monomers can potentially produce 613 different capsules, of which 70 can be distinguished 

by mass spectrometry. In the presence of a guest only 11 species are observed by MS, indicating the 

selection of hosts for a specific guest that was used as a template.  

 

 The selection of a guest from a library is also demonstrated by Rebek and co-workers,13 for 

which the cylinder-shaped capsule was used (Figure 4). The capsule can simultaneously encapsulate 

two different guests, i.e. selective pairwise recognition. From a mixture of benzene, toluene and p-

xylene, the capsule almost selectively bound a pair of benzene and p-xylene, demonstrating an 

interesting selection strategy based on occupation of space and interaction between guest molecules. 

This type of binding event could be relevant for the stabilization of transition states, and analogues 

thereof, for coupling reactions. 

 
Figure 4. Supramolecular hydrogen-bonded capsule developed by Rebek and co-workers: left a 

dimeric structure, and right various tetrameric structures. 

 

 Fujita and co-workers14 developed an octahedral M6L4 capsule (Figure 5a) formed by self-

assembly of six metal fragments and four tridentate ligands. By using slightly different building 

blocks, cavities with different shapes and dimensions are formed. Many different guests are bound in 

these types of cage compounds. As the cage is highly charged it dissolved in aqueous solution and the 

organic guest molecules are generally forced in by hydrophobic interactions. The cage compound has 

also been used as reaction vessel for various reactions.14a Metal-ligand interactions were also applied 

by Raymond and co-workers15 to form tetrahedral capsules (Figure 5b) using ditopic ligands in 

combination with several metals that require octahedral coordination. This assembly was successfully 
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used for the dynamic resolution of a pair of enantiomeric guests through encapsulation. For both 

cages of Fujita and Raymond many different building blocks have been prepared, and in most cases 

used in pure form. However, they both have demonstrated that the use of a mixture of building blocks 

leads to a mixture of cage compounds that respond to some extent to the addition of guests, indicating 

that these systems are suitable for DCC.  

 

 
Figure 5. Supramolecular capsule formed by metal-ligand interactions developed a) by Fujita and co-

workers, b) by Raymond and co-workers. 

 

 

6.2.2 Catalysis with cage compounds and possible selection procedures 
 

A wide array of self-assembled molecular capsules based on various building blocks and non-

covalent interactions has been developed in the last decade. The nanospace within these 

supramolecular capsules is generally in the range of 300 - 500 Å3, which is sufficient for the selective 

encapsulation of one large or a number of smaller molecules. The structure of the different capsules 

varies significantly, and as a result guest shielding and guest exchange rates strongly depend on the 

capsule applied. In addition, a number of open cage compounds have been prepared and used as 

catalyst. A diversity of chemical processes has been carried out within molecular capsules and the 

effects observed so far are, although academic, very interesting. Reactions can be accelerated and the 

selectivity of a chemical process can be changed completely. These observations can be explained by 

stabilization of the reaction transition state by the capsule (based on enthalpic and entropic 

contributions) or by concentration effects in the case of bimolecular reactions, such as Diels-Alder 

reactions. More important are the unique reaction selectivities induced by the novel finite micro-

environment within the capsule. The size and shape of the nanoreactor’s cavity and that of the 

nanoreactor’s gates can control the substrate selectivity by controlling the access to the cavity. In the 

same manner it can protect an active-site located in the cavity that otherwise would be poisoned by 

chemicals present in solution. The region- and chemo-selectivities can also be changed by the capsule 
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by changing the ratio of reaction rates of competing pathways. Product inhibition is a frequently 

encountered problem in bimolecular coupling reactions carried out within enclosed cavities. The 

coupling product might have a higher affinity for the capsule than the substrates, and consequently 

product release from the nanoreactor becomes the slowest step in the reaction. Product inhibition can 

prohibit the utility of nanoreactors as true catalysts. The capsules and cages displayed in this chapter 

have been successfully used as cage catalyst for Diels-Alder reactions14, dipolar cycloaddition 

reactions, the orthoformate hydrolysis16 and the 3-aza Cope rearrangement.17 In chemical 

transformations such as Diels-Alder reactions and dipolar cycloaddition reactions, the transition state 

is similar to the final product, so is considered to be a late transition state (Figure 6). 

 

Figure 6. Diels–Alder reaction demonstrating the similarity between transition state and product. 

 The Diels-Alder reaction between acridizinium bromide and cyclopentadiene is typically 

catalyzed by cage compounds. In a seminal paper by Otto et al.,18 selection of catalysts was 

performed using the reaction product as a suitable TSA to select macrocycles from a dynamic library. 

Exposure of the dynamic combinatorial library based on dithiol building blocks to the product (as 

transition state analogue) leads to the selection and the amplification of two hosts among all the 

constituents of the dynamic library (Figure 7). The selected cage compounds were applied as catalysts 

in separate experiments, and indeed compound 8 for example was demonstrated to catalyze the Diels-

Alder reaction between the two substrates. The reaction rate was increased by a factor 10. Since the 

selection procedure was performed with the product, the cage compounds also have affinity for the 

product that is formed, potentially leading to catalyst inhibition. Indeed, if the reaction is carried out 

in the presence of the product, it turns out to be slower. The cage compound, however, did still give 

turn over, indicating that the product did not block the cavity for subsequent reactions as it was 

displaced by the substrates. 
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Figure 7. HPLC analyses of the DCL (Dynamic Combinatorial Library) made from dithiols: A) in the 

absence of any template, and B) in the presence of TSA 7, which induced the amplification of 

macrocycles 8 and 9 (as mixtures of stereoisomers). 

 
 In another example developed by Otto et al.19 macrocycles were selected from a dynamic 

combinatorial library, to be used as catalysts for the acetal hydrolysis reaction (Figure 8). The 

acceleration of the hydrolysis reaction was observed in the presence of the selected macrocycle. 

However, it remains uncertain whether the reaction acceleration is due to the stabilization of the 

transition state, to the shift of the pre-equilibrium towards the protonated acetal or a combination of 

both effects. 

 

 

Figure 8. Pathway for the hydrolysis reaction. 
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6.3 Dynamic Combinatorial approaches to transition metal catalysts 
 

Transition metal catalysts generally operate via elementary steps that can occur at the metal center, 

typically oxidative addition, substrate coordination, migration (insertion), reductive elimination, etc. 

It creates a reaction pathway by breaking downS-catalyzed hydrogenation is depicted. The reaction 

profile of such a metal-catalyzed reaction therefore consists of various transition states and 

intermediates (Figure 9). Often one of the transition states has the highest energy barrier and 

represents the most difficult step, and it is this step of a catalytic cycle that should be accelerated to 

get a faster catalyst. Typically, ligands are designed such that this rate limiting step is accelerated. In 

the event that a catalyst should be selected from dynamic combinatorial library of catalysts, efforts 

should be focused on this rate limiting step.  

 

 
Figure 9. The general mechanism of the rhodium-catalyzed hydrogenation, a typical metal complex 

that represents an intermediate (resting state) of the reaction and a general reaction pathway in 

transition metal catalysis. 
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 Activity is only a part of the challenge, as in most reactions also the selectivity of a catalytic 

process is an important issue. The creation of a chiral center in a selective manner during the catalytic 

reaction, often referred to as asymmetric catalysis, is generally the most difficult selectivity to 

achieve. During one of the elementary steps of the catalytic cycle, the chiral information is transferred 

from the catalyst to the substrate. In the decisive step there are two competing pathways, with 

associated transition states that afford the (R) product and the (S) product, respectively. The 

difference in transition state energy is related to the selectivity afforded to the final product, and 

because only relative small energy differences are required to obtain high selectivity (3 kcal/mol 

gives 99% ee), finding selective catalysts by rational design is generally impossible. A general energy 

profile related to a selectivity issue in a reaction pathway with a common intermediate to form both 

enantiomers of the product is pictured in Figure 10, and in this figure the (S) enantiomer will be 

predominantly formed as the lowest energy barrier is associated with its formation. The aim of 

finding more selective catalysts is related to finding catalysts that have selectively lower energy 

barriers for this pathway. Currently, most effective approaches consist of combinatorial screening of 

chiral catalysts and ligand design, guided by knowledge-based intuition. A selection-based process in 

which a transition state analogue selects the most selective catalyst would provide an interesting 

complementary approach. It requires the design of transition state analogues of the 

enantiodiscriminating step that have different interaction with the R and S chiral ligands.  

 

 

Figure 10. Competing reaction pathway that leads to the formation of the two enantiomeric products. 
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6.3.1 Dynamic libraries of transition metal catalysts 
  

Over the years many different ligands have been explored in (asymmetric) transition metal catalysis. 

A logical strategy to select the most active or the most selective catalyst from a dynamic library of 

catalysts would feature the metal fragment as a part of the transition state analogue, with which a 

DCL of ligands can be screened, as it is the ligand that determines the selectivity.  The use of various 

ligands will be discussed shortly below. Depending on the kind of possible interactions involved in 

the dynamic process, the libraries present different advantages and drawbacks. 

 

Library of monodentate and covalent bidentate ligands: Many different ligands are nowadays 

commercially available, or easily accessible in few synthetic steps. The achiral phosphine and 

diphosphine ligands, for example, have been widely and successfully used in homogeneous 

catalysis20 such as hydrogenation, allylic substitution and cross-coupling reactions. Libraries of these 

ligands can be used to select more active catalysts. No chemical transformations are involved in the 

selection process, but only exchange of ligands at the metal center that represents the transition state 

analogue. The major drawback of selection processes in these libraries is the possible multiple 

coordination as the coordinating phosphorus atoms are in large excess compared to the metal center, 

limiting the size of the dynamic library that can be used. The same holds for chiral versions of those 

libraries, like BINAP, DIPAMP or DIOP derivatives, which can be used for selection of the selective 

catalysts. Other classes of bidentate ligands such as P-N, P-O or P-S ligands or (bi)pyridine might 

also be screened using this approach. 

 

Library of supramolecular bidentate ligands: The class of supramolecular bidentate ligands, which 

was recently introduced,21 comprises the use of functionalized ligand building blocks that form 

bidentate ligands by supramolecular interactions between the building blocks upon coordination to 

the metal center. This class of ligands is considered as an important breakthrough in homogeneous 

catalysis as the building blocks are generally easily accessible and the ligand library grows 

exponentially with the number of building blocks, which is ideal for combinatorial approaches. So far 

mainly phosphorus based supramolecular bidentate ligands have been developed, using various 

supramolecular interactions: metal-ligand coordination, electrostatic interactions, and hydrogen bond 

interactions. If these libraries are to be applied in selection procedures, the exchange is through ligand 

exchange at the metal center and no chemical transformation is involved. Again, multiple 

coordination can be expected when using a large excess of ligands (with the advantage that a smaller 

number of building blocks already results in many combinations) and also the functional groups may 

interfere with the metal center. 
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Library of dynamic supramolecular templates: Supramolecular bidentate ligands can also be 

constructed by using templates onto which the functionalized ligand building blocks are associated. 

These ligands seem ideal for selection procedures as a large excess of ligands is not required as the 

variation can be sought in the template. As such, the problem of over-coordination can be prevented. 

So far, only a few examples of such template based ligands have been reported. 

 

Library of dynamic covalent linkers: The best ligands for selection procedures are those that have 

separated the donor atoms for coordination and functional groups for modification. The dynamic 

exchange does not involve the metal center, avoiding possible decomposition during the exchange 

and also over-coordination is prevented. The selection procedure is based on steric modifications of 

either 1) the (a)chiral linker and/or its chain length or 2) the structure of the ligand. Numerous 

building blocks are in principle suitable, such as (a)chiral diamine in combination with aldehyde 

functionalized ligands. The formation of an imine is known to be reversible under specific conditions. 

In principle, all the concepts of dynamic covalent chemistry should be applicable, as long as the 

exchange chemistry is compatible with the coordination chemistry. Although some scattered 

examples of these types of ligands can be found in literature, they have not been developed yet with 

the current application as a goal. 
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Library                                       Advantages                                        Drawbacks 

Monodentate ligands 

 

- Library commercially 
available 
- Easy synthesis 
- No chemical transformations 
involved in the dynamic 
process 

-Over coordination with large 
excess of ligand 
 

Bidentate covalent ligands 

 

- Library commercially 
available 
- No chemical transformations 
involved in the dynamic 
process 

-Over coordination with large 
excess of ligand 
- Tedious synthesis (unless 
C2-symmetric) 

Covalent linkers 

 

- Library commercially 
available (chiral or achiral 
spacer…) 

- Chemical transformations 
involved in the dynamic 
process, possible interference 
with the metal center or the 
ligands 

Supramolecular bidentate ligands 

 

- No chemical transformations 
involved in the dynamic 
process 
- Supramolecular interaction 
under thermodynamic control 
- Convergent synthesis of 
building blocks 

- Possible interference of 
functional groups with the 
metal center 
-Over coordination with large 
excess of ligand 
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Supramolecular templates 

 

- No chemical transformations 
involved in the dynamic 
process 
- Supramolecular interaction 
under thermodynamic control 
- Convergent synthesis of 
building blocks 

- Possible interference of 
functional groups with the 
metal center 
-Limited examples reported 
 

 

 
Metal Center  

 

Bond involved in the dynamic exchange 

     

 

Coordination Site: P, N, 
O, S…  

 

Diversity of building blocks, in the 
constituents of the dynamic library 

     

 

Dynamic covalent 
interaction: disulfide, 

imine, hemiketal, amide, 
ester… 

  

Dynamic supramolecular interaction: 
hydrogen bond, metal-ligand interaction, 

ionic bond… 

 

 

6.3.2 Selection procedures via intermediates and transition state analogues 
 

The ideal template for the selection of the best catalyst is the transition state, which is by definition 

unstable and therefore not useful. Therefore a transition state analogue should be designed that on one 

hand is sufficiently precise to mimic the transition state, but on the other hand is sufficiently stable to 

be used for the selection procedure. Recent progress in molecular modeling, and the ever increasing 

computer power facilitates the identification of the transition state and for the design of analogues 

thereof.  

 

 An alternative strategy is to employ selection procedures for identifying the most unstable 

intermediate (Intermediaterds, blue curve, Figure 9). By increasing the energy of this complex, the 

overall energy barrier will decrease and the reaction rate will increase. This strategy will only work 

for selection based on reaction rate, and not on selectivity (unless the situation is more complicated 

with more intermediates that form different products). Importantly, new experimental tools (based on 

NMR and IR spectroscopy, Mass spectrometry…) and analytical techniques (kinetics…) are 

continuously being developed, which will facilitate the identification of different intermediates. The 
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intermediate targeted (prior to the rate-determining step) is generally accumulated in the reaction, its 

chemical transformation being the slowest of the reaction pathway.  

 

 Transition state analogue approach: No successful example has been reported so far using 

a TSA in a dynamic combinatorial approach to transition metal catalyst selection. However inspired 

by enzymes and molecular cages, molecularly imprinted polymers were successfully developed by 

Wulff et al. and in a small number of cases directed towards transition metal catalysis.22 Cavities as 

biomimetic catalysts are created by generation of polymeric materials in presence of a transition state 

analogue as a template, which is removed after polymerization. In presence of the substrate, the 

incorporation of the catalyst precursor leads to high activities, the transition state being stabilized by 

the polymeric cavities. 

 

 Severin23 recently reported ruthenium and rhodium based transition state analogues for the 

transfer hydrogenation reaction. These complexes were used as catalyst precursor in combination 

with molecular imprinting techniques. Phosphinato complexes were prepared as analogues for the 

ketone associated complex. They demonstrated that the results obtained in catalysis were better in 

terms of selectivity and activity when these transition state analogues were imprinted in the polymer. 

This shows that organometallic complexes can indeed serve as stable transition state analogues. 

 

Figure 11. Organometallic transition state analogues for transfer hydrogenation reactions as 

developed by Severin for molecular imprinting. 

 

 Selection of catalyst based on intermediate stability: We recently studied if it is possible to 

device a selection strategy based on the relative stability of the intermediate of a reaction.24 It is 

known that in the Pd-catalyzed allylic substitution, the rate-determining step is the attack of the 

nucleophile on the �-allyl-palladium species. The transition state of this step is believed to be late 

when carbon nucleophiles are used. In this scenario, an inverse correlation of the energy of the 

intermediate and the reaction rate is expected, as the transition state is more product like (see figure 

12). Based on this hypothesis, the selection of a catalyst among a dynamic mixture of palladium 

complexes was studied. 
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 For the selection experiments, a homologue library of diphosphine ligands, which form the 

palladium allyl intermediate complexes, was used. The effect of the bite-angle and steric properties of 

the aryl groups was investigated using dppe, dppp, dppb, and their corresponding o-tolylphosphino 

analogues. In a typical selection experiment, one equivalent of [Pd(crotyl)(dppe)]OTf was mixed in 

dichloromethane with equimolar amounts of the other free ligands i.e. dppp and dppb to generate a 

dynamic library of intermediates. Ligand exchange was shown to be fast by 31P-NMR spectroscopy 

and after one hour the mixture was analyzed by ESI-MS. As there is only one equivalent of metal ion 

present, the ligand which forms the most stable Pd-allyl complex will compete most effectively for 

coordination and the corresponding complex will be most abundant in the mixture. Therefore, the 

abundance of the complexes in the ESI-MS spectrum is a direct reflection of the stability of the 

corresponding species. In order to confirm that a thermodynamic controlled product mixture was 

obtained, we performed the experiments also starting from the dppp and dppb Pd-allyl complexes 

which resulted in identical spectra. Furthermore, to be sure the intensities can be correlated to 

concentrations of the observed species, we made calibration curves by injecting mixtures of 

preformed diphosphine Pd-allyl complexes at different ratios. The ESI-MS spectra display signals 

corresponding to all three Pd-allyl complexes in case of both phenyl and o-tolyl substituents on 

phosphorus. The complexes with the ethane backbone are most abundant followed by the propane 

and butane backbone. This trend suggests that dppb should give the fastest allylic alkylation catalyst 

and that the rate of the reaction increases with increasing bite-angle in the investigated series of 

ligands. This was indeed what was observed experimentally, and the nice inverse correlation between 

the abundance in the MS spectrum and the activity demonstrates the principle of this selection 

procedure.  

=

 

Figure 12. Selection procedure by intermediate destabilization in the palladium catalyzed allylic 

substitution reaction. 
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6.4 Conclusion 
 

The field of dynamic combinatorial catalysis is virtually open. The first few examples, however, 

provided first proof of principle that also in this area DCC has added value. For both cage type 

catalysts as well as transition metal complexes the DCC approach could have significant advantages 

above rational design or traditional combinatorial strategies, but at this stage it is far too early to 

compare these approaches. In this chapter we mainly focus on the principles, supported by some 

initial results, in the hope that we will stimulate scientists to continue research in this exciting new 

area. 
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