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Abstract 

This thesis is divided into three parts, revolving around the developments of 
dynamic systems utilized in dynamic kinetic resolution (DKR) and 
constitutional dynamic chemistry (CDC).  
 
The first section gives an introduction to constitutional dynamics, the core 
concept of this thesis. Constitutional dynamics can be tuned through reversible 
interactions. Then, the basic principles of constitutional dynamics in DKR and 
CDC are discussed, along with their applications. 
 
The second section explores the asymmetric synthesis of oxazolidinone 
derivatives using lipase catalysis through kinetic resolution (KR) and dynamic 
kinetic resolution. In the first example, synthetic protocol to enantioenriched 5-
phenyloxazolidin-2-ones is described, where a kinetically controlled 
carbamation is followed by lipase-catalyzed cyclization. In contrast to the 5-
substituted species, the synthesis of 3-phenyloxazolidin-2-one derivatives 
could be achieved through lipase-catalyzed cascade O- and N- 
alkoxycarbonylations in one pot. Furthermore, this KR system could be 
coupled to a ruthenium-catalyzed racemization process of 1,2-aminoalcohols, 
thus providing an efficient DKR methodology for asymmetric transformations. 
 
The third section focuses on dynamic systems built through reversible covalent 
reactions. In the first example, a selective gelation process is described, and 
employed to resolve dynamic imine systems consisting of gelator candidates.  
In the second example, reversible reactions with aldehyde enamines are 
presented, including enamine formation and exchange reactions. In particular, 
Bi(III) and Sc(III) were discovered to accelerate the enamine exchange 
reactions by 50-400 times, in which the equilibria could be reached within 
hours. The last example describes reversible nitroaldol reactions in aqueous 
media, where rapid and efficient equilibration was identified for selected 
structures in neutral phosphate buffer.  
 
Keywords: constitutional dynamic chemistry, reversible reactions, kinetic 
resolution, dynamic kinetic resolution, enzyme catalysis, lipase, asymmetric 
synthesis, racemization, oxazolidinone, organogel, enamine, nitroaldol 
reaction.  
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1.  
Introduction 

Nature has a molecular basis. Unlike the classical “pure” form commonly 
found in chemistry laboratories, in nature a large multitude of molecules are 
constantly interacting, organizing and transforming within networks. These 
mixtures of molecules linked by a set of transformations can give rise to 
complex functions as those observed in biological molecular signaling 
systems.1,2 It is of interest to study such molecular mixtures, as it can provide 
fundamental insights into the organizational principles of molecules in nature.3 
 
Unfortunately, these mixtures of molecules are not easy to study, as they are 
generally integrated within complex systems. As a result, isolating these 
molecules results in a loss of function and therefore a loss of valuable 
information. However, molecular mixtures with interlinked transformations 
can also be studied in a chemical laboratory.4  
 
The interest in studying such synthetic mixtures of molecules has been 
growing in the last few decades, most notably in the area of dynamic 
chemistry, where molecular components in a system are continuously 
exchanging under thermodynamic control.5 Moreover, these systems can be 
created as isolated entities, be further analyzed with modern analytical 
techniques and can in this way provide additional insight into systems of 
higher complexity. The range of molecular systems used in this field has been 
expanded greatly, to various interaction-interconnected dynamic molecular 
systems. The knowledge obtained from these studies of molecular mixtures is 
believed to enable us to engineer new chemical systems with properties and 
functions unlike conventional designs.6 Eventually, pursuing the goal in 
synthetic chemistry will lead to the creation of chemical entities with desirable 
properties through the programmed application of isolated chemical 
reactions.1,6 

1.1. Constitutional dynamics 
In general, the classic dynamics in chemistry encompasses motional dynamics 
and reactional dynamics. The former one has a basis on atom movements 
without allowing chemical bonds breaking or forming. Reactional dynamics 
concerns the changing behavior in the process of formation/breakage of 
chemical bonds.7 Constitutional dynamics describes the changing features of 
components within a chemical entity (Figure 1), leading to the concept of 
constitutional dynamic chemistry (CDC).8 Specifically, components in 
molecular networks can be in continuous exchange through reversible covalent 
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transformations of building blocks; while in supramolecular networks, entities 
undergo continuous association and dissociation via non-covalent interactions. 
The chemical entities within constitutional dynamics rearrange to reach the 
thermodynamically most stable state and are by nature responsive. Therefore, 
by coupling the system to a sequential secondary process, the constitutional 
dynamics would thus be changed. Furthermore, if the constitutional change 
can be monitored, the resulting information would reflect the adaptive nature 
of the mixture as a whole. This strategy has been implemented in chemical, 
biological and materials sciences, as will be discussed later.9 
 

 
 

Figure 1. Constitutional dynamics.8 
 
As the change of the system composition is associated with certain chemical 
bonds or interactions, such constitutional dynamics can be investigated by 
analytical techniques, thus enabling analysis of behavior at a systemic level. 
These analytical techniques allow for the study of constitutional dynamics on a 
dynamic system of practical significance. 

1.1.1. Introduction of reversible reactions/interactions 
Reversible interactions are of great importance for the development of the field 
of constitutional dynamics. Reversible chemical reactions were first introduced 
by Berthollet in 1803, describing the reversible reaction between calcium 
chloride and sodium carbonate,10 before which chemical reactions were 
considered to proceed in one direction only. A reversible reaction can be 
viewed as two reactions that form a closed reaction loop (Figure 2). When it 
reaches equilibrium, both reactants and products are in stable constitutional 
fractions and an overall free energy minimum is reached in the system.    
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A B C D+ +

kf

kb  
 

Figure 2. A reversible reaction can be viewed as two reactions in a looped 
reaction network. (kf: reaction rate constant of the forward reaction; kb: reaction 
rate constant of the backward reaction) 
 
The behavior of reversible reactions was later formulated by Le Châtelier and 
van’t Hoff in the equilibrium law: “When a system at equilibrium is subjected 
to change in concentration, temperature, volume, or pressure, then the system 
readjusts itself to (partially) counteract the effect of the applied change and a 
new equilibrium is established.”11,12 What to be noticed is that this law has a 
physical basis in thermodynamics and has analogs in chemical, ecological and 
biological systems. 
 
The definition of a reversible reaction takes the principle of microscopic 
reversibility in consideration. The equilibrium constant (K) is defined as the 
ratio of the concentrations of the components. A reaction is considered to be 
unidirectional when a large equilibrium constant (log K > 3) is observed, a 
value where the reactants are only left in very small concentrations.  
Equilibrium constants are related to the Gibbs free energy change of the 
reactions. For reactions where the bond type changes, the free energy of the 
reactants and products can differ substantially, making their reaction scope 
quite limited. On the other hand, for reactions of for example the metathesis 
type, in which one type of bonds is involved, the overall energy tends to keep 
unchanged. As a result, the equilibrium constant might be around 1, and all 
possible components are expressed in the mixture.      
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1.1.2. Classification of reversible reactions/interactions 
The reversible reactions (or interactions) available to generate dynamic 
diversity are generally grouped as in Table 1: (A) Bimolecular reversible 
covalent reactions; (B) Monomolecular reversible reactions; (C) Non-covalent 
interactions. A range of reversible reactions of type (A) and (C) have been 
widely used to build dynamic systems and are discussed in several reviews 
with respect to conditions, component scope, and limitations in application 
examples.13 An interesting notice is that many of these exchange reactions can 
be conducted with catalysts to accelerate the equilibration if slow kinetics is 
shown.   
  

Table 1. Reversible reactions/interactions in dynamic systems. 
 

A.(i) Bimolecular reversible covalent reactions (between different bonds) 

Imine formation 
R1 H

O
+ R2 NH2

R1 H

N
R2

+ H2O

 

Disulfide formation R1 SH + R2 SH R1
S

S
R2  

Aldol addition 
R1 H

O
+ R2 R3

O
R1 R3

OH

R2

O

 

Nitroaldol addition 
R1 H

O
+

R2 R3

NO2

R1
NO2

OH

R2R1  

Hemiacetal formation 
R1 H

O
+ R2 OH

R1 O
R2

OH

 

Hemithioacetal formation 
R1 H

O
+ R2 SH

R1 S
R2

OH

 

Orthoester exchange14 R
OR1
OR1

OR1

+ R2OH R
OR1
OR1

OR2

R
OR1
OR2

OR2

R
OR2
OR2

OR2

+ + + R1OH

 

Acetal exchange 
R3O OR4

R2R1
+ R5 OH

R3O OR5

R2R1
+ R4 OH

 

Transthiolesterification 
R1 S

R2

O
R3 SH+

R1 S
R3

O
R2 SH+

 

Transesterification 
R1 O

R2

O
R3 OH+

R1 O
R3

O
R2 OH+

 

Cyanohydrin formation 
R1 H

O
+ HCN

R1 CN

OH
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Imine cyanation 
R1 H

N
R2

+ HCN
R1 CN

HN
R2

 

Thia-Michael reaction O
R2

R1

R3 SH+ R3
S O

R2

R1  

Boronate ester formation R1 B
OH

OH
+

HO R2

R3HO
R1 B

O

O R3

R2
+ 2H2O

 

Diels-Alder reaction 
R1

R2

+
R3

R4

R1

R2

R3

R4  

Urea formation15 R1 N
C

O
+ HN

R3

R2 R1 N
H

N
R2

O

R3  
A.(ii) Bimolecular reversible covalent reactions: metathesis types  

(form/break of same type of bonds) 

Alkene metathesis 
R1

R1

+
R2

R2

R1 R2 + R2R1
 

Disulfide metathesis R1
S

S
R2 + R3

S
S

R4 R1
S

S
R4 + R3

S
S

R2  

Disulfide exchange R1
S

S
R2 + R3 SH R1

S
S

R3 + R2 SH  

Transimination 
R1 H

N
+ R3 NH2

R1 H

N
R3

+
R2

R2 NH2

 

Imine metathesis 
R1 H

N
R2

R3 H

N
R4

+
R1 H

N
R4

R3 H

N
R2

+

 

B. Monomolecular reversible covalent reaction 

Racemization reaction 
R2 R3

+
R2 R3R2 R3

R1 R1 R1cat.

 
 

C. Non-covalent interactions 

Metal coordination Mm+ + n L [ MLn ] m+  

Hydrogen bonding 
R1

R2

O + N

R3

O

R4
H

R1

R2

O N

R3

O

R4
H
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1.1.3. Applications of constitutional dynamics 
The previously shown reversible reactions/interactions are universal chemical 
transformations, and have been utilized in various fields. For example, 
reversible reactions have been applied in chemical biology, in molecular 
sensors, in imaging probes, and in materials science to produce responsive 
materials, as well as in functionalizing molecular or supramolecular systems to 
produce dynamic chemical devices possessing electro-, photo- and iono-
properties.16-21 In the following sections two other major applications of these 
reversible reactions in the field of dynamic chemistry will be discussed, 
including their use in constitutional dynamic chemistry and dynamic kinetic 
resolution. 

1.2. Constitutional dynamic chemistry 

1.2.1. Introduction 
Constitutional dynamic chemistry (CDC) is a concept based on the chemical 
reversibility on the molecular and supramolecular levels. It can be designed in 
a strategy for the generation and selection of “unique” molecules from a pool 
of candidates formed by reversible reactions/interactions of building blocks.9   
 
A schematic representation of CDC with an external selection pressure is 
illustrated in Figure 3: (i) Constitutional process: initial building blocks 
interact with each other reversibly to provide all the possible constitutional 
combinations in a dynamic system; (ii) Selection process: the dynamic system 
is exposed to a receptor, which can selectively combine with the constituent 
possessing the highest binding affinity; (iii) Amplification: the accumulation of 
binding events drives the constitutional change of the dynamic system. This 
constitutional change is not only reflected by the amplification of the best 
binding component, but also by the constitutional change in other constituents 
sharing the same building blocks. In other words, the binding event is reflected 
both on the molecular level and by the constitutional changes on the level of 
the whole dynamic system.        
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Figure 3. Schematic representation of CDC using receptor. 

1.2.2. Dynamic covalent systems  
In CDC, reversible chemical reactions are employed to mediate the continuous 
exchange of building blocks. The mixture of these reversibly interconverting 
building blocks is called the dynamic covalent system. While being ready for 
selection, a dynamic covalent system normally needs to be pre-equilibrated as 
a “reference” state, where all components are in equilibrium in a stable 
distribution. This reference state of a dynamic covalent system is dependent on 
the nature of the reversible reactions and the constituents of the mixture. In the 
process of selection, the overall distribution of components in a dynamic 
covalent system is shifted and a selective amplification of a particular 
constituent can affect the overall distribution of a dynamic covalent system due 
to the reversible feature.  
 
Reversible covalent reactions are thus the basis in designing dynamic covalent 
systems. However, several criteria need to be fulfilled for the reversible 
reactions to be efficient in CDC.22-24 Firstly, the time for equilibration of the 
reversible reactions chosen for the generation of dynamic covalent systems 
should be on a reasonable time scale as compared to the selection process. In 
other words, both the forward and reverse reactions in the reversible exchange 
need to be fast enough to ensure that the best candidate of a dynamic covalent 
system is affected in response to the selection pressure. Otherwise, the 
components’ distribution at equilibrium might interfere with the selection 
effect. Secondly, the reversible reaction needs to be compatible with the 
applied conditions in the selection process since equilibration and selection 
processes need to take place simultaneously to achieve satisfactory 
amplification. For example, when biological agents are involved, the reversible 
reactions generally need to be available in aqueous environment at 
physiological pH and moderate temperature. Furthermore, it is preferable that 
the systems are relatively isoenergetic, to ensure all possible compounds are 
formed in the mixture with more or less equal probability.  
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The scope of available dynamic reactions that fulfill these criteria is relatively 
limited, including imine exchange, thiol-disulfide exchange, etc. Therefore, the 
reaction scope constitutes a major bottleneck and new, or improved reversible 
reactions are highly demanded.25,26 
 
To increase the complexity of dynamic covalent systems, the reversible 
reactions can also be used in combination. The reversible reactions can be 
selected to be mutually orthogonal (no influence to each other), coupled in 
tandem, as well as other formats. With coupled reactions in different 
combination formats, the diversity and complexity of dynamic covalent 
systems can be substantially increased, encompassing an extended chemical 
space. 
 
Selection of dynamic covalent systems 

As mentioned before, the constitutional states in dynamic covalent systems can 
be changed in response to a certain stimulus owing to its adaptive nature. The 
selection processes are highly diversified depending on the reaction conditions 
of dynamic covalent systems and the targeted purpose. A range of stimuli, 
either of physical, chemical or biological type, has been implemented to shift 
the equilibration, as shown in Table 2. Selections can be achieved mediated by 
chemical transformations or molecular recognition events. Besides these 
internal selection stimuli, the self-folding and self-assembly of molecules, as 
well as phase separation can be used to select the desired components. 
 

Table 2. Examples of selection stimuli applied in CDC. 
 

External 

Chemical transformation Reaction-based  transfer 

Molecular recognition 

Casting 
(e.g. receptor) 

Molding 
(e.g. substrate, ion) 

Internal 

Self-assembling 
(aggregation) 

Folding 
(e.g. protein) 

Crystallization 

Gelation 

Phase-separation 

Liquid-liquid 
(e.g. aqueous-organic phase) 

Gas-liquid  
(e.g. distillation) 
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Monitoring and analysis of selection 
The analysis and interpretation of these selection processes are based on the 
change in constitutions of the mixtures. The states of dynamic covalent 
systems can be generally monitored by mass spectrometry, high performance 
liquid chromatography (HPLC), nuclear magnetic resonance (NMR) 
spectroscopy, optical spectroscopy (e.g. fluorescence spectroscopy, ultraviolet-
visible spectroscopy), and other on-line monitoring techniques.27 Statistical 
analyses can furthermore be applied regarding the constitutional changes 
between different states. So far, there is a lack of efficient mathematic methods 
to analyze time-dependent processes within dynamic covalent systems. 
Therefore, it is still challenging to study the systemic behaviors of dynamic 
covalent systems.    

 

1.2.3. Applications 
CDC has found various applications in different scientific areas. The classic 
applications of CDC concern the identification of molecules with binding 
properties, including new ligands for drug discovery,28 as well as large host 
molecules in supramolecular chemistry.4 These selection protocols that usually 
lead to different species compared to structures identified by other methods. 
CDC can also be used as a fast method in catalyst discovery and evaluation of 
catalysts in organic synthesis.29 In analytical chemistry, the stimuli-response at 
the systemic level can be employed in, for example, fluorescent and 
colorimetric sensors.30,31 
 
Studies of dynamic features in molecular networks 
In addition to classic CDC, various dynamic covalent systems can also be 
created with different design of reaction networks to study the systemic 
behavior of molecular mixtures (dynamic covalent systems).32 In our group, 
specifically, the coupling of CDC processes with sequential kinetically 
controlled transformations leads to a concept formulated as dynamic systemic 
resolution (DSR), which, for example, provides rapid evaluation of kinetic 
resolution (KR) processes.7,28,33-36  
 
Exploration of dynamic materials in materials science 
The adaptive nature accompanying the reversible exchange process can also be 
implemented in materials science, thus leading to stimuli-responsive 
materials.37-41 Searching for low-molecular-weight building block based 
materials can be facilitated using a selection approach where best candidates 
from a mixture can be identified. Dynamers, one type of polymeric materials 
whose monomeric components are linked through reversible connections, are 
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for example responsive and can have self-healing properties.42,43 The studies of 
its constitutional dynamics in responsive experiments are inherent in CDC and 
provide a molecular basis for their applications.  

1.3. Dynamic kinetic resolution 

Another application concerning constitutional dynamics is dynamic kinetic 
resolution (DKR). The process mediated by reversible covalent reactions has 
been implemented in the synthesis of a range of organic compounds. Besides 
this, DKR can also be achieved with the aid of racemization agents. 

1.3.1. Kinetic resolution (KR) and dynamic kinetic resolution (DKR) 
Kinetic resolution (KR) is an important method to obtain enantioenriched 
compounds from racemic mixtures. In a KR protocol, two enantiomers of the 
starting material react at different reaction rates in a chemical reaction (Figure 
4).44,45 If one of the enantiomers, for example SR, can be transformed to 
product with a much higher rate than the other enantiomer SS, the 
corresponding product PR can be attained with high ee, while leaving 
enantioenriched starting material SS. The larger the difference in reactivity 
between the two enantiomers of the starting material, the higher enantiopurity 
will be obtained. However, in KR processes the theoretical maximum yield 
while maintaining high ee is only 50%. 

 

 
 

Figure 4. Concept of kinetic resolution.  
 

In contrast, DKR introduces a reversible reaction (krac) to equilibrate the two 
enantiomers of the starting material (Figure 5).46-49 Fast consumption of one of 
the enantiomers will lead to re-equilibration of the mixture to form more of 
this enantiomer. Thus, in DKR it is theoretically possible to convert racemic 
starting materials to enantiopure product with a maximum 100% yield as long 
as the rate of the in situ racemization process is sufficiently high. For this 
reason, DKR has been widely used in asymmetric synthesis since its first 
introduction by Noyori.50,51 This racemization-KR system of DKR can also be 
viewed as one of the basic dynamic covalent resolution processes in CDC 
interconverting components coupled to a secondary recognition event. 



   11 

 

 
 

Figure 5. Concept of dynamic kinetic resolution. 

1.3.2. Racemization 
The racemization in DKR can be achieved either by direct conversion of chiral 
centers in starting materials, or by a process mediated by reversible covalent 
reactions. Direct conversion of chiral centers can be facilitated by biological 
agents (e.g. racemase in Figure 6a), transition metal catalysts (e.g. ruthenium 
catalyst in Figure 6b), etc. Racemization mediated by reversible reactions is 
referred as dynamic covalent kinetic resolution (DCKR). For example, in 
Figure 6c, the fast equilibration of the reversible cyanohydrin reaction resulted 
in the racemization of secondary alcohols. This concept of DCKR has been 
extensively studied in our group and is emerging as an important class of DKR 
in asymmetric synthesis.  
 

H

O

HO CN
CN

OH

AcO

CN

OAclipase from
Pseudomonas cepacia

HO OH
NH2

O

N
H

H2O
N
H

OH
NH2

O
amino acid racemase;
tryptophan synthase

NH2 NHAc

AcO

(a)

(c)

(b)

CAL-B;

R = p-MeO-C6H4

R
O

R

R Ru
R

CO
OC

R
O

R

RRu
R

CO

H

H

OC

 
 
Figure 6. Three general ways for racemization mediated by (a) racemase;52 (b) 
transition metal catalyst;53 (c) covalent reversible reaction.54 
  
The in situ compatibility between the racemization reaction and KR remains a 
major issue when designing DKR systems, and this still heavily limits the 
scope of applicable substrates.46 When biological catalysts (enzymes) are 
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employed in KR, the specific reaction conditions required are usually quite 
different compared with those for most racemization reactions. Moreover the 
rich functionality in an enzyme can deactivate the catalyst used for the 
racemization reaction. Furthermore, to achieve efficient resolution, additional 
rules regarding the coupling of two processes are required: the racemization 
rate (krac) should preferably be higher than the reaction rate of the fast-reacting 
enantiomer (kfast), or at least considerably higher than that of the slow-reacting 
enantiomer.55,56 

1.4. The aim of this thesis 

The first aim of this work has been to further explore dynamic kinetic 
resolution based on lipase-catalyzed alkoxycarbonylation reactions. According 
to the previous studies in our group, lipases are efficient enzymatic catalysts in 
the concept of dynamic covalent kinetic resolution. The study of lipase-
catalyzed KR processes would facilitate the evaluation of the relevant DKRs, 
thus providing additional insights in KR process. These studies focused on the 
enantioselective synthesis of oxazolidinones. 
 
The second aim of this work has been to expand the scope of reversible 
transformations in the field of CDC. Inspired by the reported internal selection 
pressure applied in DSR, for example crystallization, the self-assembly of 
organogelator molecules was introduced in dynamic systems as another 
stimulus candidate. Secondly, reversible exchange between enamines and 
amines has been demonstrated, which is complementary to the classic 
reactions involving imines. The similar building blocks required in dynamic 
enamine chemistry offer a new possibility of expanding the dimension of the 
dynamic molecular networks. Lastly, an important C-C bond formation method, 
the nitroaldol reaction was made suitable for the use in aqueous environments, 
for further biological applications. 
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2.  
Chemoenzymatic Resolutions for the 

Synthesis of Oxazolidinones 
(Paper I-III) 

2.1. Introduction 

The majority of natural products and therapeutics exist in one enantiomeric 
form. Asymmetric synthesis, a method to access these compounds of interest, 
has gained continuous attention from chemists over the past decades. In order 
to obtain chiral products from racemic starting materials, biocatalytic 
transformations have been commonly used due to their high regio- and 
stereoselectivity, high efficiency, mild reaction conditions, and 
environmentally-friendly properties.57-60 For instance, kinetic resolution 
protocols coupled with engineered enzymes as selection pressure have been 
widely applied for the resolution of racemic alcohols and amines. The resulting 
products can be obtained with high enantiopurities in industrial 
applications.61,62 Moreover, to improve the efficiency of KR processes, the 
DKR protocol has been developed for asymmetric synthesis by introduction of 
an additional racemization process. 
 
Among the enzymes used for chemical applications, hydrolases have attracted 
much attention and have been widely studied in asymmetric synthesis in the 
past century. In nature, hydrolytic reactions are important to digest nutrients 
into smaller entities that can be adopted by cells. One class of hydrolases of 
interest is lipases [EC 3.1.1.3], which can catalyze the hydrolysis of natural 
triglycerides into fatty acids and glycerols.63 They are widely present in 
bacteria, fungi, animals and plants.64,65 The proposed catalytic mechanism of 
lipase-catalyzed hydrolysis emphasizes the role of a catalytic triad in the 
enzyme active pocket, which is constructed with glutamate/aspartate, serine 
and histidine (Figure 7).64 The catalysis procedure starts by nucleophilic attack 
of the hydroxyl group in the serine residue on the carbonyl group of the 
substrate ester, leading to an acyl-enzyme intermediate where the substrate is 
covalently bond to the enzyme. The intermediate is subsequently attacked by a 
water molecule, releasing carboxylic acid product and finally regenerating the 
enzyme. 
 
It was believed for a long time that lipases could only work under aqueous 
conditions. In the 1980s, it was found that some lipases showed catalytic effect 
on transesterifications in dry organic solvents.66 Lipases are also reported to 
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catalyze C-O, C-N and C-S bond formations in organic media,67-69 and the 
stereo-preference of some lipase-catalyzed transformations can be generally 
predicted by the Kazlauskas’ rule.70-72  
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Figure 7. Mechanism of lipase-catalyzed hydrolysis. 

Oxazolidinone derivatives have become highly attractive compounds in recent 
years being of significance in synthetic and biological/medicinal chemistry. 
The oxazolidinone motif constitutes core structures of Evans’ auxiliaries for 
the synthesis of asymmetric compounds.73-75 Additionally, they exist in many 
natural products and pharmaceuticals. A well-known medicinal application of 
oxazolidinone derivatives is their use as antimicrobial agents, such as the 
commercial available Linezolid and Tedizolid for the treatment of serious 
infections caused by Gram-positive pathogens, especially for those pathogens 
resistant to other antibiotics (Figure 8).76-82 Oxazolidinone derivatives in other 
clinical use are also prevalent, for example, the commercially available drug 
Befloxatone for the treatment of dysthymia, the antidepressant drug 
Toloxatone, the muscle relaxant Metaxalone, the serotonin receptor agonist 
Zolmitriptan and HIV-1 protease inhibitors.83-85 
 
Due to its structural importance, much effort has been made for the 
asymmetric synthesis of oxazolidinones over the past years.86-90 In these 
studies, the enantiopurities are mainly resulting from the use of chiral starting 
materials, transition metal catalysts or chiral organocatalysts. Biocatalysis, one 
of the most efficient approaches to the synthesis of enantiopure compounds, 
has however been less studied in this regard, particularly in the direct synthesis 
of the oxazolidinone core structures. In the previous studies in our group, 
lipases have been utilized in the asymmetric synthesis of various heterocycles, 
indicating the potential of enzymes to be used for this type of compounds.91-94 
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Therefore, as described in the following section, synthetic protocols to 
enantioenriched oxazolidinone derivatives through enzyme-catalyzed kinetic 
resolution as well as dynamic kinetic resolution have been developed. 
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Figure 8. Commercially available drugs with oxazolidinone core structures. 
 

2.2. Lipase-catalyzed KR for the synthesis of 5-aryl-
oxazolidinones 

2.2.1. Reaction optimization and substrate scope 
To synthesize the O-, N-heterocyclic oxazolidinone products, 1,2-
aminoalcohols were used as starting substrates to undergo lipase-catalyzed 
alkoxycarbonylation. At the outset, 2-(methylamino)-1-phenylethanol (1a) was 
used as the model 1,2-aminoalcohol, and carbonate diester was selected as the 
double alkoxycarbonylation donor to enable a two-step cascade 
alkoxycarbonylation process in one pot (Scheme 1).95,96 
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Scheme 1. Synthesis of compound 4a through lipase-catalyzed kinetic 
resolution. 

 
Firstly, different lipase preparations were evaluated. Among the tested lipases, 
including lipases from Burkholderia (Pseudomonas) cepacia (PS-IM and PS), 
Candida antarctica (CAL-B) and Pseudomonas fluorescens (PFL), CAL-B 
and PS did not give any oxazolidinone products, while only PS-IM and PFL 
could catalyze the transformation. PS-IM was subsequently used for the 
following studies due to its higher transformation rate compared with that of 
PFL. 
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To evaluate the impact of the solvent on the reaction, toluene and tert-butyl 
methyl ether (TBME), the two most commonly used solvents in our previous 
studies, were next evaluated. TBME was proven to be a better solvent over 
toluene in catalyzing the transformation, considering its much higher 
conversions within the same time scale. Besides, different carbonate diesters 
were assessed in the reaction as alkoxycarbonylation donor. Among them, 
diphenyl carbonate (2a) led to smooth transformation of compound 1a, giving 
oxazolidinone 4a with good yields and high ee:s. However, the reaction with 
methyl phenyl carbonate did not afford any products. It could probably be 
attributed to the methanol formation in the alkoxycarbonylation, which may 
deactivate the lipase and thus inhibit the transformation.97 
 
The alkoxycarbonylation process proceeded well using 2a as the donor in 
TBME under the catalysis of PS-IM (Table 3, entry 1). Product 4a could be 
isolated with high ee (92%) at 46% yield after 4 days. The major enantiomer 
was determined to be the (S)-configuration based on polarimetry data. In the 
meantime, the carbamation intermediate (3a) was separated with a high ee of 
94%, while compound 1a was totally consumed. However, the slow 
transformation process became the main drawback of the reaction under these 
conditions. To solve this problem, different Lewis bases and acids were 
screened to shorten the reaction time (Table 3). It was shown that 
trimethylamine (Et3N) did not show acceleration effect on the reaction, 
whereas the organic bases (1-methylimidazole and 4-methylmorpholine) led to 
even lower yields of products while high ee:s were retained. On the other hand, 
the two tested acids (ZnBr2 and SiO2) both accelerated the reactions, although 
ZnBr2 gave rise to considerably reduced product ee:s throughout the reaction 
process. SiO2 successfully accelerated the reaction process, shortening the 
reaction time (4 d vs. 3 h), while maintaining high product ee (95%).  

After optimization of the reaction protocols with regard to lipase preparation, 
alkoxycarbonylation donors, additives and solvent, a series of substrates was 
tested to explore the scope of this reaction (Table 4). Interestingly, these 
substrates gave rise to varied component distributions when the mixtures were 
analyzed at around 50% yields. For the substrates with linear and extended 
alkyl groups (1a, 1c and 1d), carbamation intermediates 3 were observed 
besides the cyclized oxazolidinone products. Whereas for the higher sterically 
hindered 1,2-aminoalchohols (1e, 1f and 1g), the starting substrates were 
mainly detected in the solution. The ee:s of each constituent were determined 
by HPLC, as shown in Table 4. The unbalanced ratios between the 
enantiomers could be ascribed to the irreversible interactions between starting 
materials and silica gel. The substrate 1h with benzyl-substitution, however, 
was not influenced by silica gel, showing a typical kinetic resolution process 
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during transformation. In some cases, the intermediates 3 behaved unstable 
under the reaction conditions, turning back to the starting aminoalcohols. 
 

Table 3. Effect of additives.a 

OH H
N

+
O O

O

N
O

O

PS-IM

1a 2a 4a

TBME, rt

OH
N O

O
+

3a  
 

Entry Additive Time 4a yield 
(%)b ee4a (%)c 

1 -- 4 d 46 92 

2 Et3N 4 d 47 93 

3 O N
 

4 d 30 91 

4 N N
 

4 d 21 93 

5 SiO2 3 h 47 95 

6 ZnBr2 2 d 52 9 

a Reaction conditions: Compound 1a (0.05 mmol), compound 2a (3 
equiv.), additives (0.5 equiv.), PS-IM (50 mg) and 4 Å MS (20 mg) in 0.6 
mL TBME at r.t.. b Determined by 1H-NMR spectroscopy. c Determined by 
HPLC analysis using Daicel Chiralpak OD-H column. 
 

The enantioselective cyclization reactions proceeded well for the majority of 
the 1,2-aminoalcohols and the corresponding oxazolidinone products formed 
in good yields and high enantiopurities. Both a substitution of a chloride on the 
phenyl group (1b) and an extension of the N-methyl group to an N-ethyl group 
(1c) resulted in good yield while maintaining excellent ee, although leading to 
a slightly slower conversion. However, the further extension of the N-methyl 
group to a butyl group (1d) led to a slight decrease in ee to 88% for product 
4d, likely owing to a less optimal fit to the enzyme active site due to the longer 
aliphatic chain. In addition, aliphatic rings, such as cyclopropyl group in 
compound 1e and cyclopentyl group in compound 1f, were applied as N-
substituted functional groups to the system. The substrate with a cyclopropyl 
group underwent the transformation smoothly, generating the product with 
good yield (50%) and 92% ee. However, with the enlarged size of the five-
membered aliphatic ring, product 4f was produced with considerably lower ee 
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(28%) at 48% conversion and required much longer reaction time. Other than 
aliphatic groups, the substrate with a phenyl group at the amine residue (1h) 
resulted in product 4h with high ee although 5 days were required to reach 
46% yield. 
 

Table 4. Kinetic resolution of different substrates. a 

OH H
N

R' +
O O

O

N
O

O

R'PS-IM

1a-1h 2a 3a-3h

RTBME, rt
R

OH
N
R'

R
O

O

4a-4h

+

 

Entry Substrate Time Conv. 
(%)b 

4 yield 
(%)c 

ee1 
(%)d, f 

ee3 
(%)e, f 

ee4 
(%)f 

1 
OH H

N

1a  

3 h > 99 47 n.d.g 14 95 

2 
1b

OH H
N

Cl  

4.5 h 58 45 --h 4 > 99 

3 
1c

OH H
N

 

3.5 h > 99 50 n.d. 12 97 

4 
1d

OH H
N

 
1.5 h > 99 42 n.d. 58 88 

5 
1e

OH H
N

 

1.5 h 50 50 44 n.d. 92 

6 
1f

OH H
N

 

3 d 48 48 -- n.d. 28 

7 
1g

OH H
N

 
3 d 57 57 -- n.d. 10 

8 
1h

OH H
N

 

5 d 96 46 3 99 90 

a Reaction conditions: Compound 1 (0.05 mmol), compound 2a (3 equiv.), SiO2 (20 mg), 4 Å 
MS (20 mg) and PS-IM (50 mg) in 0.6 mL TBME at r.t.. b The total conversion of starting 
material 1. Determined by 1H-NMR spectroscopy. c The yield from starting material 1 to 
product 4. d ee of starting material 1 when the reaction reached aforementioned yield. e ee 
of intermediate 3 when the reaction reached aforementioned yield. f All ee:s were 
determined by HPLC analysis using a Daicel Chiralpak OD-H column. g No corresponding 
compound was detected when the reaction was quenched. h  No chiral separation method 
was found. 
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2.2.2. Mechanism 
The mechanism of the transformation focuses on the role of the enzyme in the 
two-step reaction process. Thus, control experiments were performed in the 
absence of lipase. Under these conditions, conversion of amines to form 
intermediate 3 could be observed in 1 h by 1H-NMR spectroscopy; 
nonetheless, no further alkoxycarbonylation followed to form cyclized 
oxazolidinone 4. The results supported a relatively fast carbamate formation 
step between the 1,2-aminoalcohol and the carbonate diester, but with no 
subsequent reaction of the resulting carbamate. Hence, a kinetically controlled 
carbamation step with a subsequent lipase-catalyzed cyclization mechanism is 
proposed, providing the enantioenriched oxazolidinone products as shown in 
Scheme 2. 
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Scheme 2. Lipase-catalyzed, double alkoxycarbonylation process through 
carbamate intermediate. (Ez:enzyme; Enzyme applied: PS-IM) 

2.3. Lipase-catalyzed KR and DKR for the synthesis of 3-aryl-
oxazolidinones 

2.3.1. Kinetic resolution: Optimization 
In section 2.2, a lipase-catalyzed kinetic resolution protocol was developed for 
the asymmetric synthesis of 5-phenyloxazolidin-2-one derivatives.98 In 
comparison with 5-phenyloxazolidin-2-ones, 3-phenyloxazolidin-2-ones are 
actually of higher medical importance because the N-aryl group in 3-aryl-
oxazolidinone structures was discovered to play a key role in antibiotic 
activities.99 However, the established protocol in section 2.2 using PS-IM did 
not lead to products with good stereoselectivities in the synthesis of 3-
phenyloxazolidin-2-ones even after extensive optimizations. Therefore in this 
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section, the optimization of reaction protocol in Scheme 3, for the asymmetric 
synthesis of 3-phenyloxazolidin-2-one structures has been conducted. 
 
The synthesis was designed similarly, so that 1,2-aminoalcohols undergo 
alkoxycarbonylation with diphenyl carbonate, using the lipases as chiral 
catalysts (Scheme 3). 1-(Phenylamino)propan-2-ol (5a) was first selected as 
the model substrate to compare the catalytic efficiency of different lipases. 
Among the tested lipases, including lipases from Burkholderia (Pseudomonas) 
cepacia (PS-CI, PS-CII and PS-IM), CAL-B, Pseudomonas fluorescens (AK), 
Rhizopus niveus, Mucor javanicus and porcine pancreas, only PS-CI, PS-IM, 
CAL-B and AK could catalyze the transformation (Table 5). CAL-B was 
chosen for the next optimizations owing to the quick and clean transformation 
it led to. 
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Scheme 3. Reaction protocol. 
 

 
Table 5. Screening of lipases with model reaction.a 

 
H
N

OH

+
O O

O

Lipase
O

H
N

O

O

N
O

O

+

5a 2a 6a 7a
*

*

 
 

Entry Lipase 7a yield (%)b 

1 PS-CI 52 

2 PS-CII 0 

3 PS-IM 32 

4 CAL-B 71 

5 AK 15 

6 Lipase from Rhizopus niveus 0 

7 Lipase from Mucor javanicus 0 
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8 Lipase from porcine pancreas, type II 0 

a Reaction conditions: Compound 5a (0.05 mmol), compound 2a (0.15 
mmol), lipase preparation (30 mg), 4Å molecular sieves (MS) (20 mg) 
in TBME (0.6 mL), 30 °C for 3 d. b Determined by 1H-NMR 
spectroscopy. 

 
The impact of different solvents and additives on the kinetic resolution process 
was next evaluated (Table 6). The reactions proved to be much faster in 
toluene, and furthermore provided the cyclized product 7a with higher ee 
compared with that in TBME (entries 1-2). The major enantiomer of product 
7a proved to be of (R)-configuration according to polarimetry data. Moreover, 
various additives were tested to enhance the enantioselectivity. The results 
show that weak Lewis bases such as 1-methylimidazole and 4-
methylmorpholine decreased the reaction rates and the chiral selectivities 
slightly. A stronger Et3N led to even slower conversion and poorer 
enantioselectivity, together with a notable amount of intermediate 6a. Similar 
to previous studies in section 2.2, silica gel (SiO2) proved to be a valuable 
additive, which led to product 7a with enhanced ee without the loss of the 
transformation rate. However, neither compound 7a nor 6a could be detected 
with Lewis acidic ZnBr2 as the additive. 

 
Table 6. Effects of solvents and additives on the reaction rate and ee.a 

 
H
N

OH

+
O O

O

CAL-B
O

H
N

O

O

N
O

O

+

5a 2a 6a 7a
 

 

Entry Additive Solvent Time 7a yield (eeb) 6a fraction (eeb) 

1 -- TBME 48 h 48 (50) 15 (34) 

2 -- toluene 5 h 51 (77) 0 

3 Et3N toluene 33 h 45 (15) 55 (88) 

4 1-methyl imidazole toluene 5.5 h 50 (70) 0 

5 4-methyl morpholine toluene 7.5 h 50 (71) 8 (82) 

6 ZnBr2 toluene 28 h 0 0 
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7 SiO2 toluene 5 h 46 (86) 10 (25) 

a Reaction conditions: Compound 5a (0.05 mmol), compound 2a (0.15 mmol), additives 
(0.025 mmol), CAL-B (30 mg), 4Å MS (20 mg) in toluene (0.6 mL), 30 °C. b Determined 
by HPLC analysis using Chiralpak OD-H chiral column.  

 

The structure of intermediate 6a was confirmed by NOE NMR spectroscopy 
(Figure 9). The carbonate intermediate was produced in the first step, because 
of the less nucleophilic aniline N-atom compared to the O-atom in the 
hydroxyl group, caused by its conjugation with the phenyl ring. The O-
alkoxycarbonylation process was stereoselective, but only moderately 
according to the ee:s of recovered intermediate 6a in Table 6.  
 

 
Figure 9. NOESY NMR spectrum of intermediate 6a. 

2.3.2. Kinetic resolution: Mechanism 
The moderate ee:s of the recovered starting materials and intermediates in 
Table 6 indicated a complex catalytic transformation process. To illustrate the 
role of the lipase, further experiments were performed with regard to each 
alkoxycarbonylation step in the reaction process. Control experiments in the 
absence of lipase provided neither intermediate 6a nor cyclization product 7a, 
revealing a catalytic effect of lipase CAL-B in the first O-alkoxycarbonylation 
step.  
 
In the cyclization, the O-alkoxycarbonylated intermediate 6a undergoes 
intramolecular N-alkoxycarbonylation to give product 7a. To investigate the 
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second cyclization process, isolated intermediate 6a (obtained in 69% ee) was 
tested independently with the conditions as shown in Table 7. Product 7a in 
these reactions was isolated at yields between 40-50%, at which the ee:s of 
products as well as recovered intermediate 6a were evaluated. As indicated in 
Table 7, both acid/base and lipases accelerated the cyclization process. Lipases 
had overall strikingly higher catalytic efficiency than simple acid/base. Among 
all lipases, CAL-B led to the most rapid transformation within 20 min to reach 
47% yield. This intramolecular carbonate formation using CAL-B is much 
quicker than the reported intermolecular N-alkoxycarbonylations.145 
Interestingly, the obtained cyclization product ee, which is higher than that of 
the starting compound 5a (69%), together with a lower ee of recovered 3a, 
implies the stereoselectivity of lipase CAL-B in the N-alkoxycarbonylation 
step instead of a statistic effect of the substrate enantiomers. This effect was 
also observed in the cases with lipases PS-IM and PS-CI. The slight decrease 
ee of product 7a in the cases with acid/base could be attributed to the 
regeneration of starting material 5a, for instance by the hydrolysis of 6a. 
 

Table 7. Effects of enzymes and additives on reaction rate and ee during the 
cyclization step.a 

O
H
N

PhO

O
N

O

O

Ph

6a 7a
ee = 69%  

 

Entry Additive Time 7a eeb 

(yield) 
6a eeb 

Recovered 

1 -- 5 d 60 (41) 57 

2 CAL-B 40 min 75 (47) 50 

3 PS-IM 41 h 80 (43) 47 

4 PS-CI 23 h 76 (40) 49 

5 AK 26 h 65 (45) 41 

6 SiO2 27 h 64 (46) 53 

7 Et3N 41 h 61 (42) 42 
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a Reaction conditions: Compound 6a (0.05 mmol), 4Å MS (20 mg), 
enzyme (30 mg)/SiO2 (20 mg)/Et3N (0.5 equiv.) in 0.6 mL toluene, r.t.. 
b Determined by HPLC analysis using Chiralpak OD-H chiral column. 

Based on the stepwise mechanistic studies, a lipase-catalyzed cascade 
alkoxycarbonylation mechanism can be proposed (Scheme 4). Specifically, 
1,2-aminoalcohol 5 first undergoes O-alkoxycarbonylation to give 
intermediate 6 catalyzed by lipase, and then the resulting carbonate 
intermediate undergoes a fast cyclization under the catalysis of the same lipase 
to generate the enantioenriched 3-phenyloxazolidin-2-one product. In the 
aspect of the mechanism, this protocol involved two different cascade 
alkoxycarbonylations which are both catalyzed by lipase, in contrast to a single 
catalyzed alkoxycarbonylation in the case of 5-phenyloxazolidin-2-ones. 
Additionally, the two N,O-alkoxycarbonylation processes showed an opposite 
alkoxycarbonylation sequence in the two synthesis, likely due to the reverted 
relative activities of N- and O- nucleophiles in the substrate structures. 
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Scheme 4. Proposed mechanism. (Ez: enzyme; Enzyme applied: CAL-B) 
 

2.3.3. Lipase- and metal-catalyzed DKR 
So far in this chapter, two kinetic resolution protocols for the asymmetric 
synthesis of oxazolidinone derivatives have been successfully established. 
Both protocols showed wide substrate scope with good enantioselectivity, 
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however, possessed inherent limitations with respect to conversions due to the 
KR systems. To overcome this limitation, we explored the potential to build 
DKR systems on the basis of these KR systems in this section. In this case, a 
racemization strategy of 1,2-aminoalcohols is required (Scheme 5). 
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Scheme 5. DKR-based asymmetric synthesis of 5-substituted N-aryloxazolidinones. 
 
As introduced in chapter 1, a metal racemization catalyst can flip the chiral 
center in the starting material, thus continuously providing the selected 
enantiomer of the starting material in the KR process to give enantioenriched 
products. The whole dynamic system behaves as a DKR, enabling a theoretical 
yield of 100% while retaining high enantiopurities. A racemization catalyst 
must fulfill some criteria to guarantee an efficient DKR: (i) The catalyst must 
be fully compatible with reagents, solvents and enzymes included in the 
reaction system; (ii) The racemization rate should be higher than the reaction 
rate of the slow-reacting enantiomer; (iii) No racemization of the product 
should occur. So far, only a few racemization catalysts have been found to 
meet with the described criteria. An early example of a metal catalyst (rhodium 
acetate) used to achieve racemization was reported by the Williams group, 
although the reported DKR was not efficient.100 In another early example, 
Bäckvall and coworkers reported a DKR protocol with the Shvo racemization 
catalyst (Scheme 6) on secondary alcohols to give products in high yield and 
excellent ee.101 Modifications of racemization catalyst were endeavored for 
applicability at ambient conditions, in order to achieve compatibility with 
enzymes-catalyzed KR processes.  
 
In the development of DKR for aminoalcohols, the compatibility between the 
racemization catalyst and the substrate was a potential issue. It was reported 
that the bidentate coordination of aminoalcohols to ruthenium centers resulted 
in severe deactivation of the racemization catalyst,102,103 so only those 
substrates with constrained configuration for bidentate coordination could 
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work. In our case, 1,2-anilinoalcohol substrates, a type of aminoalcohols, could 
be compatible with the DKR protocol with sterically-crowded ruthenium 
catalyst 8. The presence of a phenyl ring next to the nitrogen atom could 
prohibit its coordination with the ruthenium catalyst, owing to the enhanced 
steric hindrance and the reduced nucleophilicity. 
 
The catalyst 8 utilized in this protocol is a ruthenium monomeric complex that 
could be readily prepared in high isolated yield (86%, Scheme 7).104 It has 
been extensively studied experimentally and theoretically.105 The racemization 
mechanism was proposed as described in Scheme 6. At the outset, precatalyst 
8 was activated by t-BuOK, and the resulting active species 8a underwent 
exchange with a secondary alcohol substrate to form sec-alkoxide complex 8b. 
Subsequent β-hydride elimination and insertion of ketone led to alkoxide 8d, 
and the following re-addition of hydride realize the racemization of the alcohol. 
Then the racemic alcohol was replaced by another sec-alcohol by ligand 
exchange, making the catalytic cycle start all over again. 
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Scheme 6. Proposed racemization process catalyzed by ruthenium complex 8. 
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Scheme 7. Synthesis of catalyst 8. 
 
In order to verify the racemization, ruthenium racemization catalyst 8 was 
evaluated with enantioenriched starting material (S)-1-(phenylamino)propan-2-
ol (84% ee) in toluene. 1H-NMR and HPLC showed no by-product formation 
within 24 h, confirming the compatibility of ruthenium catalyst with 1,2-
anilinoalcohols. The racemization tests were then performed at r.t., 50 °C and 
70 °C, respectively, and monitored by HPLC. The test temperature was not 
elevated further due to the temperature intolerance of CAL-B. According to 
Figure 10, the racemization process was observed to be notably accelerated 
with increased temperature; At 70 °C, the racemization process was 
accomplished within 20 min, which is comparable to the racemization time of 
other alcohols with same transition metal catalyst.106,107 
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Figure 10. Racemization of (S)-5a at different temperatures. 

The impact of different factors, including temperature, lipase loading and 
additives, on the system was next evaluated as shown in Table 8. In the model 
reaction, it was observed that the starting material 5a could be transferred to 
intermediate 6a within 8 h, while the second cyclization step took much longer 
time to accomplish. The optimal temperature was chosen as 50 °C, where full 
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conversion and high product ee were obtained within 66 h (entries 1-4). Notice 
that, the intermediate ee obtained after the first alkoxycarbonylation was 60%, 
which is considerably lower than that of cyclization product. This result 
indicates the stereoselectivity of the loaded lipase in the cyclization process. 
Changing the lipase loading resulted in either poorer ee:s or lower yields 
(entries 5,6). 
 
Table 8. Optimization of the DKR process of 1-(phenylamino)propan-2-ol (5a).a 

 

H
N

OH
O O

O
O

N

O8, t -BuOK,
CAL-B, Additive,

5a 2a

H
N

O O

O
Ph

CAL-B

6a 7a

toluene+

 
 

Entry Lipase (mg) Additive T (°C) Time (h) 7a 
yield(%)b ee7a (%)c 

1 15 Na2CO3 70 43 98 85 

2 15 Na2CO3 60 58 97 86 

3 15 Na2CO3 50 66 quant. 88 

4 15 Na2CO3 40 97 quant. 74 

5 7.5 Na2CO3 70 17 25 81 

6 30 Na2CO3 70 17 quant. 82 

7 30 Na2CO3, 
SiO2 

70 19 99 84 

8 30 CaCl2 70 23 quant. 86 

9 30 4Å MS 70 22 97 79 

10 30 K2CO3 70 23 quant. 81 

11 30 Na2SO4 70 23 quant. 75 

12d 15 CaCl2 
SiO2 

50 18 quant. 90 

13 15 CaCl2 
SiO2 

50 69 quant. 89 

14e 15 CaCl2 
SiO2 

50 65 quant. 26 

a Reaction conditions: Compound 5a (0.075 mmol), compound 2a (0.225 mmol), Ru-cat 8 
(0.0075 mmol), t-BuOK (0.5 M in THF), CAL-B and 4Å MS (20 mg)/SiO2(20 mg)/salt (1 equiv.) 
in toluene (1 mL). b Determined by 1H-NMR spectroscopy. c Determined by HPLC analysis 
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using Chiralpak OD-H chiral column. d Temperature increased to 70 °C following complete 
conversion of all starting materials to intermediate. e Reaction performed without Ru-cat and t-
BuOK. 
 

The additive salts (Na2CO3, K2CO3, Na2SO4 and CaCl2) tested mainly act as 
drying agents. They only influenced the reaction yield and ee slightly, but still 
accelerated the reaction process to some extent. Besides, the inorganic salts are 
expected to have influence on the enzyme selectivities by tuning the water 
content (described by water activity, aw) via their equilibrium between salt-
hydrate pairs and free water molecules in organic solvents.108-110 The result 
shows that CaCl2 led to the highest ee among all salts tested. CaCl2 possessed 
the lowest aw, implying that the enantioselectivity of CAL-B was enhanced 
with lowered aw in toluene, which agrees with trends previously reported.111,112 
The added SiO2 favored the chiral discrimination of the enzymes (entry 6-7), 
as in other enzymatic heterocyclization studies performed in our group. 
 
The second step has been proven to be an enzyme catalyzed cyclization 
process, though with lower reaction rates. Therefore, an elevated temperature 
might be useful to accelerate the reaction. Specifically, the reaction 
temperature was increased to 70 °C after the full conversion of starting 
material to intermediate 6a (entry 12), resulting in significantly improved 
reaction rates without loss of enzyme selectivity. In comparison, in the case 
without racemization catalyst in entry 14, a low 26% ee was obtained. 

2.3.4. Substrate scope of KR and DKR 
To evaluate the substrate scope of the kinetic resolution protocol for the 
synthesis of 3-phenyloxazolidin-2-one derivatives, a range of 1,2-
aminoalcohols was tested under the optimized conditions (Table 9). Substrates 
with para-substituted functional groups on phenyl rings, both electron-
donating (-OMe) and electron-withdrawing (-Cl, -F), led to a decrease of ee 
compared with the unsubstituted substrate 5a. It may be attributed to mismatch 
between the substituents and the enzyme pockets. Consequently, a smaller 
substituent fluorine atom performed better than chlorine atom, thus fluorine-
substituted substrates were furthermore evaluated for position effects on the 
reaction rate and stereoselectivity. Changing the F-atom position in the 
substrate structure from para-, meta- to ortho-position led to a significant drop 
in reaction rate. In addition, the ee of ortho-substituted substrate (5f) dropped 
from 79% to 24%, indicating its influence on the N-alkoxycarbonylation step, 
owing to the inhibition effect of ortho-substituents for good fitting. meta-
Substituted product 5e was isolated with a synthetically useful 67% ee. 
 
Extension of the alkyl chain from methyl to an ethyl group (5g) resulted in a 
surprisingly high ee (95%), despite the slightly lower reaction rate obtained. A 
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similar result was observed with substrate 5h. However, the substrate that 
possessed one chloromethyl substitution (5j) with a similar size as 5g, as well 
as the one with longer alkyl chain (5i) showed much slower conversion and 
much lower ee. Product 5j, being an important intermediate to several 
pharmaceutical drugs, is of special interest. The one with phenyl group (5k) 
did not work with CAL-B, however performed well with PS-IM to yield 
cyclization product with good ee (90%). 
 

Table 9. Kinetic resolution of different substrates.a 

R'
H
N

OH

R
+

O O

O
CAL-B N

O

O

R

5 2a 7
R'

 
 

Entry Substrate Time 
Conv. 
(%)b 

7 yield 
(%)c 

ee5 
(%)d 

ee6 
(%)d 

ee7 
(%)d 

1 

H
N

OH

5a  

5 h 56 46 67 25 86 

2 

H
N

OH

OMe
5b  

4.5 h 47 47 34 --e 81 

3 

H
N

OH

Cl
5c  

6 h 63 45 68 58 76 

4 

H
N

OH

F5d  

7 h 51 51 65 -- 84 

5 

H
N

OH
F

5e  

10 h 67 50 92 44 67 

6 
H
N

OH F

5f  

4 d >99 43 -- 79 24 

7 
H
N

OH

5g  

6 h 41 41 28 -- 95 

8 

H
N

OH

Cl5h  

9 h 43 43 29 -- 93 
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9 

H
N

OH

5i  

6 d 25 25 8 -- 34 

10 
Cl

H
N

OH

5j  

5 d 43 43 29 -- 68 

11 

H
N

OH

5k  

5 d 0 0 -- -- -- 

a Reaction conditions: Compound 5 (0.05 mmol), compound 2a (0.15 mmol), SiO2 (20 mg), 
CAL-B (30 mg), 4Å MS (20 mg) in toluene (0.6 mL), 30 °C. b The total conversion of starting 
material 5. Determined by 1H-NMR spectroscopy. c The yield from starting material 5 to product 
7. d Determined by HPLC analysis using Chiralpak OD-H or OJ chiral column. e No certain 
compound was observed at this yield.  

A similar substrate scope was also evaluated using the synthesis protocol with 
the racemization catalyst, as shown in Table 10. In general, most of the tested 
substrates were transformed fully through DKR with good product ee:s. The 
substrate with extended O-alkyl group (5g) led to excellent results (95% ee). 
Substrates with halogen substituents on different positions (5c-5f) showed high 
compatibility with the established protocol. Notice that the substrate with 
ortho-fluorine led to much higher ee (85%) in this DKR process compared to 
its performance in KR (24% ee). Substrate with para-MeO group led to a 
considerable high ee, albeit the deactivation of the Ru-catalyst 8 was also 
observed, which led to a lower conversion. The deactivation might be 
attributed to the electron-donating methoxy group, which could enhance the 
nucleophilicity of aniline, thus leading to a stronger coordination with the 
ruthenium center. This protocol also showed high tolerance to halogen 
substituents, either on the phenyl ring or on the alkyl chain, enabling more 
modification for further use. 
 

Table 10. DKR of different substrates.a 

 

R
H
N

OH

R'
+

O O

O

Ru-cat 8, t-BuOK
CAL-B, CaCl2, SiO2 N

O

O

R'

5 2a 7
R

 
 

Entry Substrate Product Time 7 yield (%)b ee7 (%)c 

1 

H
N

OH

5a  

O
N

O

7a  

18 h 
quant. 
(89d) 

90 
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2e 

H
N

OH

5g  

O
N

O

7g  

42 h 96 95 

3 
H
N

OH

Cl5h  

O
N

O

Cl
7h  

47 h quant. 92 

4 

H
N

OH

Cl
5c  

O
N

O

Cl
7c  

27 h quant. 84 

5e 

H
N

OH

F5d  

O
N

O

F
7d  

42 h quant. 84 

6 
H
N

OH
F

5e  

O
N

O
F

7e  

42 h 97 78 

7 
H
N

OH F

5f  

O
N

O F

7f  

7 d quant. 85 

8 

H
N

OH

OMe
5b  

O
N

O

OMe

7b  

30 h 88 81 

9 
Cl

H
N

OH

5j  

O
N

O

Cl

7j  

6 d 87 71 

a Reaction conditions: Compound 5 (0.05 mmol), compound 2a (0.15 mmol), SiO2 (20 
mg), CAL-B (15 mg), Ru-cat 8 (0.0075 mmol), t-BuOK (0.5 M in THF), CaCl2 (20 mg) in 
toluene (1 mL) at 50 °C. For substrates 5h, 5c, 5d, 5e, 5j temperature was increased to 
70 °C following complete conversion of the starting materials to intermediate.b Determined 
by 1H-NMR spectroscopy. c Determined by HPLC analysis using Chiralpak OD-H or OJ 
chiral column. d Isolated yield from reaction at 0.4 mmol scale. e 30 mg CAL-B applied. 

Compared to the substrate scope of the corresponding KR protocol, the DKR 
behaved much advantageously in view of the improved yields from 50% to 
nearly 100%, as well as the enhanced ee:s, especially for substrate 5f (increase 
from 24% to 85%). These results fully supported the expected superiority of 
the DKR protocol over KR, thus providing a better methodology for 
application-accessible, especially pharmaceutical-relevant compounds with 
high yields and enantiopurities.  
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2.4. Conclusion 

In this chapter, two kinetic resolution protocols and one dynamic kinetic 
resolution protocol have been developed for the asymmetric synthesis of 
oxazolidinone derivatives. In the first example, 5-phenyloxazolidin-2-ones 
have been synthesized in good yields with excellent enantiopurities via a 
lipase- (PS-IM)-catalyzed double alkoxycarbonylation process. Similarly, 
asymmetric synthesis of more medically relevant 3-phenyloxazolidin-2-one 
derivatives, for instance fluorinated oxazolidin-2-ones with potential antibiotic 
activities, has also been achieved. This protocol consists of two cascade O- and 
N-alkoxycarbonylations that are both catalyzed by lipase CAL-B. Combining a 
racemization catalyst with this protocol, a DKR method was also successfully 
established. Products with much higher yields were obtained while 
maintaining high ee:s. 
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3.  
Dynamic Covalent Systems: Novel 

Reversible Reactions and Applications 
(Paper IV-VI) 

3.1. Introduction 

Dynamic systems undergoing constant constitutional exchanges have been 
established in applications to generate and explore unconventional chemical 
entities in the fields of synthetic chemistry, catalysis, biology and materials 
science. In such dynamic systems, all constituents interchange with each other 
constantly under thermodynamic control. When coupled with secondary 
kinetically controlled transformations, the adaptive feature of the dynamic 
system may result in a lasting re-equilibration of the components, leading to 
the amplification of the optimal constituents. This concept is established as 
dynamic systematic resolution (DSR). In the first example of this chapter, a 
DSR protocol was applied to a classic heating-cooling gelation process, which 
could drive the selective amplification of the best gelator from a range of 
candidates in a dynamic imine system. 
 
The core basis of constitutional dynamic chemistry is reversible reactions that 
enable the exchanges of components, which determine most of the primary 
dynamic features of a dynamic system. In this context, the applied reversible 
reaction decides, to a large extent, the scope of the chemical constitutional 
components, the applicability of selection pressures, the analytic method and 
the requirement of environmental conditions. While dynamic constitutional 
chemistry is rapidly expanding, with continuously emerging applications, the 
reversible reactions in this field are highly limited to a few classes of 
transformations as shown in Table 1. Therefore the exploration of new 
exchange reactions is highly demanded. Following the DSR example in this 
section, two studies on expanding the scope of reversible exchange reactions 
have been performed. The first project concerned a novel reversible exchange 
reaction of enamines, and the second one expanded the use of nitro-aldol C-C 
bond reversible reactions in aqueous buffers.  

3.2. Gelation-driven resolution of dynamic imine systems 

The dynamic and adaptive features of dynamic systems have been shown in 
many applications. In combination with enzyme-catalyzed 
transformations,92,113,114 crystallization,115,116 or other selection pressures, the 
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dynamic systems can achieve amplification of specific constituents. In the 
present study, the DSR protocol is expanded to the field of gelation, which has 
wide applications in fields of pharmaceutics, cosmetics, electronics as well as 
separation technologies. In gels, solvent molecules are entrapped in a three-
dimensional structure by supramolecular forces. Thus, the gels hold unique 
physical properties, leading to continuous attention on the development of new 
gelators. In this example, a methodology of amplification and in situ 
identification of an organogelator at the dynamic constitutional level has been 
designed and investigated (Figure 11). 
 

 
Figure 11. Concept of gelation-driven selection and amplification of 
organogelator from a thermodynamically controlled dynamic system. A series of 
substrates Pij is dynamically formed from individual components Ai and Bj, and 
the dynamic system is subsequently resolved via gel formation of product Pnm. 

3.2.1. Generation of dynamic system 
Supramolecular forces, which are studied in supramolecular chemistry, refer to 
a wide range of non-covalent interactions as listed in Figure 12. They can play 
important roles to induce supramolecular structures and increase system 
complexity. In gelation processes, a range of supramolecular forces and 
interactions can be involved between individual organogelator molecules as 
well as between gelator-solvent molecules in general, to build the solid three-
dimensional network. The majority of those forces include van der Waals’ 
interactions, π-π interactions, hydrogen bonding and solvophobic effects.   
 

 
Figure 12. Supramolecular forces to induce supramolecular structures.117 

 
Thereupon in the present study, a series of criteria for potential gelator 
structures were set up as shown in Figure 13: an aromatic moiety to introduce 
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π-π stacking interactions; one carbamate unit to enroll intermolecular hydrogen 
bonding; and a solvophobic cholesterol segment for solvent-dependent 
aggregation. The derivatives of cholesterol have been widely used to obtain 
organogelators. It can be attributed to the remarkably lipophilic character of the 
steroid units, which show a high propensity for self-assembling in polar 
solvents. Thus the cholesterol moiety was chosen as the solvophobic segment 
in the dynamic system.118,119 Most importantly, an imine unit was devised to 
introduce dynamic properties of the entities into the system and elongate the 
conjugated moiety. As a consequence, the dynamic CN double bonds can be 
generated by reactions between aromatic aldehydes and amine segments, 
allowing the continuous formation and exchange of all possible products inside 
the system.  
 

 
 

Figure 13. Design of dynamic organogelator. 
 

3.2.2. Resolution of dynamic system 
Accordingly, four aldehydes (9-12) and two amines containing cholesterol core 
(A) or a tert-butyloxycarbonyl (Boc) group (B), were used as the starting 
components (Scheme 8). The dynamic imine system was built up in n-butanol-
d10 with starting compounds 9-12 and A-B used in equimolar amount. 
 
The independent equilibration processes between aromatic aldehydes and the 
two aromatic amines were studied separately, to facilitate the analysis of the 
overlapping 1H-NMR signals of similar components (Figure 14a-b). Imine 
formation and exchange reactions in both cases were rapid, and the equilibrium 
was accomplished within 1 h. At equilibrium, the system of the aldehydes and 
amine A (Figure 14a) resulted in a product ratio of 1 : 1.6 : 1.8 : 2.5 
(9A:10A:11A:12A), in comparison to a ratio of 1 : 2.1 : 2.9 : 9.0 
(9B:10B:11B:12B) in the case with amine B (Figure 14b). Interestingly, 
although aldehyde 9 has two highly electron-withdrawing nitro groups on its 
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aromatic ring, its product remained among the least favored constituents in the 
generated system. The reason proved to be the favored product 9C formed 
from the addition of n-butanol-d10 to aldehyde 9, which overwhelmed the imine 
products of 9. In other words, the hemiacetal formation is dominated in all the 
three competing parallel reversible reactions with aldehyde 9. In contrast, 
aldehyde 11 led to a much smaller amount of hemiacetal product (11C) while 
aldehydes 10 and 12 tended to form their imine products. So far, it was clear 
that the two parallel reversible reactions: the imine condensation and the 
hemiacetal formation were competing in the dynamic system to drive the 
constitutional dynamics among all the components.  
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Scheme 8. Gelation-driven resolution of dynamic imine system. 

 
Following the study of the distribution for all constituents, the dynamic system 
was subjected to the gelation condition in an NMR tube for resolution. An n-
butanol-d10 solution with all six starting components (9-12, A-B, 0.15M) after 
equilibration was heated until a transparent solution was obtained. When the 
resulting solution was cooled down to room temperature, an organogel could 
be obtained, as determined by the inversion gel test (Figure 11). The resulting 
solid organogel was analyzed by 1H-NMR spectroscopy (Figure 14c), and the 
peaks of hemiacetal 9C, imine 9B and cholesterol were hardly detected. In 
comparison, the peaks of other three aldehydes and Boc-functionalized species 
(10B, 11B and 12B) were clearly observed. These results indicated that the 
potential organogelator molecule 9A was amplified from the dynamic imine 
system, since the signals of 9A and the associated components (9 or A) became 
very weak due to gelation-induced signal broadening. To confirm the 
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hypothesis, the obtained gel was filtered out and the solid residue was further 
washed with cold n-butanol-d10, and the resulting solid and filtrate were 
analyzed by NMR spectroscopy, respectively. In the 1H-NMR spectrum, the 
solid residue was analytically pure imine 9A with a high isolated yield of 84%, 
meanwhile the filtrate was almost the same as the gel directly obtained after 
gelation in NMR spectrum. Therefore the gelation process was proven as an 
efficient kinetically-controlled driving force for the re-equilibrium of the 
dynamic imine system. Importantly, imine 9A was initially identified as the 
most potential organogelator among the 12 candidates that led to exclusive 
amplification at the expense of hemiacetals and other imines.  

In order to test the gelation behavior of all the involved components in the 
dynamic system, a range of control experiments were carried out. The result 
showed that imine 12A could also gel n-butanol at the same gelator 
concentration. In the equilibrium between the four aldehydes with amine A 
(Figure 14a), compound 12A was observed to be the most dominant imine 
species. Based on these observations, the achieved resolution in the dynamic 
system was likely attributed to a much higher gelating efficiency of imine 9A 
compared to 12A. 

 
Figure 14. 1H-NMR spectra of dynamic imine system: (a) Equilibrium between 
aldehydes and amine A; (b) Equilibrium between aldehydes and amine B; (c) 
Constituent distribution after gelation. 
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3.2.3. Gel properties 
To evaluate the gelation properties of compound 9A, a series of organic 
solvents were evaluated at 3 w/v% gelator concentrations (Table 11). 
Compound 9A was observed to result in a gel in DMSO, toluene, as well as the 
long aliphatic alcohols from n-butanol to n-octanol. For the branched alcohols 
or shorter n-alcohols, either precipitation or clean solution was observed, 
indicating that the longer and linear alcohol structures were preferred for the 
gelation of gelator 9A. 
 

Table 11. Gelation screening of compound 9A. 
 

Gelation Solution Precipitation 

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   

 
 

NaBH3CN,THF

N
H

H
N

O2N

NO2
O

H

H

H
O

N
H

N

O2N

NO2
O

H

H

H
O

9A 13

74%

 
 

Scheme 9. Reduction of organogelator 9A. 
 
Moreover, the influence of the dynamic imine bond in gelator 9A was 
investigated in the gelation process. To do that, the C=N double bond was 
reduced by sodium cyanoborohydride, to give the C-N single bond species in 
74% isolated yield (Scheme 9). The resulting compound 13 was then assessed 
regarding gelation properties in the same solvents in Table 11. However, no gel 
was observed in any of those solvents, even at higher gelator concentrations. 
This result implied that the C=N double bond played an important role in 
obtaining the gelation capability. The reason is likely attributed to the loss of 
conjugation with the formation of C-N single bond as well as the increased 
degree of rotation, both of which might interfere with the self-assembly of 
gelator molecules. 
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3.3. Dynamic enamine systems 

In order to enrich constitutional diversity, novel reversible reactions are 
currently highly demanded. Enamines are generally considered as very useful 
moieties in a range of organic syntheses. They have, however, rarely used in 
dynamic chemistry. Unlike the well-explored imine exchange reactions,120 
enamine exchange reactions have not been fully investigated in CDC, though 
they have been long known to be reversible. This is likely due to the concern 
that nucleophilic enamines might undergo aldol condensation reactions with 
aldehydes, thus leading to quenching of the enamine dynamics. However, 
some conjugated aldehyde enamines, either in isolated condensed form or 
formed in situ, were observed to possess high stability in recent studies in our 
group.121 Moreover, a recent study from another group also reported that 
certain special types of enamines remained stable in the presence of bases such 
as 1,8-diazabicycloundec-7-ene.122 Encouraged by these observations, we 
carried out studies on enamine exchange to evaluate the reversible reactions in 
dynamic covalent chemistry.  
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Scheme 10. Exchange reactions of aldehyde enamines: (a) enamine formation; 
(b) amine-enamine exchange. 
 
The chemistry of enamines has been intensively investigated over the past 
decade, owing to the growing interest in secondary amine-mediated 
organocatalysis.123,124 The dynamic chemistry of enamines is however far less 
developed. Enamine condensations (Scheme 10a) were reported to proceed 
smoothly at ambient conditions in the absence of catalysts with high chemo-
selectivity.125 This indicated a potentially high degree of compatibility with 
dynamic covalent systems consisting of a range of different enamine 
components.125 Preliminary studies of enamine exchange reactions (Scheme 
10b) of aldehyde enamines have also been reported, but these studies were 
limited to pyrrolidine derivatives, such as Macmillan catalysts.126 To be an 
efficient reaction in CDC, its dynamic features as well as the stability of the 
resulting system are among the primary concerns. This study thus tried to 
answer these questions, specifically concerning the equilibration dynamics of 
enamine exchanges, with regard to the effects of solvents, catalysts and 
structure of amine substrates.  
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3.3.1. Enamine formation 
Initially, a series of simple secondary amines and aldehydes were tested and 
the equilibrium constants were measured in different solvents, as shown in 
Table 12. Following a reported protocol, a slight excess of pre-diluted amine 
solutions was added dropwise to the aldehyde solution in dry CDCl3, C6D6 or 
DMSO-d6 to avoid by-product formation.127 The resulting solution was 
monitored by 1H-NMR spectroscopy, which showed that all the condensation 
reactions proceeded smoothly in the absence of catalysts. The equilibration 
time in CDCl3 and DMSO-d6 was less than 1 h, while in C6D6 was over 10 h. 
Highly favored product formation (Keq > 100) was achieved with 
phenylacetaldehyde, probably due to the effect of conjugation in formed 
enamines. For comparison, 3-phenylpropanal, which leads to the unconjugated 
enamines, yielded much less enamine product (Keq < 10) at equilibrium. 
Among the amines, acyclic diethylamine led to much smaller Keq compared 
with other cyclic amines, likely due to the increased steric hindrance and 
relatively low nucleophilicity. Moreover, equilibrium constants were observed 
to be highly dependent on solvents. Chloroform resulted in a lower extent of 
enamine formation, while DMSO-d6 drove the condensation to the highest 
degree.  
 

Table 12. Equilibrium constants for enamine formation.a 

 Keq 

 
N
H  

N
H

O

 
N
H  

Ph CHO  

CDCl3 >3000 1315 990 

C6D6 --b 802 >3000 

DMSO-d6 >3200 >3200 --b 

Ph
CHO  

CDCl3 1.4 1.1 0.1 

C6D6 13.0 11.1 0.7 

DMSO-d6 1247 964 68 

a Reactions were conducted at 25 °C in CDCl3, C6D6 or DMSO-d6, monitored by 1H-NMR 
spectroscopy. b Results from repeat experiments differed to a large extent, no value could 
be obtained. 

3.3.2. Enamine exchange: Native and catalytic 
Catalysis of enamine exchange 
The reaction between isolated (E)-4-styrylmorpholine (14) and piperidine to 
form enamine 15 and morpholine was studied as the model enamine exchange 
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reaction to screen for Lewis acid catalysts (Table 13). The enamine exchange 
process was monitored by 1H-NMR spectroscopy, as exemplified in Figure 15. 
 
Among the metal salts tested (2 mol %), Bi(OTf)3 and Sc(OTf)3 both catalyzed  
the transformation with high efficiency, with almost 300 times enhancement of 
the forward reaction rate (kf) over the uncatalyzed reaction. Other Lewis acidic 
metal salts such as Zn(OTf)2, Cu(OTf)2 and Ag(OTf) also exhibited catalytic 
effects, but to a smaller extent. As for trifluoroacetic acid, e.g., acidic protons, 
only a 4 times acceleration was obtained. The ratio between enamines at 
equilibrium (selectivity: [15]/[14]) remained mostly constant around 1.7 in 
these catalytic and non-catalytic processes. However, the addition of Cu(OTf)2 
resulted in a shift of equilibrium (entry 6), likely due to a high amount of by-
product formed (around 4% after 10 h). 
 

Table 13. Catalyzed enamine exchange.a 

 

N

O

H
N N

+

O

H
N

+

14 15

kf

kb

E D  
 

Entry Catalystb Selectivityc K kf (M-1 h-1)d Acceleratione 

1 -- 1.70 2.89 0.024 ± 0.001 1 

2 CF3COOH 1.65 -- 0.10 ± 0.01 4 

3 Bi(OTf)3 1.70 2.96 7.1 ± 0.3 296 

4 Sc(OTf)3 1.63 2.66 7.2 ± 0.2 300 

5 Zn(OTf)2 1.70 2.96 4.2 ± 0.2 175 

6 Cu(OTf)2 1.44 2.07 3.4 ± 0.1 141 

7 AgOTf 1.67 2.79 0.88 ± 0.05 37 

a Reaction conditions: enamine 14 (62.8 mM), piperidine (62.8 mM) in CDCl3, r.t., 
monitored by 1H-NMR spectroscopy. b 2 mol% (added as a 0.1 M CD3CN solution). 
c Determined as [15]/[14] after reaching equilibrium. d Calculated by non-linear 
regression analysis towards standard reaction model.128 e Acceleration = kf/kuncat. 
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Figure 15. 1H-NMR spectra of the enamine exchange process in Table 13.  
(A) Starting enamine 14 and E; (B) A few minutes later after mixing two 
reactants; (C) At equilibration; (D) Reaction mixture after 7 d storage at r.t. in 
CDCl3. 

 

Bismuth(III) and scandium(III) catalysis 
The catalytic effects of Bi(OTf)3 and Sc(OTf)3 were subsequently evaluated  
with varied catalyst loading. The transformation rate (kf) increased linearly 
with increased catalyst loading (Figure 16), implying a first order catalysis. In 
addition, the fraction of 15 after equilibrium decreased slightly when more than 
4 mol% Bi(III) catalyst was applied (Figure 17a). This effect became more 
significant with the Sc(III) catalyst (Figure 17b). A similar observation was 
also reported for Sc(OTf)3-catalyzed imine exchanges.129 This observation can 
be explained by the coordination between the Bi(III) and Sc(III) cations and 
amines. The binding affinity between the soft bismuth(III) with amines likely 
corresponds to a smaller shift in equilibrium, in contrast to the case with the 
hard Sc(III). This effect was negligible when the catalyst loading is less than 2 
mol%. 
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Figure 16. Influence of metal catalyst loading on kf. 
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Figure 17. Equilibration process between enamines 14 and 15 (initial 
concentration of 14: 62.8 mM), at different loading of Sc(OTf)3 (a) or Bi(OTf)3 (b). 
Determined by 1H-NMR spectroscopy following the enamine signals at 23 °C in 
CDCl3.  
 
The solvent effect on the model reaction of catalyzed enamine exchange was 
investigated (Table 14). The kinetics of the uncatalyzed transenamination was 
relatively solvent-dependent, as shown by the forward reaction rate (kf) in the 
“control” column. The rate with respect to solvent was CD3CN > DMSO-d6 ~ 
CDCl3 > C6D6, which is consistent with the effect of solvent in promoting 
enamine formation.  
 
Table 14. Catalyzed transenamination between 14 and 15 in different solvents.a 

 

Entry Solvent 
  kf (M-1 h-1)c   

BiIIIb Accelerationd ScIIIb Accelerationd Controle 

1 CDCl3 7.1 ± 0.3 296 7.2 ± 0.2 300 0.024 ± 0.001 

2 C6D6 3.6 ± 0.1 375 3.7 ± 0.1 385 0.0096 ± 0.0003 

3 DMSO-d6 0.075 ± 0.005 3 0.059 ± 0.003 2.4 0.025 ± 0.005 

4 CD3CN 15.9 ± 1.0 66 13.4 ± 0.6 56 0.24 ± 0.1 

a Reaction conditions: enamine 14 (62.8 mM), piperidine (62.8 mM), solvent (0.9 mL), r.t., 
monitored by 1H-NMR spectroscopy. b 2 mol% (added as a 0.1 M CD3CN solution). c Calculated 
by non-linear regression analysis towards standard reaction model. d Acceleration = kf/kuncat.      
e Uncatalyzed transenamination. 
 

The kinetics of the two tested catalysts was also influenced by the organic 
solvent. The most significant acceleration with metal catalyst was observed in 
benzene with up to 380 folds compared to the correspondingly control group.  
In contrast, the strongly coordinating solvent DMSO-d6 led to only 3-fold 
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acceleration. The fastest equilibration was observed in CD3CN catalyzed by 
Bi(OTf)3, where a rate of 15.9 M-1 h-1 in the forward reaction was achieved.  
 
Effect of substrate structure  
The effect of amine, with regards to the kinetic parameter (kf) and 
thermodynamic parameter (selectivity) of the enamine exchange was evaluated 
with enamine 14 or 21 and different secondary amines (Scheme 11). The 
selectivity under catalyzed or uncatalyzed conditions (Table 15) followed the 
same trend as 20 > 15 > 17 > 14 > 19 > 16 ~ 18, which correlated well with the 
stability of these enamines as shown in Table 12. Notice that, N-methyl-1-
phenylmethanamine (G) led to the highest selectivity among the acyclic 
amines. This result was attributed to the low steric hindrance compared to H 
and I with neighboring functional groups that lead to a more stable 
configuration of the enamine. 
 

N O
N
H N

+ OHN

14 16

PhHN
N

Ph

+ +

14 17

H
N N

Ph
+ +

14 18

N
Ph

+

14 19

Ph

N
H

PhPh Ph
+

N
+

14 20

+
H
N

+

N O

N O

N O

N O

OHN

OHN

OHN

OHN

G

I

D

D

D

D

D

F

H

N

O

+

21 E 22

+
H
N

N
OHN

J

D  

Scheme 11. Exchange reaction between enamine (14 or 21) and secondary 
amine. 
 
In most tests, the selectivity values remained unchanged for either Bi(III)- or 
Sc(III)-catalyzed exchange reactions. A change was however significant 
(selectivity 5.5) in the case of amine J under Sc(III)-catalysis. Moreover, 
almost all the tested amines, either cyclic or acyclic, showed very close 
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selectivity values from 0.4 to 1.7. This is beneficial for establishing 
isoenergetic dynamic covalent systems. 
 
The reaction rate of Bi(III)-catalyzed transenamination showed a similar trend 
as the uncatalyzed one (entries 3 > 5 > 4 > 6 > 1 > 2 in Table 15). The fastest 
transformation was obtained with amine G under Bi(III) catalysis, where more 
than ten times higher kf was obtained compared to all the other tested amines. 
The rate enhancements (kf/kf,uncat), however, had a different trend. In the case of 
Bi(III) catalysis, the sequence is entries 3 > 6 > 1 > 4 > 2 > 5. Sc(III) catalysis 
reacted in a similar format as Bi(III), except in entries 5 and 6, the kf-values of 
which were two times lower. Catalytic transenamination with non-conjugated 
enamines behaved similarly with their corresponding conjugated ones (entries 
1 and 7). 
 
Table 15. Selectivity and exchange rate between enamines (14 or 21) and 
secondary amine.a 

 

Entry Reaction 

Selectivityb kf (M-1 h-1)d 

BiIIIc ScIIIc Control BiIIIc Acceleratione ScIIIc Acceleratione Control 

1 14 and E 1.7 1.6 1.7 7.1 ± 0.3 296 7.2 ± 0.2 300 0.024 ± 0.001 

2 14 and F 0.4 0.5 -- 3.3 ± 0.1 226 3.0 ± 0.1 205 0.015 ± 0.0004 

3 14 and G 1.5 1.5 1.5 338 ± 20 476 326 ± 20 459 0.710 ± 0.01 

4 14 and H 0.4 0.4 0.4 13.0 ± 0.1 250 12.6 ± 0.3 242 0.052 ± 0.001 

5 14 and I 0.6 0.6 0.6 17.9 ± 0.3 72 9.0 ± 0.3 36 0.250 ± 0.01 

6 14 and J 4 5.5 4 10.7 ± 0.1 357 4.9 ± 0.4 163 0.030 ± 0.001 

7 21 and E 1.8 1.8 1.7 166 ± 11 307 178 ± 12 330 0.540 ± 0.003 

a Reaction conditions: enamine (62.8 mM), amine (62.8 mM) in CDCl3 (0.9 mL), 22 °C, 
monitored by 1H-NMR spectroscopy. b Determined as concentration ratio of product enamine 
with starting enamine after reaching equilibrium. c 2 mol% (added as 0.1 M CD3CN solution);     
d Calculated by non-linear regression analysis towards standard reaction model. e Acceleration 
= kf/kuncat. 
 

Stability of the system  
Monitored by NMR spectroscopy, high constitutional stability (< 3% 
variations) at equilibrium for both catalyzed and unanalyzed enamine exchange 
reactions was observed up to 7 days. The excess amount of amine added to the 
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reaction might be responsible for suppressing the side reactions. The main side 
reaction was aldol condensation as expected, identified by control experiments, 
in which secondary amines may act as catalyst.  
 
Catalytic mechanism  
A preliminary mechanism is proposed in Scheme 12. The Lewis acid Bi3+ 
might coordinate with the β-carbon of enamine, thus stabilizing the transient 
iminium ion (I). A similar coordination mode was reported for gold with 
ketone enamines.130 In addition, Bi(III) was also reported to activate enols in a 
similar fashion to generate oxocarbenium ions  as intermediates.131 The 
resulting iminium ions would be attacked by amine to generate hemiaminal 
intermediate (II or II’). The following amine elimination leads to another 
iminium ion (I’). Subsequently, the metal cation is released to give the 
transenamination product. In theory, a bidentate coordination mode of metal 
ion could also facilitate the amine attack as reported in the case of Sc(III)-
catalyzed enamine exchange,129 but no direct evidence was observed in this 
study. 
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Scheme 12. Proposed metal ion catalysis using Bi(III) as an example. 

3.4. Dynamic nitroaldol systems 

The nitroaldol (Henry) reaction is a powerful and atom-economic method to 
access the essence of organic synthesis: C-C bond formation. Nitroaldol 
reaction has been studied extensively in the past. Efficient synthesis of β-nitro 
alcohols could be achieved with both high yields and excellent stereo-
selectivities if chiral catalysts were used.132-134 Moreover, this reversible 
reaction of C-C bond has also been applied to CDC protocols, for instance by 
coupling with lipase-mediated resolution processes in organic solvents.67,135,136 
The dynamic features of this reversible reaction have been well demonstrated 
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in these established systems in organic solvents, when Et3N was employed as a 
mediator/catalyst. However, the nitroaldol reaction has not been investigated in 
aqueous media in regards to its dynamic features for the applications in CDC. 
Water is an especially attractive media in CDC due to its good compatibility 
with selection processes in biological/physiological conditions. In this regard, 
dynamic nitroaldol systems which can work well in aqueous solutions would 
broaden the applications of constitutional dynamic methodologies using this 
reversible C-C bonding formation, in view of the potential of nitro alcohols in 
enzyme inhibition, biocatalysis and organocatalysis. 

3.4.1. Introduction 
The base catalyst was commonly used in the reported Henry reactions. 
However the base might pose a threat to the reversibility of this reaction 
because of the side reactions they drove, typically including the base-catalyzed 
dehydrations if primary nitro compounds were involved (Scheme 13). The 
resulting nitrostyrene product might quench the dynamic nitroalcohol system. 
This is the reason that only the secondary nitro compounds are involved in the 
previous reported dynamic systems in organic solvents. The use of base 
catalysis is thus not compatible with primary nitro compounds, which thus 
limited the constitutional diversity in dynamic systems using the very unique 
reversible reaction.  
 
We envisioned that the dehydration process can be eliminated by controlling 
over the basicity of the reaction solvent, specifically by tuning the pH of 
aqueous media. In addition, the aqueous media will likely contribute to the 
inhibition of dehydration. In the following section, dynamic features of the 
reversible nitroaldol reactions were investigated in aqueous solution with 
different basicity. 
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Scheme 13. Nitroaldol reaction and associated dehydration (R2 = H). 
 

3.4.2. Features of the dynamic system 
Initial tests were chosen between compound 23a and 24a in different aqueous 
solutions, which was monitored repeatedly by 1H-NMR spectroscopy. The 
fraction of 25a at each time point was plotted against equilibration time (Figure 
18 and Table 16). In neutral to basic phosphate buffers, nitroaldol product 25a 
formed quickly within 1 h, and all the corresponding equilibrium constants 
were above 3 M-1. The high equilibrium constants of the system can be 
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attributed to the relatively high thermodynamic stability of nitroaldol products 
as compared to the starting materials. The hydrated aldehyde also formed but 
remained in a relatively constant fraction of 4% in all pD buffers.  
 
In pD 9 deuterated buffer, nitrostyrene 26a was observed with 15 mol % 
fraction in the equilibrated mixture, which decreased dramatically in buffer 
with a lower pD. When the phosphate buffer was slightly acidic such as pD 
6.0, nitrostyrene was not observed at all. In comparison, the addition of 0.5 
equiv. Et3N in buffer led to a fraction of 35% nitrostyrene product. These 
results supported the initial proposal that the use of aqueous buffer solutions 
has obvious advantages over organic bases, and can avoid the dehydration side 
reaction to form nitrostyrenes.  
 
The equilibration kinetics was evaluated with regard to the reaction rate of the 
forward reaction (Table 16). This reaction constant (kf) was estimated by fitting 
the product profile in Figure 18 into a standard mathematical model (See paper 
VI, supporting information). The reaction in near neutral buffer (pD = 7.4) had 
a forward rate of 3.7 M-1 min-1. The kf dropped by 10 times in the pD 6 buffer, 
and increased only by 13% in the pD 8 buffer. 
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Figure 18. Nitroaldol reactions between compounds 23a and 24a vs. reaction 
time in different pD buffer solutions. Dashed lines correspond to fitted data 
obtained from non-linear regression analysis using a standard kinetics model. 

 
The catalysis of tested reactions in phosphate buffers at neutral or even acidic 
conditions was proposed to be a result of the basic anions such as hydrogen 
phosphate ions (DPO4

2-, pKaH 7.1) and phosphate ions PO4
3- in the buffer 

solutions. The hydrogen phosphate ions can activate the α-proton in nitro 
compounds, which facilitated a nucleophilic attack of the nitro substrate to the 
aldehyde to form β-nitro alcohols.137 The relative amount of the basic DPO4

2- is 
significant with a 400 mM buffer strength even at acidic buffer solutions. 
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Table 16. Optimization of model reaction conditions.a 

 

  

N
H

O

+
HO

NO2 N
OH

HO

NO2

buffer

23a 24a 25a

Dehydration

26a

N

HO

NO2kf

 
 

Entry Buffer/base Time 
K (M-1) 

(Fraction of 
25ab) 

kf (M-1 min-1) 
Hydrated 

23ab 
26a 

1c pD 6.0 10 h 3.1 (66%) 0.4 ± 0.01 4.0% n.d. 

2 pD 7.0 110 min 3.2 (67%) 3.6 ± 0.18 4.3% 0.2% 

3 pD 7.4 80 min 3.5 (68%) 3.7 ± 0.22 4.2% 0.4% 

4 pD 8.0 40 min 5.7 (67%) 4.4 ± 0.27 4.4% 2% 

5 pD 9.0 20 min 5.1 (61%) 9.0 ± 0.38 4.7% 15% 

6 Et3N 100 min 3.5 (41%) 4.0 ± 0.26 4.5% 35% 

a Reaction conditions: Compounds 23a and 24a (0.024 mmol) were added into phosphate 
buffer solutions (0.6 mL) of different pD or into D2O (0.6 mL) containing Et3N (0.5 equiv.). The 
reaction progress was monitored by 1H-NMR spectroscopy. b Calculated as the concentration of 
25a or hydrated 23a divided by the sum of concentrations of all components in equilibrium. c By-
product obtained (1%). 

 
The pD 7.4 buffer was used as the solvent for further studies due to the good 
equilibration time, reduced by-product formation as well as the physiological 
pH. The model reaction at optimal conditions could reach equilibrium within 
80 min, which is faster than the reported studies in organic solvents.67,135 
 
A variety of water-soluble aldehydes and nitro compounds have been evaluated 
in the pD 7.4 buffer to explore the dynamic features covering a wide 
constituent diversity (Table 17). Taking 2-nitroethanol (24a) as the primary 
nitro compound, ortho-, meta- and para-substituted pyridinecarboxaldehydes, 
as well as furfural were observed reaching equilibria within 80 min (entry 1-4). 
In comparison to pyridinecarboxaldehydes, the equilibrium constants of 
furfural decreased obviously. Non-activated aromatic aldehyde (23e) and 
aliphatic aldehyde (23f) were applicable to the system, and gave a significant 
amount of nitroaldol product at equilibria, although the equilibration was 
prolonged to over 12 h. The much fast equilibration in the cases of compound 
23a-23c can be attributed to a combination effect of hydrogen bonding 
activation on the heteroatoms as well as the resulting enhanced 
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electrophilicities of these aldehydes. In addition, the potential intramolecular 
hydrogen bonding may additionally stabilize the compound 25a and 
furthermore resulted in the highest equilibrium constant among all the 
substrates studied.  
 

Table 17. Dynamic systems with aldehydes and nitro compounds.a 
 

+
pD 7.4 buffer

R

HO

R'

NO2
23 24 25

RCHO R' NO2

 
 

Entry 23 24 25 Time K (M-1) 
(Fraction of 25) Hydrated 23 

1 
N

H

O

23a  

HO

NO2

24a
 

25a 80 min 3.5 
(68%) 4.2% 

2 N H

O

23b  

HO

NO2

24a
 

25b 80 min 1.0 
(33%) 3.9% 

3b 
N

H

O

23c  

HO

NO2

24a
 

25c 80 min 3.4 
(61%) 7.6% 

4 
O CHO

23d  
HO

NO2

24a
 

25d 70 min 0.2 
(7.3%) 0 

5 H

O

COOH
23e  

HO

NO2

24a
 

25e 16 h 0.3 
(12%) 0 

6 
CHO

23f  
HO

NO2

24a
 

25f 12 h 0.1 
(5.9%) 0 

7 
N

H

O

23a  

NO2

24b  
25g 19 h 0.6 

(30%) 6.5% 

8c 
N

H

O

23a  

 
CH3NO2 

 
24c 

25h 3 h 7.0 
(62%) 2.7% 
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9 
N

H

O

23a  

O
HO

HO
OH

24d

OH

NO2

 

25i 15 h 0.3 
(16%) 15% 

10 
N

H

O

23a  

N
NO2

24e  

25j 2 min 1.0 
(32%) 13% 

11d 
N

H

O

H

O

23g  

N
NO2

24e  

25k 2 min -- -- 

a Reaction conditions: Compounds 23 and 24 (0.024 mmol) were added into phosphate buffer 
solutions (0.6 mL) of pD 7.4. The reaction progress was monitored by 1H-NMR spectroscopy. b 
By-product obtained (2%). c By-products formed: disubstituted Henry product (5%), and its 
dehydrated product (17%). d 0.012 mmol of 23 and 0.024 mmol of 24 used. 
 
Different nitro compounds were also evaluated taking 23a as the model 
aldehyde. The equilibration rate was found to be highly substrate dependent. 
Secondary nitro compound (24b) demanded a long time of 19 h to reach 
equilibrium (entry 7). In comparison, nitromethane resulted in equilibration 
within 3 h, together with a much higher fraction of nitroaldol product. Both 
features were likely due to the free access of two α-protons in nitromethane. 
Likewise due to the additional steric effect from the large carbohydrate moiety, 
the equilibration using compound 24d was attained after 15 h.  
 
In contrast, the two tests using 2-(nitromethyl)pyridine (24e) both showed 
instant equilibration (entry 10, 11). The fast equilibration is likely due to the 
activation of the α-proton by the nearby basic pyridine moiety in the nitro 
compound. The reaction between nitro compound 24e and 2,6-
dipyridinecarboxaldehyde generated a range of nitroaldol products rapidly and 
the formed dynamic covalent system consisted of at least five pyridine 
components as shown by NMR (Scheme 14). The instant conversion together 
with the high distribution of nitroaldol product involving pyridine moieties, 
suggested the potential of this reversible reaction in obtaining dynamic 
polymerization and metal-complexation driven resolutions. These studies are 
currently undergoing. 
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Scheme 14. Dynamic nitroaldol system from aldehyde 23g and nitro compound 
24e. 

3.5. Conclusion 

In this chapter, three different types of reversible covalent reactions were 
explored or applied for building dynamic covalent systems. Firstly, a dynamic 
imine system was designed to involve 12 gelator candidates in exchange. The 
dynamic system efficiently amplified the best gelator from the mixture when 
coupled to the gelation process. In this study, in situ generation and 
identification of organogelators at the dynamic constitutional level have been 
achieved, enabling a facile way for the development of novel organogelators. 
In the second study, the reversibility and equilibration features of enamine 
exchange reactions have been investigated. These exchanges showed good 
dynamic features with fast equilibration, significant isoenergetic effect among 
enamine constituents and high stability in basic conditions. Finally, dynamic 
features of nitroaldol reversible reaction in aqueous media were investigated. A 
fast, clean and stable dynamic nitroaldol system has been established in neutral 
aqueous conditions. These reversible covalent reactions in this chapter have 
been summarized in Table 18. 
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Table 18. All the reactions illustrated in this chapter. 
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4.  
Concluding Remarks 

KR and DKR protocols for asymmetric synthesis of oxazolidinones and 
development of new dynamic covalent systems are the main achievements in 
this thesis.  
 
Asymmetric synthesis of oxazolidinones using KR and DKR methodologies 
were established by the use of lipase-catalyzed alkoxycarbonylation. Lipases 
CAL-B and PS-IM were found to catalyze the synthesis of both 3-phenyl-
oxazolidinones and 5-phenyl-oxazolidinones efficiently. In these two reaction 
systems, it was found that with slight structural differences in the substrates, 
the reaction protocol for efficient synthesis could vary significantly. In an 
extended DKR system, ruthenium catalyzed racemization of 1,2-aminoalcohols 
was directly coupled with the CAL-B catalyzed cascade alkoxycarbonylations, 
yielding 3-phenyl-oxazolidinones in high yield and ee. These products are 
pharmaceutically important, especially for those substrates with fluorine 
substituents. Since the resulting chirality is opposite to that found in many 
commercial drugs, further studies could be conducted with other hydrolases to 
probe if a reversal of configuration is possible. To our interests in DCKR 
where reversible reactions are used for racemization, further comparison in 
systematic level between DCKR and transition metal-catalyzed DKR might be 
of interests. 
 
Novel strategies to generate dynamic covalent systems have also been 
explored. (i) A novel internal selection pressure, the in situ gelation of 
organogelator, was investigated for DSR. The efficient resolution indicates that 
fast generation and identification of an organogelator can be achieved, leading 
to an efficient methodology for exploration of new materials. (ii) A series of 
reversible reactions have been studied concerning aldehyde enamines, 
including enamine formation and enamine exchange reactions. Advantageous 
dynamic features for establishment of dynamic covalent systems have been 
found, such as high equilibration rates. Bi(III) and Sc(III) cations were found 
to be especially efficient catalysts for the equilibration of exchange reactions 
between aldehyde enamines and amines. The scope of dynamic C-N bond was 
expanded from imine and iminium ion to enamines, enabling the enamine-
related reactions to generate dynamic covalent systems for further applications. 
(iii) The expansion of reversible nitroaldol reaction into aqueous environments 
was explored. The fast, clean conversion of this nitroaldol reaction with high 
stability in near-neutral phosphate buffer will provide new opportunities for 
dynamic covalent systems, especially with regards to biological applications. 
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Paper III: I contributed to the formulation of the research problems, performed 
the experimental work, and wrote the draft manuscript. 
 
Paper IV: I contributed to the formulation of the research problems, and 
performed part of the experimental work. 
 
Paper V: I contributed to the formulation of the research problems, performed 
the majority of the experimental work, and wrote the draft manuscript. 
 
Paper VI: I contributed to the formulation of the research problems, performed 
the majority of the experimental work, and wrote the draft manuscript.
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