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Abstract 
 
This thesis is built on the concepts of constitutional dynamic chemistry and 
dynamic kinetic resolution, where reversible covalent reactions are used to 
generate dynamics and kinetically controlled reactions are employed for 
resolution. The thesis is divided into two parts: 
 
The first section focuses on the study of dynamic systemic resolution, a 
concept derived from constitutional dynamic chemistry. Three projects are 
addressed in this section: 1) lipase-catalyzed resolution of a double parallel 
dynamic system involving both hemiacetal formation and nitroaldol reaction; 
2) resolution of a dynamic α-iminonitrile system through a silver-catalyzed 
1,3-dipolar cycloaddition process; 3) resolution of a dynamic imine system via 
organogelation. Both external and internal selection pressures are applied for 
the resolution of complex dynamic systems. 
 
The second section explores the asymmetric synthesis of two types of 
heterocycles through dynamic kinetic resolution. In the first example, a series 
of novel N-, O-, S-containing six-membered oxathiazinanones are obtained 
through a lipase-mediated dynamic domino nitrone addition-cyclization 
pathway. In the second example, the anti-HIV nucleoside lamivudine is 
synthesized through a three-step surfactant-treated subtilisin Carlsberg-
catalyzed dynamic kinetic resolution protocol. Its enantiomer is also accessible 
by changing subtilisin Carlsberg to lipases. In addition, the enzyme selectivity 
towards the formation of five-membered oxathiolane derivatives is 
investigated. 
 
Keywords: constitutional dynamic chemistry, dynamic systemic resolution, 
dynamic kinetic resolution, enzyme catalysis, lipase, subtilisin Carlsberg, 1,3-
dipolar cycloaddition, lamivudine, enzyme selectivity, heterocycle, organogel. 
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1.  
Introduction 

 
The origin of life is the ultimate truth that scientists have been chasing for 
many centuries. The prevailing big bang theory,1 originally proposed by the 
Belgian catholic priest Monseigneur Georges Lemaître, proposes that the 
formation of subatomic particles came from the explosion of a single point. 
After the creation of the universe, inorganic substances converted to self-
replicating organic molecules, possibly under catalysis of lightning or 
radiation. However, how those simple organic molecules (for example amino 
acids) developed into all kinds of living organisms in nature today is still one 
of the most intriguing questions. At a macro level, Charles Darwin’s natural 
selection theory describes that the diverse speciation of life has taken place 
through evolution.2 In the evolutionary process, the genetic information of an 
organism can mutate over time as a response to the applied environment. 
Among all the competing living organisms, individuals that adapt the best to 
the given environment are more likely to survive and reproduce, a 
phenomenon often described as “survival of the fittest”. With natural selection 
as a guide, it is logical to deduce that simple molecules gradually developed 
into more and more advanced structures and systems, and finally to living 
organisms under certain environmental selection pressures. 
 
As chemists, we look for the mechanisms of evolutionary processes at the 
molecular level by studying the interactions of molecules in limited systems or 
networks, resulting in a new research field: systems chemistry.3 Although 
limited with scope, systems chemistry serves as a model of the entire living 
organisms. The interest in systems chemistry is increasing and several other 
areas have been developed during the investigation, with constitutional 
dynamic chemistry (CDC) being one of the most known. 

1.1. Constitutional dynamic chemistry (CDC) 

The root of constitutional dynamic chemistry (CDC) is supramolecular 
chemistry. Supramolecular chemistry, known as “chemistry beyond the 
molecule”, refers to chemical systems made of a discrete number of assembled 
components.4, 5 In contrast to traditional chemistry, which focuses on covalent 
bonds, supramolecular chemistry examines the weaker and reversible 
noncovalent interactions, including hydrogen bonding, metal coordination, π-π 
stacking, van der Waals forces, solvophobic effects and electrostatic forces. 
Due to the labile interaction among all the components, well-defined 
architectures can form in a spontaneous, self-organized fashion.6 Examples of 
such interactions exist extensively in biological systems, for instance, the 
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assembly of lipids into membranes and nucleic acids into DNA double helices. 
In the latter case, two intermolecular interactions - hydrogen bonding and π-π 
stacking of the nucleobases - contribute to the stabilization of the two strands 
of nucleotide biopolymers (Figure 1). 

 

 
Figure 1. Schematic structure of DNA. 

 
Extrapolation of supramolecular chemistry to the molecular level led to the 
establishment of a new field of chemistry: constitutional dynamic chemistry 
(CDC).7 This extension is achieved by the formation of compounds that 
contain dynamic covalent bonds, such as imines, esters and disulfides. 
Therefore, CDC is based on reversible noncovalent and covalent interactions, 
encompassing both supramolecular and molecular levels. Due to the reversible 
nature of CDC, dynamic systems can be generated from collections of 
interacting/reacting components, resulting in systems with kinetically labile 
constituents. In such dynamic systems, components with complementary 
functional groups can react/interact with each other and undergo continuous 
exchange under thermodynamic control, giving rise to a significant increase in 
constituent diversity.  
 
Although the concentration or distribution of each constituent in the dynamic 
system is generally dependent on its intrinsic stability, applied internal or 
external stimuli can either stabilize or destabilize specific constituents, 
accordingly affecting the system composition. Ideally, this distortion of 
equilibrium can lead to an amplification of the most favored constituent at the 
cost of all the others. The whole process is schematically represented in Figure 
2, which is similar to the “Lock and Key” model.8 Contrary to CDC is the 
constitutional “static” (non-dynamic) chemistry (traditional synthetic 
chemistry), which is based on a stepwise and rationally designed synthesis 
approach to the kinetically stable target molecules. Therefore, CDC stands for 
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a unique aspect in chemistry, where the products are obtained in an 
evolutionary manner. 
 

  
Figure 2. Schematic illustration of target-driven selection in CDC. 

 
The concept of CDC emerged in the mid-90s. One of the early examples was 
made by Lehn and coworkers (Figure 3a).9 In their study, a dynamic system of 
circular helicates was generated by mixing tris-bipyridine ligands with 
octahedrally coordinating Fe2+ ions. A pentagonal complex was obtained in 
quantitative yield when using chloride as the counterion, whereas a hexagonal 
complex was amplified when sulfate was added instead of chloride. Different 
from Lehn’s supramolecular, metal-coordination approach, Sanders and 
coworkers at almost the same time reported a thermodynamically-controlled 
cyclization of oligocholates from a dynamic monomeric cholate system. By 
using an alkali metal ion/crown ether complex as transesterification catalyst, 
trimeric macrocycles were obtained as the most abundant species. (Figure 
3b).10 
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Figure 3. Early examples of CDC: a) Self-assembly of circular helicates; b) Dynamic 

formation of cyclic oligocholates. 
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In general, a complete CDC process consists of two steps: generation of the 
dynamic system through reversible reactions/interactions of the selected 
building blocks, and amplification of the optimal constituent(s) by subjecting 
the dynamic system to an appropriate selection pressure. 

1.1.1. Generation of dynamic system 
The choice of the reversible reaction and the initial building blocks are two 
essential concerns for the establishment of a dynamic system. 
Reaction/interaction of those building blocks in certain pathway determines 
the properties of the dynamic system and subsequently influences the outcome 
of the selection process. 
 
Reversible reaction/interaction 
Reversible reactions have gained much more attention in CDC than any other 
area of chemistry because reversibility is the key element for the continuous 
exchange of building blocks and the enhancement of constituent diversity. The 
significance of reversible reactions can be found in multiple biological 
systems. In the oxidative phosphorylation in cells, ATP synthase catalyzes the 
reversible formation of ATP, where the equilibrium is shifted by the change of 
the proton-motive force (Scheme 1a). In the presence of a high proton-motive 
force, the ATP synthase converts ADP to ATP and protons flow down the 
concentration gradient, whereas the reaction proceeds in the opposite direction 
with a low proton-motive force. Another example is the reversible formation of 
oxyhemoglobin through covalent bonding between oxygen and hemoglobin in 
the lung (Scheme 1b). When blood travels to the individual cells, oxygen is 
released from the complex, generating free hemoglobin. 
 

 
Scheme 1. Reversible reactions in biological systems: a) Oxidative phosphorylation; 

b) Uptake and release of O2 with heme in hemoglobin. 

 
There are two major requirements in choosing proper reversible 
reaction/interaction types for the generation of dynamic systems. First of all, 
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the reaction/interaction should proceed at relatively fast equilibration rate 
under the applied conditions for efficient resolution. It means that the 
exchange rate of all the building blocks should be fast enough to ensure that 
the optimal component for the selection process is always available. Secondly, 
the reversible reaction/interaction products should possess proper 
functionalities that capable of reacting/interacting with the applied selectors.  
 
Table 1 summarizes most of the reversible reactions/interactions that have 
been used for CDC studies. Nevertheless, the reaction scope remains the major 
bottleneck of CDC. The development of new reversible reactions or new 
catalysts that can make the unexplored reversible reactions suitable for CDC 
studies is one of the great challenges. 
 

Table 1. Reversible reactions/interactions used in dynamic systems. 
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One way to significantly increase the diversity and complexity of the dynamic 
system is by combining different types of reversible reactions/interactions into 
one integrated dynamic system.11-13 Despite the obvious advantage, it is 
considerably challenging to develop suitable conditions for such complex 
systems, where diverse reactions/interactions are running in parallel.  
 
Design of building blocks 
Once the type of the reversible reaction is decided, the next step is to design 
the initial building blocks. A fundamental requirement for the design is that the 
building blocks should have complementary functional groups, which allow 
those components to reversibly react/interact with each other. Wide structural 
variation of the building blocks is preferred to obtain dynamic systems of large 
diversity, contributing to better substrate discrimination under the applied 
selection pressure. 
 
Confirming reversibility 
When a new type of reaction is applied in CDC, it is natural to first verify its 
reversibility. However, this is also necessary for the known reversible 
reactions because their reversibility may change when shifting to different 
conditions. There are two convenient methods that are usually used to confirm 
the equilibration process. The first and also the most common one is to initiate 
the reaction from both sides. For example in a reaction from A and B to 
product C, if A and B are also formed when initiating the reaction from C, the 
reversibility can be confirmed (Figure 4a). The second method, for example in 
the same transformation, is to increase the concentration of reactant B to form 
product C until all starting material A is consumed (Figure 4b). Subsequently, 
another reactant D, which has similar functionality as B, is added to the 



 7

reaction. The reaction can then be proven reversible if a new product E is 
formed. In some cases, the reactions favor so much to the starting material side 
that the products cannot be visibly detected, at which time the second method 
is usually used to confirm the equilibrium. 
 

 
Figure 4. Two ways to confirm the reversibility of a reaction. 

 

1.1.2. The selection process 

After generation of the dynamic system, a certain driving force is applied to 
achieve effective resolution. The driving force can come from either external 
selection pressure (target molecule) or internal selection pressure (interaction 
between components). The applied selection pressure can impose a 
redistribution of the dynamic system and consequently lead to an amplification 
of the optimal constituent at the cost of all the other species. The selection 
process can be either thermodynamically or kinetically controlled. For 
example, in the transformation of compound A, two products can be formed 
under different conditions (Figure 5). Under kinetic control, product B is 
formed irreversibly at a faster rate due to a lower activation energy (∆GB

‡ < 

∆GC
‡) to reach its transition state. On the other hand, product C is 

overexpressed reversibly under thermodynamic control. It forms as the more 
stable product owing to its relatively larger decrease in free energy (∆Gc > 
∆GB). 
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Figure 5. Energy profile diagram of thermodynamic control versus kinetic control in 

the selection process. 

External selection pressure 
When the dynamic system is resolved through interaction between the 
constituents and an external selector to form such as metal ion/ligand 
complex14 or biological target/inhibitor complex,15 stoichiometric amounts of 
selector are needed. This type of selection process is under thermodynamic 
control, where one or more constituents interact favorably with the target and 
form products with a lower energy state. As a consequence, the dynamic 
system is forced to produce more of the selected constituents, leading to an 
amplification effect (Figure 6). 
 

Thermodynamic control

 
Figure 6. Conceptual demonstration of CDC using external selector under 

thermodynamic control. 

 

As mentioned above, resolution of the dynamic system can also be kinetically 
controlled. In such a process (Figure 7), the fittest constituent is subjected to 
an irreversible reaction and transformed into a kinetically stable product. The 
product is subsequently expelled from the active site of the selector, liberating 
the selector for upcoming constituents. This concept holds the basis of a subset 
of CDC called dynamic systemic resolution (DSR), which has been 
successfully applied in several systems.13, 16-25 Compared with the 
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thermodynamically controlled step, kinetic resolution possesses attractive 
advantages. First of all, catalytic amounts instead of stoichiometric amounts of 
selector are needed, a property that is highly desired when working with 
valuable biological targets. Secondly, since the product is expelled from the 
binding site of the selector, the analysis of the whole system as well as the 
product purification becomes easier. 
 

 
 

 

 

 

Figure 7. Conceptual demonstration of CDC using external selector under kinetic 
control. 

 

Internal selection pressure 
The dynamic system can also be resolved without any additives when the 
driving force comes from a change within the system. These internal driving 
forces can for example be the folding of constituents, such as peptides, nucleic 
acid and polymers,26-29 or aggregation of certain species (Figure 8).30, 31 
Sometimes, phase changes of constituents or even the whole system, such as 
crystallization,32, 33 gelation34, and constituents separation such as distillation35 
can trigger the selection and amplification processes. 

 
 

 

 

 

 

 

Figure 8. Conceptual demonstration of CDC using internal driving force. 

 

1.1.3. Applications of CDC 
The dynamic character of CDC provides easy access to the establishment of 
complex systems from simpler starting materials, while its adaptive nature 
enables systemic expressions in response to stimuli. Taken together this yields 
the screening and selection of large amounts of chemical/biological reactions 
and interactions in one-pot. These unique properties can circumvent tedious 
synthesis and isolation procedures compared with traditional approaches. 
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Although applications have been investigated from molecule synthesis to 
materials preparation, CDC in general is still far from fully explored. The 
following section summarizes some of the most important areas in CDC. 
 
Discovery of bioactive ligands 
The combination of dynamic systems and biological targets such as 
nucleotides and proteins integrates the target-oriented compound synthesis 
with the subsequent bioactivity evaluation into one step. During the interaction 
with the dynamic systems, the biological targets bind the strongest with the 
optimal ligands, forcing the dynamic system to provide more of the selected 
ligand and finally achieving amplification of the best binders in situ.36-39 An 
elegant example was demonstrated by Greaney and coworkers (Scheme 2).40 
In their study, a dynamic hydrazone system was generated by mixing a 
glutathione-conjugated aldehyde 1 with various hydrazides (2a-j) under near 
physiological conditions. Stoichiometric amount of aniline was also added to 
the dynamic system to facilitate the transimination process. Two glutathione S-
transferase (GST) isozymes, SjGST and hGST P1-1 were subsequently added 
to the dynamic system respectively, leading to almost exclusive amplification 
of hydrazones 3c and 3g in each case. 
 

 
Scheme 2. GSH-directed dynamic hydrazone system. 

 
Construction of complex molecular architectures 
Another fast growing area in CDC is the construction of complex molecular 
architectures such as molecular machines, three-dimensional cages and 
capsules. Complex architectures have demonstrated potent functionalities as, 
for example, gas storage moieties,41 drug delivery systems42 and molecular 
sensors.14 One of these examples was reported by Trabolsi and coworkers 
(Scheme 3).43 In their study, simultaneous self-assembly of [2]-catenane 6, 
trefoil knot 7, and Solomon link 8 was triggered by mixing ligands 4 and 5 in 
the presence of zinc(II) ions. The trefoil knot and the [2]-catenane were 
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separated from reaction mixture as the main products, whereas the 
thermodynamically less stable Solomon link was detected only by mass 
spectrometry. 
 

 
Scheme 3. Metal ion directed dynamic knots synthesis. 

 
Dynamic materials synthesis 
Integration of dynamic noncovalent or covalent bonds to the materials 
molecular structure can generate macromolecular systems that are capable of 
responding towards specific stimuli, such as pH, temperature or light. 
Therefore, CDC stands for an efficient methodology for the development of 
stimuli-responsive polymeric materials. Although studies on supramolecular 
polymers have gained attention in the last few decades, the stability and 
robustness of the noncovalent interactions compromise its practical 
applications. On the other hand, dynamic covalent materials, which utilize 
reversible covalent reactions, can avoid those drawbacks of supramolecular 
materials. Efforts have been focused on the construction of, for example, 
dynamic covalent polymers (dynamers),44 dynamic covalent surfactants,45 and 
advanced functional nanostructures.46 Figure 9 illustrates the components of a 
polymer mixture with controllable mechanical properties.47 By incorporating 
increasing amounts of the rigid monomers 10 and 11 into the elastic polymer 9 
through acylhydrazone exchanges, a gradual soft-to-hard transformation was 
observed in the polymer preparation. 
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Figure 9. Dynamic covalent polymer with controllable mechanical properties by 

adding rigid monomers 10 and 11 into the elastic acylhydrazone polymer 9. 

 

1.2. Dynamic kinetic resolution (DKR) 

There has been an increasing demand for the development of efficient chiral 
molecule synthesis due to the wide use of single isomers in the pharmaceutical 
industry. Different approaches have been established to achieve enantiopure 
compounds, where resolution strategies play essential roles. Kinetic resolution 
(KR) represents one of the most commonly used resolution methods to 
separate racemic mixtures of enantiomers through a selective chemical 
transformation. In an ideal KR process, the faster reacting enantiomer is 
transformed into product while the more slowly reacting enantiomer remains 
untouched. The efficiency of KR is low, since a maximum yield of 50% can be 
obtained. Therefore, a new methodology termed dynamic kinetic resolution 
(DKR) has emerged as a potent alternative.48, 49 DKR combines a concurrent 
racemization with the stereoselective transformation, where all the starting 
material in theory can be converted to a single chiral product.  
 
Figure 10 depicts the energy diagram of a DKR process. When ∆Grac is low 
enough for the enantiomers to undergo spontaneous racemization, such as in a 
dynamic stereogenic center formation,50, 51 only one catalyst is needed for the 
asymmetric transformation. This catalyst increases ∆∆G‡ to a sufficient 
degree, therefore one pathway dominates over the other, resulting in highly 
enantioselective product formation. On the other hand, when ∆Grac is not low 
enough for the spontaneous racemization, another catalyst has to be involved, 
such as ruthenium-based catalysts in the racemization of secondary alcohols,52 
to lower ∆Grac for the following asymmetric transformation. 
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Figure 10. DKR energy diagram of formation of (R) and (S) isomers. 

 

1.3. The aim of this thesis 

The aim of this thesis is to not only expand the scope of CDC by generating 
new dynamic systems and utilizing diverse methods for the resolution 
processes, but also to develop new DKR protocols for asymmetric heterocycle 
synthesis. 
 

• Chapter 2 focuses on the study of DSR. Different reversible reactions 
including imine formation, nitroaldol reaction and hemiacetal 
formation are applied to generate complex dynamic systems. Several 
resolution strategies such as enzyme catalysis, metal ion-catalyzed 
transformation and gelation are applied as selection pressures for 
successful resolution. 

• Chapter 3 deals with the asymmetric synthesis of heterocycles using 
enzyme-catalyzed DKR approaches. Five-membered oxathiolane 
rings are obtained enantioselectively under enzymatic catalysis and 
this approach is applied in the synthesis of lamivudine. Novel six-
membered oxathiazinanones are also synthesized through enzyme-
mediated one-pot reactions. 
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2.  
Dynamic Systemic Resolution with External 

and Internal Pressures 
(Paper I-III) 

2.1. Introduction 

Dynamic systemic resolution (DSR) is a concept derived from constitutional 
dynamic chemistry (CDC). In DSR, the dynamic system is generated from 
reversible covalent reactions under thermodynamic control, and subsequently 
subjected to a kinetically controlled step. Through the kinetic step, the optimal 
constituent is selected and expelled, leading to a resolution of the dynamic 
system (Figure 11).53 There are two characteristic features of DSR: first of all, 
the dynamic system is generated from reversible covalent reactions instead of 
supramolecular interactions. Secondly, the resolution of the dynamic system 
results from kinetic control instead of thermodynamic control, leading to the 
formation of kinetically stable product. Compared with thermodynamically 
controlled resolution, the advantages of DSR are obvious. As the resolution is 
kinetically controlled, only catalytic amount of selector can be used rather than 
stoichiometric amount. Moreover, if the kinetic step is selective, amplification 
of the optimal constituent can essentially take place regardless of the initial 
thermodynamic equilibrium.  
 

 
Figure 11. Conceptual illustration of dynamic systemic resolution. 

 

Depending on the resolution strategy, DSR can be classified into two 
categories: resolution using internal driving forces and resolution using 
external driving forces. When using external selection pressures, specific 
catalysts such as enzymes or metal complexes are added to select and 
transform the optimal constituent into new species, which are subsequently 
expelled from the dynamic system. The advantage of applying external 
pressures is not only the facilitated identification of the amplified product but 
also the evaluation of the catalyst performance. On the other hand, the internal 
pressures emanate from for example phase separation or self-transformation 
within the system constraints without additives. 
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In recent years, many complex systems have been successfully resolved using 
DSR strategies.13, 16, 18-21, 23-25, 32, 54 For instance, we have previous demonstrated 
an enzyme-catalyzed amidation of a cascade dynamic system by utilizing 
domino reversible transimination and cyanation (Strecker) reactions 
(Scheme  4).13 A complex dynamic system containing 24 aminonitrile adducts 
was generated from sequential addition of amine A4 and TMSCN to only three 
initial imines in presence of acetic acid and ZnBr2. The dynamic system was 
then subjected to a lipase-mediated resolution process, resulting in the 
formation of compound (R)-13-A1-15 amide as the major product together 
with two minor products. Moreover, as is common for enzymatic reactions, all 
the products were formed with high enantioselectivity. 
 

 
Scheme 4. Lipase-catalyzed DSR of double dynamic system. 

 
 

Besides cascade reactions, parallel reactions represent another way of 
generating multifunctional and highly diverse molecular structures. Therefore, 
the integration of these two reactions leads to a convenient access to dynamic 
systems with greater complexities. The generation and resolution of such a 
complex dynamic system was recently studied by our group.19 In this dynamic 
network, eight types of reversible reactions operated concertedly: imine 
formation, hemithioaminal, hemiaminal, hemithioacetal, hydrate, aminal 
formations, nitroaldol and aza-nitroaldol reactions (Scheme 5). After a CAL B-
catalyzed kinetic resolution, only two thiazolidinine derivatives were obtained 
out of a large number of potential kinetic products, indicating the high 
chemoselectivity and amplification capacity of the catalyst. 
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Scheme 5. Lipase-catalyzed dynamic systemic resolution of complex reversible-

reaction network. 
 
 

In this chapter, several dynamic systems were generated and resolved using 
more versatile resolution techniques, utilizing both external and internal 
pressures. 
 

2.2. Double parallel dynamic systemic resolution via lipase-
catalyzed asymmetric transformation 

Double parallel dynamic systems, as the name indicates, arise from integration 
of two different types of reversible reactions (Figure 12). Compared with 
single reaction type dynamic systems, double parallel systems could 
significantly increase the amount and diversity of the intermediate for the 
secondary kinetic resolution. Since two different reactions are subjected to the 
same thermodynamic and kinetic control, their mutual compatibility becomes 
the first issue to be addressed. In this study, the nitroaldol reaction and 
hemithioacetal formation were used to generate a compatible double parallel 
dynamic system, which was coupled with a lipase-catalyzed secondary kinetic 
resolution process. Lipase proved its efficiency by successfully resolving such 
a complex system, where products were formed with high chemo- and 
stereoselectivity. 
 

 
Figure 12. Conceptual demonstration of double parallel dynamic systemic 

resolution. 
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2.2.1. Nitroaldol reaction and hemithioacetal formation 

The nitroaldol reaction (also known as the Henry reaction) is a classic base-
catalyzed C-C bond formation reaction. The reaction involves the nucleophilic 
addition of a nitroalkane to an aldehyde or ketone, forming a β-nitroalcohol. 
The β-nitroalcohol is an important synthetic intermediate that can be further 
transferred into products such as nitroalkenes and amino alcohols.55, 56 As the 
nitroaldol reaction is often reversible under basic conditions, its synthetic 
applications were limited until the development of catalyst-controlled 
asymmetric transformations in the early 1990s.57-59 However, the reversible 
nature of the reaction makes it a good candidate for the generation of 
thermodynamically controlled dynamic systems in CDC studies. 
 
A hemithioacetal is spontaneously generated from the nucleophilic addition of 
a thiol to an aldehyde or ketone, where the process can be accelerated in the 
presence of acid or base catalyst. Applications have been demonstrated in both 
aqueous and organic solutions for the establishment of dynamic systems.15, 20, 60 
Due to the similarities in both reversibility and electrophile scope, the 
nitroaldol reaction and hemithioacetal formation were chosen in this study to 
establish the dynamic system. 

2.2.2.  Target enzyme: lipases 
In the new century, being “green” is becoming an increasingly important 
standard for the development of a sustainable society. As a critical part of the 
scientific community, organic chemistry plays an important role for the 
accomplishment of this task. In this context, biocatalysis has been a potent 
alternative to the traditional transition-metal catalysis in organic synthesis due 
to its environmental benignity and high catalytic efficiency. Successful 
applications have been made both in academia and industry.61, 62 Lipases (EC 
3.1.1.3) belong to the family of hydrolases and exist in almost all living 
organisms. The major function of lipases in nature is to catalyze the hydrolysis 
of triglycerides into fatty acids and glycerol/glycerides (Scheme 6). Compared 
with other enzymes, lipases are generally recognized as the most popular 
biocatalysts because of their high thermostability, broad substrate scope and 
wide commercial availability.  
 

 
Scheme 6. Biological function of lipases. 

 

As members of the hydrolase family, lipases follow the serine hydrolytic 
mechanism.63 This catalytic mechanism involves three essential amino acid 
residues: serine, histidine and aspartate (or glutamate) in a catalytic “triad” that 
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enhances the nucleophilicity of the serine hydroxyl group (Figure 13). The 
catalytic cycle starts with the attack of serine on the incoming acyl species, 
forming a tetrahedral intermediate that later rearranges into an acylated 
enzyme. This procedure is then repeated with water acting as the nucleophile, 
deacylating the enzyme and releasing the carboxylic acid product. During the 
catalysis, the tetrahedral intermediates are stabilized by a lipase oxyanion hole 
through hydrogen bonding between backbone amide protons of two conserved 
residues (sometimes with the participation of an extra side chain) and the 
oxygen of the substrate’s carbonyl group.64 
 

 
Figure 13. Mechanism of lipase-catalyzed hydrolysis. 

 

Besides hydrolysis in aqueous media, lipases can also catalyze other reactions 
in organic solvents, a phenomenon known as functional promiscuity.65-68 In 
organic solvent of low water activity (water activity refers to the maintenance 
of the essential water layer at the enzyme surface),69, 70 the catalysis goes 
through a similar mechanism as that in aqueous solution. The major difference 
is that water is replaced by other nucleophiles such as alcohols, amines, or 
thiols in the deacylation step, forming esters, amides, and thioesters 
respectively. Since the first demonstration in organic media,71 the reaction 
conditions and substrate scope of lipase-catalyzed transformations have been 
widely explored for organic synthesis. 
 
Another key feature of lipases is the enantioselectivity. Among all the 
substrates, secondary alcohols are the most commonly used species in the 
lipase-catalyzed asymmetric transformation. The selectivity for secondary 
alcohols have been studied in depth and can in general be predicted by the 
empirical “Kazlauskas’ rule”, originally developed by Kazlauskas and 
coworkers (Figure 14).72-75 “Kazlauskas’ rule” formulates the favored 
configuration of the fast-reacting enantiomer host by the lipase active site. 
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Despite its empirical origin, predictions following “Kazlauskas’ rule” are of 
relatively high accuracy and further rationalization by X-ray crystallography 
and stereoelectronic theory have been made.72, 75, 76  
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Figure 14. “Kazlauskas’ rule” in predicting the selected enantiomer in lipase-

catalyzed secondary alcohol acylation reactions, L and M represent large- and 
medium-sized substituents. 

 

2.2.3. Establishment of double parallel dynamic system 

The individual equilibration features of the nitroaldol and hemithioacetal 
formation reactions were initially evaluated in a model system. The model 
system was generated with equimolar amount of 3-nitrobenzaldehyde 16, 2-
nitropropane E, and 1-butanethiol F in the presence of five equivalents of NEt3 
to accelerate the reversible nitroaldol reaction (Scheme 7). The whole process 
was monitored with 1H-NMR spectroscopy in CDCl3 at room temperature. As 
expected, those two reactions displayed significantly different kinetics as 
hemithioacetal 16F was produced very quickly while β-nitroalcohol 16E was 
slowly formed with time. The equilibrium was reached within 15 h with a ratio 
between 16E and 16F of 6:5, indicating better thermodynamic stability of the 
nitroaldol intermediate than the hemithioacetal adduct under those conditions.  
 

 

 
Scheme 7. Model system of double parallel reactions. 

 

A complete dynamic system with two additional aldehydes 17 and 18 was 
subsequently generated under the same reaction conditions (Scheme 8). The 
equilibrium was reached within 16 h, which was approximately the same as the 
model system. Also, the same thermodynamic stability trend was observed 
between two types of intermediates as the nitroaldol adducts were preferred 
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over the hemithioacetals (Figure 15b). The electrophile preference was 16 > 18 
> 17 for both types of nucleophiles, which could be explained by the degree of 
activation effects introduced by the electron-withdrawing substituents of the 
aldehydes. 
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Scheme 8. Lipase-catalyzed asymmetric transformation of double parallel dynamic 

system. 

 

2.2.4. Lipase-catalyzed asymmetric transformation of the dynamic 
system. 

To resolve the established dynamic system, two commonly used lipases: PS-
IM from Burkholderia (Pseudomonas) cepacia and Candida antarctica lipase 
B (CAL B) were tested as the transformation catalysts. In the presence of 
phenyl acetate, no product formation was recorded with CAL B, whereas both 
acetylated products 19E and 19F were formed in different quantities under PS-
IM catalysis. Specific substrate preference for the intermediates derived from 
aldehyde 16 was demonstrated by PS-IM as no product derived from aldehydes 
17 or 18 could be detected. The hemithioacetal product 19F was produced in a 
slightly higher amount compared with the nitroaldol product 19E, a reversed 
ratio compared to their intermediate distribution. 
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Figure 15. 1H-NMR spectra of double parallel dynamic system: a) full spectrum of 
the dynamic system in equilibrium; b) enlarged area of spectrum a; c) 10 d after 

addition of enzyme. 

 

Various reaction parameters were subsequently screened to obtain the 
conditions for the best performance of PS-IM (Table 2). Toluene and tert-butyl 
methyl ether (TBME) were tested for their influences on the DSR process. 
When using TBME, product 19F was formed at a much higher rate than in 
toluene while product 19E was produced at almost the same rate in both 
solvents. Therefore, TBME was chosen as the solvent for better overall 
conversion and selectivity between substrates 16E and 16F. The enzyme 
loading was also addressed. Lowering the amount of PS-IM from 200 mg to 
100 mg, and 50 mg respectively resulted in considerably lower overall 
conversion, although the ratio between products 19F and 19E slightly 
increased. The effect of temperature was finally addressed. Interestingly, the 
selectivity of PS-IM between products 19F and 19E was much higher at 0 °C 
(17:1) than at room temperature (4:1). One possible explanation is that the 
enzyme structure becomes much more rigid at low temperature, making the 
active site less flexible.77, 78 Another rationale, that the activation energy 
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difference (∆∆G‡) increases by lowering the temperature could also contribute 
to the increase in enantioselectivity. However, the total conversion was almost 
the same as at room temperature. This indicated that the enzyme acylating 
activity, especially for the hemithioacetal intermediate, is not particularly 
sensitive to temperature changes. Product 19F was discretely selected by PS-
IM in TBME at 0 °C together with trace amount of product 19E with a total 
conversion of 76% (Figure 15c) from the double parallel dynamic system. 
 

Table 2. Parameter screening for the optimal reaction conditions.a 

Entry Solvent PS-IM 
loading [mg] 

T [°C] Reaction 
time [d] 

Conversion 
[%] 

19F:19E 

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: aldehyde 16, 17, 18 (0.1 mmol for each), 2-nitropropane and 1-
butanethiol (0.1 mmol for each), phenyl acetate (0.3 mmol), NEt3 (0.5 mmol), 0.6 mL 
solvent. The reactions were monitored by 1H-NMR spectroscopy. 

 
 
The enantioselectivity of the enzyme-catalyzed reaction leading to product 19F 
was analyzed using chiral HPLC. However, only very modest enantiomeric 
purity (46% ee) was recorded after silica gel column chromatography. To 
improve the enantioselectivity of the resolution step, different acyl donors were 
further screened, however leading to very similar results as that of phenyl 
acetate. A control experiment between 16 and F was conducted under the 
optimized reaction conditions, and an ee up to 93% was recorded by sampling 
from the reaction mixture without purification. Thus, product racemization 
under mild acidic condition in silica gel was hypothesized to be the reason for 
the lower ee of product 19F. To address the problem, a neutral aluminium 
oxide column was adopted, resulting in an increased ee up to 91% for product 
19F from the complex dynamic system. In summary, good chemo- as well as 
enantioselectivity was achieved from the lipase-resolved double parallel 
dynamic system. 
 

2.3. Silver-catalyzed dynamic systemic resolution of α-
iminonitriles through a 1,3-dipolar cycloaddition process 

2.3.1. 1,3-dipolar cycloaddition reaction 

1,3-dipolar (Huisgen) cycloaddition is a reaction between a dipolarophile and a 
1,3-dipole that leads to the formation of various five-membered heterocycles. 
The 1,3-dipole can be represented as either a propargyl/allenyl-type 
zwitterionic octet/sextet or an allyl-type structure. Alkenes and alkynes are the 
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most common dipolarophiles, while nitrones, azomethine ylides and ozones are 
frequently used 1,3-dipoles. A variety of Lewis acids can catalyze the 
cycloaddition. The most successful examples include silver, copper, aluminum, 
zinc, nickel and lanthanide Lewis acids, usually in combination with chiral 
ligands such as BINAP or PyBOX derivatives for enantioselectivity.79, 80 

 
1,3-dipolar cycloadditions represent a highly atom-economical and convenient 
entry to enantioenriched and structurally diverse five-membered heterocycles. 
In particular, pyrrolidines have obtained increasing interest owing to their 
utility as important synthetic building blocks and wide presence in bioactive 
natural and pharmaceutical products.81-83 Representative structures include, for 
example, the antibiotic agent (-)-anisomycin and the hepatic melanoma 
metastasis inhibitor (Figure 16).84  
 

 
Figure 16. Bioactive pyrrolidine analogs. 

 
 

In the following example, a dynamic α-iminonitrile system was efficiently 
generated in the presence of a Lewis acid as transimination catalyst. Unlike the 
previous project where the enzyme acted as the external selector for the 
resolution process, a metal/chiral ligand complex was instead used, functioning 
as both reaction catalyst and external selector of the kinetic resolution through 
a 1,3-dipolar cycloaddition process. The design of the selection principle was 
based on the coordination pattern in the metal/ligand complex, leading to a 
more stable transition state and consequently formation of the kinetically most 
favored product (Figure 17).  

 

 
Figure 17. Conceptual demonstration of dynamic systemic resolution of metal-

coordinated azomethine ylide system. 
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2.3.2. Generation of the dynamic azomethine ylide system 
A model dynamic α-iminoester system was initially established with equimolar 
amounts of imine G-22 and three other aldehydes (Scheme 9). The reason to 
start with a preformed imine was that the reagent glycine was only available as 
an HCl salt, which could complicate the dynamic system. According to the 1H-
NMR spectrum, the exchange was very slow and equilibrium was not reached 
even after 24 hours. ZnBr2 and Sc(OTf)3, which have been reported as 
excellent transimination catalysts,13, 19, 85 were used to accelerate the exchange. 
The equilibration rate was successfully increased with both Lewis acids. 
Sc(OTf)3, which promoted equilibrium formation in two hours, proved its 
better efficiency than ZnBr2. However, in both cases decomposition was also 
observed, with all the imine species degraded within two hours after reaching 
equilibrium in the presence of Sc(OTf)3. The decomposition was most 
probably due to the polymerization of glycine, as multiple singlets were 
observed around 4 ppm in the 1H-NMR spectrum. Less reactive glycine ethyl 
and isopropyl esters were tested, but complete decomposition was still 
observed overnight. Therefore, glycine esters were deemed unsuitable for the 
resolution process.  
 

 
Scheme 9. Glycine methyl ester-derived dynamic α-iminoester system. 

 
 

Considering that an electron-withdrawing group in the imine was required to 
facilitate the azomethine ylide formation and at the same time avoid 
decomposition under Lewis acidic conditions, 2-aminoacetonitrile was used for 
the imine preparation instead of glycine esters. A stability test was conducted 
under the same reaction conditions as in Scheme 9, except glycine-derived G-
22 was replaced by α-iminonitrile derivative J-22. It was shown that the α-
iminonitrile derivatives demonstrated much better stability under Lewis acidic 
conditions as no decomposition was observed overnight. Therefore, a more 
complex dynamic α-iminonitrile system was generated from 2-
(benzylideneamino)acetonitrile J-22, mixed with one equivalent each of 12 
different aldehydes in the presence of 0.05 equivalent of Sc(OTf)3 in CDCl3 
(Scheme 10). The equilibrium was reached within only 10 minutes under these 
conditions. The thermodynamic stabilities of imine species were found to be in 
comparable order, indicating relatively isoenergetic behavior (Figure 18). The 
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aldehyde series covered both aromatic and aliphatic species, five-membered 
and six-membered aromatic aldehydes with different substituents, and more 
importantly aldehydes with or without extra heteroatoms.  
 

 
Scheme 10. Silver-catalyzed asymmetric transformation of sequential dynamic α-

iminonitrile system. 
 

2.3.3. Resolution of the dynamic azomethine ylide system 
Subsequently, the azomethine ylide formation was carried out in one-pot by 
adding NEt3 into the dynamic α-iminonitrile system (Scheme 10). To verify the 
selectivity of the 1,3-dipolar cycloaddition reaction, an achiral AgOAc/PPh3 
complex was firstly applied to generate the dynamic metal-coordinated 
azomethine ylide system and at the same time catalyze the following 1,3-
dipolar cycloaddition. Upon addition of dimethyl fumarate as dipolarophile, 
pyrrolidine 31 and 32 were obtained as the only products in a dr of 4:1 after 6 
hours reaction time at room temperature (Figure 18).  
 
Meanwhile, two control experiments were carried out: 1) AgOAc was tested as 
transimination catalyst in the dynamic imine system, however the exchange 
rate was found to be almost the same as without Sc(OTf)3; 2) AgOAc was 
removed from the kinetic step, leading to no product formation. Those results 
indicated the necessity of both Lewis acids as separate catalysts for the 
thermodynamic and kinetic steps. 
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Pyrrolidines

 
Figure 18. 1H-NMR spectra of the dynamic system: (bottom) in equilibrium; (top) 

after resolution. 
 

Since the 1,3-dipolar cycloaddition proceeds through catalysis by coordination 
of the ylide to a metal/ligand complex, an additional coordination site in the 
1,3-dipolar substrate would potentially provide much stronger binding affinity 
towards the metal/ligand complex, as was indicated experimentally. In the 
competition with bidentate substrates, no product was obtained from any of the 
ten monodentate azomethine ylides no matter the strength of the electron-
withdrawing substituents on the phenyl rings. Even among the competition of 
three bidentate substrates, only imine J-26 led to the formation of 
corresponding pyrrolidine products after the resolution process. This particular 
selectivity could be rationalized by the geometry and electronic effects, both of 
which favor the silver-coordinated azomethine ylide K-26. The impaired 
chelation geometry among the pyridine nitrogen atom, the azomethine ylide 
nitrogen atom of compound K-23 and the metal center prevents the potential 
cycloaddition. On the other hand, although ylide K-26 and K-27 have more 
similarity in binding geometry, the less efficient overlapping between the Ag+ 

and sulfur orbitals makes ylide K-27 unfavored in the ensuing 1,3-dipolar 
cycloaddition process. 
 
Control experiments were conducted to study the kinetic features of the three 
heteroaromatic imines in individual 1,3-dipolar cycloadditions. The reaction 
rates were compared as the ratio of the C50 values (time required for 50% 
conversion). Imine J-26 demonstrated the fastest reaction rate (2 h), followed 
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by imine J-27 (4 h) and imine J-23 (9 h). From this result it was clear that 
imine J-26 resulted in the formation of the kinetically most preferred product, 
which was in accordance with the DSR result. It also proved that a fast 
equilibration rate was critical for efficient resolution step as the reaction rates 
between imine J-26 and J-27 were fairly similar. 
 
After addressing the component selectivity issue, the next step was to achieve 
stereoselectivity through the kinetic step. Four commonly used chiral ligands 
were thus chosen to replace PPh3 respectively in a model reaction (Table 3). 
Although good yields and diastereoselectivities were obtained from all of the 
tested ligands, very different enantioselectivities were recorded. Both (R)-
BINAP (L1) and (S)-BINAP (L2) were found to be unable to introduce any ee 
while ligand L3 showed very modest capability. Ligand L4, known as 
Taniaphos, proved to be the most suitable ligand, leading to 67% ee. Taniaphos 
was subsequently used in the resolution step for the dynamic system, and 
product 31 and 32 were still the only products obtained in 54% yield, 9:1 dr 
and 62% ee. 
 

Table 3. Ligand screening for the 1,3-dipolar cycloaddition.a 

 
 

Ligand Yield [%]b drc ee [%]d 

 
(L1) 

83 4:1 0 

 
(L2) 

74 4:1 0 

 
(L3) 

62 4:1 23 

 
(L4) 

77 9:1 67 

a reaction conditions: compound J-26 (0.12 mmol), NEt3 (0.24 
mmol), AgOAc (0.012 mmol), ligand (0.013 mmol), dimethyl 
fumarate 30 (0.36 mmol). b Isolated yield. c Determined by 1H-NMR 
spectroscopy from the crude 31-32 mixture. d Determined by chiral 
HPLC (Chiralpak OJ column). 
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Several parameters were subsequently screened in order to find the optimal 
reaction conditions for DSR (Table 4). Solvent effect was firstly studied. 
Among the solvents tested, THF provided the highest yields and 
enantioselectivity, indicating a system preference for more polar solvents. Two 
bases were tested for their effects on yield and enantioselectivity. Between 
NaOAc and NEt3, the latter one had better performance in promoting higher 
enantioselectivity. Finally, the temperature effect on the resolution process was 
also addressed. As expected, a significant increase of ee from 72% to 92% was 
recorded by lowering the temperature from room temperature to 0 °C, however 
with compensation of a longer reaction time (10 h). 
 

Table 4. Screening of reaction conditions of 1,3-dipolar cycloaddition-driven 
dynamic systemic resolution.a 

Entry Solvent Base T [°C] Yield [%]b drc ee [%]d 

1 DCM NEt3 r.t. 54 7:3 62 
2 Diethyl ether NEt3 r.t. 61 9:1 82 
3 THF NEt3 r.t. 72 8:2 89 
4 THF NaOAc r.t. 76 8:2 76 
5 THF NEt3 0 74 9:1 92 

a Reaction conditions: compound J-26 (0.12 mmol), aldehydes (0.12 mmol), 
Sc(OTf)3 (0.006 mmol), NEt3 (0.24 mmol), AgOAc (0.012 mmol), Taniaphos (0.012 
mmol), dimethyl fumarate 30 (0.16 mmol). b Isolated yield. c Determined by 1H-
NMR spectroscopy from the crude 31-32 mixture. d Determined by chiral HPLC 
(Chiralpak OJ column). 

 
 

2.4. Gelation-driven dynamic systemic resolution 

Gels are defined as nonfluid networks or polymer networks that are expanded 
through their whole volume by a fluid.86 Depending on the dispersion media 
trapped inside the three-dimensional and cross-linked network, gels can be 
divided into hydrogels and organogels, where water and organic solvents are 
the guest liquids respectively. Due to its unique organic solvent trapping 
property, organogels have been widely applied to the manufacture of 
pharmaceuticals,87 food processing,88 cosmetics and oil technology.89, 90 
Organogels can generally form in two ways. The first is gelation through 
polymerization, in which the initial solution of monomers containing various 
functional groups are converted into polymer chains that grow into covalently-
linked networks.91 At a certain critical concentration, the solution starts to 
exhibit gel-like properties when the network grows large enough. On the other 
hand, organogels with low molecular weight gelators can form via self-
assembly. The monomers aggregate into noncovalent-linked network that 
retains organic solvent through secondary forces such as van der Waals forces 
or hydrogen bonding.92 
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As discussed in the introduction, phase changes can be utilized as internal 
driving pressure for the resolution of dynamic systems. The advantage of 
internal selection pressure is obvious as no extra additives are required. During 
the gelation process, the gelator changes from solution state to solid state, 
making gelation a suitable internal driving force. Successful examples of using  
hydrogelation as driving force have been demonstrated before,34 however such 
an approach for the formation of organogels has not been reported. Therefore, 
we designed a strategy to use organogelation as internal driving force for the 
resolution of a dynamic system, where the organogelator could be easily 
identified (Figure 19). 

 

 
 

Figure 19. Concept of gelation-driven resolution of a thermodynamically controlled 
dynamic system. A series of substrates AiBj is dynamically formed from individual 

components Ai and Bj, and subsequently the dynamic system is resolved via 
organogelation triggered by organogelator AnBm. 

2.4.1. Design of the organogelator 
Although different types of low molecular weight organogelators have been 
developed, some common features are generally required for efficient gelation. 
For example,93, 94 Figure 20 illustrates two organogelators, both being capable 
of three types of interactions that contribute to their gelation properties: 1) π-π 
stacking, 2) hydrogen bonding, and 3) solvophobic interaction. The first two 
intermolecular interactions are critical for the formation of the three-
dimensional gelation network, while the nature of the solvophobic character 
determines the solvent specificity of the organogelators. 
 

 
Figure 20. Examples of organogelator. 

 
Among different organogelators, cholesterol-containing derivatives show 
outstanding gelation properties due to the strongly lipophilic character of the 
cholesterol motif that tends to self-aggregate in polar solvents.95-97 Therefore, 



  31

the model organogelator used in our study was designed as a two-component 
molecule (Figure 21) ─ an imine generated from the condensation of a 
cholesterol-based aromatic amine and an aromatic aldehyde, covering all three 
intermolecular interactions as described above. The reversible imine formation 
allows possible random combinations of all components in the dynamic 
system. 
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Figure 21. Design of the dynamic organogelator. 

2.4.2. Generation of the dynamic system 
The dynamic system was established with a cholesterol-derived amine M and a 
Boc protected amine N as reference, and three aromatic aldehydes varying 
from five-membered to six-membered rings in equimolar amount in deuterated 
n-butanol (Scheme 11). The equilibrium between aldehydes and each of the 
amines was separately monitored by 1H-NMR spectroscopy due to the overlap 
of the aromatic signals. All reactions reached equilibrium within two hours 
without addition of any transimination catalyst. In the equilibrium involving 
amine A, the ratio among product 33M, 26M and 34M was 1:2:2, while in a 
second system the ratio among products 33N, 26N and 34N was 1:14:15 
(Figure 23). Small amounts of CDCl3 were added to deuterated n-butanol in 
the first equilibrium to prevent precipitation, resulting from the cholesterol-
containing imine products. It was expected at the beginning that the most 
electron-deficient aldehyde 33 should lead to the most preferred imine 
formation in both reactions. In fact, those corresponding products turned out to 
be the least prevalent species under thermodynamic control. This unexpected 
product distribution was due to the existence of another parallel reversible 
reaction ─ the hemiacetal formation between aldehydes and deuterated n-
butanol. According to the 1H-NMR spectra, most of compound 33 converted to 
hemiacetal 33P, and part of aldehyde 34 also formed the corresponding 
hemiacetal 34P while aldehyde 26 only yielded the imine products in both 
equilibria. Therefore, the dynamic system turned out to be a combination of 
parallel imine condensation and hemiacetal formation reactions. 
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Scheme 11. Gelation-driven resolution of parallel dynamic imine and hemiacetal 

system. 

2.4.3. Gelation-driven resolution of the dynamic system 
After evaluating the distribution of all constituents, the dynamic system was 
subjected to the gelation condition for secondary resolution directly in an NMR 
tube. The mixture was heated until a transparent solution was formed and 
subsequently cooled to room temperature, at which time an orange organogel 
was obtained (Figure 22b). 
 
 
 
 
 
 
 
 
 

Figure 22. Gelation of n-butanol from a) single organogelator 33M; b) in situ 
generation of organogelator 33M from the dynamic system. 

 
The gel was subsequently subjected to 1H-NMR analysis. Almost all 
hemiacetal 33P, aldehyde 33 and most of the cholesterol related signals 
disappeared, however the formation of compound 33M could not be detected 
(Figure 23). As a comparison, aldehyde 26 and aldehyde 34 and their 
corresponding imine products with amine N were clearly detected. All this 
information led to the deduction that either imine 33M or hemiacetal 33P was 
the organogelator. In order to distinguish the real organogelator, the gel was 
filtered and the solid residue was washed with cold deuterated n-butanol. The 
solid residue and the filtrate were analyzed by 1H-NMR spectroscopy 
respectively, showing that the filtrate spectrum was identical to the spectrum 
obtained after gelation, while the precipitate was analytically pure compound 
33M with a high isolated yield of 92%. Hence, imine 33M was identified as 
the organogelator and at the same time the only species amplified at the cost of 
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all the other constituents after resolution. The efficient resolution of the 
dynamic system also proved that the equilibrium was significantly accelerated 
by heating the reaction mixture, as two hours were needed to reach equilibrium 
at room temperature. 
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Figure 23. 1H-NMR spectra of dynamic imine system: a) equilibrium between 
aldehydes and amine M; b) equilibrium between aldehydes and amine N; c) 

constituent distribution after gelation. 
 

2.4.4. Gelation property of the organogelator 
The gelation property of compound 33M was tested with 17 organic solvents at 
gelator concentrations of 5 w/v % (Table 5). Gelation was observed in DMSO, 
toluene and aliphatic alcohols from n-butanol to n-octanol. A minimum gelator 
concentration of 3 w/v % in n-butanol was recorded. Among three butanol 
isomers, gelation was observed only in n-butanol, indicating a gelation 
preference for the linear structure. In general, compound 33M displayed a 
characteristic gelation performance towards long linear aliphatic alcohols.                      
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Table 5. Gelation property screening of compound 33M.a 
Organogel Soluble Precipitate after cooling 

DMSO dioxane acetonitrile 
toluene DMF ethanol 

n-butanol THF i-propanol 
n-pentanol n-propanol t-butanol 
n-hexanol i-butanol 1,2-dichlorobenzene 
n-heptanol   
n-octanol   

a Gelation conditions: compound 33 and M were directly added to 
the tested solvent in a sealed-cap vial. The mixture was heated 
until transparency and cooled down to room temperature. 
 

SEM analysis was also conducted to study the morphology of the solid gel 
network. The organogel was freshly prepared in n-butanol and then left to 
allow the solvent to slowly evaporate. After the sample became dry, the gelator 
network collapsed into a thin layer cake, indicating that this type of gel 
structure was rather vulnerable. This conclusion was also proven by the SEM 
micrograph, which did not show any regular fibrous structure but sheet-like 
and cross-packed crystals (Figure 24).96 
 

 
 

Figure 24. SEM image of sheet-like crystal of compound 33M, prepared by 
evaporation of n-butanol. 

 

2.4.5. Modification of the organogelator 
To investigate the impact of the imine bond on the gelation, the C=N double 
bond of compound 33M was reduced. A weaker reducing agent NaBH3CN, 
which is specifically used for reductive amination, was applied and resulted in 
smooth production of compound 35 in 74% yield (Scheme 12).  
 
 



  35

 
Scheme 12. Reduction of organogelator 33M. 

 
The gelation behavior of the reduced product 35 was assessed using the same 
solvents as in Table 5. No gel was formed in any of those solvents even with 
increased concentration, indicating the importance of the C=N bond as a key 
factor for keeping good gelation properties. The rationale behind the loss of 
gelation property is probably due to the increased degree of rotation with the 
formation of C─N single bond as well as the loss of conjugation that perturb 
the assembly of the gelator network. 
 

2.5. Conclusion 

In the first study of this chapter, a double parallel dynamic system was 
established by integrating two types of reactions: the nitroaldol reaction and 
hemithioacetal formation. The system was subjected to a lipase-catalyzed 
kinetic transformation, yielding product formation with both high chemo- and 
stereoselectivities.  
 
In the second project, a dynamic α-iminonitrile system was efficiently 
generated using Sc(OTf)3 as transimination catalyst. The dynamic system was 
resolved through a Ag/Taniaphos catalyzed 1,3-dipolar cycloaddition process, 
where the Ag/Taniaphos complex worked both as external selector and reaction 
catalyst. After the resolution step, exclusive product formation was achieved 
with high regio- and stereoselectivities. 
 
Finally, a dynamic imine system was successfully resolved through an internal 
gelation procedure. The generation of the dynamic system and the following 
gelation were conducted directly in a NMR tube and monitored by 1H-NMR 
spectroscopy. After gelation, an exclusive product that worked as organogelator 
was amplified from the dynamic system. 
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3.  
Enzyme-catalyzed Dynamic Kinetic 

Resolution 
 

 
(Paper IV-VI) 

3.1. Introduction 

The wide occurrence of synthetic chiral molecules in pharmaceuticals, optical 
and electronic devices as well as biological probes has made asymmetric 
synthesis one of the most prominent areas of organic chemistry.98, 99 The 
existence of chirality is well represented in nature as many biologically active 
molecules including natural amino acids and carbohydrates as well as their 
recognition receptors are chiral. The importance of chirality has been well 
recognized especially in the pharmaceutical industry where the use of 
enantiopure drugs is a standard requirement. Therefore, the development of 
novel and efficient methods for the synthesis of enantiopure compound has 
been a fast-growing area in organic synthesis. 
 
Among all the techniques developed for chiral product synthesis, kinetic 
resolution (KR) is the most commonly used both in academia and industry.100 
In a KR process, two enantiomers of a racemate react at different rates with 
other reagents in the presence of a chiral catalyst, resulting in both 
enantioenriched starting material and product (Figure 25). Ideally, if the 
catalyst is 100% selective, a theoretical 50% yield can be achieved. However, 
the maximum 50% yield is also the Achilles’ heel of KR. In order to overcome 
this disadvantage, a new methodology named dynamic kinetic resolution 
(DKR) was developed by introducing in situ racemization of the starting 
material in combination with kinetic resolution. In a DKR process, the slow 
reacting enantiomer is continuously racemized until all the starting material is 
consumed, ideally leading to 100% yield while maintaining high enantiopurity. 
The racemization rate (krac) should be much faster than the reaction rate of the 
fast reacting enantiomer to ensure a high enantioselectivity. 
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Figure 25. Conceptual illustration of a) kinetic resolution; b) dynamic kinetic 

resolution. 

 

Different strategies can be applied for the asymmetric transformation in the 
DKR process, including Lewis acid metal-based catalysis,101 organocatalysis,49 
as well as enzyme catalysis. Compared with the other types of catalysis, 
enzyme catalysis has dominated the area of DKR due to its high catalytic 
efficiency, high stereoselectivity, easy recyclability and environmentally 
benign nature. Within the category of enzyme-catalyzed DKR, research has 
been classified based on the racemization methodologies. One way to racemize 
the starting material is by using transition metal catalysis.102 For example, Park 
and coworkers reported a CAL B-catalyzed DKR of secondary alcohols by 
using a ruthenium complex as racemization catalyst (Scheme 13a).103 Rapid 
racemization was obtained, leading to the formation of a highly enantiopure 
product after enzymatic resolution. However, the compatibility between the 
metal-complex and the enzyme is always a concern as the enzyme can be 
deactivated by an incompatible racemization catalyst. Another way of 
introducing efficient racemization is to apply a reversible covalent reaction to 
form the stereogenic center. As a proof of concept, we have reported an 
enzymatic DKR,104 where a racemic substrate was generated from a reversible 
nitroaldol reaction between aldehyde and nitroalkane (Scheme 13b). 
 

 
Scheme 13. DKR with different racemization techniques: a) ruthenium racemization 

catalyst; b) reversible covalent reaction. 
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Besides the better compatibility with the enzymes, another advantage of using 
reversible covalent reactions instead of ruthenium catalysts is the broader 
reaction scope. While the substrate is always limited to secondary alcohols 
when using ruthenium catalysts, reversible reactions can generate substrates 
with much more versatile functional moieties for the kinetic resolution step.19, 

20 One of those examples was demonstrated in our group in the asymmetric 
synthesis of substituted thiolanes,25 which were obtained through enzymatic 
resolution of intermediates generated from a reversible domino thia-Michael-
Henry reaction (Scheme 14). 

 
Scheme 14. Synthesis of asymmetric substituted thiolanes by utilizing reversible 

domino reactions. 

 

In this chapter, the scope of reversible covalent reaction-based enzymatic DKR 
was further extended. A lipase-catalyzed one-pot synthesis of N-, O-, S- 
containing six-membered oxathiazinanones was successfully developed and 
the anti-HIV nucleoside lamivudine was obtained in three steps through a 
protease-mediated protocol. 

3.2. Lipase-catalyzed dynamic kinetic resolution for the 
synthesis of oxathiazinanones 

Heterocycles constitute one of the largest divisions of organic chemistry due to 
their unique biological activities and synthetic applications. Especially in the 
pharmaceutical industry, most of the drugs that mimic bioactive natural 
products are heterocycles.105  
 
Synthesis of heterocycles has been an established research area for over a 
century, and a variety of well-developed methodologies are available in the 
literature. However, efficient access to diverse and enantiopure heterocyclic 
structures remains one of the challenges.106 For example, Igarashi and 
coworkers discovered two novel polycyclic polyketides alchivemycin A and B 
from extract of Streptomyces (Figure 26).107 Both compounds were proven to 
be strongly active against several bacteria and cancer cells. However, the 
intriguing six-membered 2H-tetrahydro-4,6-dioxo-1,2-oxazine ring moiety is 
no doubt the major obstacle for the target molecule synthesis. Therefore, a 
method that can efficiently facilitate the construction of complex asymmetric 
heterocycles is highly desired for the development of related bioactive agents. 
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Figure 26. Six-membered heterocyclic antibiotics. 

 

In this section, the one-pot synthesis of asymmetric six-membered N-, O-, S- 
containing heterocycles (oxathiazinanones) was evaluated utilizing a lipase-
catalyzed DKR process through a dynamic cascade nitrone addition-cyclization 
protocol (Scheme 15). This study represents the first access to such heavily 
substituted six-membered lactone-type structures and at the same time reveals 
the efficiency of biocatalysis for the synthesis of synthetically challenging 
compounds. 
 

 
Scheme 15. Lipase-mediated asymmetric synthesis of chiral oxathiazinanones 

through dynamic kinetic resolution process. 

3.2.1. Verification of the reaction reversibility. 

As fast racemization rate being one of the most important factors for an 
efficient DKR, the reversibility of the nucleophilic addition between nitrone 
and thiol was initially evaluated (Scheme 16). One equivalent of nitrone 36f 
was subjected to 30 equivalents of methyl 2-sulfanylacetate Q in presence of 
NEt3 in deuterated toluene, and a 44% conversion to intermediate 37f was 
immediately recorded. Subsequently, 30 equivalents of 1-butathiol F was 
added, and the conversion of 37f simultaneously dropped to 36% with the 
formation of intermediate 37g, indicating a very rapid equilibration of the 
model dynamic the system. On the other hand, when equimolar amounts of 
nitrone and thiol were mixed, the intermediate was not visibly expressed, 
which demonstrated an equilibrium displacement strongly favoring the starting 
materials. 
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Scheme 16.  Reversibility verification of nucleophilic addition to nitrone. 

 

3.2.2. Synthesis of oxathiazinanones through lipase-mediated DKR 

Several parameters were evaluated in order to obtain the optimal reaction 
conditions. According to the previous studies,13, 16, 19-21, 25, 104 solvents of low 
polarity are generally considered to be tolerated by the enzymes in 
transesterification or lactonization processes. Therefore, toluene and TBME 
were primarily tested. Similar enantioselectivities were recorded from both 
solvents, although toluene provided higher conversion and reaction rate. For 
this reason, toluene was used for further optimizations. The next parameter 
investigated was the performance of the lipases. Different lipase preparations, 
including lipases from Candida rugosa, CAL B and Burkholderia 
(Pseudomonas) cepacia (PS-IM, PS-C I, PS-C II), were screened. In 
accordance with our previous results, only CAL B led to the formation of 
cyclized product.  
 
The effect of base on the DKR process was also studied using nitrone 36a and 
nucleophile Q. When NEt3 was added to the system with either phenyl acetate 
or isopropenyl acetate, good conversions and high enantioselectivities were 
obtained. Another commonly used base, 1,1,3,3-tetramethylguanidine, gave 
equally good conversions but much lower enantioselectivities. 1,5-
diazabicyclo[4.3.0]non-5-ene and 1,8-diazabicyclo[5.4.0]undec-7-ene were 
proven less suitable for the system owing to the formation of side products. 
 
Considering the ester group in compound Q could serve as the acyl resource 
for the enzyme-catalyzed intramolecular lactonization, additional acyl donors 
were not used in the initial experiments. However, no product was formed 
when the enzyme-catalyzed DKR process was carried out without acyl donor. 
It was envisioned that the release of methanol upon addition of the enzyme 
serine hydroxyl group to methyl 2-sulfanylacetate Q could be the reason as a 
potential enzyme inhibition effect had been reported previously.108, 109 Different 
methanol scavengers were tested, but neither excessive amount of 4Å 
molecular sieves nor CaCl2 proved efficient as only trace amount of product 
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could be detected. Surprisingly, when the reaction was carried out with the 
addition of isopropenyl acetate, a conversion up to 96% was recorded in 19 
hours with simultaneous formation of methyl acetate. This observation 
indicated that methanol was converted to methyl acetate through lipase-
catalyzed transesterification in the presence of acyl donor, leading to a 
significantly more efficient methanol scavenging effect. Control experiments 
with different amounts of methanol added to the system were conducted to 
further prove the conclusion. The conversion dropped from 96% to 31% with 
the addition of one equivalent of methanol. When three equivalents of 
methanol was added, the enzyme activity was completely inhibited. Therefore, 
a double biocatalytic pathway (Scheme 17), where CAL B catalyzes both the 
cyclization and the methanol-scavenging reaction, was proposed. In this 
catalytic pathway, enzyme reacts with methyl 2-sulfanylacetate Q, forming 
acylated enzyme Q-Ez and releasing methanol (cycle I). Acylated enzyme Q-
Ez subsequently reacts with nitrone 36 and forms chiral product 38 via a 
domino addition-lactonization process. Meanwhile, enzyme reacts with acyl 
donor S to generate acylated enzyme S-Ez, which then enables acylation of 
methanol released from cycle I to generate non-toxic methyl acetate 39 (cycle 
II). 
 

 
Scheme 17.  Proposed double catalytic pathway for the CAL B-catalyzed 

oxathiazinanone formation. 

 

A control experiment with nitrone 36a and methyl 2-sulfanylacetate Q in the 
presence of phenyl acetate and NEt3 but without CAL B was carried out to 
verify the role of enzyme in the cyclization (Scheme 18). It turned out that only 
linear acetylated product 40 was formed, indicating the catalytic role of CAL B 
in the lactonization. 
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Scheme 18.  Reaction pathway in the absence of enzyme. 

 

Besides the initially used isopropenyl acetate, several other acyl donors were 
also screened for their inhibitor-scavenging abilities during the enzymatic 
transformation (Table 6). In this case, three equivalents of methyl 2-
sulfanylacetate Q was applied to facilitate the formation of intermediate 37 and 
at the same time keep the thiol concentration sufficiently low. CaCl2 was also 
applied to increase the conversions, serving as a salt-hydrate pair in the 
solution to control the water activity.110, 111 Isopropyl acetate and ethyl acetate, 
which released aliphatic alcohols, proved inefficient as methanol scavengers. 
The results further verified the proposed biocatalytic pathway. The other acyl 
donors, phenyl acetate, 4-chlorophenyl acetate and isopropenyl acetate, 
releasing aromatic alcohols and acetone upon reacting with the enzyme, 
displayed good scavenging capacities. Good conversions and high 
enantioselectivities were obtained with all three acyl donors, among which the 
best conversion was recorded from isopropenyl acetate. 
 
Table 6. Screening of acyl donors for their methanol-scavenging effects in the DKR 

process. a 

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

1 ethyl acetate - - 

2 isopropyl acetate - - 

3 phenyl acetate 87 87 

4 4-chlorophenyl acetate 84 85 

5 isopropenyl acetate 93 90 
a Reaction conditions: nitrone 36a (0.1 mmol), methyl 2-sulfanylacetate 
Q (0.3 mmol), acyl donor (0.36 mmol), NEt3 (0.1 mmol), CaCl2 (200 
mg), CAL B preparation (30 mg), toluene (0.5 mL), at 40 °C. b 
Determined by chiral HPLC analysis using Chiralpak OJ column. 

 
The temperature effect on the enzyme performance was subsequently 
evaluated (Figure 27). No product was obtained at 60 °C owing to the 
decomposition of nitrone. An unusual decrease of enantioselectivity was 
observed when the temperature was lowered from 40 °C to -18 °C, and this 
effect was contradictory to our previous study.20 In most cases, ee would 
increase while temperature drops due to a higher enzyme structure rigidity or 
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larger activation-energy differences (∆∆G‡).77, 78 The exact reason of this 
phenomenon was unclear, although a potential explanation could be referred to 
the concept termed racemic temperature/isoinversion relationship.1, 112-114 This 
concept depicts a critical temperature, at which point enzyme loses its isomeric 
discrimination. Moreover, enzyme displays opposite enantioselectivity above 
and below the critical temperature. According to this theory and our results, the 
racemic temperature in the current case should be lower than -18 °C. In order 
to follow the decreasing trend of enantioselectivities, the reaction temperature 
was further lowered to -48 °C. Nevertheless, no product was obtained owing to 
the loss of enzyme activity at low temperature. Based on the screening results, 
the optimal temperature for enzyme-catalyzed DKR process was 40 °C, where 
good conversion (93%) and the best ee (90 %) could be recorded. 

 
Figure 27.  Temperature dependence of the DKR process. (■) ee; (○) conversion. 

Reaction conditions: nitrone  36a (0.1 mmol), methyl 2-sulfanylacetate Q (0.3 mmol), 
NEt3 (0.1 mmol), isopropenyl acetate (0.36 mmol), CaCl2 (200 mg), CAL B 

preparation (30 mg), toluene (0.5 mL). 

 

Finally, the reaction substrate scope was studied using the optimal reaction 
conditions established above (Table 7). The conversions of two aliphatic 
substituted nitrones were both high, whereas compound 36a exhibited a higher 
enantiospecificity up to 90% ee compared with the 83% ee detected for 
compound 36b. This suggests a slight discrimination for branched alkyl chains 
in the enzyme active site. Nitrone 36c resulted in satisfactory conversion but 
quite low ee, indicating less favorable fit of the longer alkyl chain in the 
enzyme catalytic site. Compound 36d was recorded with low conversion and 
negligible ee, while product formation was not detected from nitrone 36e, 
indicating unfavorable interactions between CAL B and nitrones with aromatic 
substituents. 
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Table 7. Substrate screening for the DKR process.a 

 
Nitrone R Conversion [%] ee [%]b 

36a isopropyl 93 90 

36b propyl 95 83 

36c heptyl 88 31 

36d phenyl 32 3 

36e 2-pyridyl - - 
a Reaction conditions: nitrone 36 (0.1 mmol), methyl 2-

sulfanylacetate Q (0.3 mmol), isopropenyl acetate (0.36 mmol), 

NEt3 (0.1 mmol), CaCl2 (200 mg), CAL B preparation (30 mg), 

toluene (0.5 mL), at 40 °C. b Determined by chiral HPLC analysis 

using Chiralpak OJ column. 

 

3.3. Efficient asymmetric synthesis of lamivudine through 
enzyme-catalyzed dynamic kinetic resolution process 

Since the first clinical observation in 1981, HIV has been one of the most 
severe challenges to the society due to the high fatality rate and its infectious 
nature. Among all the medications for treatment of AIDS, nucleoside reverse 
transcriptase inhibitors (NRTIs) represent particularly powerful agents, where 
lamivudine (53a, Figure 28) has proved to be one of the most successful 
examples in the last decades. Since a permanent cure for AIDS remains 
elusive, efficient and cheap bulk quantity synthesis of anti-HIV drugs is highly 
desired, especially for the benefit of people in the developing countries.  
 

 
Figure 28. Lamivudine 53a and its enantiomer 53b. 

 

Several methods have been reported for the synthesis of enantiopure 
lamivudine. However, kinetically controlled crystallization115, 116 or enzymatic 
hydrolysis/acetylation117-119 were the most common methods to introduce 
chirality of the five-membered 1,3-oxathiolane ring. For example, Ding and 
coworkers reported sequential crystallization of enantiomers 42a and 42b from 
racemic mixture 41 by using (+)-menthyl chloroformate, and hydrolysis of 43a 
led to lamivudine (Scheme 19a).115 Liotta and coworkers developed a six-step 
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access to racemic nucleosides 43 and applied a late-stage enzymatic KR with 
pig liver esterase to hydrolyze the undesired enantiomer (Scheme 19b).119 The 
disadvantage of these methods is the low efficiency of KR, as a maximum 50% 
yield can be theoretically obtained while still maintaining high 
enantioselectivity. Goodyear and coworkers utilized a crystallization-driven 
DKR method for the synthesis of lamivudine in seven steps (Scheme 19c). 
Besides the long synthesis, the use of undesired reagents such as SOCl2 and 
chiral auxiliary-derived starting material as well as the treatment of sensitive 
hemiacetal compounds under harsh conditions compromised its practical 
application.120 
 

 
Scheme 19. Synthesis of lamivudine by: a) crystallization-based KR; b) enzymatic 

hydrolysis-derived KR; c) crystallization-driven DKR. 

 

In this section, an efficient three-step asymmetric synthesis of lamivudine 
using an enzyme-mediated DKR protocol was achieved in both good yield and 
enantioselectivity. The crucial asymmetric 1,3-oxathiolane ring was obtained 
using achiral and commercially available starting materials via an enzyme-
mediated domino addition-cyclization-acetylation reaction in one-pot. The 
stereochemical properties of the products could be well controlled as different 
enantiomers could be synthesized by using different enzymes. Moreover, the 
stereoselectivity of enzyme-catalyzed formation of the chiral five-membered 
oxathiolane ring was successfully identified via NOE-NMR analysis of a 
modified 1,3-oxathiolane analog. 
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3.3.1. Attempted lamivudine synthesis using lipase-catalyzed DKR 
protocol 

Previously, we reported that CAL B catalyzes the formation of 1,3-oxathiolan-
5-one 45 from the addition of methyl 2-sulfanylacetate Q to aldehyde 44 by 
taking advantage of the dynamic formation of hemithioacetals (Scheme 20).15, 

20, 121 It was envisioned that it might be possible to find a pathway from 
compound 45 to lamivudine since these two molecules share a similar core ring 
structure. However, the major obstacle of this strategy is the reduction of 
lactone 45, as the reduction product hemiacetal is not very stable (especially 
under acidic conditions), which could easily cause the loss of chirality.  
 

 
Scheme 20. Possible synthetic route from CAL B-catalyzed lactonization product 45 

to lamivudine. 

 

To circumvent this drawback, another strategy that can skip the hemiacetal 
intermediate and directly form the acetylated 1,3-oxathiolane derivative would 
be ideal. Therefore, a new synthetic route was designed and carried out 
(Scheme 21). Compounds 46 and 47 were mixed with NEt3 and phenyl acetate 
in the presence of CAL B. The intention was to dynamically form intermediate 
48, which could be acetylated under the catalysis of CAL B in one-pot, 
yielding enantioenriched compound 49a (2R). The reaction finished within two 
days, at which time the new species was purified and analyzed. According to 
the 1H-NMR spectrum, a product with correct structure but uncertain 
configuration was obtained in 7 : 1 dr, and chiral HPLC indicated 83% ee of 
the dominant diastereomer. In order to elucidate the configuration on C-2 
position of compound 49, the asymmetric nucleoside was synthesized through 
a modified Vorbrüggen coupling reaction and deacylation procedure with an 
overall yield of 37%.122, 123 The chirality on C-5 position in this case was not of 
any concern, since this stereocenter was affected by the following Vorbrüggen 
coupling reaction. Under those reaction conditions, the acetyl group was 
eliminated in the presence of TMSI, leading to the formation of a five-
membered oxonium ion species. By comparing the chiral HPLC chromatogram 
of the racemic nucleoside 49, the product of the enzyme-mediated nucleoside 
synthesis and commercial lamivudine, it was found that the product obtained 
from our synthetic route was ent-lamivudine 53b. Therefore, CAL B proved 
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unsuitable for the lamivudine synthesis by selectively amplified the undesired 
enantiomer 49b (2S) instead of enantiomer 49a (2R).  
 

 
Scheme 21. Synthesis of ent-lamivudine (53b) under CAL B catalysis; (i) NEt3; (ii) 

CAL B, phenyl acetate, toluene, r.t., 92%; (iii) TMSI, silylated N4-acetylcytosine, 
MeCN, 0 °C; (iv) K2CO3, MeOH, r.t., 40% for two steps. 

 

Nine lipases were further screened for their performance in the DKR process, 
including the lipases from porcine pancreas, Candida rugosa, Aspergillus 
niger, Rhizopus niveus, Penicillium camemberti, Burkholderia (Pseudomonas) 
cepacia, Pseudomonas fluorescens, Rhizopus arrhizus, and Candida antarctica 
lipase A. Of these enzymes, lipases from Pseudomonas fluorescens and 
Burkholderia (Pseudomonas) cepacia could also catalyze the nucleoside 1b 
formation, exhibiting similar enantioselectivities as CAL B. 

3.3.2. Lamivudine synthesis through surfactant-treated subtilisin 
Carlsberg-catalyzed DKR protocol 

Since lipases generally led to the (S)-selectivity at the C-2 position of the 1,3-
oxathiolane ring, an enzyme with opposite selectivity was required to achieve 
the synthesis of lamivudine. For this reason, a switch was made from lipases to 
serine proteases. Serine proteases, which constitute a sub-class of hydrolases, 
were originally found to cleave amide bonds in peptides and proteins. In terms 
of catalytic mechanism, serine proteases have a similar serine, histidine and 
aspartic acid containing catalytic triad as that in lipases. Some serine proteases, 
for example subtilisin Carlsberg, have been reported to catalyze 
transesterification of secondary alcohols in a similar way as lipases but very 
often with opposite enantioselectivity.124-127 Therefore, subtilisin Carlsberg was 
consequently tested in the synthesis of lamivudine. 
 
The commercially available subtilisin Carlsberg has low thermostability and 
often exhibits low activity in organic solvent. An enhancement of both stability 
and activity of subtilisin Carlsberg was needed before applying it to the DKR 
process. Several studies have proven that one simple way to increase the 
enzyme stability and activity in organic solvent is to coat the enzyme with lipid 
or surfactant before lyophilization.128-131  The most probable explanation for 
the increase of stability is that the surfactant molecules that coated on the 
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enzyme surface can efficiently lock the water shell, which is essential for 
enzyme activity.132 This effect is extremely obvious in water miscible solvent 
such as THF. Meanwhile, the physical immobilization of surfactant on the 
surface can not only prevent aggregation of enzyme and increase the surface 
area but also increase enzyme solubility, affording dramatically improved 
enzyme activity. After treating the commercial subtilisin Carlsberg with Brij 56 
and octyl β-D-glucopyranoside, the surfactant-treated subtilisin (STS) was 
subjected to the same reaction conditions as depicted in Scheme 21. By 
comparing the product with isomer 49b using chiral HPLC it was clear that 
STS selectively catalyzed the formation of compound 49a (Scheme 22), which 
would lead to the access to lamivudine. However, the enantioselectivity of STS 
(64% ee) was unsatisfactory in spite of extensive screening of reaction 
conditions. 
 

 
Scheme 22. Synthesis of asymmetric compound 49a using STS; r.t., 87%. 

 

In order to get better enantioselectivity from the enzymatic DKR, 
glycolaldehyde dimer 46 was replaced by benzoyl protected aldehyde 50, 
assuming that a larger substrate could fit the enzyme active site more rigidly 
(Scheme 23). Product 51a was obtained in two days with an ee of 45%, which 
was still promising for further optimization. To confirm the stereoselectivity of 
STS with the new substrate, the final nucleoside product was synthesized and 
compared with commercial lamivudine using chiral HPLC, showing that C-2 
(R) isomers were formed over the C-2 (S) isomers. 
 

 

Scheme 23. STS-catalyzed synthesis of lamivudine (53a): (i) STS, phenyl acetate, 
NEt3, THF, at 4 °C, 89%; (ii) TMSI, silylated N4-acetylcytosine, MeCN, at 0 °C, 51%; 

(iii) K2CO3, MeOH, r.t., 89%. 
 
 

Several reaction parameters were subsequently screened to obtain the optimal 
reaction conditions for the STS-catalyzed DKR process, especially for better 
enantioselectivity (Table 8). Firstly, TBME was tested as an alternative solvent 



  50

tolerable by the enzyme.20, 21 Very similar results were recorded with TBME as 
those obtained with toluene. Performing the reaction in THF increased the dr 
from 2 : 1 to 4 : 1 and ee from 45% to 67%, respectively. Compared with 
lipase, the better performance in THF indicates that STS favors more polar 
solvent. The yield and selectivity were not significantly affected by varying the 
enzyme loading from 10 mg to 30 mg. The temperature effect on the STS 
performance was finally addressed. The highest yield was recorded at 40 °C 
however with low stereoselectivity. Lowering the temperature to 4 °C could 
increase both dr and ee while maintaining the efficiency of enzyme. Lowering 
the temperature further to -18 °C did give even higher selectivity (up to 85% 
ee), however resulting in very low enzyme activity (only with 23% yield). The 
optimal conditions for STS-mediated DKR were consequently established by 
using THF at 4 °C for the best results. 
 

Table 8. Optimization of reaction conditions for the STS-catalyzed DKR process.a 
Entry Solvent T [°C] STS [mg] drb ee [%]c Yield [%]d 

1 Toluene 25 20 2 : 1 45 74 

2 TBME 25 20 3 : 1 47 69 

3 THF 25 20 4 : 1 67 92 

4 THF 25 10 5 : 1 67 81 

5 THF 25 30 5 : 1 68 92 

6 THF 4 20 4 : 1 82 89 

7 THF -18 20 4 : 1 85 23 

a Reaction conditions: compound 47 (0.06 mmol), aldehyde 50 (0.1 mmol), NEt3 

(0.1 mmol), phenyl acetate (0.3 mmol), reaction time: 48 h; b By 1H-NMR 
spectroscopy from the isolated diastereomeric mixture; c Analyzed by chiral 
HPLC (Chiralpak OJ column, λ= 254 nm) using 10% of 2-propanol in hexane; d 
Isolated yield. 

 
CAL B was tested under the optimal reaction conditions generated for STS to 
verify the catalytic efficiency of different enzymes under the same reaction 
conditions (Scheme 24). Surprisingly, 83% yield and up to 84% ee were 
obtained, proving for the first time in all of our studies that CAL B can be 
active in THF. 
 

 

Scheme 24. Synthesis of asymmetric compound 51b using CAL B; r.t., 83%. 
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3.4. Enzyme selectivity towards the formation of 1,3-oxathiolane 
derivatives 

3.4.1. Purpose of the enzyme selectivity study  

During the formation of intermediate 48, two hydroxyl groups were generated 
and subsequently acetylated to obtain the enantioenriched compound 49 under 
enzyme catalysis (Scheme 25). In theory, either of the hydroxyl groups could 
be selectively acetylated, leading to the formation of chiral products. Although 
DKR has been commonly applied for secondary alcohols while primary 
alcohols are considered unsuitable due to the lack of asymmetry,103, 133, 134 the 
acetylation of the primary hydroxyl group in the current case could in principle 
still be the cause of the enantioenrichment. The rationale behind this notion is 
the dynamic formation of the adjacent 1,3-oxathiolane ring, which can act as a 
chiral environment during the enzyme-substrate recognition. 
 

 
Scheme 25. Two possible pathways for enzyme-catalyzed asymmetric formation of 

acetylated 1,3-oxathiolane derivative 49. 
 
 

However, two experimental results excluded the primary hydroxyl group from 
being the stereoselective enzyme targeting site. First, in the STS-catalyzed 
DKR process, besides the diacetylated product 49a, another monoacetylated 
compound 54 was isolated in small amount and its hemiacetal hydroxyl group 
was subsequently acetylated under basic condition for stereoselectivity 
determination (Scheme 26). The chiral HPLC chromatogram revealed that 
compound 49 was a racemic mixture. Meanwhile, a control experiment using 
the same reagents without any enzyme under the same reaction conditions 
yielded no product formation, indicating that the enzyme-catalyzed acetylation 
of the primary hydroxyl group is not stereoselective. Secondly, by using the 
benzoyl protected aldehyde 50 (Scheme 23), good enantioselectivities were 
obtained, leading to the conclusion that the enzyme-catalyzed acetylation of 
the hemiacetal instead of primary alcohol determines the ee of the product. 
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Scheme 26. Formation of monoacetylated compound 54 and subsequent 
acetylation for chiral HPLC analysis. 

 
 

Two chiral centers were generated in the enzyme-catalyzed asymmetric 
formation of the 1,3-oxathiolane derivatives, but only the C-2 configuration of 
both CAL B- and STS-catalyzed products was identified by comparing with 
lamivudine using chiral HPLC. The C-5 configuration, which was directly 
related to the selectivity of enzyme, remained unclear due to the loss of 
chirality in the following Vorbrüggen coupling reaction. In-depth studies have 
been reported regarding the selectivity of enzymes upon acylation of secondary 
alcohols in organic media by Kazlauskas and coworkers, leading to the 
establishment of the famous empirical “Kazlauskas’ rule”. However, in our 
study the substrate of the enzyme was a heterocyclic hemiacetal, which was 
significantly different from the secondary alcohols tested in the formation of 
this empirical rule. Therefore, identification of the C-5 configuration would not 
only discover the enzyme selectivity on a new type of substrate but also give a 
more comprehensive understanding of the enzyme-catalyzed asymmetric 
synthesis of lamivudine. 

3.4.2. Elucidation of C-5 configuration of the 1,3-oxathiolane derivatives  

The easiest way to identify the absolute configuration of the 1,3-oxathiolane 
derivatives would in theory be NOE-NMR spectroscopy. Compounds 49a, 49b 
and 51a, 51b were hence analyzed respectively, but no sufficient cross peaks 
were recorded to verify the spatial relationship between the C-2 and C-5 
protons, indicating a relatively large distance between the two protons.   
 
On the other hand, oxygen-containing five-membered rings are known to be 
conformationally flexible structures,135-138 which in theory means that their 
conformation could be slightly adjusted by structural modification. In the case 
of 1,3-oxathiolane derivatives, proper substituent modification might be able to 
increase the intramolecular crowding. This change consequently increases the 
puckering of the ring structure and results in a decreased distance of the related 
protons for enhanced NOE-NMR signals.  
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Based on the structure of compound 49, the two ester motifs were considered 
to be the most suitable sites for modification. Taking into account that 
hydrolysis of the C-5 ester group would form a less stable hemiacetal, the 
primary ester was preferentially targeted. Nevertheless, selective hydrolysis is 
very difficult to achieve with traditional chemical approaches while enzymes 
are well-known catalysts for this purpose. A CAL B-catalyzed selective 
hydrolysis was designed (Scheme 27). Firstly, racemic 49 was synthesized and 
subjected to hydrolytic conditions in a 1:1 (v : v) PBS buffer (pH 8.0)/toluene 
biphasic system in the presence of CAL B. Hydrolyzed product 55a was 
subsequently acetylated to determine the enzyme hydrolytic selectivity. By 
comparing the related chiral HPLC chromatogram, product 49c was identified 
as an isomer of 68% ee (Table 9) from the other diastereomer rather than 
isomers 49a and 49b (Figure 29). Interestingly, when toluene was replaced by 
THF in the hydrolysis, different diastereoselectivity was observed as the 
acetylated product of compound 55b corresponded to STS-catalyzed product 
49a with very high enantioselectivity (>99% ee). Solvent-dependence in 
enzyme-catalyzed hydrolysis has been observed in many cases,139-142 although 
the detailed mechanism for the change of enzyme stereoselectivity is still 
unclear. The most reasonable explanation is that the conformation of the 
enzyme active site could change dramatically when exposed to different 
solvents, resulting in formation of different isomers.  
 

 

Scheme 27. CAL B-catalyzed enantioselective hydrolysis. Reagents and conditions: 
(i) pyridine, Ac2O, 84%; (iia) PBS/toluene, CAL B, 77%; (iib) PBS/THF, CAL B, 86%; 

(iii) Ac2O, NEt3, DCM, 91%. 
 
 

49c

49b

49a

 
Figure 29. Chiral HPLC chromatogram of racemic compound 49. 

 
Several organic solvents were tested to further study the solvent effect 
(Table 9). Reactions in TBME yielded the same enantiomer as that in toluene 
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but with lower dr and ee. No product was obtained with more polar solvents 
such as DMF and DMSO, probably due to their denaturizing effect by 
dissolving the crucial water shell that maintains enzyme activity.  
 

Table 9. Solvent-dependence in CAL B-catalyzed biphasic hydrolysis.a 

Solvent drb ee [%]c       yield [%]d 

PBS/toluene 
PBS/TBME 

14.9:1 
11.5:1 

  68                    77 
  59                    72 

PBS/THF <1:99  >99                   86 
a Reaction conditions: compound 49 (2.1 mmol), biphasic solvent 5 mL, CAL B 
(50 mg), overnight; b By 1H-NMR spectroscopy from the isolated diastereomeric 
mixture; c Analyzed by chiral HPLC (Chiralpak OJ column, λ= 210 nm) using 
10% of 2-propanol in hexane; d Isolated yield. 

 
 
With the primary hydroxyl group liberated, compound 55a was acylated with 
anthracene-9-carbonyl chloride 56 to get compound 57 (Scheme 28). The 
intention was that the bulky anthracene plane could considerably increase the 
spatial crowding of the oxathiolane ring, enhancing the repulsion with the C-5 
acetyl group in case if compound 55a has a cis configuration. Nevertheless, 
only weak signals were recorded directly between proton a and proton b. In 
order to get a better proof of the configuration, proton c and proton d were 
utilized as bridge protons. Proton c and proton d were selectively saturated 
respectively (Figure 30). It was shown that proton c had correlation with both 
proton a and proton b while proton d had correlation only with proton a. This 
result clearly indicated that proton a and proton b are on the same side of the 
heterocycle, leading to the conclusion that compound 57 as well as compound 
55a possess cis configuration. Vorbrüggen coupling reaction and subsequent 
hydrolysis of compound 49c were conducted for the identification of the C-2 
configuration. The chiral HPLC analyses showed that the corresponding 
nucleoside product was ent-lamivudine 53b, indicating that compound 55a has 
a (2S, 5R) configuration. 
 

 

Scheme 28. Preparation of compound 57 for NOESY-NMR analysis. 
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Figure 30. NOE-NMR spectra of compound 57. 
 
 

Based on the results obtained from NOE-NMR spectroscopy and chiral HPLC 
analyses, the selectivities of both STS and CAL B for the asymmetric 
formation of 1,3-oxathiolane derivatives in the DKR process, as well as the 
selectivity of CAL B in the 1,3-oxathiolane derivative hydrolysis, were 
eventually identified (Figure 31). In the DKR process, both STS and CAL B 
favor the formation of the trans-1,3-oxathiolane ring, where CAL B catalysis 
results in the (S) selectivity of the cyclic C-5 hemiacetal (compound 49b) 
compared with the (R) selectivity of the STS catalysis (compound 49a). In the 
hydrolytic procedure, cis isomer 55a was the product obtained in a 
PBS/toluene solvent system while trans isomer 55b was the exclusive product 
obtained in a PBS/THF mixture. 
 

 

Figure 31. Top: STS- and CAL B-catalyzed DKR products; Bottom: CAL B catalyzed 
hydrolytic products from different solvents. 
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3.5. Conclusion 

In this chapter, two types of heterocyclic compounds were asymmetrically 
synthesized through enzyme-catalyzed DKR protocols. In the first example, a 
series of six-membered novel oxathiazinanones were obtained from a CAL B-
catalyzed one-pot domino nitrone addition-lactonization process. A double 
catalytic pathway could be proposed and verified, where methanol was 
identified as CAL B inhibitor and acyl donor was applied as efficient inhibitor 
scavenger. In the second study, a three-step synthesis of lamivudine was 
developed by using STS as catalyst. The stereoselectivity of the synthesis was 
well controlled as ent-lamivudine was also accessible by using CAL B. 
Moreover, the selectivity of enzyme towards the formation of five-membered 
oxathiolane derivatives was successfully identified, offering a comprehensive 
understanding for the enzyme-mediated synthesis of 1,3-oxathiolane-based 
nucleosides. 
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4.  
Concluding Remarks 

 
In this thesis, we have focused on two areas of dynamic chemistry: dynamic 
systemic resolution (DSR) and dynamic kinetic resolution (DKR). First, for the 
DSR study, imine formation proved efficient for the generation of dynamic 
systems under thermodynamic control. By integrating the nitroaldol reactions 
and hemithioacetal formation, a double parallel dynamic system with enhanced 
complexity and diversity was established. Enzyme-catalyzed transformation 
and silver-catalyzed 1,3-dipolar cycloaddition were respectively employed as 
external selection pressures to resolve the generated dynamic systems. In both 
cases, amplifications of the optimal constituents were observed, resulting in 
selective product formation with good chemo- and enantioselectivities. 
Moreover, a dynamic imine system was resolved through an in situ 
organogelation, which served as an internal selection pressure.  
 
Secondly, we have explored the asymmetric synthesis of heterocycles by 
utilizing enzyme-catalyzed dynamic kinetic resolution protocols. A series of 
six-membered N-, O-, S-containing oxathiazinanones were successfully 
synthesized in the presence of lipases in one-pot with good conversions and 
enantioselectivities. A double catalytic pathway was proposed and verified, 
where the acyl donor worked as enzyme inhibitor (methanol) scavenger. In the 
other study, the anti-HIV agent lamivudine was synthesized through a 
surfactant-treated subtilisin Carlsberg-mediated dynamic kinetic resolution 
process in three steps. The enantiomer of lamivudine was also accessible by 
changing the surfactant-treated subtilisin Carlsberg to lipases. In addition, the 
enzyme selectivity towards the formation of five-membered oxathiolane 
derivatives was elucidated, leading to a comprehensive understanding for 
enzyme-catalyzed nucleoside synthesis. 
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