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Abstract 

This thesis is divided into four parts, all centered around Constitutional 
Dynamic Chemistry (CDC) and Dynamic Kinetic Resolution (DKR) using 
biocatalysts for selective transformations, and their applications in screening of 
bioactive compounds, organic synthesis, and enzyme classification.  
 
In part one, an introduction to CDC and DKR is presented, illustrating the 
basic concepts, practical considerations and potential applications of such 
dynamic systems, thus providing the background information for the studies in 
the following chapters. 
 
In part two, Dynamic Systemic Resolution (DSR), a concept based on CDC is 
exemplified. With enzyme-catalyzed transformations as external selection 
pressure, optimal structures can be selected and amplified from the system. 
This concept is expanded to various types of dynamic systems containing 
single, double cascade/parallel, and multiple reversible reactions. In addition, 
the substrate selectivity and catalytic promiscuity of target enzymes are also 
investigated. 
 
In part three, DKR protocols using reversible reactions for substrate 
racemizations are illustrated. Biocatalysts are here employed for asymmetric 
transformations, resulting in efficient synthetic pathways for enantioenriched 
organic compounds. 
 
Part four demonstrates two unique applications of CDC: one resulting in 
enzyme classification by use of pattern recognition methodology; the other 
involving enzyme self-inhibition through in situ transformation of stealth 
inhibitors employing the catalytic activity of the target enzyme. 
 
Keywords: constitutional dynamic chemistry, dynamic systemic resolution, 
dynamic kinetic resolution, enzyme catalysis, transesterification, enzyme 
promiscuity, asymmetric synthesis, pattern recognition, self-inhibition.
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1.  
Introduction 

 
Nature, as shown all around us, is an amazingly complex system. It has always 
been intriguing to human beings, who have sought for increased understanding 
of natural phenomenon using all kinds of available tools and strategies. Thus, 
different branches of scientific research have been established throughout the 
centuries. Chemistry, which studies the properties and transformations of 
matter, plays an important role in bridging physics and biology, providing an 
approach to understand the evolution of complex matter, from atoms to 
molecules, and, finally, to living systems.[1-4]  
 
From a chemical viewpoint, the living system is a pool of chemical substances, 
filled with small molecules such as water, nucleotides and amino acids. These 
small molecules interact with each other through chemical reactions to form 
the four major macromolecules in living cells: nucleic acids, proteins, 
polysaccharides and lipids. Instead of remaining inside the system in 
disordered states, the macromolecules are assembled into more complex 
structures based on various supramolecular interactions, thus forming highly 
organized living systems. Additionally, small molecules serve as messengers 
for signal transmission between cells, initiating a series of activities. A good 
example is deoxyribonucleic acid (DNA, Figure 1), which is involved in the 
information storage and transfer process within living systems. Carrying the 
genetic information, the double helix structure of DNA is tightly connected by 
base-paired nucleosides in part through hydrogen bonding. This enables its 
replication and recombination under the assistance of functional proteins.[5-6] 
 

 
Figure 1. Schematic structure of DNA double helix. 
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During the information transfer process inside living systems, diversity can be 
generated, and nature has its rule of selecting the most suitable candidate — 
Darwinian evolution.[7] In this theory, the genetic variation that adapts better to 
the environment has higher chance of being selected by nature, it is also 
described as “survival of the fittest”. This highlights the need to discover the 
chemical evolution behind this concept, leading to the structural and functional 
variations within the living system. To understand this, simplified chemical 
systems with much lower complexity have been studied, where principles of 
supramolecular chemistry have been delineated.  
 
Supramolecular chemistry, known as “chemistry beyond the molecule”, has 
expanded the research focus of chemistry from single molecules to molecular 
networks.[8] In this kind of systems, individual molecules are interconnected to 
each other by supramolecular interactions, such as hydrogen bonding, π-π 
stacking, electrostatic interactions, etc.. Similar to natural selection, the best 
component from the system can be formed and amplified in the presence of 
appropriate selection pressures. Supramolecular chemistry has been since its 
beginnings continuously inspired by nature and experienced rapid development, 
resulting in a variety of applications in different research areas.[9-15] 
 

1.1. Constitutional dynamic chemistry (CDC) 

The essence of supramolecular chemistry is its dynamic features, allowing the 
components to be rearranged continuously within the system. By extending the 
concept to molecular chemistry, covalent bonds that can form and break 
reversibly also share the same dynamic character. These features then led to the 
emergence of constitutional dynamic chemistry (CDC). [16-17] 
 
CDC is a concept based on reversible covalent and non-covalent interactions, 
therefore encompassing both the supramolecular and the molecular levels.[18-26] 
With all the constituents constantly reacting/interacting with each other under 
thermodynamic control, dynamic systems can be formed that are 
spontaneously adaptive to any internal or external stimulus, resulting in 
selective formation or transformation of optimal constituents (Figure 2). 
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Figure 2. Concept of constitutional dynamic chemistry (CDC). 

 

In addition to non-covalent supramolecular interactions, reversible covalent 
reactions generally constitute a key factor of CDC, also providing a dynamic 
and adaptive character to the whole system.[26] Additionally, with the stronger 
covalent bonding, the structures formed from the reversible reactions can be 
more robust than the supramolecular assemblies. Moreover, the various types 
of reversible covalent interactions amount to increased diversity of the 
dynamic system. However, the equilibration rates of dynamic covalent systems 
are usually lower than that of traditional supramolecular ones. Thus, in most 
cases, catalysts are required to accelerate these processes. 
 
In practice, the CDC process includes three general steps: 1) generation of the 
dynamic system using designed building blocks and reversible interactions; 2) 
subjection of the system to appropriate selection pressures; 3) monitoring the 
process with suitable analytical methods. 
 

1.1.1. Establishment of the dynamic system 

To establish dynamic systems, choosing the building blocks and the related 
reversible reactions is the initial step, which will directly determine the 
dynamic properties of the system, and further influence the recognition process.  
All components within the obtained dynamic systems are capable of 
simultaneously interacting with each other, and then adapting to internal or 
external stimulus according to Le Châtelier’s principle.  
 

Design of building blocks 

The designed initial building blocks should first incorporate the functional 
groups that allow them to interact with each other reversibly. Secondly, 
variation of the building block structures is generally desired to attain dynamic 
systems of larger diversity, contributing to better substrate discrimination 
effects under the given selection pressures. Moreover, when a target is adopted 
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as the external selector into the system, the building blocks should be designed 
to be functionally and geometrically complementary to the active site of the 
target, facilitating the “lock-and-key” type of binding.[27] 
 

Reversible reactions/interactions 

Reversible reactions/interactions, the key elements of CDC, are responsible for 
the efficiency of the whole systems. However, a series of criteria need to be 
met for their applications in dynamic systems, they are: 1) sufficiently high 
equilibration rate within a reasonable time scale; 2) mild reaction conditions 
that are compatible with the whole system; 3) easy way to halt the equilibration 
if the selection mode is under thermodynamic control. 
 
Until now, a range of reversible reactions/interactions has been developed and 
employed in dynamic chemistry, most of which have been summarized in 
Table 1.[28-46] Nevertheless, due to the difficulties of fulfilling all the 
prerequisites mentioned in the above, the number of the reactions types used in 
CDC is still limited, thus constituting one of the important challenges in 
dynamic chemistry. 
 

Table 1. Reversible reaction/interaction types used in dynamic systems. 

Reversible covalent reactions 

Imine-related reactions 

Imine formation 
 

Transimination 
 

Imine metathesis 
 

Disulfide-related reactions 

Disulfide formation  

Disulfide exchange  

Disulfide metathesis  
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Aldol-type reactions 

Aldol addition 
 

Nitroaldol reaction 
 

Hemiacetal-type reactions 

Hemiacetal formation 
 

Hemithioacetal formation 
 

Acetal exchange 

 

Transthiolesterification 
 

Transesterification 
 

Cyanide addition reactions 

Cyanohydrin formation 
 

Strecker reaction 
 

Thia-Michael  reaction 

 

Boronate ester formation 
 

Diels-Alder reaction 
 

Alkene metathesis reaction 
 

Reversible non-covalent interactions 

Metal coordination  

Hydrogen bonding 
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CDC processes consisting of more than one reversible reactions/interactions 
have also been demonstrated, generating systems with higher diversity and 
complexity.[42, 47-52] However, it is generally more challenging to develop 
conditions that are compatible for running multiple chemical transformations. 
One interesting example of adopting three types of dynamics into one system 
has been reported, including covalent transimination, photoinduced 
configurational isomerization and metal ion coordination.[53] 
 

1.1.2. Selection processes in the dynamic system 

The selection pressure adopted in the dynamic system can arise from either the 
external (with added target) or internal (with interaction of the building blocks) 
side of the system. If the equilibrium of the dynamic system is sufficiently fast, 
all components will be competitively responsive to the target or undergo self-
assembly, leading to amplification of optimal constituents.  
 

External selection pressures 

When the established dynamic system is subjected to the external pressure of 
choice, the selection process can be either thermodynamically or kinetically 
controlled, depending on the chosen target and the interaction mode. If the 
selection step is under thermodynamic control, the added selector can induce 
the formation of the optimal constituent, and in most cases stoichiometric 
amounts of that target molecule are required to stabilize the fittest structure 
(Figure 3). [54-56] This strategy has been widely used when biological entities or 
metal ions are employed as the external selectors. 
 

 

Figure 3. Concept of CDC with external selection pressures under thermodynamic 
control. 

 
If the selection step is under kinetic control, for example coupled to an 
enzyme-catalyzed transformation, then the optimal constituent can be 
selectively transformed and expelled from the dynamic system, resulting in the 
amplification of the corresponding product (Figure 4).[34-35, 38, 41-42, 46, 57] This 
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concept has been termed dynamic systemic resolution (DSR), which 
emphasizes the usage of kinetic controlled transformation as the second step 
connected to the thermodynamically controlled dynamic system.[58] An 
advantage of this strategy is that only catalytic amount of the target enzyme is 
required for the completion of the resolution process, thus suitable for valuable 
biological targets.  
 

 
Figure 4. Concept of CDC with external selection pressures under kinetic control. 

 

Internal selection pressures 

CDC can also be established without any added target molecule, forming the 
thermodynamically most stable structures out of the dynamic system (Figure 5). 
The driving force of this internal selection can be folding, aggregation, etc., 
leading to the dynamic synthesis of polymers and other complex structures.[23, 

59-60] Moreover, the selection pressure can arise from irreversible phase changes 
within the system, such as crystallization- or distillation based constituents’ 
separation.[61-64] 
 

 
Figure 5. Concept of CDC with internal selection pressures. 

 

1.1.3. Analytical methods for the dynamic system 

Analysis of the dynamic systems containing all the constituents is generally not 
a trivial task. For smaller systems, techniques such as nuclear magnetic 
resonance (NMR), high-performance liquid chromatography (HPLC) and gas 
chromatography (GC), are often sufficient to analyze the constitutional 
changes within the systems. For larger systems, high-resolution techniques 
involving separation and detection are necessary, such as HPLC-mass 
spectrometry (HPLC-MS).[65] If large amplifications of the optimal constituents 
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are observed at the expense of the other constituents, the detection of the 
distributional change is comparatively simplified. 
 
In certain cases, the analysis method is coupled to the selection process, for 
example, in phase segregation. Phase-transfer of the selected constituents into 
another separated phase provides facilitated analysis.[66-67] Moreover, 
techniques with immobilized targets or system constituents have also been 
developed.[47, 68] With the removal of unbound compounds, an easy access to 
the identification of the optimal binders can be achieved. 
 

1.1.4. Potential applications 

With the development of CDC during the last decade, its applications have 
been greatly extended into various areas. However, only the main potential 
applications have been illustrated below. 
 

Generation of receptors 

The dynamic and adaptive feature of CDC makes it perfect for guest-host 
identifications, one of which is the design of synthetic receptors. Compared to 
the static way of making receptors which often requires lengthy and tedious 
synthetic work, dynamic formation of the receptors in the presence of ligands, 
may lead to the self-assembly of the optimal host, simplifying the process to a 
large extent. The ligands can be either small organic molecules or metal ions, 
and the shape of the receptors can be varied from linear, macrocyclic or 
capsular structures.[69-73] 
 

Search for bioactive substrates 

Biologically related discovery has long been an attractive application for CDC, 
including studies such as identification of optimal ligands or exploring the 
active sites of the biological targets.[74-77] Nonetheless, in the presence of 
special targets like proteins, nucleotides or even whole cells, the dynamic 
systems are usually required to be conducted under mild reaction conditions 
with aqueous buffered solutions, in order to secure the enzyme’s natural 
integrity. 
 

Dynamic folding 
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The dynamic folding of proteins, nucleic acids and synthetic polymers is used 
to study their secondary or tertiary structures. By introducing designed 
building blocks into the system, small pieces can be interconnected through 
reversible covalent reactions or supramolecular interactions to form more 
complex structures.[78-79] Therefore, some biological structures such as DNA 
double helix can be mimicked to a certain degree with this kind of folding. 
 

Design of catalysts 

The high efficiency and selectivity of natural catalysts have often been envied 
by synthetic organic chemists. Many efforts have been made to imitate the 
catalytic mode of enzymes with synthetic chemistry, and supramolecular or 
covalently-bound catalysts have been designed to have similar activities. Due 
to the difficulties of direct screening for transition-state affinity, a strategy 
based on affinities for a stable transition-state analogue (TSA) has been applied 
in catalyst design.[80-81] 
 

Dynamic materials 

Applying dynamic chemistry to materials science, the components of the 
dynamic material can be linked through reversible interactions and undergo 
continuous exchange within the system, thus leading to a responsive character 
of the material to certain physical or chemical stimuli.[23, 82] One good example 
is dynamic polymers, which may possess the abilities of self-healing and also 
be responsive to optical stimulants or mechanical stress.[83-84] 
 

1.2. Dynamic kinetic resolution (DKR) 

The increasing demand for enantiomerically pure compounds from the 
pharmaceutical industry has attracted a lot of attention from organic chemists. 
Different approaches have been developed to achieve enantioenriched 
compounds, where resolution strategies have played the central role. Kinetic 
resolution (KR) is one of the resolution methods to chemically separate 
enantiomers, where chiral reagents or catalysts are employed to selectively 
react with one of the isomers.[85-86] In principle, if the two enantiomers react at 
different rates, for example if the R-enantiomer of the substrate (SR) is readily 
converted to the corresponding product at a much higher rate (kR >> kS) as 
shown in Figure 6a, then the R enantiomer of the product (PR) can be obtained 
with a high enantiomeric excess (ee) at a theoretical maximum yield of 50%, 
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while leaving the enantioenriched starting material (SS). Therefore, this method 
shows more advantages when both PR and SS are synthetically valuable. 
 

 
Figure 6. Concepts of a) kinetic resolution; b) dynamic kinetic resolution. 

 
In order to overcome the inherent limitation of maximum 50% yield in a KR 
protocol, an in situ racemization of the substrates can be included into the 
procedure, leading to dynamic kinetic resolution (DKR).[87-92] With the 
continuous racemization of the substrate enantiomers, the one with faster 
reaction rate (SR) can be transformed into the corresponding product (PR) in a 
theoretical maximum yield of 100% and 100% ee (Figure 6b). In reality, two 
important factors should be taken into consideration for achieving better results: 
1) one enantiomer of the substrate reacts much faster than the other one (kR >> 
kS); 2) the racemization rate is higher than the reaction rate of the non-preferred 
enantiomer (krac > kS).  
 
Demonstrated as a powerful strategy for the synthesis of chiral compounds, 
DKR has been intensively studied during the last few years. Until now, various 
racemization and resolution methods have been introduced to DKR, for 
example, the racemization of the starting materials can be induced by transition 
metal catalysis, biocatalysis or by use of reversible reactions, while the 
resolution step can be enzyme-, transition metal- or organocatalyzed 
asymmetric transformation.  
 

1.3. The aim of this thesis 

The aim of this work is to expand the DSR concept, develop new DKR 
protocols for synthesis, as well as explore the other applications of dynamic 
chemistry. First of all, in order to increase the diversity of DSR systems, new 
types of reversible reactions need to be investigated. Then the complex systems 
can be obtained by incorporating reversible reactions with various types of 
networks. The selection pressure of the dynamic system can also be challenged 
by involving the competitions between different enzymatic transformations. 
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Secondly, inspired by the catalytic activity of enzymes in DSR system, 
asymmetric synthesis of chiral compounds using DKR protocol can be 
developed, where reversible reactions are used for the racemizations between 
the two enantiomers. Together with enzyme-catalyzed asymmetric 
transformations, products of high conversions and enantiopurities are the goal 
of synthesis. Furthermore, dynamic systems can be applied to extract the 
catalytic information of the target enzymes, while taking full advantage of the 
adaptive feature of such systems. 
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2.  
Lipase-Catalyzed Dynamic Systemic 

Resolution 

 (Papers I-IV) 

2.1. Introduction 

Dynamic systemic resolution (DSR) is a concept based on constitutional 
dynamic chemistry (CDC). It combines dynamic system with secondary 
kinetic transformations, providing in situ identification of the optimal 
components.[58] With the dynamic feature derived from the reversible covalent 
reactions or supramolecular interactions in the system, all the components 
mutually interact with each other. When some constituents are selected and 
expelled from the dynamic system, the other intermediates will re-equilibrate 
back to the starting building blocks and form more of the selected structures, 
giving rise to an amplification effect from the whole procedure. 
 
The driving force for the selection step can emanate from either the inside or 
the outside of the dynamic system. For example, inner parameter changes may 
contribute to the self-separation of some constituents from the system, and 
addition of enzyme or other external selectors would lead to transformations of 
the best substrates. The advantage of using enzymatic transformations is their 
high substrate specificity and in most cases also stereoselectivity, 
demonstrating an efficient methodology for substrate screening. Furthermore, 
this strategy also provides a great deal of information about the enzyme 
catalytic activity and selectivity, which can be applied in related organic 
synthesis. 
 
Until now, a series of enzyme-catalyzed DSR systems has been illustrated, 
starting from the early example of substrate screening of cholinesterases 
through dynamic thiolester systems.[34-35] Lipase-catalyzed transesterifications 
were later applied to DSR, and in principle became a preferred method among 
possible resolution formats. For example, dynamic nitroaldol- and cyanohydrin 
systems were successfully demonstrated with both chemo- and 
enantioselectivities in one-pot processes.[38, 41] Moreover, lipase-catalyzed 
amidation from double dynamic transimination-Strecker systems was explored. 
In this case, not only two reversible reactions were operated under the same 
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conditions, but also product structures based on multiple exchanges around one 
single stereogenic center were generated.[42] 
 
In this chapter, the enzyme-catalyzed DSR protocol was expanded to more 
complex dynamic systems with various substrate structures, challenging both 
the dynamic systems and the enzymatic transformation processes.  
 

2.2. Target enzyme：lipases 

With the increasing impact of biocatalysis, owing to attractive advantages such 
as environmental benignity and high catalytic efficiency, enzyme-catalyzed 
processes have become an alternative to traditional metallo- and 
organocatalysis in organic synthesis, and have been widely used on both 
laboratory and industrial scales.[93-96] Lipases, generally display broad substrate 
scopes, no requirement for cofactors, and high commercial availability, and 
have become one of the most used enzyme classes in synthetic organic 
chemistry.[97-102] 
 
Lipases [EC 3.1.1.3] belong to the hydrolase among the six classes of enzymes, 
catalyzing the hydrolysis of triglycerides into fatty acids and glycerol in nature 
(Scheme 1).[103] Lipases have a wide existence in bacteria, fungi, plants and 
animals, and have been used in a variety of industrial processes, including 
manufacture of oils, food, detergents, paper, etc..[101, 104-105] 
 

 
Scheme 1. Biological activity of lipases. 

 
As a member of the hydrolase class, lipases share the serine hydrolase 
mechanism for its catalytic activity, which involves three important amino acid 
residues in the catalytic triad: serine, histidine and aspartate (or glutamate), 
together with the formation of two tetrahedral intermediates (Scheme 2).[101] 
The catalytic cycle starts with nucleophilic attack of the hydroxyl group of the 
serine residue to the carbonyl group of the substrate, forming the tetrahedral 
intermediate. After losing an alcohol molecule, the resulting acyl-enzyme 
intermediate is subsequently attacked by water, forming another tetrahedral 
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intermediate. With the release of carboxylic acid, the lipase catalytic triad is 
then returned to its native state. During the whole process, the tetrahedral 
intermediates are stabilized by lipase oxyanion hole through hydrogen bonding, 
which connect the amide protons in the backbone and the oxygen of the 
substrate’s carbonyl group. 
 

 
Scheme 2. Catalytic mechanism of lipases. 

 
Besides their natural reaction of triglyceride hydrolysis, lipases also catalyze 
many other reactions under various conditions, and this can be ascribed to 
enzyme promiscuity.[106-108] Since the first use of lipases in organic solvents, 
the applications of lipases have been expanded significantly, with better 
tolerance of a wider substrate scope and reaction conditions.[109] Similar to the 
mechanism presented in Scheme 2, the lipase-catalyzed transesterification in 
organic media goes through the same processes in the catalytic triad of the 
lipase, and the only difference is the replacement of water by an alcohol 
molecule. Thus, the whole processes are performed at a low-water activity 
environment. Other than alcohols, substrate structures with amine and thiol 
functionalities can also be recognized by the lipase, producing amides and 
thiolesters, respectively. Moreover, not only substrate and condition 
promiscuity has been studied with lipases, but the enzymes’ catalytic 
promiscuity has also been explored, resulting in new discovery of reaction 
types catalyzed by lipases. [110-111] 
 
Compared to other substrate structures, secondary alcohols are the most 
commonly used compounds for enantioselective lipase-catalyzed 
transformations, leading to acylated products with various enantiopurities. An 
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empirical rule (“Kazlauskas rule”) has been proposed by Kazlauskas and 
coworkers to predict the fast-reacting enenantiomer structure of secondary 
alcohols with lipases, as illustrated in Figure 7.  Although it was only empirical 
rule when first published, other studies, such as X-ray crystallography, have 
been used to rationalize the results.[112-114] 
 

 
Figure 7. The “Kazlauskas rule” for predicting the fast-reacting enantiomer of 
secondary alcohols by lipases. L and M represent large- and medium-sized 

substituents. 

2.3.  Lipase-catalyzed dynamic systemic resolution of 
hemithioacetal systems 

The first example of DSR illustrated in this chapter is based on the dynamic 
hemithioacetal formation, which was previously only demonstrated to be 
reversible in aqueous solution.[44] Therefore, the reversibility of hemithioacetal 
formation in organic solvent was firstly addressed, and then challenged by 
lipase-catalyzed cyclization (Figure 8). Compared to the more commonly used 
transesterifications with lipases, the lactonization reaction can be described as 
enzyme substrate promiscuity, showing similar activity as lactonohydrolases. 
This method has been successfully applied to macrocyclic lactone synthesis, 
oligomerization of long-chain hydroxyl esters/acids, and the kinetic resolution 
of γ-lactone derivatives.[115-119] In the present system, 1,3-oxathiolan-5-one 
products were efficiently produced with high chemo- and enantioselectivities 
from the lipase-catalyzed resolution in a one-pot process. 
 

 
Figure 8. Dynamic systemic asymmetric transformation by enzyme-catalyzed 

cyclization. 
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2.3.1. Generation of dynamic hemithioacetal systems 

Reversible hemithioacetal formation is the nucleophilic addition of thiols to 
aldehydes (Scheme 3). Since the first application for identification of β-
galactosidase inhibitors in aqueous solution, the hemithioacetal reaction has 
proven efficient for dynamic chemistry, displaying formation of virtual 
systems.[44] However, the reversibility of this reaction had not been explored 
for these applications in organic solvents previously. 
 

 
Scheme 3. Reversible hemithioacetal reaction. 

 
The dynamic feature of the hemithioacetal system was first evaluated with a 
series of aldehydes and thiols in deuterated solvents (Scheme 4), for the 
convenience of monitoring the reactions with 1H-NMR spectroscopy. As the 
results suggested, the reversibility of the system was strongly influenced by the 
solvent used. In CDCl3 and [D8]toluene, the equilibrium positions were 
displaced toward the reactants side, with fast dissociation of the hemithioacetal 
intermediates. Therefore, different additives were screened to increase the 
formation of the intermediates. When acids such as zinc bromide, acetic acid 
and silica gel were added into the system, dithiane byproducts were 
irreversibly produced. On the other hand, in the presence of organic base in the 
system, such as pyridine and triethylamine (Et3N), more amounts of 
intermediates were observed in the spectra together with good reversibility. 
Thus, Et3N was finally chosen to generate the dynamic system due to its 
desired effects on the equilibrium and compatibility with the enzymatic 
reaction. The resulting equilibrium was reached within three hours under the 
condition used, without formation of any side products. 
 

 
Scheme 4. Lipase-catalyzed lactonization of dynamic hemithioacetal system. 
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In the present dynamic system, three aldehydes – including aliphatic aldehydes 
with short and long chains (1 and 2), and aromatic aldehyde (3) – were 
incorporated, together with methyl 2-sulfanylacetate (A) and methyl 3-
sulfanylpropanoate (B), to provide γ- and δ-hydroxyl ester intermediates 1A-
3A, 1B-3B. The different lengths of the carbon chains in the intermediates 
have the potential to give five- or six-membered lactones as the products. After 
adding equal equivalents of each compound and Et3N in anhydrous [D8]toluene, 
the distribution of all the components was analyzed by 1H-NMR spectroscopy. 
As can be seen in Figure 9a-b, five starting materials (aldehydes 1-3, thiols A 
and B) and all the six possible intermediates (1A-3A, 1B-3B) could be clearly 
discerned in the spectra, while all the intermediates could be detected in similar 
ratios. 
 

 
Figure 9. 1H-NMR spectra of dynamic hemithioacetal transformation: a) typical 

spectrum of the reaction progress; b) dynamic hemithioacetal system at equilibrium, 
in [D8]toluene with one equivalent of Et3N; lipase-catalyzed transformation of the 

dynamic system at -18°C in the presence of c) 0.1 equivalent; and d) one equivalent 
of Et3N. 
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2.3.2. Lipase-catalyzed γ-lactonization from dynamic hemithioacetal 
systems 

Subsequent to exploring the dynamic system, lipases were utilized as the 
selective external pressure-inducing agents. A range of commercially available 
lipases, PS-IM from Burkholderia (Pseudomonas) cepacia (BCL), lipases from 
Pseudomonas fluorescens (PFL), Candida rugosa (CRL) and Candida 
antarctica lipase B (CAL-B) were tested, among which CAL-B showed the 
best catalytic activity while the others gave lower conversions under the same 
reaction conditions. Thus, the dynamic hemithioacetal systems were subjected 
to CAL-B catalysis, with 1H-NMR spectroscopy monitoring the reaction 
progress at sequential time intervals (Scheme 4). Interestingly, only five-
membered ring products 4-6, derived from γ-hydroxyester intermediates 1A-
3A, were formed from the lipase-catalyzed lactonization, whereas none of the 
lactone products from δ-hydroxyester intermediates 1B-3B was produced, 
indicating a high specificity for γ-lactone formation by the lipases. 
Furthermore, considering the double functionality of thiols A and B, which 
possess the ability of both intermolecular esterification and 
transthioesterification, control experiments with only thiols A and B in the 
presence of lipase were carried out at room temperature (r.t.). The results 
showed that none of the possible side products was formed.  
 
The effect of the reaction temperature was subsequently studied without the 
presence of Et3N (Table 2). As expected, the lipase-catalyzed dynamic 
transformation was faster at higher temperatures, but with lower lipase 
selectivity, especially with regard to enantioselectivity. At room temperature, 
compound 4 was formed as the major product, followed by 5 and trace amount 
of 6. However, among the products, only low enantiomeric purity was 
observed by lactone 6, whereas even lower ee:s of 4 and 5 were obtained. At 
lower reaction temperatures, decreased overall reaction rates were recorded 
over the same period, but ee:s were considerably improved for all the products 
4-6. This can be explained by the larger activation-energy differences (ΔΔG‡) 
for the enantiomers at lower temperatures. Furthermore, the more rigid enzyme 
conformations with decreasing temperatures have been confirmed using both 
experimental and molecular modeling approaches. This effect results in higher 
selectivity for the substrates, although at lower reaction rates in this case.[120-122] 
 
In order to exclude the possibility of lipase-catalyzed racemization of products, 
which may contribute to the low enantioselectivity of this system, two control 
experiments using purified product 4 (60% ee) in the presence and absence of 
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the lipase were performed. After seven days at room temperature, the ee of 4 
still remained at 60% in both experiments, while no aldehyde 1 was observed. 
The results confirmed that the lactone products were produced under kinetic 
control, and that lipase-catalyzed racemization had no influence on the ee of 
products. 
 
Table 2. Effect of temperature and Et3N loading on lipase-catalyzed transformation 
of dynamic hemithioacetal system.[a] 

% Conversion (% ee)[b] 

r.t. 0 °C -18 °C 
Product 

0 equiv. 

Et3N 

0 equiv. 

Et3N 

0 equiv. 

Et3N 

0.1 equiv. 

Et3N 

0.5 equiv. 

Et3N 

1 equiv. 

Et3N 

4 50 (3.6) 58 (39) 18 (47) 43 (57) 52 (77) 55 (89) 

5 29 (0) 33 (25) 16 (49) 28 (67) 28 (83) 25 (88) 

6 1 (53) 2 (72) 1 (95) 2 (>99) 2 (>99) 2 (>99) 

[a] Reaction conditions: components 1-3, A and B (0.2 mmol each), Et3N (0.2 mmol), CAL-B 
(5 mg), 4 Å molecular sieves (15 mg), anhydrous toluene (1.5 mL). [b] Analyzed by chiral HPLC 
(Chiralpak OJ column) using 99:1 Hex:iPrOH for 60 min and 95:5 Hex:iPrOH for 70 min. 

 
The moderate ee:s obtained from low temperatures suggested that the 
equilibration rate of the dynamic system was not sufficient enough compared 
to the lipase-catalyzed transformation. To circumvent this effect, the different 
loadings of the base (Et3N) were adjusted (Table 2). When 0.1 equiv. of Et3N 
was added into the system at -18 °C, the conversions of all the products 
increased, with overall more than 72%, and the stereoselectivities were also 
improved. Better results were obtained by even higher loading of base, and 
equimolar amounts of Et3N were finally found to be optimal for the system, 
with more than 81% total conversion recorded from the enzymatic 
transformation. Lactone 4 as the most amplified product from the system was 
obtained at a conversion of 55% and an ee of 89%. Product 5 was also 
produced to some extent (25%), and the corresponding conversion was 
decreased compared with the lower loading of Et3N, for the reason of 
amplification effect of 4. On the other hand, still very low amount of 6 was 
detected in the spectra, but with a good ee of >99%. These results further 
emphasized the importance of reversibility of the dynamic system, which 
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should equilibrate at a higher rate than the kinetic resolution step to provide a 
better selectivity. 

2.4. Lipase-catalyzed dynamic systemic resolution of double 
cascade thia-Michael－Henry systems 

The second example of DSR in this chapter is a dynamic system based on 
double cascade reaction: thia-Michael–Henry reaction. Due to the difficulty of 
two or more chemistries being compatible while maintaining efficient 
reversibility, dynamic systems with double covalent reactions are still rarely 
reported. Meanwhile, the domino Michael-Henry type reaction has proven to 
be a good strategy to the stereoselective syntheses of multifunctional 
cyclohexanes, cyclohexenes, cyclopentanes, bicyclo[3.2.1]octanes, 
tetrahydropyrans, piperidines, dihydroquinolines, chromenes, and 
thiochromenes.[123] Furthermore, both Michael- and Henry-type reactions have 
been demonstrated reversible in basic conditions,[62, 124-127] showing potential to 
be amenable under the same conditions. Therefore, a dynamic domino thia-
Michael–Henry system coupled to lipase-catalyzed asymmetric transformation 
was investigated in this study (Figure 10), resulting in high selectivity of 
products with three contiguous stereogenic centers from a pool of substrates. 
 

 
Figure 10. Domino dynamic systemic asymmetric transformation. 

 

2.4.1. Generation of dynamic thia-Michael－Henry systems 

Michael-type reactions have proven to be reversible in aqueous media under 
basic conditions, and were further used to discover glutathione S-transferases 
(GSTs) inhibitors.[44] Also, Henry-type reactions were demonstrated reversible 
in organic solvent with the basic condition of Et3N, and were applied to DSR 
and DKR with lipase-catalyzed transesterifications. [41, 128]Although domino 
thia-Michael–Henry reaction has shown high efficiency in organic synthesis, it 
has not been applied to dynamic chemistry with compatible reversibilities. 
 

 21 



In order to address the reversibility of Michael-type reactions in organic 
solvents, different organic bases were initially screened for the model system 
between (E)-1-phenyl-2-nitropropene 7 and propane-1-thiol 8 in CDCl3 
(Scheme 5). Phenylmethanethiol 10 was then added into the reaction after the 
full consumption of nitropropene 7, and the whole process was monitored by 
1H-NMR spectroscopy. Et3N, the catalyst that had been shown to be efficient 
for the Henry reaction was tested first: however no newly formed product 11 
was observed from the spectra. This could probably be ascribed to the low 
basicity of Et3N, and for this reason several stronger bases were further 
screened, including 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN), 1,1,3,3-tetramethylguanidine (TMG) and 
1,5,7-triazabicyclo[4.4.0]dec-5-ene. Reversibility was confirmed in all cases, 
and TMG was chosen as the final catalyst for the sufficient equilibrium rate it 
provided, while no formation of any side products could be detected. 
 

 
Scheme 5. Evaluation of reversibility of thia-Michael reaction. 

 
To evaluate the reversibility of the domino thia-Michael–Henry reaction, (E)-1-
(2,4-dimethoxyphenyl)-2-nitropropene 12 and 1,4-dithiane-2,5-diol 13 as a 
combined thiol- and aldehyde source were used to establish the system in 
toluene (Scheme 6). Following the consumption of the thiol, another 
nitropropene (E)-1-(3,4-dimethoxyphenyl)-2-nitropropene 15 was added into 
the system to form another product 16. In this case, nitropropenes with similar 
structures were chosen to avoid unbalanced distribution of intermediates when 
in equilibrium. Unfortunately, TMG did not result in fast equilibration for the 
domino reaction, and only small amount of product 16 was detected in the 
spectrum after several days. To circumvent this effect, various Lewis acids 
were screened to function together with TMG, such as AgOTf, HgBr2, ZnBr2, 
ZnI2, and Zn(OTf)2. Among these, ZnI2 proved to be most efficient, resulting in 
equilibrium formation within one day with the combination of TMG. 
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Scheme 6. Evaluation of reversibility of domino thia-Michael–Henry reaction. 

 
Owing to the three contiguous stereocenters in the intermediates’ cyclic 
thiolane structures, four different diastereomers and eight enantiomers can in 
total be formed from either intermediate 14 or 16. In order to analyze the 
intermediates produced from the domino thia-Michael–Henry reaction, 
compound 17 was first synthesized from nitropropene 7 and dithiane 13 
(Scheme 7). The result showed that all eight stereoisomers were formed, of 
which four isomers giving a combined yield of 95%. Nuclear Overhauser 
enhancement spectroscopy (NOESY)-analysis proved these major 
stereoisomers to be of trans,trans- (17a enantiomers) and cis,trans- (17b 
enantiomers) configuration, respectively, which indicated a preference for the 
trans-relationship between the phenyl- and nitro-groups. Moreover, between 
the major stereoisomers, 17a was formed in double amount compared to 17b, 
indicating a preferred trans-hydroxy/nitro relationship in the structures. 
 

 
Scheme 7. Reversible formation of thiolane stereoisomers from nitropropene 7 and 

dithiane 13. 

 
Subsequently, the domino dynamic system was generated by adding equimolar 
amounts of nitropropenes 12, 15 and dithiane 13 in toluene, together with 
0.5 equivalents of TMG and ZnI2 to initiate the reversible reactions (Scheme 8). 
Following the reaction process by 1H-NMR, a biased distribution of most of 
the possible intermediates was observed. Compounds exhibiting trans-
relationships between the aryl- and nitro-groups were preferred as the major 
intermediates, with a combined yield of more than 96%.  
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Scheme 8. Dynamic system of domino thia-Michael–Henry reactions. 

 

2.4.2. Lipase-catalyzed asymmetric transformation from dynamic thia-
Michael－Henry systems 

An advantage of the domino thia-Michael–Henry reaction is the multiple-chiral 
centers generated within the product, as in this case where three contiguous 
stereocenters were established in the intermediates. Therefore, it also 
challenged the enantioselective resolution processes with all these isomers. 
Here, lipase-mediated transesterification was used as the external selector to 
resolve the racemic intermediates from the dynamic system. 
 
In order to find the best conditions for the enzymatic transformations, different 
lipases and acyl donors were evaluated. Four enzymes were first screened: PS-
IM, CRL, PFL and CAL-B. Compared to the other lipases, PS-IM provided the 
best selectivity. Among the tested acyl donors: ethyl acetate, isopropenyl 
acetate, isopropyl acetate and phenyl acetate, only isopropenyl acetate gave no 
formation of any other side products while providing the moderate acylation 
rates. 
 

 
Scheme 9. Dynamic asymmetric transformation of domino thia-Michael–Henry 

system. 
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After applying the optimized conditions of lipase-catalyzed resolution to the 
dynamic domino thia-Michael–Henry system, the thermodynamically 
controlled distribution was dramatically changed, resulting in a different 
pattern of acetylated products (Scheme 9). As can be seen in Figure 11, the 
most amplified product was 20b, while the concentration of its related 
intermediate 16b was relatively low. The product derived from intermediate 
16a was also produced to some extent, indicating a better fitting of 3,4-
substituted aromatic structures into the PS-IM active site than the 
corresponding 2,4-substituted derivatives. Moreover, the compound produced 
from intermediate 14b was also detected in the spectra, even though the 2,4-
substituted structure was not preferred by PS-IM, which implied a strong 
preference for the b-stereoisomers by the enzyme in comparison with the 
thermodynamically more stable a-stereoisomers. 
 

 
Figure 11. 1H-NMR spectra of dynamic domino thia-Michael–Henry transformation: 

a) typical full spectrum of the system; b) equilibrium signals (5-H) of intermediates; c) 
signals (5-H) of acylated products and remaining intermediates. 

 
Preference factors (Fp), the calculated differences of the relative ratios between 
the intermediates in the dynamic system and the products, were subsequently 
adopted to show the enzymatic selectivity between the different isomers. 
Positive values of Fp indicate preferred intermediates by the lipase, whereas the 
negative values referred to the unfavoured compounds. As can be seen in 
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Figure 12, only stereoisomer 20b showed a positive Fp-value, demonstrating a 
clear preference for intermediate 16b by the enzyme. 
 

 
Figure 12. Substrate preference factors of domino thia-MichaelHenry system. Fp = 

[Cr(product)-Cr(intermediate)]/Cr(intermediate), where Cr(intermediate) and 
Cr(product) represent the relative concentrations of the intermediate and the product, 

respectively. 

 
To explore the enantioselectivity of PS-IM toward this dynamic system, chiral 
chromatography was used to monitor the ee of the selected products. High 
enantiopurities were recorded for both compounds 20b and 20a, with 98% ee 
and 95% ee, respectively, at a total conversion of 68%. Thus, not only high 
chemo- and diastereoselectivity between the different substrates, but also high 
enantioselectivity was achieved through the enzyme-mediated resolution of a 
dynamic domino thia-Michael–Henry system. 
 

2.5. Lipase-catalyzed dynamic systemic resolution of double 
parallel systems 

After constructing the double cascade dynamic system, we focused our 
attention on another class of reversible networks: systems based on double 
parallel reversible reactions. With two reactions operating in parallel under the 
same conditions, different categories of intermediate structures can be 
produced, providing substrates of higher diversity for the secondary kinetic 
resolution. However, the compatibility of the two reversible reactions first 
needed to be addressed. In this respect, nitroaldol and hemithioacetal formation 
reactions were used to establish such double parallel dynamic systems. With 
the same strategy of introducing enzymatic transformations (Figure 13), good 
selectivities between different types of substrates, structural analogs, and even 
enantiomers were observed. 
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Figure 13. Double parallel dynamic systemic resolution. 

 

2.5.1. Generation of dynamic double parallel system 

For two different reversible reactions operating in parallel under the same 
conditions, it is essential to consider their compatibility and respective kinetic 
properties. In the current study, the nitroaldol reaction and hemithioacetal 
formation seem able to fulfill all the prerequisites. The nitroaldol reaction was 
confirmed reversible under basic conditions, and applied for dynamic systems 
as one of the first C-C bond-forming reversible reactions.[62, 127-128] 
Hemithioacetal formation, as illustrated previously in this chapter, has also 
been used in dynamic systemic resolution, with base to accelerate the 
equilibration rate.[44-46] 
 
In order to combine the nitroaldol and hemithioacetal formation reactions in 
one system, the equilibration features of the two different reactions were first 
evaluated for their discrete properties. Equimolar amounts of 3-
nitrobenzaldehyde 21, 2-nitropropane C, and 1-butanethiol D were used to 
establish the model system, with addition of five equivalents of Et3N to 
facilitate the reversible nitroaldol reaction (Scheme 10). The whole process 
was followed by 1H-NMR spectroscopy in deuterated solvent (CDCl3) at r.t. 
Not surprisingly, fundamentally different kinetics were observed in these two 
reactions – while hemithioacetal formation gave the intermediate 21D 
immediately, nitroaldol intermediate 21C was slowly produced with time. The 
final equilibrium was reached in 15 h, with the ratio between 21C and 21D of 
6:5, indicating the better thermodynamic stabilities of nitroaldol intermediate 
than the hemithioacetal 21D under these conditions. However, the similar 
amounts of these two types of intermediates at equilibrium still showed the 
potential for them to operate in one system, and to be further applied to 
enzymatic selective transformation. 
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Scheme 10. Model system for double parallel reactions. 

 
A more complex dynamic system with two additional aldehydes 1-
chlorobenzaldehyde 22 and 2,4-dichlorobenzaldehyde 23 was subsequently 
generated (Scheme 11). The equilibrium was in this case reached within 16 h, 
approximately the same time frame as in the model system. Also, the same 
trend was displayed regarding the thermodynamic stability between the two 
types of intermediates – nitroaldol compounds were formed to a higher degree 
than the corresponding hemithioacetal intermediates. Among the three 
aldehyde structures, the preference sequence was 21 > 23 > 22 for both types 
of reactions (Figure 14b), which can be explained by the different activation 
effects from electron withdrawing substituents in the aldehydes. 
 

 
Scheme 11. Generation of double parallel dynamic system coupled to lipase-

catalyzed asymmetric resolution. 

 

2.5.2. Lipase-catalyzed asymmetric transformation from dynamic 
double parallel systems 

Equivalent to the other DSR systems illustrated in this chapter, lipases were in 
this case adopted to resolve the intermediates from the double parallel dynamic 
system. Two commonly used lipases in organic synthesis: PS-IM and CAL-B 
were tested first. In the presence of phenyl acetate, the two lipases behaved 
fundamentally different under the same conditions. The result showed that no 
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products were detected from CAL-B catalysis, whereas both acetylated 
products 24C and 24D were formed in different amounts with PS-IM. Thus 
PS-IM was chosen for the better catalytic activity toward the substrates. 
Furthermore, no products deriving from aldehydes 22 or 23 could be recorded, 
indicating unfavorable substrate structures for lipase-catalyzed 
transesterification compared to the corresponding intermediates from 21. 
Between the two types of products 24C and 24D, hemithioacetal product 24D 
was produced in a slightly higher amount compared to the nitroaldol structure 
24C, which was in a reversed ratio to their equilibrium distributions. 
 

 
Figure 14. 1H-NMR spectra of double parallel dynamic system: a) full spectrum of a 

typical dynamic system; enlarged area of: b)16 h after generation of dynamic system, all 
components in equilibrium before enzymatic resolution; c) 10 d after adding lipase. 

 
In order to optimize the reaction conditions for a better selectivity of lipases, 
various parameters were subsequently explored (Table 3). Different reaction 
media including toluene and tert-butyl methyl ether (TBME) were tested first. 
From the result, it was obvious that 24D was produced at a much higher rate in 
TBME than in toluene, while the conversion of 24C remained almost 
unchanged with these two solvents. Thus TBME was chosen for higher total 
conversion and better selectivity between substrates 21C and 21D. Lower 
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loading of PS-IM was also applied. As expected, when decreasing the amount 
of lipase preparation from 200 mg to 100 mg, and 50 mg, lower reaction rates 
were observed, although the ratio of products 24D:24C increased slightly. 
Finally, the dynamic system was adjusted to the lower temperature of 0 °C. 
Interestingly, the selectivity of the two types of structures was much higher at 
this temperature, exhibiting a ratio of 17:1 between products 24D and 24C, 
compared to 4:1 at room temperature. This may in part be explained by the 
more rigid structure of lipases at lower temperatures, making the active site 
less flexible.[121, 129] However, the total conversion stayed at almost the same 
level as at room temperature, indicating that acetylation process, especially for 
the hemithioacetal intermediates, is not very sensitive to temperature changes. 
Therefore, with TBME as solvent at 0 °C, product 24D was discretely selected 
by the lipase PS-IM, where only trace amount of 24C was produced from the 
double parallel dynamic system with a total conversion of 76% (Figure 14c). 
 
Table 3. Effects of solvent, PS-IM loading, and temperature on the conversions and 
substrate selectivities[a]. 

Entry Solvent PS-IM 

loading 

(mg) 

Temperature 

(°C) 

Reaction 

time 

(days) 

Conversion 

(%) 

24D:24C 

ratio 

1 toluene 200 r. t. 10 51  2:1 

2 TBME 200 r. t. 10 71  4:1 

3 TBME 100 r. t. 11 63 5:1 

4 TBME 50 r. t. 11 50  5:1 

5 TBME 200 0  10 76  17:1 

[a] Reaction conditions: 0.1 mmol of each benzaldehyde 21, 22, 23, 2-nitropropane and 1-
butanethiol, 0.5 mmol Et3N, 0.3 mmol phenyl acetate, 0.6 mL toluene/TBME were added to the 
vial of PS-IM with 20 mg of 4Å molecular sieves. The reactions were monitored by 1H-NMR 
spectroscopy. 

 
Concerning the potential stereoselectivity resulting from the lipase-catalyzed 
transformation, HPLC with chiral columns was applied to analyze the ee of 
product 24D from the dynamic systemic resolution. Unfortunately, only 
modest enantiomeric purity (46% ee) was recorded after silica column 
purification. To evaluate this effect, various efforts were made to improve the 
enantiomeric selectivity of the resolution step. For example, a series of acyl 
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donors were screened: isopropyl acetate, isopropenyl acetate, and substituted 
phenyl acetates. However, very similar results were obtained compared to 
phenyl acetate. Surprisingly, when the single reaction between 21 and D was 
tested under the same condition as in the complex system, a much higher ee 
(up to 93%) was observed, without column purification prior to HPLC analysis. 
Thus, product racemization caused by the mild acidic conditions of the silica 
hypothesized to be the reason for the lower ee of product 24D from the 
dynamic system. To address this problem, neutral aluminium oxide-based 
purification was instead adopted, where the ee for the final product 24D from 
the complex system increased to be 91%. Therefore, both good chemo- and 
enantioselectivity were achieved from the double parallel dynamic system.  
 

2.6. Lipase-catalyzed dynamic systemic resolution of reversible 
reaction networks 

One advantage of DSR is its high efficiency in substrate screening for the 
target enzyme. Thus dynamic systems with higher complexity can provide 
substrates of increased diversity (from parallel reactions) or multifunctional 
structures (from cascade reactions). In order to get easy access to substrates 
with both variety and complexity, a dynamic system combining both parallel 
and cascade modes was further established, including five different reversible 
reactions. Besides the Henry reaction and hemithioacetal formation, which had 
already been proven compatible with each other in the parallel mode,[57] imine 
formation and transimination were also added for aldehyde and imine 
scrambling. Then with a lipase as the external selector, two different 
transformations can be potentially performed, leading to both linear and 
cyclized products from the dynamic system (Figure 15). From the study, a 
clear preference for the best substrate out of such a complex system could be 
demonstrated. 
 

 
Figure 15. Dynamic systemic resolution of dynamic reaction networks. 
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2.6.1. Generation of dynamic reaction networks 

To explore the reversibility of the individual reactions involved in the 
aldehyde-imine scrambling, a model system was studied with 3-
nitrobenzaldehyde (21), N-(3-nitrobenzylidene)methanamine (25) and N-(3-
nitrobenzylidene)propan-2-amine (26) (Scheme 12). As one of the most 
frequently used reversible reactions in dynamic chemistry, transimination 
between 25 and isopropylamine was very fast at room temperature, with 
equilibrium formation within one hour. The imine formation process, for 
example formation of imine 26 from aldehyde 21 and isopropylamine also 
proceeded smoothly, and a high conversion (81%) was observed within one 
hour. However, the reverse reaction from imine to aldehyde was comparatively 
slow under the same condition. Thus different catalysts were screened to 
accelerate the process. Et3N, having been identified as suitable for the 
nitroaldol reaction, was firstly tested, but did not result in faster conversion. 
The Lewis acids Sc(OTf)3 and ZnBr2, previously proven efficient for 
transimination reactions were subsequently evaluated.[130-131] Of the two, ZnBr2 
showed a better catalytic effect on the reaction rate, and the formation of 
aldehyde 21 was faster with increasing amount of ZnBr2. Compared to imine 
formation, the reverse process was still less favored, resulting in a biased 
distribution of aldehyde and imine in the system. To circumvent this problem, a 
small amount of H2O was added to shift the equilibrium position. However, 
considering the water sensitivity of lipases in organic solvents, only two 
equivalents of H2O was included, giving a ratio of 5:1 between imine 26 and 
aldehyde 21 in 21 hours. 
 

 
Scheme 12. Model system for exploring involved reversible reactions. 

 
In analogy to the previous study regarding parallel dynamic systems, the 
nitroaldol reaction and the hemithioacetal formation between 21 and A or C, 
have been proven compatible with each other, with sufficient equilibration 
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rates (Scheme 12). In this case, methyl 2-sulfanylacetate (A) was used instead 
of other thiols for its double functional role in the whole system – possessing a 
thiol building block and an acyl donor for enzyme-catalyzed intramolecular 
lactonization. Therefore, the intermediates 21A, 25A and 26A were considered 
suitable for two types of enzymatic transformations in the next step. For the 
reaction of hemithioaminal formation, although it processed with a strong 
tendency to the starting material side, the fast reversibility was still detected 
from the intermediates’ redistribution upon addition of 20 equivalents of two 
different thiols. On the other hand, the formation of 25C and 26C from imines 
and nitropropane were not observed despite several efforts. Besides 
temperature and concentration effects, other bases rather than Et3N were also 
screened, including 4-dimethylaminopyridine (DMAP) and TMG. However in 
each case, no clear formation of the intermediates was observed. 
 
After addressing the properties of the individual reversible reactions, a more 
complex dynamic system was generated with two aromatic aldehydes (27-28), 
and four related imines (29-32) (Scheme 13). The building blocks were 
selected for their similar reactivities, derived from the 2-chloro- and 4-chloro 
substituents on the aromatic groups. The first dynamic system with aldehyde 
and imine scrambling was initiated by adding one equivalent of aldehyde 28, 
imine 29, isopropylamine and two equivalents of H2O, together with Et3N and 
ZnBr2 as accelerators/catalysts. Then the reaction progress was monitored by 

1H-NMR spectroscopy. It was clearly shown from the spectra that even upon 
increasing amounts of H2O, the imine formation and the exchange reactions 
still proceeded much faster than the formation of aldehyde 27. When the final 
equilibrium was obtained, within one day (Figure 16b), both aldehydes 27 and 
28 remained in comparatively smaller amount than imines 29-32. With the 
subsequent addition of compounds A and C, only formation of Henry-type 
products 27C-28C were observed, while the other reversible reactions proved 
to be virtual in the complex system. 
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Scheme 13. Dynamic systemic resolution of reversible reaction networks by lipase. 

 

2.6.2. Lipase-catalyzed transformation from dynamic reaction 
networks 

The resulting dynamic system was subsequently subjected to lipase-catalyzed 
selective transformations. Thus, lipases PS-IM and CAL-B, which had 
previously shown high efficiencies for similar reactions, were evaluated first. 
In the presence of phenyl acetate as the acyl donor, the reaction was performed 
at room temperature, and monitored by 1H-NMR. Since there were eight 
intermediates of three types of structural classes present in the system, 
counting the two types of enzymatic transformations – intermolecular (linear) 
acylations and intramolecular cyclizations, fourteen different products could 
possibly be produced. It was therefore of high interest to monitor the respective 
lipase selectivities for all the intermediates and the reaction types. As 
illustrated in the resulting spectra (Figure 16c), only the cyclized products 33 
and 34 were observed from the whole system under CAL-B catalysis in TBME. 
In contrast, PS-IM did not provide any product under the same conditions, 
probably due to the lower activity of PS-IM compared to CAL-B for these 
specific substrates. Other solvents such as toluene were also tested, but 
background cyclization through non-enzymatic synthesis was in this case 
observed. For this reason, TBME was chosen because the negligible amount of 
products it produced in the absence of enzyme. The results can be interpreted 
by the fact that linear acylation of hemithioacetal intermediates is generally 
faster than acylation of nitroaldol compounds, and the cyclized products are 
preferred by CAL-B over formation of linear structures. In consequence, only 
cyclized products were observed from the complex dynamic system. Among 
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the intermediates 27A-32A, which all possessed the potential to form 
lactonized products, 29A-32A were selected over 27A-28A in the lipase-
catalyzed transformation, likely due to the higher nucleophilicity of nitrogen 
atom under these conditions. However, steric factors probably also played a 
role, since the preference for 31A-32A with isopropyl group could not be 
detected. The resulting final ratio between products 33 and 34 was determined 
to be 2:1, while their corresponding imines 29 and 30 were of the same 
amounts in equilibrium. Thus compound 33 was the most amplified product 
from the whole system after lipase-catalyzed transformations.  
 

 
Figure 16. 1H-NMR spectra of reversible reaction networks: a) full spectrum of a 
typical dynamic system; b) enlarged area of 1 d after generation of first dynamic 

system, all components in equilibrium; c) enlarged area of 5 d after adding lipase. 

 

2.7. Conclusion 

In this chapter, the DSR protocol was greatly expanded to considerably more 
complex dynamic systems. First, a dynamic hemithioacetal system in organic 
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solvent was established and subjected to lipase-catalyzed lactonization. Double 
dynamic systems with two reversible reactions operating in cascade or parallel 
ways were subsequently illustrated, resulting in structures with multiple-
stereogenic centers or of diverse molecular architectures for lipase-catalyzed 
selective transformations. Finally, the complexity of the dynamic system was 
further enhanced by involving five simultaneously running reversible reactions, 
together with two types of lipase-catalyzed selection processes. In all cases, 
clear structural preferences from the respective lipases were observed. 
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3.  
Lipase-Catalyzed Dynamic Kinetic 

Resolution 

 (Paper V, VI) 

3.1. Introduction 

Asymmetric synthesis has gained a lot of attention from organic chemists 
during the last decades, in part due to the wide existence of chiral centers in 
natural products and drug candidates. Until now, many methods have been 
developed to achieve stereochemically pure molecules, among which kinetic 
resolution (KR) is an important industrial approach.[86] However, a maximum 
theoretical yield of 50%, while maintaining a high enantiomeric excess, is a 
major limitation of this strategy. To address this challenge, dynamic kinetic 
resolution (DKR) was developed using in situ racemization or equilibration of 
the starting materials in combination with the kinetic resolution step.[88] As 
long as the racemization rate is faster than the transformation of the slow-
reacting enantiomer, a theoretical maximum yield of 100% together with high 
enantiomeric purity can in principle be obtained. 
 
According to the resolution method, the DKR process can be divided into 
enzymatic and non-enzymatic catalysis. Of these, enzyme-catalyzed 
asymmetric transformation has become very popular, owing to the mild 
reaction conditions and high catalytic efficiencies that can be obtained.[87, 89] 
Moreover, enzymatic kinetic resolution has been widely investigated for 
various organic syntheses, and especially for the synthesis of chiral compounds. 
In addition, other non-enzymatic methods, such as transition metallo- and 
organocatalysis, have been increasingly applied in DKR in recent years, and 
expanded the synthetic scope of this protocol.[90] 
 
Of the enzymes used in DKR processes, lipases constitute an attractive option, 
catalyzing either hydrolysis reactions in aqueous solution or 
transesterifications in organic solvents.[85] In this case, racemization of the 
substrates can either be catalyzed by transition metals, other enzymes or 
reversible reactions. In dynamic chemistry, applications of reversible nitroaldol 
and cyanohydrin reactions have been illustrated successfully, demonstrating 
efficient and easy ways for the synthesis of enantiomerically pure 
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compounds.[128, 132] In this chapter, two more lipase-catalyzed DKR systems 
using reversible reactions are presented. 
 

3.2. Lipase-catalyzed dynamic kinetic resolution of 1,3-
oxathiolan-5-one derivatives 

3.2.1. Design strategy 

Oxathiolan-5-one derivatives are of great interest for organic synthesis, owing 
to their wide existence as natural products combined with interesting biological 
activities.[133-136] Furthermore, they have been used as important intermediates 
for a range of successful pharmaceuticals, for example oxathionyl-nucleoside 
emtricitabine (Coviracil) and lamivudine (3TC) as the most potent nucleoside 
reverse transcriptase inhibitors (NRTIs) for the treatment of diseases such as 
human immunodeficiency virus (HIV) or hepatitis B (Figure 17).[137-138] Since 
the discovery of the antiviral activity of this motif, many efforts have been 
made to synthesize enantiomerically pure oxathiolan-5-one derivatives.[139-141] 
Among the methods, enzymatic transformations have received much attention 
owing to the advantages of high catalytic efficiency, selectivity and 
environmental benignity. For example, a lamivudine intermediate can be 
prepared through a kinetic resolution protocol, through hydrolysis of the 
undesired enantiomer.[90-91, 142-145]  
 

 
Figure 17. Structures of emtricitabine and lamivudine. 

 
In the previous chapter, dynamic systemic resolution of hemithioacetal systems 
were illustrated, leading to in situ formation of 1,3-oxathiolan-5-one 
derivatives through lipase-catalyzed lactonization, resulting in both high 
chemo- and stereoselectivities. However, this protocol may be regarded as 
having the best application in screening processes. Therefore, in order to 
expand the scope of this reaction, a DKR strategy was further developed for 
the asymmetric synthesis of 1,3-oxathiolan-5-one derivatives using dynamic 
hemithioacetal chemistry coupled with lipase-catalyzed transformations 
(Scheme 14). 
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Scheme 14. Synthesis of 1,3-oxathiolan-5-one derivatives through DKR. 

 

3.2.2. Synthesis of 1,3-oxathiolan-5-one derivatives through lipase-
catalyzed DKR 

Optimization of the reaction conditions was initially performed through 
enzyme screening. A series of lipases from PFL, CAL-B, CRL, and different 
types of BCL: PS, PS-C I and PS-IM, were thus tested for the model reaction 
between isobutyl aldehyde (1) and methyl 2-sulfanylacetate (A). As can be 
seen from Table 4, only CAL-B provided moderate conversion and ee for the 
product, whereas PS-IM, PS-C I, and PFL gave very low ee:s and lower 
conversions. On the other hand, PS and CRL did not result in any product at all 
under the same reaction conditions. Thus, in accordance with the previous 
DSR study, CAL-B was also chosen for the current DKR process. 
 

Table 4. Enzyme catalyzed DKR with different lipases.[a] 

 
Entry Enzyme Conversion (%) ee (%)[b] 

1 CAL-B 35 77 

2 PS-IM 11 14 

3 PS-C I 8 17 

4 PS 0 n.d. 

5 CRL 0 n.d. 

6 PFL 13 20 

[a] Reactions were carried out with 0.1 mmol of 1, 1.2 equiv. of A, 
0.5 equiv. of Et3N, 20 mg of 4 Å molecular sieves and 50 mg of lipases in 
0.6 mL toluene at -18 °C for 3 d. [b] Determined by HPLC analysis using 
Daicel Chiralpak OJ column, 99:1 Hex:iPrOH. 
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Solvent and temperature dependencies are common in biocatalysis, so these 
parameters were next evaluated. Of the tested enzyme-compatible solvents: 
toluene, TBME, diethyl ether and tetrahydrofuran (THF), all provided fast 
conversions to the products, although the reactions in toluene resulted in much 
higher ee within the same reaction time. The temperature, another crucial 
parameter for lipase-catalyzed reactions was varied from 40 °C to -18 °C for 
the model system. Consistent with the previous results, better 
enantioselectivities were observed at lower temperatures, while the best ee was 
obtained at -18 °C. This can be explained by higher rigidities of the enzyme 
structures at lower temperature, or the larger activation-energy differences 
(ΔΔG‡) with decreased temperatures.[121, 129] 
 
As an important part of the DKR process, the racemization rate should be 
higher than the transformation rate of the less favored isomer. According to the 
previous report, base additives can accelerate the reversibility and displace the 
equilibrium toward the hemithioacetals. Thus, in the current study the effects 
of different organic bases were subsequently investigated. In addition to Et3N, 
which was previously shown to display positive influence on dynamic 
systemic resolutions, other bases such as morpholine, 4-methylmorpholine, 4-
methylimidazole and DMAP were also tested on the model reaction (Table 5). 
4-Methylmorpholine, the weakest base of the series with a pKa of around 7.4 in 
H2O, gave the best ee for the product, although slightly lower conversion than 
using Et3N within the same time scale. Moreover, it was found that increasing 
the amount of base led to faster reactions, albeit at the cost of enantioselectivity. 
This can be explained by the faster equilibrium formation of the reaction, but 
also the facilitated background cyclization of either enantiomer, resulting in 
less enantiopure product. 
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Table 5. Enzyme-catalyzed DKR with different base catalysts. [a] 

 
Entry Base Base amount Conversion (%) ee (%)[b] 

1 Et3N 0.1 eq. 48 80 

2 morpholine 0.1 eq. 12 - 

3 4-methylmorpholine 0.1 eq. 39 95 

4 4-methylimidazole 0.1 eq. 37 80 

5 DMAP 0.1 eq. 43 86 

6 4-methylmorpholine 0.5 eq. 42 83 

7 4-methylmorpholine 1.0 eq. 46 83 
[a] Reactions were carried out with 0.1 mmol of 1, 1.2 equiv. of A, specific amount of base, 
20 mg of 4 Å molecular sieves and 5 mg of CAL-B in 0.6 mL toluene at -18 °C for 4 d. [b] 
Determined by HPLC analysis using Daicel Chiralpak OJ column, 99:1 Hex:iPrOH. 

 
Other optimizations of the reaction conditions were also carried out, for 
example, variation of lipase loading and substrate concentration, and control of 
the water activity of the solution. However, lower enantioselectivities were 
always observed with better conversions. Then, the formation of methanol as 
the side product from the cyclization step came to our attention, as it is known 
that short linear alcohols can deactivate lipases by interference with the 
hydration layer of the enzyme.[146-150] Therefore a test reaction with two 
additional equivalents of methanol was performed, leading to a dramatically 
decreased reaction conversion.  
 
In order to circumvent this inhibitory effect, two methods were applied to 
remove the methanol produced from the reaction: addition of anhydrous CaCl2 
or molecular sieves, respectively. The presence of CaCl2 in this system can not 
only form a stable crystalline complex with methanol, but also serve as a salt-
hydrate pair in the solution to control the water activity.[151-152] As a result, the 
conversion of the reaction increased from 51% to 73% after adding 20 mg of 
CaCl2, while the ee remained at a higher value of 88%. However, when this 
method was applied to other similar aldehydes, varied results were obtained 
with comparatively low repeatability. On the other hand, trapping methanol 
with a large excess of molecular sieves worked well, leading to a conversion of 
73% for compound 4, along with an ee of 81%. In addition, the use of 
molecular sieves could also be successfully applied to most other substrates. 
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Table 6. Dynamic kinetic resolution of aldehydes. [a] 

 
Entry R Product Conversion (%) ee (%)[b] 

1 1 4 73 81 

2 35 39 55 85 

3 36 40 79 90 

4 37 41 67 92 

5 2 5 75 71 

6 3 6 16 83 

7 38 42 93 71 

[a] Reactions were carried out with 0.1 mmol of 1-3, 35-38, 1.2 equiv. of A, 0.1 equiv. of 
4-methylmorpholine, 300 mg of 4 Å molecular sieves and 5 mg of CAL-B in 0.6 mL 
toluene at -18 °C for 4 d. [b] Determined by HPLC analysis using Daicel Chiralpak OJ 
column. 

 
After having identified optimized conditions for the model reaction between 
aldehyde 1 and sulfanylacetate A, a series of other aldehydes (2-3, 35-38) were 
evaluated in the DKR system. Moderate to good ee:s were observed for most 
of the products, generally associated with fair to high conversions (Table 6). 
For substrates with branched substituents, such as 3-methylbutanal (35), 2-
ethylbutanal (36) and cyclohexanecarbaldehyde (37), the enantioselectivities 
from the lipase were relatively high. For the linear aldehyde octanal (2), on the 
other hand, a lower ee was obtained, indicating a better fitting of branched 
aldehydes into the lipase active site. In addition, aromatic aldehyde (3) was 
also applied to the DKR process, but the reaction rate was in this case very low 
even by increasing the temperature to 0 °C. Aldehydes with protected α-
oxygens, which in principle can be directly converted to interesting chiral 
NRTI’s, were further tested. As can be seen in entry 7, very high conversion 
with clean product formation was achieved for substrate 38, although the 
enantioselectivity was modest, showing a good tolerance of the lipase for such 
bulky protecting groups. 
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3.3. Lipase-catalyzed dynamic kinetic resolution of 
oxathiazinanones 

3.3.1. Design strategy 

Saturated heterocyclics containing more than three heteroatoms are not very 
commonly seen in organic synthesis, but existing cases of such motifs in 
natural products and drug candidates have nevertheless shown enhancement in 
bioactivity.[153-155] For example, the incorporation of a unique 3-oxo-oxazinane 
ring in the MEK kinase inhibitor’s structure exhibited high metabolic stability 
and excellent in vivo antitumor efficacy.[153]  
 
In an attempt to target the synthesis of this group of heterocycles using 
dynamic resolution, the formation of chiral six-membered N-, O-, and S-
containing heterocycles (oxathiazinanones) were evaluated using a lipase-
catalyzed DKR process through a dynamic nitrone addition-cyclization 
pathway (Scheme 15). To the best of our knowledge, this is the first 
demonstration of the synthesis of this group of substituted six-membered 
lactone-type structures. 
 

 
Scheme 15. Lipase-catalyzed dynamic kinetic resolution of oxathiazinanones. 

 
In the previous chapters, the reversibilities of hemithioacetal and 
hemithioaminal formations have already been described and further applied in 
different lipase-catalyzed dynamic systemic resolution processes. However, 
nitrones possess similar reactivities as aldehydes and imines, have not been 
further evaluated toward nucleophilic attack by thiols. Furthermore, the lipase-
catalyzed asymmetric synthesis of five-membered 1,3-oxathiolan-5-one 
derivatives has been successfully exemplified, but, interestingly, under the 
same conditions lipases did not show any activity regarding the formation of 
related six-membered structures. In the current study, not only reversible 
nitrone-thiol addition was developed and used in dynamic chemistry, but the 
formation of chiral, six-membered heterocycles was challenged by lipase-
catalyzed asymmetric synthesis. 
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3.3.2. Synthesis of oxathiazinanones through lipase-catalyzed DKR 

The reaction conditions of the transformations were initially evaluated. As 
demonstrated in our previous investigations, organic media of low polarity are 
generally more efficient for lipase-catalyzed transesterification or lactonization, 
and toluene and TBME were thus primarily applied to the test reactions. 
Although similar enantioselectivities were detected in both solvents, toluene 
provided higher conversions and reaction rates, and was used for further 
optimizations. The lipases preparations PS, PS-C I, PS-C II, CAL-B and CRL 
were subsequently screened, and in accordance with our previous studies, only 
CAL-B gave some lactonized products. Basic conditions, having shown 
positive influence in other dynamic systems, were also screened in this case. 
As a result, the highest conversions and ee:s were observed with Et3N 
mediation. TMG and morpholine, on the other hand, provided similar 
conversions as Et3N but considerably lower ee:s. 
 
Acyl donors, commonly used in lipase-catalyzed transesterifications, were 
initially considered unnecessary for this intramolecular lactonization. However, 
in the initial test for this reaction, no product was detected in the absence of 
any acyl donor. Considering potential enzyme inhibition caused by the 
methanol released upon the cyclization, different scavengers for methanol were 
added into the system. However, neither molecular sieves nor CaCl2 proved 
efficient in this case, and only trace amount of product was formed, even with 
increased amount of molecular sieves or CaCl2. Interestingly, when 
isopropenyl acetate was added into the system, a high conversion of 96% was 
achieved in 19 hours, and the formation of methyl acetate was also detected in 
the 1H-NMR spectra. This indicated that methanol was converted to methyl 
acetate through lipase-catalyzed transesterification in the presence of acyl 
donor, resulting in more efficient methanol scavenging than molecular sieves 
or CaCl2. A double biocatalytic pathway could thus be proposed (Scheme 16), 
with the enzyme involved in both the cyclization- and the scavenging reactions. 
Initially, acylated enzyme species 46 was generated from the reaction with 
sulfanylacetate A, subsequently releasing methanol and product 44 following a 
domino addition-lactonization reaction with nitrone 43. Meanwhile, the 
enzyme also reacted with acyl donor 18 generating acyl enzyme species 45, 
which subsequently enabled acylation of methanol to provide methyl acetate 
47. 
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Scheme 16. Proposed mechanism of CAL-B catalyzed oxathiazinanone formation. 

 
To verify this mechanism, different amounts of methanol were added into this 
system. When one equivalent of methanol was applied, the reaction conversion 
was dramatically decreased from 96% to 31%, and when the amount of 
methanol was increased to three equivalents, no product formation was 
observed. Thus, methanol was confirmed to be the reason of enzyme inhibition 
in this case. 
 
Different acyl donors were subsequently screened for the methanol-scavenging 
abilities for the whole enzymatic process (Table 7). As expected, ethyl acetate 
and isopropyl acetate proved inefficient for the reason of released aliphatic 
alcohols, which in turn supported the proposed mechanism. Three other acyl 
donors: isopropenyl acetate, phenyl acetate and 4-chlorophenyl acetate 
provided good conversions and ee:s for this reaction. In these cases, acetone 
and aromatic alcohols were released instead of inhibitory aliphatic alcohols. 
Among all the acyl donors, isopropenyl acetate proved to have the best effect 
upon the reaction, with a resulted conversion and ee for product 44a of more 
than 90%. 
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Table 7. DKR of oxathiazinanone with different acyl donors.[a] 

 
Entry Acyl donor Conversion (%) ee (%)[b] 

1 p-Cl-C6H4OAc 84 85 

2 C6H4OAc 87 87 

3 isopropenyl acetate 93 92 

4 isopropyl acetate 0 - 

5 ethyl acetate 0 - 

[a] Reaction conditions: 0.1 mmol 43a, 0.3 mmol A, 0.1 mmol Et3N, 
0.36 mmol acyl donor and 30 mg CAL-B, together with 200 mg CaCl2 in 
0.5 mL toluene, at 40 °C. [b] Determined by HPLC analysis using Chiralpak 
OJ column, 99:1 Hex:iPrOH. 

 
The effect of the temperature on the DKR process was also evaluated 
(Figure 18). Although CAL-B is known for good stability at relatively high 
temperatures, nitrone decomposition was observed, and no product was formed 
at 60 °C. Interestingly, lower ee:s were obtained when the temperature was 
decreased from 40 °C to 4 °C, which is contradictory to previous studies. One 
potential explanation for this phenomenon is based on the hypothesis of a so 
called “racemic temperature” effect, at which temperature the enzyme has no 
discrimination between the R- and S- enantiomers.[156-157] In the current case, 
the racemic temperature would be lower than -18 °C, causing less selectivity of 
the enzyme with decreased temperatures above this point. From the recorded 
results under different temperatures, a dramatic decrease of ee was observed 
while lowering the temperature from 40 °C to room temperature, thus 40 °C 
was chosen as the optimal temperature for this reaction, obtaining both high 
conversion and enantioselectivity. 
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Figure 18. Temperature effect on the DKR process: (○) conversion; (■) ee. Reaction 

conditions: 0.1 mmol 43a, 0.3 mmol A, 0.1 mmol Et3N, 0.36 mmol isopropenyl 
acetate and 30 mg CAL-B, together with 200 mg CaCl2 in 0.5 mL toluene. 

 
In order to explore the scope for this reaction, a series of substrates with 
different nitrone substituents were tested under the optimized conditions 
(Table 8). Of all the tested substrates, compound 44a proved better and was 
produced with an ee of 92%, whereas compound 44b was obtained from the 
enzyme reaction in a similar conversion but slightly lower ee. However, the 
enantioselectivity with substrate 43c was relatively low, indicating a preference 
for short alkyl chains in the active site of CAL-B. In comparison, compound 
44d with a phenyl group was formed at both low conversion and ee, and 
product 44e carrying a pyridyl group could not be detected at all, indicating a 
much lower preference of CAL-B toward aromatic substituents. 
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Table 8. DKR of oxathiazinanone with different substrates.[a] 

 
Substrate R Conversion (%) ee (%)[b] 

43a isopropyl 93 92 

43b butyl 95 84 

43c octyl 88 40 

43d phenyl 32 4 

43e 2-pyridyl 0 - 

[a] Reaction conditions: 0.1 mmol 43, 0.3 mmol A, 0.1 mmol Et3N, 0.36 mmol 
isopropenyl acetate and 30 mg CAL-B, together with 200 mg CaCl2 in 0.5 mL 
toluene, at 40 °C. [b] Determined by HPLC analysis using Chiralpak OJ column. 

 

3.4. Conclusion 

In this chapter, two DKR processes were developed based on reversible 
reactions. In the first case, the synthesis of 1,3-oxathiolan-5-one derivatives 
through reversible hemithioacetal reactions was successfully achieved. Using 
lipase-catalyzed lactonization, moderate to good enantioselectivities were 
observed for a range of substrates. This method also showed further potential 
for an easy access to a lamivudine intermediate in a short synthetic route. The 
other example illustrated here is the synthesis of novel heterocyclic structures 
using lipase-catalyzed asymmetric transformations. Combined with a dynamic 
domino nitrone addition-lactonization process, both high conversions and ee:s 
could be achieved in this protocol. 
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4.  
Dynamic Chemistry for Enzyme Self-

Inhibition and Classification 

 (Papers VII, VIII) 

4.1. Introduction 

One of the most attractive features of dynamic chemistry is its inherent 
adaptivity. With the continuous interconversion of the involved building blocks, 
the system is responsive to internal or external controls. If internal pressures 
are present in the system, the constituents will become rearranged and self-
sorted to provide the most stable compounds, a phenomenon used for the 
design of catalysts, functional materials, molecular machines, etc.. If external 
selectors are adopted, the recognition process can amplify the fittest structures, 
and thus it has applications in ligand discovery, ion detection, etc.. 
 
In this chapter, dynamic systems with enzymes as the external stimulators were 
employed in two unique applications: one for lipases classification based on 
activities and selectivities, and the other for discovery of inhibitors of 
acetylcholinesterase (AChE) through a dynamic self-inhibition approach. 

4.2. Lipase pattern recognition using dynamic systems 

As illustrated in previous chapters, lipases have been widely used in organic 
synthesis, in part due to advantages such as commercial availability, no 
requirement for cofactors, and stability in organic solvent. Owing to enzyme 
modification and promiscuity, the reactions that lipases can catalyze have been 
greatly explored.[106-108] Besides the original activities found in nature, broad 
substrate scope under various conditions has been developed for lipases 
catalysis. Recently, several new reaction types have been shown to be 
catalyzed by lipases, such as Michael additions and alkene epoxidations.[110-111] 
However, lipases from individual sources or families may have different 
activities toward the same substrate or reaction type. In order to show the 
similarities or distinguish the specificities among different lipases, we 
subjected a range of lipases to dynamic hemithioacetal systems in secondary 
kinetic resolution steps. Due to the complexity of the dynamic systems, and the 
amplification effects it generated, the lipases’ activities and selectivities could 
be better differentiated. Pattern recognition methodology, a useful tool for data 
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analysis, was subsequently adopted, achieving the classification of lipases 
(Figure 19). 
 

 
Figure 19. Lipase pattern recognition through transformation of dynamic 

hemithioacetal systems. 

 

4.2.1. Pattern recognition methodology 

Pattern recognition is a powerful methodology in the field of data analysis. 
From large data sets, for example extracted spectral or other data features, 
functions for further differentiation of all the analyzed species can be created, 
generating data patterns.[158] Until now, broad applications of pattern 
recognition have been shown in different areas, such as structure-activity 
relationship analysis, protein differentiation and structural 
enantiodiscrimination.[159-160] 
 
Compared to other pattern recognition methods like principal component 
analysis (PCA) and optimum discriminant vector (ODV) methodology, linear 
discriminant analysis (LDA) is better at maximizing the differences between 
classes relative to the variation within each class, and was thus chosen for 
distinguishing lipases’ activities.[161-162] Two factors contributed to the training 
matrix in the present LDA analysis: independent (explanatory) and dependent 
variables. With the collected features from the experimental data as the 
independent variables, LDA treats the discriminant functions as linear 
combinations of the measured variables.[163-164] Then the dependent variables, 
in this case the different lipases, are classified into patterns. Based on the 
training matrix, an unknown species could then be easily classified within the 
existing pattern. 

4.2.2. Generation of dynamic hemithioacetal systems 

Hemithioacetal chemistry was chosen to generate dynamic systems in this case, 
due to its attractive reversibility features: fast equilibrium in both aqueous and 
organic media.[44-46] As illustrated in chapters 2 and 3, we have conducted 
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lipase-catalyzed cyclization of 1,3-oxathiolan-5-ones both in DSR protocols 
for substrate screening and DKR methods for organic synthesis, using 
reversible hemithioacetal reactions between thiols and sulfanylacetates. In both 
of the previous studies, sulfanylacetates not only served as starting building 
blocks, but also played the role of acyl donors. However, when additional acyl 
donors are present in the systems, linear (non-cyclized) acylated products can 
potentially be produced. Therefore, the resulting dynamic systems display 
higher diversity and also provide more information about the lipases’ catalytic 
activities in the selection step. 
 
Test reactions between 3-phenylpropanal (48) and methyl 2-sulfanylacetate (A) 
were first performed to evaluate the potential of forming intermolecularly 
acetylated and intramolecularly cyclized products with the presence of phenyl 
acetate (Scheme 17). Under the catalytic action of two lipases: PS-IM and 
CAL-B, together with Et3N as the base additive, both types of products were 
detected in the 1H-NMR spectra of the reaction mixtures. The main difference 
between the two lipases was that PS-IM predominantly yielded the 
intermolecularly acetylated product (49:49’ = 1:6), while CAL-B preferred the 
cyclized intramolecular product (49:49’ = 3:1). Therefore, it confirmed the use 
of this type of dynamic systems for the application of lipase reactivity profiling. 
 

 
Scheme 17. Lipase-catalyzed acetylation/lactonization of dynamic hemithioacetal 

system. 

 
In order to enhance the differentiation of all lipases analyzed, a dynamic 
hemithioacetal system with increased complexity was generated. Nine 
aldehydes were selected to be incorporated into the system for their structural 
varieties, including aromatic and aliphatic compounds, structures with short 
and longer chains, and linear and cyclized functional groups (Scheme 18). Two 
thiols were also included in the system: methyl 2-sulfanylacetate (A) and 
butanethiol (D). Compared to the double functional role of methyl 2-
sulfanylacetate, butanethiol was only able to provide linear acetylated products. 
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Thus, with the added aldehydes and thiols, 36 different intermediates of two 
types could be generated in the system. In total 54 possible products of three 
types could be further produced after the enzyme catalyzed transformations, 
forming a dynamic system with a complexity of 101 different compounds. 
 

 
Scheme 18. Dynamic hemithioacetal system with enhanced complexity used for 

lipase profiling. 

 

4.2.3. Lipase evaluation with pattern recognition analysis 

Having achieved a complex dynamic system with high diversity, twelve 
different lipases were chosen as external selectors to catalyze their preferred 
transformations of the intermediates. Thus, PS-C I, PS-IM, CAL-B, CAL-A, 
CRL, lipases from porcine pancreas (PPL), Aspergillus niger (ANL), Mucor 
miehei (MML), Mucor javanicus (MJL), Penicillium camembertii (PeCL), 
Rhizopus niveus (RNL), and Rhizopus arrhizus (RAL) were evaluated under 
the same conditions as the test reactions. 1H-NMR was used to monitor the 
reaction progress. 
 
In the 1H-NMR spectra, typical peaks of the intermediates and products 
appeared around 4-7 ppm, although not clearly distinguished due to the 
expected peak overlaps. Thus, pattern recognition analysis was adopted by 
using the relative integrations extracted from the spectra with Et3N as the 
internal standard. The integrations were collected from every 0.1 ppm in the 
range of 4.6-6.7 ppm, and further employed as 21 explanatory variables in the 
LDA training matrix. The dependent variables, as the other important factor in 
the training matrix, were the twelve lipases and all data points were repeated in 
triplicate. With the tolerance- and significance levels kept at 0.001 and 0.05, 
respectively, throughout the whole LDA analysis, the best separation of the 
lipases was obtained as shown in Figure 20, where the canonical factors F1 and 
F2 contained variation of 82.09% and 16.21%, respectively. 
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In the generated pattern, three distinct areas could be easily observed with clear 
classification of the twelve different lipases on the factor plot: one area with 
only CAL-B at the lower left quarter, one area including PS-IM and PS-C I 
located at the top left corner, and an extended region with all remaining lipases 
at the right side of the analysis window (Figure 20). In order to correlate the 
observed pattern with the enzyme activities, CAL-B, PS-IM, CRL and PeCL 
were selected as representative enzymes of their own groups. Using the same 
single reaction as in the previous tests (Scheme 17), the results showed clear 
differences between the respective groups. CAL-B and PS-IM were 
comparatively more reactive, showing the opposite distributions of the 
products: CAL-B preferred the intramolecularly cyclized products, while PS-
IM was selective for the linear acetylated compounds. On the other hand, CRL 
and PeCL did not give linear acylated product, only yielded lower amounts of 
cyclized compound, indicating the less active behavior of this group of lipases 
toward intermolecular acetylations under these conditions.  
 

 
Figure 20. Pattern recognition analysis of lipases with dynamic hemithioacetal 

systems; (●) CAL-A, (●) CAL-B, (●) CRL, (●) ANL, (●) MJL, (●) MML, (●) PeCL, (●) 
RAL, (●) RNL, (●) PPL, (●) PS-C I, (●) PS-IM, (■) probe. 

 
Since the lipases were clearly grouped in patterns with good correlation to their 
activities, classification of a probe lipase using the same pattern was further 
performed. PFL from Pseudomonas fluorescens was introduced and tested with 
the same dynamic hemithioacetal system, under the same conditions as for all 
the other lipases. As illustrated in Figure 20, three repeated experimental data 
from PFL were positioned in the area close to the PS-IM/PS-C I region, and 
were predicted to be PS-C I from the analysis. Subsequently, the test reaction 
between 3-phenylpropanal (48) and methyl 2-sulfanylacetate (A) with the 
presence of phenyl acetate was applied to PFL to examine the correlation 
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between the found pattern and lipase reactivity. Similar to PS-IM, the 
preference for linear acetylated product was observed by PFL, giving a ratio 
between 49 and 49’ of 1:29. Thus, the predicted correlation of PFL to the 
group of PS-IM/PS-C I was demonstrated, in consistent with their catalytic 
reactivities. 

4.3. Dynamic self-inhibition of acetylcholinesterase 

Applications of dynamic chemistry for enzyme inhibition have been frequently 
reported in literature. Among the used methods, the most common one is self-
assembly of the building blocks with the presence of the enzyme, and the best 
inhibitor was selectively formed through the dynamic system.[165] Other 
methods, such as reversible activation or inactivation of the reagent by photo- 
and thermoisomerization, have also been reported.[166] These all belong to the 
stimuli-responsive inhibition mode, in which inhibitors are directly produced 
to control the enzyme activity. On the other hand, the inhibition effect can 
occur indirectly, for example, the inhibitors only form in the presence of 
enzyme action. Therefore, a tandem-driven self-inhibition mode was developed, 
where the enzyme was involved in the formation of its own inhibitors through 
dynamic systems (Figure 21). In this case, precursive stealth inhibitors which 
can only be activated after enzyme catalysis, react with the products from the 
enzyme-catalyzed reaction to further form real inhibitors. As a consequence, 
inhibition only takes place in the presence of enzyme action. 
 

 
Figure 21. Tandem-driven dynamic self-inhibition. 

 

4.3.1. Target enzyme: acetylcholinesterase 

Acetylcholinesterase (EC 3.1.1.7) is an important enzyme in the 
neurotransmission process.[103] As a member of the carboxylesterase family, 
AChE hydrolyzes the neurotransmitter acetylcholine (ACh) to choline and 
acetic acid, a process that terminates the signal transmission and allows the 
products to be recycled for renewed neurotransmission.[167-168] Occupying a key 
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position in many diseases, such as myasthenia gravis, glaucoma and 
Alzheimer’s disease, AChE is thus highly valued by pharmaceutical industry as 
a drug target. 
 
There are two distinct binding sites in AChE, the catalytic (active) site and the 
peripheral site, which sit in close vicinity to each other.[168] Inhibitors that are 
bound to the active site can prevent the hydrolysis activity of AChE, while 
compounds targeting the peripheral site affect the entrance of substrates into 
the catalytic gorge. Molecules that bind to both sites with appropriate 
interactions have in this context been proven as exceptionally good inhibitors 
for AChE,[169-170] such as the bis-quaternary ligand decamethonium (Ki = 
5.8 µM, αKi = 13.1 µM).[171-172] This compound has been identified to bridge 
the two binding sites, where the positively charged ions at the ends interact 
through cation-π-binding to the aromatic amino acid residues at the binding 
sites of the enzyme (Figure 22). 
 

 
Figure 22. Schematic interactions between AChE and decamethonium. 

 

4.3.2. Reversible transthiolesterification reaction 

Reversible transthiolesterification is an exchange reaction between a thiolester 
and a thiol, forming another pair of thiolester and thiol (Scheme 19). 
Advantages, such as compatible with mild reaction conditions in aqueous 
media and rapid exchange rates, make it attractive for dynamic chemistry, 
especially for biological applications.[34-35, 173-175] For instance, the 
transthiolesterification reaction was used in a dynamic system for catalytic 
self-screening of cholinesterase substrates, resulting in identification of the 
most efficient substrate from a pool of similar structures.[34] 
 
 

 55 



 
Scheme 19. Reversible transthiolesterification reaction. 

 

4.3.3. Dynamic self-inhibition study of precursive stealth inhibitors 

Considering the products from transthiolesterification between appropriate 
dithiolesters and thiocholine could be potential inhibitors of AChE, a concept 
of tandem-driven dynamic self-inhibition of AChE was envisioned as 
illustrated in Figure 23. In this case, thiocholine as the product from the AChE-
catalyzed hydrolysis, reacted further with stealth inhibitors through dynamic 
chemistry to form the real-active-inhibitors. Thus, AChE indirectly induced its 
own inhibition. 
 

ATCh

thiocholine

 
Figure 23. Tandem-driven dynamic self-inhibition of acetylcholinesterase using 

transthiolesterification. 

 
For screening the potential stealth inhibitors, compounds carrying 
dithiocarbonate scaffolds were initially tested. However, due to lower 
equilibration rates of the resulting reversible reactions and low solubilities in 
aqueous media, these compounds proved not suitable for the system, and were 
abandoned from further studies. As an alternative, aromatic thiolester scaffolds 
bearing sulfonate groups showed better features for the dynamic system with 
increased transthiolesterification rates and water solubilities. Furthermore, the 
geometry varieties generated from the scaffolds enabled more optimal 
inhibition to occur. Also, the aromatic group is known for contributing higher 
affinities in the binding site of AChE. Therefore, two phthalic esters carrying 
para- and ortho- substituents in the aromatic groups (54 and 55) were 
subsequently synthesized, together with monofunctionalized benzoic ester 
structure (56) for reference (Figure 24). 
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Figure 24. Stealth inhibitors used in the dynamic self-inhibition study. 

 

The dynamic self-inhibition studies of compounds 54, 55 and 56 were carried 
out in deuterated buffer solution at pD 7.4, for the reason of simplifying the 
analysis by 1H-NMR. Although higher basicity accelerates the rate of 
transthiolesterification, the oxidation of thiols and hydrolysis of the thiolesters 
also increased with more basic solutions, thus a mild condition of pD 7.4 was 
chosen to meet the different requirements. In the present dynamic system, fast 
equilibration of the transthiolesterification reaction was recorded, resulting in 
equilibrium formation within a few minutes, while no hydrolysis of the 
thiolesters, and only trace amount of disulfides were detected during the testing 
period. 
 
To initiate the dynamic system, the stealth inhibitors 54, 55 and 56 were added 
into solutions containing acetylthiocholine (ATCh) and AChE in an NMR-tube 
with deuterated buffer. In a typical experiment, 0.2 mM of dithiolesters, 2 mM 
of ATCh and 0.2 mU of AChE were used to evaluate the effects of the dynamic 
self-inhibition system. As shown in Figure 25, all the stealth inhibitors 
exhibited clear inhibitory effects toward AChE, among which compound 54 
proven to be the most potent one, with a total ATCh hydrolysis of 9% recorded 
over the time range tested. Interestingly, a slightly lower inhibitory potency 
was detected for compound 55, the geometric isomer of 54, which suggests a 
less efficient fitting into the catalytic gorge with more angled structures. The 
inhibitory effect of monoester 56 was much lower, but still decreased the 
hydrolysis rate to some extent compared to the control system without any 
inhibitors, thus confirming the importance of bridging charges for the two 
binding sites. 
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Figure 25. Demonstration of dynamic self-inhibition with 0.2 mM of dithiolesters 54, 
55 and 56 (●,  and ○, respectively), 2 mM of ATCh and 0.2 mU of AChE. Control 

experiments in the absence of dithiolesters (■), and with ATCh only (▲) for 
comparison. 

 
Several controls were also performed to confirm that the inhibitory activity 
resulted from the dynamic system rather than other factors. 2-
mercaptoethanesulfonate, as the product from the transthiolesterification 
reaction, was thus tested with the enzyme/substrate solution, where only small 
effects were detected due to the exchange reaction with the substrate. Similarly, 
a non-dynamic system using ACh instead of ATCh as the substrate, resulted in 
no inhibition. Therefore the dynamic exchange with stealth precursors was 
responsible for the formation of the active inhibitors. As illustrated in 
Figure 25, a lag phase was observable during the inhibition study of 
compounds 54 and 55, probably owing to the dynamic nature and constant 
exchange processes existing in the system. Thus, the hydrolysis of the substrate 
was almost negligible at the beginning of the process under the conditions 
tested. 
 

4.3.4. Evaluation of the active inhibitor from the dynamic system 

The active inhibitor 57 that was dynamically generated from compound 54 was 
subsequently synthesized and evaluated for its inhibitory potency. Following 
the spectrophotometric procedure of Ellman et al. (Figure 26),[176] the 
Michaelis constant (KM) of ATCh was estimated to be 114 µM. The result also 
suggested a mixed inhibition of compound 57 toward AChE, with a 
competitive inhibition constant (Ki) and a noncompetitive constant (αKi) of 
47 nM and 103 nM, respectively. 
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Figure 26. Determination of inhibition constants for compound 57. Inhibitor 

concentrations: 100 nM (■), 33 nM (), no inhibitor (○). 

 

4.4. Conclusion 

In this chapter, two applications of dynamic chemistry have been illustrated, 
both performed in the presence of enzymes as the external selectors for the 
system. In the lipase pattern recognition protocol, twelve lipases were 
successfully classified using LDA analysis into three groups through 
transformation of dynamic hemithioacetal systems. The generated pattern was 
further used for identification of a probe lipase, with good correlation between 
the pattern and the lipase reactivities observed. In the dynamic self-inhibition 
concept, the hydrolysis product from AChE was involved in the dynamic 
transesterification process with the stealth inhibitors to induce the inhibition of 
AChE itself. The most active inhibitor was further evaluated for its potency, 
resulting in inhibition constants in the nanomolar range. 
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5.  
 

Concluding Remarks 

 
The development of new DSR systems for identification and classification, and 
DKR protocols for asymmetric synthesis has been the main achievements of 
this thesis, together with other applications of dynamic chemistry. 
 
First of all, the DSR concept was further developed, generating systems with 
higher diversity from new reversible reactions and various types of dynamic 
networks. Reversible hemithioacetal formation and thia-Michael reactions 
were evaluated and successfully applied in organic solvents. Dynamic systems 
generated from reversible networks of reactions were illustrated, expanding the 
systems from single-, to double cascade/parallel- and multiple reactions. It 
could be shown that the use of cascade processes provides a facile approach for 
the synthesis of complex structures. For example, the combination of thia-
Michael and Henry reactions led to products with three contiguous 
stereocenters in a one-pot process. Also, parallel dynamic systems led to the 
generation of networks of structures of different types, as shown in systems 
involving nitroaldol and hemithioacetal reactions. Furthermore, dynamic 
networks based on multiple reversible reactions were illustrated, further 
increasing the complexity and diversity of the systems. 
 
Another important part of DSR: the external selection pressure, was also 
investigated in this thesis. Enzyme-catalyzed, kinetically controlled 
transformations were thus further probed, especially using the lipase family of 
enzymes. Besides classical transesterification, lipase-catalyzed cyclization was 
studied and further applied as an additional competitive reaction in complex 
dynamic systems. In most cases, good chemo- and enantioselectivities were 
observed from pools of similar or diverse structures. Thus, together with 
selective transformations and amplifications of the optimal constituents, 
information about substrate preferences and catalytic activities of the target 
enzymes could also be extracted.  
 
Asymmetric synthesis using DKR protocols was subsequently studied, in part 
inspired by the catalytic efficiency of the enzyme preparations from the DSR 
systems. In the two illustrated syntheses, reversible reactions were used to 
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racemize the substrate enantiomers, followed by lipase-catalyzed asymmetric 
transformations, resulting in synthesis of potentially useful heterocycle 
structures. In both cases, chiral products were obtained at high conversions 
with good enantiopurities. 
 
Last but not least, two interesting, new applications of dynamic chemistry were 
explored. Combined with pattern recognition methodology, dynamic 
hemithioacetal systems were used for enzyme classification, based on their 
individual catalytic activities toward the systems. In addition, self-inhibition of 
AChE through the enzyme’s inherent catalytic activity, combined with 
dynamic transformation, was successfully achieved. Thus, in situ formation of 
real inhibitors from stealth structures could be obtained using reversible 
transthiolesterification. 
 
To conclude, dynamic chemistry has certainly experienced rapid development 
and expansion over the last decade. As has for example been demonstrated in 
this thesis, the concept has been further developed, involving increased system 
diversity and complexity. In addition, the scope of the concept has been 
expanded where various applications in different areas have been illustrated. In 
principle, one aim of the concept is to further understand and mimic networks 
of even higher complexity, such as living systems. This is definitely a longterm 
objective, but, as has been shown, progress toward this goal is continuously 
being made. 
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