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Abstract 

 

Life as we know it is based on complex networks of biochemical reactions 

that constantly interact within large dynamic systems. The field of systems 

chemistry uses chemical models to study how reaction networks – and thereby 

life – function on a molecular level. This thesis focuses on different aspects of 

catalysis in dynamic systems of interconnected reversible reactions. Using the 

reversible imine bond as the primary tool, such dynamic systems have both been 

used for catalyst screening and to achieve emergent systemic behavior. 

First, constitutional dynamic chemistry was used to discover catalysts within 

large mixtures. A method based on dynamic deconvolution was used to identify 

a bifunctional organocatalyst for the Morita-Baylis-Hillman (MBH) reaction 

from a mixture of 16 candidates. A second method involved amplification of an 

organometallic intermediate from a dynamic system and was used to discover 

directing group/metal combinations for C-H functionalization of aldehydes. 

Subsequently, the consequences of integrating the catalyst itself into a 

dynamic system were investigated. Here, dynamic covalent catalysts formed 

reaction networks with programmable systemic properties. Using the MBH 

reaction and dynamic imine exchange, catalysts capable of self-resolution, 

feedback regulation and error-correction were constructed. 

Finally, selective catalyst systems for activation of new reversible covalent 

behavior for imines were developed. H-bond catalysis was used to facilitate 

imine exchange under mild conditions, and transamination was introduced as a 

dynamic covalent linkage that could change the directionality of the imine bond. 

The research in this thesis should both be applicable for catalyst discovery 

within synthetic organic chemistry, for understanding connectivity in chemical 

and biological systems as well as for studies of the origin of life on earth and the 

evolution of simple molecules into advanced systems with emergent 

functionality. 

 

Keywords: systems chemistry, dynamic covalent chemistry, catalyst screening, 

reaction networks, organocatalysis, imine exchange, combinatorial chemistry, 

dynamic systemic resolution, feedback, error-correction, Morita-Baylis-

Hillman reaction, C-H activation, H-bond catalysis, transamination 



Sammanfattning på svenska 

 

Levande varelser består av komplexa nätverk av biokemiska reaktioner som 

är sammankopplade i stora dynamiska system. Systemkemi är ett fält som 

använder kemiska modeller för att studera hur reaktionsnätverk – och i 

förlängning också liv – fungerar på en molekylär nivå. Den här avhandlingen 

behandlar olika former av kemisk katalys i dynamiska system av 

sammankopplade reversibla reaktioner. Med dynamisk iminkemi som 

huvudverktyg har dessa molekylära nätverk både använts för att upptäcka nya 

katalysatorer och för att uppnå emergenta systemegenskaper.  

Initialt användes konstitutionell dynamisk kemi för att identifiera 

katalysatorer i komplexa blandningar. En metod baserad på dynamisk 

dekonvulering användes för att hitta en bifunktionell organokatalysator för 

Morita-Baylis-Hillman (MBH)-reaktionen från en blandning av 16 olika 

potentiella katalysatorer. En andra metod byggde på att amplifiera och detektera 

en organometallisk intermediär från ett dynamiskt system. Detta kunde 

användas för att hitta styrande grupper och metallkatalysatorer för C-H-

funktionalisering av aldehyder. 

Vidare undersöktes implikationerna av att integrera själva katalysatorn som 

en del av ett dynamiskt nätverk. Detta ledde till så kallade dynamiska kovalenta 

katalysatorer, som bildade reaktionsnätverk med programmerbara 

systemegenskaper. Med hjälp av MBH-reaktionen och dynamiskt iminutbyte 

kunde katalysatorer som var kapabla till självresolvering, feedback-reglering 

och felkorrigering konstrueras. 

Avslutningsvis har även selektiva katalytiska system för att aktivera nya 

reversibelt kovalenta beteenden hos iminer utvecklats. Vätebindningskatalys 

användes för att underlätta iminutbyte under milda förutsättningar, och 

transaminering har introducerats som en dynamisk process som kan ändra 

direktionalitet hos en iminbindning.  

Sammantaget bör forskningen i denna avhandling vara tillämpbar i sökandet 

efter nya katalysatorer inom syntetisk organisk kemi, för att förstå hur kemiska 

och biologiska system är sammankopplade samt för att nå nya insikter i hur liv 

på jorden en gång kan ha uppstått. 

 

Nyckelord: systemkemi, dynamisk kovalent kemi, katalys-screening, 

reaktionsnätverk, organokatalys, iminutbyte, kombinatorisk kemi, dynamisk 

systemisk resolvering, feedback, felkorrigering, Morita-Baylis-Hillman-

reaktionen, C-H-aktivering, vätebindningskatalys, transaminering 
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1.  
Introduction 

 

Where do we come from? 

 

This seemingly simple question captures the essence of the biggest unsolved 

mystery in chemistry, and perhaps all of science. How did inanimate matter turn 

into living systems? And how did the first primitive life-like supramolecular 

assemblies evolve to the extremely complicated creatures that populate the earth 

today – from the smallest amoeba to the largest whale? 

The origin of life has fascinated humankind since the dawn of times, but it is 

only in the last centuries that scientists have developed the tools within 

chemistry and biology to tackle this question.1 A plausible hypothesis for the 

hierarchical stages in the evolution of life has been developed (Figure 1) and 

credible suggestions for the first as well as the latest steps in the evolution of 

living systems have been put forward. The first organic molecules probably 

evolved from simple inorganic precursors in a so-called “primordial soup” under 

catalysis of lightning or radiation, as supported by the famous Stanley-Urey 

experiment.2 At a more macroscopic level, Charles Darwin’s theory of natural 

selection described how evolution is dictated by a competition for resources with 

the resulting “survival of the fittest”.3 All living organisms can mutate and adapt 

in response to changes in their environment. The organism that is most likely to 

survive and reproduce within a given environment will also be favoured to 

transfer its genetic material to the next generation. 

 

 
 

Figure 1. The hierarchical complexity levels of life. 

However, the steps immediately following the creation of the first organic 

molecules and preceding the first cells are less illuminated. How did immensely 

complex macromolecules such as proteins and DNA that constitute the 

components of cells evolve from the first simple organic compounds? Some type 
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of self-replicating behavior must surely have been at play, but how did 

molecules then come to display the self-organization necessary to perform life-

like functions? Though the answers to these questions are still out of reach, it is 

believed that chemical catalysis played a key role.4  

The field of systems chemistry studies this type of questions from a bottom-

up perspective, using chemical models to gain understanding into complex 

behavior.5-8 This thesis is concerned with the effects of catalysis in large abiotic 

mixtures of molecules, so-called dynamic systems. In the following paragraphs, 

a range of concepts and reactions central for this thesis are introduced, with a 

focus on catalysis and the connection of this topic with systems chemistry.  

 

1.1 Systems Chemistry 

1.1.1 Complex Systems 

“In considering complicated processes, the most common strategy in 

chemistry has been to simplify and linearize. […]A number of new types of 

problems are, however, moving in directions that will require better intellectual 

tools for understanding complex systems.” –  Whitesides and Ismagilov.9 

 

In essence, systems chemistry studies the behavior of complex chemical 

systems. A complex system is defined as a collection of entities where the 

properties of the mixture cannot be traced back to the individual component 

properties. When such properties are unexpected, they are sometimes designated 

as emergent.10-12 In chemistry, the most famous complex system is perhaps the 

Belousov–Zhabotinsky reaction, a classic example of non-equilibrium 

thermodynamics. The reaction sequence is a complicated interplay of an 

estimated 18 different chemical reactions that taken together give rise to 

oscillatory behavior and can yield beautiful fractal-like evolution of spiral color 

patterns in microemulsion media.13 

The questions of systems chemistry in relation to the origin of life are twofold: 

how did collections of molecules collectively achieve behaviors that 

characterize cells and organisms, and how did individual molecules originally 

organize into assemblies that exhibited the characteristics of life?4 To gain 

insights into complex reaction networks would also mean understanding more 

about emergent functionality and connectivity in chemical and biological 

systems. Furthermore, this knowledge is integral for designing advanced 

functional systems that can be used to create the next generation of materials, 

drugs or even supercomputers.  

The study of complex systems is by no means limited to the physical sciences. 

Though the mathematics behind complex systems are rooted in statistical 

physics, information theory and non-linear dynamics, complex systems theory 

has also yielded fundamental insights into concepts as diverse as stock market 
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dynamics, population fluctuations in ecology and the viral spread of news 

stories.14,15 

1.1.2 Characteristics of Dynamic Systems 

In order to understand how dynamic systems perform functions, it is important 

to consider why complex behaviors emerge. According to the second law of 

thermodynamics, the entropy in a chemical system and its surroundings will 

increase over time. Still, many systems exhibits a gradual increase in order, with 

life being the most spectacular example of a highly ordered, extremely complex 

chemical network.16 This is possible due to the increase in entropy of the 

surroundings, due to the energy emitted from the system during the ordering. 

Thus, to maintain complex behavior, a constant influx of energy in the form of 

fuel is necessary to maintain the so-called out-of-equilibrium or far-from-

equilibrium state.17,18 Using life as an example, living things can be described as 

open self-organizing systems which are maintained by flows of energy, 

information and matter. A system at thermodynamic equilibrium is – in all 

essence – dead. 

In biological networks, an extensive range of systemic functionality with 

molecular foundations are incessantly executed with a level of sophistication 

that artificial systems cannot even begin to emulate. For systems chemists, the 

challenge in creating artificial chemical systems lies in controlling the 

interacting reactivities, ensuring that the chemical behavior is robust. The goal 

is clear – to control the molecular programming of complex chemical networks 

to introduce function by design.7,19 Though extremely primitive in comparison 

to nature, chemists have already created chemical systems capable of biological 

functions such as self-sorting20-22, self-organization23,24, compartmentalization25-

28, allosteric regulation29,30 and maybe most importantly self-replication31,32 – 

the ability to achieve systemic order by copying of self over non-self. 

 

1.1.3 Supramolecular Chemistry 

At the core of all systemic behaviors outlined above one finds adaptability. 

Many complex systems are adaptive, and can evolve in response to perturbations 

in the environment.33 The genesis of research on chemical adaptability was the 

birth of supramolecular chemistry.34 Often described as “chemistry beyond the 

molecule”, the field originated from Charles Pedersen’s research on crown ether 

cation complexation in the 1960s and gained prominence during the following 

decade.  

Supramolecular chemistry is concerned with how individual molecules are 

interconnected through weak non-covalent interactions, such as van der Waals 

forces, H-bonding or electrostatic interactions. Since such interactions are 

inherently dynamic and reversible, it allows systems of molecules to self-

assemble into the most thermodynamically favored state. Spontaneous self-

organization may create highly complex supramolecular architectures, either as 
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thermodynamic sinks or with emergent out-of-equilibrium functionality. This 

type of behavior is ubiquitous in biological systems – from the self-assembly of 

lipids into membranes to the remarkable formation of DNA spirals from 

individual polynucleotide biopolymers. A range of different complementary 

supramolecular interactions is often necessary to achieve organization. In DNA 

for example, both hydrogen-bond pairing between the complementary base pairs 

and π-π-interactions between the nucleobases are responsible for the 

stabilization of the resulting double helix structure (Figure 2).35 

 

 

Figure 2. The molecular structure of DNA. 

Another spectacular example of how supramolecular interactions contribute 

to systemic function is found in proteins.36 Based on polypeptide chains, 

proteins fold into highly controlled tertiary conformations through non-specific 

supramolecular interactions such as salt bridges, H-bonds and the hydrophobic 

effect (Figure 3). In the unfolded state, most proteins are essentially 

nonfunctional, meaning assembly is essential for catalytic or regulatory activity 

to emerge. In Figure 3, a dynamic covalent bond is also encountered – another 

type of interaction that is closely connected to supramolecular interactions, yet 

distinctly adhere to the rules of molecular chemistry. This unique bond class 

forms the central topic of this thesis and is described in detail in the next section. 

 

 
Figure 3. Supramolecular interactions governing the folding of proteins. 
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1.2 Constitutional Dynamic Chemistry 

1.2.1 Basic Concepts 

Supramolecular interactions are labile and reversible, meaning a 

supramolecular system can swiftly and with high fidelity self-assemble to the 

thermodynamically most favored composition. However, this lability typically 

means that supramolecular constructs are too unstable for use in applications 

where high robustness is required. In the mid-1990s, the laboratories of Jean-

Marie Lehn and Jeremy K. Sanders independently introduced dynamic systems 

of reversible covalent bonds. Such systems mimic the adaptive features of 

supramolecular assemblies, while the individual molecules retain the robustness 

and stability of covalent bonds.37-39 Up until that point, reversible reactions were 

mostly considered a nuisance by chemists, a property leading to complications 

in synthesis and analysis of small molecules. With the advent of constitutional 

dynamic chemistry however, newfound interest in reversible covalent bonds 

arose and the exact bonding characteristics previously deemed troublesome for 

synthesis could now be utilized as an advantage.40-42 

Dynamic covalent bonds are continuously broken and reformed during a 

reaction so that the corresponding constituents eventually reach thermodynamic 

equilibrium. Once equilibrium is established, the molecular status quo can be 

perturbed by stimuli, leading to adaptation. For example, systems respond to 

changes in reaction environment (change of solvent), physical changes 

(temperature, light irradiation) or addition of new chemical information (e.g. 

templates for host-guest complexation).40 The resulting adaptation leads to 

“evolution” of the new thermodynamically most stable state for systems. 

However, to classify as dynamic covalent, a bond need to obey relatively strict 

criteria in terms of kinetics and thermodynamics. In order to make full use of 

the adaptability, reversibility must be rather fast and equilibration needs to be 

achieved at reasonable time scales. Bonds with lifetimes of 1 ms to 1 min yield 

covalent connections that are detectable with most analytical methods and give 

rise to stable molecules, yet with enough dynamics to allow rapid re-

equilibration and adaptation. These kinetics translate into equilibrium times on 

the order of hours to days, with the upper limit of the equilibration time being 

determined by the stability of the system constituents. 

 

1.2.2 Types of Reversible Covalent Bonds 

While a large variety of reversible connections can be classified as dynamic 

covalent bonds, only a few have found widespread use in dynamic chemistry. 

To date, dynamic imines, disulfide exchange and boronate ester exchange 

constitute the three most effective reversible covalent bonds. The discovery of 

new reversible reactions with suitable characteristics remains a vibrant research 

topic.41 A summary of some of the most important dynamic covalent bonds is 

found in Table 1. 
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Table 1. Examples of dynamic covalent bonds classified, by exchange symmetry. 

Symmetric Dynamic Covalent Bonds 

 

Disulfide 

metathesis43 
 

 

 

Alkene metathesis44 

 
 

Alkyne metathesis45 

  
Carbene 

dimerization46 

 
 

Unsymmetric Dynamic Covalent Bonds 

 

Imine formation47 

  

 

Nitroaldol formation48 

  
 

Thiolester exchange49 
 

 

 
Boronic ester formation50 

 
 

 

Diels-Alder reaction51 

  
 

Thia-Michael reaction52 

 
 

(Thio-)acetal or hemi(thio-)acetal 

formation53 

 
 

 
Orthoester exchange53 

 

 

When considering dynamic covalent bonds, the so-called exchange symmetry 

is an important factor. Symmetric exchange means that both exchange partners 

undergo interchange through the same functional group, like two thiols that form 

a disulfide. Unsymmetrical exchange means that the dynamic covalent bond is 

forged from two different types of functional groups, such as carbonyl and 

amine functionalities that create imine linkages. For unsymmetrical bonds, there 

is intrinsic directionality within the connection, while symmetric bonds lack 
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directionality and the combinations R-R’ and R’-R are mutually commutative. 

That the two functional groups in an unsymmetric bond are different and self-

inert can be advantageous, as this means that greater control can be exercised 

over the structural features in the resulting dynamic covalent molecules. For 

example, one building block can contain the critical moiety for a biological 

interaction, while the substitution on the other can be varied to screen for the 

optimal secondary interactions. 

 

1.2.3 From Reversible Bonds to Dynamic Systems 

Dynamic covalent bonds provide an entry-point into chemical dynamic 

systems. Many different terms have been used to designate dynamic systems in 

the literature. Two common names are dynamic combinatorial libraries and 

constitutional dynamic networks. In this thesis, the term dynamic system is 

consistently used for all types of reaction networks, both those involving 

reversible covalent reactions and reversible non-covalent interactions.  The term 

designates a collection of compounds which are interconnected via reversible 

bonds and which can transform into each other inside a contained reaction 

network.54 Scheme 1 shows two ways to represent such a dynamic system. 

 
Scheme 1. Designations for dynamic systems. 

Since dynamic chemistry per definition operates under thermodynamic 

control, dynamic systems will eventually settle into the thermodynamically most 

favorable state. Thus, the thermodynamic information stored into the molecular 

constituents can be expressed with high precision and a high degree of error-

correction, giving access to the most stable network topology for a given set of 

conditions.55 

To be useful in dynamic chemistry, a system and its corresponding exchange 

reactions need to obey a set of criteria. First of all, all compounds must be fully 

reversible and not prone to kinetic traps. All system components need to be 

soluble, lest the equilibrium is perturbed by precipitation. Also, exchange needs 

to be reasonably swift and system components need to be stable over the 

duration of the experiment/application. It is also preferred if the generated 

compounds are relatively isoenergetic, as this allows a non-biased component 

expression. 

 

1.2.4 Applications of Constitutional Dynamic Chemistry 

One of the original applications of constitutional dynamic chemistry was as a 

synthetic tool for the creation of macrocyclic receptors. Thermodynamically 

controlled synthesis has now evolved into a key strategy in accessing highly 



   8 

complex and often strikingly beautiful macrocyclic molecular architectures.56 

The Solomon link57, prism58, and nanocapsule59 in Figure 4 are examples of 

structures that would be nearly impossible to access without the aid of dynamic 

covalent chemistry, but that assembles in high yield due to the inherent error-

correcting properties of constitutional dynamic chemistry. 

 

 
Figure 4. A Solomon link (left), molecular prism (middle) and nanocapsule (right) 

assembled through dynamic covalent chemistry. 

Aside from synthesis, the toolbox of reversible covalent bonds is nowadays 

utilized in a wide array of applications. Among many other examples, dynamic 

chemistry has been employed to create adaptive materials60 and surfaces61, 

tunable nanoparticles62 as well as pharmaceutical drugs63. 

As previously mentioned, dynamic covalent bonds are ubiquitous in nature. 

They are utilized in diverse biotic events and contribute to many types of 

functions that are crucial for life. The most common example is how reversible 

disulfide chemistry controls protein folding, but dynamic imine bonds are also 

integral for the chemistry of vision, and reversible thioester chemistry is utilized 

extensively in the human metabolic pathways.64 

Additionally, dynamic chemistry has been used as a potent tool to discover 

bioactive ligands and inhibitors (see Section 1.2.7).65,66 Self-screening with 

dynamic systems is operationally simple, and it has been shown that several 

thousand compounds can be analyzed in one pot when screening for receptors.67 

Dynamic covalent chemistry is also integral for the synthesis and operation of 

several iterations of molecular machines.68 The error-correction properties of 

dynamic covalent bonds have been used with great success to access machine 

components such as catenanes and rotaxanes, and sequential manipulation of 

dynamic covalent bonds has given rise to advanced machinery such as molecular 

walkers.69 

 

1.2.5 Connectivity in Dynamic Systems 

Most functional systems – both artificial and biological – are based on 

different reactions and interactions that act in concert or in parallel. Often, both 
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reversible covalent and non-covalent reactions are operating simultaneously. 

However, combining several dynamic covalent bonds into a single system is 

much more challenging and non-trivial.64 Two, three and even four different 

types of dynamic covalent bonds can however be operated together under 

specific conditions.70-75 

The combination of several exchange reactions in a dynamic system enhances 

the diversity and complexity of the system, which leads to the possibility for 

new interesting network topologies. In an orthogonal system, each dynamic 

covalent reaction operates independently of the others. Dynamic systems where 

different types of reversible covalent bonds operate in concert are instead called 

connected. Simplified, in connected systems, the equilibration of one dynamic 

covalent bond type is influencing the equilibration of another dynamic linkage 

type, while in orthogonal systems the equilibria are independent. 

Different reversible bond types may originate from the same functional group 

in connected systems. For example, the combination of disulfide and thioester 

exchange uses the thiol component in both reactions. A dynamic reaction can 

also construct the functional group for a second exchange reaction, as seen in 

the coupled thio-nitro-Michael and nitroaldol formation (Scheme 2a).76 

In orthogonal systems, both exchange reactions progress independently of each 

other. This is often achieved through catalyst-controlled bond exchange, where 

functional group activity is regulated by catalyst addition or removal. A 

common orthogonal system is the simultaneous hydrazone exchange and 

disulfide exchange (Scheme 2b).77 At high pH, only disulfide exchange is 

operating, while at low pH only hydrazones are exchanging. In an intermediate 

pH range, both reversible covalent bonds exchange, albeit at reduced rates. 

 
Scheme 2. Examples of connected and orthogonal dynamic covalent exchange. 

 

1.2.6 Confirming Reversibility 

When a dynamic system has been generated, two methods are commonly used 

to test if a system has arrived at the thermodynamic equilibrium composition 
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(Figure 5). A frequently employed protocol is dual entry-point analysis, which 

is based on the fact that an equilibrium point is pathway-independent. Thus, if 

the same system is approached from both sides of the equilibrium, and if the 

same component distribution is obtained regardless of the entry point, it can be 

assumed that the system has reached equilibrium.  

 

 
Figure 5. Methods for determining if a dynamic system has reached equilibrium. 

Another way to test for equilibration is stationary state perturbation. Here, 

the dynamic system is generated and allowed to evolve until no further changes 

are observed upon increased reaction time. Next, a new exchange partner is 

added. If the new compound is incorporated into the dynamic system and the 

previously stable component distribution changes, an indication that the original 

system had reached equilibrium is obtained. While this method provides weaker 

level of proof than dual entry-point analysis, it is advantageous when acquisition 

of compounds from both sides of an equilibrium is difficult. 

Since dynamic systems per definition are mixtures, it is generally not fruitful 

to talk about conversion or yield of individual system components. However, to 

probe the kinetics and to classify the extent of equilibration in a dynamic system 

at a given time, the reaction advancement degree (RAD) is a useful descriptor. 

The RAD is defined as the conversion of a specific component towards the 

equilibrium concentration of the same species, or: 

 

𝑅𝐴𝐷 (%) =
𝑐

𝑐𝑒𝑞

∗ 100 

1.2.7 Selection 

The ability of a dynamic system to adapt to stimuli is crucial to express the 

stored chemical information. The reversible connections ensure that all linear 

combinations of the initial building blocks can potentially be formed in situ in a 

system. This means that the addition of some type of pressure that preferentially 

selects one or more constituents can be used both to screen for binding 

interactions and to detect new interesting molecular properties. Two classes of 
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systemic pressure can be distinguished – external and internal. To achieve 

external pressure, a target selector (guest, ligand, inhibitor etc.) is added to a 

dynamic system.78 The constituent that interacts the strongest with the selector 

will be stabilized and the system will adapt to produce more of this species 

according to Le Chatelier’s principle. The outcome is thus an amplification of 

the “fittest” system component at the expense of other constituents. The process 

is illustrated in Figure 6 with the lock-and-key analogy for binding. 

 

 
Figure 6. Thermodynamic control of selection in dynamic systems. 

Here, the keys are assembled from different building blocks that interconvert 

via dynamic covalent bonds. The addition of a lock will stabilize and 

consequently amplify the best fitting key to the keyhole. Since compound 

concentrations change upon binding, simple inspection of the component 

proportions before and after addition of the lock will reveal the best key and 

thereby the best binder. This thermodynamic self-screening is appealing for drug 

discovery because strong binders can be directly identified from the 

mixture.65,66,79 

Though this method has proven to be efficient in a number of smaller systems, 

it has also been theoretically proven that there are conditions where the response 

will be small and interpretation of results difficult.80 This is especially true when 

binding is weak and relatively uniform among all system components. If the 

lock is able to derivatize the best binding constituent in irreversible and catalytic 

fashion, much more clear-cut results will be obtained since the best binder will 

be continuously removed from the system (Figure 7). This “siphoning effect“ is 

a type of kinetic self-sorting typically termed dynamic systemic resolution 

(DSR).81,82 Our group48,49,83-86 and others44,87,88 have heavily investigated DSR 

methodology and demonstrated that it can be used to screen for binders to 

several types of enzymes as well as transition metal catalysts. 
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Figure 7. Kinetic control of selection in dynamic systems. 

In contrast, internal pressure refers to thermodynamic or kinetic selection 

based on molecular information within the dynamic system itself (Figure 8). For 

example, systems can organize through aggregation of a specific building block, 

stabilizing this constituent and perturbing the mixture.89 Internal pressure also 

manifests itself through phase transitions, for example through self-sorting by 

crystallization,90 gelation83,91 or distillation92.  

 

 
Figure 8. Example of internal pressure in a dynamic system. 

 

1.2.8 Dynamic Imine Chemistry 

The reversible imine bond is the principal dynamic covalent bond employed 

throughout this thesis. Ever since the inception of dynamic chemistry, imine 

derivatives have been the most extensively used class of reversible bonds.47 

Imines are compounds with the connectivity R2C=NR’, formed through the 

condensation of amines and either aldehydes (to form aldimines) or ketones (to 

form ketimines).93 When R’ ≠ H, the imine is also called a Schiff base. For use 

in dynamic chemistry, the use of aldehydes with α-protons is generally avoided 

to suppress enamine formation and subsequent aldol or Mannich reactions. In 

particular, the combination of aryl aldehydes and aliphatic amines gives rise to 

stable imines with high robustness, yet apt dynamic covalent behavior. Dynamic 

imine chemistry has been exploited in a remarkable variety of applications, 

including formation of complex molecular architectures such as cages and 

catenanes94,95, in covalent organic frameworks96 as well as for synthesis of 

dynamic adaptive materials60. 

Dynamic imine exchange can occur through three general pathways as 

outlined in Scheme 3. If water is present, exchange often proceeds through imine 

hydrolysis with subsequent recondensation of the resulting amine and carbonyl 
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building blocks (imine formation).97 If water is unavailable, either 

transimination or imine metathesis pathways tend to dominate. The exchange 

mechanisms vary with conditions (solvent, catalyst, water content, etc) and have 

been studied in detail.98 For imine metathesis, both stepwise pathways mediated 

by primary amine catalysis and concerted organometallic pathways have been 

reported.99,100 

 

 
Scheme 3. The three mechanistic options in dynamic imine chemistry 

Imines can sometimes undergo exchange under neutral conditions, but to 

achieve decent equilibration rates, catalysis is generally necessary. Brønsted 

acid, Lewis acid or nucleophilic catalysis can all be used to accelerate exchange 

up to 106 times.101-103 Under basic conditions, imines are generally inert and do 

not exchange. The ability to toggle the dynamics of imine systems by addition 

or removal of catalyst is a very attractive feature. Catalytic control of imine bond 

dynamics has been employed to create responsive materials104,105, to promote 

synthetic transformations106 and for de-crosslinking of nucleic acid polymers107. 

The lability of the imine bond can also lead to complications during analysis. 

Normal imines are generally not stable towards chromatography, and changes 

in reaction medium can have a dramatic effect on equilibrium positions.108 In 

order to address this problem, a common method is to reduce the imines to the 

inert amine derivatives using NaBH4, a very swift reaction that essentially 

“freezes” the composition of the dynamic system.109 

Another alternative is to utilize more stable imine derivatives such as oximes 

and hydrazones (Scheme 4). These exchange reactions are significantly slower 

and require harsher exchange conditions than normal imine exchange, but the 

adducts are stable to chromatographic purification. 

 

 
Scheme 4. Imine-type exchange with substituted N-nucleophiles. 
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1.3 Chemical Catalysis 

1.3.1 Principles of Catalysis 

As previously mentioned, catalysis is a central concept of this thesis. A 

catalyst is a compound that accelerates a chemical reaction without itself being 

consumed.110 Thus, catalysts can be used in substoichiometric amounts and 

participate in many reaction cycles. Catalysis is crucial for modern organic 

synthesis, both since it opens new reaction pathways and since it can make 

reactions run under more environmentally benign conditions. As shown in 

Figure 9, a catalyst predominantly functions by lowering the activation energy 

in the rate-determining step (RDS) of the catalyzed chemical reaction, either by 

direct stabilization of the transition state (a) or by activating a different 

mechanistic pathway that may involve one or several new reaction steps (b).  

 
Figure 9. Energy profiles showing the simplified effects of catalysis in a reaction. 

An important concept in catalysis is the Curtin-Hammett principle, which 

outlines how products form from rapidly interconverting compounds.110 The 

principle applies to systems where several substrates are in equilibrium and each 

substrate can be irreversibly transformed into a unique product (Figure 10). 

Essentially, the Curtin-Hammett principle states that the individual equilibrium 

between the starting materials is unimportant for the final product distribution. 

Given that species A and B equilibrate swiftly, the product ratio of C and D is 

determined by the relative heights of the respective reaction barriers, not the 

starting ratio of A and B. 

 
Figure 10. Energetics of the Curtin-Hammett principle. 
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When a reaction system is leading to formation of the most stable product 

regardless of transition state energies, it is said to be under thermodynamic 

control, and consequently, when another product is preferentially formed the 

reaction is under kinetic control.  

Many different kinds of catalysis are used in organic synthesis. For example, 

transition metal catalysis uses the metals from the d-block in the periodic table 

to affect chemical transformations. With biocatalysis, enzymes or whole cells 

are used to conduct organic synthesis. The main focus of this thesis is however 

another type of catalysis, namely organocatalysis. 

 

1.3.2 Organocatalysis 

Organocatalysis, as the name suggests, utilizes small organic molecules as 

catalysts to achieve a particular transformation.111 Most organocatalysts are 

inspired by nature, with activation modes based on the principles through which 

enzymes operate. Aside from unlocking new reactivity, organocatalysis has also 

been promoted as a “greener” alternative to traditional transition metal catalysis 

due to the absence of environmentally hazardous metals. 

The biggest impact of organocatalysis has been in asymmetric synthesis, with 

some examples of successful catalysts shown in Figure 11. Pyrrolidine 

derivatives such as the Hayashi-Jorgensen catalyst constitute the maybe most 

famous class of organocatalysts, and activate substrates through covalent 

formation of enamine or iminium intermediates.112 H-bond donors that can 

activate electrophiles through electrostatic stabilization also make up a very 

successful class of organocatalysts.113  

A class of particular importance is furthermore bifunctional organocatalysts, 

where two different catalytic units are tethered into the same molecule. During 

the catalytic event, each catalytic site activates or preorganizes one reaction 

partner so that the desired chemical transformation can occur. Properly designed 

bifunctional catalysts typically show superior selectivity and reactivity, since the 

control over the reaction pathway becomes stricter. The Takemoto catalyst is 

perhaps the most well-known bifunctional organocatalyst.114 It exhibits both a 

Brønsted basic tertiary amine moiety that can activate nucleophiles and an H-

bond donating thiourea unit that is postulated to activate electrophiles, leading 

to preorganization of the reaction partners. 

 
Figure 11. Structures of some common organocatalysts.111 
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1.3.3 Autocatalysis 

A reaction is said to be autocatalytic if one of the products of the chemical 

transformation can act as a catalyst for the same or a coupled reaction. As this 

means that more catalyst is created along the course of the reaction, autocatalytic 

rate equations are fundamentally nonlinear in nature and the reactions typically 

display sigmoidal kinetic profiles.115 Even if a single reaction does not fulfill the 

criteria for autocatalysis, a set of reactions can be collectively autocatalytic if 

one or several of the reactions in the set produce catalysts for the other reactions 

so that the set as a whole is self-sustaining given the influx of energy and “fuel” 

molecules.116 

Autocatalysis often leads to a spontaneous ordering of a system, with the 

decreased entropy being compensated for by the increased entropy of the 

surroundings. Though there are scattered reports of highly efficient autocatalytic 

isolated chemical reactions117, autocatalytic behavior is most commonly 

observed in connected networks. This is also the case for nature, where 

autocatalytic networks has been postulated as the critical mechanism behind 

almost all origin-of-life scenarios.4 

 

1.4 The Morita-Baylis-Hillman Reaction 

1.4.1 Overview 

Together with imine exchange, the Morita-Baylis-Hillman (MBH) reaction is 

the most important reaction employed in the studies that compose this thesis. 

MBH reactions are versatile carbon-carbon bond forming transformations that 

have been extensively used in organic synthesis (Scheme 5).118-121 Named after 

its discoverers Ken-ichi Morita, Anthony B. Baylis and Melville E. D. Hillman, 

the reaction was first described in 1968 and gained steadily in popularity over 

the next decades.122,123 From a synthetic perspective, the reaction is first of all 

fully atom economical (a proposed equivalent term for a dynamic covalent bond 

is self-contained). Furthermore, it generates chiral centers, is organocatalytic 

and leads to densely functionalized molecular scaffolds that can easily be further 

transformed. 

The transformation constitutes the formal coupling of an electron-poor alkene 

(a Michael acceptor) with an electrophile, most commonly aldehydes or imines 

(the latter is referred to as the aza-MBH reaction). The reaction scope is broad, 

and significant variety in terms of both Michael acceptor and electrophile is 

possible. 

 

 
Scheme 5. Overview of MBH reaction scope. 
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The transformation is affected by nucleophilic catalysis, where a tertiary 

amine or phosphine initially reacts with the Michael acceptor to generate a 

zwitterionic intermediate. This intermediate then undergoes an aldol-type 

reaction with the electrophile to afford the carbon-carbon coupling (see further 

Section 1.4.3). 

Many asymmetric versions of the MBH reaction have also been developed, 

though this endeavor has proven to be challenging.121 Efficient asymmetric 

MBH reactions need highly specialized catalysts (see next section) which then 

only have shown good enantioselectivity for a limited scope of products. A 

general catalyst that achieve asymmetric MBH reactions for a broad range of 

substrates is yet to be found. Furthermore, the MBH reaction has some 

problematic limitations. It is infamously slow, with many reactions taking weeks 

to months to complete under optimized conditions. More reactive alkenes such 

as vinyl ketones are prone to undergo dimerization or polymerization under the 

reaction conditions, leading to a need for an excess of Michael acceptor. Finally, 

the reaction is very sensitive to changes in substrate or catalyst structure. For 

example, electron-rich electrophiles are unreactive with many catalysts.124,125 

 

1.4.2 Catalysis of the MBH Reaction 

The Lewis base catalyst is crucial for MBH reactions with both the 

nucleophilicity and nucleofugality (i.e. leaving group ability) being implicated 

as key parameters in transformation efficiency.126 The structures of some 

successful MBH catalysts are shown in Figure 12.127-129 Highly nucleophilic 

tertiary amines such as DABCO and quinuclidine or phosphines such as P(nBu)3 

are commonly used, even though high catalyst loadings (20-100%) are needed 

to achieve respectable rates. For some substrate combinations, heterocyclic 

tertiary nitrogen bases such as DMAP and imidazole derivatives have proven 

the most efficient.130,131  

The MBH reaction is highly amenable to bi- and multifunctional catalysis, 

especially for achieving asymmetric induction.132 Designer catalysts (such as the 

three rightmost structures in Figure 12) have incorporated hydrogen bond donor 

moieties to allow precise positioning of the electrophile via H-bond 

complexation.133,134 However, the preparation of such designer catalysts is 

complicated and generally requires tedious multi-step synthesis. 

 

 

Figure 12. Examples of successful catalysts for the MBH reaction. 
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1.4.3 Mechanism 

Given the need to improve the MBH reaction, understanding the detailed 

reaction mechanism has been a significant priority. However, despite several 

experimental and theoretical studies, a complete mechanistic picture has not yet 

emerged.135-137 This can be attributed to the complexity of the reaction, with 

changes in rate-determining step having been observed upon substrate, reaction 

media as well as catalyst modifications. 

The first MBH reaction mechanism was proposed by Hoffmann, and later 

corroborated with kinetic studies138-140 (Figure 13). The first step of the reaction 

is the Michael addition of the catalyst to the electron-poor alkene to generate a 

zwitterionic aza-enolate. Next, this reactive intermediate adds to an electrophile 

via aldol-type addition, and in a third step a proton shift occurs. Finally, the 

MBH adduct is obtained and the catalyst regenerated after E1cB elimination. 

 

 
Figure 13. Proposed catalytic cycle for the MBH reaction. 

Though this overall reaction profile has remained unchallenged, in 2005 it was 

uncovered in parallel studies by McQuade141 and Aggarwal142 that the 

mechanistic picture was more complicated. The RDS was determined to be the 

proton transfer in both studies, but the nature of this hydrogen shift seemed to 

be complex and condition-dependent. In the absence of protic additives, the 

reaction exhibited autocatalysis during the first 20% of the reaction, which 

Aggarwal attributed to the ability of the product to act as a proton relay in a six-

membered TS (Scheme 6a). Also, kinetic data pointed towards a change in rate-

determining step from proton transfer to aldol addition once the protic content 

of the reaction system was high enough.  

McQuade did in turn disclose the role of a transient hemiacetal intermediate 

in facilitating the reaction during the first 10% conversion, which was 

corroborated by an observed second-order dependence of the aldehyde under 

these conditions (Scheme 6b). This intermediate would account for the 
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formation of dioxanone side-products, commonly observed when the acrylate 

ester contains a potent leaving group. In the presence of protic additives such as 

carboxylic acids or alcohols, most of these effects disappeared and the reaction 

showed simple first order behavior in Michael acceptor, electrophile and 

catalyst. 

Recently, Singleton and coworkers have reinvestigated the MBH reaction 

mechanism and questioned the validity of most of the computational work 

carried out on the transformation.143 Through a combination of computations 

and experimental studies, the authors suggested that the role of the proton 

transfer has been overstated and that simple specific acid/base chemistry might 

be the sole factor at play during the RDS, at least in protic solvents (Scheme 6c). 

 

 
Scheme 6. The main three proposals regarding the nature of the RDS in 

acrylate/aryl aldehyde-based MBH reactions.  

 

1.5 The Aim of This Thesis 

This thesis is broadly concerned with the effects of catalysis within dynamic 

covalent systems. The common denominator is the use of imine chemistry to 

investigate different aspects of catalytic function within networks of reversible 

reactions. 

In the first set of studies, the use of dynamic chemistry as a tool for catalyst 

discovery is discussed, and we investigate how catalysts that incorporate 

dynamic covalent bonds can be screened in a more rapid fashion. Specifically, 

the use of deconvolution methodology from the field of combinatorial chemistry 

to quickly identify efficient catalysts from large mixtures is scrutinized, and 

different strategies for in situ detection of active catalysts are highlighted. 
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In the second set of studies, the integration of an organocatalyst into a dynamic 

system by incorporation of a reversible covalent bond within the catalyst 

architecture is investigated. We will demonstrate how this can give rise to 

advanced systemic functions such as self-sorting, feedback regulation and error-

correction. Creating function by design is a central objective in chemistry, and 

understanding of this topic should allow for more insights both regarding origin 

of life and the precise control of motion and connectivity at a molecular level. 

Finally, in order to expand the utility of constitutional dynamic chemistry, 

more efficient exchange reactions and more efficient catalysis of equilibration 

need to be developed. We will thus examine the potential of new imine-based 

reactions for dynamic chemistry, and also new modes of catalysis for imine 

exchange. 

These combined efforts are expected to give rise to new understanding in three 

general areas; 1) how dynamic chemistry can be utilized to discover new 

catalysts and catalytic systems, 2) how small molecule reaction networks of 

dynamic covalent catalysts can give rise to advanced systemic functionality, and 

3) how novel exchange reactions and catalysts for exchange reactions open up 

new applications for dynamic systems and dynamic covalent chemistry. 
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2. Catalyst Identification from Systems 

(Paper I-II) 

 

2.1 Introduction 

The discovery of new catalysts is crucial for modern organic synthesis, both 

so that new reactivity is uncovered and that important chemical products can be 

assembled in an efficient and environmentally friendly manner. However, the 

discovery process for new catalysts is time-consuming and expensive, and 

frustrating trial-and-error approaches are often necessary. 

To accelerate catalyst discovery, much effort has been invested into new 

protocols for rapidly synthesizing and evaluating catalyst candidates.144 A 

methodology that has attracted much attention is combinatorial catalysis, where 

many potential catalysts are simultaneously synthesized in one pot.145,146 This 

method stems from the fields of combinatorial chemistry and high throughput 

synthesis, which provide synthetic methods that enable the controlled 

preparation of large numbers of compounds in a single pot (from a few to 

millions).147 Usually, a modular approach is employed, where robust, reliable 

transformations are utilized to diversify simple building blocks in a predictable 

manner. The generated compound libraries can then be used for screening or as 

starting points for further synthetic elaborations.  

In Figure 14, the concept of combinatorial catalyst synthesis is illustrated and 

contrasted with traditional catalyst synthesis, demonstrating how catalysts can 

be constructed much more rapidly in a combinatorial fashion.  

 

 
 

Figure 14. Contrast between traditional and combinatorial catalyst synthesis. 
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However, it is challenging to obtain structurally diverse systems with 

combinatorial catalysis approaches, especially when considering bifunctional 

scaffolds. Many of the more advanced organocatalysts and transition metal 

catalyst systems require nontrivial operations and multistep synthesis for their 

assembly, which render them unachievable by high-throughput synthesis and 

automated synthesis. A method to circumvent this issue is to use supramolecular 

self-assembly to construct the catalyst. Using complementary supramolecular 

interactions such as H-bonding or ionic interactions, self-assembled catalysts for 

both transition metal catalysis148,149 and organocatalysis150,151 have been 

constructed. This method provides quick access to bifunctional catalyst 

scaffolds with high activities and tunabilities. However, supramolecular 

assemblies are inherently transient in nature and lack the stability of covalent 

linkages.  

A second and potentially bigger drawback for combinatorial catalysis is the 

need to isolate, characterize and evaluate each catalyst from the mixture 

regardless of the individual activity. While high-throughput screening 

methodology can rapidly evaluate candidates once the catalysts have been 

isolated, separation and purification remain cornerstone issues. 

 

2.1.1 Deconvolution Strategies 

In order to truly harness the power of combinatorial catalysis, methods to 

directly discover active catalysts from large mixtures are necessary. This type 

of collective catalyst screening is challenging and general solutions might never 

emerge, but successful implementations even for small non-general systems 

would enable for synthesis and evaluation of sets of catalyst candidates without 

the need for individual purification and characterization. 

Combinatorial chemistry has seen use of many methods to identify binders 

and ligands from mixtures, usually based on strategic deconvolution 

approaches.147 Several groups have also explored the idea of such protocols to 

identify supramolecular catalysts from mixtures. For example, studies by both 

Reek152 and Breit153 have demonstrated that effective deconvolution processes 

can be obtained as long as the assembly process of the catalysts is under 

thermodynamic control (as is almost always the case with supramolecular 

assemblies). This is necessary to negate kinetic traps that would prevent full 

expression of all constituents in the mixture.  

The most common deconvolution method used for catalyst synthesis is 

iterative deconvolution (Figure 15).153-155 Here, the catalysts are assembled from 

sets of building blocks. The mixture of all precursors is first divided into subsets 

so that all possible combinations of the full catalysts are expressed. Next, the 

smaller pools are evaluated in sequence to find the best performing catalyst 

mixture. Then, this subset is divided into even smaller pools and the procedure 

is repeated until the most active catalyst is found. 
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Figure 15. Principle of iterative deconvolution for catalyst screening. 

The drawbacks of this method are obvious. First of all, the catalysts need to 

be strictly non-interacting with each other and the mixture must essentially act 

as a linear combination of individual catalysts. Also, the method is not well-

suited for quantitative predictions but instead works best for on-off type 

situations where the catalyst is either well-working or almost non-functional. 

Otherwise, there is a risk that a mixture of several mediocre catalysts performs 

better than one good and several poor catalysts.  

Another common method in combinatorial chemistry is deconvolution by 

omission.156 Although this method has previously not been applied to catalysis, 

a possible approach for catalyst discovery is outlined in Figure 16. Here, initial 

building block components are sequentially omitted from the combinatorial 

catalyst synthesis. Consequently, this also eliminates all linear combinations 

derived from this building block in the catalyst mixture. By omitting each 

individual component of the initial system in sequence, the effect of every 

building block on the catalytic power of the system can be evaluated. Thus, 

deconvolution by omission can yield slightly better quantitative predictions than 

iterative deconvolution, though the same reservations regarding nonspecific 

interactions and symbiotic effects must be raised. 

 

 
Figure 16. Deconvolution by omission for catalyst screening. 
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2.1.2 Catalyst Identification Using Dynamic Chemistry 

The use of dynamic systems for identification of catalysts has been a long-

standing goal of constitutional dynamic chemistry.157,158 However, screening for 

catalysts via dynamic systems is fundamentally different from identifying 

bioactive ligands or guests for supramolecular hosts. The “species” that needs 

to be stabilized for catalysis to occur is not a stable ground state, but instead the 

transition state (TS). This complicates matters, as the TS by definition is 

transient and has a lifetime of femtoseconds (equivalent to one molecular 

vibration). Since development of exchange reactions operating at femtosecond 

timescales is – mildly put – an unrealistic endeavour, a so-called transition state 

analogue (TSA) can instead be used for screening. This stable molecular 

analogue of the TS can be used as external pressure on a dynamic system, and 

the amplified species should in principle be the best catalyst. This methodology 

was first used by Otto and Sanders to screen for disulfide-based macrocyclic 

catalysts for Diels-Alder159 and acetal formation160 reactions, and later 

successfully employed by both Scrimin and Prins161 as well as Nicholas162 for 

screening ester hydrolysis catalysts. Since this methodology enables the catalyst 

to self-synthesize in response to the addition of the TSA, it can even be used to 

assemble unexpected and nonstandard structures from dynamic systems. 

Despite these advantages, the need to design and synthesize a TSA for each 

investigated reaction and the requirement for the TSA to be stable under the 

exchange conditions hamper the efficiency of this method. Furthermore, since a 

TSA by definition is not the exact TS, there is an inherent risk that the self-

screening results in amplification of a host that only binds well to the TSA but 

does not possess any actual activity. Product inhibition also seems to be a 

frequently encountered problem with catalysts discovered in this manner.159 

 

2.1.3 Catalyst Screening by Reactive Intermediate Identification 

Another method that has been successfully employed for collective catalyst 

screening is in situ identification of reactive intermediates, preferentially 

catalyst-substrate complexes. The Hammond postulate states that high energy 

intermediates may resemble the TS for the RDS relatively well, but unlike the 

TS, a reactive intermediate is identifiable and interceptable.110 Thus, screening 

for the presence of specific intermediates can sometimes provide strong 

information on the efficiency of catalysts (Figure 17). 

Most reactive intermediate-based screening methods developed to date use 

ESI-MS for detection, due to the sensitivity of the method.163-165 These types of 

screening protocols are by definition mechanism-dependent, but can in specific 

cases give rise to rapid information on catalysts through only a few 

measurements. For example, Chen and Hinderling successfully screened Pd-

based polymerization catalysts by intermediate identification via ESI-MS.166 

Since the catalyst remains attached to the polymer during the reaction, the length 

of the polymers could essentially be correlated with the catalyst efficiency. 
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Pfaltz and coworkers have also screened up to six catalysts in the same pot by 

investigating the retro-reaction between a product and a series of catalysts.167,168 

Here, the prevalence of each reactive intermediate in the mass spectrogram 

could be directly linked to catalytic activity. 

 

 
Figure 17. Principle for catalyst screening via in situ detection of catalyst-substrate 

intermediate complexes. 

 

2.2 Dynamic Deconvolution of Bifunctional Organocatalyst 
Systems 

2.2.1 Catalyst Design 

At the onset of this work, we wanted to expand on the toolbox of dynamic 

chemistry to incorporate new catalyst discovery strategies. A critical question 

was if dynamic systems could be utilized for catalyst screening in a manner 

which would not require a TSA-based strategy. As a starting point, we wanted 

to directly screen catalysts towards the investigated chemical reaction in a 

kinetic instead of thermodynamic manner. We pondered whether it was possible 

to construct molecular analogues of the supramolecular catalysts discussed in 

Section 2.1.1, with retained dynamic behavior. Thus, a catalyst with a dynamic 

covalent bond incorporated into the scaffold was envisioned. The high 

specificity of most dynamic covalent linkages would allow swift assembly of 

bifunctional catalysts in a similar manner to the supramolecular catalysts. As 

previously explained in Section 2.1, thermodynamic control of catalyst 

formation gives access to powerful deconvolution methods, which facilitate 

activity screening for bifunctional catalysts with dynamic covalent bonds. With 

this in mind, we attempted to synthesize a bifunctional dynamic covalent 

catalyst, and develop methodology that allowed rapid activity screening with 

deconvolution methods.  

The MBH reaction was chosen as model reaction for the catalyst screening. 

The sluggish nature of the reaction makes discovery of new catalysts of 

particular importance. In addition, the importance of dual activation and 

bifunctional catalysts has been highlighted in several studies.132,133 Predicting 
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optimal catalyst architectures based on rational design has also not been 

particularly successful, which further aggravates the need for combinatorial 

discovery methods. 

One of the most challenging types of MBH reactions is the subclass that 

utilizes α,β-unsaturated ketones as Michael acceptors, since polymerization and 

side reactions lead to diminished yields and selectivity. Thus, accurately 

predicting an optimal catalyst for such a reaction from a large mixture of 

catalysts would be a good validation of the screening method.  

After some optimization, the system was designed as shown in Figure 18.169 

Racemic trans-diaminocyclohexane-derived amines with attached hydrogen-

bond donors activate the aldehyde, while an aromatic aldehyde with a 

nucleophile in the ortho-position activate the Michael acceptor for the MBH 

reaction. The amine and the aldehyde condense to form the imine-bridged 

bifunctional catalyst, leading to close association of the two catalytic units. 

 

 
Figure 18. a) Design elements for in situ creation of dynamic covalent catalysts for 
MBH reactions. b) Suggested mode of substrate activation and preorganization by 

the bifunctional catalyst. 

 

2.2.2 Equilibration of Dynamic Bifunctional Catalyst System  

As discussed in Section 1.2.8, acid and water render imines labile, but in the 

absence of these species the linkage is robust. We originally anticipated that the 

aldehydes and amines containing the catalytic units could be directly condensed 

to form the imines by addition of a drying agent such as molecular sieves. This 

protocol gives rise to mixtures of imines formed under kinetic control, as 

primary amine catalysis is not fast enough to lead to equilibrated mixtures under 

these conditions. A second step was thus envisioned, where water and acid 

would be added to equilibrate the mixture in situ to ensure that all linear 

combinations of the catalysts would be expressed and that the component 

distribution would be (relatively) uniform during the deconvolution phase.  

Thus, a small model system of aldehydes 1a and 1b and amines 2a and 2b as 

shown in Scheme 7 was subjected to the condensation conditions. All four 

imines 1a2a, 1a2b, 1b2a and 1b2b formed quantitatively within 20 h. Only 

compound 1b2b fulfilled the criteria for a bifunctional catalyst, as it possesses 

both a nucleophilic tertiary amine and an H-bond donating thiourea group. 



   27 

 
Scheme 7. Model system studies with originally envisioned two-step re-equilibration 

(top) and direct condensation (bottom). 

Upon attempted re-equilibration with imine exchange catalysts such as 

benzoic acid and Sc(OTf)3, no changes in the component distribution were 

however observed. Use of the stationary state perturbation method confirmed 

that the mixture was already at equilibrium after the initial condensation. This 

result came as a surprise, given the apparent absence of equilibration catalyst. 

Nevertheless, the strong interaction between imines and H-bond donors such 

as thioureas is well-documented.113,170 We thus considered whether the thiourea 

N-H protons could catalyze the imine exchange via a general acid catalysis 

mechanism. Control experiments confirmed that acidic thiourea units were 

indeed able to promote imine exchange, as long as water or free primary amines 

were present in the same mixture. Removing these components led to loss of 

dynamic exchange. This indicates that the dynamic imine system created in 

Scheme 7 was “locked” at equilibrium as the drying agent removed the water 

from the system that was necessary for re-equilibration (see Section 4.2 for 

further discussion on this topic). 

 

2.2.3 Dynamic Deconvolution by Omission 

The discovery of the thiourea-catalyzed imine equilibration facilitated the 

screening methodology, since the re-equilibration step could now be omitted. 

Instead, all components for the dynamic catalyst mixture could simply be mixed 

in one-pot to directly generate the equilibrated system, as long as a thiourea unit 

is present. After prolonged drying, the system was then “locked” due to absence 

of water or amines. 

This condensation protocol was utilized for a mixture of four aldehydes and 

four amines, as shown in Scheme 8. Aldehydes 1b, 1c and 1d incorporate 

nucleophilic units previously shown to be active as MBH catalysts, while 

amines 2b, 2c and 2d all contain H-bond donors of different strength and number 

of donor sites. The unfunctionalized aldehyde 1a and amine 2a were used as 

controls. After condensation, a dynamic catalyst system of 16 imines was 
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formed, and was again shown to be at equilibrium. Most or all of the imine 

catalysts appeared to be expressed, even if exact quantification was difficult due 

to overlapping NMR signals. To test if components in the mixture possessed 

catalytic activity, p-nitrobenzaldehyde 1e and ethyl vinyl ketone (EVK) were 

added to the equilibrated catalyst mixture. MBH reaction between the substrates 

occurred readily, with the MBH adduct 3a being formed in 20-25% yield after 

24 h. This indicated that at least one component in the mixture was an active 

catalyst, as this MBH reaction has no background activity. 

 

 
Scheme 8. Formation of dynamic imine catalyst mixture with “locking” of system 

component exchange by water removal. 

To identify the most active compound, dynamic deconvolution by omission 

(Section 2.1.1) was utilized. The imine catalysts were stable under the reaction 

conditions, but equimolar amounts of amine and aldehyde were required to 

quantitatively form imines and avoid free catalyst precursors which could 

interfere with the reaction. Hence, an exchange-based deconvolution was 

utilized, where the investigated component was replaced by an equivalent 

amount of unfunctionalized compound (1a for the aldehydes, 2a for the amines). 

Comparison of the activity of each deconvoluted system in relation to the 

reference system from Scheme 8 with all compounds present would yield 

information on the importance of each component for catalysis. We anticipated 

that replacement of active components for inactive ones would yield retarded 

initial rates, while replacement of inactive, non-interacting compounds would 

yield unchanged rates. Moreover, replacement of compounds detrimental to 

catalysis would yield increased rates. Measuring initial rates is important, as this 

property is what quantifies the catalytic power of a system. Late-stage yields do 

not provide accurate information on catalytic activity, as the results are 

convoluted by parameters such as product stability and catalyst poisoning. 

The full deconvolution results are summarized in Figure 19. Replacing the 

dimethylamino-containing component 1b resulted in a slight initial rate 

increase, indicating that this compound does not contribute positively to 

catalysis. Removal of diphenylphosphine-containing aldehyde 1c yielded a 



   29 

significant result, as the operation led to complete loss of systemic catalytic 

activity. This observation implies that the highly nucleophilic phosphine catalyst 

is the only nucleophile in the mixture capable of catalyzing the MBH reaction. 

This was further supported by the fact that imidazole-based aldehyde 1d showed 

no rate change when replaced. 

 

 

 
Figure 19. Dynamic deconvolution data for the MBH reaction. Initial rate difference 

(duplicate experiments) for MBH reaction upon replacement of investigated 
components 1b-1d or 2b-2d by 1.0 equivalent non-functionalized analog 1a or 2a in 
pre-generated catalyst system. Conditions: 0.12 mmol 1e, 0.24 mmol EVK, 4 Å MS 

(300 mg), anhydrous THF (0.5 mL), pre-generated imine catalyst mixture (0.075 
mmol of each initial component except for replacement compound 1a or 2a, of 

which 0.15 mmol was added). 

Regarding H-bond donors, the results were less pronounced and the 

reproducibility was lower. Omission of the weaker H-bond donor 2c yielded the 

largest systemic response, with the MBH adduct formation rate decreasing by 

around 30% compared to the reference. Interestingly, replacement of the 

stronger H-bond donor 2b instead lead to a rate increase, suggesting this 

compound could have adverse effects on the activity.  

To evaluate the accuracy of the predictions from the deconvolution, each 

individual catalyst from the 16-component mixture was synthesized in situ and 

subjected to the MBH reaction. In line with the predictions from Figure 19, only 

the catalysts derived from compound 1c exhibited catalytic activity. These four 

compounds were then separately synthesized and purified to yield a series of 

bench-stable catalysts that were resubjected to the reaction conditions, with 

results shown in Figure 20. The imine 1c2c derived from 1c and 2c was indeed 

confirmed to be the most active catalyst, producing a 19% yield of compound 

3a after 24 h. Surprisingly, imine 1c2b was the second most active compound 
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with a 15% yield, contrary to the predictions where removal of 2b was implied 

to be advantageous for catalysis. However, subsequent experiments 

demonstrated that 1c2b was unselective, with large amounts of side product 

formation. Product 3a also slowly decomposed in the presence of 1c2b. 

 
Figure 20. Yield after 24 h for 3a in parallel screenings with imine catalysts formed 

from the two components indicated on each axis. Conditions: 0.1 mmol 1e, 
0.3 mmol EVK, 0.02 mmol catalyst, 0.5 mL THF, 200 mg 4 Å MS. 

Thus, it was demonstrated that the deconvolution methodology could predict 

the most active catalyst from a dynamic system. The deconvolution power is not 

particularly strong, but the method still allows for straightforward one-pot 

synthesis and screening of many catalysts without the need for separation and 

purification of all candidates. The protocol seemed to work best when screening 

for components which are crucial to activity, but could also differentiate 

between functional groups on a semi-quantitative level. 

 

2.2.4 Synthetic Applications and Switchability 

With the optimal catalyst identified in the dynamic system, the efficiency of 

compound 1c2c was evaluated (Scheme 9). The catalyst was quite far from state-

of-the-art systems considering activity, but could nonetheless deliver MBH 

adduct 3a in 87% yield after 10 days of reaction time with 20% loading, and the 

aza-MBH adduct 3b in 85% yield after 72 h under otherwise identical 

conditions. In comparison, the second-most active catalyst 1c2b only yielded 

27% yield of 3a under similar reaction conditions. 

 

 
Scheme 9. Synthetic applications of the discovered catalyst 1c2c. 



   31 

Moreover, it was of interest to investigate if the dynamic covalent bond in 

1c2c could be utilized to regulate catalyst performance. Many switchable 

catalysts have been developed during the last decades, but only a few systems 

where catalyst activities are modulated by dynamic covalent bonds are 

known.171 As shown in Table 2, neither the amine 2c nor the aldehyde 1c were 

functional as catalysts (entries 2 and 3), with only side products being formed in 

both cases. Adding 1c2c together with water led to hydrolysis of the imine bond, 

again shutting down MBH activity (entry 4). Adding both catalyst precursors 

simultaneously also did not lead to MBH reaction, as the imine did not have 

time to form (entry 5). With 4 Å MS added and after an incubation period, the 

imine-linkage had fully formed, the bifunctionality of the catalyst was restored 

and the MBH reaction proceeded readily again (entry 6). 

 
Table 2. Tunable catalytic activity for 1c2c.[a] 

 
Entry Catalyst Additive Incubation time (h) MBH activity[b] 

 

1 1c2c - - ON 
 

2 2c - - OFF 
 

3 1c - - OFF[d] 
 

4 1c2c H2O
[c] 24 OFF 

 

5 1c + 2c - - OFF[d] 
 

6 1c + 2c 4 Å MS 24 ON 
 

[a] Conditions: 0.1 mmol p-nitrobenzaldehyde 1e, 0.3 mmol EVK, 0.02 mmol catalyst, 0.5 mL THF, 

N2.
 [b]As indicated by 1H-NMR spectroscopy after 7 h. [c] 10 equiv. relative to 1c2c. [d] Trace amounts. 

 

These results demonstrate that the imine bond can be utilized to regulate 

activity and selectivity of the bifunctional catalyst. Even though the principle 

was demonstrated, the slow switching kinetics and the side product formation 

when catalysis is turned off will probably prevent the system from wider use. 

 

2.3 Amplification of Reactive Organometallic Intermediates to 
Identify C-H Activation Catalysts 

2.3.1 C-H Activation and Hydroacylation 

Having demonstrated how deconvolution by omission can be utilized to 

recognize active catalysts within a mixture, we next considered other ways that 

dynamic systems could be used for catalyst screening. As described in Section 

2.1.3, the direct identification of a catalyst-substrate complex is an indication of 
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the presence of catalytic activity, and concentration measurements of such 

reactive intermediates have been linked to catalytic effectiveness.165 However, 

the amount of detectable reactive intermediate is often low, as a result of the 

transient nature of such species. We questioned if it would be possible to 

kinetically trap an intermediate from a dynamic system and thus screen for 

catalysts from large mixtures by selective resolution of a catalyst-substrate 

complex via DSR. In situ detection of such a reactive intermediate would then 

provide information on the catalyst. 

Metal-catalyzed hydroacylation was chosen as a model reaction, since it is a 

transformation of high synthetic importance and it is well-known for yielding 

relatively stable metal-substrate complexes as intermediates.172-174 C-H 

activation reactions such as hydroacylations are receiving ever increasing 

interest in light of the completely new types of synthetic opportunities they 

enable.175,176 The general outline for the hydroacylation reaction of an aldehyde 

to yield the corresponding ketone is outlined in Scheme 10.   

 

 
Scheme 10. Metal-catalyzed hydroacylation of aldehydes to yield ketones. 

Hydroacylation reactions are versatile, with large functional group tolerance 

and substrate scope, and have been reported with a large variety of metals such 

as Ru, Pt, Ir, Rh and Co.177-181 Normally, a so-called directing group (DG) on 

the aldehyde partner is necessary. This coordinates to the metal and brings it into 

proximity with the aldehyde C-H bond that will be functionalized, leading to 

preorganization for the initial oxidative addition. 

Aldehyde-based hydroacylations suffer from major shortcomings, such as 

harsh reaction conditions as well as wide-ranging issues with decarbonylation. 

A way to overcome these limitations is to add a so-called transient directing 

group (Scheme 11).182,183 These groups are usually based on dynamic covalent 

bonds (even if not directly distinguished as such in the specialized literature), 

and are highly attractive from a synthetic standpoint since they form transiently 

and eliminates the need to attach and remove directing groups in separate steps. 

Furthermore, this type of DGs can be employed in catalytic quantities if the 

dynamic covalent exchange is swift. As it has previously been shown that small 

changes in sterics or electronics of directing groups can lead to completely 

different activity in C-H activations, the need for rapid screening methods for 

DGs is apparent.184,185 

 

 
Scheme 11. Directing group-assisted hydroacylation reactions. 
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Amine-based DGs can condense directly with the aldehyde to create the DG-

containing imine in situ, or add to a pre-existing imine via transimination.177 A 

mechanism for the latter procedure is illustrated in Figure 21. 

 

 
Figure 21. Mechanism for transimination-based hydroacylation with the detectable 

metallacyclic intermediate highlighted. 

The reaction sequence is initiated by transient directing group-formation via 

acid-catalyzed transimination. The metal next coordinates to the directing group 

and inserts into the aldimine C-H bond via oxidative addition, which leads to 

generation of a stable metal hydride intermediate.186 This intermediate class has 

been observed or isolated for several metals and directing groups, making it a 

prime candidate for the DSR-based screening in the proof-of-concept system.178-

180,187,188 Following addition of an alkene, the hydride inserts, and upon reductive 

elimination a ketimine is formed. After transimination, the original directing 

group can then be regenerated for a new cycle.  

 

2.3.2 Catalyst Screening through Intermediate Interception 

For the screening, imine exchange was to be used to generate a pool of 

potential directing groups, with the C-H activation event intended as resolving 

reaction. This would create a catalyst-screening DSR as outlined in Figure 22, 

given that the C-H scission to generate the metallacycle was under kinetic 

control and the C-H activated intermediate remained stable under the reaction 

conditions. The best DG and the best metal for inducing the oxidative addition 

step should be directly identifiable by simple analysis of the product, as the 

entire dynamic system is perturbed by the kinetically controlled event and the 
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best DG is siphoned out. Naturally, the alkene component needs to be omitted 

during this screening to allow for accumulation of the intermediate. 

 

 
Figure 22. Overview of the DSR-based approach to catalyst screening via reactive 

intermediate capture. 

To analyze the system, we aimed to utilize the unique molecular features of 

the target. The proton from the aldimine functionality is expected to show a large 

upfield NMR spectral shift upon conversion to a metal hydride. Hydrides are 

heavily shielded and appear at -0 to -25 ppm, which allows for swift detection 

of these species since no other signals appear in the region. Given that the 

organometallic intermediates have higher molecular weights than the substrates, 

ESI-MS was also projected as a straightforward way to detect and identify the 

intermediates in the system. 

 

2.3.3 Iterative Deconvolution 

We initially constructed a dynamic system with six potential directing groups 

by mixing the unfunctionalized imine 1a2e and aromatic amines 2f-2k (Figure 

23). The building blocks were chosen to maximize the difference in coordination 

modes for the lone pair-metal donation and geometry within the potential 

metallacycle. Initial NMR studies confirmed that the system equilibrated 

smoothly under mild heating and acid catalysis, with five new imines being 

observable (compound 1a2k was undetected in the system). Next, the dynamic 

imine system was subjected to a mixture of metals and acid co-catalysts to 

conduct the DSR (Figure 23). This so-called “shotgun approach” to catalyst 

screening requires careful analysis and interpretation, as systemic factors may 

contribute to unexpected effects.  

To add further deconvolution power to the original DSR, we also utilized a 

multi-parameter iterative deconvolution strategy.154 Thus, eight metal catalysts 

and eight acids were chosen according to Figure 23. The metal pool was devised 

so as to contain a mixture of known working catalyst complexes (IrI, RhI, Pt0, 

RuII,) and compounds without any expected activity as controls (MnII, ZnII, NiII, 

CuI). In a similar fashion, we chose acids to obtain a spread in terms of pKa and 

sterics. 
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Figure 23. Screening of directing group system with iterative deconvolution. The 
numbers in boxes indicate concentration (mM, duplicate experiments) of metal 

hydride species at -11.2 ppm. Conditions: 1a2e (0.03 mmol), 2f-2k (0.015 mmol 
each), acids (3.0 μmol total), toluene (0.60 mL), 80°C, argon, 1 h, then metals 

(0.015 mmol each), 4 Å MS (20 mg), 80°C, 30 min. 

The reagents were divided into pools of four according to Section 2.1.1, and 

the dynamic system was subjected to each metal/acid mixture (round 1). The 

system required some optimization – a short reaction time (30 minutes) in 

deoxygenated toluene at 80°C with added 4 Å MS to keep the system moisture-

free was necessary. Under these conditions, a new organometallic hydridic 

species was observed in low concentration, as evidenced by the appearance of a 

quartet at -11.2 ppm in the 1H-NMR spectrum. This characteristic hydride peak 

was observed in the pools containing Ru, Rh, Ni and Ir, with one acid 

combination proving somewhat superior. This pool was thus further split into 

four new pools (round 2). This time, the hydride species was observed in the 

pools with Rh and Ru. Splitting the optimum combination into four final pools 

(round 3) allowed assignment of the metal catalyst as Rh and the acid as benzoic 

acid. 
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The results in terms of metal did not come as a surprise, given the wealth of 

literature precedence for Rh-catalyzed hydroacylations. Regarding the acid, one 

must be cautious in the interpretation of this result as the difference between the 

acids was not particularly significant. Unknown inhibitory or synergistic effects 

in the larger pools might contribute to false negatives, and even though the 

obtained catalyst system is undoubtedly active it cannot be fully confirmed that 

this is indeed the most active transimination catalyst. It is however worth noting 

that benzoic acid has been employed as a highly efficient co-catalyst in several 

Rh-catalyzed hydroacylations in the literature.189,190  

 

2.3.4 Identification of Metal-Hydride Species 

To unambiguously identify the metal and the directing group, the reaction 

mixture that yielded the highest concentration of intermediate was directly 

subjected to ESI-MS analysis (Figure 23). The metal hydride was assigned as 

compound 4, based on signals originating from [4-Cl-]+ and [4-H-]+. No further 

metal-imine complexes could be detected in significant intensity. 

To conclusively differentiate C-H activated metallacycle 4 from the metal-

imine complex M7∙1a2f (which has the same mass), the reaction was also 

carried out in toluene-d8 and directly analyzed by 1H-NMR spectroscopy. This 

experiment confirmed that concentration of 1a2f decreased with the increase in 

4, and that 4 was formed in ca 30% overall yield (Figure 24). Interestingly, 1a2f 

was present in much lower initial concentrations relative to the final 

concentration of 4, demonstrating that amplification occurred in the dynamic 

system.  

 
 
Figure 24. 1H-NMR spectra in toluene-d8 of the directing group system after 30 

minutes of resolution with Rh(PPh3)3Cl. 

2.3.5 Size Dependence of Dynamic System 

To determine the reason for the relatively low efficiency of the resolution, the 

kinetic profile of 4 was studied with the directing group system from Figure 23 

along with Rh(PPh3)3Cl and benzoic acid. As shown in Figure 25, rapid C-H 

activation occurred during the first 30 minutes, after which decomposition of 4 

slowly began to outcompete formation.  
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Figure 25. Variation in concentration of 4 over time during DSR of DG-system from 

Figure 23 with Rh(PPh3)3Cl and benzoic acid. 

It was reasoned that the high concentration of reactive free amines in the 

systems could be the reason for the low product stability. The exchange of PPh3 

ligands for the DG pyridine on Rh(PPh3)3Cl is known to be rapid, so the RDS 

for the resolution is most probably the oxidative addition.191 It is thus reasonable 

that coordination of the amines to the Rh center initiate deactivation pathways.  

Consequently, we studied the effects of increasing or reducing the size of the 

dynamic imine system and thus the free amine concentration. Directing groups 

were added or removed according to Table 3, and a correlation between the free 

amine concentration and the resolution efficiency was indeed observed. 

 
Table 3. Effect of size and composition of dynamic imine system on resolution efficiency.[a] 

 
2f 2g 2h 2i 2j 2k 

  

Yield 4 

(%): 

        73 

        57 

        27 

        32 

        15 
[a]Checkmark indicates presence of specified amine in the dynamic system, cross indicates absence. 

Conditions: 1a2e (0.03 mmol), amines 2f-2m (0.015 mmol each) as specified, benzoic acid 
(3.0 μmol), toluene (0.60 mL), 80°C, argon, 1 h, then Rh(PPh3)3Cl (0.015 mmol), 4 Å MS (ground, 

20 mg), 80°C, 1 h. Concentration determined by 1H-NMR spectroscopy with PhSiMe3 as internal 

standard.  

In order to achieve more efficient resolution, we devised a protocol for 

allowing the DSR to occur with lower free amine content (Scheme 12). All 

directing groups were directly condensed with a slightly substoichiometric 

amount of aldehyde in the presence of drying agent. After 24 h of condensation, 

97% conversion of the aldehyde was obtained and this imine mixture was again 
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subjected to the DSR with Rh(PPh3)3Cl as resolving agent. Metallacycle 4 was 

as expected obtained as the single new product, this time in a highly improved 

81% yield. Even though a larger amount of aldehyde is necessary for this 

approach, the increased efficiency should compensate for this drawback. 

Worthwhile noting is that metallacycle 4 is the most reactive structure that has 

been used as a resolution product in DSR to date. Thus, this study has shown 

that even transient or metastable species can act as kinetic sinks for dynamic 

systems, given proper optimization. 

 

 
Scheme 12. Direct condensation followed by selective C-H activation of dynamic 

directing group system. 

 

2.3.6 Confirmation of Catalytic Role of Reactive Intermediate 

To confirm that metallacycle 4 was a reaction intermediate in the 

hydroacylation reaction, a control experiment was performed. Product 4 was 

first independently synthesized and isolated. After purification, compound 4 was 

subjected to hydroacylation conditions as shown in Scheme 13. Upon reaction 

with 1-octene in toluene at 130°C followed by hydrolysis of the supposed 

ketimine product with HCl and H2O, the expected ketone 5 was obtained in 80% 

yield. Even though this experiment does not confirm that the fastest-forming 

metallacycle is indeed the best catalyst/DG combination for the subsequent 

hydroacylation, it provides reaffirmation that the detected metallacycle is indeed 

able to perform a role as an intermediate in the catalytic cycle. 

 

Scheme 13. Conversion of 4 into hydroacylation product 5, confirming role of 4 as a 
reaction intermediate. 

 

2.4 Conclusions 

This chapter has focused on strategies for identifying catalysts within large 

mixtures using constitutional dynamic chemistry. In the first part, a bifunctional 
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organocatalyst for the MBH reaction was identified from a 16-component 

mixture using deconvolution by omission. This study showed that catalysts can 

be screened through dynamic deconvolution, as long as thermodynamically 

controlled catalyst synthesis is employed and initial rates are measured instead 

of late-stage yields.  

In the second part, we utilized dynamic systemic resolution to identify 

catalysts for the hydroacylation reaction of aldehydes with alkenes by 

amplifying a metal-substrate intermediate in the catalytic cycle. The optimal 

metal and directing group were directly selected from a large mixture of many 

potential catalysts. Further coupling of the DSR to an iterative deconvolution 

protocol yielded even more efficient screening, albeit at the expense of accuracy. 

Still, the method allowed for identification of a highly active metal-directing 

group-acid system in 12 experiments, compared to the 448 reactions an 

individual parameter screening would have required. The method has evident 

limits, such as the need for stoichiometric amounts of metal catalysts and the 

problem with controlling cooperativity effects for metals and acids. Still, given 

the prevalence of isolable metal intermediates in C-H functionalization 

chemistry, the protocol could find wider use as an early stage exploratory tool. 
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3.  
Self-Resolving Catalyst Systems 

(Paper III-IV) 

 

3.1 Introduction 

In the previous chapter, the concept of catalysts capable of changing their 

molecular architecture upon addition of stimuli was briefly touched upon. In this 

part, the idea is expanded, and examples of catalysts that are – in a primitive 

sense – able to adapt and evolve in response to selection pressure are discussed.  

The notion of adaptive catalysts has a long history, ranging back to the first 

developments in the early 1980s in the field of switchable catalysis.192 Many 

catalysts with a dynamic response towards for example light, pH modulation or 

oxidation state changes have been developed.171,193 Self-evolving catalysts have 

been less extensively studied, especially with regards to small molecules. 

Though impressive examples of “chemical evolution” have been achieved by 

synthetic polymeric self-replicators, these systems all utilize 

biomacromolecules such as peptides or RNA with well-established self-

complementary motifs.194-198 

Some interesting examples of evolvable functional systems utilizing small 

molecule catalysts have nevertheless emerged.199,200 For example, the Rebek 

group has reported on synthetic self-replicators that create the catalytically 

active site for another reaction during the replication.201,202 Though an 

impressive achievement in its own right, it was not possible to run the self-

replication procedure and the catalyzed reaction in parallel due to incompatible 

chemistries. The Otto group has also created a dynamic macrocycle catalyst that 

forms transiently from its associated catenane during the catalyzed reaction (a 

sigmatropic rearrangement).203 Once all substrate has been consumed, the 

catenane reforms and activity is turned off. 

The concept of evolvable catalysts is highly intriguing, yet previous to this 

work there were no reports of catalysts that change their molecular architecture 

in direct response to the catalytic event in which they participate. Thus, we were 

wondering if the bifunctional imine catalysts in Section 2.2 could be used as a 

starting point to design a catalytic system capable of more advanced systemic 

evolution-type behavior. For catalyst 1c2c in Section 2.2, the dynamic imine 

exchange that occurs within the catalyst is non-orthogonal to the MBH reaction 

the catalyst propagates, since both reactions use aldehydes as substrates. Thus, 

it was hypothesized that this property could be utilized to set up a reaction 

network that would allow for self-regulation and other advanced properties to 
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be studied.204-206 This chapter first outlines the development of a new catalyst 

system for the MBH reaction that exhibits both kinetic self-sorting and feedback 

regulation. Next, a study regarding the substrate-dependent reversibility of the 

MBH reaction is presented and finally, the use of this property for 

thermodynamic self-sorting with inherent error-correction is outlined.  

 

3.2 Kinetic Self-Sorting of Dynamic Covalent MBH Catalysts 

3.2.1 Molecular Design 

When a catalyst incorporates a dynamic covalent bond, the exchange reaction 

can in theory be used to modulate the catalyst activity. This is achieved if the 

exchange leads to creation of a catalyst with different activity than the original 

one. If a component in the exchange reaction is then also a substrate in the 

reaction to be catalyzed, the two different reactions – exchange and resolution – 

would be connected within a reaction network. Thus, it should be possible to 

modify the catalyst activity in response to the actual catalysis, i.e. achieve 

catalytic feedback regulation. In Section 2.2, the dynamic exchange and the 

catalysis were conducted in separate temporal phases, with the MBH reaction 

conducted within a “locked” catalytic dynamic system. In comparison, this work 

focuses on “unlocking” the imine exchange, allowing the catalyst structure to be 

continuously modified during the resolving reaction.207 

 

 
Figure 26. Overview of the reaction sequence for catalytic feedback regulation. 

Triangle represents the catalytic active site, black rectangle the dynamic bond, the 
yellow clamp the resolving agent and the blue square and ellipse are substrates. 

The MBH reaction was again chosen as the model system because of the 

absence of background reaction, the known sensitivity towards small changes in 

catalyst architecture and the slow kinetics (which allows the exchange reaction 

to occur at a faster timescale than resolution). The key idea for the network is 

illustrated in Figure 26. If at first a poor catalyst or a poorly reactive substrate is 

mixed with a resolving agent (1), no product would be observed. Upon dynamic 

covalent exchange (2), a new catalyst and a new substrate are formed (3). If the 

complementary reactivity has now increased, the catalyst may be active enough 
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to activate the substrate towards the catalysis (4) which induces the kinetically 

controlled resolving reaction and drives the amplification of a new product and 

an improved catalyst (5). 

The catalyst scaffolds from Section 2.2 were not compatible with an unlocked 

procedure due to decomposition of the highly reactive EVK. Less reactive 

methyl acrylate could be used as Michael acceptor instead of EVK, but the 

previous catalysts were unreactive with this substrate. Thus, redesigning the 

catalyst was necessary. A more nucleophilic quinuclidine-core was instead used, 

with the dynamic imine linkage having the opposite directionality (i.e. amine on 

nucleophilic site, aldehyde on modulating component) to allow for the resolving 

reaction. The finalized catalyst design is described in Figure 27. 

 

 
Figure 27. General structure of dynamic covalent catalysts used in this study. 

 

3.2.2 Activity Evaluation of Dynamic Covalent Catalysts 

Initially, a series of catalysts C1-C9 based on the architecture from Figure 27 

was synthesized, to assess how the performance varies with substitution pattern. 

The activity was evaluated via initial rate measurements in the model MBH 

reaction between methyl acrylate and p-nitrobenzaldehyde 1e (Table 4). 

Interestingly, a trend emerged with respect to the substituents on the aryl 

aldehyde component of the catalyst. More electron-rich aryl imines performed 

better, while electron-poor performed worse. A sixfold difference in activity 

between the most electron-poor (C2) and most electron-rich (C6) was observed. 

The exact reason for this effect is not immediately clear, though some type of 

secondary interaction of the zwitterionic intermediate via charge-π interactions 

could be envisioned. 

Catalysts incorporating hydrogen-bond donating phenolic units were also 

synthesized and evaluated, with the hope that the H-bonds would stabilize the 

zwitterionic intermediate and facilitate turnover. However, these catalysts 

instead performed significantly worse, with catalyst C9 even failing to provide 

more than trace amounts of product. Strong H-bonding between the phenolic 

substituent and the catalytically active tertiary amine on the quinuclidine unit 

might lead to aggregation effects for the catalyst, which could explain the 

observed rate deceleration. 
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Table 4. Catalyst evaluation with model reaction.[a] 

 
Catalyst R  krel

[b] 

C1 4-NO2  1.00 

C2 2,4-NO2  0.48 

C3 H  2.24 

C4 2-OMe  2.01 

C5 4-OMe  2.21 

C6 2,4-OMe  2.76 

C7 2-OH  0.45 

C8 4-OH  0.43 

C9 2-OH, 3-OMe  N/A 
 [a]Conditions: aldehyde 1e, (0.1 mmol), methyl acrylate (0.3 mmol), catalyst (0.02 mmol), MeCN 

(0.5 mL), rt, N2.
 [b]Relative initial rate over first 7 h with catalyst C1 as reference, estimated by 1H-

NMR spectroscopy with 1,4-dimethoxybenzene as internal standard. 
 

3.2.3 Kinetic Self-Sorting 

MBH reaction rates are known to be highly dependent on aldehyde 

electrophilicity, with orders of magnitude in rate difference between kinetically 

favored electron-poor and kinetically unfavored electron-rich aldehydes.124 As 

explained in Section 1.2.7, a dynamic system can be subjected to a selection 

pressure in the form of a resolving reaction. Given high substrate-selectivity, 

kinetic self-sorting can then be observed. If this scenario was to apply to the 

catalysts from Table 4, the overall activity of the catalyst mixture would change 

along with the degree of self-sorting. This should give rise to self-resolution 

behavior with integrated feedback regulation. 

The imine exchange between iminoquinuclidine catalysts and the added 

aldehydes was first studied, and was found to depend on the nature of the acid 

catalyst, acid loading and water content in the system. The combination of 

catalyst C1 and o-methoxybenzaldehyde 1f (Figure 28a) was chosen as model 

reaction because it was the only tested combination that yielded fully resolved 

signals in the NMR spectrum for every compound of interest in the system. In 

the presence of 1% H2O in MeCN with 1 equiv. benzoic acid as catalyst, an 

equilibrium of ca 1:0.3 between C1 and the new catalyst C4 was established 

within 24 h (Figure 28b). 

When catalyst C1 was mixed with aldehyde 1f and methyl acrylate in the 

presence of benzoic acid, a mixture of the MBH adducts 6a and 6b was 

expected, since aldehyde 1e is more reactive but 1f is initially present in 

significantly higher concentration. To our surprise, the nitro-substituted MBH 

adduct 6a was the only observed MBH product after five days, and had 
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furthermore formed in a remarkable 90% yield along with an equivalent amount 

of the new catalyst C4 (Figure 28c).  

Hence, the substrate selectivity for these catalyst/substrate sets appears to be 

very high, as traces of 6b were only observed after seven days of reaction time. 

Running the reaction from the opposite starting set of aldehyde 1e and catalyst 

C4 produced virtually the same product system (87% yield of 6a after 48 h), 

demonstrating that dynamic exchange is indeed ongoing and that the system is 

organizing itself by kinetically controlled self-sorting. 

 

 
Figure 28. 1H-NMR spectra of the dynamic catalyst kinetic self-sorting at a) t = 0 
and b) equilibrium in the absence of methyl acrylate; c) t = 5 d in the presence of 
methyl acrylate. Conditions: catalyst C1 (0.04 mmol), aldehyde 1f, (0.04 mmol), 

PhCOOH (0.04 mmol), methyl acrylate (0.4 mmol), MeCN/H2O (99:1, 0.2 mL), rt, N2. 
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3.2.4 Control Experiments 

With efficient self-sorting conditions at hand, further efforts were made to 

understand the procedure and its limitations. When the experiment was 

performed under dry conditions, no reaction was observed, and omitting benzoic 

acid completely inhibited the systemic rearrangement. Both these results imply 

that the dynamic imine exchange occurs through an acid-catalyzed 

hydrolysis/recondensation pathway, with the benzoic acid potentially also 

facilitating the MBH reaction. However, with a higher acid loading than 1.0 

equiv. the reaction is instead retarded, probably due to partial protonation of the 

zwitterionic intermediate (see Section 3.4.2). 

As the MBH reaction itself is known to be reversible in some cases,132,208 the 

time frame of the retro-MBH reaction with DABCO (1 equiv.) was measured 

for 6a and 6b. For 6a, very slow retro-reaction took place, with about 1% 

conversion after 24 h and equilibrium (80:20 6a/1e) being reached in ca one 

month. Compound 6b was kinetically inert under the reaction conditions. 

Finally, the importance of the connectivity between MBH reaction and imine 

equilibration for achieving turnover was tested (Scheme 14). As the free amine 

2n was never observed in any of the self-sorting experiments, we tried setting 

up the self-sorting with H2O but without added aldehyde to see if hydrolysis 

alone would drive the reaction. In this case, a limited progress to ca 9% yield of 

6a and 2n was observed until the system stopped evolving. 

 

 

Scheme 14. Limited system evolution in the absence of added aldehyde. 

 

3.2.5 Kinetic Profile of Reaction Network 

Next, the kinetic profile for all relevant species was monitored through the 

first 72 h of the reaction. As can be seen from Figure 29, the imine exchange 

exhibits considerably faster kinetics than the resolving MBH reaction. After 3 h, 

the imine exchange had proceeded to a high extent, even though only limited 

amounts of MBH adduct 6a had formed at this point. From a systemic 

perspective, the MBH reaction is thus the rate-limiting operation in the network 

and controls the overall expression of the full set. 

Of further interest is the close relationship between the decrease in 

concentration of initial catalyst C1 and increase of new catalyst C4 (identical 

within the accuracy of 1H-NMR spectroscopy). Formation of C4 and MBH 

adduct 6a is also connected, as can be seen from the closely matching reaction 

profiles. This confirms that the system adapts to consumption of aldehyde 1e by 
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perturbing the imine equilibrium to form more 1e and consequently also more 

C4. Thus, the reaction set appears to be fully interconnected. 

The system also operates in the out-of-equilibrium regime, since the imine 

equilibrium does not have sufficient time to settle due to the constant siphoning 

of reactants by the perturbing MBH reaction. In the syntax of systems chemistry, 

the methyl acrylate thus acts as the energy source in the form of chemical fuel 

that drives the system away from equilibrium.18 

 
Figure 29. Kinetic analysis of the self-sorting protocol with catalyst C1 and aldehyde 
1f. Component proportion based on aldehyde moieties. Conditions as per Figure 28. 

 

3.2.6 Systemic Feedback Regulation 

The kinetic self-sorting protocol described herein is unique in that the self-

resolving catalyst mixture should show a change in activity along the reaction 

coordinate. The self-sorting in Figure 28 turns a less active into a more active 

catalyst, which led us to question whether this was a case of systemic 

autocatalysis (collectively autocatalytic products).115 The formation rate of 

adduct 6a should depend on both the imine exchange rate and the overall 

catalytic MBH activity in the system. The product set of 6a and C4 is thus 

connected in a positive feedback loop (the difference to direct autocatalysis of 

the MBH reaction in aprotic environments should be noted142), where an 

increase in 6a is accompanied by an increase in C4. Synergy in the compound 

formation is then expected, since a higher C4-to-C1 ratio should lead to higher 
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formation rate of 6a, and the increase of 6a is connected to perturbation of the 

imine equilibrium to form more 1e and hence more C4. 

A strict criteria for this line of reasoning to be valid is that the catalysts retain 

their independent behavior during the reaction and that no synergistic or 

antagonistic relationships emerge in the mixture. This was tested by mixing 

different ratios of C1 and C4 and recording the initial rate in the previous model 

reaction (Figure 30a). The catalysts appeared to behave as linear combinations 

of the individual catalysts, with no indirect cooperativity effects observable. 

Studying the concentration profile of 6a formation in more detail in MeCN-

d3 revealed a sigmoidal shape, likely due to rate limiting imine exchange before 

a high enough concentration of 1e is built up for the MBH reaction (Figure 30b). 

Since the old and new catalysts are relatively similar in activity (approximately 

a twofold difference), a pronounced difference in the rate profile due to 

autocatalysis should not be expected. Thus, it cannot truly be inferred from this 

data set if generation of C4 has affected rate of 6a formation. 

  

 

Figure 30. a) Initial rate data for the model reaction in Table 4 with pure C1 and C4 
as well as mixtures of catalysts. Duplicate experiments;  C1 (0.2 equiv.),  C1 (0.133 
equiv.) + C4 (0.067 equiv.), C1 (0.067 equiv.) + C4 (0.133 equiv.),  C4 (0.2 equiv.) 
b) Initial rate profile of the systemic rearrangement from Figure 28 between catalyst 
C1 and aldehyde 1f in MeCN-d3. Two separate measurements overlaid. 

To obtain more resolute evidence for systemic feedback regulation, we 

resorted to a relative comparison. Since the change from a less to a more active 

catalyst as previously presented should give rise to upregulation of systemic 

catalytic activity, the opposite should also hold true. By forming a less active 

catalyst during the reaction, a systemic downregulation should in principle be 

possible. By comparing the self-resolution efficiency at given time points for 

up- and downregulating systems, the extent of the feedback could be 

determinable by 1H-NMR spectroscopy. 

The aldehydes that yielded low activity catalysts C2 and C7-C9 were thus 

tested with the self-sorting conditions from Figure 28. Substrate selectivity with 

C2, C7 and C9 was too low for clean self-sorting, with mixtures of MBH 

adducts being obtained. With aldehyde 1g (that forms catalyst C8), the system 

instead underwent smooth kinetic self-sorting with complete selectivity for 6a. 

The system evolved at significantly reduced rates compared with the 
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upregulating aldehyde 1f, even though the imine exchange reactions proceeded 

at similar rates. The yield of 6a after 48 h was ca 26% for the downregulated 

system, as compared to 68% for the upregulated counterpart. Extending the 

reaction time further proved difficult, since the downregulated reaction mixture 

turned heterogeneous after this time point. Nevertheless, Figure 31 provides 

compelling indications that the system indeed undergoes changes in catalytic 

activity during the self-sorting. This would mean that the system exhibits 

temporal resolution of product/catalyst pairs where the more effective catalyst 

evolves at a faster pace. 

 

 

 
Figure 31. Feedback regulation of self-sorting systems. Addition of modulating 
aldehyde leads to a more/less active catalyst and consequently faster/slower 

system rearrangement. Conditions: catalyst C1 (0.06 mmol), aldehydes 1f or 1g 
(0.06 mmol), PhCOOH (0.06 mmol), methyl acrylate (0.6 mmol), MeCN/H2O (99:1, 

0.3 mL), rt, N2. 

 

3.3 Accelerated retro-MBH Reactions  

3.3.1 Structural Requirements 

During the investigations detailed in the previous section, we became 

interested in the reversibility of the MBH reaction. Preliminary measurements 
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uncovered a substantial dependence of retro-MBH reaction kinetics on substrate 

structure, with orders of magnitude difference in rates. It is well-known that the 

(aza-)MBH reaction is reversible in certain instances and previous studies have 

also touched upon this subject, though to the best of our knowledge no 

systematic investigation has been carried out.132,208,209 It is however well-

established that the reversibility is a key problem for MBH reactions both in 

terms of heating the reaction (as this favors the acrylate/aldehyde substrates for 

entropic reasons) and for finding enantioselective catalysts. 

Previously, Kaye and coworkers have reported that MBH adducts derived 

from salicylaldehyde apparently form swiftly and under thermodynamic 

control.210,211 However, bulky ester substituents were needed to prevent 

irreversible cyclizations to coumarin (path i) and chromene (path ii) derivatives 

(Scheme 15).  

 
Scheme 15. Difference between bulky and non-bulky acrylates in MBH reactions 

with salicylaldehyde-derived MBH adducts. 

The MBH reaction exhibits many characteristics that would make it suitable 

as a dynamic covalent exchange reaction. The reactivity is under catalyst 

control, the transformation is self-contained and the product scaffold has 

advanced functionality for selection pressures to act upon. We were thus 

interested in examining the extent of the MBH reversibility with 

salicylaldehyde-derived substrates under different conditions. 

First, we tested the steric requirements needed to prevent the cyclization, and 

we found that tertiary alkoxy groups were necessary for long-time stability. 

With this in mind, a range of different aryl aldehyde-derived MBH substrates 

with bulky ester substituents were synthesized to probe the effects of aryl 

substitution pattern on retro-reaction reactivity (Table 5). The initial rate for 

several retro-MBH reactions were evaluated with DABCO as catalyst. As can 

be seen from the results, the incorporation of a phenolic hydroxyl group in the 

ortho-position of the aldehyde leads to MBH adducts with significantly faster 

retro-reaction. Compared to the reference MBH adduct 6c derived from p-

nitrobenzaldehyde 1e (entry 1), the corresponding salicylaldehyde-derived 

MBH adduct 6d had over 200 times faster retro-reaction rate (entry 2), and the 
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corresponding adamantyl-substituted adduct 6e exhibited even more rapid 

kinetics (entry 3). Adding both electron-donating and electron-withdrawing 

substituents on the salicylaldehyde scaffold still led to swift reversibility, 

indicating that inductive effects are less important for reversibility than the 

ortho-hydroxyl group (entries 4-5). 
 

Table 5. Kinetics and thermodynamics of retro-MBH reactions with varying substitution pattern.[a] 

 

Entry Substrate vo (mM/min)[b] Relative rate K (M)[c] 

 

1 

 

 

6.4×10-4 

 

 

1.0 

 

0.0033 

 

2 
 

1.5×10-1 

 

232 1.84 

 

3 
 

1.9×10-1 301 1.62 

 

4 
 

7.8×10-2 

 

123 0.96 

 

5 

 

5.1×10-2 

 

80 - [d] 

 

6 
 

8.7×10-3 14 0.37 

 

7 
 

7.1×10-4 

 

1.1 0.19 

 

8 
 

2.2×10-4 

 

0.35 - [d] 

 

9 
 

2.2×10-5 0.034 - [e] 

[a]Conditions: MBH adduct (0.1 mmol), DABCO (0.1 mmol), MeCN-d3 (0.50 mL), rt, N2. 
[b]Initial 

rate over first 5-12% of reaction conversion as determined by 1H-NMR spectroscopy. [c]Reaction 
equilibrium constant as determined by 1H-NMR spectroscopy. [d]Long-term stability of aldehyde 

poor, equilibrium not reached before decomposition. [e] Equilibrium not reached due to slow kinetics. 

 

Amide adduct 6h (entry 6) with a less acidic ortho-proton showed kinetics 

intermediate between the reference substrate 6c and the o-phenol substituted 

substrates, strongly indicating the ortho-proton as essential for the retro-reaction 

acceleration. Further evidence for the importance of some type of internal H-

transfer was obtained with meta-substituted adduct 6i, which did not exhibit any 

significant acceleration relative to 6c (entry 7). This essentially excludes 

intermolecular processes such as proton shuffling relays as the origin for the 
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retro-MBH acceleration. Finally, the result for o-methoxy-substituted adduct 6k 

is highly noteworthy in comparison to 6d, as a substitution of a methyl group 

for a hydrogen apparently leads to a 7000 fold rate acceleration (entries 2 and 

9). This corresponds to a change in reaction barrier of 5.2 kcal/mol, suggesting 

a strong activation effect from the ortho-proton. 

For the reactions where the stability of the aldehydes allowed, we also 

recorded the thermodynamic equilibrium, which confirmed previous 

observations that the MBH adduct is favored for electron-poor aryl aldehydes 

and the aldehyde is favored for electron-rich. The thermodynamic nature of the 

reaction was also confirmed through dual entry-point analysis with 

salicylaldehyde 1h and tert-butyl acrylate to form 6d. 

 

3.3.2 Mechanistic Investigation 

With the insights into the retro-MBH reaction from Table 5, we expanded the 

investigation to uncover the origin for the observed rate acceleration for H-

bonding substrates. Using DFT calculations, the energy-minimized 

conformation of substrate 6d was obtained and indicated the presence of a 

coupled H-bond system as shown in Figure 32. 

 

 
Figure 32. Optimized conformation of molecule 6d as calculated by DFT at the 
B3LYP/6-31G(d) level of theory. Non H-bonding hydrogens omitted for clarity. 

The strength of H-bonds can increase several orders of magnitude in this type 

of polarization-enhanced H-bonding arrays.110 Such an increased H-bond 

strength could serve to activate the enone fragment, which would accelerate the 

nucleophilic attack of DABCO on 6d as well as the proton transfer step. 

The rate of the retro-MBH reaction of 6d with DABCO was next determined 

as a function of substrate and catalyst concentration (Figure 33). A linear 

dependence was observed for the concentration of MBH adduct 6d, with 

approximate first-order behavior within experimental accuracy. For DABCO, 

saturation kinetics was unexpectedly observed, with first order behavior at low 

catalyst loadings but saturation past ca 0.5-1 equiv. This data points to the 

existence of a pre-equilibrium with DABCO attack on 6d followed by a rate-

determining proton transfer, potentially within a six-membered TS (Scheme 16). 

Considering the principle of microscopic reversibility, this would corroborate 

earlier mechanistic studies of the forward reaction.135 Despite this, not all 
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observations can be completely accounted for with this model and more studies 

are needed. 

To summarize, the data presented here implies that the observed rate 

acceleration for the retro-MBH reaction is due to facilitated reprotonation of the 

DABCO/product conjugate via an internal proton transfer process. However, 

further investigations are necessary to confirm this hypothesis. 

 

 

 
Figure 33. Initial rate as a function of initial concentration of a) MBH adduct 6d and 
b) DABCO in the H-bond assisted retro-MBH reaction. For a), the concentration of 

DABCO was 0.2 M. For b), the concentration of 6d was 0.2 M. Duplicate 
experiments, errors are reported as standard deviations. 

 
Scheme 16. Mechanistic proposal to explain observed rate accelerations for retro-

MBH reactions with ortho-H-bond donors. 

 

3.4 Error-correction in Self-Resolving Dynamic Catalyst 
Mixtures 

3.4.1 System Design 

We were curious if this aspect of the MBH reaction reversibility could be 

incorporated into another self-sorting catalyst network. This would constitute a 

complementary scenario to the previous study, as the system would self-sort 

primarily based on the thermodynamic stability of the different products instead 

of the kinetic barriers towards formation of the MBH adducts (Figure 34). As 

seen in the figure, the transient product here would be a readily reversible, 

thermodynamically unfavored o-hydroxysubstituted MBH adduct, and the 
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stable product would be a thermodynamically favored adduct such as the 

previously utilized 4-nitro-substituted derivatives. 

 
Figure 34. Difference between kinetic and thermodynamic self-sorting networks.  

A self-sorting network that would exhibit primitive thermodynamically driven 

error-correction was thus envisioned, as the unfavored product would originally 

form at higher rates due to the higher initial concentration before the imine 

exchange has progressed.212,213 As the reaction advances further, the transient 

product should fragment via H-bond assisted retro-MBH reaction and the 

constituents eventually get funneled into the more stable MBH adduct. 

 

3.4.2 Error-Correcting in Catalyst Networks 

The bulky tert-butyl and adamantyl acrylates were next evaluated for their 

compatibility with the self-sorting protocol from Section 3.2. Under identical 

conditions, both acrylates afforded clean self-sorting towards the respective tert-

butyl and adamantyl substituted MBH adducts 6c (55% yield) and 6l (67% 

yield). The acrylates thus seemed compatible with both the acid-catalyzed imine 

exchange and the self-sorting MBH reaction. 1H-NMR signals belonging to the 

iminoquinuclidine (C1, C4, etc) catalysts split into two signals when exposed to 

both weak acid and the bulky acrylates. Controls with compound C1 indicated 

that the new species formed was C1-acr, a known type of off-cycle intermediate 

in the MBH reaction (Scheme 17).135 The assignment was based on 1H-NMR 

spectroscopy, direct detection of the intermediate with ESI-MS, as well as 

observed NOESY correlations between the proton signals of Ha and Hb as well 

as between Ha’ and Hb’. The accumulation of this off-cycle intermediate during 

the reaction could well be an explanation as to why self-sorting stops before the 

reaction has reached completion.  

 
Scheme 17. Formation of off-cycle intermediate C1-acr from C1. 
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The compatibility of the retro-MBH reaction with the imine exchange was 

next evaluated by mixing catalyst C1 with the readily reversible MBH adduct 

6d, as shown in Scheme 18. In the absence of catalyst for the imine exchange, 

C1 only acted as the catalyst for the re-equilibration of 6d to yield 

salicylaldehyde 1h and tert-butyl acrylate in ca 24 h. When benzoic acid was 

added, the system instead underwent a reaction cascade, with successive retro-

MBH, imine exchange and MBH reactions to yield the fully rearranged MBH 

adduct/imine catalyst set 6c/C7 without any side product formation. This 

reaction sequence was very slow at room temperature, with a ratio of 6c/6d of 

70:30 being reached after 30 days. Raising the temperature to 40°C greatly 

facilitated the procedure, with 91% 6c/C7 and ca 9% salicylaldehyde 1h as the 

only products being obtained after 5 days. The thermodynamic nature of this 

self-sorting was also confirmed by starting from the product side and arriving at 

a virtually identical product distribution. 

 

 
Scheme 18. Acid-catalyzed self-sorting via retro-MBH/imine exchange/MBH 

reaction cascade. Conditions: Path A: catalyst C1 (0.04 mmol), MBH adduct 6d 
(0.04 mmol), tert-butyl acrylate (0.36 mmol), MeCN/H2O (99:1, 0.2 mL), 40°C, N2. 

Path B: Similar to path A, with additional PhCOOH (0.04 mmol).  

With these design elements in place, it was next tested if the system could 

undergo error-correction (Figure 35). By mixing the initial constituents C1 and 

1h, the interplay between the kinetics of the different reactions dictates that an 

initial amount of 6d is first formed. As the imine exchange proceeds to yield 

more of aldehyde 1e, the more stable product 6c gradually accumulates in the 

system. After ca 4 days, this led to a scenario where the system begins to favor 

fragmentation of 6d to form more aldehyde 1h. This compound in turn takes 

part in the imine exchange to form more aldehyde 1e and finally the more stable 

MBH adduct 6c. After ca 14 days, compound 6d is essentially consumed and 6c 

has built up in 93% yield. Thus, both dynamic covalent reactions are connected 

to provide highly efficient self-resolution of the most stable adduct 6c. 
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Figure 35. Self-sorting of dynamic covalent catalysts with the formation of transient 

kinetic product. Conditions: catalyst C1 (0.04 mmol), aldehyde 1h, (0.04 mmol), 
PhCOOH (0.04 mmol), tert-butyl acrylate (0.4 mmol), MeCN (0.2 mL), 40°C, N2. 

 

3.5 Expanded Networks of Dynamic Covalent Catalysts 

Though both the kinetic and the thermodynamic self-sorting schemes 

described in this chapter demonstrate complex behavior, the system sizes are 

still limited. In order to achieve larger self-resolving catalytic systems with the 

potential for more advanced emergent properties, it is desirable to construct 

expanded systems with a retained degree of molecular control. We projected 

that it should be possible to use N-alkyl imines to mask the reactive aldehydes, 

as we had observed that such imines were completely inert in MBH reactions 

even after extended reaction times and in the presence of acid. Thus, auxiliary 

imines can be used to “deliver” aryl aldehydes into the dynamic system and 

increase the system complexity.  

To test this idea, cyclohexylamine-derived imine 1i2a was added to the 

previously investigated self-sorting system from Section 3.2 (Scheme 19, path 

A). 1H-NMR analysis was complicated due to overlapping signals, but the 

formation of several new imines could be observed. The system still selected the 

most electron-poor aryl aldehyde 1e to form compound 6a in 63% yield, but a 

small amount of the product 6m derived from the delivery imine was also 
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observed.  To confirm that the MBH reaction is resolving the aldehydes from a 

dynamic imine system, we also attempted the same reaction from a different 

initial system topology, as shown in path B. The less reactive p-tolualdehyde 1i 

was attached to the quinuclidine unit (catalyst C10) and the more reactive p-

nitrobenzaldehyde 1e was connected with the cyclohexylamine substituent 

(imine 1e2a). Despite this, the self-sorting proceeded in virtually identical 

manner, producing the same set of products. This confirmed that the catalysts 

undergo self-resolution by selection of the most reactive aldehydes from the 

expanded constituent pool. The efficiency has however decreased compared to 

the smaller system, probably due to the decreased concentration of the reactive 

aldehydes in a larger system set.  

 

 
Scheme 19. Expanded self-sorting systems through addition of N-alkyl imines 

functioning as “masked aldehydes”. Conditions: iminoquinuclidine catalyst (0.04 
mmol), imine 1e2a/1i2a (0.04 mmol), aldehyde 1f (0.04 mmol), PhCOOH (0.04 

mmol), methyl acrylate (0.4 mmol), MeCN/H2O (99:1, 0.2 mL), rt, N2.  

Finally, it was tested if these expanded systems also worked with tert-butyl 

acrylate. As shown in Table 6, all systems underwent clean self-sorting towards 

the single new adduct 6c, with varying degrees of efficiency. The reason for this 

variation is probably a combination of equilibrium effects (since this system 

operates at the imine equilibrium due to the slower MBH reaction) and the 

difference in activity for the dynamic catalysts that can be formed during the 

reaction, along with the propensity for formation of the off-cycle intermediates. 

Still, as can be seen in entries 5 and 6, clean self-resolution was observed even 

when two different N-alkyl imines were added. The dynamic catalyst system 

could thus select a single species with full selectivity from a pool of twelve 

electrophiles, with no observable side reactions. 
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Table 6. Self-sorting efficiency in expanded dynamic catalyst systems.[a] 

 

Entry: Imine(s) Aldehyde Yield 6c 

(%): 

1 1b2a 1f 51 
2 1b2a 1h 57 

3 1j2a 1f 72 

4 1j2a 1h 91 
5 1b2a, 1j2a 1f 32 

6 1b2a, 1j2a 1h 42 
[a]Conditions: catalyst C1 (0.04 mmol), imine 1b2a/1j2a (0.04 mmol each), aldehyde 1f/1h, (0.04 

mmol), PhCOOH (0.04 mmol), tert-butyl acrylate (0.4 mmol), MeCN/H2O (99:1, 0.2 mL), rt, N2, 
10 days. 

 

3.6 Conclusions 

In this chapter, dynamic covalent chemistry has been used to construct 

catalytic systems capable of adaptive behavior. In the first part, a small molecule 

catalytic network for the MBH reaction was programmed to incorporate self-

resolution and activity feedback regulation. This led to kinetic self-sorting of 

catalyst-substrate pairs to provide temporal resolution, where more effective 

catalyst systems evolve faster. This study could be of interest for origin-of-life 

research and provides additional puzzle pieces into how complex molecules 

could have evolved from simple building blocks on the prebiotic earth. 

In the next part, an investigation into the reversibility of the MBH reaction 

was conducted. Substrates with the potential for internal H-transfer were shown 

to undergo rapid retro-MBH reaction under thermodynamic control. This H-

bond assisted MBH reaction could be interesting for use in dynamic covalent 

chemistry, as the reversibility is under catalyst control, the reaction is inherently 

self-contained and reversibility occurs on relatively fast time scales. However, 

the equilibrium positions on most substrates unearthed thus far are favoring the 

aldehydes, which could limit applications. The reversible MBH reactions were 

also incorporated into dynamic catalyst systems to provide thermodynamic self-

sorting, resulting in networks displaying error-correction behavior.  

These complementary systems could thus provide interesting frameworks for 

developing sophisticated catalytic systems that simulate the functionality of 

metabolic and regulatory biochemical pathways. Nevertheless, several 

questions remain with regards to exact mechanisms, reasons for variations in 

catalytic efficiency and influence of each additive. Furthermore, expansion of 

these concepts to more prebiotically relevant systems would be of high interest.  
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4.  
Catalytic Control over Imine Dynamics 

(Paper V-VI) 

 

4.1 Introduction 

At the core of constitutional dynamic chemistry is the controlled exchange of 

components in a swift, reversible manner. The applications for dynamic 

covalent systems are to a large extent determined by the characteristics of the 

exchange reaction, from reaction conditions and selection pressures to 

applicable analytical methodology. Though the field is expanding at a rapid 

pace, the majority of all dynamic covalent systems are still employing well-

established reactions such as imine and disulfide exchange. Since these have 

some limitations in terms of conditions and substrate compatibility, new 

exchange reactions or new conditions for existing transformations are in high 

demand.41  

Catalysis of exchange is highly important to dynamic covalent bonds, and the 

effects of exchange catalysts on the energetic profile of a dynamic system are 

illustrated in Figure 36. Ideally, a catalyst lowers the barrier for exchange 

equally for all components, leading to faster overall equilibration for the entire 

system. 

 

Figure 36. The desired effect of catalysis on the energy profile of a dynamic system. 

Catalysts can be used to achieve precise control of the temporal progress 

towards a thermodynamic equilibrium, as well as to control the far-from-

equilibrium properties of emergent systems. Catalyst manipulation via for 

example light irradiation, pH modulations or even physical addition or removal 

has previously been employed to toggle the exchange chemistry and achieve 

desired systemic behavior.104,105,214 

An equilibration catalyst needs to display several properties, such as long-

term stability and high turnover numbers. Additionally, the catalyst should not 

alter component distributions in the system. High catalyst loadings commonly 
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lead to perturbed equilibrium positions due to stabilizing complexation with 

specific building blocks. This type of energetic interference is undesirable for 

most applications.  

 

4.2 Hydrogen Bonding Catalysis of Dynamic Imine Systems 

4.2.1 H-bond Catalysis 

Some of the prevalent problems with dynamic imine chemistry originate from 

the exchange catalysts. Many applications using imine exchange involve 

sensitive compounds, where strong Lewis or Brønsted acids induce degradation 

or perturbations. When dynamic imine systems are generated in organic 

solvents, further problems may arise due to complexation of the Lewis basic 

amine building blocks with the catalyst.86,102,215 This often induces precipitation, 

forming a kinetic or thermodynamic sink that displaces the system equilibrium. 

Alternative catalysts for imine exchange are thus still desirable. 

In our control experiments, the thiourea-containing imines from Section 2.2 

seemed to exchange at high rates in the presence of water or amines.169 It was 

unequivocally established that the thiourea unit was responsible for the catalysis, 

but we were unsure if this was attributed to the intramolecular tethering of the 

thiourea H-bond donor and the imine within the same molecule. Thus, we 

wanted to explore the generality of this H-bond catalysis. 

H-bond donation is a versatile and effective activation mode in 

organocatalysis.113,216,217 Furthermore, evidence points towards H-bond 

activation of imines being a crucial factor for the transimination step in 

pyridoxal 5’-phosphate (PLP, or Vitamin B6) dependent enzymes, such as 

racemases, transaminases and certain decarboxylases (Figure 37).218,219 

 

 
Figure 37. Biological and biomimetic H-bonding catalysis of transimination. 

We envisioned that this activation could be imitated with synthetic donors to 

provide H-bond catalyzed imine exchange. H-bond catalysis has many 

advantages over traditional Brønsted acids, such as generally lower loadings, 

milder reaction conditions and complete lack of product inhibition due to the 

lability of the H-bond association. The most common classes of H-bond 

catalysts such as (thio)ureas and squaramides are also easy to synthesize and 

relatively cheap, non-toxic and stable in the presence of air and water. 
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4.2.2 H-Bond Donor Screening 

Many investigations have established the superiority of divalent over 

monovalent H-bond donors for activation of electrophiles such as imines and 

aldehydes.220 We thus began our investigation by synthesizing a range of 

divalent H-bond donors belonging to the commonly used (thio)urea and 

squaramide classes, with the goal of establishing the critical features for efficient 

catalysis of imine exchange (Figure 38). 

 

 
Figure 38. Hydrogen bond donor catalysts utilized in this work, see Table 7. 

Imines 1k2a and 1l2o in 99:1 DMSO-d6/H2O were used to construct a model 

system, with the water added to facilitate imine exchange and minimize 

fluctuations due to residual moisture. As a polar aprotic solvent, DMSO-d6 is 

expected to coordinate strongly to H-bond donors, which would lead to a 

decrease in catalytic performance. However, due to the insolubility of several of 

the catalysts in other solvents, this solvent combination was necessary to allow 

direct comparison of all compounds. 

By varying sterics and electronics on N,N’-bisubstituted thioureas (7a-7j), an 

initial picture of the reactivity could be obtained (Table 7). Many tested catalysts 

indeed led to accelerated equilibration rates, though activity was heavily 

dependent on catalyst structure. Decreasing electron density on the substituents 

generally improved activity, with the most electron poor thioureas 7h and 7i 

providing the optimum performance. Electron-rich or non-aromatic substituents 

on the thiourea either did not have any effect or partially inhibited exchange. 

Switching to a bisthiourea 7j did not improve exchange rate, nor did using urea 

7k which was an analogue of the efficient thiourea 7i. These results indicate that 

the H-bond donor acidity is the key factor for efficient catalysis, since acidity is 
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higher for thioureas than for ureas and also increases with the electron 

withdrawing effects of the N-substituents. We thus also tested a series of the 

stronger H-bond donating squaramides.221,222 However, even though N,N’-3,5-

bis(trifluoromethyl)phenyl substituted catalyst 7m performed slightly better 

than 7i, the low solubility of this compound in most solvents precluded its 

general application. Attempts to create squaramides with higher solubility (such 

as 7n and 7o) led to catalysts with diminished activity. 

 
Table 7. Screening of hydrogen bond donor catalysts for imine exchange.[a] 

 

Entry Catalyst Eq. time [h][b] Eq. composition 

(%, 1k2a/1l2o/1l2a/1k2o)[c] 

1 - 90 27.3 : 26.0 : 23.2 : 23.5 
2 7a 40 26.5 : 25.7 : 24.1 : 23.8 

3 7b 30 26.9 : 26.6 : 23.7 : 22.8 

4 7c 40 27.1 : 25.7 : 23.8 : 23.3 
5 7d >90 - 

6 7e >90 - 

7 7f >90 - 
8 7g >90 - 

9 7h 15 27.7 : 24.9 : 23.0 : 24.4 

10 7i 12 26.3 : 26.1 : 23.4 : 24.2 
11 7j 50 26.7 : 24.3 : 26.2 : 22.7 

12 7k 90 - 

13 7l 50 28.2 : 24.2 : 23.9 : 23.7 

14 7m 10 26.1 : 26.1 : 23.0 : 24.8 

15 7n 50 27.8 : 25.3 : 23.6 : 23.3 

16 7o 40 27.7 : 28.0 : 22.4 : 21.9 
[a]Conditions: 1k2a (0.05 mmol), 1l2o (0.05 mmol), catalyst (10 %), DMSO-d6/H2O 99:1 (0.50 mL), 

air, rt. [b]Approximated as >95% RAD. [c]Estimated from 1H-NMR spectroscopy. 

 

The high activity and ease of handling of thiourea 7i led us to consider this as 

the most promising catalyst. This compound is known as Schreiner’s thiourea 

and is a privileged catalyst due to its ability to efficiently facilitate a range of 

reactions.223,224 Compared to other H-bond donor catalysts, it also exhibits 

superior stability and solubility in a wide range of solvents. The scope of the H-

bond catalyzed imine exchange was thus tested with 7i in several different 

loadings and solvents (Table 8). Catalysis was efficient at loadings as low as 2% 

(entry 3) and very quick equilibration was obtained at high loadings (entry 4), 

though the equilibrium was then perturbed through a slightly higher degree of 

hydrolysis. Faster equilibration was observed in all tested solvents. The biggest 

rate differences compared to background were obtained in apolar solvents, as 

would be expected due to lack of stabilization from the solvent of the polar 

transition states during imine exchange (entries 5 and 7). 
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Table 8. Loading and solvent screen with catalyst 7i.[a] 

 

Entry Loading 7i  

(%) 

Solvent Eq. time 

(h)[b] 

Bkg eq. time 

(h)[b] 

1 10 DMSO-d6/H2O 99:1 12 90 

2 5 DMSO-d6/H2O 99:1 16 90 
3 2 DMSO-d6/H2O 99:1 18 90 

4 100 DMSO-d6/H2O 99:1 5 90 

5 10 CDCl3/H2O
[c] 0.8 10 

6 10 MeCN-d3/H2O 99:1 1.3 5 

7 10 Toluene-d8/H2O
[c] 1.5 40 

[a]Conditions: 1k2a (0.05 mmol), 1l2o (0.05 mmol), 7i (see table for loading), solvent (0.50 mL), 
air, rt. [b]Approximated as >95% RAD. [c] Water-saturated solvent. 

 

Compared to commonly used imine exchange systems, catalysis with 7i rivals 

the efficiency of Brønsted acids, but is markedly lower than the most active 

Lewis acid catalyst Sc(OTf)3.102 The exchange conditions are however much 

milder than with such Lewis acid protocols, and the dynamic systems were 

stable at equilibrium for weeks in the presence of the catalyst without any 

precipitation or other indications of irreversible derivatization. Thus, this 

protocol might for example be of use in dynamic polymer synthesis or molecular 

machine operation, where mild conditions are a major advantage.  

 

4.2.3 Substrate Scope and Reaction Robustness 

Since dynamic chemistry is mostly applied in complex functional systems, the 

reversible bond needs to undergo exchange in the presence of many different 

functionalities. Thus, one of the most desirable characteristics of a dynamic 

covalent bond is high substrate tolerance and the possibility to operate 

orthogonally to different functional groups and reactions. Unfortunately, many 

conditions for imine exchange are too harsh to be compatible with sensitive 

functional groups. 

We were thus interested in exploring the limitations of the thiourea-catalyzed 

imine exchange. First, we tested a range of substrates that had previously been 

reported as troublesome due to complexation effects or acid sensitivity.102,225 As 

shown in Table 9, all substrates showed equilibration accelerations in the 

presence of 7i, ranging from small to very large catalytic effects. Generally, 

compounds containing Lewis basic moieties (1n2o and 1d2o) seemed to show 

lower accelerations, possibly due to inhibiting complexation of the substrates 
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with 7i. For the sensitive heterocyclic imines 1o2o and 1m2o, catalysis was 

pronounced, and in the case of 1o2o even necessary since other protocols led to 

partial decomposition before equilibrium could be reached. 

 
Table 9. Substrate scope of thiourea-catalyzed system equilibration with aromatic imines.[a] 

 

Ar Imine Eq. time (h)[b] Bkg time (h) [b] 

4-Fluorophenyl 1l2o 0.8 10 
2-Furanyl 1m2o 4 14 

2-Pyridyl 1n2o 3 4 

2-Pyrrolyl 1o2o 16 240[c] 
1-Me-2-imidazoyl 1d2o 5 10 

2-Salicyl 1h2o 15 168[c] 
[a]Conditions: 1k2a (0.05 mmol), 1X2o (0.05 mmol), 7i (10%), water-saturated CDCl3 (0.50 mL), 

air, rt. [b]Approximated as >95% RAD. [c] Partial degradation occurs before equilibrium is reached. 

 

To further probe the compatibility of our protocol with different additives, a 

modified version of the Glorius robustness screen was utilized (Table 10).226 

Herein, the compatibility of the standard thiourea-catalyzed equilibration of 

1k2a and 1l2o in water-saturated CDCl3 was investigated by addition of 1 equiv. 

of an additive, and the reaction was monitored after 1.0, 5.0 and 24 h. The points 

where the dynamic system had reached equilibrium were compared with the 0.8-

1.0 h the system needed to reach equilibrium in absence of additive. The 

equilibrium position was also observed to check for influence from catalyst or 

additive. Finally, the amount of additive was quantified after 24 h to check if the 

H-bond catalyzed imine exchange induced secondary decomposition. 

Gratifyingly, most tested additives had little to no influence on either 

equilibration time or equilibrium position. As a testament to the mild exchange 

conditions, both strongly complexing Lewis basic substrates such as bipyridines 

and phosphines (entries 1 and 4) as well as acid-labile substrates such as 

thiolesters (entry 5) were well-tolerated. Compounds such as nitriles and 

nitroaromatics – which coordinate strongly to divalent H-bonding substrates – 

also worked well (entries 6-7), as did free thiols and alcohols which theoretically 

can participate in intervening reactions to form thioaminals, acetals, 

hemiaminals and similar (entries  8, 10-11). 
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Table 10. Robustness screen with catalyst 7i to test influence of additives on imine exchange.[a] 

 

Entry Additive 

 

Eq. 

(1h) 

Eq. 

(5h) 

Eq. 

(24h) 

Additive 

remaining  

(%)[b] 

Eq. composition 

(%, 1k2a/1l2o/1l2a/1k2o) 

 
1 

 



 


 


 
>99 23.9 : 28.4 : 23.6 : 24.1 

 

2 

 



 


 


 
>99 25.8 : 26.3 : 23.9 : 24.1[c] 

 
3 

 



 


 


 
>99 27.7 : 24.8 : 23.3 : 24.3 

 

4 Ph3P 

 


 


 
98[d] 25.3 : 27.0 : 23.6 : 24.1 

 

5 

 



 


 


 
>99 25.5 : 26.7 : 23.5 : 24.3 

 
6 PhCN 

 


 


 
>99 25.4 : 26.9 : 23.5 : 24.2 

 

7 PhNO2 

 


 


 
>99 26.0 : 26.3 : 23.9 : 23.9 

 

8 PhOH 

 


 


 
>99 51.9 : 23.0 : 25.0[e] 

 
9 

 



 


 


 
>99 24.7 : 27.9 : 22.7 : 24.7 

 

10 nBuOH 

 


 


 
>99 24.8 : 27.0 : 23.8 : 24.5 

 

11 EtSH 

 


 


 
84 25.6 : 26.8 : 23.7 : 23.9 

 
12 NEt3 

 


 


 
>99 52.5 : 22.6 : 24.9[e] 

 

13 DABCO 

 


 


 
>99 25.8 : 26.5 : 23.6 : 24.1 

 

14 DBU 

 


 


 
55 - 

 
15 PhCO2Me 

 


 


 
>99 25.1 : 27.2 : 23.1 : 24.6 

16 none 

 


 


 
N/A 26.5 : 25.9 : 23.0 : 24.7 

[a]Conditions: 1k2a (0.05 mmol), 1l2o (0.05 mmol), 7i (10%), water-saturated CDCl3 (0.50 mL), 
additive (0.05 mmol) air, rt. System was monitored at specified time points, green check mark 

indicates system is at or close to equilibrium, red cross indicates system at less than 85% RAD at 

specified time. [b]Determined after 24 h by 1H-NMR spectroscopy. [c]Partial overlap of additive peak 
with imine peaks. [d]31P-NMR spectroscopy used to quantify additive. [e]Imine peaks from 1k2a and 

1l2o are merged. 
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However, strongly basic additives retarded the reaction, with NEt3 leading to 

equilibration times of ca 24 h, and DBU shutting down the reaction entirely 

(along with inducing decomposition). However, the background reaction is 

completely inhibited in the presence of either DABCO or NEt3, so catalyst 7i 

still provided a systemic rate acceleration in the case of these two additives. 

 

4.2.4 Transimination Catalysis and Mechanistic Implications 

For the conditions examined above, H2O had to be added to allow imine 

exchange via a hydrolysis/recondensation pathway. We also inquired if thiourea 

7i could catalyze the transimination pathway in the absence of water. Thus, 

imine 1k2a was mixed with amine 2o and the initial rate of formation of 1k2o 

was measured at different catalyst loadings (Table 11). The transimination 

proved to be rapid in the presence of catalyst, with a 50-fold acceleration for 

high loadings (entry 1) and catalysis even with 1% loading (entry 3). Thus, it 

seems the H-bond catalysis of the transimination pathway is even more efficient 

than the hydrolysis/recondensation pathway. 

 
Table 11. Catalysis of transimination-type reactions with thiourea 7i.[a] 

 

Entry R Product 

imine 

Loading 7i 

(%) 

Eq. time 

(h)[b] 

Bkg time 

(h)[b] 

kcat/kbkg
[c] Eq. comp 

(%)[d] 

1 -Bn 1k2o 10 0.1 20 50.2[e] 49:51 

2 -Bn 1k2o 2 0.4 20 25.5[e] 49:51 
3 -Bn 1k2o 1 1.0 20 12.9 49:51 

4 -NHPh 1k2p 10 24 >120[f] 3.8 >99:1 

5 -OBn 1k2q 10 40 >120[f] 3.1 86:14 
[a]Conditions: 1k2a (0.05 mmol), amine 2o-2q (0.05 mmol), 7i, CDCl3 (0.50 mL), air, rt. 

[b]Approximated as >95% RAD. [c]Determined by initial rate kinetics during first 10% RAD. [d]Ratio 

of 1k2a/product, determined by 1H-NMR spectroscopy. [e]Rate determined by curve fitting to 
standard reaction model. [f]Degradation of system components. 

 

As discussed in Section 1.2.8, more stable imine derivatives are commonly 

used in dynamic systems. Hence, we also tested if 7i could catalyze 

transimination to form hydrazone 1k2p or oxime 1k2q (entries 4 and 5). In both 

cases, a modest rate acceleration was observed. This suggests a certain degree 

of generality of the activation mode. 

To understand these results, we also checked the reaction profile for the model 

imine exchange network from Table 7. The hydrolysis degree is consistently 

low in all reactions (<3% generally), but a small amount of aldehyde and amine 



   67 

still appears over the first 20% of the reaction. A sigmoidal shape for the 

evolution of new imines 1k2a and 1l2a over time was observed, in line with 

observations by Di Stefano in studies of primary amine-catalyzed imine 

exchange.227 This probably suggests a change in rate-determining step or 

reaction during the evolution of the dynamic system. We hypothesize that at an 

early stage of the reaction, the thiourea-catalyzed hydrolysis of the imines is rate 

determining. Once the equilibrium between aldehydes/amines and the imines is 

established, the concentration of free amines has passed the threshold where the 

faster transimination pathway begins to dominate the system kinetics. The 

competing reactions could account for the reaction profile. 

Given the high dependence of H-bond donor strength on catalytic efficiency, 

we speculate that the association of the imine to the thiourea N-H protons as 

shown in Figure 39 is crucial for electrophile activation. It is also possible that 

a bifurcated hydrogen bond is coordinating to both the nucleophile and the imine 

to provide a degree of preorganization. 

 

 
Figure 39. Proposal of activation modes at both suggested reaction stages. 

 

4.2.5 Solid-support Thiourea Catalysis 

Immobilized catalysts in dynamic covalent chemistry remains a somewhat 

underdeveloped concept, partly due to the difficulties with analysis of large two-

phase mixtures. Still, Miller has proven the utility of resin-immobilized 

substrates in dynamic systems.228 Also, several studies have shown how 

immobilized catalysts can be added or filtered off to control the equilibration of 

reversible bonds.102,214 

Since an important advantage of H-bond donating organocatalysts is their ease 

of immobilization, we were wondering if it was possible to construct solid-

support thiourea catalysts to achieve spatial control of equilibration rate. Thus, 

polystyrene-bound thiourea 7p was prepared according to a literature 

protocol.229 The beads were characterized by IR spectroscopy and the ligand 

density was determined by an Acid Orange 7-based UV/Vis colorimetric assay 

to be ca 1.52±0.08 mmol/g.230 The beads were active in catalyzing the model 

imine exchange (Scheme 20), but with reduced efficiency compared to catalyst 

7i. With an increased bead loading (approximately 20%), equilibrium could still 

be achieved in ca 1 h compared to 10 h background reaction, and even with ca 
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3% loading the reaction was complete in 2.5 h. The beads were also reused five 

times without observable change in catalytic activity. Furthermore, no catalysis 

was observed with underivatized aminomethylated polystyrene, indicating that 

primary amine catalysis apparently was not operating in the two-phase system. 

 
Scheme 20. Imine exchange catalysis with solid-supported thiourea 7p.  

Finally, the beads were used to achieve spatial control of the equilibration 

procedure by sequential addition and removal of the catalysts. As shown in 

Figure 40, the reaction progresses relatively slowly in the absence of catalyst 7p 

(stage I), then accelerates upon addition of catalyst (stage II), then again slows 

down when the catalyst was removed by filtration (stage III) and finally 

accelerates again when a fresh batch of catalyst was added (stage IV). This 

demonstrates how the equilibration rate can be tuned through the physical 

presence or absence of a solid-support catalyst.  

 
Figure 40. Control of equilibration kinetics by physical addition and removal of solid-
supported thiourea catalyst 7p. Stage I: Imines 1k2a (1 equiv.) and 1l2o (1 equiv.), 

water-saturated CDCl3. Stage II: Addition of 7p. Stage III: Removal of 7p by 
filtration. Stage IV: Addition of 7p. 

 

4.3 Trans-symmetric Dynamic Exchange through Combined 
Transamination and Transimination Reactions 

4.3.1 Biological and Chemical Transamination 

Reversible bond exchange that can operate in parallel with other dynamic 

covalent functionalities – either orthogonally or connected – are of particular 

interest for dynamic chemistry.64 Simultaneous exchange reactions both allow 
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for interesting emergent functionality and for the construction of much larger 

systems that cover more chemical space. The possibility to use catalysis for 

independent control of different exchange pathways is a promising approach for 

construction of advanced dynamic systems. 

Furthermore, an underdeveloped type of reactions in dynamic covalent 

chemistry is isomerizations. Prior to this work, the only reported examples were 

fluxional bullvalene systems which undergo continuous dynamic Cope 

rearrangements.79,231,232 In the interest of expanding the toolbox of dynamic 

chemistry, we were thus wondering if we could utilize reversible isomerization 

as a dynamic covalent operation and connect it to intermolecular exchange 

reactions.225 This would provide significantly larger systems than with 

unconnected reaction networks, with corresponding increase in complexity. 

Inspired by another mode of action of the PLP-based enzymes mentioned in 

Section 4.2.1, we turned our interest to azomethine-based transamination.233 The 

transaminase class of enzymes (with PLP as cofactor) catalyzes both the 

transamination and transimination that interconverts amino acids and α-

ketoacids (Scheme 21). The enzyme class is of high interest in industry and has 

for example been utilized in the synthesis of the antidiabetic drug Sitagliptin.234 

 

 
Scheme 21. Biological transamination reactions convert amino acids and α-

ketoacids with the help of PLP. 

The base-catalyzed chemical analogue of this enzymatic reaction has been 

known for more than 80 years.235 Recently, chemical transamination has 

received renewed attention due to a number of interesting applications such as 

asymmetric organocatalytic versions236, synthesis of fluorinated amines237 and 

selective N-terminal functionalization of peptides238. The reversibility of 

transamination is well-documented and frequently quoted as a problem from a 

synthetic perspective, as equilibrium constants are usually close to unity.239 

Thus, a large proportion of the research on biocatalytic or chemical 

transamination has been focused on strategies for equilibrium 

manipulation.240,241 Interestingly, for constitutional dynamic chemistry the 

equilibrium is instead an advantage, as it entails a predictable, isoenergetic 

component distribution to the resulting dynamic systems.  

 

4.3.2 Trans-symmetric Exchange 

In addition to the symmetric and unsymmetric exchange modes described in 

Section 1.2.2, reversible isomerization reactions such as transamination should 
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open up the possibility for a new type of exchange symmetry. We term this 

trans-symmetric exchange, and the concept is illustrated in Figure 41. 

 
Figure 41. Illustrations of exchange symmetry. 

Mathematically, the different exchange modes give rise to dynamic systems 

with varying degrees of complexity. Symmetrical exchange within n different 

monodentate initial exchanging building blocks yield the following number (N) 

of system constituents: 

𝑁 =
𝑛(𝑛 + 1)

2
 

 

In contrast, unsymmetrical exchange between n monodentate initial 

compounds of one class and m of the other class simply yields  

 

N = mn 

 

different compounds (if all components are unique). For trans-symmetric 

exchange, the obtained number should instead in most instances be equal to: 

 

𝑁 = 𝑚2 + 2𝑚𝑛 + 𝑛2 
 

Inspection of the equations shows that a trans-symmetric system with the same 

amount of building blocks as a symmetric or unsymmetric system will yield at 

least (for n = m) four times as large systems. Thus, compound collections 

generated with this exchange mode should exhibit a higher degree of complexity 

and could in principle cover more chemical space. 

 

4.3.3 Transamination Optimization 

As starting point for the development of reversible chemical transamination 

reactions, we considered the base-catalyzed 1,3-H shift of compound 1k2o to 

create 1a2r (Table 12). After extensive initial optimization, during which many 

strong bases were found to induce decomposition, it was discovered that the 

conditions developed by Soloshonok with 4 equiv. NEt3 in MeCN at 50°C 

worked well to provide clean isomerization.242 An equilibrium of 25:75 

1k2o/1a2r was reached in ca 30 h under these conditions. The equilibrium is in 
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line with expectations, since early studies have shown that equilibrium positions 

in benzylic aldimine/aldimine transaminations correlate well with Hammett 

substituent parameters.239 Thus, electron-rich substituents are more prone to 

isomerize towards the imine functionality in comparison to electron-poor. 

As shown in Table 12, the reaction proceeds readily in polar aprotic solvents 

with mild heating. The isomerization also fulfilled the stability criteria for 

incorporation into dynamic systems, as full stability of the reaction components 

even after one week was observed. 

 
Table 12. Initial optimization of transamination.[a] 

 

Solvent T (°C) Distribution 1k2o/1a2r[b] Eq. 1k2o/1a2r 

MeCN 20 No reaction -[c] 

MeCN 50 34:66 25:75 

CHCl3 50 93:7 -[c] 
Toluene 50 94:6 -[c] 

THF 50 79:21 -[c] 

DMF 50 30:70 27:73 
DMSO 50 34:66 26:74 

[a]Conditions: Imine 1 (0.25 mmol), NEt3 (1.0 mmol), 3 Å MS (10 mg), anhydrous solvent (0.25 mL), 

24 h, N2.
 [b]Analyzed by 1H-NMR spectroscopy. [c]Not determined. 

 

However, the high catalyst loading and the long equilibration time were seen 

as complications for the reaction. As the rate of the reaction declined rapidly 

with decreasing NEt3 loading (Table 13, entries 1 and 2), we decided to screen 

a range of bases in order to find a more active catalyst. The RAD for the reaction 

was measured after 24 h, and taken as a measurement of the efficiency of the 

catalytic system. The full results are summarized in Table 13. Common nitrogen 

bases such as NMI, NMP and DMAP provided poor reactivity despite large 

excess of catalyst (entries 3-7). When using bicyclic tertiary nitrogen bases 

DABCO, quinuclidine 8a or 3-hydroxyquinuclidine 8b, rapid isomerization was 

instead observed, with equilibrium already attained after 24 h (entries 8-10). A 

drastic lowering of the loading from 4 to 0.2 equiv. led to identification of simple 

quinuclidine 8a as the most efficient base for the transformation (entries 11-13).  

 

 
Scheme 22. Concerted proton shuffling during chemical transamination of aldimines 

as proposed by Soloshonok.242 
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Mechanistic studies of 1,3-proton shifts have previously identified a concerted 

base-mediated proton transfer pathway as the most probable mechanism for 

weak base-catalyzed transamination (Scheme 22).242 This means that sterics 

around the basic site should be an important factor for catalysts. More accessible 

nitrogen centers did indeed lead to more efficient 1,3-H shifts, as is evidenced 

by the data in Table 13. Due to their success in catalyzing asymmetric versions 

of the reaction, we then also tested a series of cinchona alkaloids as catalysts 

(entries 14-16).233 However, these were all inactive, either due to poor solubility 

or more probably steric congestion around the active quinuclidine unit.  
 

Table 13.  Base optimization studies for reversible transamination.[a] 

 

Entry Base Equivalents Distribution 
1k2o/1a2r[b] 

RAD (%)[c] 

1 NEt3 4 34:66 88 
2 NEt3 1 67:33 44 

3 NMI 4 No reaction - 

4 NMM 4 93:7 9 
5 NMP 4 92:8 11 

6 DIPEA 4 30:70 93 

7 DMAP 4[d] 71:29 39 
8 DABCO 4 25:75 100 

9 8a 4 25:75 100 

10 8b 4 26:74 100 
11 DABCO 0.2 71:29 39 

12 8b 0.2 43:57 76 

13 8a 0.2 25:75 100 
14 8c 0.2[d] 98:2 3 

15 8d 0.2 98:2 3 

16 8e 0.2 No reaction - 
17 8a 0.1 35:65 87 

18 8a 0.05 50:50 66 

19 DBU 0.1 Decomposition - 
20 TMG 0.1 Decomposition - 

[a]Conditions: Imine 1k2o (0.25 mmol), base (n equivalents), 3 Å MS (10 mg), MeCN (0.25 mL), 

50°C, N2, 24 h.  [b]Analyzed by 1H-NMR spectroscopy. [c]RAD towards the equilibrium position, 
25:75 for 1k2o/1a2r. [d]Low solubility. 
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Thus, the optimal catalyst was determined to be quinuclidine 8a, which 

provided fast isomerization at relatively low loadings with moderate heating. To 

the best of our knowledge, 8a is the most active amine-based catalyst for 

aldimine-aldimine transamination reported to date. Gratifyingly, these 

conditions were also relatively mild, and no degradation of the imines was 

observed even after six days of reaction time.  

 

4.3.4 Connected Transamination and Transimination Reactions  

After optimizing the transamination conditions, we next investigated 

transimination with this class of substrates. Since protic additives are 

incompatible with transamination, Lewis acid catalysis was utilized. With the 

previously reported transimination catalyst ZnBr2, all tested reactions were 

complete in less than 10 minutes, compared to 1 h for the background reaction.86 

With these results at hand, the transamination-transimination (TATI) system 

was generated by simply mixing the imine 1k2o with benzylamine 2o and 3 Å 

MS, followed by addition of catalysts 8a and ZnBr2 for the transamination and 

the transimination, respectively (Figure 42). The appearance of all four imine 

products could be monitored by 1H-NMR spectroscopy over ca 30 h, after which 

the constituent distribution no longer changed. 

Modulating the component distribution was possible by simply changing the 

amount or nature of the added amine, as shown in Figure 42. With 0.1 equiv. 

benzylamine 2o, imine 1a2r was the most prevalent product in the mixture 

constituting 43% of the total imine content. By gradually increasing the amount 

of 2o to 0.5 and 1.0 equiv., the amount of the homosubstituted 1a2o increased 

gradually until it constituted ca 50% of the imine content. Generally, the system 

preferred incorporating more basic 2o over less basic trifluoromethyl-

substituted benzylamine 2r, which is released to the solution. Thus, by adding 

0.5 equiv. of this benzylamine the concentration of 1a2o decreased drastically, 

with the other homosubstituted product 1k2r increasing.  

A curious observation is the unexpectedly small concentration changes for the 

two heterosubstituted imines 1k2o and 1a2r, which do not fluctuate to a high 

extent even when the benzylamine concentration changes drastically. Thus, it 

seems that the two homosubstituted imines act as sinks, which “buffer” the 

concentration of 1k2o and 1a2r. 

This finding was also substantiated by studying the kinetic profile of the TATI 

procedure. Since the reaction in Figure 42 required GC analysis for full 

quantification due to problems with overlapping peaks in the NMR spectrum, a 

slightly modified system (with benzylamine 2t instead of 2o) was used to allow 

for long-time 1H-NMR monitoring (Figure 43). It was evident from the kinetic 

profile that the transamination is the rate-limiting reaction in the network, as 

could also be inferred from the rates in the individual experiments. The 

transamination for this system seemed to be complete in ca 48 h, with the 

concentration of initial imine 1k2t decreasing with an exponential reaction 
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profile. The new heterosubstituted imine 1p2r forms immediately from the 

transamination, and then quickly undergoes transimination with benzylamine 2t 

to form 1p2t. The released benzylamine 2r can then undergo swift 

transimination with the original substrate 1k2t to yield 1k2r. 

 

 

 
Figure 42. TATI equilibrium perturbation experiments, with relative system 

composition depending on added amine. a) 0.1 equiv. amine 2o. b) 0.5 equiv. amine 
2o. c) 1.0 equiv. amine 2o. d) 0.5 equiv. amine 2r. System composition analyzed by 

1H-NMR spectroscopy and GC/FID. Conditions: Imine 1k2o (0.25 mmol), amine, 
catalyst 8a (0.05 mmol), ZnBr2 (0.0125 mmol), 3 Å MS (10 mg), MeCN (0.25 mL). 

Interestingly, the kinetic profile of the direct transamination product 1p2r is 

sigmoidal in shape. It seems that the system has an induction period during 

which it continuously settles into local transimination equilibria, with 1p2r 

being an underexpressed system constituent. Only once a certain ratio of the two 

benzylamines had been reached did compound 1p2r began to accumulate. NMR 

analysis confirmed that the free amine ratio changed until ca 18 h, after which 

point it stayed constant for the remainder of the experiment. This again provides 

support that the homosubstituted imines act as “sinks” for the amines during the 

equilibration.  
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Figure 43. Kinetic profile for the four different imines in the TATI system as 

measured by 1H-NMR spectroscopy. 

The intricate kinetic behavior and adaptability uncovered in these experiments 

strongly indicated that the connected TATI sequence is under thermodynamic 

control. To conclusively confirm this, dual entry-point analysis was again 

utilized with two different sets of substrates, salicylaldehyde-derived and 4-

trifluoromethyl-substituted imines (Scheme 23). For both systems, similar 

product distributions were obtained irrespective of reaction directions, 

confirming that the TATI procedure is controlled by thermodynamics. 

 

 

Scheme 23. Dual entry-point analysis with two sets of substrates to confirm the 
thermodynamic control of TATI networks. 
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4.3.5 Selective Activation Modes of TATI Systems 

The systemic connectivity between the two transformations in the dynamic 

covalent reaction network was also investigated by use of imine 1k2t. Both 

activation modes could be selectively addressed to yield a single new imine by 

simple addition of the corresponding catalysts and reagents, as shown in Figure 

44a-c. Thus, transamination and transimination are orthogonal pathways in the 

reaction system. It was also straightforward to combine the two procedures, and 

by adding a benzylamine with a different substitution pattern than either group 

in the original imine, a total of nine imines and three amines were expressed in 

the system (Figure 44d-e). The trans-symmetric exchange mode hence provides 

an unprecedented evolution of complexity, all under thermodynamic control. 

 

4.3.6 TATI Substrate Scope 

With a solid understanding of the thermodynamics and kinetics governing the 

TATI network, we were next interested in probing the scope of the 

transformation. The results of this investigation are summarized in Table 14. 

Generally, substrates needed at least one electron-withdrawing substituent on 

one of the aryl groups for acceptable equilibration rates. EWGs increase the 

acidity of the benzylic protons. Since the proton shuffling is the RDS in the 

reaction network, more acidic protons will give faster transamination, and thus 

a more rapid equilibration for the entire system. 

A wide range of substituents such as cyano, trifluoromethyl, chloro and bromo 

groups in both ortho-, meta- and para-positions were well-tolerated under TATI 

conditions. Nitro-substituted imines are known to be problematic in aldimine 

transaminations and did indeed decompose under the reaction conditions, but 

the less reactive NEt3-based Soloshonok conditions could successfully be used 

instead.242 Most heteroaromatic systems tested performed well, though ZnBr2 

had to be omitted for some compounds due to problems with complexation. 

Compounds containing only electron-donating substituents underwent 

transamination very slowly, with the exception of 2-hydroxysubstituted imine 

1h2o which exhibited relatively fast kinetics. This might be due to 

intramolecular H-bonding between the phenolic proton and the imine nitrogen 

serving to activate the imine for transamination. Minor degradation was 

observed with some compounds during the equilibration period (entries 11 and 

15), but in most cases, the resulting dynamic systems were stable over at least 

one week. Importantly, imines with substituents on both aryl units were well-

tolerated as long as at least one substituent was electron withdrawing. Overall, 

the TATI protocol seems to be compatible with a range of substituted aromatic 

and heteroaromatic compounds. 
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Figure 44. 1H-NMR spectra demonstrating selective access to each equilibration 

mode of imine 1k2t. a) Starting material 1k2t. b) Transimination equilibrium (15 min) 
with 1.0 equiv. 1k2t, 1.0 equiv. 2o, 0.05 equiv. ZnBr2. c) Transamination equilibrium 
(24 h) between 1k2t and 1p2r, with 0.2 equiv. of 8a. d) Connected transamination 
and transimination equilibrium (45 h) with 1.0 equiv. 2o, 1.0 equiv. 1k2t, 0.2 equiv. 
compound 8a and 0.05 equiv. ZnBr2. e) Enlarged view of the characteristic imine 

peak region. Peaks corresponding to 1k2o and 1a2r are overlapping. 
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Table 14. Substrate scope of TATI equilibration.[a] 

 

Entry Imine Ar1 Ar2 Time 

(h)[b] 

Comment 

1 1k2o 4-CF3-C6H4 Ph 30 - 

2 1q2o 3-CN-C6H4 Ph 30 - 
3 1r2o 4-Br-C6H4 Ph 80 - 

4 1h2o 2-OH-C6H4 Ph 24 - 

5 1s2o 2,4-Cl-C6H3 Ph 48 - 

6 1e2o 4-NO2-C6H4 Ph - Rapid decomposition 

7 1e2o 4-NO2-C6H4
[c] Ph 12 Degrades within 48 h 

8 1t2o 4-pyridyl[d] Ph 16 - 

9 1n2o 2-pyridyl[d] Ph 16 - 

10 1d2o 1-N-Me-
imidazoyl 

Ph 24 - 

11 1m2o 2-furyl[e] Ph 96 Degradation during 

equilibration 
12 1f2o 2-MeO-C6H4 Ph - Very slow 

13 1i2o 4-Me-C6H4 Ph - No reaction 

14 1l2o 4-F-C6H4 Ph - No reaction 
15 1u2o 2-naphtyl[e] Ph 168 Degradation during 

equilibration 

16 1k2u 4-CF3-C6H4 4-F-C6H4 36 - 

17 1k2v 4-CF3-C6H4 4-MeO-C6H4 42 - 

18 1k2w 4-CF3-C6H4 3,4,5-MeO-

C6H2 

42 - 

19 1k2t 4-CF3-C6H4 2-Me-C6H4 48 - 
[a]Conditions: Imine (0.25 mmol), amine (0.125 mmol), 8a (0.05 mmol), ZnBr2 (0.0125 mmol), 3 Å 

MS (10 mg), MeCN (0.25 mL). [b]Approximate time for system to reach equilibrium. [c]At rt with 4 

equiv. NEt3 instead of compound 8a. [d]With 0.1 equiv. amine, no ZnBr2. 
[e]With 0.5 equiv. 

compound 8a. 

 

It was also possible to directly condense an aldehyde and an amine in one-pot 

as shown in Scheme 24 and then immediately subject the system to TATI 

conditions. This resulted in an identical system to the one obtained with pre-

generated imines. Finally, the imine mixtures could be isolated in high purity 

and yield by simple aqueous washing, or hydrolysis of the imines could be 

conducted to form the full set of aldehydes available from the system. These 

options provide a platform for creating static combinatorial compound 
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collections, though it does not utilize the adaptability that a dynamic system 

provides. 

 

 
Scheme 24. One-pot protocol for direct creation of dynamic TATI systems from 

aldehydes and amines. 

 

4.4 Conclusions 

In this chapter, two new methods for controlling dynamic exchange pathways 

in imine compounds have been presented. In the first part, we demonstrated that 

hydrogen-bonding catalysis could be utilized to catalyze equilibration of 

dynamic imine systems. Both thioureas and squaramides could be used to 

catalyze the component exchange between imines in the presence of water. 

Transimination between imines and either amines, hydroxylamines or 

hydrazines was also accelerated. The protocol allowed for mild imine exchange 

that tolerated a wide range of functional groups and additives, including acid-

sensitive substrates incompatible with other equilibration catalysts. 

Furthermore, a thiourea catalyst was immobilized on solid support. This 

provided opportunity to control the spatial position of a catalyst to localize 

molecular adaptation on a macromolecular scale. 

In the second part of this chapter, we accessed a new dynamic equilibration 

mode of benzylamine-derived imines to create the first example of trans-

symmetric dynamic exchange. By combining a reversible 1,3-proton shift and 

transimination, we created transamination-transimination reaction networks 

under full thermodynamic control. The kinetic and thermodynamic behavior of 

the network was investigated, and a complex systemic dependence of 

component distribution on amine basicity was uncovered. Both transamination 

and transimination can be carried out orthogonally or connected, providing 

access to a flexible catalyst-controlled dynamic system with an unprecedented 

degree of complexity evolution considering the simplicity of the starting 

materials. 
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5.  
Concluding remarks 

 

The focus of this thesis has been to investigate how catalysis impacts dynamic 

systems of reversible covalent reactions. In broad terms, the work has been 

concerned with how dynamic covalent systems can be used to discover 

catalysts, how dynamic systems behave when performing catalytic functions 

and how new reversible transformations are catalyzed within dynamic systems. 

 

In chapter two, dynamic imine chemistry was used in combination with 

deconvolution methodology from combinatorial chemistry to identify catalysts 

from mixtures. By incorporating an imine bond into the core scaffold of 

bifunctional organocatalysts, thermodynamically controlled combinatorial 

synthesis of catalyst candidates could be performed. Dynamic deconvolution by 

omission could then be utilized to efficiently identify the optimal catalyst for a 

Morita-Baylis-Hillman reaction. This allowed synthesis and evaluation of a 

large mixture of catalysts to be performed in one-pot, without the need to purify 

and characterize each potential candidate individually.  

It was also possible to conduct in situ screening of metal catalysts and transient 

directing groups for hydroacylation of imines by amplification and detection of 

organometallic intermediates in the catalytic cycle. This protocol could 

moreover be combined with iterative deconvolution to allow for even more rapid 

screening. The method differentiated both different metals and directing groups, 

with full selectivity for just a single metal/directing group system. 

Both of these catalyst discovery methods have drawbacks in terms of accuracy 

and the risk for interactions between catalysts in the reaction mixture. For 

preliminary screening and detection of on/off-type activity, they do however 

seem to provide adequate results at a fraction of the time that conventional 

stepwise screening requires. 

 

Chapter three details the further investigations into catalyst architectures with 

incorporated dynamic covalent bonds. These dynamic covalent catalysts for the 

MBH reaction have been shown to exhibit advanced systemic behavior in 

connected reaction networks. Both kinetic and thermodynamic self-sorting 

systems based on catalyst self-resolution were constructed. Under kinetic 

conditions, the catalysts exhibited feedback regulation. This behavior is 

particularly interesting from an origin-of-life perspective, as it in principle could 

– if properly compartmentalized – act as a blueprint for creating catalysts that 

adapt according to the principles of Darwinian evolution. 

If the system was instead operated with substrates that acted under 

thermodynamic control, the catalysts exhibited primitive error-correction 

behavior. Though the out-of-equilibrium conditions are necessary for achieving 
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feedback regulation, the complementary thermodynamic self-sorting highlights 

how different behaviors can be achieved from structurally similar programmable 

dynamic catalyst systems upon relatively minor changes. 

Looking forward, both self-sorting protocols detailed herein could in principle 

be expanded upon. For example, the ideas with dynamic catalyst scaffolds and 

a resolving transformation that acts on components in the dynamic covalent 

linkage could probably be generalized to prebiotically more relevant entities, 

such as oligopeptides or DNA. 

 

Finally, chapter four described efforts to expand the scope of available 

dynamic covalent transformations based on imine bonds. Hydrogen-bond 

donors such as thioureas were shown to function as efficient imine exchange 

catalysts. Though rate accelerations are lower than with optimal Lewis acid 

protocols, the broad substrate compatibility, ease of immobilization and mild 

conditions make this exchange chemistry complementary to current protocols. 

This protocol might for example find use for operating exchange within dynamic 

polymers and in molecular machines.  

Furthermore, 1,3-H shifts within benzylamine-derived imines were coupled 

to transimination to create transamination-transimination networks under full 

thermodynamic control. These dynamic systems are the first example of trans-

symmetric exchange, which generates significantly larger mixtures from the 

same amount of starting materials compared to other types of systems. This 

chemistry could for example be used for systems-based host-guest screening, or 

for synthesis of combinatorial compound collections. 

These two protocols together illustrate the power of catalyst control in 

dynamic covalent chemistry, as the catalysis efficiently unlocks access to 

broader substrate scope or new reactivity pathways for the associated systems. 

 

In summary, this thesis has in several ways demonstrated how catalysis can 

impact the structure and function of dynamic systems. In a broader context, the 

field of systems chemistry is currently undergoing rapid evolution, with 

improved understanding on how to control chemical and biological systems of 

ever-increasing complexity. Though much effort towards understanding of 

complex phenomena such as life remains, inspiring progress is currently being 

made by systems chemists all over the world. 
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